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Using This Book

Embedded Multimedia

Video examples are useful in visualizing the results of calculations. Throughout this book, you will see movie
references like the one below (there are 6 movies in this book). As an example, the movie clip below is a
simple animated plot.

What you see here is two graphical objects. On the left is the better option, in principle, the embedded
video clip. Unfortunately, it may also be the complicated option. You can try clicking on it now to see if it
will work. If it does, you're golden, and you can skip to the next section. If not, keep reading.

On the right, you see a complicated-looking square. This provides two ways to access the sound clip,
both via the web.

« First, this acts as a clickable URL from within the pdf document. Click on it, and your pdf reader
should automatically switch to a web browser, which will load an online copy of the movie clip in mp4
format.

e Second, this is a QR code, which you can scan with a smart phone or tablet. This will get you the
same URL as the click. This option is handy if you’ve printed out the book, because you can use your
mobile device to read the URL off the paper and play the sound sample. You can also scan the code off
your computer screen, if it’s zoomed in enough, and if for some reason this is easier than just clicking
on the code. Note that the QR codes are fairly small (printed at 7mm on paper) so they aren’t too
obtrusive in the document. This means, however, that not all devices and reader apps will be happy

with these codes—a high-resolution camera and decent app are necessary. The i-nigma app seems to
work well (in i0S and Android).

Now back to the embedded movie on the left.

Why is the state of embedded multimedia in PDF documents so terrible? In part, it is Adobe’s habit
of releasing software that leaves a lot to be desired, in terms of both security and aesthetics. But also, few
developers of alternative PDF viewers have provided better options. It is as if PDF multimedia is stuck
in 1990’s limbo—PDF multimedia hasn’t improved much since then (even regressing somewhat), but it has
gotten more complicated.



http://atomoptics-nas.uoregon.edu/~dsteck/teaching/optics/anim/polariz-movie-loop4.mp4
http://www.i-nigma.com/downloadi-nigmareader.html
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This document is generated using I¥TEX; I include some details of this process in the description below
in case it is useful to counter any problems that may crop up. The more popular methods of embedding
multimedia in pdf, particularly via IWTEX, involved Flash, which finally met its demise at the end of 2020. The
embedding method is a relatively austere method given by Alex Grahn in a discussion on Stack Exchange’
The main option for viewing these files with embedded sound clips functioning is Adobe Acrobat (or the free
Acrobat Reader?), but sadly, this software is bloated, slow, and renders text poorly. So we will review some
of the options for viewing these files:

o Adobe Acrobat DC (recent versions, on macOS/Windows, commercial/expensive) works reasonably
well in playing back the clips. Playback controls are not available.

o Adobe Acrobat Reader (recent versions, on macOS/Windows, free) should reproduce the functionality
of Adobe Acrobat DC, but in practice may be considerably buggier.

« On iOS devices and in macOS, PDF Expert? handles multimedia well and renders text nicely. Highly
recommended. The iOS version is free, a subscription is not needed for multimedia. The macOS
version is currently not free, but may move to the same subscription model (subscription should not
be necessary).

« In Windows, PDF-XChange Editor* handles multimedia fine (the free version works, upsell version not
necessary).

e Things that seem like they should work, but don’t: Preview.app on OS X, ezPDF in iOS; Foxit Reader
on MacOS and Windows.

« In Linux, success has been reported in installing recent Windows versions of Acrobat under Wine®-%

If you have success (or not) in other readers or operating systems, please let me know.

Other Hyperlinks and Navigating this Document

To make it easier to access information within and beyond this document, there are many hyperlinks through-
out. To keep the document “pretty,” the hyperlinks are not highlighted in colors or boxes by default. Some
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Chapter 1

Review of Linear Algebra

1.1 Definitions

Before tackling optics formalism directly, we will spend a bit of time reviewing some of the mathematical
concepts that we will need, specifically the basics of linear algebra.

Obviously to get started we will need to define what we mean by a matrix, the fundamental object
in linear algebra. But in order to do so in a rigorous way, we need to define some more fundamental
mathematical concepts.

e A set is a collection of objects, or elements. This is a naive definition that can have problems, but it
will suffice for our purposes. We write a € A to say that the element a belongs to the set A.

e The cartesian product A x B of two sets A and B is the set of all ordered pairs (a,b) such that
a€ Aand b€ B.

e A function f: A — B (*f maps A into B”) is a subset of A x B such that if (a,b) € f and (a,c) € f
then b = ¢. That is, f maps each element in A to exactly one element in B (different elements of A
can be mapped to the same element in B).

o A Dbit of notation, which is slightly unconventional for set theory (but sufficient for our purposes): We
will use the integer n as a shorthand for the set {1,...,n}.

Now we can define a matrix, specifically an m X n matrix, as a function mapping m x n — R. Of
course, this is for a real matrix; a complex-valued matrix is a function mapping m x n — C. We will denote
a matrix by a boldface letter, such as A, and we will denote matrix elements (results of the function) by
A;j, where i € m and j € n. Again, we are writing real numbers, functions of the two integer indices. Of
course, we can also write out all the elements of a matrix. For example, a 2 x 2 matrix would look like

Air A
1.1
[ Ay Az } ’ (1.1)

where note that by convention the first index refers to the row, while the second refers to the column.

1.2 Linear Transformations

Why are matrices so important? They define linear transformations between vector spaces.
A vector space V is a set of elements (vectors) with closed operations + and - (closed operations
are functions that map vectors in V' back to vectors in V') that satisfy the following axioms:

lL.z+(y+2)=(@+y)+2z Vayzev
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2. Jeev (z+e=2x)

3. Vaey Jp-tev (x+27 1 =¢)

4 x2+y=y+zx Voyev
5.a-(x+y)=(a-z)+(a'y) Vaerzyev
6. (a+b)-z=(a-z)+(b-x) Vaperaev
7. (ab) -z =a-(b-z) Vaperzev

8. 1-z=x Vv

(Quick exercise: is the set {0} a vector space? What about the set Q of all rational numbers?) All of these
properties make intuitive sense for the ‘“‘usual” finite-dimensional vectors in R™, but the point is that more
general objects such as functions and derivative operators can live in vector spaces as well.

A linear transformation L of a vector space V into another vector space W is a function L : V. — W
such that:

L Lz +y) = L(x) + L(y) Vayev
2. L(az) = aL(x) Vaerzev

The point is that any linear transformation between finite-dimensional vector spaces can be represented by
a matrix (see Problem 1.2).

Linear transformations are of great importance in physics because they are tractable. Many simple
problems that you study in physics are linear, and they can be readily solved. Even in the much more
difficult nonlinear cases, linear approximations are much easier to understand and give insight into the more
complicated case.

We will most commonly think of finite-dimensional vectors as (n x 1)-dimensional matrices (single-
column matrices).

1.3 Matrix Arithmetic

We will now define a few fundamental mathematical operations with matrices.

o A matrix C is the sum of matrices A and B (C = A +B) if C;; = A;; + B;; for all ¢ and j. Clearly,
for this to work, A and B must have the same dimension.

o A matrix C is the product of matrices A and B (C = AB) if

Cij = AwBi; (1.2)
3

for all ¢ and j. Clearly, for this to work, if A is m x n then B must have dimension n x p for some
integer p, and the product C will have dimension m X p.

o The identity matrix I, is an n x n matrix defined by (I,,);; = J;;, where ¢;; is the Kronecker delta
(0;; = 1if i = j and 0 otherwise).

e The inverse matrix of an n x n matrix A is denoted A~!, and satisfies AA™! = A='A = I,.
The inverse matrix is not guaranteed to exist, and a matrix for which the inverse exists is said to be
invertible or nonsingular.

« The transpose matrix of a matrix A is given by (AT);; = Aj;. Clearly if A is m x n then AT is
n x m.
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Finally, we will define the determinant of a matrix, something which maps a square, real-valued
matrix to a real number. Let A be an n x n matrix. Then the determinant is

det(A) = Z 6j1j2...jnA1j1 A2j2 e Anjna (13)
J1J2---In
where the permutation symbol ¢;,;, ; is +1if (41, jo,...,jn) is an even permutation of (1,2,...,n) (ie.,
can be obtained from (1,2,...,n) by exchanging adjacent pairs of numbers an even number of times), it is
—11if (41,72, - -, Jn) is an odd permutation of (1,2,...,n), and is 0 otherwise (i.e., if any number is repeated).
While this serves as a formal definition of the determinant, it is unwieldy except for small matrices. However,
we will be most concerned with 2 x 2 matrices in optics, where the determinant is given by

A B

det[c D

= AD — BC. (1.4)
|

The determinant has the important property that it is nonzero if and only if the matrix is nonsingular.

1.4 Eigenvalues and Eigenvectors

Let A be an n x n matrix. We want to consider cases where
A - x = )x, (1.5)

where x is an n-dimensional vector and A € R. If there are A and x that satisfy this relation then A is said
to be an eigenvalue of A with corresponding eigenvector x.

Why should we consider eigenproblems? Eigenvalues typically represent physically important values
of physical quantities, and eigenvectors typically represent physically important elements of vector spaces
(typically providing a physically significant basis for a vector space). As a simple example, consider a system
of coupled oscillators (mechanical or otherwise). Each uncoupled oscillator would satisfy an equation of the

form # = —w?x. When coupled together, the system of oscillators would more generally satisfy a matrix
equation of the form
x=A x (1.6)
Upon making the ansatz x(t) = x(0) e ! we obtain an eigenvalue equation,
A x = —wx. (1.7)

Thus, the eigenvalues of A represent the distinct frequencies of oscillation for the coupled system, while the
eigenvectors represent how different oscillators move together to make each distinct ‘‘mode’ of oscillation
corresponding to each frequency.

How do we find the eigenvalues and eigenvectors? First, note that the eigenvalue condition above
implies that (A — AI,,) - x = 0, so that A — I, is a singular matrix. Thus, we have the condition that

det(A — AL,) =0, (1.8)

which yields the characteristic polynomial in \. The eigenvalues are the roots of the characteristic
polynomial. For a 2 x 2 matrix A, the characteristic polynomial is simple (it is handy to know this):

A — Tr(A)X 4 det(A) = 0. (1.9)

Here, Tr(A) is the trace of the matrix, defined as the sum over the diagonal elements. The eigenvector
corresponding to an eigenvalue A can then be found by solving the homogenous linear system (A—AI,,)-x = 0.

If the eigenvectors are linearly independent (i.e., it is not possible to write any one of them as a linear
combination of the others), then they form a “nice basis” for the vector space in the sense that in this basis,
the linear transformation represented by A is now represented by a diagonal matrix. Mathematically, let P
be a matrix such that the columns are eigenvectors of A. Then P 1AP is a diagonal matrix. In fact the
diagonal elements are the eigenvalues. If the eigenvectors are furthermore mutually orthogonal (as is the
case for real, symmetric matrices with distinct eigenvalues) and normalized, then we have PT = P~! (i.e.,
P is an orthogonal matrix), and thus the diagonal matrix is PTAP.
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1.5 Exercises

Problem 1.1
(a) The trace of a square matrix A is defined by

Tr[A] =) Ajj. (1.10)
J
Let A and B be n x n matrices. Prove that the trace of the product is order-invariant,
Tr[AB] = Tr [BA]. (1.11)
(b) Prove that the trace of the product of n x n matrices A, A . AW is invariant under cyclic
permutation of the product.

Problem 1.2

Let M and N be vector spaces of dimension M and N, respectively, and let ¢ : M — N be a linear
transformation. Show that ¢ can be represented by an N x M matrix; that is, show that there is a
matrix A such that A -x = ¢(x) for every vector x € M.

Problem 1.3
Let A be an n x n matrix. Show that det(A) = (—1)"det(—A).

Problem 1.4

Show that if A is a 2 x 2 matrix, the characteristic polynomial is given by
A — Tr(A)\ + det(A) = 0, (1.12)

and thus that the eigenvalues are given by

A2 = Tr(2A) + \/(TréA)) — det(A). (1.13)

Further, show explicitly that if det(A) = 1, then Ay = 1/);.

Problem 1.5

Let A be a diagonalizable n X n matrix (i.e., there exists a matrix P such that A = PDP !, where D
is a diagonal matrix with the eigenvalues of A along the diagonal).
Show that

log[det(A)] = Tr[log(A)]. (1.14)
You may use the property det(AB) = det(A) det(B) of the determinant for n x n matrices A and B.

Problem 1.6

(a) Is the trace of a matrix (viewing the trace operation as a function) a linear transformation? If yes,
prove it; if no, give a counterexample.

(b) Repeat (a), but for the determinant of a matrix.



Chapter 2

Ray Optics

2.1 Introduction

Ray optics, or geometrical optics, is the simplest theory of optics. The ‘‘mathematical”’ definition is
simply that the ray is a path. The more intuitive ‘‘definition’ is that a ray represents the center of a thin,
slowly diverging beam of light. While this theory gets a lot of things right, it also misses many phenomena.
But even when we get to wave optics, geometrical optics will still provide a lot of basic intuition that we
need to understand the more complex behavior of optical waves. For now, we will ignore any wave effects,
and any width or spreading of the ray (though by examining many rays, it is possible to model the imaging
behavior of an optical system).

2.2 Ray Optics and Fermat’s Principle

Ray optics boils down to a single statement, which we will get to very shortly. But first, we will start by
noting that the fundamental assumption in ray optics is that light travels in the form of rays. Again, as
mentioned above, a single ray could represent a beam of light, but typically you would use many rays to
model light propagation (e.g., to model the performance of an imaging system).

The optical rays propagate in optical media. To keep things simple, we will assume that the media are
lossless, and thus we can characterize them completely by their index of refraction, which we will denote
by n. Usually, n > 1, with n = 1 corresponding to vacuum. And while many media are uniform, meaning
that the refractive index is uniform throughout the medium, many media also have refractive indices n(r)
that vary spatially. The only effect that we require of the refractive index is that it changes the speed of
light. The speed of light in a medium of refractive index n is simply ¢q/n, where ¢y is the vacuum speed of
light (defined to be exactly 2.997 924 58 x 10% m/s).

Now to the fundamental principle of ray optics, called Fermat’s Principle. Consider a path r(s)
inside an optical medium between points A and B, parameterized by the variable s, so that A corresponds
to r(0), and B corresponds to r(d), where both s and d have the dimensions of length.

B

r(s)
A

Then the optical path length for this path is the length of the path, but weighted by the local refractive
index. Mathematically, we can define the optical path length functional as

(2.1)
(optical path length)

lr] := /Od n(r)ds.
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This quantity is proportional to the time light takes to traverse the path, At = ¢/cg, and is just the ordinary
length of the path in the case n = 1. Then Fermat’s Principle states that optical rays traverse paths that
satisfy

(2.2)

50 =0. (Fermat’s Principle)

The 6" here is like a derivative, but for functions, and “‘d¢’’ here can be read as ‘‘the variation of £’ or the
“the first variation of £.” What the statement §¢ = 0 means is that nearby paths have the same path length.
Formally, this means that

llr + edr] — L[r] = 0, (2.3)

at least to first order in €, where dr is an arbitrary path satisfying ér(0) = dr(d) = 0. The proper mathe-
matical framework for all this is the calculus of variations, but we won’t really go much more into this
here. However, it is for this reason that Fermat’s Principle is called a variational principle. It turns
out that variational principles are extremely important in many areas of physics. Variational principles are
conceptually odd, however. Normally you think of light starting someplace, and then asking, where does it
go? When applying Fermat’s Principle, the idea is to stipulate the endpoints, or where the light begins and
ends up, and then ask, what does it do in the meantime?

Often, as happens in standard calculus, the condition 6¢ = 0 yields a minimum for ¢. Hence Fermat’s
Principle is often referred to as a “‘principle of least time.”” However, this isn’t necessarily the case. Often,
the stationary condition turns out to be an inflection point or more commonly a saddle point, where £ is a
minimum along one direction but a maximum along another. Obviously §¢ = 0 can never yield a true global
maximum. Given an stationary path, there is always a nearby path that is slightly longer.

2.3 Fermat’s Principle: Examples

We will now consider some applications of Fermat’s Principle.

1. Homogeneous Medium. In a homogeneous medium, the refractive index n is constant. Thus, the
minimum optical path length occurs for the path with the minimum length, which is a straight line.

B B

A

Then the optical path length is simply

B
l= n/ ds = nd, (2.4)
A

where d is the regular length of the path. This quantity is thus minimized for a straight line connecting
A and B. We know experimentally that light travels in straight lines, and this is one of the motivations
for Fermat’s Principle.

More formally, recall that we must have §¢ = 0, which is satisfied for a path that minimizes ¢. But to
see that the variation vanishes for the straight line, consider that any small perturbation +edr to the
path r(s) will change the path length by the same amount for either sign, just due to the symmetry
of the straight line. Thus, §¢ = 0, at least to lowest order in e. Note that for any path that isn’t
straight, we couldn’t come to the same conclustion: for almost any perturbation to the path, one of
the perturbations £edr will tend to increase the path length, while the other will decrease it.

2. Plane Mirror. Again, we will start by fixing the endpoints of the ray, in the diagram below we label
these by A and A'.
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P'(0,¢)

P (0, 0)

We will assume a homogeneous medium to the left of the mirror with refractive index n, and we have
already shown the ray to be straight while in this medium. We can guess from symmetry that APA’
is the minimum-length path (of the paths that bounce off the mirror). But let’s prove it. Consider a
nearby point P’. The length of AP’A’ is

%zx/cﬁ—i— — )24+ +v/a2+ (b+¢)? (2.5)

Differentiating with respect to the perturbation ¢,

o (4 - b
9 (> € et (2.6)
9 \n Vaz+ (b—e) \/ a?+ (b+¢)?
This quantity vanishes for € = 0, and so the point P represents the extremal path. Thus, we conclude
that
01 = 91‘7 (27)

(Law of Reflection)

thus arriving at the Reflection Law for optical rays.
3. Refractive Interface.

ny | ma C (c, d)

B (a, b)
01

A (0, 0)

At a planar interface between two optical media of different refractive index, the ray splits. We have
to assume this as an experimental fact at this point, since we really need full electromagnetism to
show this from first principles. The reflected ray behaves according to the law of reflection that we
just derived. The other, refracted ray is a little different. Assume that the refracted ray begins at
point A and ends at point C (i.e., we take both A and C to be fixed. We will assume it crosses the
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refractive interface at point B, and now we will compute where the point B must be according to
Fermat’s Principle, 6(ABC) = 0. The path length is

0 =nyVa2+ b2 +ng\/(c —a)? + (d—b)2 (2.8)
Differentiating with respect to the moveable coordinate b of B, we arrive at the extremal condition

% o n1b _ nz(d—b) _
ob o \/a2 + b2 \/(C _ a>2 + (d — b)2 0. (29)

Using the angles marked in the diagram, we can rewrite this condition as

n18inf; — nosinfy = 0, (2.10)

or

(2.11)

ny sin6; = ng sin by, (Snell’s Law)

which is simply Snell’s Law. Note that

sinfy = L sing; < 1. (2.12)
N2

If ny > no then there is a critical angle 6. given by
™M Ging, =1, (2.13)
n2

such that if §; > 6., then there is no possible transmitted ray. All the light is instead reflected, and
this phenomenon is called total internal reflection.

. Spherical Mirror.

All rays from the center to the outer edge and back have the same (minimum) optical path length ¢
(i.e., the minimum ¢ for reflected rays). Thus, a spherical mirror focuses rays from an object at the

center point back onto itself.

We can define an ellipse as the set of all points {P : APA’ = d} for some constant distance d. The
points A and A’ are the foci of the ellipse. Fermat’s Principle tells us immediately that since for any
point P on the ellipse, we know that APA’ is constant (and a minimal length for reflecting paths), and
thus rays starting at the point A will end at the point A’. Thus an elliptical mirror images an object
at A to the other focus A’.

. Elliptical Mirror.
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6. Parabolic Mirror.

We can define a parabola as the set of all points {P : AP = PA’ where PA’ | directrix}. Adding PA"
to AP = PA’, we find AP+ PA” = A’A”, which is constant. So APA" is constant for all rays. Thus,
a parabolic mirror collimates all rays starting at A, which is the focus of the parabola. Reversing the
sense of propagation, we can also conclude that all incoming parallel rays orthogonal to the directrix
are concentrated to the focus A.

2.4 Paraxial Rays

Now we will set up a formalism for keeping track of optical rays more precisely. We will represent a ray by
a vector, which keeps track of the position and direction of the ray with respect to the optical axis—the
reference axis for optical propagation. The displacement y from the optical axis and the direction 6 are
sufficient to completely specify the ray at a particular longitudinal position z.

T A~y

y(z )1 optical axis
z

In the paraxial approximation that we will get to below, we will see that the angle 6 is approximately
equivalent to the slope 3’ of the ray, so we will write vectors interchangeably with the angle and slope of the

ray:
[‘Hm[;{} (2.14)

We want to be able to compute the change in the ray vector for any optical system. In this sense, we will
model an optical system as a transformation of ray vectors.

Y /(51% vi

OA

Ry
Yo 2

optical system
In the most general case, we can write

vo = filyi,y1);  vh = fo(y1,9), (2.15)

[ZZ}:f[z” (2.16)

where the vector function f models the optical system.

or in vector form,
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Assume that y, and y/, are small. Then we can Taylor-expand the function to lowest order in y; and

Y1
0 0
vo = f1(y1,9]) = i Y1+ f} Y} + higher-order terms in yi, ¥}
0y y1=y! =0 ayl y1=y! =0
1 1 (2.17)
r AN an an / . . ’
Yy = fz(yl, yy) = o Y1 + : y1 + higher-order terms in 1, y].
Yllyi=yi=0 Y1 ly=yi=0

Note that we are assuming f1(0,0) = f2(0,0) = 0, as we have not written down the zeroth-order terms in
the expansion. This assumes that any ray following the optical axis on the input side will continue to do
so on the output side, and therefore optics like spherical lenses, interfaces, and so on are centered on the
optical axis. It also excludes certain optics that deflect all rays, such as tilted mirrors and prisms. However,
by defining the optical axis carefully, we can still accommodate these optics (see the example of the plane
mirror on p. 28; tilted mirrors and prisms can be ‘unwrapped” in the same way). Now we can rewrite the
above expansion in matrix form:

o5 of
/
{ b2 } — | 9% 9 { v } + higher-order terms in yq,y} (2.18)
Ya % 0fo Y1
Oy1 Oy, y1=y,=0

In the paraxial approximation, we will ignore the quadratic terms and model the optical system using
only linear transformations. This approximation is valid for small y, and y!, (or equivalently, 6,, so that
0o =~ sinb, ~ tan 6, =y, which justifies our interchangeable use of § and y’). The matrix of derivatives is
the transfer matrix that represents the optical system in the paraxial approximation. Note that for this
approximation to be valid, the ray must always stay close to the optical axis. While the choice of the optical
axis is in principle arbitrary, it is best chosen such that the paraxial approximation is good for optical rays
of interest.

The higher order corrections that we are neglected are treated in aberration theory, which we will
not treat here.

2.5 Matrix Optics

Recall from before that the most general linear transformation of a two-dimensional vector is a 2 x 2 matrix.
We have written a matrix above as an expansion of a more general transformation, but for the general

paraxial case we will use the notation
v2|_|A B ||mn
Ya C D|lw |

(notation for ABC D-matrix propagation of rays) (2.19)
The matrix representing the optical system is referred to as an “ABCD matrix,” ‘“‘ray matrix,” or ‘‘ray-
transfer matrix.”” We will now derive the fundamental matrices.

1. Free-Space Propagation.

Y21 Y2
Y1 1
Y= OA M [ 0

—
.
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One of the simplest cases is propagation in free space over a distance d. The ray travels in a straight
line, so the angle does not change
Ya = Y1 (2.20)

By comparison to the matrix equation y, = Cy; + Dy}, we can conclude that C' =0 and D = 1. Since
the slope is ¥}, the position changes according to

Yo = y1 + yid. (2.21)

By comparison to yo = Ay; + Byj, we can conclude that A = 1 and B = d. Thus, the free-space
matrix is simply
M:{l d} (2.22)

0 1 (free-space propagation matrix)
Note that this is matrix still valid for propagation over a distance d within a refractive medium,
independent of n. The rays still change height according to their angle; the ‘“‘compression” effect on

the optical length happens because the angles themselves change when the rays enter and leave the
medium, say, for a planar window of glass.

2. Thin Lens.

Because the lens is thin, the ray does not propagate over any distance Az. The ray is continuous, so
yo = y1. Thus, A =1 and B = 0. The ray is deflected, however, such that it satisfies the thin lens

law: 1 L 1
—+ - =-. 2.23
do di f ( )
Here d, is the object distance, d; is the image distance, and f is the focal length, the single
parameter that completely characterizes a thin lens. The sign convention for the focal length is that
f > 0 for a convex lens, and f < 0 for a concave lens, as shown here (assuming a larger index for the

lens than the surroundings, as for glass lenses in air):

convex lens (f > 0): or

concave lens (f < 0): or

\

The line drawings shown to the right in the above figure are common schematic representations of
convex and concave lenses in diagrams. To arrive at the rest of the ray-matrix elements, we can
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take the object and image distances to be where the ray crosses the axis before and after the lens,
respectively. Thus, we can write the initial slope as

== 2.24
1 do ’ ( )
and similarly we can write
/ Y2 Y 11 vy
=-==-==— - -] === 2.25
==y z -0 <f do) 7 (2.25)
where we used y2 = y; and the thin lens law to eliminate yo. Thus C = —1/f and D = 1, and we can
write the ray matrix for a thin lens as
M — Lo (2.26)
a : 1| (thin-lens ABC'D matrix)
. Plane Mirror.
92 = 91 OA * i Y2 =1 OA
0 |
1 Y1 | M 10
} 101

Again, this is a thin optic, so yo = y1. The reflection law says that 03 = 6;. Thus the ray matrix is
simply the identity matrix:

M — 10 (2.27)

10 1T (planar mirror ABC'D matrix)

So if the ray matrix is the identity, what is the effect of a planar mirror? Really it is just to reverse
the direction of propagation. If we adopt an ‘“‘unfolded” convention, where the (z) optical axis always
points in the general direction of the ray travel, then the mirror is really equivalent to nothing, as
shown schematically in the above sketch.

4. Spherical Mirror.

=<
[
= —

1
concave (shown): R <
convex: R >

0]
0
0
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For the spherical mirror, we use the sign convention that R < 0 for a concave mirror (as shown here)
and R > 0 for a convex mirror. Thus we will use (—R) > 0 in the figure. We will also mark the angle
shown as (—#3) because the ray, as it is drawn, points downward (compare to the plane mirror sketch).
Again, yo = y1 in the paraxial approximation (i.e., the mirror is a thin optic). We can also write the
angle with the radius line as

2!
= —. 2.28
v="p (2.28)
The Law of Reflection implies that the angles on either side of the radius line are equal:
p—0=—05— . (2.29)
We can rewrite this as 5
ey:mf2¢:9y+§§. (2.30)
Thus, we can write the ray matrix as
N (2.31)
a = 1 (spherical-mirror ABC'D matrix)

Comparing this matrix to the thin-lens matrix, we see that in the paraxial approximation, a spherical
mirror is equivalent to a thin lens with a focal length

R
2

f=-=, (2.32)

with, of course, the reversal of the optical axis.

5. Planar Refractive Interface. A planar refractive interface is thin, so the beam height doesn’t
change, but the angles change according to Snell’s Law (within the paraxial approximation).

ny Ny

| _—>

,////* 0A

M=10 o, |

We leave the derivation of this ABC'D matrix as an exercise (Problem 2.7).

6. Spherical Refractive Interface. A spherical refractive interface is a bit more complicated, in the
way that the angle changes through the interface, but Snell’s Law still of course governs the behavior.
(Within the paraxial approximation, this interface is a thin optic, so the height again doesn’t change.)

ny

o
1 0
R~ OA M=| _(e—m) m
HQR no

convex (shown): R >0
concave: R <0

We also leave the derivation of this ABC'D matrix as an exercise (Problem 2.7).
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2.6 Composite Systems

Now we can consider more general optical systems, or composite optical systems made up of the more basic

optical elements.
Yn—-1 Yn
Yn-1 Yn

Ll L

Ml M2 M3 Mn Mcomposite = Mn Mn—l M2M1

When propagating the ray through the composite system, we can start on the first component by applying

the first matrix:
{yl } Ml[y(,) ] (2.33)

Y Yo
We can repeat this for the second optical element:
Y2 Y1 Yo
=M = MM . 2.34
[y’z} 2[91] ’ 1[@/6} (234

Iterating this procedure, we can arrive at the transformation for the entire system:

|: y;l :| - MnMnfl "'M2M1 |: y(/) :| = Mcomposite |: y(l) :| . (235)
Yn Yo Yo

So, the ray matrix of a composite systems is simply the product of the individual ray matrices. Note the
right-to-left ordering of the product.

Mcomposite =M,M,_;---M;M;
(ABCD matrix for composite optical system) (2.36)
M, acts first on the input ray, so it must be the rightmost in the product.

2.6.1 Example: Thin Lens

We can regard a thin lens as a composition of two cascaded refractive interfaces. Since the lens is thin, we
assume that there is no distance between the interfaces.

nlzl

Uy > 1
Ry R,
The composite matrix is thus
1 0 1 0 1 0
M= | (u=ny) mp || _(a=m) m | =| (m2=m) (1 13 | (2.37)
niRy ni na Ry n2 ni Ry Ry
If we take ny = 1, this simplifies to
1 0

M = (n21><11) - (2.38)
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If we compare this to the standard thin-lens matrix, we can equate the C' matrix entries and write

% = —(np— 1) (1 _ 1) : (2.39)

Ry Ry (Lensmaker’s formula)

which is known as the Lensmaker’s formula. The sign conventions work out as follows. For a convex lens,
we have R; > 0 and Ry < 0, which means that

1 1 1
—=(ng—1 ( + ) = f >0, convex lens 2.40
f ( ) |Ra|  |Ri] ( ) (2.40)
and thus a positive focal length. For a concave lens, we have R; < 0 and Ry > 0, which means that
! (ng —1) (1 + L ) = f <0, (convex lens) (2.41)
_ = — 2 — s vex .
f [Ra| | Ry

and thus a negative focal length.

2.7 Resonator Stability

We want to consider resonators, or optical systems that trap light rays. Such things are very important
for the operation of lasers, where light often needs to pass through a gain medium many times, or for
interferometry, as we’ll get to later. As a basic example, let’s look at a resonator composed of two spherical
mirrors separated by a distance d:

R, R,

“ N

d

< 3
< »

It is easier to analyze this if we ‘“‘unwrap’’ the system into an equivalent waveguide of lenses as follows:

fo=—1y/2 fi= _31/2

B
I

This is just the “unit cell” of the waveguide, which repeats over and over again for each round-trip of the
ray in the cavity. We have exploited the equivalence of spherical mirrors and thin lenses here. As we have
drawn it, i.e., for 2 concave mirrors, f12 = |R1,2/2|.

The matrix for one round trip (or the waveguide unit cell) is the product of two free-space propagation
matrices and two thin-lens (spherical mirror) matrices:

1 0 1 0
Mo | A BT_ ) 1 d ) 1
C D g Lo - 1]l
1

Note the proper order of multiplication, which follows the path of the ray through the cavity/waveguide:
first (the rightmost matrix) is left-to-right propagation of distance d, then reflection off the right mirror,

—

] . (2.42)
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right-to-left propagation, and reflection off the left mirror (the leftmost matrix in the product). Multiplying
this all out, we get
d d
T d (2 - )
M = f 2 f 2

T (BN AR (24
fi  fo fife fi f2 fi

for the cavity round-trip matrix.

2.7.1 Stability Condition

The question we want to ask now is, does the resonator confine the ray? In other words, is the cavity stable?
Consider the ray after n round trips in the cavity:

n
Yn | _| A B Yo
]-le o] %] 240
To answer this question, we can diagonalize the matrix. Recall that the characteristic polynomial for a 2 x 2
matrix is

A2 — Tr(M)A + det(M) = 0. (2.45)
For a ray matrix, there is a general result that states that (see Problem 2.9)
det(M) = 2, (2.46)
n2

where n, is the refractive index at the input of the optical system and no is the refractive index at the
output. For the matrix describing a single pass through a resonator, the input and output are exactly the
same place, thus n1 = ny and det(M) = 1. Thus, the characteristic polynomial becomes

M~ Tr(M)A+1=0. (2.47)
The eigenvalues of M are the roots of this polynomial, given by

Ay =B+ VB2 -1, (2.48)

where 8 :=Tr(M)/2 = (A+ D)/2.
So how does this help? Remember that we can decompose an arbitrary vector into eigenvectors. In
particular, for the initial condition vector we can write

) [ ][] o

Yo +

for some constants a4, and the vectors [y, yi]T are the eigenvectors corresponding to A\i:

Y+ Y+

M =) . 2.50
FiRava (250

Then after one round trip in the cavity,

Yo Y+ Y-
M =g\ +a_A_ , 2.51
[yé} **[@/J [y—} (251
and after n passes,
Yn n Yo n Y+ n Y-

=M =g\ +a_ A" . 2.52
][] e[ ] V] 252

Let’s simplify things a bit by only considering the positions y,. Then we can write

Yn = (g )N} + (ay )AL =03 AL + - AL, (2.53)
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where we are introducing the new constants v4 := ayy+ for notational convenience.

There are two possibilities that we have to consider: either |f| < 1 or |3] > 1. Let’s consider the
|3] > 1 case first. Then clearly A1 are real, since the argument of the radical is positive: 32 —1 > 0. We can
also see that |A4| > 1 and |A_| < 1 (in fact, AxA_ = 1, since det(M) = A A_ = 1). Now let’s reexamine
the solution:

Un = Y+ A} F -2 (2.54)

The first term grows exponentially with n, while the second damps exponentially away. Thus, for generic
initial conditions (i.e., v4+ # 0), the solution grows exponentially as y, ~ A}. This is the unstable case,
since the solution runs away to infinity.

Now let’s consider the other case, |3] < 1. Then 3% — 1 < 0, so we can write

Ay = BEiy/1- 52, (2.55)

and clearly now the eigenvalues are complex. Note also that both eigenvalues have unit modulus:
Pl =2axy = (BiV1-B2) (BFiV1-F2) =62+ (1 5%) = 1. (2.56)

So |Ax| =1, and thus it follows that |\}| = 1. We can already see that y,, will stay bounded as n increases,
so this is the stable case. Let’s see this more explicitly: define ¢ := cos™! 3

B=cosgp, +/1—p2=sing. (2.57)

Then Ay = exp(+ig), and N} = exp(+ing). Thus we can write the solution as

Yn = 74" 77" = Yoy sin(ng + do) (2.58)

for some constants ymax and ¢, which can be obtained from 74 noting that y, must be real-valued. In
other words, each pass through the cavity simply increments the phase of a harmonic oscillation by some
fixed amount ¢.

As a side note, in both cases we can determine the constants of the motion from the initial condition.
We can do this by finding the eigenvectors and decomposing the initial ray vector, or, for example, we can
equivalently use yo and yi:

Yo =17+ FTY= Y1 =T4AL Ao (2.59)
Solving these two equations leads to
Y1 — YoAf
=== 2.60
Y= ~ (2.60)

as a compact formula for the coefficients.
Thus the stability condition for the ray to remain bounded in the long term is simply |5] < 1. We
can also write

(2.61)
[l = 2 (resonator stability condition)

or
A+ D| <2 (2.62)

(resonator stability condition)

for the stability condition explicitly in terms of the matrix elements.

2.7.2 Periodic Motion

A condition more restrictive than the stability condition is the periodic ray condition, which states that
the ray repeats itself exactly after s passes through the cavity, where s is some integer:

Ymts = Ym for all m. (2.63)
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If s is the smallest integer for which this is true, then s is called the period of the ray. Note that in the
paraxial approximation, the existence of a single periodic ray implies that all rays for the optical system are
periodic (except in trivial cases), because the matrix M?® collapses to the identity. More generally, though,
in nonlinear systems both periodic and nonperiodic rays are possible in the same system, just depending on
the initial condition.

We can explore this a bit further mathematically. Obviously for a ray to be periodic the resonator
must be stable. We can thus rewrite the periodic-ray condition (2.63) as

7+ein¢+is¢ 4 ,y_e—in¢7—is¢ — ,y+ein¢ + ,Y_e—in¢. (264)

This holds for arbitrary coefficients if the phases differ by exact multiples of 27, i.e.,

s¢ = 2mq (2.65)

for some integer ¢q. Thus,
8 = cos 2y (2.66)
N s (periodic-ray condition)

for integers ¢ and s for periodic motion to occur.

2.7.3 Resonator Stability: Standard Form

For the two-mirror resonator that we started out with, we can write out the stability condition more explicitly.
Starting with |(A + D)/2| < 1, we can write

A+D+2
oggéifi—g1, (2.67)

which, after inserting the matrix elements from Eq. (2.43) and a bit of algebra, we can rewrite the stability
condition as

d d (2.68)
0= (1 B 2f1> (1 - 2f2> =1L (resonator stability condition)

It is conventional to define the stability parameters

NG N N (2.69)
L7 = 2fia) Rio)’ (cavity stability parameters)

where the rightmost expression applies to the original two-mirror resonator rather than the equivalent lens
waveguide. In terms of these parameters, the stability condition is particularly simple:

(2.70)

< <1. - i
0<gig2 <1 (resonator stability condition)

Then we can sketch the stability diagram according to this inequality.
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92

unstable

stable

91

1

The shaded regions correspond to unstable resonators, the light regions are stable. There are four special
cases marked in the diagram that we should consider. All four cases are on the borders of the stability

regions, so these are all marginally stable cases.

Case 1. g1 = g2 = 1 = R; 2 = oo (Planar resonator)

Case 2. g1 2 =0 = R; 2 = —d (Confocal resonator)

&

Case 3. g12 = —1 => Ry 2 = —d/2 (Spherical resonator/symmetrical concentric)

Case 4. g1 =0, go =1 = Ry = —d, Rs = o (Confocal-planar resonator, or half of a spherical

resonator)

The planar resonator is special in the following sense. We can compute

R

B=2q92—1=1

(2.71)

Recalling that we defined the phase angle ¢ = cos™! 3, we find ¢ = 0 for this case. From Eq. (2.58), we see
that y, = yo for all n. Hence every ray is periodic with period 1 for a planar resonator. [We can also see
this directly by noting that the cavity round-trip matrix (2.43) reduces to M = I, for fi 2 = 00.] Actually,
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this is an artifact of the eigenvalue formalism; in this marginally stable (‘‘parabolic’’) case, the solutions can
increase linearly rather than exponentially: v, = yo + nyj.

The confocal resonator is one of the most important resonators, as we will see when we discuss optical
spectrum analyzers. For the confocal resonator, d = —R, so 8 = 2g1g2 — 1 = —1 and ¢ = cos~1(—1) = 7.
From Eq. (2.58), we see that

Yn = (_1)yn—1 = (—1)"?}0- (272)

Thus, every ray is periodic with period 2, so each ray repeats itself after 2 passes through the cavity. [Again,
we can also see this directly by noting that the cavity round-trip matrix (2.43) reduces to M = —I, for
fi,2 = d/2.] On a single pass, the position reverses itself (this happens for the angle as well), leading to
“figure-eight’” orbits in the cavity.

2.8 Nonparaxial Ray Tracing with Interfaces

Tracing paraxial rays lends itself to analytic calculations and even simple numerical calculations, using the
matrix formalism. Tracing nonparazial rays is much more difficult in general, and analytic calculations
typically depend on the existence of fairly simple solutions, symmetries, and a clever setup. Ray tracing for
fairly general interfaces can be done readily on a computer however. You can spend hundreds to thousands of
dollars on commercial ray-tracing software. Or, armed with Snell’s Law, the Law of Reflection, and a brain,
you can get pretty far on your own for free. We will set up the basic formalism for ray tracing here, and go
through a simple example to show the general idea, with code in an open-source, mathematical programming
language (Octave).

First, let’s go through the basic idea for rays confined to a plane (valid for cylindrical optics, or axially
symmetric optics). This will give us some intuition for the problem, and then we’ll redo everything later in
a more general form that extends to fully three-dimensional rays.

The setup is as follows. The optical axis lies along the z-direction, and a surface (reflective or refractive
interface) is defined by the relation
(2.73)

Fy:2) =0. (representation of interface)

The incident angle is 61, and we wish to find the refracted or reflected angle 05, given that the ray encounters
the interface at the point (y, z).

To apply Snell’s Law or the Law of Reflection, we will need to track the direction normal to the surface,
which we represent via the angle ¢ (the angle between the optical axis and the surface-normal direction).
To represent this angle, note that ¢ is also the angle between the y-axis and the tangent to the surface at
the intersection point.
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01 ¢

z

And given that f(y,z) = 0 can be solved for the alternate function representation z(y) of the surface, we

then have
_1(dz (2.74)
— 1 2=
¢ = tan (dy) ’ (normal angle of interface)

Then for the case of refraction, we can relate the input and output angles via Snell’s Law and reading off
the various angles as:

0i =01+ ¢
s S <n1 St 9‘) (refraction)
92 = Gt - ¢
Similarly, in the case of reflection, we have
bi=01+¢ (2.76)
2.76
b = G (reflection)
02 = er + ¢a

where 65 here (not explicitly shown in this case) is still the angle of the outgoing ray with respect to the
optical axis. In the reflection case, of course, the z-component of the reflected ray should have the opposite
sign with respect to the incident ray. Given that we can find the point of intersection of the incident ray with
the interface, then we can trace the outgoing refracted and reflected rays, and then repeat for subsequent
interfaces encountered by the continuing ray. We will develop this procedure more explicitly in the more
general case below.

2.8.1 Refraction and Reflection Laws: Coordinate-Free Form

The angle-based formalism that we developed above is perfectly adequate for rays confined to a plane.
However, for more general ray propagation, the generalization in terms of angles becomes more cumbersome,
because the direction of the ray is represented by two angles, and applying Snell’s Law involves a reorientation
with respect to two other angles specifying the surface normal at the intersection point. Therefore, in the
more general case, we will take a slightly different approach, and consider refraction at an interface, where
we adapt the coordinate system to the surface. The incident ray, whose direction is represented by the unit
vector 71, is incident on the surface as shown, and is either reflected or refracted into the final direction,
which we will represent by the unit vector 7, or 7, respectively.
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7 Ni|ne
Tt
0
1 0y
01 n

In the diagram, we show a planar interface, but this is really just a zoomed version of a general, possibly
curved surface, such that it appears flat, and 7 is the unit normal vector to the surface at the point of
intersection of the incident ray with the surface. In adapting the coordinate system we are not losing
generality, because the idea is to eliminate all explicit references to coordinates, and only express the output
direction 7, or 7 in terms of the incident direction 7; and the normal vector nn. Note that there are two
sensible orientations for 7, corresponding to 2 in this coordinate system, and we should be careful about
this.
Starting with the reflected and refracted angles

Ty =sinfy § — cosb 2

(2.77)
Tt = sinfs § + cos s 2,
we can eliminate ¢ and £ in favor of #; and 7 to write (Problem 2.23)
7r =11 — 2sgn(n - 71) cos by 7t
(2.78)
Py = E?ﬁ +sgn(n - 1) (cos 0y — ™ cos 91) 7.
ng n2

Then eliminating the remaining angles, and thus any explicit references to the coordinate system, we can
obtain the coordinate-independent forms (Problem 2.24)

Tr:fi—Q(ﬁw?zi)ﬁ

2
e (”1> i1+ |sgn(i - fl)\/l - (”1> i x #1]2 — L 71) | .
N9 no n2

(reflected and refracted directions, coordinate-independent) (2.79)
for the reflected and refracted rays. Again, we have been careful to keep our results invariant under the
replacement n — —n, so that either possible normal vector of the surface is suitable for our purposes.

At this point it is worth expanding on a couple of details. In the formula for the refracted ray in
Egs. (2.79), note that the cross product |72 X 71| can take any value between 0 and 1. Thus, if n; > ng, it
is possible for the argument of the square root to become negative, and in this case #; becomes imaginary.
This means that there is in fact no transmitted ray; the entire ray is reflected, and this phenomenon is
called total internal reflection, a topic to which we will return in the context of waves (Section 9.3).
Similarly, we have mentioned that at an arbitrary interface the possibilities of both reflection and refraction
of a ray. The fraction reflected vs. refracted is best discussed in the context of wave optics (Chapters 9
and 10, and is complicated somewhat by the possibility of wave interference from reflections from different
interfaces. Furthermore, when tracing all possible reflected and refracted rays, the number of rays proliferates
exponentially with the number of interfaces involved. Typically, a ray-tracing analysis focuses on one set of
rays to keep the problem tractable (e.g., tracing the refracted rays through a compound-lens system, or the
reflection from a single optical surface), and therefore requires some thought and care in the setup of the
analysis.
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2.8.2 Ray Tracing: A Recipe

Now with the formulae (2.79) in hand to compute the direction of the ray after interacting with the interface,
the only remaining tasks are to find the intersection of the incoming ray with the surface, and then to
determine the normal vector.

Since we define the interface in terms of the vanishing of a function,

(2.80)
(representation of interface)

finding the intersection of a ray with the surface amounts to a root-finding problem. If we assume homoge-
neous media between interfaces, then the rays are straight lines, and this reduces our task to a one-dimensional
root-finding problem, which is a fairly simple one. More explicitly, we can take the ray, described by its
location r, to be parameterized by the location along the optical (z) axis (at least, between encounters with
interfaces, where ray may reverse its direction with respect to the optical axis), so that we may write the
ray as r(z). Then we are finding the root of f(z) = f[r(z)], or solving

Tiz Ty
f(Z) :f fO‘*‘f(Z—ZO),yO"‘*y(Z—ZO),Z :Oa

1z 1z

(interface-intersection condition) (2.81)

where ro = (x0,Yo0,20) is some reference location for the ray (say the ‘‘source point” of the ray), and

7i = (Tie, riy,Tiz) is the direction unit vector of the incident ray (the same as the incident vector in the

previous section). Here we have written the x and y coordinates of the ray in terms of the initial point and

the tangents ri,/ri, and ry,/ri, of the ray-propagation angles. In general, finding the intersection with a

surface requires searching the function for various z to first bracket the interface. Mathematically, two points

z1 and 2z bracket the interface [i.e., bracket the root of f(2)] if the function changes sign between these two
points:

(2.82)

(root-bracketing condition)

f(z1)f(22) <O0.

This can often be done through knowledge of the geometry, but in more general-purpose software, a range
of z must be searched systematically in an attempt to bracket the intersection, if one exists (the ray can,
of course, sail past the edge of an optic). Once bracketed, there are several simple algorithms to find the
root. The bisection algorithm for example, says to try the midpoint Z = (21 + 22)/2, and then use the same
condition to see whether (z1, Z) or (Z, 22) bracket the root. The process can be iterated to find an arbitrarily
narrow interval that brackets the root.

Once we determine the intersection of the ray with a surface, we need to find the direction of the
outgoing ray. The unit-normal vector, specifying the orientation of the surface at the point of incidence, is
simply

P Vi (2.83)
7k (normal vector to surface f = 0)
evaluated at the point of incidence. Intuitively, this is because the surface is defined by the constant value
f =0, and so the maximum change in f occurs perpendicular to the surface. Then the outgoing-ray direction
is set by Egs. (2.79); recall that the sign of 7 (which could vary because f(r) is not unique——f(r) is as
good as f(r) for specifying the surface) doesn’t affect the results.

So to summarize the procedure:

1. Begin with the ray at some initial reference point rg, traveling in the direction #;, incident on some
interface described by f(r) = 0.

2. Find the point of intersection of the ray with the interface, by bracketing and then finding the root of
Eq. (2.81).

3. Determine the normal vector 72 of the surface at this point, using Eq. (2.83).
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4. Use Egs. (2.79) to find the orientation of the reflected and/or refracted ray.

5. Lather, rinse, repeat: set the reference point ry to the intersection point, use the refracted or reflected
direction as the new orientation vector, and repeat the whole process for the next interface (or for the
outside boundary of the plot, if this was the last interface). You may need to take care if the direction
along the optical axis became reversed by the prior interface.

2.8.3 Example: Parabolic Interface
As an example, let’s consider a parabolic interface, where the parabola is specified by
Z— 2. = ay’. (2.84)
We can write this in our standard notation f(r) = 0 for root-finding as
fy,2) =2— 2 —ay’ = 0. (2.85)

Here z. is an offset along the optical axis, and a controls the curvature of the ray. In the case where a > 0
(such that the parabola opens to the right), and the refractive index to the right is greater than to the left
of the interface, the interface will act to focus incoming parallel rays.

2.8.3.1 Refraction

The diagram below shows the refracted rays for the case a = 1/2, ny = 1 to the left of the interface, and
ng = 2 to the right.

~~.

|t
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The focusing action of the interface is clear, as well as the severe aberrations for rays far from the optical
axis. Note that we have also marked the location of the effective focal point with a green dot. This is the
common point on the optical axis through which horizontal rays very close to the optical axis will pass. The
effective focal length is given by (Problem 2.25)

no

fett = (2.86)

2a(ny —ny)

with respect to the location of the parabola along the optical axis; thus the absolute z location of the focal
point is z¢ + fes-

A program in the Octave! mathematical scripting language that traces rays refracting through this
surface to generate this disgram is given below. Note that we are using the recipe and the coordinate-
independent form of the refraction formula. We only worry about one refraction, and we don’t bother with
rays that reverse direction, because this doesn’t happen here. For finding the incident point of rays on
the parabola, we define the surfacefunc function, which implements Eq. (2.81). We then use the fzero
built-in function to find the root of surfacefunc, and thus the intersection point. Since fzero expects
a one-dimensional function, we must pass other parameters to the function via global variables. We also
compute the normal vector in gradfunc, by explicitly programming the gradient (0f/dy)y + (0f/0z)z. In
a more general-purpose program, we could just estimate the gradient by computing f(r) at several different
points, but the explicit form is pedagogically clearer here. This script is a good basis for ray tracing in other
simple systems (e.g., Problem 2.27). The script is available at

http://atomoptics.uoregon.edu/~dsteck/teaching/octave/parabolic_surface_refract.m

and listed below.

% parabolic_surface_refract.m

h

% Trace incoming parallel rays for parabolic-surface "lens"

%  defined by f(y,z) = z-zc - a*y~2 = 0.

)

% Represent rays by a position y at z, and also a direction unit vector
% rhat = [ry; rz]; z is the direction along the optical axis.

h

% Use coordinate-free form of Snell's Law in terms of surface normal vector.

global gY gRhat gZ0 gA gZc

a = 0.5; % parabolic parameter

zc = -0.5; % shift of parabola center

dy = 0.06; % increment of initial y position of rays
ymax = 6%a; % max y ray to trace

zmin = -6*a; % launch z

zmax = 6%*a; % max z

nl = 1; % index to left of parabola

n2 = 2; % index to right of parabola

% In the following function we need to pass extra parameters,
% hence the global statement.

% gy -> y at z0

% gRhat -> ray direction (unit) vector, in form [ry; rz]
% gZ0 -> reference coordinate z0

% gh -> copy of A

1Octave is free, open-source, mostly compatible with MATLAB, and runs on most platforms: http://octave.org.


http://atomoptics.uoregon.edu/~dsteck/teaching/octave/parabolic_surface_refract.m
http://octave.org
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% gZc —> copy of zc

% Note: global variables are labeled with a 'g' to avoid confusion
ghA = a;

gZc = zc;

% function for finding intersections with the parabolic surface
function fout = surfacefunc(z)

% z is the position along the optical axis

global gY gRhat gZ0 gA gZc

% extrapolate ray straight to z
%y =y0 + (z-2z0)*ry/rz;
ray_y = gY + (z-gZ0)*gRhat (1)/gRhat (2);

% function to define surface via f(y,z) = (z-zc) - axy™2 =0
fout = (z-gZc) - ghA*ray_y~2;
end Yfunction

% function for finding the normal vector to the surface
%  returns gradient of f = z-zc - axy~2
function fout_vec = gradfunc(y,z)

global gA
fout_vec = [ ...
—2%gA*y; ... % partial f/partial y
1 ... % partial f/partial z
1

fout_vec = fout_vec/sqrt(dot(fout_vec,fout_vec)); % make unit vector
end Y%function

% plot parabola, using parametric form

dt = 0.01;

t=(zmin:dt:zmax) ';

plot(a*xt. 2+zc, t,'b-'); % plot as blue line

% set axes using z dimensions, and square aspect ratio
axis([zmin, zmax, zmin, zmax], "square");

xlabel('z (mm)');

ylabel('y (mm)');

title(sprintf('ray trace of parabolic interface, n = %.2f',n2));
hold on; % subsequent plots will be overlayed

%h’% loop over rays

nrays = 2*floor (ymax/dy);

for ray = O:nrays,
yO = (ray-nrays/2) *dy;
yarr = [y0]; % array of y positions to plot
zarr = [zmin]; % array of z positions

% find first intersection with the parabolic surface

% look for intersection (root) between zmin and 10*zmax
rhat = [0; 1]; % direction of initial ray, horizontal = zhat
gY = yO; gRhat = rhat; gZ0 = zmin;
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z = fzero('surfacefunc', [zmin; 10*zmax]);
gy;

<
1]

% add point to plot
yarr = [yarr; yl; zarr = [zarr; z];

% compute refracted ray direction, update direction vector rhat
nhat = gradfunc(y,z); % surface normal vector
nhat3 = [0; nhat]; rhat3 = [0; rhat]; % add x dimension for cross product
crossthing = (n1/n2)*cross(nhat3,rhat3); % (n1/n2)*(n x r)
rhat = (n1/n2)*rhat
+ ( sign(dot(nhat,rhat))*sqrt(1-dot(crossthing,crossthing))
- (n1/n2)*dot (nhat,rhat) )*nhat;

% extrapolate to the end of the optical axis
z0 = z; z = zmax;
yarr = [yarr; y + (z-zO0)*rhat(1)/rhat(2)]; zarr = [zarr; z];

% plot ray
plot(zarr, yarr, 'r-'); % plot as red line
end %for

feff = n2/(2xa*x(n2-n1)); % effective, paraxial focal length
% mark effective focal length, account for offset of surface
plot([feff+zc], [0], 'g.');

hold off;

2.8.3.2 Reflection

With relatively minor modifications to the script, we can use it to trace the reflected rays from the parabola.
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We list only the changed section below, which is the last part of the loop over rays where we find the
direction of the outgoing ray. We simply change from the refraction to the reflection formula. Also, we must
now handle the possibility of a backwards-propagating ray, so we insert a condition based on the sign of the
z-component of 7, and propagate the final ray to either zmin or zmax for backward- or forward-propagating
rays, respectively.

% compute reflected ray direction, update direction vector rhat
nhat = gradfunc(y,z); % surface normal vector
rhat = rhat - 2*dot(nhat,rhat)*nhat;

% extrapolate to the end of the optical axis
% handle backwards rays based on sign of z component of rhat
if ( rhat(2) > 0 ), % forward case

z0 = z; z = zmax;

yarr = [yarr; y + (z-z0)*rhat(1)/rhat(2)]; zarr = [zarr; z];
else, % backward case

z0 = z; z = zmin;

yarr = [yarr; y + (z-z0)*rhat(1)/rhat(2)]; zarr
end %if

[zarr; z];

The full script to produce the above plot is available at

http://atomoptics.uoregon.edu/~dsteck/teaching/octave/parabolic_surface_reflect.m


http://atomoptics.uoregon.edu/~dsteck/teaching/octave/parabolic_surface_reflect.m
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2.9 Exercises

Problem 2.1

A fish is 1 m beneath the surface of a pool of water. How deep does it appear to be, from the point of
view of an observer above the pool? The refractive index of water is n = 1.33.

Problem 2.2

A corner-cube reflector is an arrangement of 3 planar mirrors to form, appropriately enough, the corner
of a cube. The reflecting surfaces face the interior of the cube. Commercial corner cubes often use
internal reflections to form the mirror surfaces, as in this photograph of the back side of a mounted
corner-cube prism.

Show that any ray entering the corner cube is reflected such that the exiting ray is parallel (but
opposite) to the incident ray. You may assume that the incident ray’s direction is such that it reflects
from all 3 surfaces.

Problem 2.3

Suppose that a ray in air (n = 1) is incident on a planar window of uniform thickness 7" and refractive
index n. If the angle of incidence is 6, show that the transmitted beam is parallel to the incident beam
but has a horizontal displacement given by

§ = Tsiné (1 _ _cost ) : (2.87)

ncos 6’
where nsin @’ = sin 6.

Problem 2.4

An anamorphic prism pair is used to expand or shrink a beam in one dimension without deflecting
its angle, as shown here.
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The pair consists of two idential prisms with wedge angle o and refractive index n. The beam enters
each prism at normal incidence to the front surface. As a model of the beam, it is useful to consider
parallel rays as shown.

(a) Write down an expression that relates the deflection angle 6 after the first prism to « and n.

(b) By how much is the beam reduced after the first prism? Write your answer in terms of n and «
only.

(¢) By how much is the beam reduced after the second prism?

Problem 2.5

A thin lens is submerged in water (n = 1.33). If the focal length is f = 1 m in air, what is the focal
length in water? Assume the lens is made of fused silica (n = 1.46).

Problem 2.6

Consider? a reflection off the center P of a parabolic mirror (x = ky?) as shown.

By symmetry of the reflection at the center, we can fix the endpoints of the reflected ray to have
coordinates (a,b) and (a, —b), with a > 0.

(a) Consider a point P’ a small distance (with vertical component ¢) from P. Show that the optical
path length of AP’A’ is an extremum when P’ coincides with P.

(b) Show that APA’ is a minimum when k < k. and a mazimum when k > k., where

a

(¢) The locus of all points B such that ABA" = APA’ is clearly an ellipse with foci A and A’. Show
that the equation describing this ellipse is given by

(x—a)? 3
Y Y 2.89
N2 _p2 + ~2 ’ (2.89)

where 2y := ABA’. Argue that this result is consistent with the result of part (b).

Problem 2.7

(a) Derive the ABC'D matrix for a refractive spherical boundary:

2Adapted from H. A. Buchdahl, Introduction to Hamiltonian Optics (Dover, 1993).
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convex (shown): R >0
concave: R <0

The convention is that R > 0 for a convex surface (as shown here) and R < 0 for a concave surface.
Note that in the paraxial approximation, the height of the ray does not change across the boundary.

(b) Derive the ABC'D matrix for a refractive planar boundary:
ny |
| _—>
/ OA [ 1 0 }

0 nl/ng

(¢) Find the determinants of the ABC'D matrices in parts (a) and (b).

Problem 2.8

(a) Derive the ray-transfer matrix for free-space propagation, followed by a thin lens, followed by more
free-space propagation, as shown in the Figure.

(b) Show that applying the thin-lens law,
1 1
&t
all rays originating from a single point ¥; in the input plane reach the output plane at the single point
Y2, independent of the input angle y}. Compute the magnification y»/y;.

(2.90)

(¢) Show that if do = f, all parallel incident rays are focused to a single point in the output plane.

Problem 2.9

Let M be the ray matrix for an arbitrary optical system where the input and output refractive indices
are ni and ns, respectively. Prove that
det(M) = 2 (2.91)
n2
(as you saw in Problem 6(c)), using the following outline, which exploits the formal equivalence of ray
optics to classical Hamiltonian mechanics.

Recall the action principle (Fermat’s principle) for ray optics:

5/ n(z,y,z)ds =0, (2.92)
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where ds? = dx? + dy? + dz? and n(z,y, 2) is a refractive-index profile that models the optical system.
Compare to the action principle for classical mechanics. Take the coordinate z to be the ‘‘time’” variable
and the coordinate y to be the position coordinate. Let’s consider the two-dimensional case, so x is an
ignorable coordinate, and note that z is also ignorable in the sense of being completely determined by
x, y, and s. Then for the optical case, write down the Lagrangian. Show that the conjugate momentum
p for the position y is ndy/ds, and then write down the Hamiltonian.

Now consider the following transformation relating the canonical coordinates before and after the

optical system,
{%’2 ] :M'[yl ] (2.93)
Y2 p1

which of course is valid in the paraxial approximation (where it is also true that s = z). Because
y and p are canonical variables and M’ represents ‘‘time evolution’” of a Hamiltonian system, M’
represents a canonical transformation and in particular M’ is a symplectic matrix, which implies
that det(IM') = 1. This is essentially the content of Liouville’s theorem.

Using this result, transform to the standard (noncanonical) variables y and y’, and compute the
determinant of M.

A very brief review of variational principles in classical mechanics may help. Recall that the action
functional is given by the integral

S[L] = /h L(g, ;) dt, (2.94)

t1
where the Lagrangian L is typically of the form L = T'(¢) — V' (¢) in particle mechanics. The variational

principle (Hamilton’s principle) is 6S[L] = 0, which for our purposes implies the Euler-Lagrange

equation
d 0L oL

dt g g
under the condition that the endpoints of the variation are fixed (0¢(t1) = d¢(t2) = 0). The Hamiltonian
is given by a Legendre transformation of the Lagrangian via

(2.95)

H(q,p;t) == 4°pa — L(q,¢; t), (2.96)

where the conjugate momenta are defined by p, := OL/9¢“.

Problem 2.10

(a) Suppose that two thin lenses of focal length f; and f» are placed in contact. Show that the
combination acts as a thin lens with a focal length given by

1 1 1

ITh R

(2.97)
(b) The optical power of a lens is defined as 1/f, where f is the focal length of the lens. Typically
the lens power is measured in diopters, defined as 1/f where f is measured in meters (i.e., a lens
with a 100 mm focal length has a power of 10 diopters). Based on your answer for part (a), why is the
optical power a natural way to characterize a thin lens?

Problem 2.11

Show that the effective focal length feg of two lenses having focal lengths f; and fo, separated by a
distance d, is given by
1 1 1 d

E:E‘FE*E. (298)
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Note that this system is no longer a thin lens, so for this to work out you should show that the effect
of the two-lens optical system is equivalent to that of a single lens of focal length feg, with free-space
propagation of distances d; and dy before and after the single lens, respectively, where

izl 1+£, i:l—iJrL. (2.99)
di d fi fid da d fo fad

This problem is a simple model for one realization of a ‘“‘zoom’ or variable focus lens, e.g., for still
photography. (A “true zoom” lens would also shift the location of the pair to maintain focus as the
focal length changes, whereas a simpler variable focus lens merely changes the separation to achieve
different focal lengths, possibly requiring a refocusing adjustment.)

Problem 2.12

Because of dispersion, the index of refraction varies slightly with the wavelength of light, and thus
the focal length of a thin lens varies slightly with optical wavelength. This effect is called chromatic
aberration. A common technique to correct for this aberration is to cement two lenses together of
different materials to form an achromatic doublet or achromat.

For this problem, assume a simple linear model of the refractive-index variation:

n()\) ~ n(>\0) + <j;>)\_(? - )\0), (2100)

where )\g is some wavelength in the center of the region of interest. The dispersion of an optical glass
is often characterized by its refractive indices at three special wavelengths, the Fraunhofer C, D,
and F lines, given by A\¢ = 656.3 nm, A, = 587.6 nm, and Ay = 486.1 nm, named after Fraunhofer’s
catalog of the dark features in the solar spectrum. In terms of the three indices, we can define the

Abbé v-constant by
vy iz 21 (2.101)

Ng — Nc

in terms of which we can write the refractive index as

n(A\) ~ 1+ (np — 1) [1 - (vd(AfA_AF))] , (2.102)

where 0\ := X — \p.

Design a thin, achromatic doublet with the following materials: BK7 borosilicate crown glass (ny =
1.52238, np, = 1.51673, nc = 1.51432) and F2 flint glass (ny = 1.63208, np, = 1.61989, ne = 1.61503).
Use BKYT for the first section in the shape of a biconvex lens, and F2 for the second section in the shape
of a plano-concave lens, as shown.

F2

BK7
R "Ry = o0
!
R,
Obviously, the radii of curvature at the cemented interface should match. Make the thin-lens approx-

imation and choose the two radii of curvature to achieve a lens with f = 100 mm over the visible
spectrum.

Problem 2.13

A refracting telescope is an optical system consisting of two thin lenses with a fixed space in between.
Light first enters the objective lens of focal length f,, propagates over a distance L, and goes through
the ocular lens (eyepiece lens) of focal length f.. The length of the telescope satisfies L = f, + fe.
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objective lens ocular lens

I Je

L

< >

(a) Construct the ABC' D matrix for propagation through a telescope (from left to right in this diagram).

(b) Show that a telescope produces angular magnification. That is, incoming rays with angle 6
from the optical axis exit the system at angle —(f,/fe)01, independent of the initial ray position y;.

(c) Show that a telescope can also act as a beam reducer (or expander): i.e., show that a bundle of
rays of diameter d traveling parallel to the optical axis has diameter ( fo/ f,)d when exiting the eyepiece.

(d) Sketch a Keplerian telescope, where both focal lengths are positive. Draw in the parallel rays
corresponding to part (c). Also sketch a ray that is initially not parallel to the optical axis; use the
thin lens law to justify the minus sign in the angular magnification of part (b).

(e) Clearly, a telescope with positive angular magnification (i.e., a telescope that produces an upright
image) has exactly one lens with negative focal length so that (—f,/f.) > 0. Such a refracting
telescope is known as a Galilean telescope. Which of the two lenses can have negative focal length
if the telescope produces a magnified (not reduced) image?

Problem 2.14

A retroreflector is any optic that reflects an incident ray, such that the exiting ray is parallel (but
opposite) to the incoming ray. One version of a ‘“‘cat’s eye” retroreflector uses a thin lens of focal
length f and a mirror as shown.

Set up the ray matrix for this optical system to prove that it is, indeed, a retroreflector.

Problem 2.15

(a) A ball lens is a sphere of optical material (e.g., glass or sapphire) that is used as a lens, especially for
coupling light into or out of an optical fiber. Within the paraxial approximation, derive an expression
for the location where a beam of collimated incoming light (aimed at the sphere’s center) will come
to a focus, assuming a sphere of diameter D and refractive index n, surrounded by vacuum. (Your
answer should be in the form of a distance from the center of the ball lens, thus giving its effective
focal length.)

(b) What is the condition for incoming rays parallel to the optical axis to be imaged onto the back
surface of the sphere? Argue that under these conditions, the sphere acts as a retroreflector (incoming
rays are reflected back along the same direction of incidence). This is the traditional realization of
a ‘“‘cat’s eye’’ retroreflector, and is the reason, for example, that some painted lines on roads and
road signs look so bright at night under headlights (small silica spheres embedded in the paint reflect
headlight back to your eyes).

Problem 2.16

Consider a two-mirror resonator, as shown here. One mirror is concave (R < 0) and the other is flat.
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(a) What is the round-trip ray matrix for this resonator? Derive the matrix for a ray starting just to
the right of the curved mirror, traveling to the right.

(b) For what range of d is the cavity stable?

(c) Derive the ray matrix for two round trips for the special case R = —2d. Sketch an example ray
that illustrates your answer.

Problem 2.17

Suppose you have two convex, spherical mirrors in a gas laser resonator, with unknown and possibly
different radii of curvature R; and Rs.

R, R,

A A

d

< >
<

Suppose also that you can vary the length d of the cavity, and that after much labor you find that the
laser operates in the ranges d < 50 cm and 100 cm < d < 150 cm. What are the numerical values
of Ry and Ry? Keep in mind that gas lasers have relatively low gain per pass, and thus proper laser
operation requires that the light makes many round trips inside the resonator before leaking out.

Problem 2.18

(a) Consider a cavity consisting of two planar mirrors and identical thin lenses of focal length f,
regularly spaced as shown.

.
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d/2 d d d d d d d d/2

For a given set of lenses, what is the range of d for which the cavity is stable?

(b) Write down the eigenvalues of the round-trip ray matrix for this cavity.

Problem 2.19

Consider a symmetric cavity consisting of two planar mirrors separated by 1 m. Suppose that a thin
lens of focal length f is placed inside the cavity against one of the mirrors. For what range of f is the
cavity stable?

Problem 2.20

Consider the ring cavity shown below, where the optical axis forms an equilateral triangle, with sides
of length d, and a single lens of focal length f centered in the bottom leg of the cavity.
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|

U f
(a) For what range of f is the cavity stable?
(b) Discuss how moving the lens to the left or right influences the stability of the cavity.

Problem 2.21
Suppose an optical resonator is represented by the round-trip matrix M, which satisfies

M{H:‘;’[H (2.103)

(a) What are the two eigenvalues of M?
(b) Is the resonator stable? Ezplain.

(c) If your answer to (b) was “‘yes,” are there any rays that diverge after many round trips? If your
answer to (b) was ‘“no,” are there any rays that remain stable? In either case, give an example and
give a physical interpretation of the rays.

3

Problem 2.22

In the matrix formalism of optics, we have stuck to modeling only one dimension (y), transverse to the
optical axis (z). Suppose we want to model both transverse directions x and y, by an analogous matrix
formalism, with a four-vector of the form

8.8

(2.104)

<

~

Y

for the state of the vector at some point along the optical axis. Write down the ray-transfer matrix for
this four-vector for free-space propagation over a distance d.

Problem 2.23

Using the setup in this ray-tracing diagram,

r,o NN

>
i
3y
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show that the unit vectors for the reflected and refracted rays may be written in the form of Egs. (2.78),

fr = 71 — 2sgn(n - 1) cos Oy 1

ni . PN ni
7y = —71 +sgn(i - 1) | cosfy — — cos Oy
UP) %)

) ) (2.105)

Problem 2.24

Starting with the results and setup of Problem 2.23, derive the coordinate-independent forms for the
normal vectors of the refracted and reflected rays from Egs. (2.79),

Ty =
2 (2.106)
m: n+ sgn(i 1— ("1> 7% 71]2 — L7 7y) |
o no
Problem 2.25
For a parabolic refracting surface of the form (2.84)
z — 2. = ay?, (2.107)

with index n; to the left of the surface and ns to the right show that the effective focal length can be
written -

feff:

Do this by considering incident, paraxial rays from the left, parallel to the optical axis, and where they
focus by crossing the optical axis. In doing this, you will establish Eq. (2.86).

Tt (2.108)

Problem 2.26

Suppose you have an optical system, and you want to find its effective focal length, which we define as
the point where rays parallel and close to the optical axis cross the axis.

One way to do this with ray matrices is to propagate a parallel ray through the optical system (repre-
sented by M), and then over a free-space distance d:

Yout _ 1 d Yin
)=l 1] (2209
Then we simply find the d such that y,u = 0. We can regard this as a root-finding problem, yout(d) = 0,
and we can use a root-finder on the computer to do solve this. Note that in the paraxial approximation,

this works for any input ray that is parallel to the optical axis, so we can choose yi, to be any (nonzero)
number.

Note also that this is a rather trivial root-finding problem: given the output ray from the optical
system M, it is not a difficult trigonometry exercise to figure out the crossing point. However, the
point of this exercise is to get used to using the root finder and multiplying together ray matrices in
Octave, as a prelude for the following problem on computational ray-tracing.

The goal of this exercise is for you to write an Octave script to carry out the above calculation for
a ball lens of diameter D = 2 mm and refractive index n = 1.77 (appropriate as an average index of
sapphire around 500 nm). Reference your calculated focal length to the center of the ball, and compare
your numerical answer to your analytic expression in Problem 2.15.

To get you started, study the example script below, which uses the same method to find the focal
length of a thin lens of focal length f (which, as you might imagine, should turn out to be f). Then
modify it to solve the ball-lens case. (To run it: start in the same directory as the script file, start
Octave, and type the name of the script into the Octave shell.) You can download this script at
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http://atomoptics.uoregon.edu/~dsteck/teaching/octave/thin_lens_matrix_root.m

and the code listing follows.

% thin_lens_matrix_root

b

% Trace rays through thin lens using ray matrices, and then find the
%  focus via root-finder.

global gF

% parameters
f = 50; % focal length of thin lens in whatever units you like (let's say mm)

% we need to pass a parameters to our function via global variables;

%  prepend global names with a 'g' and keep them separate for clarity
gF = £,

% function to return ray height at the end of the imaging system

%  inputs:

% d -> distance of propagation after the lens

%  outputs:

% yout -> height of ray after propagation through lens and distance d
)

function yout = rayfunc(d)

% get and rename global variables
global gF
f = gF;

thin_lens M = [1, 0; -1/f, 1];
exterior_free_space_M = [1, d; 0, 1];

% note order of multiplication!
% use '...' to continue an expression on the next line
composite_M =

exterior_free_space_M *

thin_lens_M;

% now trace an initially parallel ray, height = 1
yin_vec = [1; 0];
yout_vec = composite_M * yin_vec;

% return the height of the final ray
yout = yout_vec(1);

end %function rayfunc
% find distance where ray crosses the axis, using 'fzero' root finder

% i.e., we want to find the distance d such that rayfunc(d) = 0
% Note that we need to supply an initial guess, say 10f here, just


http://atomoptics.uoregon.edu/~dsteck/teaching/octave/thin_lens_matrix_root.m
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%  to make it not so trivial.
d_focus = fzero('rayfunc', 10*f);

% print result
printf ('numerically computed focal length = %f mm\n', d_focus);

% compare to what you know it should be
printf ('analytically computed focal length = %f mm\n', £f);

Problem 2.27

Study the code for refractive ray-tracing for a parabolic interface in the text (Section 2.8.3). Modify
this code to trace rays through a ball lens (spherical dielectric in air) of radius 2 mm, and make plots
for refractive indices n = 1.33 (water), n = 1.77 (an average index of sapphire around 500 nm), and
n = 2.42 (diamond, around 589 nm) of the lens.

As an example of what you should get, the n = 1.77 case is shown here.

Some notes:

¢ You will need to handle refraction at two interfaces.

e As it turns out, you will not need to worry about total internal reflection.
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o However, as you can see from the example, you will need to handle rays that are refracted into the
backwards direction, so study the modifications for reflective ray tracing in the parabola example.
Make sure to choose your incident rays to show off some of these backward rays.

e Be sure to mark the paraxial focal point of the lens, using the results of Problem 2.15.



Chapter 3

Fourier Analysis

Fourier analysis, the study of representing functions as sums of harmonic functions (sines and cosines),
is one of the most important concepts in essentially every area of physics.

3.1 Periodic Functions: Fourier Series

Before getting into defining the Fourier transform, it is helpful to motivate it by first considering the simpler
Fourier series for a periodic function (or equivalently, a function defined on a bounded domain). Suppose
f(t) is a periodic function with period T, so that it satisfies

ft)=ft+7), (3.1)
for all t. The frequency corresponding to the period is given by

2
w =2y = T (3.2)
where v is the frequency and w is the angular frequency. The distinction between these different
frequency conventions can cause confusion when specific numbers are involved. For clarity, v can be reported
in Hz, and w can be reported in rad/s or as w/27 (in Hz).
The basic point is that we can think of the harmonic functions (sines and cosines) as being fundamental
building blocks for functions. So let’s try to build up f(t) out of harmonic functions. Since we know that
f(t) is periodic, we will only use those harmonic functions that are also periodic with period T"

(3.3)

f(t) =ao+2 Z ap, cO8(nwt) + 2 Z b sin(nwt). (Fourier series)

n=1 n=1

This expansion uses only expansion coefficients for positive n, but we can make things a bit easier to generalize

if we define negative ones too:
A_p = Qp, b_,:=—by, (3.4)

for all nonnegative n (in particular, by = 0 by our definition). Then for any integer n (positive and negative),
we can define the complex Fourier coefficient by

Cp = Gy + 1by,. (3.5)

This definition allows us to write things a bit more compactly. Let’s rewrite the Fourier series:

f(t) =ay+ bO + Z a, (einwt + efinwt) — Z bn (einwt o efinwt) ) (36)
n=1 n=1
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In each term of the form exp(—inwt) we can make the transformation n — —n to simplify the sums:

f(t): i ane—inwt+i i bne—inwt. (37)

n=—oo n=—oo

Using the complex coefficients, this simplifies greatly:

(3.8)
(complex Fourier series)

f(t)z Z Cnefinwt.

n—=——oo

Now we can see that this Fourier series is a sum over complex harmonic functions with frequency w, = nw.
The convention is that the harmonic function of the form exp(—iwt) corresponds to a “positive” frequency
w, whereas the conjugate function exp(iwt) = exp[—i(—w)t] corresponds to a “negative” frequency —w. It
might sound strange to talk about positive and negative frequencies, but for a real function f(¢) the positive
frequency ‘“‘contributes as much as’ its negative counterpart in the sense that the coefficients must obey
the constraint ¢, = ¢*,,. However, the series (3.8) is more general than the original series (3.3) in that the
second series can also represent complex-valued functions.
Of course, given the ¢, coeflicients, we can obtain the coeflicients in the original Fourier series (3.3):

1 1
an = s(cn+¢;) = 5(cn+cn)

2 2
1 1
n = Z(Cn - C:L) = Z(Cn - c—n)-

(real and complex coefficients related) (3.9)
But how do we obtain the ¢, coefficients in the first place? First, observe that for some integer n’, we can

evaluate the integral
T . . T . ’
/ e—mwtezn wt dt = / e—z(n—n Ywt dt
0 0

27
— l/ e—i(n—n/)x dx
w Jo
7 3.10
1 [e—i(n—n/)m] 2 ( )
T n—n'
0
=0 ifn#n,
where we defined x := wt. We need to be more careful with the n = n’ case, though, since there is a
removable singularity here. If we define s = n — n’, then
7i27r571 1—42 O 2 —1
lim <6> = lim <[ i2ms + O(7)] > = —2mi, (3.11)
s—0 S s—0 S

so that the integral (3.10) takes the value 27/w = T if n = n/. We can rewrite this relation in the more

meaningful form
s *
l/ (6—in'wt) e~ Wt gy Soom
T Jo

(orthonormality of harmonic functions) (3.12)
where 8,,,,/ is the Kronecker delta (§,,,» = 1 if n = n’ and 0 otherwise). This is the orthogonality relation
for the harmonic functions. The harmonic functions are basis vectors in a vector space of functions, and the
orthogonality relation is a special case of the inner product defined by the same integral:

(3.13)
inner product of periodic functions)

1T,
(f1, f2) ::T/o Fi() f2(t) dt. (
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So we are still doing linear algebra, but the infinite-dimensional, continuous version instead of the finite,
discrete version with matrices that we reviewed in the beginning.
Now consider the inner product of a basis vector with f(t):

<e—in’wt’ f> _ ,;/(;T (e—in/wt)* f(t) dt = ni:oo % /OT <e_m’/“)t)* et gt = i Cnlnn/ = Cpr. (314)

n=—oo

Thus, we can use the orthonormal properties of basis functions to project out the coefficients of exp(—inwt):

(3.15)
(complex Fourier coefficient)

1 T
_ nwt
Cp = —T/O et f(¢t) dt.

Of course, as we noted above, we can also now calculate the a,, and b,, coefficients in terms of the c¢,,.
It can be shown for ‘‘reasonable’ functions that

N
Z cpe” ™t 5 f(t) as N — oo (3.16)
n=—N

at each point ¢ except possibly on a set of zero measure, and that the set of coefficients ¢,, that accomplish
this is uniquely defined.

3.1.1 Example: Rectified Sine Wave

As a simple example, let’s compute the Fourier series for the function [sinwt|. Note that because of the
“rectification,” this function has a period of 7/w, so the effective frequency of this function is 2w. Thus,
letting T = 7/w,

I :
Cn = T/o |sin wt|e?™ (20 gt

1 g 1 iwt —iwt) jin(2w)t
=7 | % (e —e ) e dt
1 T

_ (ei(2n+1)wt _ ei(2n—1)wt) dt

2T Jo (3.17)
_ 1 (ei(2n+1)x _61(271—1)3:) da
1 ei(2n+1)ﬂ' -1 ei(2n—1)7r -1
T omi [ i2n+1)  i(@2n—1) }
B 1 1 B 2
S m@2n+1) w(2n—1) (1l —4n?)’
Thus, we can write the series as
t) = — et 3.18
f( ) n:Z_OO 71.(174,”2)6 ( )

As reflected in the initial setup of this problem, the rectified sine wave contains only the even harmonics of
the original pure harmonic wave, and none of the initial frequency. This is a useful feature to keep in mind,
for example, when designing a device to double the frequency of an input signal. Note that ¢, = c_,, = ¢},
in this example because f(t) is real and even, whereas in the more general case of a real function we would
only expect the less restrictive case ¢, = c*,,.

As in the plot here, the Fourier series converges fairly rapidly as a function of the number N of
frequencies included, even already for N = 5 terms (beyond the de component).
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For more terms, such as N = 20, the sum is visually indistinguishable from the original function. Other
functions, particularly those with discontinuities, have series that do not converge so well as this example.

3.2 Aperiodic Functions: Fourier Transform

We can also use the same harmonic functions e~** to build up aperiodic functions. Recall that if 7 is the
period, then we were using a discrete (countable) set of harmonic functions with a frequency spacing given
by Aw = 27/T. An aperiodic function corresponds to T — 00, so we must use a representation where
Aw — 0. Thus, we need a continuous spectrum to represent an aperiodic function, since there is much
more ‘‘information’ in the function than in the periodic case.

So let’s define the Fourier transform as a generalization of the Fourier series, but with a slightly different

normalization:
i ) i e . .
> e i) =5 [ Fw)e .
T J_co

n=—oo

~ (generalization to inverse Fourier transform) (3.19)
Thus, f(w)/27 is the amplitude of the frequency component e~%*! (the normalization coefficient depends
on how we define the density of the continuum of basis functions, as we will see shortly). The other usual
nomenclature is that f(w) is the Fourier transform of f(t). The above mathematical operation is the
inverse Fourier transform, since we are finding f(¢) from its Fourier transform.

In the same way as before, we can do a projection to find the amplitudes (Fourier transform). The
analogue of the Fourier-series projection is

—/ et F(t) dt — f(w /f ) et dt.

(generalization to Fourier transform) (3.20)
The pair of equations (3.19) and (3.20) is one of the most important tools in physics, so they deserve to be

written again:
D=5 [ Fw)eaw, fw)= [ foea
T J—c0 —0o

R (Fourier and inverse Fourier transforms) (3.21)
The functions f(¢) and f(w) are said to be a Fourier transform pair, and their relationship is of funda-
mental importance in understanding linear systems in physics.
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Again, if f(t) is a real function, then the Fourier transform satisfies f(w) = f*(—w), in which case

f(t) = 2Re {;ﬂ /_ O; flw) et dw} : (3.22)

so that the positive and negative frequencies contribute equally in amplitude to form a real-valued function.

Note that there is an important alternate convention, where instead of w we can use the standard
frequency v = w/2w. This changes the density of the basis functions in a way that makes the normalizations
more symmetric:

0= [ foeman fo= [ aea,

(Fourier and inverse Fourier transforms, v-t convention) (3.23)
Here, we have defined an alternate Fourier transform by f(v) := f(w/2m). It is a bit easier to remember this
form to work out where the (1/27) goes in the w form of the transform equations.
We haven’t been too concerned with rigor here, but it is interesting to ask, when is it possible to have
a Fourier transform? As with the Fourier series, the f(t) must be a ‘reasonable’ function for f(w) to exist.
If f(t) is defined on the real line, then one possible set of sufficient conditions is as follows:

1. [ f(t)dt exists.

2. f has only a finite number of discontinuities and a finite number of maxima and minima in any finite
interval.

3. f has no infinite discontinuities.

Naturally, functions useful in physics, e.g., to model wave phenomena, tend to be reasonable in precisely this
sense.

Finally, let’s reemphasize the connection to linear algebra: the Fourier transform is a linear transfor-
mation between vector spaces of functions. If we denote the Fourier transform by the symbol “.%,” we can
write the above definitions in the compact form

flwy=Z1f®) )= F [fW) (3.24)
Then again, linearity of the Fourier transform means that
Flaf(t) + Bg(t)] = af(w) + Bi(w) iff F[f()] = f(w), Zlg(t)] = §(w) (3.25)

for all a, B € R. Again, this is like a matrix transformation, but in the infinite, continuous limit.

3.2.1 Example: Fourier Transform of a Gaussian Pulse
One of the most useful Fourier transforms that can be easily calculated is of the Gaussian pulse,
f(t) = Aeot". (3.26)
Using the Fourier transform definition (3.20),
~ 0 2, .
flw)= / Ae ot gy, (3.27)
To evaluate the integral, we need to perform a mathematical trick, completing the square in the exponent.

That is, let’s rewrite the argument in the exponent in the form a(t —b)% + ¢ = at? — 2abt + ¢ — ab®. Equating
powers of t, we find the new coefficients:

2 o=«
th —2ab = iw = b= (3.28)
2«
w2

0 c—ab’ =0 = c= ——.
4o
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Substituting the new form of the exponent and letting t — ¢ + b,

- o 2
flw) = / Ae—at2+0 dt = Aec\/j =Ay/ g exp (—L) , (3.29)
—00

where we evaluated the integral by comparison to the standard normalized form of the Gaussian (you should
memorize this, by the way),

> 1 z° (3.30)
exp | —5 | dz =1, . LN
o V270 20 (Gaussian normalization)
by taking the standard deviation o to be 1/4/2a. Hence we see that the Fourier transform of a
Gaussian is a Gaussian.

Notice that while the standard deviation of the original Gaussian is

1

= (3.31)

Ot =

the standard deviation of the Fourier transform is
0w = V2a. (3.32)

Since the standard deviation is a measure of the width of a function (more precisely the square root of the
variance of the function), we can see that as a increases, the width of the original pulse decreases, but the
width of the transform increases. This reflects a general property of Fourier transforms, that

1 (3.33)
Ot ~ —, . X
ow (uncertainty relation)

where &t is the “width” of f(t) and dw is the width of f(w) (for root-mean-square widths and Gaussian
functions, there is a strict equality here). This is precisely the same uncertainty principle that is a
fundamental principle in quantum mechanics.

3.3 The Fourier Transform in Optics

We will spend essentially the rest of the course using the Fourier transform to understand wave optics. But
first let’s review a few of the physically important Fourier transforms that you should know, and briefly
discuss examples of situations where they come up.

The major use of the Fourier transform, as we will see, is in Fourier optics. The central effect behind
Fourier optics is that within the paraxial approximation, a thin lens acts as a Fourier-transform computer.

E(z) $ F[B(x)]

That is, given a scalar electric field F(x) ong focal length ch)efore the lens, the field after the lens is related
to ZE(x)].

But Fourier transforms show up everywhere in optics as well as in the rest of physics. Some of the
most important and useful ones are summarized here. You should memorize these.

1. The Fourier transform of a Gaussian is a Gaussian.

—t2/2] _ _—w?/2 (3.34)
7 [e ] - (Fourier transform of Gaussian)
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Recall that the spherical mirrors of resonators act as lenses. We will see that Gaussian beams are
electromagnetic field modes of a spherical-mirror resonator. A simple way to see this is that the modes
must be Fourier transform of itself in order to resonate (repeat itself) in the cavity. The Gaussian
function is the most localized function that has this property.

2. The Fourier transform of an exponential is a Lorentzian.

7 [e—ltl} 2 (3.35)

o 14w? (Fourier transform of exponential)

Atoms decay exponentially due to spontaneous emission. If IV, is the number of atoms in the excited
state, the decay law is Ne(t) = No(0) exp(—TI't). It turns out that the Fourier transform of the time
dependence of the emission gives the radiation spectrum for spontaneous emission. For atoms obeying
the exponential decay law, the emission spectrum is Lorentzian.

3. The Fourier transform of a square pulse is a sinc function.
F [rect(t)] = sinc(w/2) := sin(w/2)/(w/2)

(Fourier transform of square pulse) (3.36)
The rectangular function is defined by

1 i |t <1/2
rect(t) ;== ¢ 1/2 if [t =1/2 (3.37)
0 it ¢ > 1/2.

The far-field diffraction pattern of a uniformly illuminated slit is a sinc function for this reason, a fact
that is related to the Fourier-transform property of a lens as mentioned above.

4. The Fourier transform of a constant is a delta function.

7 {1] _ 5(w) (3.38)

2 (Fourier transform of constant)

We haven’t yet defined the delta function but we will do so shortly. For now it suffices to think of the
delta function §(¢) as a unit-area pulse in the limit as d¢ tends to zero. In other words, this relation is
the extreme limit of the uncertainty principle.

5. The Fourier transform of a delta function is a constant.

(3.39)

ar —
<o) =1 (Fourier transform of delta function)

This is the opposite extreme of the uncertainty principle: an arbitrarily short pulse has an arbitrarily
broad spectrum.

3.4 Delta Function

As we just mentioned, a delta function is an idealized limit of a very short pulse. But this is a sloppy
definition. To do this in a mathematically well-defined way, we need to consider a sequence of functions
h,(t) that have the following properties:

1. The h,, are “reasonable” (e.g., simply peaked around ¢ = 0).
2. The width of h,, converges to zero as n —» oo.

3. The hy, are normalized: [~ hy(t)dt =1 for all n.
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For example, we can use Gaussian functions. In normalized form, we can write

1 t?

and if we choose o, = 1/v/27n, the functions become
hn(t) = nexp (—mn’t?). (3.41)

Then consider the integral
| misa (3.42)

for an arbitrary test function f(¢), which we again assume to be ‘“‘reasonable.” We will define the delta
function 6(t) such that

~ e [ (3.43)
/_Oo S(®)f(t)dt = lim ha(0)F(2) dt, (definition of delta function)

n—o0 [_

or in inner-product notation,
(3.44)
(definition of delta function)

<6’ f> = nh_r>nw<5’ hn)

Notice that the order of the integral sign and the limit are important; i.e., the integral and the limit don’t
commaute. This is because lim,,_, hy,(t) does not exist. Thus, the delta function only makes sense as
part of the argument of an integral. But as physicists, we often write

. 3.45)
= S | (
) nh—n>100 ha(t)  (sloppy?) (“definition” of delta function)

as a shorthand for the above (more careful) definition.

Similarly, note that lim,_,o hyn(t) = 0 for all ¢ # 0, so it is useful to think of 4(¢) as a ‘‘unit-area
function that is zero everywhere but co at ¢ = 0,” as long as you are careful about it.

Now we will review and derive a few properties of the delta function. The list that follows is by no
means exhaustive.

1. 4(t) is normalized:

/ T syt =1 (3.46)

(normalization of delta function)

Proof. Since the functions h,(t) are normalized,

(oo} (oo}
/_Oo o(t)dt = nh_}rnoo N hn(t)dt = 1. (3.47)
2. Projection property of §(t):

| swswa= 0.

(projection property of delta function) (3.48)

Proof. Assuming f has a Taylor expansion about ¢t = 0,
1
F(t) = FO) + F/(0)t + 5 f7(0)F + -+ (3.49)
Noting that

e e 1 —-1)m 1
/ hn (t)t™ dt = n/ t™ exp(—mn?t?) dt = ) r ( + m> g (m+1)/2 p—m (3.50)

2 2
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for the Gaussian h,,(t)’s defined above, we can write

/mmﬁﬁmwzf@+f”m+o<;). (3.51)

2mn?
As n — oo, all the higher order terms vanish, leaving just f(0).

3. Shifted projection property of 6(¢):

/ﬁéﬁ—@ﬂﬂﬂ=fw)

(shifted projection property of delta function) (3.52)

This can be proved by letting ¢ — ¢ + a in the integral, and then using Eq. (3.48) to evaluate the
result.

4. Fourier transform of 4(t):
(3.53)

a _ _ plwa
Sl =gl = (Fourier transform of delta function)

The proof of this follows trivially from the previous property and the definition (3.20) of the Fourier
transform.

5. Integral representation of 4(¢):

1 = g

o(t—a)= %/ e (t=a) gy,
—0o0

(integral representation of delta function) (3.54)

This important representation of the delta function follows from the inversion of the previous property,

F e = §(t — a), (3.55)
and the application of the inverse transform integral (3.19).

This final property above, the integral representation (3.54) of §(¢) is useful, for example, for showing
the orthogonality of the harmonic basis functions. As in the periodic case, we can define two suitable
functions f(t) and g(t) to be orthogonal if

Sl B (3.56)
[ - (e} glt) dt =0, (orthogonality of functions)
which is just (f,g) = 0 in inner-product notation. For harmonic functions, exp(—iwt) and exp(—iw’t)
are orthogonal because

/ exp(iwt) exp(—iw't) dt = 26 (w — '),

(orthogonality of harmonic functions) (3.57)
which is zero if w # w’. Also, since §(t) is normalized, we see that in the form exp(—iwt)/27 [or
alternately, exp(i27vt)], the harmonic functions can form an orthonormal set.

Subject to the conditions on h,(t) above, the delta function (and the properties we have derived) are
independent of the particular choice of h,,(t). However, sometimes, some ambiguous integrals of delta
functions sometimes crop up, such as

/ Tato(n) =, (3.58)
0

which has no well-defined value. Depending on the functions h,,(t) used to define §(¢), this function
can take on essentially any value (though more reasonably, one could expect it to be between zero and
unity). This is one case where the more rigorous definition helps in physics; the physical model leading
to the delta function defines the choice of h,(t), and thus the value of this integral.
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3.5 Exercises

Problem 3.1

Compute the Fourier transform f(w) of the rectangular-pulse function

FO={ 0t (39

Show from your answer that as the pulse width a decreases, the width of f (w) increases.

Problem 3.2

Suppose that f(t) is a real, odd [f(—t) = —f(t)], periodic function; what constraints are satisfied by
the Fourier coefficients ¢,, for this function?

Problem 3.3

If ¢, is the nth Fourier coefficient for the periodic function f(t), write down an expression for the nth
Fourier coefficient for f(t + «) in terms of ¢,,.

Problem 3.4

(a) Compute the Fourier series for a square wave of unit period, given by

f(t) = sgn[sin(27t)] (3.60)
where sgn(x) is the sign of z, i.e.,
1 if >0
sgn(z) == 0 if z=0 (3.61)
-1 if z<0.

(b) Make plots of the truncated Fourier series,

N
)= > cpe ™, (3.62)
n=—N

along with the exact function for NV =1, 3, 5, 21, and 101 to check how good the finite approximations
are. You should notice a ringing behavior near the discontinuities, where the approximant fy(t)
overshoots the actual function f(¢). This is called the Gibbs phenomenon, and persists at an essentially
constant (nonzero) value even for arbitrarily large N. From your plots, estimate the magnitude of the
Gibbs overshoot.

(c) We said that the functions fx(t) converge to f(t). But the Gibbs phenomenon says that for any
N, there is always some ¢ such that fx(¢) is at least some minumum distance away from f(¢). Explain
how these two statements are consistent.

Problem 3.5

One application of Fourier series is in synthesizing waveforms or images with relatively little infor-
mation. For example, the JPEG image compression algorithm achieves much of its compression by
removing harmonic components, and (analog) electronic organs can use relatively few harmonics (on
the order of 10) to make a passable imitation of a musical instrument.’

A common feature of truncated Fourier series is that relatively few terms are needed to make a fairly
good approximant, but for a high accuracy approximant, many terms may be necessary. Mathemati-
cally, the initial convergence of the Fourier series is rapid, but the convergence rate becomes very slow

LA nice discussion of this example appears in T. W. Korner, Fourier Analysis (Cambridge, 1988).
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by the time many terms have accumulated. (This is even the case for continuous functions, where the
Gibbs phenomenon is absent.)

As a simple model, suppose you want to synthesize a triangle wave,

[ 1—4ft|/T, [t] < T/2
1) = { fE+T)=f({t—T) elsewhere, (3.63)

using as few harmonics as possible.
(a) Compute the Fourier series for the triangle wave as defined above.

(b) Consider the partial sum,
N
)= > cpem ™, (3.64)
n=—N

and let’s define the fractional error of the partial sum to be normalized root-mean-square error:

T
\/ / i (t) — F()[2 dt
EN = 0 T .
N / ()P dt
0

How large should N be in the partial sum to obtain an accuracy of 10%? 1%? 0.1%? 0.01%? (A
computer may be of great help in solving this problem.)

(3.65)

Problem 3.6

Let f(t) be a function with Fourier transform f(w). Show that the Fourier transform of f(t) cos(at) is

[flw+a)+ flw=—a)/2
Problem 3.7
Prove the following form of the Poisson sum rule:

(o) o0
> d(t—n)= ) cos(2mnt). (3.66)
Problem 3.8
Let f(w) be the Fourier transform of f(t). Show that the Fourier transform of g(t) := f(t) cos?(at) is

1

g(w) = §f(w) + i [f(w +20) + flw— za)} : (3.67)

Problem 3.9
Show that if () and f(w) form a Fourier transform pair, then so do f(at) and f(w/a)/|a| (for o # 0).

Problem 3.10

(a) Compute the Fourier transform of f(t) = Un(t) e~%, where Un(t) is the Heaviside step function
[i.e., Un(t > 0) =1 and Uy(t < 0) = 0], and a > 0.

(b) Use your result from (a) to compute the Fourier transform of g(t) = Ug(t) te=** for a > 0. (Try to
do this without any integration other than what you have already done.)






Chapter 4

Review of Electromagnetic Theory

4.1 Maxwell Equations in Vacuum

Electromagnetism is the fundamental theory that underlies all of wave optics, so before proceeding with this
more general theory of optics, we will stop and review the basics. Maxwell’s equations form the basis of
electromagnetism. We will write Maxwell’s equations in free space as

V-E=0 (Gauss’ law in free space)
V-H=0 (no magnetic monopoles)
OH
VxE= —Ho (Faraday’s law)
JE . . .
VxH= €05 (Ampére’s law with Maxwell’s correction in free space)

(Maxwell’s equations) (4.1)
where E(r, t) is the electric field, H(r,t) is the magnetic field,

€0 =~ 8.85 x 10712 ¥ (4.2)
m

is the electric permittivity of the vacuum, and

i x 1077 N (4.3)
S A2 (magnetic permeability of the vacuum)
is the magnetic permeability of the vacuum. Also recall the notation
0 0
V=l — 4§ +24 4.4
x8x+y8y+zﬁz (4.4)

for the vector derivative operator that we used in writing down the Maxwell equations.

Actually, we won’t use Maxwell’s equations very often in the form we wrote. Rather, we will use
them to derive the wave equation, the fundamental equation of optics. To do this, we first apply (V) to
Faraday’s law:

V x (VXE)Z—,LL()%(VXH). (4.5)

Now we will use the vector identity

Vx(VxA)=V(V-A)-V3A, (4.6)
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which holds for any vector A to evaluate the left-hand side of this equation, and we will use Ampére’s law
to evaluate the right-hand side:

V(V-E)-V%E = — 6 oE
(V-E) E o t(eo t). (4.7

The first term vanishes, as we can see from Gauss’ law. Then cleaning things up a bit, we arrive at the
standard form of the wave equation:

1 8°E (4.8)
2 —_——_—— =
v'E cg ot? 0 (wave equation)
Here,
L] (4.9)
0= /€00 (speed of light in vacuum)

is the speed of light in vacuum. This is actually now a defined quantity, given by

co := 2.997 924 58 x 10% m/s.

(definition of speed of light in vacuum) (4.10)
Since pg and ¢y are both exactly defined quantities, the exact value of ¢; is defined by

_ L (4.11)
0= pocd (electric permittivity of the vacuum)

Finally, we note that the magnetic field H satisfies the same wave equation as the electric field.

4.2 Intensity

One of the most important features of electromagnetic waves (time-dependent solutions of the Maxwell or
wave equations) is that they transport energy. The flow of energy is described by the Poynting vector,
defined by

(4.12)

S:=E x H. (Poynting vector)

The Poynting vector points in the direction of energy flow; note that it is orthogonal to both the electric
and magnetic field vectors. Energy transport and the Poynting vector are explored further in Problem 4.4.

More commonly, energy transport is quantified by the intensity of the electromagnetic wave. The
intensity is defined as simply the magnitude of the time-averaged Poynting vector,

. (4.13)
I=18) (intensity)
where the average is taken over time scales long compared to an optical cycle (a few fs) but short compared
to other time scales of interest (the angle brackets here denote the time average). Physically, the intensity is
a measure of what a realistic optical detector would register is response to the field. Detectors can register
time variation of the field energy in up into the MHz or GHz range, but not optical frequencies (which are
in the range of hundreds of THz).
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4.3 Maxwell Equations in Media

Maxwell’s equations take on a slightly different form for electromagnetic fields in a medium:

V-D=0
V-B=0
0B
E=——
V x 5
oD
H=—.
V x 5

(Maxwell’s equations in magnetodielectric media) (4.14)
Here, D is the electric flux density or electric displacement, and B is the magnetic flux density.
These equations are still valid only in a source-free region (i.e., free of charges and currents).
The relation between the E and D fields is determined by the electric properties of the medium:

(4.15)

D=cE+P. (electric flux density in terms of polarization)

Here, P is the polarization density, defined to be the electric dipole moment per unit volume. Usually
the polarization is induced by the electric field, though some materials can be fabricated with permanent
polarization (electrets).

Similarly the relation between the H and B fields is related to the magnetic properties of the medium:

(magnetic flux density in terms of magnetization) (4.16)
Here, M is the magnetization density, defined as the magnetic dipole moment per unit volume. Some-
times the magnetization is induced by an external magnetic field, but permanent magnets are relatively
commonplace.
In free space, P =M = 0, so D = ¢¢E and B = pgH, in which case we recover the free-space Maxwell
equations (4.1) from Egs. (4.14). In optics, we usually deal with dielectric materials. Thus, from now on
we will assume M = 0, so that B = puoH.

4.4 Simple Dielectric Media

We will now discuss dielectric media in more detail, but here we will only treat the simplest possible such
media. For our purposes here it will be useful to think of the electric field E as something externally applied
to the medium, while the polarization P is the response of the medium to the field.

E dielectric P
medium

Thus, we can think of the polarization as a function of the electric field, as well as space and time: P(r,t) =
P(E(r,t);r,t).

The simple dielectric medium has a number of constraints on its properties, which greatly simplify
things.

1. Linearity: |P| « |E|, so that the superposition principle still holds in the medium.
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2. Nondispersivity: the speed of light does not depend on the frequency of the electromagnetic waves.
In the time domain, this means that there is no hysteresis, since it amounts to saying that P(t) is a
function of only E(t), never E(¢') for ¢ < t. This is always an idealization, but sufficient for many
purposes.

3. Homogeneity: P(E) is independent the position r inside the medium.

4. Isotropy: P(E) is independent of the orientation of the medium with respect to the field, so there is
no “preferred direction” in the medium. The only way for this to work is for P || E.

5. Spatial nondispersivity (locality): P(r) is a function of only E(r), never E(r’) for 1’ # r.

To satisfy all these conditions, the simple dielectric has a polarization that can be written as a simple
proportionality:
(4.17)

P = eoxE. (polarization in terms of susceptibility)

The constant x is the electric susceptibility, which competely characterizes the simple medium. Thus,
we can rewrite Eq. (4.15) as

B (4.18)
D=k, (electric flux density in simple dielectric)

where
4.19
e:=¢€o(l+x) ( )

(electric permittivity of dielectric)
is the electric permittivity of the medium, and the ratio

e (4.20)
@ 1+x (dielectric constant)

is the dielectric constant.
If we rederive the wave equation using the Maxwell equations for a dielectric, we find that the equation
has the same form as before,
V2E — i@ -0 (4.21)
c2 a2 7 (wave equation for dielectric medium)
(H also satisfies this equation) except that ¢g is replaced by

(4.22)

’ (speed of light in dielectric medium)

S&

which gives the speed of light in the dielectric medium in terms of the index of refraction, defined as the
square root of the dielectric constant:

e (4.23)
€ (index of refraction)

Thus we see how the dielectric properties of the medium relate to the refractive index that we used in ray
optics.

Finally, note that in a simple medium (as well as in vacuum), each component of E and H separately
satisfies the wave equation. Thus, we can write a scalar wave equation,

1 0%E (4.24)

2 _—_— =
V'E c? ot? 0 (scalar wave equation)

where E now stands for any component of E or H. Note that this equation only holds in cases like simple
media where the different vector components don’t get mixed. For example, you have to be more careful
when analyzing a refractive interface, which in general mixes different field components except in a special
basis. However, even when the scalar wave equation is incorrect, it can be a useful approximation, and is
certainly easier to handle than the full vector case.
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4.5 Monochromatic Waves and Complex Notation

In general, any function of the form FE(xz,t) = E(x + ct) is a solution to the scalar wave equation in a
homogeneous medium. These solutions represent functions that do not change shape but propagate rightward
(xz — ct) or leftward (x + ct) with speed c¢. There are many possible functions of this form, and to handle
more general media, we can study monochromatic waves, which have a harmonic time dependence with
a single angular frequency w:

E(r,t) = E(r) cos(wt + ¢), H(r,t) = H(r) cos(wt + ¢').
(monochromatic fields) (4.25)
Here, ¢ and ¢’ are constant phase offsets. As in the Fourier analysis case, we can instead use complex
harmonic functions and define the complex monochromatic fields E(®) by breaking up the real field into
its positive- and negative-frequency parts:

76—1@)15 + E(I‘)ﬁeiwt . E(+) (r)e—iwt + E(—) (r)eiwt
5 =: :
(complex monochromatic fields) (4.26)
Recall that we are defining E(*) to go with e¥! since by convention e~** corresponds to the positive
frequency w and e = e~ (=9t corresponds to the negative frequency (—w). Of course, we can do the
same for all of the other fields H, D, B, P. The physical field is just the sum of the positive- and negative-
frequency parts. But notice that these parts are complex conjugates, as is required to get a real (physical)

field. Thus, we can always write the physical field as E(*) with its conjugate:
E(r,t) = E(r) e ™! 4 c.c. = 2Re {E(‘H(r)e_m} . (4.27)

Since all of the time dependence in E(*) is of the form e~**, keeping track of only E(t) will greatly simplify
electromagnetism calculations.

In particular, the Maxwell equations take on a simpler form for complex monochromatic fields. Because
the time dependence is of the simple form e~** and because

o . .
ge_““t = —jwe ™! (4.28)
we can always make the formal identification
0
5 = —iw (4.29)

for a monochromatic field. Then the Maxwell equations become

V.-D) =

Vv-BH =90

V x E) = jwB()
V x HH) = —jwD)

(Maxwell’s equations, monochromatic field) (4.30)
with D) = ¢gE(T) + P(+) and BMH) = ;yH),

Note that all of this complex notation stuff works out because the wave and Maxwell equations are all
linear. That is, the real and imaginary parts (equivalently, positive- and negative-frequency parts) satisfy
these equations separately, so they are equivalent to the regular Maxwell equations. The imaginary part is
just an extra piece that helps to simplify calculations, which doesn’t do any harm so long as you get rid of
it at the end.

In fact, in writing down the Maxwell equations for monochromatic fields, we are implicitly taking a
Fourier transform of the general field. Again, this follows from the linearity of the field equations along with
the harmonic time dependence of the harmonic fields. We can write the solutions to the monochromatic
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Maxwell equations as E(T)(r,w) (and so on for H*) D) Bt etc.), and thereby obtain the general
solution as an inverse Fourier transform,

1 [~ .
E(r,t) = %/ E(+)(r, w)e ™ duw,

(arbitrary field in terms of complex monochromatic components) (4.31)
where we can identify E(-)(r,w) = EM)(r, —w). In other words, the monochromatic Maxwell equation
establishes the forms of the harmonic basis functions. We can then build up arbitrary solutions out of these
basis functions.

— 00

4.5.1 Alternate Complex Notation

Another common convention for complex notation involves working with a single complex field (that we will
write as &) with time dependence e~**, such that the real part is the physical field:

E(r,t) = Re [&(r)e "] (4.32)

This is the same idea as before, but rather than thinking of a complex field as always accompanied by its
conjugate, the idea here is to carry around an extra imaginary field & (r) sin(wt + ¢), where ¢ is the phase
of &. This extra, imaginary field is discarded at the end of the calculation by taking the real part of the
answer.

This alternate notation is common in textbooks on optics and electrodynamics, and the E(&) notation
is more common in quantum optics. The E(*) notation has some advantages, including a better emphasis on
the physical field E (since E®) is part of E), and it is a bit less prone to causing confusion when computing
nonlinear quantities of the field, such as the intensity. We will stick to the E(*) notation here.

4.6 Intensity in Complex Notation

Quantities that are not linear in the fields are a bit more subtle. Still, for monochromatic waves, the Poynting
vector and intensity are relatively simple:

S=ExH
- (EH)e*M FECet) x (HHemiwt 1 ) eivt (4.33)
=E® «xHO) + EC) x HO L E®) B =20t | ®(=) o J(5)gi2wt,
For intensity calculations, we time-average the 2w terms, so
(S) = E® x HO) + EC) x HH) = E) x HO) 4 c.c. = 2Re {EW x HH} . (4.34)
The optical intensity then is simply the magnitude of the Poynting vector,

I=|E® x HO) 4+ c.c.‘ - ‘QRe {E<+> x H(‘)H ,

(intensity of monochromatic waves) (4.35)
but now in terms of the complex field components.

4.6.1 Complex Notation for Simple Dielectric Media

Since D = €E and B = poH for a simple dielectric medium, we can rewrite the Maxwell equations for a
monochromatic field in a simple dielectric as

V-E® =0

V- -H® =0

V x B = jwuoH)
V x HH) = —jweEM),

(Maxwell’s equations, simple dielectric) (4.36)
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This is essentially the same set as the original Maxwell equations, but with /0t — —iw. Thus, the same
replacement applies in the vector wave equation (4.21), and we obtain the vector Helmholtz equation

(4.37)

2, 12\ @ _
(V*+E)E=0, (vector Helmholtz equation)

where k = w/c = w,/eug = nko is the wave number in the medium, and ky = w/¢q is the wave number in
vacuum. In a simple dielectric, each component of each field again satisfies this equation separately, and so
each satisfies the scalar Helmholtz equation

(4.38)

2., 12\ .
(V24 k*)E=0, (scalar Helmholtz equation) (scalar Helmholtz equation)

This is the time-independent version of the scalar wave equation (4.24), where we must keep in mind that a
solution to the Helmholtz equation has an implied time dependence of e~*?,

4.7 Plane Waves

The plane wave is one of the simplest and most important solutions of the scalar wave equation. We can
define the plane wave as the monochromatic field

E®(r) = E{Deikr, (4.39)
Recall that this expression has an implied harmonic time dependence:

(+) _ (+) i(k-r—wt) (440)
T ) = g : (scalar plane wave)
Here, E(()+) is a complex constant scalar and k is the wave vector. In terms of the components (kz, ky, k),
the inner product k - r is simply k,x + kyy + k. 2.

The plane wave satisfies the scalar Helmholtz equation. We can see this by observing that
29 B - Fiky, BH) (4.41)
Oz ’
with similar relations holding for y and z. As for the time dependence of the monochromatic field, we can
make the formal identification 9/0z = ik, for the plane wave. Combining all three components,

VE®) =ikE™. (4.42)
Iterating the differentiation once,
VZEW = k. kE® = —p2E™), (4.43)

Thus, we recover the Helmholtz equation, where we can identify the wave number we defined before with
the magnitude of the wave vector k.
Now let’s examine the phase of the plane wave. If we define ¢ to be the phase of the complex amplitude
EP,
EST = |E{P e, (4.44)

then we can write _
E®)(r) = |[ESH) |eiter o), (4.45)

Since e'® = ¢(¢+27) the wave repeats itself every 27 in phase. Thus, the wave fronts (surfaces of constant
phase) are given by
(4.46)

kor=kew+kyy +koz =2+ ¢ (plane-wave fronts)
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for integer q. These surfaces of constant k - r are planes perpendicular to k, separated by the wavelength

2 (4.47)

A= & (wavelength)

in space (i.e., A is the distance along k corresponding to a phase shift of 27).
wave fronts

- e

Let’s simplify a bit by orienting the z-axis along k, so that k = k2. Then the plane wave has the form

EM(r) = (+) oikz (4.48)
The corresponding real wave is
E(r,t) = EF) (r)e ™! 4 cc. = |E[()+)| eithz=wited) 4 e = 2\E((J+) | cos(kz — wt + ¢) (4.49)
In standard form, the real plane wave is
(4.50)

E(r,t) = Ep cos(kz — wt + ¢), (real plane wave)

where Ej := 2|Eé+)|. Note that we can also write the plane wave in the form
E(r,t) = Egcoslk(z — ct) + ¢ (4.51)

where again ¢ = w/k is the speed of light. As time evolves, the points of stationary phase—constant

(z — c¢t)—move with phase velocity c.
Fixed t:
—
Fixed z

-
/\
=2r/w

A NN

VARVAS
In a medium, as compared to the vacuum, the spatial quantities are multiplied by the refractive index,
whereas the time quantities are unchanged:

A

c=co/n

A=do/n (4.52)
k:nko '

W = wo-

Here, as before, the subscripted quantities refer to the vacuum.



4.8 VECTOR PLANE WAVES 77

4.8 Vector Plane Waves

In the general case, the electric field is a vector, and sometimes it is insufficient to treat the electromagnetic
field as a scalar. Thus we should treat the polarization or orientation of the field explicitly—along with
the direction of motion that we have already treated—and write

E(r,t) = EM(r)e ! 4 cc. = E(()Hei(k‘”_“’t) +c.c., (4.53)

and since each component of this vector field separately satisfies the (homogeneous-medium) scalar wave
equation (4.24), this field satisfies the vector wave equation (4.8). We can also guess that this form holds for
the magnetic field, since each of its components satisfies the scalar wave equation:

H(r,t) = H) (r)e ™! 4 cc. = H(()Hei(k'r*‘”t) +c.c., (4.54)
Using the Maxwell equations from Eqs. (4.36),

V x HF = —jweE™)

V x EG) = iwpugHO, (4.55)
we can use the identification V = ik for the plane wave to write
+) = — (+)

kxH weE (4.56)

k x E(H) = wpoHM,

By inspecting this pair of equations, we see that k, Hy, and Eq are all mutually orthogonal (i.e., they
determine a basis in three dimensions), and they must be arranged as shown below.
E

H

Since E¢ and Hj are orthogonal to k, plane waves are often called Transverse Electromagnetic (TEM)
waves.
Taking the magnitudes of the above two Maxwell equations, we find

(4.57)

we k
—_—= 4.58
F T o (4.58)
which leads to o nw
k = w\/upe = — = — = nky, (4.59)
C Co

which is the same as the condition for the wave to satisfy the Helmholtz equation.



78 CHAPTER 4. REVIEW OF ELECTROMAGNETIC THEORY

4.8.1 Wave Impedance

Now if we consider the ratio of the electric and magnetic fields,

Ey  wpo  poco 1 [po
-0 _Z _ =, /= 4.60
H, k n n\ e’ (4.60)

we can define this constant ratio of Ey to Hy

_ 1 Jpo (4.61)
= € (impedance of dielectric medium)

which has the dimensions of impedance. Thus 7 is the wave impedance of the medium. We can also
write

_m (4.62)
= (wave impedance modified by refractive index)

where
_ (Mo _ 1 (4.63)
1= € AU = €0co S (impedance of vacuum)

is the wave impedance of the vacuum.
Returning to the Poynting vector,

-~ R E(+)|2 . EQ R E'QA
$) =BG x HO) 4 e = (B H +ee )i (Bl oo Ve (B2 e Vi 0% (a
(S) X +cc ( 5 Hp +cc> ; +cc 1 +c.c o (4.64)

where k := k/k. Thus, for a plane wave, we can write the intensity in terms of the real amplitude Ey as

E¢ (4.65)
R (intensity in terms of real field amplitude)
Alternately, we can also write the intensity
;o AB? (4.66)
- n (intensity in terms of complex amplitude)

in terms of the complex field |E(+)].
As an example, a typical light bulb uses 100 W of electric power. Assuming a light conversion efficiency
of ~ 2.5% and a diameter of ~ 5 cm, the intensity at the surface is the optical power per unit area:

P 25 W W

The electric field is thus v
EQ = 1/ 2’/]0[ = 5 —_— (468)
cm

at the surface.

A laser, as we will see later, has much higher intensity and electric field even for a much more modest
power. A low-power He-Ne laser might typically have P ~ 2 mW of output power and a beam diameter of
d ~ 0.8 mm. Making the simplistic estimate I = P/d?, we find an intensity of 0.3 W/cm? and an electric
field of 15 V/cm, values larger than the light bulb despite a much smaller power rating.
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4.9 Exercises

Problem 4.1
(a) Prove the vector identity
Vx(VxA)=V(V-A)- VA (4.69)
for an arbitrary vector A. (Hint: try doing this first for only one Cartesian component of this equation
and then argue that the other components follow in the same way.)

(b) Use this identity and Maxwell’s equations to show that the magnetic field H(r,t) in free space
satisfies the wave equation

1 02
ct ot?

which is the same equation satisfied by the electric field E(r, ¢). Here, ¢q is the speed of light in vacuum.

V?H — H=0, (4.70)

Problem 4.2
For a plane-wave solution of the wave equation,
E(r,t) = Eqcos(k - r — wt + ¢o), (4.71)

we can write the constant Eqg as éFEy, where the unit vector é is the polarization and Ej is a scalar
constant. Show that the wave cannot be polarized along the k direction. Prove this directly; do not
make any assumption about the form of the magnetic field.

Problem 4.3

Recall the wave equation for the electric field in a simple, linear dielectric,

V’E — ia—ZE—o (4.72)
2otz '
Consider the particular solution,
E(r,t) = 2Ey cos(kz — wt + ¢o), (4.73)

where Eg and ¢ are constants and Z is the unit vector along the z-direction.
(a) Show explicitly that this solution satisfies the wave equation provided w/k = c.

(b) Show explicitly that the solution is invariant under transformations of the form ¢t — ¢+ T, where
T = 27w /w, and thus show that the solution is periodic in time with period T (i.e., the time required
for the wave to repeat itself at fixed position is 7).

(c) Show that the wave is spatially periodic with period A, where A = 27 /k.

(d) Using a similar argument, show that w/k is the phase velocity (the velocity at which the wave
peaks travel) of the wave.

(e) Show that the corresponding solution for the magnetic field is

E
H(r,t) = —)—2 cos(kz — wt + ¢p). (4.74)
foc

(f) Write down the complex form E(*) of the wave in terms of the above real wave. Be explicit about
the dependence on all the parameters in the real wave.

Problem 4.4

The energy density (energy stored per unit volume) of an electromagnetic field in a simple, linear
dielectric is

w = %<6E~E+uoH'H) (4.75)
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for real field E and H.

Consider a plane wave in complex notation of the form
E(r,t) = 2B eilho—wt) (4.76)

with E(g+) a complex constant.

(a) Show that the time-averaged energy density is given by
1
(w) =7 (eE + moHg) (4.77)

where Ey = 2|E(()+)|. What is the significance of the extra factor of 1/2 in this expression? (Hint: it’s
not the definition of FEj.)

(b) What is the real wave corresponding to the complex wave given above? Be explicit about the
parameter dependence.

(c) Calculate w, the Poynting vector S, and the intensity I for the real plane wave of part (b).

(d) Show, for the real plane wave of part (b), that S = cw#. With the interpretation that the Poynting
vector represents an energy flur density, argue that this means that the electromagnetic energy of a
plane wave propagates with velocity c.

Problem 4.5

A laser with A = 2007 nm points along the —z-direction, and its electric field is polarized in the
z-direction. Assume the laser output is a plane wave in free space with intensity 1 W/cm?. Write
down expressions for the electric and magnetic fields for the laser beam, giving numerical values for
any parameters you use. Don’t worry too much about arithmetic; just reduce your numerical answers
to reasonably simple fractions, powers, etc.

Problem 4.6

Write down an expression for both the electric and magnetic field for a monochromatic plane wave in
vacuum with the following properties: the wave vector is (—k, k,0)/v/2, the electric field amplitude is
FEy, and the polarization is along the positive z-direction. Your expressions should only involve these
parameters and fundamental constants, and you should exzplain each aspect of what you write down.
(Write down the physical fields, not the complex versions.)

Problem 4.7

Two possible definitions of the intensity in terms of the Poynting vector are the magnitude of the
time-averaged Poynting vector,
I:=|(S)], (4.78)

and the time-average of the magnitude of the Poynting vector,
I' .= (|S]) = (S). (4.79)

The first definition is the one we use here, while the second definition is common in textbooks on
optics and electromagnetism. The point of this problem is to examine whether the order of the two
operations matters, and if so which ordering is more sensible.

Consider the composite field
E®) (r,t) = B (2, 0) + ESY (r, 1), (4.80)

where the first field is an optical plane wave propagating in the z-direction and polarized in the x-
direction,
EfY (r,t) = 2B{) e, (4.81)
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while the second is a dc field, polarized in the z-direction:
ES (r,t) = 2B, (4.82)

To make algebra easier, take the special case z = 0, with ES) and Eég) both being real numbers.

(a) Write down the magnetic field Hgﬂ(r7 t) that is consistent with Egﬂ (r,t).

(b) We will take the magnetic field corresponding to the second electric field to be zero, H;ﬂ(r, t) =0.
Explain why this is consistent with Maxwell’s equations.

(¢) Compute the Poynting vector for the combined field.

(d) Compute the time average of the Poynting vector, and then the intensity according to the first
definition.

(e) Compute the magnitude of the Poynting vector. The time average will then be difficult to compute;
to make it easier, expand your result to lowest nontrivial order in

+
-
EFDICON
ElO

(4.83)

Then compute the time average, and hence the intensity according to the second definition.

(f) Give a physical argument for why one definition of the intensity is better than the other. (Consider
what intensity is intended to describe, and remember that an alternative is not preferable merely
because it is easier to calculate!)

Problem 4.8

In the Coulomb-gauge formulation of electromagnetism, there is a field A (the vector potential) that
satisfies V - A = 0, and defines the electromagnetic fields via E = —0A /0t and B = poH = V x A.
Use these relations and Maxwell’s equations to show that A satisfies the same wave equation as E (and
B and H). For simplicity, stick to vacuum.

Problem 4.9

(a) The electromagnetic fields can be generally defined in terms of the scalar potential ¢ and vector
potential A as
E=-V¢ - 0A, B=VxA. (4.84)

Use Maxwell’s equations to derive a set of two coupled wave equations for the potentials in a dielectric
medium described by permittivity e(r).

(b) Then show that in the generalized Lorenz gauge, specified by the gauge condition
V€A + €2 1uodid = 0, (4.85)

the two wave equations decouple.






Chapter 5

Interference

5.1 Superposition of Two Plane Waves

Interference occurs when multiple waves are added together, and it is one of the most obvious effects not

accounted for by geometrical optics. First, we will consider the simplest case of adding two scalar, monochro-

matic waves E{H(r) and Eé”(r). Both have the same frequency, and thus an implicit time dependence of

e~ ™! The superposition of the two waves is just the sum
ED(r) = BNV () + ESD (). (5.1)

Clearly the combined field E(*)(r) is also monochromatic.
Recall from Eq. (4.66)that the intensity of each component wave is given by

To simplify our notation a bit, we can introduce the fields Uy 2(r), defined by

- 25 (5.3)
Uiz = \/;Elv2 (r), (scaled electric fields)
so that the intensity is simply the square of the U field without any extra coefficients:

(5.4)

_ 2
Lo = U1l (intensity in terms of scaled electric fields)

In this notation, the intensity of the superposition is simply
I=|UP = U1+ Us)? = |U1* + |Us)? + U Uy + U U5 . (5.5)
Writing out explicitly the phases of U, 2,

Upg =+/T12€"2, (5.6)
we find that
I=L+1+ (\/11[2 ei($2=91) | c.c.)
=1 + I + 2\/11 15 cos(p2 — ¢1).

(combined intensity of two waves) (5.7)
Notice that all the phase dependence is in the factor cos(¢2 — ¢1), which ranges from —1 to 1. Putting these
extreme values into this expression, we see that the intensity ranges from (vI; — vI2)? to (VI + VI2)%.
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A useful and simple special case is where the intensities are equal:
Il = 12 = I(). (58)

In this case the intensity becomes

If ¢o = ¢1, the intensity attains its maximum value I = 4Iy, and this situation is fully constructive
interference. If ¢ — ¢1 = m, the intensity attains its minimum value I = 0, and this situation is fully
destructive interference. Comparing to the intensity range above, we see that the case of equal intensities
is the case of mazimum intensity variation. The intensity I averaged over all phases is 21y, as we might
expect on average for adding two beams of intensity Iy from energy conservation. Of course, adding two
waves should always conserve energy regardless of the phase, and we will see how this works out when we
consider interferometers below, in particular in how waves are combined using beam splitters.

AT
Lypw= ALy = = - - — - -
I=2p--4--\--
Iy------

5.2 Mach-Zehnder Interferometer

An interferometer is a device that uses the interference effect to do something useful. One of the simplest
interferometers is the Mach-Zehnder interferometer, shown here.

A I+
mirror path 2 output ports
ZENy
beam splitter -
1,/2
input beam I,/2  path1
Iy mirror

beam splitter

A beam of intensity Iy is split into two components by a beam splitter (a beam splitter is simply a device
that deflects part of the intensity of an optical beam, while allowing the rest to pass). For simplicity we will
assume a 50% lossless beam splitter, so that half the intensity goes into either arm of the interferometer.
The two components are then recombined on the second beam splitter and the intensities I, and I_ can be
monitored at their respective output ports.

The wave in path 1, just before the second beam splitter, is

[Ty . 2mnid
U, = Eoeml, where ¢1 = k1d; = ﬂ;h 1, (5.10)
0

where d; is the length of path 1, n; is the refractive index of path 1, and A is the optical wavelength (in
vacuum). Similarly, for the wave in path 2 just before the second beam splitter

[y 2mnad
U2 = 506“1527 where ¢2 = kgdg = 71—;12 2 . (511)
0
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Then the intensities of the two output ports are given by squaring the sums of the intensities. At the first
port,

Ui Ut I

I, =|—=+—=| = —[1+ cos(¢2 — . 5.12
+=\atsa 5 [ (¢2 — ¢1)] (5.12)
At the second port, we also add the fields, but with an extra minus sign:

U, U )?

V2 V2
Why the extra minus sign in I_7 Well, first of all, we can see that energy conservation works in this case,
since the total output intensity is I, + I = Iy, which is the same as the input intensity. This wouldn’t have

worked out if we omitted the extra minus sign. But we can do a better job of justifying it by considering an
important time-reversal argument.

I_:

= 21— cos(ér — ). (5.13)

5.3 Stokes Relations

The Stokes relations follow elegantly from the time-reversal invariance of electromagnetism. We can see this
invariance directly from the electromagnetic wave equation:

9 1 9’E
V’E T 0. (5.14)
Since time appears only as a second derivative, the equation is invariant under the replacement ¢ — —t¢.

Consider a beam of light at an interface between two media (e.g., a dielectric interface). From geomet-
rical optics, we know that part of the beam will transmit (refract) and part will reflect, although we don’t
know how much of the light will go in each direction. So we’ll just define coefficients r and ¢, such that if Uy
is the amplitude of the incident field, then the amplitude of the reflected field is rUp, and the amplitude of
the transmitted field is tUy.

In standard terminology, r is the field reflection coefficient and ¢ is the field transmission coefficient.
Time-reversal invariance states that this should also work in reverse: if two waves of amplitude rUy and
tUy are incident from opposite sides of the same interface, they should combine to form a single beam that
travels away from the interface. Of course, this happens by constructive interference. In the other opposite
location where you might expect to see a beam going away from the interface, there really is none due to
complete destructive interference. Note that in principle this is possible and it works for the purposes of this
derivation. In practice, it is often very difficult to implement ideal time-reversed situations such as this.

rU,

Now let’s consider all the reflections and transmissions from the two incident beams that form the two
outgoing beams in the time-reversed case. On the top side, the outgoing beam comprises a reflection of
the rUy and a transmission from the tU; beam. So we can write this field as rrUy + t'tUy. The primed
coefficients 7’ and t’ denote the reflection and transmission coefficients for a ray incident from below, which
are possibly different from r and ¢. Similarly, the outgoing beam on the bottom comprises a transmission of
the rUy beam and a reflection of the tU, beam, so we can write this field as trUy + r'tU,.
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rrU, + t'tU,
rU,

tU,
trU, + r'tU,

But the last two diagrams must be consistent with each other, so for the top beam we require that
TQUQ + t/tUO = U, (515)

and the bottom beam must vanish, so
trUy + r'tUy = 0. (5.16)

Simplifying these two equations a bit, we arrive at the Stokes relations

r'=—r (5.17)
tt=1-—r? (Stokes relations)

in standard form.

Now we can use the Stokes relations to analyze what happens at a physical beam splitter. A physical
beam splitter is typically something like a slab of glass, where the splitting occurs at one interface and the
no splitting occurs at the other (often this is accomplished with special dielectric coatings).

T‘UO t U(]

r'U,=—rU,
U 0 0
5 tU,

Uy

If the reflection coefficient is r for the beam that impinges on the beam splitter from the outside, the beam
in the other arm of the interferometer impinges on the same interface from within the beam splitter. Thus,
for the other arm, the reflection coefficient must be —r. We can’t work out exactly what happens to the
transmission coefficients from the Stokes relations, but it works out that they are equal. Since 72 = 0.5 for
the 50% splitters (the split ratio refers to intensity), we have that 't = 1 — 72 = 0.5, so there is no sign
change between t and t'.

5.4 Mach-Zehnder Interferometer: Applications

Since the Mach-Zehnder interferometer has two spatially separated but otherwise equivalent paths, it is
typically used to measure an optical phase shift (path-length change) due to an object in one arm.

y

———— >

v

The other arm acts as a ‘“‘phase reference” for the phase-shifted beam. For example, you could use this
technique to measure the index of refraction of gas in a cell by measuring the phase shift as a function of
the gas pressure. Or you can visualize a phase object such as a flame or a gas flow, where the shape of the
optical fringes reflects the spatial index profile of the object.
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5.5 Michelson Interferometer

The Mach-Zehnder interferometer can be “folded’ so that the two beam splitters coincide and can be replaced
by a single splitter. This new configuration is the Michelson interferometer.

mirror
[}

d,

beamsplitter

a;

input beam

mirror

output port

Note that in this diagram, the input port is also one of the output ports, but often in this configuration you
would only monitor the other output port.

Just as in the Mach-Zehnder case, the Michelson interferometer measures the path-length difference
between the two arms. Assuming the same refractive index for both arms and a 50/50 beam splitter, the

output intensity is
I 2mn(ds — d
Iout = 50 [1 + cos (Wn(il))] .

(output intensity of Michelson interferometer) (5.18)
This interferometer is very useful for measuring lengths. For example, one arm can act as a reference distance,
while the output changes depending on how far the other ‘“‘probe’ mirror moves. Also, if two different laser
beams are coupled into the same interferometer, measuring the fringes of both lasers as a mirror is moved
gives a measure of the relative wavelength—useful as an optical ‘‘wave meter” or ‘“\-meter’” for measuring
the wavelength of an unknown laser in terms of a known reference laser.

One example is the interferometric gravimeter, which is a Michelson interferometer where one of
the mirrors is actually a corner-cube reflector (a prism that retroreflects the incident beam in the same
direction independent of small changes in its orientation). The corner cube acts as a freely falling mass, and
by monitoring the output it is possible to get a real-time position measurement of the cube’s position.

detggtor
dy
ﬁ
fixed mirror
dy

i% free-falling corner cube

This method is still the state-of-the-art method for sensitive measurements of g.

Another important application of the Michelson interferometer was its original version and namesake
in the Michelson-Morley experiment. The idea here was to search for an ‘“‘aether,”” the fundamental medium
through which light propagates, which would define a ‘“rest frame” for light. The interferometer would show
a fringe shift if it moved through the aether (because it was stationary on Earth) depending on its orientation
with respect to its velocity. No effect was observed, the conclusion being that there is no preferred rest frame
for light propagation.
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Yet another example is the LIGO (Laser Interferometric Gravitational Wave Observatory) experiment,
which uses some of the largest and most impressive Michelson interferometers built thus far. The arms of
the LIGO interferometers are 4 km long, with many technical refinements to detect displacements of mirrors
due to gravitational waves. The strain sensitivities achieved so far are better than 10~2!, corresponding to
detecting the displacement of a macroscopic mirror to a precision of much less than a nuclear diameter.

5.6 Sagnac Interferometer

The Sagnac interferometer is another variation on the Mach-Zehnder configuration, where the second
beam splitter is replaced by a mirror.

The mirror causes the beams to continue around, so really there are not two distinct ‘“‘arms’ of this interfer-
ometer. Rather, two beams traverse the same ring but in opposite directions. Since there is no path-length
difference, there is no sense of distance measurement in this system. However, if the interferometer rotates,
the symmetry between the two beams is broken due to the Doppler effect, giving an effective phase shift
between the two beams. Thus, the Sagnac interferometer is a very effective rotation sensor. One common
instrument that uses this effect is the ring-laser gyroscope, which uses this interferometer as the cavity
for a laser for sensitive detection of rotation.

5.7 Interference of Two Tilted Plane Waves

A simple but useful effect to understand is the interference pattern between two plane waves with slightly
different angles. Consider a plane wave propagating in the z-direction,

Uy = /Iy e'**, (5.19)

and a second wave of equal intensity propagating at an angle § with respect to the first,

Us = /I eik(cos O)ztk(sin 0)a] (5.20)
AK‘T
Uy I(z)
;Z
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For a screen at z = 0, the phase difference between the two waves is just (ksin#)z, so from Eq. (5.9), the
intensity on the screen is

Tscreen = 200 {1 + cos|[(ksin6)z]} .

(interference pattern of two tilted plane waves) (5.21)
Thus, the interference pattern varies sinusoidally with spatial period

2r A
ksinf = sin@’

(5.22)

This is useful as a simple model of misalignment in a two-beam interferometer. Obviously this result is a
useful “‘interferometer’ in its own right: this gives you an accurate method for measuring angles or printing
accurate periodic patterns lithographically (e.g., for holographically fabricating diffraction gratings).

5.8 Multiple-Wave Interference
A useful generalization of the two-beam interference theme is the interference due to N waves:
U=U,+Us+---+Upn. (5.23)

In general, this is a very complicated problem, but we can easily treat the special case of equal amplitudes
and constant phase differences:

Up=Ipe'" V9  n=12 .. N. (5.24)

The algebra simplifies if we define h := €?, so that

U, = /Io h" 1. (5.25)

Then LN | NG

The corresponding intensity is the squared magnitude of this expression:

e—iNG/2 _ ,iNg/2 2

I'=1Io o—i0/2 _ pid/2

(5.27)

Here, we multiplied through by a factor of e=*N¢/2/e=%¢/2 inside the magnitude, which doesn’t change
anything. Finally, we have

in® (N¢/2
= IOM-
S?(6/2)
(interference of N waves, equal phase difference) (5.28)

This corresponds to an interference pattern with tall, narrow peaks of height N21; with N — 2 sub-lobes in
between.

minor lobes
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The corresponding average intensity is

1 2m

I=— Idep = NI, (5.29)
27T 0

again as we expect from energy conservation. This problem is a useful model for diffraction through N thin,
equally spaced slits, or a diffraction grating where N rulings are illuminated. However, these problems are
better dealt with in the more general and powerful formalism of Fourier optics (Chapter 12).
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5.9 Exercises

Problem 5.1

The Young double slit experiment is another example of a simple interferometer. Two slits in a planar
wall are illuminated by the same light source. Interference fringes appear in the light on a distant,
planar screen (parallel to the first wall), because the path lengths of the two beams to the screen vary
slightly with the propagation direction of the waves.

(a) Sketch the setup and show that the angular distance between successive dark bands (areas of
destructive interference) is A = \/a, where A is the wavelength of the light and « is the separation
between slits. Because the screen is distant, you can assume the two waves propagating to any particular
point on the screen are approximately parallel.

(b) Suppose that the two slits are 0.5 mm apart and diffract monochromatic light onto a screen 10 m
away. You measure the fringe spacing (distance between dark bands) on the screen to be 1.266 cm.
What is the wavelength of the light?

(c) What type of laser could plausibly be the source of the light in part (b)?

Problem 5.2

Consider a Michelson interferometer illuminated by laser light. Assume that the incident light is well
described by a plane wave. Suppose that one of the retroreflecting mirrors has a small misalignment
of angle §6. Describe the interference pattern on a screen at the output of the interferometer, relating
aspects of the interference pattern to 06 as appropriate. Also describe how the pattern changes as
either mirror moves.

Problem 5.3

Consider a Mach-Zehnder interferometer with a gas cell of length 10 cm in one arm as shown. The
input light is A = 2007 nm.

———— ] port 1

gas cell

The cell is initially evacuated, and all of the interferometer light exits output port 1. As the cell is
pressurized, you observe that port 1 goes dark then becomes bright again a total of 10 complete cycles.
What is the refractive index of the gas at the final pressure?

Problem 5.4

Consider a Michelson interferometer, operating at wavelength A, containing an electro-optic mod-
ulator (EOM). For the purposes of this problem, think of the EOM as a slab of glass of thickness d,
whose refractive index n can be changed slightly via an electrical bias signal.
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EOM

input beam :_’{E

detector Ei/\

Suppose the output of the interferometer on the detector is at the maximum of a bright fringe (at
refractive index ng of the EOM). By how much does the refractive index change so that the output
goes to minimum intensity? (Compute the smallest change that does this.) Compute a numerical value
for the refractive-index change for d = 10 cm and A = 1 pm.

Incidentally, this is one method for making fast optical switches (as used in telecommunications, but
these are usually Mach-Zehnder interferometers implemented with optical waveguides).

Problem 5.5

Consider a Michelson interferometer, operating at wavelength A. A slab of glass of thickness d and
refractive index n is inserted in one arm, parallel to the closest mirror as shown.

—

glass slab
input beam H @

detector Ei/\

Derive an expression for the number of fringes the output goes through as the slab is rotated (clockwise
in the diagram) through an angle 6.

Problem 5.6

Consider a Michelson interferometer, with mirrors at distances d; and ds from the 50/50 beam splitter.
Suppose a Gaussian beam enters the interferometer (assume the beam and mirrors are all ideally
aligned). Consider the intensity pattern on a screen at the output, where s is the distance from the
beam splitter to the screen.

Show that there will be a “‘bull’s-eye’ intensity pattern of concentric interference fringes on the screen,
provided d; # do. Compare the fringe spacing near the center vs. near the edge of the pattern.

Hint: derive the expression for the intensity pattern due to two interfering waves of arbitrary intensity
profiles I; » and phase ¢; 2, and then replace with Gaussian-beam expressions as appropriate. Try to
focus only on the important stuff.
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(Gaussian Beams

6.1 Paraxial Wave Equation

Just as paraxial rays greatly simplified ray optics by allowing us to use linear propagation equations, paraxial
waves are much simpler to treat than waves in the general case. A paraxial wave is one where the curves

normal to the wave fronts are paraxial rays.

@)
>

Y

Paraxial waves propagate (more or less) along the optical axis, so they should be fairly close to a plane wave.
Thus, we can factor out the plane-wave part of the paraxial wave. For a scalar electric field propagating

along the z-direction, ‘
E®)(r) = i(r)e*?,

(6.1)

Here, 1 is the envelope and e?*# is the carrier wave. For a paraxial wave, the envelope 1 should be

smooth on the scale of A.
Plugging this into the wave (Helmholtz) equation, (V2 + k2)E(+) = 0, we find

2
<v3 +z‘2k3 + a) Y =0,

0z 022
where 92 o2
V2= —— 4+ —
T Ox2 * Oy?
is the transverse Laplacian. If ¢ is smooth (i.e., varies slowly) on the scale of A, then
o
e < N
which we can rewrite as o
— L k.
0z <k
We can similarly write
9y N
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and thus we can neglect the 92/92% term in Eq. (6.2). This is called the slowly varying envelope
approximation, and the resulting wave equation is the paraxial wave equation:

o, 0 (6.7)
2 o e

(VT +i2k 82) ¥ =0 (paraxial wave equation)

Remember that in treating the field in terms of 1, we have already factored out the plane-wave part e?** of
the phase.

It is interesting to note that this is exactly the same as the two-dimensional Schrédinger equation in

quantum mechanics for the wave function ¥ (x,y,t):

R o

—— V2 + V (2, y)¢ = ih—-.

We can see this equivalence by rewriting this equation as

(Schrodinger wave equation) (6.8)

2m i2m 0
2
— Vv —_ =0 6.9
(72 - 2vea+ B2 2 v =0 (6.9)
and then making the formal identifications 2 — ¢ and k¥ — m/h. The potential V(z,y) turns out to be
related to the refractive index profile, though in a somewhat subtle way—the obvious correspondence is to

the Schrédinger equation in free space.

6.2 Gaussian Beams

The simplest waves are the plane wave, which is of the form cos(kz — wt), and the spherical wave, which
is of the form cos(kR — wt)/R. These are useful models, so why would we want to study something more
complicated like a Gaussian beam? The Gaussian beam is the simplest model of a directed beam that satisfies
Maxwell’s equations, at least in the paraxial approximation. It also turns out that the outputs of spherical-
mirror resonators and lasers are often Gaussian beams. The Gaussian beam is just like the Gaussian wave
packet in quantum mechanics, being just complex enough to be interesting but simple enough to be tractable.

Let’s start by just writing it down (we will take it for granted that this satisfies the parazial wave
equation, at least until we study Fourier optics):

2

E®)(r) = BV w“(’z) o5 [— wg(z)] exp {ikz —itan~l (;)] exp {z’kQ;;)] .

(Gaussian beam) (6.10)
This is the Gaussian or TEMg ¢ (for “transverse electromagnetic”’, as for the plane wave; the subscript
comes from the hierarchy of Hermite-Gaussian beams, which we will come to later) beam. In this expression,

we have used polar coordinates (r, z) with r = y/22 + y?; E(()+) is as usual an overall field-amplitude constant;
2o is a constant called the Rayleigh length (or ‘“‘Rayleigh range’);

_ \/E (6.11)
o=V (beam waist parameter)

is the beam waist parameter or beam radius, (that’s a ‘““‘double-u,” not an “omega,” by the way), where

the inverted relation

Twg (6.12)
A (Rayleigh length in terms of wyp)

zZ0 =

for the Rayleigh length in terms of the beam waist parameter is also useful;

w(z) = w1+ <Z>2 (6.13)

20 (beam waist along optical axis)
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is the beam waist as a function of z; and

R(z) = » {1 . (“)1 (6.14)

z (wave-front radius of curvature)

is the radius of curvature of the wave fronts, as we will see.

This pretty much looks like a big mess, right? It’s not nearly as bad as it looks, we just have to break
it down and analyze each piece to see what is going on. First, let’s try rewriting the Gaussian beam solution
in a way that’s partitioned into three smaller factors:

2
E®)(r) = E((JJF) o p {—T} (amplitude factor)

w(z) TP w(z)

X exXp [zkz —itan~! ( )} (longitudinal phase factor)

& |~

2
X exp [zk 2£(z)] : (radial phase factor)

(Gaussian beam, organized form) (6.15)
We will now analyze each factor separately.

6.2.1 Amplitude Factor

The first factor in Eq. (6.15) is the amplitude factor, which completely describes the intensity profile of the
Gaussian beam. In this sense, this is the most useful factor for understanding the behavior of the Gaussian
beam. There are several important features to understand here:

Intensity Profile. The intensity is just the squared modulus of Eq. (6.15), but the other two factors

make no contribution:
wWo 2 2r2
I =1y | —— —— .
) =1 || e |23

(intensity profile of Gaussian beam) (6.16)

Here, we have defined I := 2|Eé+) |2/n as the maximum intensity of the Gaussian beam (which occurs
at the center r = 0). Clearly, the intensity falls off in the radial direction like a Gaussian function,
hence the name ‘“Gaussian beam.” Also, note that w(z) is one measure of the width of the Gaussian,
and it reduces to the minimum value wg at z = 0. There are differing conventions for quoting the
width of the beam (and even for what wq represents), so when using wg or w(z) to represent the size
of a Gaussian beam, for clarity it is good to call it the “1/e? radius” of the beam.

Total Power. The total power of the Gaussian beam is given by integrating the intensity over a
transverse plane:
(6.17)

— = —_ lo 2
P= /0 W 2)em Gr = P (mwg) (total power of Gaussian beam)

This result holds independent of z. Thus we can rewrite the intensity profile as

2P 22
I(r,z) = ——exp|———| .
N kel
(intensity profile in terms of total power) (6.18)
It is useful to consider some similar integrals over a disc of finite radius, as a measure of how ‘‘large”

is a Gaussian beam. For example, a circle of radius R = w(z) contains 86% of the optical power of a
Gaussian beam. A circle of radius R = 1.5w(z) contains 99% of the power of a Gaussian beam.
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Beam Divergence. Note that the beam waist w(z) traces out a hyperbolic curve in z. Near the focus
at z = 0, the waist achieves its minimum value wgy. At large distances from the focus, the hyperbola
approaches its asymptotes, given by (wg/z9)z. The Rayleigh length zy marks the crossover between
these two regimes; thus,

w(z) ~ wy for |z] < zg

w(z) ~ (wo> z for |z| > 2

20

(6.19)

for the regions near to and far away from the focus, respectively.

From this we see that in the far field, the beam propagates in the form of a cone of half angle 8y, where

A
tan 6y := Lo_ 2 (6.20)
20 TWo
In the paraxial regime, we have
oo W0 A (6.21)
0% T Two (far-field divergence half-angle)

Thus, a tightly focused beam (small wy) diverges more quickly, whereas a larger beam (large wy)
diverges less. This is a manifestation of the uncertainty principle in optics. Also, a larger wavelength
causes more far-field divergence: generally speaking, diffraction effects are more important for longer
wavelengths.

As for the intensity, in the far field we have

Z 2
I(’r = O, Z) =~ I() (?0) 3 (622)

so the Gaussian beam is consistent with the inverse-square intensity law in the far field (as is also the
case for the spherical wave).

Depth of Focus. As we just mentioned, the best focus occurs at z = 0. At a distance of one Rayleigh
length 2o from the focus, the beam waist increases by 41% compared to the focal value:

w(:l:zo) = \/ﬁwo. (623)

Again, zp marks the transition from focused behavior to far-field divergence. So we can say that the

beam is roughly focused between +zp, so the ‘““‘depth of focus” for a Gaussian beam is 2zg, where

again

2w (6.24)
A (depth of focus)

From this relation we can see explicitly that tightly focused beams have a smaller depth of focus. This
is related to a general principle in imaging optics, which is that larger apertures produce smaller depths
of focus (as occurs in photography).
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6.2.2 Longitudinal Phase Factor
Recall that the longitudinal phase factor has the form

exp [zkz —itan™" <Z)] _ (6.25)

20 (longitudinal phase factor)

The first term in the phase is simply the phase of a plane wave ikz propagating in the same direction and
with the same optical frequency as the Gaussian beam. The second term is called the Gouy phase shift!
and represents a small departure from planarity. The longitudinal phase is dominated by the ikz term, but
don’t go underestimating the importance of the Gouy term. It represents a phase retardation compared to
the plane wave (in that the total phase here changes more slowly than in the plane wave). The tan~! form
implies a monotonically decreasing phase shift (relative to the plane-wave part), amounting to a total of —m
change in phase over all z. Gouy effects are generic to focusing-beam-type solutions to the wave equation. As
we will see, the Gouy phase is important in computing the resonant frequencies of optical resonators. Also,
it implies that the phase velocity of a Gaussian beam is slightly larger than ¢, since the spacing between
wave fronts is slightly larger than .

6.2.3 Radial Phase Factor
Recall that the radial phase factor is of the form

o ik 7 (6.26)
P 2R(z)]’ (radial phase factor)

where

R(z) == [1 n @y] , (6.27)

(radius of curvature)

This factor gives the dependence of the phase on r, whereas the longitudinal phase factor simple gave the
on-axis phase behavior. Thus the entire phase factor is

2
T - LT (6.28)
e {zkz vtan <Zo) + ZkQR(z)] ’ (total Gaussian phase)
To understand this, we need to compare this phase to the phase of a spherical wave,

+) EY wn_ B e
E (I‘) = T@ = ?6 ; (629)

where R = |r|. In the paraxial case, r < z, so

(+) I 2
E, T
E®)(r) = =9 ik 1+ —

(r) 7 exp i 2|4/ +t 2

éJr) r2
~ exp |ik|z| (1 + >}
R I 222 (6.30)

E(+) r 2
= =0 exp _ik|z|+ik272|}

E(+) r 2
~ })% exp zk|z| +zk2rR] .

1C. R. Gouy, “Sur une propriété nouvelle des ondes lumineuses,” Comptes Rendus Hebdomadaires des Séances de I’Académie
des Sciences (Paris) 110, 1251 (1890); C. R. Gouy, ‘‘Sur la Propagation Anomale Des Ondes,” Annales de Chimie et de Physique,
Ge série 24, 145 (1891).
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Comparing this phase to Eq. (6.28), we see that in the paraxial approximation, the spherical wave and
Gaussian beam have the same form except for the absolute value of z, which accounts for the fact that the
spherical wave propagates outward from R = 0; the Gouy phase, which represents only a small correction
(and in some sense ‘‘patches’ together the wave fronts on either side of the focus, due to the reversal of half
of the wave fronts as compared to the spherical wave); and the fact that the radius of curvature changes
with z for the Gaussian beam. Thus, R(z) in the Gaussian beam represents the radius of curvature of
the wave fronts.
Examining the radius of curvature, we see that near and far away from the focus,

2
R(z) ~ "% for |z]| < 2o
z (6.31)

R(z)~z  for |z]| > 2

Again, z &~ R in the paraxial approximation, so the Gaussian beamn approaches a spherical wave for large |z|.
We can also see where R(z) is minimum (i.e., the curvature is maximum) by differentiating R:

dR d 23 28

—_ = —_— = _— . 2
dz dz (Z * z ) (6:32)

Thus, dR/dz = 0 when z = £2(, so maximum wave-front curvature occurs at the Rayleigh length. Closer to

the focus, the wave fronts become flat (as we could guess from symmetry considerations), and farther out, the
wave-front curvature decreases as for a spherical wave. The minimum radius of curvature is R(+zg) = 2z¢.

~zd/z

2 z
In a cavity, the boundary conditions imposed by the cavity mirrors require that the curvature of the spherical
mirrors and the curvature of the wave fronts match. This allows the wave to map back on itself. This is one
reason why Gaussian beams can exist in resonators. But in particular, recall that for a confocal cavity, the
length d of the cavity is the radius of curvature of both mirrors Ry 3. A Gaussian beam with 2z = |Ry 2|
has wave fronts that exactly match the mirror curvatures at z = +zy. Hence, 2 is also referred to as the
confocal parameter.

6.3 Specification of Gaussian Beams

Despite the complex form of the Gaussian beam, relatively little information is needed to completely specify
it. For example, if we know where z = 0 is located, the value of wy, and the optical wavelength A all the
other parameters are uniquely fixed. Alternately, it is sufficient to know wy and R(z) at some distance z,
or it is sufficient to know w(z) and R(z) at some distance z. From a Fourier-transform point of view, this
is because a Gaussian wave packet is uniquely determined by its center and width. By construction of the
Gaussian beam, the center is zero. The divergence is set by the width of the Fourier transform of the wave
packet, which we know is fixed via the uncertainty principle. Again, the tradeoff between tighter focus and
larger divergence angle is precisely the manifestation of the uncertainty principle in the Gaussian beam.
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6.4 Vector Gaussian Beams

We have thus far only treated Gaussian beams as solutions to the scalar wave equation. It turns out that for
the full vector electromagnetic field case, the only difference is in the overall amplitude. That is, supposing
we have a Gaussian beam propagating along the z-direction and polarized in the z-direction, we can obtain
the vector field from the scalar field by the simple replacement

ESH — B (—gz +—= z) .
)
(modification to obtain vector Gaussian beam, linear polarization) (6.33)
Note that the polarization is mostly along the z-direction in the region where the paraxial approximation
holds, since |z| < |z+1izg|. Thus, the field is mostly transverse. Optical beams are nearly transverse (TEM),
but the transverse property is not completely necessary (as it is for the plane wave), as long as V- E = 0.

Writing out this condition,
0E, O0FE, 0L,

=0. 6.34
ox + dy + 0z (6:34)
The first two terms represent a transverse divergence, so that
Vi -E+4+0E./0z=0. (6.35)
Putting in approximate numbers,
E
L+ kE, =0, (6.36)

211.)0
where Fr is the transverse field /E2 + EyQ7 and 2wyq is the beam diameter. Thus, for these terms to cancel,
they must be on the same order, and thus

1
2kwy  Admwo

~

E,
Zz 6.37
= (67
So as long as the beam intensity falls off on a length scale large compared to A, which happens for a Gaussian
beam if wg > A, the field is mostly transverse (i.e., E, is small). In the paraxial approximation, the field is
transverse to good approximation, justifying the label of TEM, o for the Gaussian beam.

6.5 ABCD Law

The ABCD Law is a quick method for propagating Gaussian beams. We’ll begin by just stating it, and
then we’ll justify it later.
It is convenient to define a complex ¢ parameter by

q(z) ==z —iz (6.38)

’ 0 (¢ parameter for Gaussian beams)

It is worth reiterating that the longitudinal coordinate z is measured with respect to the beam focus. Note

that g determines the Rayleigh length and the location of the beam focus, and therefore determines the

entire geometry of the Gaussian beam. Alternately, we can compute the inverse of g,
1 1 z 412y z 20

= = +1 .
q z—iz 22428 22+ 22+ 23

Recalling that wg = \/Azo/m, w(2) = wo/1 + (2/20)?, and R(z) = z[1 + (20/2)?], we can write 1/q in the

more useful form

(6.39)

1 1o, A (6.40)
q(z) R(z) mw3(z) (inverse of ¢ parameter)
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Again, ¢ determines both the spot size and the radius of curvature at a given location, so ¢ completely
determines the Gaussian beam geometry.

We can see that this simplifies things greatly by rewriting the Gaussian beam in a compact form in
terms of g:

gy = gD 90 o [ -
E‘(r) = E; ) exp {2(1(,2)] exp(ikz).

(Gaussian beam in terms of ¢ parameter) (6.41)
Here, we have used the notation g := ¢(0) = —izg. The Gouy phase ends up being just the phase angle of
1/q, while ¢ also represents the width and curvature of the beam.

Here is the other nice thing about ¢: it transforms through an optical system according to a simple
law related to the geometrical optics ABC D matrix for the system. In terms of the matrix elements, the
ABCD law reads

_ A +B (6.42)

L=Cn+D’ (ABCD Law)

where g1 and g are the g parameters before and after the optical system, respectively. or in alternate form,

1 C+D/g (6.43)

@2 A+B/q’ (ABCD Law)

Let’s check this for a couple of simple examples, and then use them to argue that the ABCD law is generally
valid.

6.5.1 Free-Space Propagation

Recall that the matrix for propagation over distance d in free space is

1 d
M_[O 1] (6.44)
Thus, applying the ABCD law gives
Aql + B
= _————— =q +d. 6.45
q2 Cqp+D Q1 ( )

Writing out the real and imaginary parts explicitly,
29 — 1202 = (2’1 + d) — 1201 (646)

The imaginary part of this equation states that the Rayleigh length is unchanged, zg2 = zg1, and thus the
shape of the beam is unaffected. The real part states that zo = 27 + d, that is, the position along the beam
is shifted by d, as we expect for a propagation of the same distance. Thus, the ABCD law gives a sensible
result.

Note that the argument carries through for a dielectric medium of refractive index n, by repeating the
argument with the replacement d — d/n. However, this point is a bit subtle: propagation over a distance
d through a medium of refractive index n is described by the same matrix as in free space, independent of
n. However, propagation through a refractive slab of thickness d (surrounded by vacuum) is given by the
composite matrix for two planar, refractive interfaces separated by propagation over distance d:

S IERIEEAR Y

Again, this matrix works for the Gaussian beam, since the propagation distance is effectively reduced by n,
due to the refraction at the boundaries modifying the divergence angle.
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6.5.2 Thin Optic

Recall that for a thin optic, the position of the ray does not change (y2 = y1). Thus, the matrix for a thin
optic has the general form

w-[1 0] o9

This condition is also equivalent to the condition that the Gaussian beam waist does not change across the
optic (wo2 = wop1), so that power density on each side of the optic is consistent.
In ray optics, the matrix affects the transmitted angle,

vy = Cy1 + Dy} (6.49)

In the paraxial approximation, the Gaussian beam is equivalent to a spherical wave of radius Ry or Ry before
or after the optic, respectively. For the (paraxial) rays normal to the wave fronts, we can write

’ Y12
~ s 6.50
Yi,2 Ri- ( )
Putting this into Eq. (6.49), we find
1 D
—=C+ —. 6.51
Ro + Ry ( )
Using 1/R = 1/q — i\/mw? and D = det(M) = n1/ns = A2/A1, we find
1 D Q1
—=C+ — E = — 6.52
92 ¢ ©=Cq+D (6.52)

so we recover the ABCD law in this restricted case.

6.5.3 Cascaded Optics

As in ray optics, the ABCD law works for cascaded (composite) systems. It is possible to verify directly by
substitution that if

Asxqa + By Avqi + By
=== - d =" 6.53
o Caqz + Do an © Ciq1 + Dy (6.33)
then Aci + B
Q1

=— 6.54
a3 Cq1+ D ( )

provided that the new matrix elements are obtained by matrix multiplication in the proper order:

A B - A2 BQ Al Bl

{(J D}[Cg D2Hc1 Dy |- (6.55)

Thus, we can handle Gaussian-beam propagation through any composite system via the composite ray
matrix.

6.5.4 Factorization of a General Matrix

We showed that the ABC D law works in the case of propagation in free space (and thus also a homogenous
medium), as well as for a thin optic. We now know that the ABC D law works for any cascade of propagations
and thin optics. Even for continuous media, we can always in principle break any medium up into a cascade
of infinitesimal propagations and weak, thin optics. In principle, the ABCD law should then work for any
optical system.

We can argue this more precisely without so much hand-waving, however. Consider a general ray
matrix,

(6.56)

M{AB]

C D
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We can write down an explicit factorization of this matrix in terms of propagation and thin-optic matrices.
Consider a system comprising (1) a propagation in free space over distance d;; (2) a thin lens of focal length
f; (3) a planar refractive interface to a homogenous medium of index n; and finally (4) a propagation over
distance dy/n in the medium. The ray matrix is

R [ PR

Then these two systems are equivalent (M = M’) provided that

B 1
~ det(M)
e ~ det(M)
C (6.58)
D — det(M)
dy == c
dy — A; 1

We have already verified that the ABCD law works for any of the component matrices, thus by the cascading
rule it works for the matrix M.

6.5.5 “Deeper Meaning” of the ABCD Law

It seems amazing that a solution to the wave equation can be propagated using classical rules. But really
what this is saying is that, in some sense, wave phenomena are absent in the paraxial approximation.

As we will see, this transformation rule applies in more general situations as long as the paraxial
approximation holds. But let’s focus on the Gaussian beam for concreteness. The Gaussian beam stays
Gaussian through any optical system as long as the paraxial approximation is valid. As soon as the paraxial
approximation breaks down (i.e., nonlinear terms become important), the beam will become non-Gaussian.
For example, one would not expect a beam in an unstable resonator to remain Gaussian. However, within the
paraxial approximation, a bundle of geometrical rays with a Gaussian density profile (in both y and 3/, in a
way that satisfies the uncertainty principle) follows the Gaussian beam exactly. Showing this mathematically
really requires the Wigner transform, so we won’t get into this here. But the important point is that Gaussian
beam optics is really just ray optics; Gaussian beams do not show any manifestly wave-like behavior, at least
within the paraxial approximation. All the diffraction-type effects can be mimicked by an appropriate ray
ensemble.

Again, since paraxial wave propagation is equivalent to quantum mechanics, this is equivalent to the
relation between quantum and classical mechanics for linear systems. For linear systems (i.e., free-space
propagation and the harmonic oscillator), quantum and classical mechanics turn out to be equivalent. That
is, you can attribute any quantum effects in a linear system to the initial condition, not to the time evolution.
Nonlinear systems dynamically generate quantum effects, even for a classical initial state.

6.5.6 Example: Focusing of a Gaussian Beam by a Thin Lens

As a more useful example of the ABC' D law in action, let’s consider the focusing of a Gaussian beam by a
lens. We will consider the special case where the lens is placed at the waist of the beam to be focused, so
that the initial radius of curvature R; = oo.

The ray matrix is

1 ; (6.59)
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and the initial beam parameter is, starting from Eq. (6.40),

1 1 i\ i 3
—— A== (6.60)
q1 R1 Wy Wy 201

where we recall the initial Rayleigh length is 291 = 7mwd; /). Remember that we can only represent the g
parameter simply in terms of the Rayleigh length at the focus of the beam. Applying the ABCD law,

1_C+D/q1_ 1 3 A

g i . 6.61
@ A+ B/q [ g (661
We should then compare this relation to the general form (6.40) for 1/¢:
1 1 i\
—_— =4+ —. 6.62
P TR (6.62)
Equating the real and imaginary parts, we find that the radius of curvature at the output is Ry = —f,

corresponding to a focusing beam if f > 0. Also, we = wg1, which means that the beam size is unchanged—
again, as we expect for any thin optic.

6.5.7 Example: Minimum Spot Size by Lens Focusing

We can do a similar analysis to compute the minimum spot size obtained by a focusing lens for a Gaussian
beam. The setup is the same as for the last example, but we will also consider a free-space propagation over
a distance d after the lens.

Thus, the system matrix is

d
1 0 1—-- d
1 d
M{O 1} 1= J . (6.63)
7 —= 1
Applying the ABCD law,
1 . C+D/ql —1+if/201

& A+Bja  f—d+idfjzo1 (6.64)

Separating the real and imaginary parts,
L U= ) + 665
g2 (f—d)?+(fd/201)? (f —d)*> + (fd/z01)?

From Eq. (6.40), we can equate the real and imaginary parts of this expression with 1/Rs and 1/zgq,

respectively (recall that we can only make the latter identification under the assumption that we are at the
focus). Thus,

Ry = U =D+ (Fd/z00)*
—(f —d) +df?/z5
But plane 2 is at the beam waist, so Ry = oo and thus the denominator of this expression must vanish:

—(f —d)+df?/23 = 0. (6.67)

(6.66)
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Solving this for the distance, we find

/ (6.68)

T 1+ Pl (focus distance for Gaussian beam)

d

Note that the focus is not located a distance f away as in classical optics—the focus occurs at a slightly
smaller distance. We only recover the geometrical result d = f in the limit of a large input beam, zp; — oo
(i.e., the plane-wave limit). Roughly speaking, a beam with a finite zo; (or wp1) is still “like” a converging
beam at the focus. This isn’t really a large effect. For some sample numbers, let’s consider f = 0.5 m,
A =27 x 10" m (close to a He-Ne laser line), and wo; = 1 cm. In this case, zo; = mw /A = 500 m. Since
zo1 > f, the effect is very small (only a 1 ppm reduction in the focal distance).

Now we can come to the main point, the minimum spot size. The imaginary part of Eq. (6.65) gives

rg = T __(f =+ (fd/o0n)? (6.69)

A (f=d)(f/z01) + fd/z01
We will consider the limit zg; > f, which simplifies the algebra here, and is the most important case in
practical optical systems when trying to obtain a small spot size (i.e., using a lens to focus a large, collimated
beam, where the large spot size implies a correspondingly large Rayleigh length). Then d ~ f and
fa _f?

o2 R T— R —— (6.70)
201 201

Thus,

(6.71)
(ideal minimum spot size)

wog ~ A %)\(f/#),

TWo1

where f/# (the ““f-number”) is given by

. (6.72)
(f/#) = D’ (definition of f/#)

with D denoting the diameter of the lens. In writing down this expression, we are assuming a diameter of
2+ 1.5 - wo1, which passes 99% of the total incident beam power.

This calculation is for an ideal lens, where we can ignore aberrations. A simple approximate correction
to account for aberrations? is to multiply this result by 4/3:

(6.73)

(more realistic minimum spot size)

woz A %A(f/#)-

However, this is a heuristic formula based on experience with typical lenses, and not justifiable on funda-
mental grounds. (In particular, spherical aberrations should lead to larger corrections for larger (f/#) and
thus smaller spot sizes.)

6.6 Hermite-Gaussian Beams

If we don’t require axial symmetry, we can obtain more general solutions to the paraxial wave equation. The
Hermite—Gaussian modes form one possible set of solutions

w 1 V2z V2

w(z)
2

X exp {—uﬂq@} exp [zk‘z —i(1+1+m)tan <;>} exp [zk 21;?2)} :
(TEM,.,, mode) (6.74)

2As recommended by the Melles-Griot catalog.
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These are also referred to as TEM; ,,, modes. Here, a mode refers to field profiles that, when confined in
resonators (as we will see) have profiles that are time-invariant. (So far, we are only considering propagation
in free space, in which case the analogous property is that the intensity profiles of these modes are invariant
along the beam except for an overall scaling, which is described by w(z) here.)

To facilitate comparison with the Gaussian beam, we can write the general Hermite—Gaussian mode

in terms of the simple Gaussian beam as
2
\[y] exp [z(l +m)tan™? (Zﬂ ,

)y _ o) 1 V2o
E -E H H
b (1) = Ecanss (D Simpn llw(z)] ) 20

(TEM;,, mode in terms of Gaussian beam) (6.75)
where Eg;{lss(r) is the Gaussian beam from Eq. (6.10). The differences compared to the Gaussian beam are:
(1) the presence of the Hermite polynomials H,(z); (2) the normalization factor just before the Hermite
polynomials, chosen so that the total beam power for a given field E(()+) is the same for all [ and m; and (3)
the factor of (14 1+ m) in the Gouy phase.

The Hermite polynomial H,(z) is a polynomial of degree n. We can write them out explicitly as

Ho(Z) =1
Hy(z) =2z
Hy(2) = 2(222 — 1) (6.76)
H,(z) = (71)7162;2;?642 (explicit formula)
(2)

=2zH,(2) — 2nH,_1(2). (recurrence relation)

For our purposes here, it is most important to know that H,(z) is an nth degree polynomial with n zeros
on the real axis. Note that since Hy(z) = 1, we see that for [ = m = 0 we recover the Gaussian beam, as is
consistent with our earlier notation. Hence, the Gaussian beam is also called the TEMj o beam. In general,
the intensity pattern of the TEM; ,, mode has [ dark bands across the z-direction and m dark bands across
the y-direction. Alternately, the intensity pattern has a grid of [+ 1 bright spots in the z-direction and m+ 1
in the y-direction. Note that the Hermite polynomials diverge for large |z| or |y|. However, the Gaussian
factor always cuts off the intensity far away from the optical axis, so the intensity is still concentrated
(relatively) close to the optical axis.

Like the Gaussian beam, the Hermite—Gaussian beams have intensity patterns that stay the same as
they propagate in space, except for the overall scale. They have the same far-field divergence characteristics
as for the Gaussian beam (except for the different spatial profile, which again is constant up to stretching
over the entire extent of the beam). The higher-order modes are wider for the same value of wy. However,
all the same transformation rules apply to the Hermite—Gaussian beams, including the ABC' D law.

Again, there is an important connection with quantum mechanics. The Hermite—-Gaussian beams are
equivalent to the eigenfunctions of the quantum harmonic oscillator. Thus, the Hermite—-Gaussian modes
form a complete set—that is, any beam can be represented as a linear combination of Hermite-Gaussian
modes, and its spatial evolution is a manifestation of the interferences between the component modes.
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TEM, TEM, 4 TEMs; 6

6.6.1 Doughnut and Laguerre-Gaussian Modes

Before finishing, it is worth mentioning one more beam, the equal superposition of TEMy; and TEM; g
beams, with a relative phase of 4+i. This beam has an axially symmetric intensity pattern, where the
intensity vanishes at the origin. This beam is called the doughnut mode or TEMg ,; modes. This mode
is important in describing the output of lasers as the dominant component for slightly distorted (but still
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axially symmetric) Gaussian beams.

TEM; ., = TEMy, £iTEM, o

The doughnut mode is a particular example of another class of beams, the Laguerre—Gaussian
beams, where the general form is given by 3

|m|
| 2 .
BD() = B, ()| —— <ﬂ> i [2)] exp [i<21+|m|>tan1 <>}m¢

w(l+ |m|)! \ w(z) w?(z 20

(TEM;,, mode in terms of Gaussian beam) (6.77)
where | > 0 and m € Z. These beams are radially symmetric in intensity, so that the only azimuthal
dependence (on the azimuthal angle ¢) is in the phase. These are the analogous solutions to the paraxial
wave equation to the Hermite—Gaussian beams, but when separated in cylindrical rather than Cartesian
coordinates.

The polynomials L‘lml(z) here are the associated Laguerre polynomials

Lg'(2) =1
LT (z)=—z4+m+1
2 ) 1 6.78
L) = & — (m4-2)s 4 DA D )2(”H ) (6:78)
m oz me? a ., _, ndm o
L (z) = T g (e772"+™) (explicit formula),

here defined for m > 0. Again, L‘lml(z) is a polynomial of degree [, and thus has [ zeros. Here, these are
manifested in increasing numbers of dark circles or dark spots at the center (for odd [) for higher-order
beams.

Note that the azimuthal phase in Eq. (6.77) varies as ¢™?, which gives the two options m = +1 for
two doughnut modes TER{S,:&:P These correspond to the phase “winding” in different directions around the
doughnut. More generally, the phase winding in these doughnut modes and the Laguerre—-Gaussian beams
represents angular momentum carried by the electromagnetic field (with larger |m/| values representing larger
angular momenta).

3For an operator-based derivation of both the Laguerre-Gaussian and Hermite-Gaussian beams, see Francesco Pampaloni
and Jorg Enderlein, ‘‘Gaussian, Hermite-Gaussian, and Laguerre-Gaussian beams: A primer,”” (2004) (arXiv: physics/0410021).


http://arxiv.org/abs/physics/0410021

108 CHAPTER 6. (GAUSSIAN BEAMS

6.7 Exercises

Problem 6.1

A common technique in the laboratory for measuring the beam waist parameter of a Gaussian beam
is illustrated in the diagram. A Gaussian beam is incident on an optical power meter, which registers
the total power of the incident beam. A knife edge can be translated in the transverse direction to
block part of the beam (i.e., if the position of the knife edge is Zynifo, then the parts of the beam
with & < Zynife 18 blocked from reaching the power meter). The ‘“10-90” rule is to measure the knife
edge position x99 where the power meter reads 10% of the total beam power, and then the position
Zgoy, where the power meter reads 90% of the total beam power. Then the beam radius w(z) at the
knife-edge location z along the beam is given by

w(z) = alr10% — Tooy | (6.79)
where « is some constant factor. Calculate the numerical value of «.
tx power meter
e I
Z »
/\
I knife edge

Problem 6.2

Suppose you have a 500 mW, TEM, o (i.e., Gaussian) beam from a continuous-wave Ti:sapphire laser
(A = 850 nm). The measured beam radius at the output coupler (mirror) is w = 0.7 mm, and the
beam radius in the laser rod is w = 330 pm.

(a) What is the optical distance between the output coupler and the laser rod? Assume that the length
of the rod is negligible (it is actually around 20 mm) and that the focus of the beam occurs in the
center of the rod.

(b) How far will this beam propagate (past the output coupler) before the spot size is 1 cm?
(c) What is the radius of curvature of the phase front at the distance you calculated in (b)?
(d) What is the amplitude of the electric field at the center of the focus? Assume a refractive index of
n = 1.75 for sapphire.
Problem 6.3

Recall that the Gaussian (TEMj ) beam is a solution to the wave equation in the paraxial approxima-
tion. Also recall that the Gaussian beam is specified completely in terms of relatively few parameters.

(a) What are the parameters?

(b) State (general) conditions on the parameters that guarantee the paraxial approximation is valid.

Problem 6.4

Show that within the paraxial approximation, a thin lens converts a plane wave into a spherical wave.
Use the following procedure.

(a) Use Fermat’s principle to show that a thin lens of focal length f introduces an optical delay with
an equivalent path length given by

Klens(y) =d—-=— (680)

where d is an arbitrary length constant and y is as usual the normal distance from the optical axis.
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(b) A spherical wave centered on the optical axis propagating inward has the form

E(+)
EF)(R) = OT exp(—ikR), (6.81)

where R? = y? + (2 — 29)? is the radial distance from the center of the wave at (y,z) = (0,29). Note
that we are suppressing the x-dependence for simplicity, but it isn’t difficult to extend the argument
to the full three-dimensional case.

Take zp = f, make the paraxial approximation (expanding to lowest order in y) and show that the
field at z = 0 can be written

EF)(R) = " exp(—ikf) exp (zkyQ) : (6.82)
f 2f

(c) What is the phase shift corresponding to fiens(y)? Write down a plane wave that matches the
spherical wave provided the lens is placed at z = 0.

Problem 6.5

A Gaussian beam passes through a thin lens. Show that

_ Rif
f—Ri’

R, (6.83)

where f is the focal length of the lens, R; is the radius of curvature of the input beam at the lens, and
Ry is the radius of curvature of the output beam at the lens. (Use the ABCD Law.)
Problem 6.6

A Gaussian beam with wy = 1 cm is focused by a thin lens of focal length f = 2 cm. The lens is placed
at the focus of the original Gaussian beam. Assume an optical wavelength of A = 1.0 pm.

(a) At what distance from the lens does the new focus occur?
(b) What is the spot size at the new focus? Give numbers for both an ideal and a realistic lens.

(c) What is the far-field expansion angle?

Problem 6.7
Verify that the compact form for the Gaussian beam in terms of the complex beam parameter,
Eq. (6.41),
jkr?
E®)(r) = E(+)qoexp[ ’ } exp(tkz). 6.84
is equivalent to the standard form for the Gaussian beam, Eq. (6.10),
(+) (+) wo T2 . . 1 z . 7"2
E')(r) = E, wexp i) exp |ikz — itan = exp zk% . (6.85)
Problem 6.8

(a) What is the Hermite—Gaussian beam pictured below?
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(b) Suppose the horizontal distance between the vertical dark bands is 100 pm at the focus. What is
’LU()?

Problem 6.9

(a) For the TEMg 9, TEMj 1, and TEM; ; modes, show that the fraction of the total power contained
in a disc of radius p is

Poo(p) ( p )
——— —=1l-exp|-2(— 6.86
Prolp - ) P72 (6:86)
for the TEM ¢ mode,
Po,1(p) (p)2 <p>2
— " =1-—exp|-2[— 1+2(— 6.87
P071(p — OO) P wo wWo ( )

for the TEMy ; mode, and

_ Pl —2(”)2 1+2<p>2+2<p)4 (6.88)
P171(p — OO) wo Wo wo
for the TEM; ; mode. Note: you will need to evaluate an integral of the form
/ g2 tle=be” o (6.89)
0
This is easy for n = 0, since the integral is just a Gaussian:
/a 2ot dop — 1 exp(—bx?) ’ S [1 — exp(—ba®)] (6.90)
0 2b 0 2b ' '
Other cases may be evaluated recursively, noting that
“ 2n+1_—bx? 8 ¢ 2n—1 _—bx?
x e de=—— [ = e dx. (6.91)
0 b Jo

For example,

e 2 o [ 2 01 1
3 —bx — _ —bx — _ 1— _bha2\] — 1— 12 1 2 )
/0 e dw —ab/o xe " dx %% [1— exp(—ba®)] T [1— exp(—ba®)(1 + ba?)]
(6.92)

(b) For each mode, what radius contains 99% of the total beam power?
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Problem 6.10

A laser of wavelength A\ emits a Gaussian beam, where the focus of the Gaussian beam occurs at the
front of the laser. The laser beam hits a screen, which is a distance d from the front of the laser.

(a) What beam-waist parameter wg produces the smallest spot on the screen, and what is the corre-
sponding 1/e? beam radius on the screen?

(b) What is the 1/e? beam radius on the screen for A = 2007 nm and d = 10 cm?

Problem 6.11

Here we will consider a simple model for the pinhole camera. The idea is to compute the optimal size
of the pinhole to get the best image resolution: the image on the screen of a distant point source must
be at least the size of the aperture, but also is blurred by diffraction if the aperture is too small. The
optimal diameter can be chosen as a compromise between the two effects; Lord Rayleigh* found an
optimal pinhole diameter of 1.9v/\d for a uniform circular aperture.

Consider an aperture illuminated by a plane wave. The light passing through the aperture is viewed
on a screen a distance d away.

apert ure screen

plane wave [————d———

(a) If the incident light is treated in geometrical optics, what is the size of the aperture that gives
the smallest spot on the screen? FEzplain. (Hint: what do plane waves correspond to in geometrical
optics?)

(b) Now answer the same question in wave optics. Assume that the aperture has a Gaussian trans-
mission coeffcient for the electric field of

2
t = exp (—2> , (6.93)
a

(i.e., Eout = tEi,), so that a is the “radius” of the aperture. Now what is the size of the aperture that
gives the smallest spot on the screen?

Problem 6.12

(a) What is the Hermite-Gaussian beam pictured below?

4¢Pinhole camera,” Wikipedia entry (http://en.wikipedia.org/wiki/Pinhole_camera) as of 25 February 2006.


http://en.wikipedia.org/wiki/Pinhole_camera

112 CHAPTER 6. (GAUSSIAN BEAMS

(b) Suppose this beam has the same fractional power contained in a circular disc of radius a as a
Gaussian beam. Compare (qualitatively) the far-field divergence of the two beams.

Problem 6.13

Consider two monochromatic, Gaussian beams: a ‘‘red” beam of frequency w, and a ‘“blue’”” beam
of frequency 2w. Both have identical transverse intensity profiles at their respective foci. Describe
completely how the geometries (both near- and far-field) of the two fields differ.

Problem 6.14

A monochromatic Gaussian beam (with beam waist parameter wy) is focused onto a thin, nonlinear
optical element, whose effect on the incident field is

Eout = a(Ein)27 (694)

where « is some constant. Show that if the optical frequency of the input beam is w, the output field
has a component with optical frequency 2w. Describe completely how the geometry (both near- and
far-field) of the 2w output field differs from the input field.

Hint: The nonlinear optical element only acts at z = 0, so consider what the field looks like there.

Problem 6.15

The set of all Hermite—Gaussian modes with the same beam parameter wg form a complete set. De-
noting the TEM; ,,, mode by

E) (x;00) (6.95)

l,m

to emphasize the dependence on wy, this means that an arbitrary electric field profile £ (+)(r) at z =0
can be written as a superposition of all the modes at z = 0:

oo

ED(z,y) = > cmByL) (@, y;wo). (6.96)

l,m=0

(a) Noting that the Hermite-Gaussian modes are all orthogonal, explain how you would compute the
(+)

coefficients ¢; . (Set up any necessary equations but don’t refer to the explicit form of E; |’ (r;wo) or

evaluate any complicated integrals.)

(b) Once you know these coefficients, you can compute the field at any location along the z-axis by

E(Jr)(l.’y’z) = Z Cl,mEl(,:q)(xayvz;wO)~ (697)

l,m=0

Find the flaw in the following argument: each mode El(;) (r; wp) has the same far-field divergence angle

(6o = tan=t(wo/20)); thus, every field, no matter what its profile (or size) at z = 0, has a far-field
divergence angle of . (For examply, you can apply this argument to a Gaussian of size 15wy, but this
clearly has a different far-field divergence angle than 6y for the constituent beams.)

Hint: how is the far-field divergence angle for a Gaussian beam defined? How would modifying the
definition give a different answer?

Problem 6.16

Suppose that an optical cavity is described by the round-trip ray matrix

A B ] , (6.98)

M(z) = [ C D
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which is computed for a ray starting at location z;. Assume that a Gaussian beam is the characteristic
mode of the cavity, and let ¢ = ¢(z) denote the complex beam parameter for the beam at z = z;.

(a) Show that
A-D\ |1 A+ D\?

(b) Show that the radius of curvature at z = z; is

R(x) = — AQ_B - (6.100)

and the beam radius at z = z; is

w(z) = A5 . (6.101)

L_(A+D ?
1=
2
Hint 1: what should happen to the g parameter after one round trip if it is to be the resonant mode
of a cavity?

Hint 2: recall that det(M) = 1 for a round-trip matrix.

Problem 6.17

Consider a Gaussian beam propagating along the +z direction in vacuum, with beam waist wy and
vacuum wavelength \g. Now compare this to the case where the beam shines into a thick dielectric
slab of refractive index n > 1, extending to z = 400, and with the (planar) vacuum-dielectric interface
occurring a distance d in front of the original focus (i.e., at z = —d). The beam is perpendicular to
the interface, and the new focus occurs inside the dielectric slab.

(a) Use the ABCD Law to derive an expression for the location of the new focus relative to the
interface.

(b) What is the beam waist in the dielectric case, in terms of the beam waist wp in the vacuum case?

Problem 6.18
The Hermite polynomials may be defined as in Eq. (6.76) by the explicit formula (Rodrigues formula)
dn 2
H,(z) = (—1)"e® ——e® 6.102
@)= (e’ T (6.102)

but they can also be defined via the generating function

o 2xt—t? — ﬁ
glz,t) :=e = ZOH”(I) T (6.103)
That is, the Hermite polynomials are the coefficients in the Taylor expansion of ¢ in t.
(a) Show that differentiating the generating function with respect to ¢ leads to the recurrence
Hp1(z) =22H,(z) — 2nHp—1 (). (6.104)

(b) Show that differentiating the generating function with respect to x leads to the recurrence
H (z) =2nH, _1(z). (6.105)
(¢) Show that the Rodrigues formula leads to the same recurrence as in (a).

(d) Show that the Rodrigues formula leads to the same recurrence as in (b).

(e) Thus argue that the two definitions for the Hermite polynomials are equivalent.






Chapter 7

Fabry-Perot Cavities

Now let’s return to the subject of resonators, which we treated earlier in Section 2.7 in the context of ray
optics. Now we will perform a better analysis, which includes the wave nature of the light. Interference is a
central feature of resonators with waves, and thus resonators are also interferometers. Because of this, the
conventional two-mirror resonator is referred to as a Fabry—Perot interferometer, Fabry—Perot cavity,
Fabry—Perot etalon, or an optical spectrum analyzer.

7.1 Resonance Condition

We will start with the simplest case of a planar cavity of length d, where the mirrors are perfect reflectors.

d
In order for a plane wave to exist in the cavity, it must return to exactly the same phase after one round
trip through the cavity. In this case, it will constructively interfere with itself. Otherwise, the phase will
precess on each successive round trip, and eventually lead to destructive interference. Thus, the round-trip
accumulated phase must be some integer multiple of 27:

(7.1)

e R (cavity resonance condition)

Thus, the allowed stationary waves, or modes, of the cavity are plane waves that satisfy

g (7.2)

kg = d (cavity allowed wave numbers)

We can also rewrite this resonance condition in terms of related quantities:

oo 2w T
q q ’ q 2d’ q d :
(cavity allowed wavelengths/frequencies) (7.3)
The corresponding spectrum is a set of regularly spaced, arbitrarily sharp peaks.
IJ\

— FSR = ¢/2d —

qul Vq Vq+1
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The frequency spacing is a special quantity called the free spectral range, defined as

N N (7.4)
= Vgt1 1794 " 2nd’ (free spectral range)

where n is the refractive index of the medium filling the cavity.

An alternative to this constructive-interference approach to the resonance condition is to view the
reflectors as imposing boundary conditions on the wave. The wave inside the cavity is a standing-wave
mode, which is a superposition of left- and right-going waves:

EO(r) = B e + B e, (7.5)
For ideal mirrors, the amplitudes of the two waves are equal, so that
+ + +
|E(()1 )| = |E(()2)| =: E(() ), (7.6)
Thus, we can write
E(+)(r) = E(()‘H (eik2+i¢1 + e*iszidm)
= E(()+)€i(¢r¢2)/2 (eikz+i(¢1+¢2)/2 i efiszi(¢l+¢.2)/2) (7.7)

= E(()Jr)eimz’/2 cos(kz + gi_)),

where ¢; and —¢y are the phases of the first and second fields, respectively, A¢ = ¢ — ¢o, and ¢ =
(¢1 + p2)/2. The wave must vanish at the mirrors, which we can view as perfect conductors. If the left-hand
mirror is at z = 0,

EM(z=0)=0= ¢=—7/2, (7.8)
so that the cosine changes to a sine:
EF)(r) = E(()Jr)emqﬁ/2 sin(kz). (7.9)
Then the right-hand mirror is at z = d:
EF(z=d) =0 = sin(kd)=0 = kd=qr. (7.10)

This is the same resonance condition as before.

The term resonance here suggests that when the cavity is exposed to light with one of the allowed
frequencies, the cavity will respond, but not otherwise. We will discuss this more below, after generalizing
what we have done so far to “leaky’” cavities.

7.2 Broadening of the Resonances: Cavity Damping

Real cavities involve some loss of the light on each round trip. The losses damp the amplitude of the cavity.
Just as in the case of a driven mechanical oscillator, the damping leads to broadening of the resonances.

Consider the circulating field inside a cavity. In particular, we will track the amplitude of the field on
its nth round trip in the cavity.

.
EM

D
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Suppose that the amplitude of the wave is reduced by a factor of r on each round trip:
Eh | = IrECD). (7.11)

Here, E7(L+) is the electric field amplitude of the plane wave on the nth round trip through the cavity. The
loss due to r could be some transmission of the mirrors (as indicated in the diagram here), losses around the
edges of finite-size mirrors, scattering from gases or objects inside the cavity, and so on. On one round trip,
the phase of the plane wave changes by

Ard
A = 2kd = % (7.12)
so that ,
B, = re?HECD. (7.13)

We may assume that r is real, as any nonzero phase angle can be absorbed into the phase factor as an
additional effective length. The total wave is

E® = BN + BN 4 BN 4 = BSY (14 re? 4 (e 4] = T (7.14)
where we have used > > 2™ = 1/(1 — z). The total intensity is
Iy
. —
|1 — reizhd|2
|1 — rcos(2kd) — isin(2kd)|?
T = 2 2 gin2
[1 — rcos(2kd)]? + r ;m (2kd) (7.15)
_ 0
11— 2rcos(2kd) + 72 cos?(2kd) + r2 sin®(2kd)
1472 — 2rcos(2kd)
(1 —1r)2 4 4rsin®(kd)’
where Iy = 2|Eé+)|2/77.
7.2.1 Standard Form
In standard form, we can write the resonator intensity as
Imax
I= , (7.16)
4 27 Qsin2 (kd) (cavity circulating intensity)
™
where the maximum intensity is
P (7.17)
T (1 —1r)2? (maximum circulating intensity)
and the finesse, defined by
T (7.18)

1—7’ (cavity finesse)
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is an important parameter that characterizes the lossy nature of the cavity. The only dependence of the
intensity on the cavity length d is in the sin function, so the intensity is periodic in d with period A/2. In
terms of the free spectral range ¢/2d, we can write the intensity as

Imax

I= , (7.19)
4 (2? )2 <in? ( TV ) (cavity circulating intensity)

FSR

so that in frequency the intensity is also periodic, where the period is the free spectral range.

7.2.2 Maximum and Minimum Intensity

The intensity is maximized when the denominator is smallest. This occurs when the sinusoidal term vanishes,
which gives the condition

m2 (T = —
sin (FSR) =0 = v = q(FSR). (7.20)

This is just the resonance condition for the lossless cavity. At these points, the cavity attains the maximum
intensity Inax. The minimum intensity occurs when the denominator is maximum. Thus the sinusoidal term
becomes unity, and

1,
Imin = (‘“;;)2 (7.21)
1+ {—
™
The minimum intensity only goes to zero in the limit of large finesse.

7.2.3 Width of the Resonances

As a way to characterize the width of the resonances, we will now find the frequencies such that the intensity
falls to Imax/2. In this case, the width condition is

2 ﬂ) _ (L)2 7 99
- (FSR 2F) (7-22)
which is satisfied by the frequencies
FSR ™
= :t i _1 ( ) b .2
v —sinT (55 (7.23)

up to an added multiple of the free spectral range (again, because of the periodicity of the sin function).
The width of the resonances is really only sensible concept in the limit of large finesse, when the resonances
are well resolved. In this limit, we can use the small-angle approximation for the sin function and write the

half-maximum intensity frequencies as
FSR
~E—. 7.24
Y (7.24)

In this approximation, we can thus write the full width of the resonance at half maximum as

FSR
7
(cavity resonance full width at half maximum) (7.25)

Notice that in the limit of arbitrarily large finesse, dvpwy — 0 while I,y diverges—the resonances become
0 functions, perfectly defined resonances as in the lossless cavity.

We can summarize the characteristics of the Fabry-Perot cavity in the diagram, recalling that two
parameters (FSR and %) are necessary to completely specify the cavity behavior; all other parameters are
determined by these two.

OVewum =



7.2 BROADENING OF THE RESONANCES: CAVITY DAMPING 119

max |

Ima.x/2' -0 ryr--—-—--- -

(¢—1(FsR)  q(FsR) (g 1)(FsR) ¥

The next diagram compares the cavity intensities for several different finesses, showing the transition from
broad resonances to sharply defined peaks.

(g+1)(rsr) ¥

7.2.4 Survival Probability

Losses in a cavity can come from a number of sources. The mirrors can lead to intensity loss due to partial
transmission, losses of beams around the mirror edges, absorption of the light in the reflective coatings,
and scatter due to surface roughness. A medium inside the cavity can also absorb or scatter the light.
To generalize the treatment of losses, we can define the survival probability P, which is the fraction of
the intensity that stays in the cavity after one round trip. If the two mirrors have reflectances (intensity
reflection coefficients) Rj o, for example, then the survival probability is just

P, = RiR>. (7.26)

Additional factors can model other losses due, for example, to other objects in the cavity. In terms of the
survival probability, we can write
1/4

_ b (7.27)
- 1-+/P, (finesse in terms of survival probability)
as a more convenient expression for the finesse and
Iy

A . —
T G- VR
(maximum cavity intensity in terms of survival probability) (7.28)
for the maximum intensity.

7.2.5 Photon Lifetime

13

The name ‘“‘survival probability’” more appropriately describes the fate of a photon after one round trip
through the cavity. The probability that the photon is lost is simply 1 — Ps. Thus, a photon lasts for

(n) = 1_1PS

round trips on average. We can see this as follows. The probability for a photon to exit the cavity on the
nth round trip is the product of the probability P*~! to survive for n — 1 round trips, multiplied by the
probability (1 — Ps) for the photon to not survive the nth round trip:

P(n) =P '(1-P,). (7.30)

(7.29)
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The average number of round trips survived is then the mean of this distribution function, noting that the
photon can only fail to survive after one round trip:

(n) = 3" nP()

= Z nP(n)
n=0

=(1-P) inpg*

n=0

0 =
- (1711)8757;135

—(1- Ps)aips (1—1P>

(1-R)—5w

(7.31)

1-P

Here, we have again used the geometric sum »_ ° jz™ =1/(1 — z), and note the handy trick of using the
derivative to transform the sum into a more standard one.
Since the time for one round trip is 7,4 = 2d/¢, we can more generally write

1 (7.32)
Tt = ——- s
FSR (round-trip time)
Then the “lifetime’ of a photon inside the cavity is the product of the round-trip time and the average
number of round trips that the photon will survive:

__ L (7.33)
i (FsrR)(1 = Py) (cavity photon lifetime)

For a “‘good” resonator, Py is close to unity, so v/ Ps is also close to unity. In this limit we can expand to
lowest order in (1—+/PFs), which amounts to setting PM* ~1and (1-P;) = (1-vVP,)(1+vP) = 2(1-V/Fs).
Thus,

™

Fr — (7.34)
1—+/Ps
and so ) P )
~ = = . 7.35
Tp 2(rsr)(1 — /Ps)  2m(FSR)  270Vpwnwm (7:35)
Thus we arrive at an ‘“‘uncertainty relation”
1 (7.36)

(5 = — . . .
TpOVrwam = 5 (cavity uncertainty relation)

for optical cavities between frequency and time.

7.2.6 Q Factor

The @ factor represents the “quality’’ of any oscillator. The general definition is

stored energy (7.37)
energy loss per oscillation cycle (@ factor for general oscillator)

Q:=2m-
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For a ‘“good” oscillator—that is, one that does not dissipate energy very rapidly—the @ factor is large
because the denominator in the definition is small. A cavity is an oscillator, but at optical frequencies, which
are of the order of a few hundred THz. Thus, we can already see that optical Q) factors are very large.
In fact, the finesse plays the same role as @) for optical cavities, but generally produces more manageable
numbers.

For an optical cavity, the fraction of energy lost per round trip is 1 — P;. Following the same logic as
in the last section, the rate at which energy leaves the cavity is 1/7,, relative to the amount of energy in the
cavity. This may not be completely obvious, so let’s quickly show this. In terms of the survival probability,
the probability to survive n round trips in the cavity is

P = (Igs)t/rrt — ot/me)log P oy o= (/) (1=Fs) 6*t/’rp7 (7.38)

where we used log(1 + z) ~ z for small x = 1 — F,, and 7, = 7 /(1 — Ps), which follows from Egs. (7.32)
and (7.33). Thus, the energy loss is exponential in time (with the assumption of a good cavity), with time
constant 7, and hence loss rate 1/7;.

Continuing with @, the energy loss per oscillation cycle is just the optical period multiplied by this
rate, or 1/v,7,. Putting this into the above definition, we see that

(7.39)

Q = 27y, Tp,. (Q for optical cavity)

We can also write this in terms of the cavity line width, using the uncertainty relation in Eq. (7.36):

= Vq (7.40)
SVewin (Q for optical cavity)

We can compare this to the form of the finesse from Eq. (7.25),

F =B (7.41)

OVpwam

and see that @) and % are the same except that a different (smaller) oscillator frequency is used for the
finesse. Since v, = q(FsR), we see that ) and % differ by a factor of the resonance order ¢:

- (7.42)
@=9e%. (Q related to finesse)
The order q is typically a very large integer for optical cavities, since the cavity length often far exceeds the
optical wavelength. Thus, the @ factor for optical cavities is typically huge compared to the finesse. That’s
why the finesse is a preferred quantity in the optical regime—the numbers are much easier to deal with.!

7.2.7 Example: Finesse and Q

Consider a planar cavity where both mirrors reflect 99% of the incident intensity. Then Ps = 0.992, and so
F = 300.

For a cavity length d = 15 cm, the round-trip time is 7,4 = 2d/c = 1 ns. (A related handy number to
remember for the speed of light is ¢y & 1 ft/ns.) Then the free spectral range is Fsr = 1/74 =~ 1 GHz.

The photon lifetime is 7, = % /2w(Fsr) &~ 50 ns. This leads to a cavity line width of dvpwuu =
1/277, ~ 3 MHz.

A typical optical frequency is 300 THz, so that Q = v /0Vewsu = 10%, a really large number compared
to the finesse.

INevertheless, the @ factor is a useful measure of the stability of the best oscillators, which now operate at optical frequencies.
In 2010 the record for an observed Q = 4.2 x 10 was set using a clock based on an Al* ion operating at 1.121 PHz, with
a FWHM width of 2.7 Hz: C. W. Chou, D. B. Hume, T. Rosenband, and D. J. Wineland, ‘“Optical Clocks and Relativity,”
Science 329, 1630 (2010) (doi: 10.1126/science.1192720).


http://dx.doi.org/10.1126/science.1192720
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The corresponding wavelength is A = ¢yp/vy = 1 pm, which is in the near-infrared (approximately the
wavelength of a Nd:YAG laser). The order is thus ¢ = v,/(FsrR) = 3 x 10°. Recall that ¢ = 2d/), and it is
because typical cavities are long compared to the optical wavelength that the order ¢ is often very large.

Again, one reason that @ is huge is because the optical frequency is so high. In the microwave, cavity
(Q factors are more reasonable. For example, in the microwave v, ~ 1 GHz, and so évgwun ~ 1 MHz would
yield a @ of 103. But note that some microwave devices can have extremely narrow line widths, so microwave
Q@ factors can be large as well.

The best “‘supercavities” in the optical have finesses in the range of 10° to 10° at present.?

7.3 Cavity Transmission

If you think about it in a certain way, a Fabry—Perot cavity is an amazing device. Imagine a mirror that
is nearly perfectly reflecting. A laser beam impinging on the front mirror will mostly bounce off, only
transmitting a small fraction of the intensity. But by putting a second mirror behind that mirror, just the
right distance away, all the laser power can instead transmit through the mirror. Makes your brain tingle
just thinking about it, doesn’t it? Such is the power of interference. Let’s see how this works out.

We now need to be a bit more precise about the intensities and electric fields in and around the cavity.
We will refer to the left- and right-hand mirrors as mirrors 1 and 2, respectively. The total circulating
intensity I within the cavity is the intensity propagating to the right of and away from mirror 1. We will
also use the conventions in the diagram for the field reflection and transmission coefficients (with primed
coefficients for the reverses of the directions indicated).

A

mirror 1 mirror 2

The circulating intensity is related to the intensity of the initial wave before the resonant buildup by
Eq. (7.19):

Imax

I= 5 ,
2 a
1+ (f) sin? (22
T FSR
where again Inax = In/(1 — \/Ps)z. In terms of the field reflection coefficients from the inside of the cavity,

P, =rrd.
The output (transmitted) intensity is related to the intracavity intensity by

(7.43)

Loue = |t2]?1, (7.44)
while the initial intensity Iy is similarly related to the input intensity:
Iy = |t))* Iin. (7.45)

Thus we can define the cavity intensity transmission coefficient T.., by

1 1 T
Tcav - out _ |t/1t2|27 _ cav,max

Iin Iy 2.7 \2 %
1+ () sin? (—)
T FSR

(cavity intensity transmission coefficient) (7.46)

)

2A finesse of 1.9 x 10% was reported by G. Rempe, R. J. Thompson, H. J. Kimble, and R. Lalezari, ‘“Measurement of ultralow
losses in an optical interferometer,” Optics Letters 17, 363 (1992).
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where
T (7.47)
(1 —ry7r9)2 (maximum cavity transmission)

Tcav,max =

is the maximum fraction of the input intensity that the cavity can transmit. So here’s the statement that
we started with: if the two mirrors are identical, then r; = ro =: r and t; = t5 =: t. Then the maximum
cavity transmission becomes
t't|?
Tcav,max = (71 |_ 12)2 . (748)

But one of the Stokes relations, Eq. (5.17), states that 't = 1 — 72, so for two identical mirrors,

Tcav,max =1.
(maximum cavity transmission, identical mirrors) (7.49)
Thus, when the two mirrors are identical, a resonant Fabry-Perot cavity transmits all the input light, inde-
pendent of the reflectivity of the mirrors, at least in steady state after the circulating field builds up.

7.3.1 Reflected Intensity

So what happened to the input light that supposedly reflects off of the input mirror? It must work out that
it disappears via destructive interference, and we can now show this explicitly. Part of the intracavity wave
transmits through the front mirror as well. From the way we defined I, the part transmitted through the
front mirror is also reduced by the reflection coefficient of the second mirror:

[ra?[1 — rf?

I 7.50
i (720

Lot (front) — |t1|2|1“2|2[ =

Again, we used the Stokes relation t't = 1 — r? to arrive at the last expression. In the case of identical
mirrors, then,

r|?|1 — r2)?
Tout (front) — |||t,|2|17 (751)
and on resonance, I = L. = Ip/(1 — %), so
r? 5
Tout (front) = WIO =7r"lin. (752)

This is exactly the same intensity as the part of the input beam that reflects off the first mirror. But in
terms of the field, there is a m phase shift of the reflected beam compared to the transmitted beam, due to
the other Stokes relation " = —r. Thus, these two beams destructively interfere in steady state. That’s how
all the power can transmit through the resonant cavity and allow for energy conservation in steady state.

7.3.2 Intracavity Buildup

Notice that these effects require that on resonance, the cavity circulating intensity must be much larger than
the input or output intensity in the regime of large finesse. This is most easily seen from Eq. (7.35), which
we can rewrite as 7
-
£~ (7.53)
Tyt 2T
Thus, we can conveniently identify .7 /27 (actually, the correct factor will be .# /, as we discuss below) as a
“buildup factor,” since light entering a resonant cavity makes this many round trips inside the cavity before
leaving it. We can also see this directly from the intensities, since the output intensity for a symmetric cavity
is related to the circulating intensity by Ious = [t|?] = |t|*Imax. From energy conservation, the reflected and
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transmitted intensities of a mirror must add to the original intensity, so |t|> = 1 — R, where R is the intensity
reflection coefficient for the mirror, and 1 — R =1 — y/F; for a symmetric cavity. Hence,

Iout
Imax - T == 7.54
- VE (7.54)
so that
1 &7 _F (7.55)
max T fout T T Tin (symmetric cavity buildup)

in the limit of large finesse. Note that this differs from the photon-lifetime estimate by a factor of 2, because
the loss for a resonant, symmetric cavity only occurs due to the output mirror (recall that the output
through the input mirror destructively interferes with the reflected input light). Also we used that Iy, = Iout
for a symmetric cavity, so the cavity circulating intensity is a factor of % /m larger than the input in the
good-cavity limit.

For an asymmetric cavity, we can combine Egs. (7.28) and (7.45) to obtain

Imax ___I6I” (7.56)
In  (1—+/P)?’ ’
and again, in the limit where Eq. (7.34) applies,
Imax |th|2.72 (7.57)
I, = w2 (asymmetric cavity buildup)
so the buildup factor is slightly more complicated in this case. For a symmetric cavity, again
hPP=1-R=1- P~ (7.58)

S y k)
so that we recover the symmetric-cavity expression (7.55).

Note that the way we defined the circulating intensity I, this is only the intensity of the rightward-
propagating field in the cavity. But the field inside a linear cavity, as pictured at the beginning of this
chapter, is a superposition of left- and right-going waves and thus a standing wave. That is, a field probe
placed in the cavity would see more than I. The intensity I does, however, properly represent the circulating
field in a ring cavity, where the intensity only circulates in one direction.

For the linear cavity, the left-going wave is reduced in amplitude because of reflection from the right-
hand (output) mirror. In the good-cavity limit, this reduction is small, and the total field is an interference
pattern of left- and right- going waves, each of intensity I—a standing-wave pattern. The total intracavity
intensity I.,, for a linear cavity is thus

. 12
Loy (2) = |VIe? — VIe 2| = 2I[1 — cos(2kz)] = 41 sin?(kz).

(circulating intensity inside linear, planar cavity) (7.59)
Thus, the cavity intensity is a sinusoidal pattern with maximum intensity 41 ~ 2.% /7 and period /2. Recall
that for consistency with the boundaries that the field must vanish at z = 0 and d, so we chose the proper
phase of the left-going field.

7.4 Optical Spectrum Analyzer

In the good-cavity regime, a Fabry—Perot cavity transmits light only at well-defined frequencies. Thus the
Fabry—Perot cavity is extremely useful in the laboratory as an optical spectrum analyzer—a device that
can measure the spectrum of a input light source. The width dvpwuy is the resolution of the analyzer, since
it cannot distinguish frequencies within this narrow range. We now also see the reason for the terminology
free spectral range for the spacing between cavity resonances, since this is the longest range in frequency that
the cavity can measure without repetition or ‘“wrapping’’ of the spectrum.
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Very often, a Fabry—Perot spectrum analyzer can be scanned or tuned by changing the cavity length
d. This can be accomplished by mounting one of the mirrors on a piezoelectric stack. If the length cavity is
changed by an amount dd, the corresponding change in the resonance frequencies is given by

qc gc _ qedd od
= Sdtod) 2a” 2 T Via (7.60)
where we have expanded to lowest order in dd. Note that by a similar argument, the free spectral range
changes by the much smaller amount [—(Fsr)dd/d], so the change in free spectral range is a second-order
effect (a factor of ~ 105 smaller for typical optical cavities).
In general, it is very useful to note that small changes in any cavity parameter translates into linear
changes in other parameters,
oA, od Oy

—x Ay ——2

_ (7.61)
A d vy, kg’ (shifts in cavity parameters)

at least to lowest order in the perturbation. These relations follow from the fact that these quantities are
all proportional or inversely proportional. Most useful spectrum-analyzer-type problems can be solved with
similar relations.

This is what a Fabry—Perot optical spectrum analyzer looks like in the laboratory. This is actually a
confocal cavity, which we’ll get to later, so the parameters work out a little differently than for the planar
cavity. The cavity length is d = 5 cm giving FSR = 1.5 GHz. The mirrors are coated for 99.2% reflectivity,
so that .# = 200.

Here is the same cavity disassembled. On the left you can see one of the mirrors mounted on a threaded
barrel. The barrel is used to adjust the cavity length to match precisely the mirror curvatures. The other
mirror is attached to the right-hand side of the main body on a tubular piezo stack, which gives a total
displacement of ~1 pum for a 0-15 V control signal. The mirror cover on the right contains a photodiode to
monitor the transmitted light.



126 CHAPTER 7. FABRY—PEROT CAVITIES

7.5 Spherical-Mirror Cavities: Gaussian Modes

In the more general case that we analyzed in ray optics, resonators are composed of spherical mirrors. Plane
waves are no longer compatible with the mirrors. Instead, we must turn to Gaussian beams. As in the planar
case, the waves must vanish at the mirror boundary. Because Gaussian beams have spherical wave fronts,
they are a natural choice for cavity modes that match the spherical boundary conditions.

Consider the spherical-mirror cavity shown here. We will try to ““fit”” a Gaussian beam to it.

1, focus R,
|
|
| ‘ |
‘ >z
2| 2=0 %9
< d >

As usual the Gaussian beam focus occurs at z = 0, and the mirrors of curvature radii Ry and Ry are placed
at z1 and zp, respectively, and they are separated by a total distance d. Thus, the length condition is

zZ9 — 21 = d. (762)
(As drawn in the diagram, z5 > 0 but z; < 0.) Matching the wavefront curvature to the curvature of mirror

1,
2

R(z1)=Ri = Ri=2z+ ’Z—O (7.63)
1
At the second mirror,
2
R(z)=-Ry = —Ro=zm+ «z_o (7.64)
2

Note the difference in minus sign in the two cases, because the ray-optics convention for the mirror radius of
curvature differs from the Gaussian-beam convention for the wave-front curvature R(z): for concave mirrors
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as in the diagram, for example, Ry 2 < 0, but the matching wave-front curvature R(z) Z 0 for z 2 0. These
two relations are also consistent even for convex-concave cavities, since the focus turns out to be outside the
cavity.

These three equations have the solution

o —d(Ra+d)
" Ri+Ry+2d

2= Ry + Ry + 2d

L2 = —d(Rl + d)(Rg + d)(Rl + Ry + d)
0 (R1 + Ry + 2d)?

We have determined the location of z = 0 relative to the mirrors along with zp, so we have completely
determined the Gaussian beam geometry.

7.5.1 Physical Modes

For a physical (bounded) mode, the Rayleigh length 2o must be real. If zy is imaginary, w?(z) becomes
negative at large z, and thus the Gaussian amplitude factor exp[—r?/w?(z)] diverges for large r. Thus, the
physical mode condition is

z¢ > 0. (7.66)

Inserting the expression from Egs. (7.65) and performing much algebra, we find that this condition becomes

d
0<0g192<1, gi2=1+ B (7.67)
1,2
which is just the same as the stability condition from ray optics.
7.5.2 Symmetric Cavities
In the special case of a symmetric resonator, —R; = —Rs =: R > 0 (i.e., both mirrors are concave), the

solutions (7.65) simplify greatly. By symmetry we can guess that the focus occurs at the center of the cavity.
Also,

—d
a=g
oy = %l (7.68)
d [2R
The corresponding beam waist at the focus is
Ad 2R
2 _ A% /27t g 7.69
Wy om d ) ( )
and the beam waist at the mirrors is
Ad/m
wity = w?(212) = / (7.70)

() (-2

Note that for zg € R, we must have R > d/2, which is the stability condition of a symmetric cavity.
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7.5.3 Special Cavities

Recall the special resonator casesfrom Section 2.7.3. Let’s look at the symmetric ones again in the context
of Gaussian-beam modes.

Case 1. g1 = g2 = 1 = R; 2 = oo (Planar resonator)

In this case, zp — 00, wyg — 00, and w2 — o0o. This is the plane-wave limit of the Gaussian beam,
so we recover our analysis of the planar cavity.

Case 2. g19 = —1 => Ry 2 = —d/2 (Spherical resonator/symmetrical concentric)

g

Here zp — 0, wg — 0, and w;,2 — oo. This is the spherical-wave limit of the Gaussian-beam mode,
which is what we expect in the limit of a spherical boundary.

Case 3. g1 = 0= R 2 = —d (Confocal resonator)
E - 2
For the confocal resonator, zp = d/2, wg = /Ad/27, and wy o = V2wy. These relations imply
that each mirror is a distance zy from the focus. Alternately, the focal length of both mirrors is

f=—-R/2=d/2 = zp, so the cavity length is 2zy. Again, this is the reason that zy is also called the
confocal parameter.

7.5.4 Resonance Frequencies
Recall from Eq. (6.28) that the total phase of a Gaussian beam is

z r?
é(r,2) = kz — tan™* (Zo> + kQR(z)' (7.71)

We already matched the shape of the phase fronts to the mirrors, so it suffices to consider the on-axis phase
#(0, z). Thus, we will only consider the plane-wave and Gouy phases:

$(0,2) = kz — tan™! (z> . (7.72)

20

The round-trip phase is

Adye = 2[00, 2) — (0, 21)] = 2k (23 — 21) — {tanl (”) — tan~! <Zl)] . (7.73)

20 20

For constructive interference, this phase change must be A¢,; = 27q for some integer ¢. Solving for k and

using zo — 21 = d,
m 1 _ 29 _ 21
kg=—=q+~ [tan ' [ =) —tan™' [ =} |. 74
q dq+ pi [an <z0) an <Zo)} (7.74)
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Rewriting this in terms of frequency using k = 27v/c,

vy = (FSR) {q + % [tanl CZ) ~tan~! (2)} } . (7.75)

Using Egs. (7.65), we can write down a mess of stuff that is difficult to simplify because of the signs of the
factors under the radical signs. Through a rather long sequence of algebraic steps, the contribution of the
Gouy phase reduces to a startlingly simple expression,

1
vy = (FSR) (q + - cos ! ,/glgg> , (7.76)

where again g; 2 = 1+ d/Ry 2. The Gouy-phase term (with the cos™1) is again a geometry-dependent term
that is independent of ¢. Since ¢ is very large at optical frequencies, this terms leads to an overall shift of the
spectrum that is small compared to the optical frequency v,. However, the frequency shift is not necessarily
small on the scale of the free spectral range. The shift vanishes for in the planar and spherical-concentric
cavities, but for the confocal limit, the Gouy frequency shift is exactly half of the free spectral range.

7.5.5 Algebraic Digression

How does one go from Eq. (7.75) to Eq. (7.76)? A (very) brief outline of the algebra is as follows. First,
write the beam-parameter solutions of Egs. (7.65) in terms of the stability parameters, with the result

2 —g(l—g1)
d  g1+92— 29192
2_ 9l-g) (7.77)

d g1+ 92— 2019
25 9192(1 — g1g2)

> (91 +92 —20192)%

In terms of these parameters, the signs are easier to handle since gygo > 0 for a stable cavity. Then it is
relatively easy to show that

2
cos {tam1 <Z> —tan~! (Zl>] = Vi 2t 7 = V39192 (7.78)

20 2 +27) (25 + 23)

after a bit of algebraic manipulation.

7.6 Spherical-Mirror Cavities: Hermite—-Gaussian Modes

The same idea applies to the higher-order TEM, ,, modes of the cavities, since the wave fronts off all the
higher-order modes are essentially the same as for the Gaussian. The main difference is that the Gouy term
in the on-axis phase becomes

H1.m(0,2) = kz — (1 +1+m)tan* <ZZO> (7.79)

for the TEM; ,, mode, as we can see by examination of Eq. (6.74). Repeating the above argument shows
that only the Gouy term is modified, so that

1
Vim,q = (FSR) |q + ;(1 +14m)cos™! [i,/glgg]] , (7.80)

where the sign of /g1g3 is positive if g1, g2 > 0, while the sign is negative if g;, g2 < 0.> Now the Gouy term
represents a frequency shift that depends on the cavity geometry and the order of the Hermite-Gaussian

3Anthony E. Siegman, Lasers (University Science Books, 1986) (ISBN: )0935702113 Section 19.3, p. 761.
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mode. Thus, the cavity modes must be labeled by three indices as shown. The terminology is that modes
corresponding to different ¢ values are the longitudinal modes, which are similar in structure to the
plane-wave resonances. The modes corresponding to different values of [ and m are the different transverse
modes, since they have different transverse intensity patterns. Note that there are a number of degeneracies
among the modes due to the axial symmetry of the resonator.

7.6.1 Confocal Cavity

Why was the laboratory cavity in the photographs (see p. 125) a confocal cavity? It would seem that a cavity
with spherical mirrors would have a more complicated mode structure than the planar cavity and thus more
difficult to use as an optical spectrum analyzer. As it turns out, though, the mode structure is simple for
this case as well. For a symmetric confocal cavity, d = —R; = —R3, so g1 = g2 = 0. Then g1¢9o = 0, and
since cos~1(0) = 7/2, the mode frequencies become

1
VI, m,q (confocal) = (FSR) q+ 5(1 +1+ m) . (781)

We can write this in terms of an effective index s as

Vs (confocal) = (FSRconfocal)Sa (782)

where s = 2q + 1 + [ + m is a positive integer, and

FSR Cc Co

FSRconfocal *= —5—

is an effective free-spectral range for the confocal cavity. Thus, we recover the spectrum for a planar cavity,
but with a length of 2d. Recall the typical trajectory of the confocal cavity that makes 4 passes per round
trip.

That’s why the cavity is effectively twice as long as for the planar cavity; the off-axis modes travel twice as
far before repeating themselves. And that’s why laboratory spectrum analyzers are often confocal cavities:
the modes are degenerate, in the sense that they all fall into two series of frequency resonances, according
to whether s is even or odd (for example, vy 4 = V1.1,g—1, but there is no equivalent frequency of the form
V1,0, for any ¢').

Notice, however, that this argument only works if several transverse modes are excited by the input
source. If only the TEMj o mode is present, then the free spectral range is back to the old value. That’s
because longitudinal modes are still spaced by FSR, not FSReonfocal- Lhe effective confocal free-spectral range
only works if modes operate in the ring-trajectory manner shown. Thus, in the laboratory, the input beam
to a confocal resonator is usually slightly misaligned to ensure that the ‘“‘in-between’” modes are populated as
well, so the relevant free spectral range is FSReonfocal- A confocal cavity operated in this manner is said to be
operated in ‘“‘ring mode.” Notice also that the finesse effectively changes, since the line width is unaffected
but the free spectral range is different. Thus,

FSRconfocal F
7 _ _ 7.84
confocal 5VFWHM 9 ( )

for a confocal cavity in ring mode.
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7.7 EXxercises

Problem 7.1
Consider a cavity constructed from two planar mirrors separated by 1 cm.
(a) What is the free spectral range if the cavity is completely empty?

(b) What is the free spectral range if the cavity is otherwise empty but a 1 mm glass plate (n = 1.5)
is placed in the cavity? Ignore any reflections from the surfaces of the glass plate.

Problem 7.2

Consider a ring resonator consisting of three planar mirrors, arranged at the vertices of an equilateral
triangle of side length d as shown in the diagram.

(a) What is the free spectral range of the cavity?

(b) Suppose that the top mirror is moved vertically as shown in the diagram. If the cavity is resonant
with light of wavelength A, by how much should the mirror move to go through one complete interference
fringe?

Problem 7.3

One method for boosting the intensity of continuous-wave (cw) light is to use a cavity dumper, which
is a ring cavity with an optical switch as shown.

opticalx*

switch
The cavity dumper operates as follows: the input light is turned on, and the circulating light builds
up in the cavity to a large intensity. Then the optical switch is activated, deflecting the circulating
intensity out of the cavity.

(a) What are the round-trip time and free spectral range? Assume the beam path is a rectangle of
dimensions 12 x 20 cm. Also model the optical switch as a block of glass (n = 1.5) of length 2 cm.

(b) What are the survival probability, finesse, and photon lifetime of the cavity? Assume an intensity
reflection coefficient of 99.8% for all the mirrors and an intensity loss of 0.2% per pass due to the
switch.
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(¢) Suppose the input power is 1 W and that the circulating power is allowed to build up to its
steady-state value. What are the duration and power of the output pulse when the switch is activated?
Assume the switch couples all the light out of the cavity.

(d) What is the maximum repetition rate of the cavity dumper if a 50 W output pulse is desired?

Problem 7.4

Consider a symmetric confocal optical spectrum analyzer operating at a nominal wavelength of 780 nm.
The nominal cavity length is 5 cm, which can be changed precisely (on a sub-\ scale) using a piezo
stack attached to one of the mirrors. The cavity transmission is monitored as the cavity length d is
scanned.

(a) Here is a measured transmission spectrum,

| |

I a I

/ /

e N e S e e
Ad (arb. units)

cavity transmission (arb. units)
{\HH\\\‘\H\\\\H‘\\\\HH\‘\HHHH‘HHHH\

and this is the same set of data but with the horizontal axis zoomed by a factor of 20:

cavity transmission (arb. units)

RS W W N WA WA P II O

Ad (arb. units, 20X zoom)

Compute the finesse and resolution dvpwuy of the cavity, keeping in mind that this cavity is confocal.
(Note: in the first scan, the distances between the peaks are slightly different due to the nonlinearity
of the piezo stack displacement with voltage; it is best to average the two distances to get an accurate
value.)
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(b) The cavity length is changed by a relatively large amount (compared to A, say by a threaded barrel
adjuster, such that the cavity is slightly longer than required to be confocal. The measured spectrum
now looks more complicated:

cavity transmission (arb. units)

M W | !

=
a

W

LM M}M

u

: ‘M

‘\gu\u\uuu\u\u\u\u\\uu\uuhuuuu

Ad (arb. units)

The same data zoomed in by a horizontal factor of 10 shows a structure of many peaks for each

longitudinal mode:

cavity transmission (arb. units)

u\/muu\uu\u\\Mu\u\u\uuuu\huuuu

Ad (arb. units, 10x zoom)

Note that the horizontal units here do not correspond to the plots in (a). From the data here, estimate
the new cavity length by using the cavity line splittings to calculate the new stability parameter.

Hint 1: The cavity no longer satisfies the confocal condition, so don’t treat is as a confocal cavity.
Note that the spectrum almost repeats after some distance and then really repeats after that.

Hint 2: You should calculate the new cavity length by understanding the above spectrum. However, as
a sanity check, this new spectrum was taken when the threaded barrel that sets the overall cavity length
was rotated by about 1% turns. The barrel was machined with a nominal pitch of 40 threads/inch.

Problem 7.5

One limitation to the finesse of a Fabry—Perot cavity is the surface roughness of the mirrors.

As a

simple estimate of this effect, consider a planar resonator of length dy with perfectly reflective mirrors.
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(a) Recall the normalized form of the normal (Gaussian) distribution with zero mean,
1 x?
T,0) = exp | ——— . 7.85
i) = oo (< ) (7.9
Here, o is the standard deviation or root-mean-square (rms) deviation. Compute the full width at half
maximum 0Zpwuy Of this distribution in terms of o.
(b) Model the effective cavity length as d = do+3d; +dda, where the dd; o are the (small) deviations due
to mirror roughness. Assume that these are uncorrelated random variables over the mirror surfaces.
Also assume that they are normally distributed with (dd; ) = 0 and (dd7,) = €* (i.e., the rms
roughness is ¢), where the angle brackets denote an average over the mirror surfaces. Show that the
effective cavity finesse is
A
F = 7.86
8/log2e ( )
due to the surface roughness.
(c) A typical rms surface roughness for a laser-grade mirror substrate is 3 A, while a typical roughness
for a superpolished mirror substrate is 0.5 A. Assuming that the reflective coating of the mirror has the
same roughness as the substrate, compute the roughness-limited finesse for each case at A = 780 nm.
Problem 7.6
Show that if
1 _1 [ %2 _1{ *~
v, = (FSR + — |tan — | —tan — . 7.87
o= (es) {q+ & Jeant (2) - (7.87)
is the resonance frequency for a Gaussian mode of a stable, spherical-mirror cavity, then the following
expression is equivalent:
1
vy = (FSR) (q + - cos ™! 1/glg2> . (7.88)
Problem 7.7

Consider a planar cavity of nominal length d = 1 cm. The cavity is resonant with light of A =1 pm.
(a) Compute the ratio Q)/.# for this cavity at this wavelength.

(b) Suppose that you change the wavelength by A\ before you find the next cavity resonance. What
is AN?

(¢) Suppose that the mirrors have very high reflectivity, so that the cavity is “good.” State whether the
following quantities would be larger, smaller, or the same as for a ‘“bad” cavity of the same geometry:
survival probability

Q factor

finesse

round-trip time

free spectral range

resonance width (0Vpwiy)

NS ok W

photon lifetime

Problem 7.8

A laser of nominal wavelength A = 1 um emits at two slightly different wavelengths, where the difference
is AX < A. The transmission of the laser light through a Fabry—Perot spectrum analyzer of nominal
length d = 5 cm is observed as the analyzer’s length is scanned.
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(a) The transmission of the analyzer is observed to be periodic in the analyzer length with period Ad.
What is Ad?

(b) Suppose that the analyzer is set so that one wavelength component of the laser is maximally
transmitted. You observe that when the analyzer’s length is changed by Ad/10, the other laser
wavelength is maximally transmitted. What is A\?

(¢) The laser itself consists of a Fabry—Perot cavity filled with gas (n a~ 1). Suppose that the two
output wavelengths correspond to two adjacent resonances of the laser cavity. What is the length of
the laser cavity, assuming it is longer than the analyzer?

Problem 7.9

A laser of nominal wavelength A = 2007 nm is on resonance with a Fabry—Perot spectrum analyzer
of nominal length d = 10 cm. Suppose that the two mirrors are identical, with intensity reflection
coefficients R = 99%.

(a) By how much must you increase d so that the laser excites the next cavity resonance?
(b) By how much must the laser wavelength increase to go from one resonance to the next?
(¢) By how much must the laser frequency change to go from one resonance to the next?

(d) Suppose again that the laser is tuned to the analyzer’s resonance, where the analyzer is initially
evacuated. Now suppose the analyzer is filled with a gas of refractive index n, and over the course

of the filling, the laser ends up again on resonance, but two resonances away from the starting point.
What is n?

(e) Going back to the initial setup, what fraction of the intensity transmits through the analyzer (on
resonance)? By how much must the analyzer length change so that the transmitted intensity drops to
half this value?

Problem 7.10

We showed [Eq. (7.29)] that the mean number of round trips that a photon survives in a resonator is

(n) = . (7.89)

Derive an expression for the variance An? :=((n —(n)
Hint: try working with (n(n + 1)).

Problem 7.11

All parts of this problem refer to the resonator below, consisting of three flat mirrors, and a beam path
that forms an equilateral triangle, where each side has length d. Each leg of the path has a thin lens
of focal length f, centered between the two mirrors; each leg of the resonator is identical to the others.
Assume the optics are surrounded by vacuum.
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(a) For what range of f is the resonator stable?

(b) For any resonant mode of wavelength A, by how much must d change to go from one resonance to
the next?

(¢) Consider the TEMg ¢ mode of the resonator. Where do the points of minimum beam size (e.g.,
diameter) occur? Explain briefly.

(d) Compute the beam-waist parameter wg at the locations in (c).

(e) Suppose each mirror has a reflectance of R, and ignore any absorption losses in the mirrors, and
also ignore any losses due to the lenses. Derive an expression for the steady-state circulating power
inside the cavity, assuming the cavity is on resonance, and given an input power P,,. (Write your
answer in terms of R and P, only.)

(f) Describe quantitatively (in the sense of defining a function you can plot; a plot is also okay if it is
labeled well) the time dependence of the output-beam power at the lower-right mirror, given that an
input beam of power P, at the lower-left mirror is turned on suddenly, such that the initial turn-on
transient hits the input mirror at ¢ = 0. Assume the cavity is on resonance, and do not make any
assumptions about whether the cavity is ‘“good” or ‘“bad.”

(g) Suppose the resonator is flooded with a fluid of index npain. Give a new expression for the stability
condition for the resonator, assuming the lenses have a refractive index of njens > Npath-
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Polarization

8.1 Vector Plane Waves

Recall that a plane wave in complex notation has the form
EM) (r) = B{M et (8.1)
where the vector amplitude has only transverse components:
EyY = BV + By, (8.2)
The corresponding physical field, with the explicit time dependence, is
E(r,t) = E®)(r,t) + c.c. = EéJr)ei(kz_Wt) +c.c. (8.3)

The polarization of the wave is related to the direction of E(()+). However, this direction is time dependent,

so we need to work out some details before defining particular polarization states.

8.2 Polarization Ellipse

9

We will now examine the ‘“trajectory” of the electric-field vector. Writing out the explicit phases of the

components,
+ )| it
e 8.4
EOy = ‘EOU |el¢y’
we can write the real field as
E(r,t) = Ey(r, 1) + Ey(r, )7, (8.5)
where
E, = Ey, cos(kz — wt + ¢y) (8.6)

E, = Ey, cos(kz — wt + ¢y).

Recall that for consistency among the real and complex notations, Ey, = 2|E(()_;)| and Eyy = 2|E(g;)|. These
equations are the parametric equations for a general ellipse. With a bit of algebra it is possible to expand the
cosines using the sum-angle formula and then eliminate the explicit time dependence to obtain the equation

for an ellipse,
E.\> [ E,\’ E.E, . (8.7)
(EOz) + (Eoy> -2 (EOzEOy> c0s ¢ = sin” ¢, (polarization ellipse)
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where ¢ := ¢, — ¢, is the relative phase between the components. This form isn’t completely transparent,
but it turns out that this is the relation for a ellipse rotated by an angle o, where

2FE 3 Eoy cos ¢ (8.8)

tan 2o = EZ —E 02y " (rotation angle of polarization ellipse)

In the special case a = 0, we recover the usual form for the unrotated ellipse,

(B (8) -

of width 2Fy, and height 2Ey,.

8.2.1 Simple Cases
We will now consider a few of the simplest polarizations, corresponding to special values of ¢, F, and E,,.

1. In-phase components (¢ = 0). In this case, Eq. (8.7) reduces to

o) () 2 (Ex)
() o v_) =y, 8.10
(EOI ) EOy EOz EOy ( )
which is equivalent to
E, E
=Y, (8.11)
EOa: EOy

Thus, the electric-field vector remains on a straight line in the E,-F, plane (say, at z = 0) at an angle
«a from the E,-axis, where

Eoy
t = — 8.12
an o o, (8.12)
Eyu
a .
EJT

Thus, this is the case of linear polarization. In the full three-dimensional space, the electric-field
vector traces out a sinusoidal waveform, always staying within a single plane:
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In general, the polarization is linear if ¢ = 0 or =, or if either of Ey, or Ejy, are zero (in which case ¢
may as well be zero).

2. Equal-magnitude components in quadrature (¢ = 7/2, Ey, = Ey, =: Ey). In this case, Eq. (8.7)
for the polarization ellipse reduces to
E?+E} =Eg, (8.13)

the equation for a circle of radius Fy. We can work out the direction of the time-dependent motion of
the vector as follows: At z = 0, the z-component has the form cos(7/2 — wt), while the z-component
has the form cos(—wt); at t = 0, (z,y) = (0,1), which changes to (1,0) at ¢t = T'/4, where T = 27 /w
is the optical period. Thus, we see that the electric-field vector traces out a circle in the F,-E, plane
in the clockwise direction, viewed such that the propagation direction is out of the page (i.e., along the
+2z-direction):

E, 4

dhY
NS

z =

By convention, this polarization is called right-circular polarization (RCP). In three-dimensional
space, the electric-field vector traces out a right-handed corkscrew, hence the name (curl your fingers in
the direction of the electric-field trajectory, and your thumb points along the direction of propagation.

Note that in this picture, the wave propagates to the right.

3. Equal-magnitude components in opposite quadrature (¢ = —7/2, Ey, = Ey, =: Ep). This
case is the same as for RCP light, but the electric-field vector travels counterclockwise:

A
E?/

dhY
s
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Thus, this is left-circular polarization (LCP). In three-dimensional space, the electric-field vector
traces out a left-handed corkscrew.

One important point to note from this analysis: the only difference between linear, RCP, and LCP light is
the relative phase between the two component, at least in the proper coordinate system.

In the general case, as we noted before, the electric-field vector traces out some ellipse in the E,-E,
plane, representing an elliptical polarization somewhere between linear and circular.

8.3 Polarization States: Jones Vectors

To make the notation more explicit, we can write out the electric-field vector E((JH as an explicit two-

component vector:

EX _ Oz (8.14)
v = @) ‘ (Jones vector)
Ey,

A Jones vector is simply this explicit two-component form. Thus, a Jones vector models the polarization
state of an electromagnetic wave. Often to represent different polarizations the Jones vectors are written in

normalized form, such that
2 2
B+ B =1, (8.15)

and so that the overall field is written as a separate factor—for polarization purposes, we only care about
the magnitudes and phases of the two components relative to each other.
Thus, the some of the basic Jones vectors are as follows:

1. linear polarization (along the z-direction):

| — |
o
_
A
A 4
N4
8
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2. linear polarization (angle «):

sin o

[oma ] A,

3. right-circular polarization (RCP):

YA
1 1
V2 | —q T
4. left-circular polarization (LCP):
YA

Notice that the 90° phase shift for the circular polarizations are represented by the complex phase difference
between the two components. Also, all of these vectors can have an extra overall phase, which doesn’t
amount to anything—it’s like a translation in time but it doesn’t affect the geometry of the way. Not unless,
that is, there is interference, in which case the phase is relative to some other phase.

8.3.1 Vector Properties

Being vectors, Jones vectors inherit all the usual properties we associate with general vectors. We will just
reiterate two of the more useful ones here.
Two Jones vectors are orthogonal if their inner product vanishes:

O\ g _ g g _ (8.16)
(EOl ) “Eoo" = Eoy " - B " = 0. (orthogonality condition)
Note that since these are complex-valued vectors, the inner product involves complex conjugation of the first
vector before the usual dot product.

Thus, by this definition, linear-x and linear-y polarizations are orthogonal, and LCP and RCP are also
orthogonal.
Jones vectors also have a magnitude given by

+

As we mentioned above, a Jones vector is normalized if its magnitude is unity.

2 2
+|ES] (8.17)
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8.4 Polarization Devices: Jones Matrices

A polarization device is some optical element or system that transforms the polarization state of an optical
field. Since we are representing the state of the field by a Jones vector, the most general linear transformation
of the polarization state is a 2 x 2 matrix. Thus, we can model any linear polarization device by a 2 x 2
matrix. Such a matrix is called a Jones matrix. Mathematically,

o (Jones-matrix transformation)

where T is the Jones matrix modeling the system, E(()T) is the input field, and E((g) is the output field.

8.4.1 Linear Polarizer

A linear polarizer (usually referred to simply as a “‘polarizer”) is a device that selectively annihilates the
electric field along one direction. The corresponding Jones matrix for a polarizer that blocks the y-component
of the field is

T — 1 0 (8.19)
10 0] (linear polarizer along x)
which induces the transformation
+ +
Eg) o
N . (8.20)
EgY 0

Thus, independent of the initial state of the field, the final state is linear-z. Thus, this is a polarizer with its
transmission axis along the z-direction. Obviously, the Jones matrix for a polarizer that transmits along
the y-axis is

|00 (8.21)
10 1 (linear polarizer along y)

8.4.2 Wave Retarder

A wave retarder is a device that adds a phase shift to one component of the field. The Jones matrix for a
wave retarder that retards the phase of the y-direction by A¢ is

T 1 0 (8.22)
=l o eide |- (wave retarder along y)

This is a retardation of phase in time, since our phase convention here is exp(—iwt) for the time dependence.
For this retarder, the z-axis is the ‘‘fast axis,” and the y-axis is the ‘‘slow axis.”
Let’s look at two special cases more closely.

Ap=7/2 — ‘“quarter-wave plate” (\/4-plate) (8.23)
Ap=7m — “half-wave plate” (A\/2-plate) (special wave retarders)

These two cases are especially important in the optics laboratory.
The quarter-wave plate induces the transformation

1)-[)

7
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and thus converts linear polarization (with the right orientation) to LCP (or RCP). This is one common
laboratory method for producing circular polarization.
The half-wave plate induces the transformation

H]-[4)

and thus rotates linearly polarized light by 90°, at least if it has the right initial orientation (of 45° from the
slow axis). More generally, the half-wave plate flips the polarization about the fast (z) axis.

Now we can visualize how a wave retarder changes the polarization state of light. The wave propagation
is to the right (along +z); the z-direction is vertical, and the y-direction is horizontal. The initial polarization
state is linear at 45°, with Jones vector

1 1
1) o0

The wave is shown as the dark wave, and the z- and y- components are shown in a lighter color. As the
y-component is retarded, the polarization changes to LCP (A/4 retardation) to linear with a 90° rotation
(A/2 retardation), to RCP (3\/4 retardation), and finally back to the original state (A retardation).

0 retardation (A¢ = 0) A/8 retardation (A¢ = 7 /4) A/4 retardation (A¢ = 7/2)

3)\/8 retardation (A¢ = 37 /4) /2 retardation (A¢ = ) 5A/8 retardation (A¢ = 5w /4)

3A/4 retardation (A¢ = 37/2) 7A/8 retardation (A¢ = Tm/4) A retardation (A¢ = 2m)

T
,f\\f*" e
;

g

/ S
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The same evolution of the polarization is shown here as an animation in the electronic version of this

document.

8.4.3 Polarization Rotator

The Jones matrix for a polarization rotator with rotation angle 6 is

— { cos —sin@}

sinf cosd

This matrix induces the transformation
cos 01 . cos 05
sin 61 sin 0o
provided 0, = 01 + 6.

8.4.4 Cascaded Systems

(8.27)
(polarization rotator)

(8.28)

Of course, the power of this matrix formalism is that this works for cascaded systems via matrix multiplica-
tion, just like in ray optics (although there are now new matrices). Just as in ray optics, the order of matrix
multiplication is critical: the first polarization device that the field encounters is the rightmost matrix in the

product.

8.5 Coordinate Transformations

Consider a coordinate change from (z,y) coordinates to a new set of coordinates (2/,y’) that are rotated by

an angle 6 with respect to the original coordinates.



http://atomoptics-nas.uoregon.edu/~dsteck/teaching/optics/anim/polariz-movie-loop4.mp4
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oy EYLEY

If E((JH is the electric-field vector in the original coordinates, then the vector Eéﬂ’ in the new coordinates is

given by
(8.29)

(+)r _ (+)
e R (effect of coordinate-system rotation)

Here, R(0) is the rotation matrix, defined by

R(6) ::[ cosf  sinf } (8.30)

—sinf cosf (rotation matrix)

Notice that the rotation of the coordinates by an angle 6 is the same as a rotation of the vector by an angle
(—0), or R(f) = T(—0). This is evident from the drawing, since the Eéﬂ’ vector is closer to the z’-axis
than the Egﬂ vector is to the z-axis. Mathematically, you can see this by comparing the rotation matrix,
Eq. (8.30), to the Jones matrix for the polarization rotator, Eq. (8.28)—that is, the Jones matrix for a
polarization rotator of angle 6 is R(—8).

What about rotations of polarization devices? That is, given a Jones matrix T, what is the Jones

matrix Ty for the same device rotated by an angle #7 The intuitive way to handle this is to consider an

equivalent picture where the field goes through the unrotated device. To compensate, the input field Eéﬂ

should be rotated by an angle (—#), so that the input to the rotated device is R(G)Eéﬂ. After passing
through the device, we should restore things to the original coordinates by undoing the rotation, rotating
the output vector by an angle #. Thus, we have argued that

TyE"Y = R(—0)TR())E{". (8.31)
This should be true for any input polarization, so

(8.32)

To = R(=6)TR(6) (Jones matrix for rotated optical device)

is the transformation law for rotating the polarization device by 6.
We can also derive this transformation more formally. The inner product of two vectors

(5)) B (8.33)
is a scalar, and thus is independent of coordinate rotations. Thus, we can consider the scalar quantity
(Eg;))* - (TES). (8.34)
Rotating both the device and the vectors by an angle 6, we have
(RC-0EE) - (TR(-0)E). (8.35)

These combined rotations are equivalent to a coordinate rotation by angle (—6), so the two scalars are the
same. Using the fact that the dot product is a matrix product with a transposition, a-b = a'b, the transpose
property (AB)T = BTAT, and the fact that [R(#)]" = [R(#)]~! = R(—0), we can rewrite the expression
(8.35) as

(Eg;>)* (ROTR(-0E). (8.36)
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For consistency of this expression with (8.34), we must have
T = R(0)TyR(-0), (8.37)

which we can rewrite as

Ty = R(—0)TR(0), (8.38)

which is the same as Eq. (8.32).
As with the polarization vector, the effect of rotating the coordinates is the opposite:

T' = R(0)TR(-0).
(Jones matrix after coordinate rotation by 6) (8.39)
Keeping the signs straight is important, but it can be a bit tricky.

8.6 Normal Modes

Polarization devices are represented by matrices, which obviously have eigenvectors and eigenvalues. Recall
that the eigenvectors (eigenpolarizations) are defined by the relation

o @ (8.40)
TE; " = \E; "/, (normal-mode condition)

where A (the eigenvalue) is a constant. There are at most two such vectors for a 2 x 2 matrix that satisfy this
equation, and we can call them Eéf)\)l and EE;;L, for the eigenvectors corresponding to A; and Ag, respectively.
These eigenvectors are called the normal modes of a system.

The normal modes are easy to propagate through the system, since the effect of the Jones matrix is
the same as multiplication by a constant factor. A vector can be decomposed into a superposition of the
eigenvectors, and then easily propagated through the device:

+) _ +) (+) (8.41)
TE; = haaFy 5, +Aa02Fg 5, (propagation via normal modes)

Note that in general, the eigenvalues could have a zero value (e.g., for a polarizer). Polarization devices
can be lossy, so there is no general expression for the determinant of a Jones matrix, in contrast to the ray
matrix case where the Hamiltonian structure ensures a nonvanishing determinant.

8.7 Polarization Materials

8.7.1 Birefringence

Now that we have covered the mathematical formalism of polarization, we will discuss some of the materi-
als used to make polarization devices. One important class of optical materials are birefringent materials,
where the material is anisotropic: the wave sees a different index of refraction for different polarizations. Ma-
terials could be birefringent, for example, due to anisotropic crystal structure or mechanical stress. Another
example of material birefringence is the electro-optic effect, where certain crystals become birefringent
when placed in a dc, uniform electric field. Examples of electro-optic crystals are lithium tantalate (LTA),
potassium dihydrogen phosphate (KDP), potassium dideuterium phosphate (KD*P), and ammonium dihy-
drogen phosphate (ADP).
Consider a wave incident on a birefringent plate as shown.
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Yy nil/

kg

Suppose that n, > n,. Then in the notation above, the y-direction is the ‘‘slow axis,” and the z-direction
is the “‘fast axis.” Then the optical path length for z-polarization is

2mnd
kpd = 212 (8.42)
Ao
and the optical path length for the y-polarization is
2mn,d
kyd = v (8.43)
< )\O

Thus, the relative phase shift between the two components is 2m(n, —ng)d/Ag. So for example, we can make
a A/4-plate by choosing

Y (8.44)
(ny = na)d = 4 (M/4-plate)
This gives a 7/2 phase retarder along the y-direction, with Jones matrix
1 0 1 0
|: 0 ei‘n’/Q :| = |: 0 i :| ) (845)

as we saw above.

On the practical side, making a wave plate based on the criterion (8.44) can lead to impractically
thin—and thus fragile—wave plates (which would only be a few optical wavelengths thick). More common
is a multiple-order wave plate, which adds a large multiple of 27 in phase retardation. Thus, the criterion
becomes something like

B 1 (8.46)
(ny _ na:)d = (m aF 4) Ao, (multiple—order /\/4—p1ate)

for a A/4-plate, where m is an integer that makes the resulting optic ~mm thick. The wave plate repre-
sented by (8.44) is a zero-order wave plate, since it corresponds to m = 0. Multiple-order wave plates
are relatively economical, but they suffer from a problem: wave plates are designed to achieve a certain
retardation at a certain wavelength, but give different retardations at other wavelengths (since d < Ag). The
refractive indices also vary slightly with wavelength, which can further compound the problem. While such
errors may be tolerable for a zero-order wave plate, any such errors are magnified by a factor of order m for
a multiple-order wave plate. Zero-order wave plates are similarly much less sensitive to temperature varia-
tions, which cause the thickness of the plate to change. In practice, zero-order wave plates are constructed
by combining two multiple-order wave plates of order with retardations of (m+1/4)\g and mAg (in the case
of a A/4-plate), with fast axes oriented at 90° with respect to each other. Thus, all the excess retardation
cancels, giving the equivalent of a thin A/4-plate.

8.7.1.1 Multiple Refraction

Birefringent materials also have more complicated behavior for rays at non-normal incidence. The basic
effect is multiple refraction, where different polarizations are refracted differently. Consider a wave with
mixed polarization incident from free space into a birefringent medium.
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= 1 L2 nya n, .
(air) | (birefringent) extraordinary
wave
ordinary
; wave
0,
0;
. Y
mixed
polarization
z x

Let’s define a bit of notation that we will return to when introducing the Fresnel relations. The incident
ray lies in the z-y plane, which we will call the plane of incidence. The polarization that lies inside
the plane of incidence is P-polarization (for “parallel” to the plane of incidence), whereas the orthogonal
polarization, normal to the plane of incidence, is S-polarization (for *senkrecht,” the German word for
“perpendicular”).

The S-polarized component gives rise to the ordinary wave, which sees only the index n, in the
material. Thus, Snell’s law gives
(8.47)

sinf; = n sinf,. . :
v ° (ordinary-wave refraction)

The P-polarizated component gives rise to the extraordinary wave, which is more complicated, because
it sees an angle-dependent index:

n(fe) = ny cosbe + ny sin Ge.
(refractive index for extraordinary wave) (8.48)
Thus, Snell’s law cannot be solved analytically for 6,:

. . 8.49
ailies = pllee) Bt (extraordinary-wave refraétion;
First, this relation leads to a different refraction angle for the extraordinary wave, compared to the ordinary
wave. In some cases, this is a useful effect. For example, the separation of polarizations is useful in con-
structing polarizers (polarizing beam splitters). But multiple refraction is even a bit more subtle. It turns
out that for the extraordinary waves, the geometrical rays are not in general orthogonal to the wave fronts
(hence the name ‘“‘extraordinary”). For this reason, it is even possible to get separation of the polarizations
for normal incidence.
Multiple refraction due to a birefringent calcite crystal is shown here in this photograph.
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8.7.2 Optical Activity

Whereas a birefringent material has different refractive indices for different linear optical polarizations, an
optically active material has different indices for the two circular polarizations. In mathematical notation,
we can denote the two indices by ny and n_ for RCP and LCP light, respectively.

Optical activity is characteristic of media with helical molecules. The helicity of the medium breaks
the symmetry between the two polarizations. Examples of such media include quartz and sugar in the solid
phase, or sugar solution and turpentine in the liquid phase. Note that given a material with a particular
helicity, the same material with the opposite helicity exists in principle as well—it would just be the mirror
image of the orginal material. For example, quartz can have ny > n_ or ny < n_, depending on the crystal
structure. Glucose and fructose are two different sugars that give rise to opposite senses of optical activity.

One other important manifestation of optical activity is the Faraday effect. Some crystals, such as
YIG (yttrium-indium-garnet), exhibit optical activity when they are placed in a uniform magnetic field.

Optical activity causes optical rotation of input linear polarization. To see this, note that linearly
polarized light (say, linear-z) is a linear combination of RCP and LCP:

Efﬂi:[é]=;“]+;{ji] (8.50)

After passing through an optically active medium of thickness d, the Jones vector becomes

1717, 117,
Eg;gt—Q{i}ez¢++2[_i]ew, (8.51)

where ¢4 = kyd = 2mnyd/Ng. We can rewrite this in the form

(+) _ _igo | COSQ

EO,out =e€ |: sinqS :| ’ (852)
where ¢ = (¢p— — ¢4)/2 and ¢9 = (¢p— + ¢4)/2. Thus, linear polarization is rotated by the angle ¢. It is
more useful to specify a rotation per unit length,

d¢ _ m(n- —ny) (8.53)
dz Ao ' (polarization rotation per unit length)
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For the Faraday effect, it is conventional to specify the rotation per unit length as

do _ (8.54)
dz VB, (Faraday effect)

where the constant V' is the Verdet constant. The rotation is typically proportional to the magnetic field
in regimes of interest for laboratory polarization rotators.
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8.8 Exercises

Problem 8.1

Write down the Jones matrix for an ideal polarizer that transmits z-polarized light. A realistic polarizer
along the z-direction blocks some fraction « (of the electric field) of the x polarization, and transmits
some fraction § of the y polarization. (Both « and § should be small for a decent polarizer.) Write
down the Jones matrix for this realistic polarizer.

Problem 8.2

(a) Consider a linear polarizer and a wave linearly polarized at an angle 6 with respect to the polarizer’s
transmission axis. Show that the intensity of the wave is reduced by cos? @ after passing through the
polarizer (this is called the Law of Malus).

(b) Consider a system of N cascaded polarizers. The polarizers have their transmission axes at angles
w/2N,27w/2N,37 /2N, ..., 7m/2 from the z-axis, in the order that an input wave sees them. That is,
the last polarizer is oriented along the y-direction. Suppose that an input wave is polarized in the
z-direction. Compute the intensity transmission coefficient for the system. Show that the transmission
coeflicient approaches unity as N — oo. This is a simple realization of the quantum Zeno effect,
where each polarizer acts as a ‘“‘measurement’’ of the polarization state—the polarization is ‘“‘dragged”
by the measurements as long as they are sufficiently frequent.

Problem 8.3

One important optical polarization system is the optical isolator, which prevents laser light from being
reflected back into the laser (which could cause instability or even damage). An optical isolator typically
consists of a polarizer (say, along ), followed by a 45° polarization rotator, followed by a polarizer at
45°. Note that if T is the Jones matrix for an optic, the Jones matrix for the optic rotated by an angle
0 is Tp = R(—0) T R(#), where R(f) is the rotation matrix.

(a) Derive the Jones matrices for forward and backward propagation through the isolator. Assume
ideal polarizers and note that the rotator produces the same rotation independent of the light’s direc-
tion. Show that z-polarized light passes forward through the system unattenuated, but that any light
traveling backwards through the isolator will be completely extinguished. (Realistic isolators attenuate
the reverse beam by about 40 dB.)

(b) A cheaper isolator is a polarizer (say, along ) followed by a quarter-wave retarder oriented at 45°.
Show that if a laser passes through this isolator, the isolator will block any light returning from a direct
mirror reflection, but will not block arbitrary return polarizations.

Problem 8.4

A beam of light can be described by its position and direction as a geometrical ray as well as by its
polarization Jones vector. Suppose the position/direction vector and polarization vector transform

respectively according to
o R A R e 31 s E el B Dl R 3 vy
0 01 C¢ D 0 |’ Ayo Ay ¢ D Aya |7
(8.55)

Write down an expression for the matrix that models both aspects of the optical system; that is, the
matrix that gives the transformation

Y2 U1
02 _ 01
Ay | = Ar | (8.56)

Ay,2 Ay,l
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Problem 8.5

One method of Q-switching a laser is to include a polarizer and a switchable retarder (Pockels cell)
oriented at 45° in the cavity. If we ignore losses other than due to the polarization rotation, the cavity
finesse is unchanged. To “Q-spoil’”’ the cavity, we can switch on some phase retardation to introduce
extra loss. Calculate the cavity finesse for the ring cavity of Problem 1 without the gain medium, for
retardations of A¢ = 0, A¢ = 7/4, and A¢ = 7/2. (Obviously you should not make any low-loss
approximations here.)

Problem 8.6

Suppose you have a laser beam parallel to the optical table, and the light polarization is perpendicular
to the table. You need light that is polarized parallel to the table. How can you do this with only two
mirrors? (And without turning the laser on its side!)

Problem 8.7

Consider a planar cavity. Suppose that an ideal (linear) polarizer and a polarization rotator (which
rotates the polarization by Af) are placed inside the cavity. Assuming the mirrors are perfect reflectors,
what is the finesse of the cavity?



Chapter 9

Fresnel Relations

9.1 Optical Waves at a Dielectric Interface

One situation where the vector nature of light is crucial is in the reflection and refraction at a dielectric
interface. In Chapter 2, we considered reflection and refraction in ray optics as a consequence of Fermat’s
principle. But that only fixed the reflection and refraction angles. We need wave optics to establish the
amplitude of the reflected and refracted components.

Consider the setup in the diagram. We are assuming a priori that there is an incident, reflected, and
transmitted wave.

We will assume that the waves are monochromatic, so that the three fields have the form

E1(+) —_ E(()'ii‘)eik;-r

E(Y = Bt (9.1)

EEJF) — E(():r)eikt<r’
where the subscripts ““i,”” “r,;”” and ‘‘t”’ refer to the incident, reflected, and transmitted waves, respectively.
Note that we are making some pretty specific assumptions about the field, since we are anticipating the
result. We can make whatever assumptions we want, so long as the solution turns out to be self-consistent—
the self-consistency justifies the assumptions. The thing to worry about is the generality of the solution, but
we will return to this later.

These three waves are not independent: the electromagnetic boundary conditions at the dielectric
interface impose constraints among the three waves. The electromagnetic boundary conditions are

1. The tangential components (to the dielectric interface) of E and H are continuous across the boundary.
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2. The normal components of D and B are continuous across the boundary.

These boundary conditions follow directly from the Maxwell equations, most straightforwardly in integral
form. It turns out that the first boundary condition is sufficient to completely constrain the fields.

Let’s now apply the boundary conditions. First, we’ll use the fact that E- 2 (the tangential component)
is continuous across the boundary:

(Eg'li‘) . g)eikiysinéi + (E(()-r‘r) . é)eikrysiner _ (E(()-t‘r) . é)eiktysinet' (9'2)

The left-hand side is the sum of the incident and reflected waves, while the right-hand side is the transmitted
wave. We have defined our coordinate system such that the interface is located at = = 0.

For this to be true for all y, the exponents must all be identically equal: the phases of the waves must
agree everywhere along the boundary. For the phases of the incident and reflected waves to be equal, we
require

kisin6; = k. sin6,. (9.3)

But k; = k,, since both waves see the same refractive index, and k = nkg, where kg is the vacuum wave
number. Thus, we recover the law of reflection:

0 —0 (9.4)
e (Law of Reflection)

Equating the incident and transmitted phases,
ki sin 6; = k¢ sin 6;. (9.5)

This simplifies to give Snell’s Law.
(9.6)

n1 sin 0; = ng sin ;. (Snell’s Law)

Thus, we have recovered everything that we derived from ray optics. The geometrical properties of reflection
and refraction are purely a consequence of the wave geometry.
Now to consider the amplitudes. The continuity of the electric field becomes

Eq + By =By, (9.7)
because the electric fields lie entirely along the z-direction. We can rewrite this relation as

B 4 g
o e g, (9.8)
EOt

which will be more convenient for later manipulations.
The continuity of H is only slightly more complicated. The tangential component is the component in
the y-direction, so the continuity condition becomes
+) - +) +)

Hi g+ HE g =HG g, (9.9)
where we have already used the equality of the phases. Using the fact that the magnetic and electric fields
are related by Hy = Ey/n = nEy/no, where n is the wave impedance and 7y is the vacuum wave impedance,
this boundary condition becomes

_miolcosei_’_nliorcoser = —n270t COSet. (9]‘0)
o "o "o

Again, we can rewrite this as
B — EGY nycost (9.11)

+ R
E((Jt ) n1 cos b;
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Adding Egs. (9.8) and (9.11),

QE(S:“) B ngcosfy  nycosb; + ngcosby . (9.12)

E((J:‘) o nycosf; n cos b;
Now we can define the field transmission coefficient ¢4 as the ratio of the transmitted to incident field:

+
te = Bo) _  Zmoosh (9.13)
S E&F) n1 cos B; + no cos O

We can rewrite Eq. (9.8) as
+ +
E(gr : — E(gt : _
O

so if we define the field reflection coefficient r¢ as the ratio of the reflected to incident field amplitude,

L (9.14)

E(()j) n1 cos 0; — no cos b

rg i=

= = . 9.15
E(()T) N1 cos B; + no cos O (9.15)

Note that we have assumed a particular input polarization for the light. The notation is that the polarization
is transverse electric (TE), since the electric field is tangential to the interface. A more common notation
in optics is S-polarization (“S” is for “senkrecht,” which means “perpendicular” in German), because the
electric-field vector is perpendicular to the plane of incidence (the z-y plane in our coordinates here).
Thus, Egs. (9.15) and (9.13), rewritten here,

n1 cos 0; — ny cos 0y

= n1 cos b; + ns cos O (9.16)
211 cos b (Fresnel relations, S-polarization)

ts = .
® 7 nycosb; 4+ ng cos by
are the Fresnel relations for S-polarization.

We can repeat this derivation for the other polarization, parallel to the plane of incidence, called
transverse magnetic (TM) or P-polarization. The setup is shown here in the following diagram.

For the vector convention shown, the Fresnel relations turn out to be

nq cos By — ngy cos b6;

n1 cos Oy + ng cos 0; (9.17)
2n cos b (Fresnel relations, P-polarization)

P =

nq cos by + ny cos b
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These are the Fresnel relations for P-polarization.
Here is a graphical representation of incident, reflected, and transmitted fields at an air-glass interface
that matches our setup here (air on the left, glass on the right).

9.1.1 Phase Changes and the Brewster Angle

The phase factors of all the waves must be equal, so the relative phases are in some sense fixed. The reflection
and transmission coefficients are also real, so there is no phase shift of the components, except possibly for
an overall minus sign. Thus, there is the possibility of a m phase shift of the wave after it encounters the
boundary.

Transmission. By examination of Egs. (9.16) and (9.17) it is evident that both ¢ > 0 and ¢, > 0.
Thus, for either polarization, the transmitted wave is in phase with the incident wave.

Reflection: S-polarization. The reflection coefficient is more subtle. For S-polarization, the sign of
the reflection coefficient depends on the sign of (ny cos6; — nycosfy). If ny > ng, then from Snell’s law, we
know that 6; > 0;, and so cos; < cos#;. Thus, rs > 0, and the reflected wave is in phase with the incident
wave.

One the other hand, If ny < no, then 6; < 6;, and so cosf; > cosf;. In this case, rs < 0, and the
reflected wave has a 7 phase shift. Thus, the reflected wave only picks up a m phase shift when the light is
incident on a more dense medium (e.g., from air onto glass).

Reflection: P-polarization. This case is even a bit more complex. From Egs. (9.17), the sign of rp
depends on the sign of 1y cos 6y —ng cos 6;. Suppose that this quantity is positive. Since ny/ng = sin 6/ sin 6;,
the condition

n1 cos By — ngcos; >0 (9.18)

is equivalent to
sin 6 cos 0, — sin 6; cos 6; > 0. (9.19)

This, in turn, is equivalent to the condition
sin(6; — 6;) cos(6y, + 6;) > 0, (9.20)

which follows from the general trigonometric identity cos(A + B)sin(A — B) = sin Acos A — sin B cos B.
Eq. (9.20) is true if the two factors are either both positive or both negative. Let’s summarize these two
cases as follows:

1. ne < nq: both factors are positive when 6y > 6; and 6 + 6; < 7/2

2. ng > ny: both factors are negative when 6; < 6; and 6; + 6; > 7/2



http://atomoptics-nas.uoregon.edu/~dsteck/teaching/optics/anim/reflections-loop4.mp4

9.2 REFLECTANCE AND TRANSMITTANCE 157

There is a m phase change on reflection if neither set of conditions holds. The borderline case occurs when
0; + 0, = w/2, which means that the reflected ray is perpendicular to the refracted ray. Also, this is the
case where the numerator in the expression for rp in Eq. (9.17) vanishes, so the borderline case corresponds
to rp, = 0, so that the reflected wave vanishes. From Snell’s law, the this borderline case corresponds to an
incidence angle 6; ; determined by

1y sinf; 5 = nasin By = na sin (g — 91,3) =ngcosb; . (9.21)

Thus, the incidence angle for the borderline case is

ng (9.22)
ny (Brewster’s angle)

which is called Brewster’s angle. Note that the reflection coefficient only vanishes for P-polarization.
There is no analogous behavior for S-polarization. Thus, Brewster’s angle is also called the polarizing angle
because light incident at this angle is polarized on reflection from a dielectric interface—only S-polarized
light reflects, while part of the S-polarization and all of the P-polarization transmit.

9.2 Reflectance and Transmittance

Now we must characterize the energy transport due to the fields at the dielectric interface. The energy fluxes
at the surface due to the the incident, reflected, and transmitted waves are given in terms of the respective
Poynting vectors, (S;) - &, (S;) - &, and (S¢) - £. Note that since these are plane waves, the incident and
reflected waves overlap. Thus, it seems that we should consider interference cross terms when calculating the
Poynting vectors. However, we can treat them separately by realizing that plane waves are an idealization:
physical beams have finite width, so we can go far away from the interface until the incident and reflected
beams no longer overlap.

To consider the energy balance, we note that (see Problem 4.4) the Poynting vector can be written in
terms of the electromagnetic energy density as

(S) = c(w)k. (9.23)
Energy balance requires that the energy flux towards the interface is the same as the energy flux away:
(Si) - & =(S¢) -+ (Sy) - (—2). (9.24)
Writing this out in terms of the energy densities,

‘o ") _ % :
n—1<wi> cosb; = - (wy) cos 6 o (wy) cos 6;. (9.25)

We can now define the reflectance as the ratio of reflected to incident energy fluxes:

C—O<w ) cos 6;
R .= *<Sr> o g _ 7 ’ ! _ <wr> ) (926)
(S;) - & Zj(wo cos;  (wi) (reflectance)

Similarly, the transmittance as the ratio of transmitted to incident energy fluxes:

n (wy) cos by (9.27)
ng{w;) cos f; (transmittance)

S
| &
=g
2|

T+ -

Now we can use the explicit forms for the energy densities in terms of the fields:

(w)) = 202 ECV2; (wr) = 202 ECD% (wy) = 2n3eo| ELT P2, (9.28)
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Thus, the reflectance is the relative intensity,

(9.29)

2
R=rf%, (reflectance in terms of reflection coefficient)

but the transmittance is not, in general, the obvious expression in terms of the field transmission coefficient
(T # |t|?). Rather,

N5 cos b t|2
ny cosf;'
(transmittance in terms of transmission coefficient) (9.30)

In terms of the reflectance and transmittance, Eq. (9.25) becomes

(9.31)

R+T=1. .
(conservation of energy)

Note that the expression (9.30) may seem counterintuitively complicated. In practice, we usually care about
reflection at a dielectric interface that is at one end of, say, a slab of glass (such as a glass window used
as a beam splitter). In this case, the incident and transmitted energies are measured outside the dielectric
medium. In particular, they are measured in the same surrounding medium (say, air), in which case the
transmittance reduces to [t|?, the relative transmitted intensity. Thus, for reflection from the surface of a
glass window, the reflected and transmitted intensities (detected outside the window) must add up to the
incident intensity.

9.3 Internal Reflection

Recall that Snell’s law reads
n1 sin 6; = ng sin ;. (9.32)

As in the geometrical case, if n; > ng there is a critical incident angle given by

L, _m (9.33)
S bic = _ (critical angle)

which comes from the condition §; = 7/2, the maximum possible refraction angle. Beyond this incident
angle, the transmitted angle becomes a complex number. The simple interpretation is that there is no
transmitted plane wave, but we will explore this phenomenon in more detail.

The transmitted wave has the form

E§+) = Eg:r) exp {iky [(cos 0y) x + (sinby) y]} (9.34)

for either polarization. Supposing that 6; > 6; ., we have

sinf, = L sin6; > 1, (9.35)
UP)

2
cos by = £1/1 — sin?6; = iZ\/Cle) sin?; — 1, (9.36)
2

where the final form shows explicitly that the cosine is an imaginary number. Thus, the transmitted wave
becomes

so that

2
E,EJF) = E(():') exp | ik :I:z\/<n1> sin?@; — 1 | 2+ (sinf)y| p. (9.37)
n2
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For a bounded solution, we must choose the +i branch of the square root in Eq. (9.36). Then we see that
the transmitted wave,

2
) _ g _ M\ 2y L (9.38)
E;"” =E;’ exp kt\/ <n2> sin“0; —1 x| exp [zkt -~ (sin 6;) y} " (evanescent wave)

which is an exponentially damped harmonic wave: the left exponential factor represents exponential damping
along the z-direction, while the right exponential factor has the form of a traveling plane wave along the
y-direction. This damped field is called the evanescent field.

712<TL1

exponential
damping

:

“\transverse
wave fronts

From the damping factor in Eq. (9.38), the wave decays as
E(T) ~ /5, (9.39)

where the skin depth ¢, given by

=il

2
o ni 29 (940)
0= kt\/(@) sin”6; — 1 ’ (skin depth)

is the characteristic distance over which the evanescent wave damps away. Since the (second) propagating-
wave factor in Eq. (9.38) only involves y, the wave fronts of the evanescent wave propagate along the interface,
as shown. This is one way to see that the evanescent wave carries no energy away from the interface. The
other, which we will see shortly, is that R = 1. Thus, this situation (6 > 6;.) is called total internal
reflection.

Here is a visualization of internal reflection at a glass-air interface. The incoming wave is incident at
an angle just slightly past the critical angle, so that the skin depth is relatively large. You can clearly see
the propagation of the wave fronts parallel to the interface.
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Actually, what I said above about the evanescent wave isn’t quite true. It can carry away some energy,
provided that the evanescent wave is interrupted. For example, for internal reflection at a glass-air interface,
the wave is damped in the air. But if another glass interface is placed very close to the first, so that the air
is present only in a thin (~)\) gap, the damped wave will begin to propagate again in the second glass region.
This phenomenon is called frustrated total internal reflection and is the analog of quantum tunneling.
This effect can be used, for example, to make a variable-ratio beam splitter by adjusting the size of a small

air gap between two prisms'.

9.3.1 Phase Shifts
The reflection coefficients from Eqgs. (9.16) and (9.17) are

n1 cos 0; — 1y cos b

Ts

n1 cos 6; + na cos by (9.41)
nq cos 8, — ng cos b;
"~ nqcosb; +ngcosb;

From Eq. (9.36), we have (upon choosing the positive branch of the square root)

2
cos b, = z\/(@> sin26; — 1, (9.42)
T2

so that we can eliminate 6; in the reflection coefficients:

cosf; — z'\/sin2 0; — (n2/nq1)?

re =
cos 6; + z'\/sin2 6; — (n2/nq)? (0.43)
(ng/n1)? cos b; — i\/sin2 0; — (n2/nq1)?
" (na/ny)? cosb; + i\/sin2 0; — (ng/nl)Q.
Notice that both of these reflection coefficients are of the form
%, (9.44)

ID. Bertani, M. Cetica, and R. Polloni, “A simple variable-ratio beam splitter for holography,” Journal of Physics E:
Scientific Instruments 16, 602 (1983).
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so that the reflectance for both polarizations is unity:

(9.45)
(total internal reflection)

However, there is a phase shift on reflection, since the reflection coefficients themselves are not unity in
general. The phase angle in each case is exp(—2¢), (up to a minus sign) where tan¢ = 8/, so we can
write

[ \/sin2 0; — (na/mnq)?

cos 0;

rs = exp | —i2tan~?

SiIl2 01 — (?’Lg/nl)2

(na/n1)? cos b;

re = exp |im —i2tan”?

(phase shifts for internal reflection) (9.46)
for the explicit phase shifts of the two polarizations. Apart from an overall minus sign (7 phase shift), there
is a refractive index ratio in the expression for r, that is absent in the expression for rs. Hence, if both
polarization components are present, there is a relative phase shift between them.

This phase shift can be very useful. In Section 8.7.1, we discussed how a birefringent material can
make a wave retarder (wave plate). But the phase shifts due to internal reflection obviously also act as wave
retarders. One optical element, the Fresnel rhomb, uses two internal reflections to produce a 7/2 (\/4)
phase shift.

>

For glass with n = 1.52, the correct incidence angle turns out to be 6 = 55.5°. The rhomb has the sometimes
inconvenient property of translating the beam, but unlike typical wave plates, the retardation of a rhomb is
relatively insensitive to the optical wavelength used.

9.4 Air-Glass Interface: Sample Numbers

To get a feel for the theory presented here, let’s work out specific numbers for an interface between air
(np = 1) and glass (ng = 1.52). At normal incidence, cosf; = cosfy = 1, so
ny — N9
r=rg=1p=——=—0.21 9.47
cmre = (9.47)
and
R =|r]* = 4.3%. (9.48)
Thus, a glass window attenuates light due to reflection near normal incidence by about twice this amount,
around 8%.
At 45° incidence, the reflectances for the two polarizations are quite different. First, the refraction
angle is

6, = sin~! (”1 sin 9i> = 27.7°. (9.49)
)
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Thus, the reflectances are

R a2 n1 cos 0; — ng cos b 2 9.7%

= T = = *

s s n1 cos B; + ng cos by ’ (9.50)
0y — 6 |*

Ry = |rp|2 = |TACO8T0 T M2 COSTE I _ ) 907

n1 cos B + no cos b;

or about 10% and 1%, respectively. (These numbers are useful to remember in the laboratory for making
simple 10% beam splitters.) The reflectance for P-polarization is much smaller because this incidence angle

is fairly close to the Brewster angle of

0;n =tan™! ™2 _ 56.7°. (9.51)
ni

The reflectances for the air-glass interface for both polarizations are shown here as a function of the incident

angle.
1

/

/
o /
= /
=
) /
: /
)
Clq:i.) /
o

S polarization
P polarization
.04 _ _
0043 -, e
0 45 56.7 90

0; (degrees)
On the other hand, for a glass-air interface, the reflectance curves look the same except that they are

horizontally compressed.
1

reflectance

S polarization

/ P polarization
00— o -

0 33.3 45 90
0; (degrees)

The reflectances are unity beyond the critical incident angle

L el _ 400, (9.52)

i =sin~
Nglass
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as is evident from the plot.

9.5 Reflection at a Dielectric-Conductor Interface

One useful generalization of reflection at a dielectric interface is to treat the case where one of the materials
is a conductor. This covers the important case of metallic reflectors, which are some of the most common in
everyday experience as well as the laboratory. We will not deal explicitly with the case of reflection at the
interface of two conductors, as this is more subtle. But to deal with reflection from a single conductor, we
will need to treat wave propagation in a conductive medium.

9.5.1 Propagation in a Conducting Medium

In Chapter 4, we considered only Maxwell’s equations in dielectric media without sources. With field sources,
the Maxwell equations become

V-D=p
V-B=0 (9.53)
OB (Maxwell equations coupled to sources)
VXE=——
ot
oD
VxH=—+1J,
Bt

where p is the charge density and J is the current density.
For an ohmic material, the current density is proportional to the local electric field,

(9.54)

J =0oE, (Ohm’s Law)

where o is the conductivity. We can think of the conductivity as a real constant, but in reality at optical
frequencies it is best modeled by a complex number, due to the lag of the response of the conduction electrons
to the electric field (see Section 17.2.2 for a model of the conductivity).

Charge and current are related by the continuity equation

9 _
ot

_v.7J, (959

(continuity equation)
which is essentially equivalent to the statement that charge is conserved. If the current density at some point
is increasing, then there must be a convergence of current density to transport charge to that point. We can
use the relation D = €E and Eq. (9.54) to write

% = —0(V-E)= —%p. (9.56)
This means that p — 0 exponentially with a time constant ¢/o. For a good conductor (large o), the
damping time is very short, so to good approximation we can set p = 0. On longer time scales of optical
interest, the charge density relaxes to nothing, and this is why we can justify ignoring it. This is a simple
example of an adiabatic approximation. For our purposes, this means that the first Maxwell equation in
Eq. (9.53) becomes

(9.57)

V-D=0, (first Maxwell equation for conductor)

so that the only source is the current density, which we can write in terms of E.
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We can now repeat the derivation of the wave equation from Chapter 4, with the result

O°E OE (9.58)
2 — _ _— =
VE — pioe Hoo 5, 0, (wave equation for conductor)

ot?

with the same result for H. Note that we are ignoring magnetic properties of the conductor by assuming
w = pg. We can again try the plane-wave ansatz

EM)(r,t) = E{Deilkz—wt), (9.59)

Substitution shows that the plane wave is a solution provided that
k% = poew? + ipgow = w? g (e + z%) . (9.60)
Note that the frequency dependence in this equation is deceptively simple, as in general o and € are themselves

functions of frequency. If we define a complex permittivity

(9.61)

E=€+1 (complex permittivity)

9

SIS

then the dispersion relation (9.60) takes the same form as for an ordinary dielectric,

(9.62)

kK = w?poé N .
= 0C (dispersion relation for conductor)

with the replacement € — €.
Similarly, since the refractive index for a dielectric is the square root of the dielectric constant,
€
n?=_—, (9.63)
€0
we can define the complex refractive index 7 as the square root of the complex dielectric constant:

(9.64)
(complex refractive index)

n? =

g“m

We can also write the complex refractive index itself in terms of real and imaginary parts as

(9.65)

i =2 il = ) (complex refractive index)

where £ is the attenuation index or extinction coefficient. This is the central point of electromagnetic
wave propagation in conductors: everything is the same as for an ordinary dielectric, so long as you use a
complez refractive index.

Let’s compute explicitly the real and imaginary parts of the refractive index. First, computing 72 from
both Egs. (9.64) and (9.65),

72 = n2(1 — k%) + 202k = — + i (9.66)
€0 WweQ
Matching the real and imaginary parts, we have the two equations
2 2 € 2 g
1-— =—, 2 = —. 9.67
(-t = S i = (9.67)
These equations have the solutions
n? = (Re[fi])® = — 1+(i)2 +1
a - 2€p €w
62 = (Imfa)* = o5 4/1+ ()" ~1
n-“r- = min = — - _ .
2€p €W

(real/imaginary parts of complex refractive index) (9.68)
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Similarly, we can compute the wave vector in terms of the refractive index as

k = wy\/ o€ = wy/poco n = ky +ik_, (9.69)
where
w? pige g \2
k2= 1 (—) £1].
== 2 u €w

(real/imaginary parts of wave number) (9.70)
Thus, we can rewrite the plane-wave solution as

() () — () ikz _ () —k_z jikyz (9.71)
E(r) =B e Eoe e (damped plane wave)
As we saw for internal reflection, the plane wave breaks up into propagating and damping factors—the
imaginary part of the refractive index leads to damping of the wave, while the real part represents the
propagating aspect of the wave. We can again define a skin depth ¢ for the damped wave by

ek =m0, (9.72)

so that
s L _ 1 A X (9.73)
k. wypoeonk  2mnk 2xIm[A]’ (skin depth in conductor)

As before, this is the length scale over which the wave damps exponentially away. Typically, for a good
conductor, nk is large, so that 6 < A\g. This is called the skin effect: for good conductors, an electromagnetic
wave penetrates the surface by only a small fraction of the vacuum wavelength.

9.5.2 Inductive Heating

Since the transmitted wave gets damped, something must be taking up that dissipated energy. Of course,
this goes into the metal as heat. While being undesirable from the point of view of making mirrors for high-
power lasers, this effect can be useful in the machine shop or foundry for heat-treating or melting metals. An
induction heater drives a high-voltage, radio-frequency signal through a coil that surrounds the conductive
object to be heated. The electromagnetic wave generated by the coil couples into the conductive object, and
generates heat as it is absorbed. Of course, the equivalent picture is that the radiation induces currents in
the object, causing Joule heating—from our analysis above, we saw that it is precisely these induced currents
that damp the electromagnetic wave after it penetrates the surface.

The following photographic sequence shows a quarter being heated and then melted by an inductive
heater. Roughly speaking, you can think of the coil as being a solenoid, which ideally produces a uniform,
oscillating magnetic field along the solenoid axis. The corresponding electric field is roughly a cylindrical wave
collapsing onto the quarter, with the wave polarization being in the plane of the quarter. The wavelength for
the 200 kHz radiation is quite large, around 1.5 km. However, the copper inside the quarter is an extremely
good conductor; assuming a conductivity of 60 x 106 (m-)~!, the skin depth turns out to be only 0.15 mm.
Thus, due to the skin effect, the radiation is absorbed in a thin shell on the outside of the quarter. You can
see this in the photo series, because the outside of the quarter is visibly much hotter than the middle, since
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the middle is only being heated by thermal conduction.

Here is a movie of the heating process, where you can see the heat flowing in from the outside of the
quarter to the inside.
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9.5.3 Fresnel Relations

It is worth reiterating: with the conductor present, everything is the same as in the dielectric case, except
that the refractive index is now complex. In particular, the Fresnel reflection coefficients still hold with the
complex refractive index:

n1 cos 0; — 7o cos O

= N1 cos B; + 1o cos Oy (9.74)
(Fresnel relations with complex index)

n cos Oy — Ty cos b;
nq cos Oy + g cos Oy

Here, ny is the refractive index of the dielectric (from which the wave is incident), and 712 is the complex
refractive index of the conductor. Note that this is even a bit more complicated than before, though, since
from Snell’s law, 6; is a complex number too! We won’t go into much detail regarding the wave in the medium
beyond what we’ve already done, since we are usually only interested in this wave if it is then transmitted
back into free space where it can be detected. This situation is better treated with the matrix formalism for
multilayer films that we will get to shortly.

Let’s plug in some numbers for the simple example case of a polished silver mirror at normal incidence.
The reflectance is )
ny —mn2
ni + No
For silver at 780 nm,? 7 = 0.27 + 4.47i, which give R = 95.0%. Thus silver is a good reflector, but some of
the incident energy is lost in the metal. This is because the wave penetrates a short distance into the metal.
Putting in numbers, we find that the skin depth is

Ao Ao

(9.75)

at 780 nm.

Here is a visualization of wave reflection from a dielectric-conductor interface. The specific indices
used are vacuum (n; = 1) on the left and slightly conductive glass (i = 1.52 + 0.152¢) on the right. Note
that the wave damping is similar to the case of internal reflection, but now the transmitted wave propagates

aWa, the interfa ther than along it.
2J. H. Weaver and H. P. R. Frederikse, “Optical Properties of Selected Elements,” in CRC Handbook of Chemistry and
Physics, 82nd ed., David R. Lide, Ed. (CRC Press, Boca Raton, 2001), p. 12-133.
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9.6 Exercises
Problem 9.1
We derived the Fresnel relations for S-polarized light giving the reflection coefficient

n1 cos 0; — ny cos O
= 9.77
s n1 cos 0; + no cos b; ( )

and transmission coefficient 5 0
nq cos b;
te = Lkl (9.78)
n1 cos 8; + ng cos O

of the electric field at a dielectric interface. Use the setup from the text to derive the Fresnel relations

for the reflection coefficient,

nq cos B — ng cos b;
— 9.79
v nq cos 0; + ns cos b; ( )

and transmission coefficient 5 0
n1 cos b;
tp = LR (9.80)
nq cos 0; + nsy cos b;

for P-polarized light.
Problem 9.2

When we worked out the Fresnel relations for the reflection and coefficients at a planar, dielectric
interface, we ignored two boundary conditions, namely that the components of D and B normal to the
interface are continuous across the boundary. Write out both of these boundary conditions in terms of
the Fresnel coefficients r» and ¢ for both polarizations.

Problem 9.3

One way of making a cheap but good polarizer (except for wavefront distortion) is to use a stack of
microscope slides. Assuming an index of refraction n = 1.52 and that the slides are all oriented at
Brewster’s angle with respect to a randomly polarized laser beam, how many slides does it take to
attenuate one polarization by a factor of 10~ in intensity compared to the other? Keep in mind that
both sides of each slide are at Brewster’s angle. Ignore multiple reflections in your calculation.

Problem 9.4

Diode lasers in the near infrared (say, around 780 nm) are made from GaAlAs crystals. For low-power
diodes (in the 5-15 mW range), the crystal ends are cleaved to form flat surfaces that act as the two
flat reflectors of the laser cavity. Model a typical diode laser as a crystal (n = 3.5) of length 300 pm,
surrounded by air (n = 1).

(a) For this resonator, calculate the round-trip time, the free spectral range, the finesse, the photon
lifetime, and the frequency width (FWHM) of the modes. (Note that for higher power diodes, the
output facet is typically antireflection coated to couple out more of the light in the cavity.)

(b) Assuming that the diode laser frequency is that of a single longitudinal mode, calculate the change
in laser frequency per degree Celsius for a temperature change. Assume a nominal operating (vacuum)
wavelength of 780 nm and a coefficient of thermal expansion (AL/L) for GaAlAs of 7 x 1076/°C. (In
practice this tuning rate is only valid for small temperature changes; for larger changes, the change in
the band gap is more important, causing much larger average tuning rates as the laser ‘‘hops’ between
longitudinal modes.)

Problem 9.5

Plot the intensity reflection coeflicients as a function of incident angle for light incident from air (n = 1)
onto crown glass (n = 1.52) for both S- and P-polarized light. Repeat for light incident from within
the glass.
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Problem 9.6
For total internal reflection from a glass—air interface (ny = 1.52 for glass, ny = 1 for air), plot the skin
depth normalized to the vacuum wavelength (§/Xg) as a function of incident angle.

Problem 9.7
Derive the wave equation for the magnetic field H in a homogeneous medium of permittivity e and
conductivity o.

Problem 9.8

To describe the propagation of electromagnetic waves in a conductor, we derived a wave equation for
E, coupled to the current density induced by the field in the conductor. An alternate approach is to
consider the wave equation to be coupled to the polarization P of the medium.

As the first step in this method, recall that the electric displacement, electric field, and polarization
density are related by
D =¢E+ P, (9.81)

and ignoring magnetic effects, we can assume
B = uoH. (9.82)

Then use Maxwell’s equations in a source-free, dielectric medium,

V-D=0
V-B=0
(9.83)
VxE:—@tB
V x H = §,D,

to derive a wave equation driven by P. You may assume the polarization field to be transverse, i.e.,
V.-P=0.

Problem 9.9
Compute the reflectance and skin depth for light at normal incidence from vacuum at wavelength
780 nm for polished surfaces of gold (7 = 0.08 4 4.607) and copper (7 = 0.24 4 4.804).

Problem 9.10

(a) Show that in the limit of low frequency, the skin depth for a good (nonmagnetic) conductor can be

written
2
Ry . (9.84)
Howo

(b) Evaluate the skin depth at 200 kHz for titanium (o = 2 x 10° (m - Q)~!). Recall that po =
A x 1077 N/A2.

(¢) Suppose you have a disc of titanium the size and shape of a quarter. The disc is in the center
of a solenoidal coil, which is driven at 200 kHz, and it lies in the plane orthogonal to the coil axis.
Assume that the solenoid length is much larger than all other length scales in this setup. What is the
(qualitative) distribution of power absorption in the disc? FEzplain.

Problem 9.11

It is conventional to represent the mode functions of a compact region in space by normalized mode
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functions fi ¢(r), where k is the wave vector (which takes on discrete values), and ¢ is an index
marking the two possible polarizations. These mode functions are normalized in the sense that

[ drifccmp =1, (9.85)
\4

where V' is the volume over which the mode exists (i.e., the cavity size). More generally, the orthonor-
mality relation is

/ @ B o (1) - B (1) = 6 b0 (9.86)

However, for mode functions defined over all space, the integration volume is unbounded and k takes
on any value in R?, and this orthonormality relation generalizes to

/ a7 fie (1) - B oo (1) = (200 (k — K) b o, (0.87)

assuming

=g [ _wetan o= [ faet i (9:59)

as the Fourier-transform convention in each dimension.

In the presence of a vacuum—dielectric interface, the mode function for TE polarization can be written
fiere = fkre [eik'r(%(z) + 1™ TO(2) + tTEeik“'r@(—z)] , (9.89)

where the dielectric (of permittivity €, and index n) occupies the half-space z < 0, rrp and ¢y are the
Fresnel reflection and transmission coefficients for TE (S) polarization, and ©(z) is the Heaviside step
function. Show that this mode function satisfies the orthonormality relation

/ d>r €lr) £ 1u(r) - fi rs(r) = (27)%0° (k — k'), (9.90)

€0

which reduces to the free-space relation as e(r) — €. For simplicity, suppose that fi rg(r) and
fi re(r) are both incident from the vacuum side.

Note: there is a bit of a trick to getting the delta function to come out right on the transmitting
side. You might want to refer to the article that first proved this for help: C. K. Carniglia and L.
Mandel, “Quantization of Evanescent Electromagnetic Waves,” Physical Review D 3, 280 (1971) (doi:
10.1103/PhysRevD.3.280).


http://dx.doi.org/10.1103/PhysRevD.3.280




Chapter 10

Thin Films

Now with reflections from single interfaces under our belt, we can tackle multiple interfaces in the form of
thin films. The most obvious everyday examples of thin optical films are the swirling colors in films of oil
on puddles of water, or similar colors in bubbles of soap or sea foam, as shown in the photo below.

However, optical thin films have widespread applications in modifying the reflection properties of surfaces,
including antireflection coatings (e.g., of eyeglasses and camera lenses), high-reflection coatings for laser
optics, wavelength filters for spectroscopy and color separation in projectors and photography, polarizers,
and so on.

We will start out with a simple treatment of a single-layer film in the style of a Fabry—Perot cavity,
and then rederive the result in a much more powerful matrix formalism. We will be implicitly assuming
dielectric thin films, but of course we can also handle conductive films simply by using complex refractive
indices.
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10.1 Reflection-Summation Model

We will now consider the multiple reflections due to an input wave Eé;r) at a single thin film. We are implicitly
considering only a single input polarization (S or P), but the analysis works for either one separately.

Lot n Ty
) (+)
tbrarbtztEOi
, (+)
tarbtaEOi
(+)
iyt Eo;
(+)
TaEOi
Gz}
Ey;

a b

The convention is that r,, t., m,, and #, are the reflection and transmission coeffiencients at interfaces a and
b for left-to-right incidence. For right-to-left incidence, the coefficients are r), t,, r{, and ¢;. The interfaces
a and b divide the media with refractive indices n; (for incident medium), ny (the coating), and ns (the
substrate or transmission medium); we will use the same subscripts to denote waves inside these media (e.g.,
k; is the wave vector in medium of index ny).

Then the total reflected field is the sum of all the individual reflected waves. After the first term, a
pattern emerges because each successive reflection is the same as the previous reflection but with one more

round trip inside the thin film.
Eé:_) = raEé—iH + t;rbtaEé—;)eid’ + t;rbr;rbtaEépei% + e (10.1)

Here, ¢ is the propagation phase accumulated between successive reflections as measured along the same
wave front. This is a somewhat subtle point that requires a careful geometric construction.

As shown in the diagram, the correct form for ¢ follows from the following argument. The phase difference
between successive reflections is the phase of the ray after one round trip inside the thin film as it exits
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(call this phase ¢1), but we need to subtract the propagation of the directly reflected ray to the same
perpendicular position along the ray (call this second phase ¢g). That’s how displaced plane waves interfere:
the relative phase of the parts that align along the same wave front (normal to the ray) are what deterimine
the interference. Thus,

¢ = ¢1 — o, (10.2)
where
¢1 = 2ky - 11 = 2ky sin b1 h + 2kq cos 61 d, (10.3)
and
(bo == k() g = 2]{/’1 sin ¢9i h. (104)
Thus,
¢ =¢1— ¢g = 2h(k1 sin 1 — k; sin 91) + 2k1d cos 6. (105)

The first term vanishes by Snell’s law, so we are left with

(10.6)

¢ = 2krd cos by (round-trip phase in thin film)

Now we can write out the explicit sum for the reflected wave by completing the pattern from Eq. (10.1):
o0
By =B |ra + thrptac™® Y (rorhe’®)"| (10.7)
n=0

We can evaluate this using the formula

ix": ! ) (10.8)

n=0 1—z
which is valid provided |z| < 1, with the result
Eéj) t’arbtaei‘b
Tfilm = é-i_) =Ta W. (10.9)
1
Using the Stokes relations t/t, = 1 — 72 and r, = —r/, we can eliminate the transmission coefficients, with
the result ( 2, 6
1 —7r2)rpe”
Thlm = Ta + ——————. 10.10
film a 1+ Tarbe“z’ ( )
Rewriting all this as a single fraction, we finally come to
b Ta + rpet? (10.11)
film = rpei®’ (thin film reflection coefficient)

which is the main result of this section.

10.1.1 Example: Single Glass Plate as a Fabry-Perot Etalon
To get a better feeling for the meaning behind Eq. (10.11), let’s look at the special case of n; = ng. For

example, this could be a glass plate surrounded by air. In this case, r, = —r},, so that
ra(1 — €'?)
m=—_— 7 10.12
Tl 1— Tge“b ( )
and the reflectance becomes
2r2(1 — cos ¢) (10.13)

_ 2 _
Rt = [ram|” = 1+72—2r2cos¢’ (etalon reflectance)
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assuming that r, is real, as for an air—glass interface. Notice that Rgy, drops to zero when cos¢ = 1. This
happens when ¢ = 2mq for some integer ¢, or

ki cosf, = % (10.14)

Comparing this to the resonance condition for a planar-mirror Fabry-Perot cavity [Eq. (7.2)],

mq

kq = 7

(10.15)
we see that we have just rederived the Fabry—Perot resonance condition, but now generalized for non-normal
incidence. As we mentioned in Chapter 7, a glass window can act as a planar Fabry—Perot etalon. Even
though the window thickness is nominally fixed (neglecting thermal expansion and mechanical stress), we
can tune the etalon by changing its orientation with respect to the incident wave.

The transmission of the plate is then

Thim = 1 — Rgim

N et
1471t —2r2cos ¢
(1 _ T2)2 (10.16)
(1 —72)2 4 4r2sin®(p/2)
_ 1
27\° ., ’
1+ —) sin®(¢/2)
7r
where
7 _ T (10.17)
C1—r2 (etalon finesse)

is the finesse of the etalon. The transmission angle is, by two applications of Snell’s law, just the same as
the incident angle.
We can think of an arbitrary thin film as an etalon, with finesse

7 = ™/Talb (10.18)
NS (finesse of single film)

Of course, the finesse depends implicitly on the incident angle via the angle-dependence of r,. The trans-
mitted angle is just given in terms of the incident angle by n;sin §; = ngsin 6;.

10.2 Thin Films: Matrix Formalism

Now we will rederive the results from the last section by matching boundary conditions, as in Chapter 9.
We will assume S-polarization, and later modify the results to handle P-polarization. The setup is shown in
the diagram.
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We are assuming fields as follows:

Incident Region: E,(Jf)eik"r + Eéj)e“‘r“r
Thin-Film Region 1: E{})e*or { E{)eikar (10.19)
Substrate/Transmission Region: Eétﬂ etk (r=d2)

This is the same setup as for reflection at a single interface, except for the addition of left- and right-
propagating fields inside the film. Notice also the phase offset in the transmitted field, so that the transmitted
field has zero phase at boundary b.

As before, we apply boundary conditions. The transverse component of the electric field (E - 2) must
be continuous across each boundary:

E(()?_) + Eé:_) = E(():_l) + E(():_l) =: Eéf) (interface a)

, . (10.20)
E(():rl)ew + E(()j)e_us = Eéj) = E,(;r) (interface b).
Here,
_ g 2T : (10.21)
0=ty -2)d = )\T)nldCOb Oua (film propagation phase)

is the phase change traveling directly across the interface. Note that ¢ = ¢/2, where we justified ¢ before in
Eq. (10.6). In this case, we can think of matching phases everywhere, but considering the phases at constant
y to ensure they are comparable, hence the ‘“‘straight across” phase. Note that a tilted wave in the film
region has an effective wavelength of \g/ cos 1, along a horizontal slice of the wave.

Similarly, the transverse component of the magnetic field (H-{) must be continuous across the bound-

ary:
H(g;r) cos f; — H(()j) cosl; = H(()jl) cos Oy — H(():rl) cos B¢ =: Héﬂ (interface a) (10.22)
Héjl) cos Ot — Hé:rl) cosO;e” = Héj) cos O, =: Héﬂ (interface b). .
We can rewrite the magnetic fields as
+ + + + +
O‘i(E(()i )~ Eér )) = al(E(()tl) - E(grl)) = Ha(u ) (10.23)

s (B — B em%) = a 5D = HLY,
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where the media are characterized by the a constants. The constants for the incident, film, and substrate
media are

Q; = 44 cos b;
7o
(10.24)

o 0
A = - C0S 04 (geometry coeflicients)

Tlo

T
g := — cos b,
o

where as usual, 7 is the vacuum wave impedance.
Our goal is now to find a relation between the fields at interfaces a and b. Adding and subtracting the

expressions for E}(f) and Hé'”,

gt _aBD B
otl1 — 2&1
h N (10.25)
g _ aBY D
Orl 20[1 .
Using the definitions of E;Jr) and HB(LJF) in terms of the intra-film fields,
i G
Eéﬂ = Eé:rl) + Eéjl) = cos&El()Jr) _ ome Héﬂ
a1 (10.26)

gt = al(Eéjl) — E(();"l)) = —ia sinéEf)H + coscSHl()H.
We can conveniently rewrite this in matrix form:

—4sind

[ E(+)) } cos 9 o

EP
gh

+
]
Hb

(thin-film transfer matrix) (10.27)
The matrix F is the thin-film transfer matrix, and has the general form

F:[A B ] (10.28)

—iq Sin 6 cos 0

Cc D

The matrix ‘“‘transfers” the fields from interface a to interface b.
As usual for matrix formalisms, this works for multiple films via matrix multiplication:

E(()+) E(JF)
=FF;F3---Fy T
+ +
[ i g
(composition of thin-film matrices) (10.29)
Here,
—isind;
cos 0; —
P, i o | (10.30)

(thin-film matrices)
—ia; sin d; cos d;

where the phase shifts are

_2r . (10.31)
0 = )\T)n] d; cos by, (thin-film phase shifts)
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(d; is the thickness of the jth layer), the geometry coefficients are

=" cos b, (10.32)
T mo r (geometry coefficients)
and the transmission angles are given by
Or; = sin™! ) sind; | . L. (10.33)
n; (transmission angles)
ny ny|ngng| --- NN Ng
[~
\\
\>
//
//

ES) EE)H
Hg+) Hé+)

Now we can solve for the reflected and transmitted fields. Using the definitions

B0 B 4 5
E(JF) _ E(JF)

b = Fot
(10.34)
(+) (+) (+)
Ha'' = ay (EOi - By, )

A = gl

in the matrix equation (10.27), we find

BN +ES | { A B } B! (10.35)
os(Eg ) — B, ¢ D] aky’
This is equivalent to the system of equations
147 = At + Bagt
(10.36)

ai(1 —r) = Ct + Dagt,
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where as usual r := Fy,/Ep; and t := Egy/FEg. Solving these equations, we find the film reflection and
transmission coefficients
oA+ ajasB—-C —asD
il = oA+ osasB+ C + asD
ZOéi
oA+ ajas B+ C + as D
(film reflection/transmission coefficients) (10.37)

thim =

in terms of the transfer-matrix elements.

The above analysis assumed S-polarization. It turns out that for P-polarization, the coefficients in
Egs. (10.37) are still valid, with a slight reinterpretation. The only modification is that in these relations
and in the transfer matrix in Eq. (10.27), we must calculate the geometric coefficients «; differently. For the
two polarizations, we have

.
aj = —Lcosby;  (S-polarization/TE polarization)
7o
"
aj = —2—  (P-polarization/TM polarization).
7o cOs Oy
(recipe for both polarizations) (10.38)
(The same modifications apply to the incident and substrate coefficients a; and «s.) With these changes, the
expression for the reflection coefficient is still valid, though the expression for the transmission coeflicient is

more complicated. For most purposes, it is sufficient to note that the film reflection coefficient

oA+ ajasB — C — asD
;A + ajasB + C + agD
(film reflection coefficient, both polarizations) (10.39)

has the same form for both polarizations, and the transmittance can be computed from Tq1, = 1 — Rgim =
1 — |7gim|*

Even though the formulae get a bit complicated, the general idea is simple: compute the a;, compute
the transfer matrix for the whole film, and then compute the reflection coefficient, and reflectance and
transmittance if desired.

Tflm =

10.3 Optical Coating Design

Now we’ll consider a few of the simplest optical coating designs in common use.

10.3.1 Single-Layer Antireflection Coating

Consider a single-layer film at normal incidence. The transfer matrix is just the single-layer matrix from
Eq. (10.30)

—isind

cos 0
F = a1 . (10.40)

—jap sin é cos

Putting the matrix elements into the expression from Egs. (10.37) for the film reflection coefficient, we find

QO . .
a;Ccosd — 1 sind + i1 sind — ag cos
aq
r= NelTe I . .
a;cosd — 14 sind — tay sind + ag cosd (10.41)
(651 .

n1(ni — ns) cos§ — i(ning — nd)sin g

n1(ni + ng) cos§ — i(nins +ni)sind’
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where for normal incidence,
g= e = g =T (10.42)
"o "o "o
and n; is the refractive index of the incidence material (say, air), n; is the index of the coating and ny is the
index of the substrate (say, glass).

We can then calculate the reflectance (intensity reflection coefficient) of the film as

(ni — ng)? cos? 6 + (ning — n)?sin? 6
(ni +ng)2cos? 6 + (ning +ni)2sin? 6’

(reflectance, single-layer film) (10.43)

n

) _ i
R=|r|*=
P =
This is still a bit messy, but we’ll now make it simpler.
An important but simple case is the quarter-wave film (still at normal incidence). The thickness is

A Ao
d=2 10.44

1= Iny (10.44)
where it is important to note that the layer is a quarter wavelength for the wavelength inside the medium.

This thickness leads to a phase shift of

2
0= —ﬂ-nldcos 01 = I, (10.45)
Ao 2

which means that cosd = 0 and sind = 1. This leads to a reflectance of

2 2
ning — N
R— () |
NiNg + Nq
(reflectance, single quarter-wave film) (10.46)
Notice that the reflectance vanishes if the film index is chosen such that

10.47
L, = vyttt (single-layer antireflection con(dition;
As an aside, let’s quickly compare this to the Fabry—Perot etalon discussion from the first part of this chapter.
The reflectance vanishes even though there is only A\/2 of propagation over one full round trip. Normally, a
Fabry—Perot cavity requires an integer multiple of A of propagation distance per round trip, but now we have
to be careful about phase changes on reflection. For example, if n; < ni, then the antireflection condition
(10.47) implies that ny < ng (and n; > ng in the case that n; > n;). Thus, exactly one of the reflections
inside the film will produce a 7 phase shift, playing the role of an extra A\/2 of propagation distance. This is
different from the etalon that we considered early on in this chapter, which was for the case n; = ng, which
requires a thickness of A/2 for R to vanish.

Let’s now consider the example of a real, single-layer antireflection (AR) coating. For an air—glass
interface, we have n; = 1 and ny = 1.52 for optical crown glass. Ideally, ny = 1.23 for an AR coating (where
R vanishes). The closest material suitable for making an optical coating (with good optical properties and
durability) is MgF5, which has n = 1.38 (for visible wavelengths). Putting this into the formula (10.46), we
find R = 1.3%, which is much better than the uncoated reflectance of R = 4.3% but not really that close to
zero. The cheapest optical coatings in the visible are single-layer MgF',.

10.3.2 Two-Layer Antireflection Coating

The basic problem with single-layer antireflection coatings is that there is a limited choice of suitable coating
materials, and so it is difficult to match the optimum index condition very precisely. One solution to this
problem is to add a second layer, in the hope that an extra free parameter will make the choice of materials
more flexible.
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Let’s assume a stack of two quarter-wave films at normal incidence. The matrix for a single quarter-
wave layer is

cos —ising 0 _ L
F, = a1 = a1 (10.48)
—iqvy sin d cos o —iay 0

The transfer matrix for the two-layer stack is the product of two of these matrices:

0 _ L 0 _ L _ Q2 0
F=F,F, = a1 a2 | = a1 . (10.49)
—i0 0 —1lQg 0 0 _o
Q2

Again, putting the matrix elements into the expression from Egs. (10.37) for the film reflection coefficient,

we find v oo
12 100
— 4

- 2 2
ay as nsyn; — ning
r= - = . 10.50
. (6516 D) . 104 ,,122ni + nIQnS ( )
(65) (%)
The reflectance is thus
2
R nin; — ning (10.51)
\ndni+ning) (two-layer reflectance)
2 1 1 S

The reflectance vanishes if ngn; = nfns, which gives the AR condition

ng ns (10.52)

- )

ny 4 (two-layer antireflection condition)

allowing us to pick the ratio of two refractive indices rather than a single absolute index.

As an example, again for crown glass (n; = 1 and ng = 1.52), the ideal AR ratio is no/n; = 1.23. We
can choose ZrOy (ny = 2.1) and CeF3 (n; = 1.65), which gives ny/ny = 1.27, a value that is pretty close to
the ideal value. Working out the reflectance, we find R = 0.1% for this coating (about as good as you can
expect given fabrication tolerances). This kind of coating is called a “vee” coating due to the shape of the
reflectance plot as a function of wavelength: there is a relatively narrow range (say, 10 nm or so) of good
antireflection for a coating in the visible. In the example plotted here, the design wavelength is Ay = 532 nm,

which is marked in the plot, and the uncoated air—glass reflectance is also marked in the plot.
0.17
\ \ \ \ \

reflectance

=
o
=
<
\
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It is possible to make a more broadband AR coating by adding a third layer, but we won’t go into that here.

10.3.3 High Reflector: Quarter-Wave Stack

From the analysis of the two-layer AR coating, we note that if the ratio ny/n; is very different from /ng/n;,
then the reflectance is relatively large. Thus, the idea behind making a high reflectance (HR) coating is to
essentially reverse the order of the layers in the antireflection coating: n; should have a larger index than
ny for good reflection.

As an example, let’s take the same materials as for the AR coating [ZrOs (ne = 2.1) and CeFj
(n1 = 1.65)], but reverse the order of the layers. In this case, the reflectance turns out to be R = 18%. This
is a much higher reflectance than the AR coating, although it is not as high as, say, a good metallic coating.

Of course, it is possible to get higher reflectances by choosing other materials with a greater index
contrast. But these improvements will be marginal. How can we get a reflectance approaching unity? The
general idea is to stack many of these double layers to form a quarter-wave stack.

Consider N double layers. The transfer matrix for one of the double layers at normal incidence is

2y
F = m . (10.53)
ni
0 .
ur

()
- = 0
FN = " : (10.54)

The reflection coefficient is

n; (— Zj)N —ng E Z;)N (Z) (_ Z?)QN - 1. (10.55)

Thus, the reflectance is

(reflectance of dielectric stack, normal incidence) (10.56)
For the same materials as above, n;/ngs = 1/1.52 and na/ny = 1/1.27, so for

N =2:R = 36%
N =3:R=53%
N =4:R = 68% (10.57)
N =8:R = 94%

N =12 :R = 99%.

Thus, we see that as the number of double layers increases, the reflectance rapidly (exponentially) converges
to unity. We could use fewer layers with a better choice of materials (higher index contrast), although we
should note that the intermediate reflectances shown here are also useful as beam splitters. The periodic
structure of these quarter-wave stacks gives a simple example of a photonic crystal or Bragg reflector.
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10.4 Gradient-Index Layers

So far we have only considered propagation and reflection due to layers of homogeneous media, and interfaces
between them. But what if we have a layer where the refractive index varies continuously? We will again
consider a planar geometry with a refractive index that varies only in the x-direction. Specifically, we will
consider the case of a homogeneous “‘incident” medium of refractive index n; occupying the region z < 0, a
‘“substrate’” medium of index ng occupying x > d, and an arbitrarily and continuously varying index profile
n(x) in the region 0 < z < d.

n

s

1:‘:0 x‘:d T

Note that the index profile need not be continuous at = 0 or z = d, and n(z) itself need not be continuous,
though it should at least be piecewise continuous, and the motivation for this calculation comes from the
continuous case.

The main motivation for such gradient-index (GRIN) layers is as an alternative to thin interference
films to produce antireflection coatings for optical surfaces. The idea stems from the observation that abrupt
changes in the refractive index cause reflections—the Fresnel reflection coefficient at normal incidence is
(n1—mn2)/(n1+n2), so larger index steps cause larger reflections. One possible strategy is to try to avoid the
abrupt index change at an optical surface by introducing a layer that smoothly interpolates the refractive
index from air to glass. This could in principle be accomplished by many layers of gradually increasing
index, but in practice the materials aren’t available to do this well. More practically, it is possible to shape
a surface with subwavelength structures, such as the pattern shown here.

At first glance, this surface doesn’t seem too promising as an antireflection surface, as it is basically a
diffraction grating. But if the period of the grating is sufficiently small (smaller than the optical wavelength),
the light does not “‘see’ the surface as a diffraction grating (this occurs when the angle of the first diffracted
orders is so large as to be nonsensical, so that no orders except for the zeroth order propagate). In this case,
we can coarse-grain the permittivity, or equivalently, the square of the refractive index, at each position
x normal to the surface plane, by averaging the density of the material in the other directions at fixed x.
(Note that the susceptibility and thus the permittivity give the direct polarization response of the medium
to the incident field, and this is why the permittivity or squared index, not the index, should be coarse-
grained.) If the index in the coarse-grained sense then changes sufficiently slowly in space, we might then
expect reflections to be suppressed, in a way that should be robust to angle and wavelength changes, as
compared to interference-based dielectric coatings. Such coatings are already available in commercial SLR
camera lenses.’

To work out the reflection coefficient for the GRIN layer, we will apply the thin-film matrix formalism
by dividing up the GRIN layer into N sublayers of width

ow = . (10.58)

If N is large, then the sublayers are thin, and the refractive index is approximately constant over each layer,
so that the matrix formalism applies.

IFor example, see http://www.canon.com/news/2008/sepl7e.html, where the subwavelength structures seem to be cone-
shaped.


http://www.canon.com/news/2008/sep17e.html
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We take advantage of the fact that dz is small to simplify the matrices, and we will also explicitly take the
continuum limit N — oo to develop a modified formalism to handle the continuous layer.

As in the matrix-formalism development, we will assume S-polarization, and we will indicate the
changes necessary to handle P-polarization at the end.

10.4.1 Finite Stack of Very Thin Films
In a stack of thin films, the transfer matrix of the jth film is given by

—isind;
cos d; —

;i
FJ = J

—ia; sind; cos d;

Assuming the layer is very thin, of thickness dx, then the phase shift is similarly small,

2

n;(dx) cos Oy; = konj(dx) cos by,

and we can expand the transfer matrix to lowest order in §;:

1 —id;
F]‘ ~ @
—l'Olj(Sj 1
Then with '
aj = — cos by,

(10.59)

(10.60)

(10.61)

(10.62)
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we can write this matrix directly in terms of refractive indices and angles as

1 —’i'l]oko ox
F, ~ . (10.63)

k
—i—onj2 cos? 0y 0z 1
Mo -

But using Snell’s law, we can rewrite the angle factor as

nj2 cos? O = njz — njz sin® O = nj2 — niz sin’ 6;, (10.64)
and thus we have
1 —in()ko ox
F; ~ (10.65)
k
i (nj2 — nf sin? 91) ox 1
No

as the transfer matrix in the limit of very thin layers.

10.4.2 Continuous Medium

Rather than multiply the N matrices together as in the normal matrix formalism, we will take the continuum
limit first, and then handle the propagation of the fields by converting the matrix relation into a system of
coupled differential equations. Recall from Eq. (10.27) that the matrix F; “transfers’” the parallel components
of E) and H™) from the output edge to the input edge of the jth layer. If we put this into continuous
notation, where dx — dx, n; — n(z), and we regard the jth layer of the medium as occupying the region
r — dx to x, we have

[ Blz — do) } = 1 Sl [ Blz) ] (10.66)
H o ko H(z) |’ ’
—i— [n?(z) — nlsin’6;] dx 1

7o
where again I and H refer only to the components of the fields parallel to the film surface (i.e., £, and H,
in our coordinate system, for S-polarization), and note that we are dropping the (+) superscripts to simplify
the notation.

Expanding the left-hand side to first order in dz,

E .
E(z) — &, 1 —inoko dx E(z)
gf[ = , (10.67)
H(z) — Edw —i@ [nQ(z) — n sin® 91] dx 1 H(z)
o

and canceling the common F(z) and H(z) terms, we have the linear differential system

% [ flg)) ] = iko L _On? e 10 [ flg)) ] (10.68)
o : ;

If we condense our notation by defining

(10.69)

o 2 — n2gin2 0.
no(2) = \/n () = e Ll (angle-corrected refractive index)
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the linear system becomes

d[E@) | _, | " ™|[Ew
A[5)-m | | (50 o)
Mo
92 — koo ()
W itenda) (10.71)
1kong (x

if we write them out as separate equations. These equations allow us to propagate the fields from x = d to
x = 0, the procedure that takes the place of multiplying together the N matrices.

10.4.3 Reflection Coefficient

To relate the fields to the reflection coefficient, we can then use the same boundary conditions at the interfaces
as in the matrix formalism. Rewriting the boundary conditions (10.34) for the transverse components of the
fields at the incident (a), at © = 0, and substrate (b), at = d, boundaries of the continuous film,
B = B+ D)
+ +
EI(J = E(gt :
19 = o (857 - 557)

HY = o ESD.

(10.72)

The coefficients a; and «ag are defined in Eqgs. (10.24). But instead of working with the individual fields, we
will work with the ratios of the (parallel components of the) fields, which we will call effective impedances
(effective because they only refer to parallel components)

_ E(+)(x)
) = T (10.73)
At the incident boundary, Egs. (10.72) give
) =2 2o Tl _HT (10.74)

Hé"r) o a; (E(()IJF) _ E((]:F)) e %) (1 — 7’)

and at the transmitting boundary,

E®) 1
= kgﬂ = — (10.75)
Hy Qs

In the region 0 < z < d, we can deduce the dependence of 7 by differentiating the definition (10.73):

dp 1 dEM) EW®)(z) dH™) 10.76
dr = H® dz  [HO@)]2 dv (10.76)

7(d)

Then using Egs. (10.71) to eliminate the field derivatives, we find that the effective impedance obeys the

differential equation?
dn . ikong () o (10.77)
de koo — o 7 (). (propagation equation for fields)

2We have basically concocted an alternate derivation of the tapered-transmission-line formalism in Daniel H. Raguin and
G. Michael Morris, “Analysis of antireflection-structured surfaces with continuous one-dimensional surface profiles,” Applied
Optics, 32, 2582 (1993) (doi: 10.1364/A0.32.002582); see Eq. (26) in particular.
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The procedure for calculating the reflection coefficient is as follows: first, use Eq. (10.75) as the initial con-
dition for 7(d), then use this differential equation to integrate backwards to 7(0), and finally, use Eq. (10.74)
in the form

a;7(0) — 1 (10.78)
a;n(0) + 1 (GRIN-layer reflection coefficient)

for the reflection coefficient.

10.4.4 Solution of Ricatti Equations

The differential equation is nonlinear in 7, which makes it difficult to solve in general. However, it is of a
special form, being first-order and only quadratic. An ODE of this form is called a Ricatti equation

(10.79)

dy _
B (Ricatti equation)

W — ol + by + c(a),
which can be converted to a linear (but second-order) ODE by a change of variables. To do this, define z(z)
such that

()
=———. 10.80
TR 1050
Differentiating this expression, we have
!/ 1 !0 12 1
, z , Nz a'z z z
— L T2 2z 10.81
Y= 22 (¢'z+a) az a2z + az?  az ( )
But combining Eqgs. (10.79) and (10.80), we have
12 b /
y’:ayQ—l—by—i—c:Z—z—i—i—c (10.82)
az az
Equating these last two expressions for y’, we have
a/
2" — ( + b) 2 +acz=0 (10.83)
a

after multiplying through by az. Assuming that we can solve this equation (which still may be tricky due to
non-constant coefficients), the solution to the original equation (10.79) then follows from the transformation
(10.80).

10.4.5 Example: Single, Homogeneous Film

As a simple check and illustration of the technique, we can work out a solution that we have already solved:
the case where n(x) = n; is a constant over the full range 0 < z < d. From Eq. (10.69), we have

ng(x) = ni —nlsin?6; = ng, (10.84)

i
which is now constant, greatly simplifying the solution. Then we can take the coefficients

.k 2
a = fz:;ﬂ’ b= 0, c = ikOUO; (1085)
0

and thus we should solve the equation
2" +acz =0, (10.86)

with constant coefficients. We can certainly do this, because a and ¢ are constants; we can parameterize the
general solution to this equation as

z2=8 (cosvacz + Bsinvacz) , (10.87)
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where 3 and 3 are undetermined coefficients. With the change of variables (10.80), the solution to the

propagation equation (10.77) is
f](x):—\/?<_sm acx+ﬂ'cos\/@x>. (10.88)
a \ cosy/acx + fBsin/acx

With the boundary condition (10.75)
() =~ (10.89)

o
we can equate this with the solution 77 at * = d to fix the coefficient

assin/acd — +/(a/c) cos/acd
as cos vacd + +/(afc) siny/acd

Then we require the solution at the incident boundary,

7(0) = —\/58, (10.91)

and the S-polarized reflection coefficient (10.78) is

an(0) =1 aiy/(c/a) B +1
af(0) +1 aiv/(c/a) B — 1 (10.92)

B = (10.90)

T =

or with Eq. (10.90),

aiasy/(c/a) sin/acd — a; cos \/acd + as cos \/acd + \/(a/c) siny/acd (10.93)
r= | |

ajasy/(c/a)siny/acd + a; cos/acd — agcosv/acd + +/(a/c) sin \/acd

To compare this with our previous results in the matrix formalism in Section 10.3.1, we can write argument
of the trigonometric functions as

Vacd = kongd = kody/n? — n?sin® 6; = kody/n? —n?sin? 0y = nikod cos 0y = 0, (10.94)

and the other factor we need is \/c/a or y/a/c. Note that we have to be careful about this, because c/a
is negative, and there is a phase ambiguity: do we choose \/c/ia or m to have a phase of +7/2? To go
back to the source of this factor, recall from Eq. (10.88) that \/c/a was a shorthand for \/ac/a; since ac is
positive, there is no phase ambiguity here, and we may proceed:

a a —ikong/mo  mng  micosby o’ ’

Qi 0g

so that
—1 sind + a; cos d — g cosd + iavg Sin
r=—ad : (10.96)
—i——=8ind + o cos § + ag cosd — iaq sind

(€51

This is the same expression we wrote out before for the reflection coefficient in the matrix formalism,
Eq. (10.41).

10.4.6 Example: Linear Permittivity Gradient

As a less-simple example, we will now work out the reflection coefficient due to a linear ramp in the permit-
tivity, which interpolates linearly from the incident vacuum (¢ = €g), to the substrate, of susceptibility x
[es = €0(1 + x)]. This transition happens over a distance d.
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e(z)=eo(1+x/d)

65260(1 +X)

€i=¢€p ‘

x;O x;d T

This is a coarse-grained model of a subwavelength diffraction grating with triangular ridges, as illustrated
here, where the substrate medium (e.g., glass) has susceptibility x. Note that this is only a quantitative
model of this particular grating for S-polarization and the polarization vector is parallel to the grooves;
otherwise the effective index profile has a different functional form,? because gratings are highly anisotropic,
and the coarse-grained surface acts as if highly birefringent.

In terms of refractive indices, then, we have

n(z) = 4/1+ Xz (10.97)

nsg =+/14+x.

From Eq. (10.69), we have

nd(z) =1+ %z — sin26; = cos?f; + gz, (10.98)
and the Ricatti coefficients in Eq. (10.79) become
-k' 2
_ _thong@) oy g oo ikomo, (10.99)
7o
and thus we should solve the equation
a/
2 — (a) 2 +acz =0, (10.100)
which becomes 1d
" X ’ 2 2 X
2 ki 0+ 2z2)2=0 10.101
z (coszeiJr(X/d)x) Z2 + kg (cos + dx) z ( )

after putting in the explicit forms of the a and ¢ coefficients.
To solve this equation, we will compare it to a known differential equation. The Airy equation is
y' —ay =0, (10.102)

and two independent solutions of the Airy equation are the Airy functions®

1 [ t3
Ai(z) : f/ dt cos (3 + xt)
T Jo (10.103)

1 [ t3 t3
Bi(x) ;/0 dt [exp (—3 + xt) + sin (3 + xt)]

3Daniel H. Raguin and G. Michael Morris, op. cit., Egs. (5) and (6).

4Milton Abramowitz and Irene A. Stegun, Handbook of Mathematical Functions (Dover, 1965), Section 10.4. Available online
at http://people.math.sfu.ca/~cbm/aands/page_446.htm. The properties of the Airy function that we will use, including
asymptotic forms, can be found there.
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of the first (Ai) and second (Bi) kind. These functions are plotted below, where we will be interested mainly
in the oscillatory part at negative x.
1

/ Bi(x)

=
.G'S Ai(zx)
&
<
-0.5 — |
1 \ | \
-10 -5 0 5 10
T
Taking the Airy equation and dividing through by x,
1
—y" —y=0, (10.104)
x
and then differentiation the equation, we find
1 1 1 /! /
-y - =y =y =0 10.105
Y=y —y ( )
Changing variables to z = 13, we obtain the equation
1
Z(x) — =2 (x) — xz(x) =0, (10.106)
x

to which the solutions are the derivatives Ai’'(x) and Bi’(z). Now changing the independent variable z —
—(k¢x/d)*/3x, we obtain the equation

1 k¢
P OTXa:z =0, (10.107)
X

to which the solutions are Ai'[—(kZx/d)'/?z] and Bi'[—(kZx/d)'/?z]. Finally, we can change this into
Eq. (10.101) by letting

d
T — z + — cos? b, (10.108)
X
and thus we may write the general solution to Eq. (10.101) as
o(z) =f [Ai’(—/%az) + BB (—ki)| , (10.109)

where 3 and 3 are undetermined constants, and we are using the shorthand, shifted coordinate

dn? d
L1 C) N P 0; (10.110)
X

>

and scaled wave number

~ 2 1/3
fo= (kodx> . (10.111)
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Then using Eq. (10.80), the solution to the Ricatti equation (10.77) in this case is

i) — (Ai”(—/}{c) + 5Bi”<—j%§>>
ikoxZ \ Ai'(—kZ)+ BBi'(—kZ)
_ komoga ( Ai(—ki) + BBi(—kZ) )
k3 Ai'(—kZ) + BB (—kz)
_ ikono [ Ai(—k%) + BBi(—k%)
Tk \A(—kz) + BB (ki)

where the Airy equation (10.102) implies the second derivatives
Ai"(z) = zAi(x), Bi"(x) = 2Bi(z).

The next step is to fix the undetermined constant 8 using the boundary condition (10.75)

1
d) = —
7i(d) o
Letting B
Gi= "
"~ komo
and ~ cos? 6;
d:i"|x_d:d(1 )
X
we find

asAi(—kd) — iaAi' (—kd)
osBi(—kd) — iaBi' (—kd)

Then defining

the effective impedance at the incident boundary is

S0y = L Ai(—kdo) + BBi(—kdo)
T =56 \ AT (Zhdo) + BBV (—dy) )~

Finally, the reflection coefficient (10.78) becomes

i Ai(—kdy) 4+ a;SBi(—kdo) — iaAi’ (—kdy) — iafBi' (—kdy)

aiAi(—kdy) + i BBi(—kdp) + iaAi' (~kdp) + iaBBi' (—kdy)

QAi(—kdo) — iaAT (—kdo) + B {aiBi(—fedo) - z'o?Bi’(—cho)}

@i Ai(—kdo) + iaAi (—kdo) + B [aiBiH;czo) + i@Bi/H;czo)} .

(10.112)

(10.113)

(10.114)

(10.115)

(10.116)

(10.117)

(10.118)

(10.119)

(10.120)

Then inserting Eq. (10.117), we finally find, condensing our notation yet further, the reflection coefficient
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for S-polarization
_ AyB~ - BjA”
"~ A{B- - Bf A-
AL = qAi(—kdy) +iaAi (=kdy), AT := aAi(—kd) — iGAi (—kd)

Ts

BE := Bi(—kdy) + iaBi'(—kdp), B~ := a,Bi(—kd) — iaBi' (—kd)
- 20 ~ 29
d:=d<1+COb 91>7 dyi— d cos® 0;

A X
k= <k02X> Q= —k
d ’ komo

0, 1 |d V1 1 1 |d
Q= R LX, Qg 1= +Xc050t=—\/x+0082912— —X,
Mo m\ d Mo Mo o\ d

(reflection coefficient, S-polarization, linear GRIN film) (10.121)
where we used 8 = —A~ /B~ in our condensed notation.

10.4.7 Asymptotic Forms
10.4.7.1 Sharp-Boundary Limit

As a simple check on our calculation, we can compute the reflection coefficient in the limit d = 0, corre-
sponding to a hard boundary between vacuum and the dielectric, without any smooth index gradient. First,
analyzing the numerator of the reflection coefficient (10.121), note that terms proportional to a;oy and &2
will cancel, leaving

Ay B~ — By A~ = —ic;@Ai(0) Bi'(0) + i @Ai(0) Bi'(0) — ics@Ai’ (0) Bi(0) + iy @Ai’ (0) Bi(0)
= i[Ai'(0) Bi(0) — Ai(0) Bi'(0)] as& + i[Ai(0) Bi'(0) — Ai'(0) Bi(0)] asér (10.122)
= ao(os — ag),

where we have defined

2ic

ag = ia[Ai'(0) Bi(0) — Ai(0) Bi'(0)] = —ia[Ai(0) Bi'(0) — &Ai'(0) Bi(0)] = ~ATA/30@3) (10.123)
and the last two equalities here follow from the expressions

Ai(0) = _1 Ai'(0) = _ 1 Bi(0) = _1 Bi'(0) = 3% 10.124

0= 370 0/3) 10 = =373y 0= 37 0/3) H0) = pzgy (10124)

The exact form of ag is unimportant, as it will cancel here anyway. The denominator of the reflection
coefficient (10.121) is the same, except A, and B, are replaced by Aj and By, which changes the signs of
all terms involving ag. Thus, the reflection coefficient is

o —ag  cosl; —+/1+ ycosby

= = 10.125
s aj+oas  cosb + T+ xcos’ ( )

which is the correct Fresnel coefficient for S polarization incident from vacuum onto a dielectric.

10.4.7.2 Small-Reflection Limit

In the limit of large d, which smooths the transition between the vacuum and dielectric, we expect a small
reflection coefficient. In this limit, we can use the asymptotic forms for real x for the Airy functions

, 1 (2232 , 1 20%2
Ai(—z) ~ NG sin < 3 + 4) , Bi(—xz) ~ NG cos ( 3 + 4) , (10.126)
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and the derivatives

1/4 93/2 1/4 94:3/2
y x (2 T N S x T
Ai'(—x) w3 cos ( 3 + 4) , Bi'(—x) NG sm( 3 + 4) . (10.127)

Then examining the components of the refection coefficient (10;1~21), we note that both terms in each
coefficient A(j)[, Boi7 A=, and B~ scale as d~%/6, if we note that kd and kd, scale as d?/3, and & scales as
)

In the reflection coefficient (10.121),

_ AyB~ —Bj A~

_ b mh A 10.128
4B By A- (10-125)

Ts
we will begin by evaluating the first term in the numerator:

A3 B~ = avagAi(—kdo)Bi(—kd) — ic [aiAi(—kJO)Bu—/%d) + asAi’<—1%cZ0)Bi(—1%J>] — &2AT (—kdo) B (—kd).

(10.129)
Comparing the first and last terms here in the limit of large d, we can see from the asymptotic forms (10.126)
and (10.127) that the dependence on trigonometric functions will be the same. To compare them further,

we can see that o -
s Ai(—kdo)Bi(—kd) a0 X kix

&2AT (—kdo)Bi (—kd)  a%i/dgd  nakd  k3d
where we used Eqgs. (10.121) to reduce the ratio. Thus, the first and last terms in Eq. (10.129) cancel in the
large-d limit, and we have

1, (10.130)

A5 B~ = i as Ai(~kdo)BY (~kd) + a, AT (~kdo)Bi(~kd) | (10.131)

Proceeding to the second term in the numerator of Eq. (10.128), we see that this is the same as the first
term (10.131) if we interchange d and dp, and then a; with as. Then from the last two equations in (10.121),

we have
Qs [d
— =4/ =, (10.132)
Qg dQ

AyB~ — By A~ = —ia;a [Ai(—IEJO)Bi’(—I%d) + ,/gAi’(—l%Jo)Bi(—M)]
0

and writing out the numerator of (10.121),

(10.133)

— iaid

\/EAi(_k&)Bi’(—%d‘o) + Ai’(_z;d‘)Bi(—zéd'o)]
0

we can put in the asymptotic forms (10.126) and (10.127) to see that this vanishes.

In the denominator, we have different signs, and so the first cancellation of the first and last terms in
Eq. (10.129) does not occur, because the sign of the & term changes (as does the sign of the day term), and
so we have

AL B~ = 2050, Ai(—kdo)Bi(—kd) — ia [aiAi(—lédo)Bi’(—l%d) - aSAi'(—INcJO)Bi(—l}J)}. (10.134)

Again, the other term in the denominator has the same form, but with do and d interchanged, and with
a; — —os and ag — —ay:

A5 BY = 2050, Ai(—kd)Bi(—kdy) + i [aSAi(—léd)Bi’(—Mo) - aiAi'(—INcJ)Bi(—l%JO)}. (10.135)
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From the asymptotic forms (10.126) and (10.127), along similar lines to Eq. (10.133), we see that the
imaginary terms are equal in magnitude but opposite in sign, so that the denominator becomes

AYB~ — A7 Bt = 2040, [Ai(fl}(ZO)Bi(fchi) + Ai(fch)Bi(fMO)}

+2¢a[asAi(—1%d)Bl( kdo) — cx Al (—kd)Bi(— /;cio)]

N LN\ 1/4
s [2;;3/2 (4% - 623/2)} _ Ziday <d> cos [2;;3/2 (43 - dw)} ,
r (R2dod & ™ \do &

(10.136)
which is nonvanishing. Since we have a vanishing numerator and a nonvanishing denominator, we have
established that r4 — 0 as d — 0.

Note that the denominator scales as d—1/3 for large d. The terms of the same order ended up canceling
in the numerator. The next-order terms in the the asymptotic forms (10.126) and (10.127) are smaller by
factors that scale as 2~3/2 for large . Since z here refers to kd and kdy, both of which scale as d%/3 the
next-order part of the numerator should scale as 1/d compared to the denominator. Thus, for large d, the
reflection coefficient scales as 1/d for large d, or the reflectance scales as R ~ 1/d?.

To illustrate all this, below is plotted the reflectance at normal incidence for a vacuum—glass interface
(assuming n = 1.52 for glass), connected by a linear permittivity gradient.

1
10 \ \ \ \

reflectance
—_ —_
S S
w n

H
<
1

10% ! \ \ \
0 1 2 3 4

GRIN film thickness d/\g

Here, we can see that the reflectance starts at 4.3% at d = 0, which is what we expect for a vacuum-glass
interface. We also see oscillations in the reflectance, and in the large-d regime, the envelope of the oscillations
shows the expected 1/d? scaling. To gain a bit more insight into the oscillations, note that asymptotically,
the Airy functions conspire to form trigonometric functions as in Eq. (10.136), with argument

2. - . 2 (k& \'"? N2 7dN\Y?] 2ked
SRR (d32 —d3?) = 2 (X Brl1+=) - (= e S 10.137
3 ( 0 ) 3\ d +X X 3x [( +X) ]’ ( )

where to keep things simple we are considering only normal incidence. This has the form of the optical path

length of the GRIN film,
/ dz’ n(z / do’ (142 o )2 - 1} : (10.138)

multiplied by kg, and so the oscillations here are similar to what we expect in for a thin, homogeneous film,
provided we interpret the result in terms of the more general path length.

ot
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10.4.8 P-Polarization

So far we have calculated the reflection coefficient in the case of S-polarization. But recall that we can adapt
the calculation to P-polarization by moving the angle cosines from the numerators to the denominators of
the « coefficients. Beginning with Eq. (10.61),

) —id;
F, ~ aj | (10.139)
—iOéjéj 1
we use "
_ 7 10.140
@ No os Oy ( )
along with
d; = kon;(dx) cos by (10.141)
to write the alternate transfer matrix
) (nj2 — ni2 sin? 01)
1 —inoko cos® Oy 6z 1 —1inoko 5 ox
F, ~ = " (10.142)
k
—i—onj2 ox 1 —i@nzéx 1
Mo no ’
Passing over to the continuous limit, the differential system for the fields (10.70) becomes
0 770"(92(37)
d [ E(z) . n(z) E(x)
a — ik 10.143
dx [ H(zx) ] tro n2(z) . H(x) |’ ( )
Mo

where the definition (10.69) of ng(z) still holds. Again E and H refer only to the components of the fields
parallel to the film surface (now E, and H. in our coordinate system, for P-polarization). Written as two
coupled equations, we have

2
WE iy by
dx ! () (10.144)
dH  ikon®(x)

Then proceeding with the effective impedance 7j(z) defined in Eq. (10.73), we can eliminate the derivatives
in Eq. (10.76) to find in place of Eq. (10.77)

G _ ) ibr2le) s
x n?(x) 0

(propagation equation, P-polarization) (10.145)
That is, part of the space dependence ng(z)/n?(x) of the variable index moves from the nonlinear term to
the constant term. The procedure is then the same as before for calculating the reflection coefficient: first,

use Eq. (10.75)

= Hé+) - Qs

7(d)

(10.146)

as the initial condition for 7(d) (with suitably redefined as), then use this differential equation to integrate
backwards to 7(0), and finally, use Eq. (10.74),

a;n(0) — 1
VI 10.147
T a0y + 1 ( )
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for the reflection coefficient, with the modified «;.

10.4.8.1 Example: Linear Permittivity Gradient

Now we return to the example of the linear permittivity gradient from Section 10.4.6, and work out the
reflection coefficient for P-polarization.
The Ricatti coeflicients in Eq. (10.79) in this case become

ik 2 2
P GO S ikoro 2 (z) (10.148)
o n?(x)
where Eq. (10.98) still holds for ng(x) in this case. We should then solve the equation
/
2" — (Z) 2 +acz =0, (10.149)
which becomes 1d
" X ’ 2 2 X
(Y (et ) 2 =0 101
z (1+(x/d)m>z+0 cos +d:cz 0 (10.150)

which is the same as Eq. (10.101), except that the cosine in the coefficient of 2’ is no longer there. Unfor-
tunately, the variable-transformation tricks we used in the S-polarization case do not carry over here, and
this equation does not have an obvious solution—except, that is, at normal incidence, when this case is
equivalent to the S-polarization case.

Nevertheless, it is possible to solve Eq. (10.145) numerically to obtain the reflection coefficient. Doing
this for the vacuum—glass (n = 1.52) interface for normal incidence, and 45° incidence for both polarizations
leads to the plot below.

10! —
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GRIN film thickness d/\q

In the d = 0 limit, S-polarization reflects more than does P, because 45° is not far from Brewster’s angle.
This behavior persists for all d, with similar oscillations in each case (but with longer period in the angled-
incidence cases).

Note, however, that while something analogous to the polarizing effect at Brewster’s angle, the suppres-
sion is not as complete as for a simple interface, as shown in the plot below, which shows both polarizations
for three film thicknesses (with the d = 0 case corresponding to the usual vacuum—glass interface).
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10°
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100 - 7
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However, notice that the reflectance is suppressed over a wide range of angles by the GRIN film.
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10.5 Exercises

Problem 10.1

Consider a planar glass window of refractive index n and thickness d, used as an etalon for light of
wavelength A incident at angle 6 with respect to the window surface. Derive an expression for the
changes in resonance wavelength )\ and frequency dv, given a small change §6; in the incident angle.
(That is, linearize the solution in §6;.)

Problem 10.2

Consider a variable beam splitter consisting of two 45°-45°-90° prisms® of refractive index n, separated
by an air (n = 1) gap A and operated as shown with light of (vacuum) wavelength Ag. Assume that
n is large enough that frustrated internal reflection occurs at the gap at the incident angle of 45°.

\}//4\A X vary A

(a) Write down an expression for the intensity reflection coefficient due to the air gap (ignore reflections
from all other prism surfaces). Everything you write down should be defined in terms of parameters
given in this problem, and make sure to treat both possible polarizations.

(b) Obtain the limits of your expression for small and large A, and comment on whether or not they
make sense.

(c) Plot the reflectance of the beamsplitter as a function of A/\g, assuming n = 1.52 for glass. Also
include in your plot for comparison the simple estimate 1 — e=22/9 where § is the skin depth for
internal reflection, which is based on the normalized intensity of the evanescent wave where it enters
the second prism (hence, this fraction of the intensity transmits through the second prism).

Problem 10.3

Light of wavelength \¢ is incident from air (n = 1) onto a single dielectric thin film (of index n, and
thickness A/4, where X is the wavelength inside the film), which covers a glass substrate (index ng).

n=1 ng Ng

Eé?f

(a) Write down an expression for the film reflectance, assuming the light is at normal incidence, using
the results of the reflection-summation formalism.

(b) Derive the value of n¢ that makes a perfect anti-reflection coating.

Problem 10.4

Repeat the derivation of the thin-film matrix formalism for P-polarization, showing that the transfer-
matrix formalism is the same as for the S-polarization case that we already derived, provided the «;

5for a realization of this beam splitter, see D. Bertani, M. Cetica, and R. Polloni, ““A simple variable-ratio beam splitter for
holography,” Journal of Physics E: Scientific Instruments 16, 602 (1983) (doi: 10.1088,/0022-3735/16/7/007). For application to
@-switched laser cavities, see Ian N. Court and Frederick K. von Willisen, ‘‘Frustrated Total Internal Reflection and Application
of Its Principle to Laser Cavity Design,” Applied Optics 3, 719 (1964) (doi: dx.doi.org/10.1364/A0.3.000719).


http://dx.doi.org/10.1088/0022-3735/16/7/007
http://dx.doi.org/dx.doi.org/10.1364/AO.3.000719
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coefficients are suitably redefined. Compute the film reflection and transmission coefficients for this
case.

Problem 10.5

Discuss the advantage of a two-layer antireflection coating over a single-layer coating. Assume that
you are only concerned with suppressing reflection at one incident wavelength and normal incidence,
and distinguish practical vs. in principle performance of the coating in your answer. (Two or three
sentences should suffice here.)

Problem 10.6

Plot the intensity reflection coeflicients as a function of angle for light incident from air onto crown
glass with a single-layer antireflection coating of MgF,. (Make plots for both polarizations.) Assume
n = 1.38 for MgFs, and a coating thickness of A\/4 (where A is the wavelength inside the coating!),
where the design wavelength is A = 550 nm (in vacuum). How thick is the coating in nm?

Problem 10.7

Plot the intensity reflection coefficients as a function of Ag for light incident from air onto crown
glass with a double-layer antireflection coating. The thin-film stack consists of a A/4 layer of ZrOs
(n = 2.1) directly on top of the crown glass, followed by a A\/4 layer of CeF3 (n = 1.65). Assume a
design wavelength of 550 nm (in vacuum) and extend the plot over the visible spectrum (400-700 nm).
Consider only the case of normal incidence. How thick are the layers in nm?

Problem 10.8

Consider a “‘slab” (film) of glass of index n surrounded on both sides by vacuum. Use the transfer-
matrix method to derive the reflection coefficient for the film, assuming it is very thin (d < Ag, A),
Taylor expanding to linear order in the film thickness d (at every stage, to keep it simple), and at
normal incidence.



Chapter 11

Fourier Analysis II: Convolution

11.1 Motion Blurring in Photography

To motivate the idea behind a convolution, let’s consider the common situation of photographing a moving
object. As an example, we’ll choose a white box on a black background as the object, as shown below, to
the left. As far as the camera is concerned, this is only the image that you will record in the limit of a very
short shutter time. For longer shutter times, the image will be blurred, as shown below to the right.

Let’s represent this more mathematically, and consider the one-dimensional intensity function I(x), repre-
senting the horizontal cross section through the middle of the figure. Again, this object is moving, say to
the right.

I(z)

—>

/

xT

During the shutter exposure, we must sum over the image in each location it occupies while it is moving
along. We can represent this as the exposure-summed intensity

d/2
Iexp(a:):/i/ZI(a:—x')dx’. (11.1)
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Here, we assume that the object moves a distance d = vtqxp, at speed v during the exposure time teyp. In the
integral, we add the intensity function centered at each x’ within this range, and for concreteness, we take
the range of the image’s motion to be from —d/2 to d/2. The result is a blurred object, which would look
something like the plot below, if the blurring effect is not too heavy.

Loxp(2)

x
Suppose that we introduce the box function of width d:
_ )L el <d)2,
M=) { 0, |z|>dj2. (11.2)
Then we can rewrite the exposure integral as
Texp(z) = / I(z — 2') h(a") do'. (11.3)

Here, h(z) is unity to represent the locations of the object where the shutter is open, and it is zero when
the shutter is closed. It need not be the case that h(z) is only unity or zero; for example, h(x) could ramp
smoothly from zero to one as the shutter smoothly opens, or h(x) could be more complicated if the object’s
velocity is nonuniform, since it spends different amounts of time in different locations. Considering this
integral further, let’s change variables by letting ' — 2’ + = and then 2/ — —x’:

o0
Texp () = / I(—=2') h(2' + ) da’
X (11.4)
= / I(z") h(z — 2')da'.

— 00
What this is saying is that the blurring effect is equivalent when we have a stationary object, but a moving
camera, represented by a moving function h(z — z’) in the integral (that is, we have just exchanged the
dependences of I and h). This integral is precisely what we mean by a convolution.

11.2 Convolution

More abstractly, the convolution is a mathematical operation that maps a pair of functions to a function.
Roughly speaking, the convolution is an operation that ‘‘smears’ one function with another.

Formally, we can define the convolution f * g of two functions f and g as the function given by the
integral

(11.5)
(convolution of functions)

(9@ = [ " il = et

The interpretation of this integral is as follows: as a function of z, we displace (scan the location) of g(z').
It is most intuitive to consider the (common) case of a localized function g(x’), which we will refer to as the
convolution kernel. Then the value of the convolution at location z is the “amount” of f(z’) that “passes
through” g(z’) when g is displaced by an amount x. Notice that this is proportional to the projection of
f(@") onto g(x — 2').

As an example, consider the perfectly localized convolution kernel g(z) = §(x). The convolution with
a function f(z) is

(8@ = [ T @) 6@ — ') da! = f(a). (11.6)
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The effect of convolution with a delta function is simply to do nothing; there is no ‘“‘smearing” due to a
perfectly localized function. Typically, we will use centered kernels; the effect of a displaced kernel is simply
to displace the convolution by the same amount. For example, if

g9(z) = é(z — xo), (11.7)
then -
(f + g)(x) = /_ F@) 6z — 0 — o) da’ = f(z — z0), (11.8)

and thus, convolution with a displaced delta function is just a displacement of the function.

11.2.1 Example: Convolution of Box Functions

As a slightly more complicated example, consider the convolution of box functions, both given by

ro=ao={ 5 15105 (1L9)

The convolution consists of displacing g(z’) by x, multiplying the functions together, and integrating. For
this simple case (box functions of unit height), the convolution (product) just turns out to be the area where
the two functions overlap.
(fxg)(x)
glz—a) f(@)

—1/2 1/2 x
x =0
When the displacement is large, || > 1, the boxes don’t overlap at all, so the convolution is zero. Otherwise,
the overlap area varies linearly with the displacement, so the convolution is a triangle function, peaking at
unity.

f(x)
1 12 1/2 1 x

z=0

(Note that fx f in the figure is the same as f * g for this special case of f = g.) We see now the ‘“smoothing”
or “blurring” effect of the convolution. The original functions were discontinuous, but the convolution is
continuous. The convolution is also wider than the original functions. As we will see, continued convolutions
will make the distribution look Gaussian.

11.2.2 Example: Photographic Blurring

Let’s return to the original photographic example. A photograph is a two-dimensional image, but the above
convolution (and convolution theorem) generalize readily to two dimensions (just do a convolution in both
directions, or equivalently, do a two-dimensional Fourier transform, multiply, and invert the transform).
Here, we will start off with the original photo on the left.!

1RIP Charliepoo.
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-

In the middle, we have the convolution kernel. To be precise, this is a 2048 x 2048 image, which is all zero
except for a unit-height region in the center, 16 pixels high (this is intended to be as small as possible, but is
this large so that the bright region shows up in this figure) and 256 pixels wide. Think of this as essentially a
delta function in the vertical direction, and a square pulse in the horizontal direction. There is essentially no
blurring in the vertical direction in the convolved image, but significant blurring (on the scale of the width
of the white line) in the image. This models motion of the camera during an exposure along the white line;
more complicated trajectories of the camera would correspond to a more complicated white squiggle in the
kernel image. Note the dark borders in the convolution image occur because the image is assumed to be zero
(black) outside its borders.

11.3 Convolution Theorem

The convolution theorem gives an easy way to evaluate the convolution integral in Eq. (11.5), both in
an intuitive and a computational sense. The convolution theorem states that the Fourier transform of the
convolution is the product of the Fourier transforms of the individual functions:

Z\f * gl = Z[f1Zg). (11.10)

(convolution theorem)

Before working through the proof, we need to review the Fourier transform, and in particular the alternate
convention for Fourier transforms between position and spatial frequency (2-k) vs. time and frequency (t-w).

11.3.1 Spatial Fourier Transforms

Previously, in Chapter 3, we’ve been dealing with time-frequency Fourier transforms. However, we will soon
be dealing with Fourier transforms between space and spatial frequency. So before proceeding with the
convolution theorem, we’ll have a short digression to introduce the different convention. Recall that the
formulae for the Fourier transform and the inverse transform are

)= o /Zf(w)emdw, / F(t) et dt.

(Fourier transform-w-t convention) (11.11)

The basis function was exp(—iwt), and this determines the form of the transform integrals. Recall that the

right-going plane wave has the form exp[i(kz — wt)], so the basis harmonic function for the spatial part is
exp(ikx). So to get the spatial convention from the temporal convention, we must make the replacements

t—z, w—k i— —i (11.12)

Thus, the transform equations for spatial functions are

m)—;r/O;f(k)ei“dk, f( /f ) e~ do,

~ (Fourier transform—k-x convention) (11.13)
where again f(k) = Z|[f(z)] = Z[f](k).
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11.3.2 Proof

To prove the convolution theorem, we’ll just compute the explicit form of .Z[f % g]. This will be very much a
physicist’s proof, not a mathematician’s proof, in that we’ll just assume the functions are nice enough that
all the integrals simply exist.

Ff g = U do’ f(x x—x)}
:/ dx/ dr' f(a') g(z — o) e~ -
= / dx / dv’ f(2') e g(z — ') e~ =)
/dxf *m/ dr g(a — o) e =),

Letting x — x + 2’ in the second integral,

Ff *g] = h f(2') e ™" gy’ - z) e dy
o= [ f@) | @ -
= Zf17 ).

Thus, to convolve two functions, just follow this recipe: Fourier transform both functions, multiply them
together, then compute the inverse Fourier transform. That is,

(11.16)
(convolution-theorem recipe)

frg=F HZI 7},
if we write this procedure out mathematically.

11.3.3 Example: Convolution of Two Gaussians

Since it’s easy to compute the Fourier transform of Gaussian distributions, let’s use the convolution theorem
to convolve two Gaussians. Let’s write the two functions as

f(z) = Ae@" /% glx) = Be /5, (11.17)
We computed the Fourier transform of a Gaussian in Chapter 3, so we can write
FIf1(k) = f(k) = Aay/me™ K4 Zlgl(k) = g(k) = BAVme P F /4, (11.18)
Then the product of the Fourier transforms is
(Z[f1Fg]) (k) = ABaBme (@ +FK /4 (11.19)

Finally, we invert the Fourier transform to obtain the convolution. To do this, we can adapt the formulae

for f(z) and f(k) by first letting o — /a2 + 52 and then A — ABaf/7/\/o2 + 2. Then we obtain

the same Fourier transform above, so the inversion yields

(300w = 7 [ABogme o] = SRRy (). (11.20)

Recall that the standard (normalized) form of the Gaussian is

Ea P ( (56205)2> , (11.21)
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where the p is the mean and o is the standard deviation (o2 is the variance), which we’ll come back to shortly.
The standard deviation is one measure of the width of a Gaussian function. Note that f(x) has standard
deviation o/v/2, g(x) has standard deviation 8/v/2, and (f * g)(x) has standard deviation /(a2 + 52)/2.
Thus, the convolution of Gaussians is still Gaussian, but the blurring effect of the convolution makes the
convolved Gaussian wider than the original functions. Indeed, the convolved width is the width of the
originals summed in quadrature.

11.4 Application: Error Analysis

One important application of the convolution is in probability theory, which carries over to analysis of
statistical error of experimental data in physics. The mathematical problem is as follows: let X; and
Xo be independent random variables with probability density functions fi(z) and f2(x), respectively.
That is, the probability that X; o is between x and x + dx is f12(z)dz. These could represent the errors
in measurements of quantities x1 and x2, respectively, so that the measurement results are z; + X; and
T2 + X5. Then we can ask, what is the probability density of X; + X5, which corresponds to the error of
the combined (derived) measurement of x1 + x + 27

To answer this, we can note that X; + Xo = x for any pair of values of X; and X5, that happen to add
up to x. But then we must sum over all such pairs. The probability that both X; and X5 will both have
particular probabilities is the product of the individual probabilities since the variables are independent.
Thus, expressing what we said in equation form,

Prob(X; + Xs between x and x + dz) =
Z Prob(X; between 2’ and x’ + dz’) x Prob(X; between 2 and x” + d2''|x = 2’ + ).

z! x"
(11.22)
We can translate this statement in terms of the probability densities and implement the constraint as a delta
function. Letting f (z) denote the probability density of X + Xa,

fi(z)de = /_oodx’ /_oodm” f1(@") fa(2") (2" + 2" — ) da. (11.23)

The factor of dx here tempers the infinite height of the delta function, so that the delta function registers
unity when the constraint is met (it is useful to think of the delta function as being zero everywhere, but
1/dz at the origin, so that multiplying by dx and summing over all x gives unity). Evaluating the 2" integral,
we see that the probability density of the sum is the convolution of the individual densities:

foa)dn = [ ! i) fae — ) do = (1 = F)(o)

(probability density of sum) (11.24)
Note that this result is general in that it doesn’t assume any particular form for fi(z) or fo(x).
In the special case where both distributions are Gaussian, from Eqgs. (11.20) and (11.21) we can see
that the variances are related by

(11.25)

Var[X; + Xp] = Var[Xy] + Var[Xy]. (variance of sum)

The variance here is defined by

o B (11.26)
Var[X] := (X — (X)) Nesiatice

for a random variable X. The angle brackets denote the expectation value,
°° (11.27)

(expectation value)
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where h(x) is an arbitrary function and f(z) is the probability density function of X. For the Gaussian
probability density in the form of Eq. (11.21), the variance turns out to be o2. Recalling that the standard
deviation is the square root of the variance,

ox =/ Var[X], (11.28)

(standard deviation)

we can see that for Gaussians, when you add the random variables, the standard deviation adds in quadrature:

U N sy (11.29)
XitXe = /P T X, (error propagation for sums)

This is the law of error propagation for addition in error analysis: if two independent measurements have
uncertainties o1 and o2, then the uncertainty of the sum is /o2 + 0. Actually, in terms of variances, these
results turn out to hold also for non-Gaussian variables, so long as the variances are well-defined.

11.5 Application: Central Limit Theorem

Often, we make many independent measurements of some quantity; however, we might not know the under-
lying distribution, in which case it’s difficult to make use of a result like Eq. (11.24). Fortunately, there is a
very important result that often makes it unnecessary to know the underlying distribution. This is also the
reason that the Gaussian probability distribution is so important.

Let X1,...,Xn be independent, identically distributed random variables. Let f(z) be the probability
density function of each of the X;. Defining the sum by

N

- ‘ (11.30)

Sy = z; 5 (sum of random variables)
=

we will now ask, what is the probability density fs, (z) of Sy? Evidently, we can iterate Eq. (11.24) to

obtain
(11.31)

fon(@) = (f % fx-x (@), (probability density of Sy )

where the result is the successive convolution of N copies of f (for N — 1 total convolution operations).
However, it turns out that this distribution becomes simple for large enough N.

The central limit theorem states that, provided that the mean and variance of the X; exist, with
the mean pu = (X;) and variance 02 = Var[X;], the distribution fg, (z) becomes asymptotically Gaussian

for large N with
(11.32)

o 2
(Sn) = Np, Var[Sy] — No°. (central limit theorem)

(The mean is an exact result, whereas the distribution and variance are valid for large N.) This is a rough
statement, since ‘‘becomes asymptotically Gaussian’ is an imprecise statement. So let’s clean this up a bit.

The central limit theorem states alternately that the probability density function fz, (x) of the cen-
tered, scaled statistic

SN - N/,L
P 11.33
YT oUN (11.32)
converges to the “standard normal” (Gaussian) distribution
1 . (11.34)
z=/2
fzy(2) " /27re ’ (asymptotic scaled distribution)

which is the special Gaussian with mean 0 and unit variance.
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Let’s prove this now?. To evaluate the convolutions in Eq. (11.31), we need to employ the convolution
theorem. Taking the Fourier transform of f(z),

f = ~ ) e gy

f(k)f[mf() "

/mmdx
2

)—
o ; 7! (11.35)
(*Z’k Xj>
7

D
§=0
D
j=0
K(0” + 1)

5 + O(K?).

=1—1ku—

Here, we Taylor-expanded e~%? and then used the fact that the terms of the expansion were proportional

to expectation values (X7), especially the first two, which follow from
(X;) =pn, Var[X,] = o? :<Xj2> — 2 (11.36)
In particular, note that in probability theory the characteristic function of a probability density, given by
F(=k) = (™), (11.37)

is an important tool for the manipulation of probabilities.
This is more cumbersome than necessary, so let’s recompute the expansion in Eq. (11.35) for the
centered, scaled variable
_Xj—n
oVN '’

with corresponding probability density fz(x). The centering effectively zeroes the mean, and the rescaling
changes the factor in front of the variance, with the result

Zj

(11.38)

. 2 E\?
fz(k)=1- o5 +0 (ﬁ) ] : (11.39)
Since
N
Iy =Y Z;, (11.40)
j=1

the convolution theorem says that to calculate the transform of the N-fold convolution, we just compute
fz(k) to the Nth power:

Fzn (K )] Eool(k TV
= =(1-— — . 11.41
As N becomes large, we can neglect the higher order terms beyond the first, and then use the formula
. x n oz
nh_}n@lo <1 + n) =e (11.42)
to see that for large N, the transform becomes
- k2

But now the inverse Fourier transform of exp(—k?/2) is exp(—x?/2)/v/2m, so fz, converges to a standard
normal distribution as N — oo.

2This is the physicist’s proof; the rigorous version is in T. W. Koérner, Fourier Analysis (Cambridge, 1988), starting on p.
349.
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11.5.1 Central Limit Theorem Application: Random Walk

The central limit theorem has one (of many) of its important applications in statistical mechanics. Suppose
a random walker takes a random step of size X with probability density f(z) between periodic intervals of
duration At. Let’s assume that

(X)=0, Var[X]=o% (11.44)

After N steps (N large), what has the walker done? The central limit theorem says that the probability
density of the accumulated displacement

N
Sy =Y X, (11.45)
j=1

is Gaussian with zero mean and variance No?. That is, the width (standard deviation) is ov/N. The
probability distribution thus becomes asymptotically Gaussian with a time-dependent width of

ot) = o] L (11.46)
B At’ (asymptotic distribution width)

This random-walk behavior is characteristic of a diffusion process, which is a transport process by which
the distribution grows as t/2,
(11.47)

D l/2
Az~ Dt/=, (diffusion law)

where for the random walker the diffusion coefficient is D = o/v/At. Note that within certain restrictions
(we’ll explore this more in the homework), the final distribution is Gaussian, independent of the one-step
distribution. Some one-step distributions, such as the Cauchy distribution, lead to anomalous diffusion
where the diffusion coefficient diverges.

11.5.2 Central Limit Theorem Application: Standard Deviation of the Mean

Returning again to error analysis, suppose we make independent measurements X1, ..., Xy of some quantity
in the laboratory. The sample mean is
N
1
LN = NZXj. (11.48)
Jj=1
We can rewrite this as g P
N 0LN
2N _ , 11.49
N = RS (11.49)

where the first term represents the true mean, and the second is the experimental error (statistical fluctuation
in the sample mean). Applying the central limit theorem, Zy is approximately standard normal for large
N, so pun is Gaussian with mean p and standard deviation

o (11.50)
Tmean = VN’ (standard deviation of the sample mean)

where ¢ is the standard deviation of a single measurement. Thus, the standard deviation of the mean
(also called the standard error) is o/ Vv/N. This is why, by making many measurements, it is possible to
increase the accuracy of a measured quantity. (However, the convergence is fairly slow with N, so for a
high-accuracy measurement, N must be very large, or o must be small.)
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11.6 Application: Impulse Response and Green Functions

Let’s consider a simple mechanical system, such as a damped harmonic oscillator subject to a forcing function
f():
(11.51)

. . D __
et S Al (forced, damped harmonic oscillator)

The three terms on the left-hand side represent, respectively, the acceleration, damping, and harmonic
restoring force. Rather than solving this directly for an arbitrary forcing function, let’s assume a particular
form for the forcing function: an impulse (delta function) at time ¢':

&+ yi +wir=0(t—t). (11.52)

The solution to this is fairly straightforward. There is no force before the impulse (¢ < '), so the oscillator

is at rest,
z(t < t') =0, (11.53)

assuming the boundary conditions x(—o0) = 0 and #(—o0) = 0. At t = ¢/, the impulse ‘‘kicks” the oscillator.
We can see this by solving Eq. (11.52) and integrating over a short interval around ¢ = ¢'.

t'+e t'+e
/ Fdt = / [6(t—1t) —~vi—wiz] dt. (11.54)
t t

'—e '—e

In the limit as ¢ — 0, the last two terms in the right-hand integral become negligible (being proportional
to €). Thus, as e — 0, we find
Ai =1 (11.55)

across the impulse. This makes intuitive sense: an impulsive force changes the velocity, but there isn’t yet
time for any position change to take place. Since the velocity just before t' is zero, the velocity just after t’
is 1. Thus, the solution for ¢ > ¢’ is the usual damped harmonic oscillator solution with the initial conditions
2(t") =0 and (') = 1, and so we can write (without deriving the solution)

1 /
z(t>t) = ;e—<7/2>(t—t ) sinfw, (t — )], (11.56)
Y

where
wy = y/wd — (7/2)? (11.57)

is the oscillation frequency in the presence of damping.
Let’s rewrite this as the impulse-response solution, the solution z(¢) to the equation in response
to a unit impulsive force at t = t':

0, t<t

g(t,t') = ,
ERCRICD sinfw, (t —t)], t>t.
s

(Green function for damped harmonic oscillator) (11.58)
Then g(t,t’) satisfies Eq. (11.52), where we write out the derivative operators separately:

(11.59)

(Green-function condition)

82 6 2 AN /
<6t2 +’Ya +w0>g(t,t)—5(t—t).

We note also the property of the delta function

£(t) = [ Tt () 8t — 1), (11.60)
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so we can multiply through Eq. (11.59) by f(¢') and integrate over ¢', with the result

(aa:? + ’V% + ”02) /Oodt/ F#&)gt,t) = f(t). (11.61)

— 00

This is equivalent to the original equation of motion (11.51),

(g7 + 755+ ) al0) = 10 (1162)

provided we identify

(11.63)
(Green-function solution)

= /_Oo f) g, t)dt.

Thus, given the impulse-response function g(¢,t"), we can write down the solution for any forcing function
f(t) in terms of an integral. In fact, noting that in this particular case that the time dependence is such
that g(¢,t') = g(t — t’), we can write

ﬂwz/ffwma—#Mﬂzq*ww.

(Green-function solution as convolution) (11.64)
so that the general solution is the convolution of f(t) with g(t) := g(t,0). This form holds whenever the only
explicit time dependence in the system is in the forcing function. This is an example of a convolution method
for solving linear system. This works because of the superposition principle and because any function can
be represented as a superposition of delta functions, which is essentially the content of Eq. (11.60). This
convolution or impulse-response method is an example of a more general method called the Green-function
solution (g(t,t') is the Green function for the damped harmonic oscillator that is initially undisturbed).

All this works more generally, as the Green-function equation (11.59) has the general form

L(t)g(t,t') =6(t —t), (11.65)

where L(t) is a linear operator. If L(t) is time-independent, as it is for the harmonic oscillator, then
g(t,1") = g(t —t'):
Lg(t—t)=45(t—1t). (11.66)
Of course then we can just shift ¢ to write
Lg(t) = 6(t). (11.67)

Then we can write the formal solution for the Green function as

(11.68)
formal solution for general Green function)

g(t) = L715(t). (

All of the integration above is essentially just working out the specific expression for L=!, which is of course
different for every differential equation.

11.6.1 Frequency Domain

Just for fun, let’s look at the Fourier transform of the Green function. A quick trick for doing so is to take the
Fourier transform of Eq. (11.59). This is easy, since it is essentially just assuming that the time dependence
is of the form e~*?*. Thus, to take the Fourier transform, we just make the following replacements:

% — —iw, g(t,t) — glw,t), (t—t)— / 5(t—t') et dt = ™t (11.69)
The resulting equation is o
(—w? —iyw+wi)g = et (11.70)
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Solving for the Fourier transform g,

. ’
ezwt

Glw, ') = (11.71)

w —w? —iw’
which we see is a Lorentzian function in frequency. To employ the convolution theorem, we really just wanted
the Fourier transform for the impulse at ¢ = 0 (the ¢’ is only there to facilitate the convolution), so

1
(W) =glwt =0)= ————
) = ot =0) = g

(transfer function of harmonic oscillator) (11.72)
We can also assume we know the Fourier transform of the driving function,

flw)=Z[f ), (11.73)

so the convolution theorem gives an alternate way to write the general solution:

a1 [F ~ B 1 e o] f(W) e—iwt
2(t) =7 [f(w) g(w)} Con /_Oodw wé —w? —iyw’
(transfer-function solution) (11.74)
In this case, we see that in the frequency domain, the kernel ¢(¢) acts as a bandpass filter (centered on wy,
with a width controlled by ) that passes some of the frequencies of the driving function f(t) to produce the
output z(t). Thus g(w) is the transfer function for the damped harmonic oscillator. The same idea holds
in electronics, and what we have done here is formally equivalent to a signal f(¢) going through a band-pass
filter (R-L-C resonant circuit).
In the language of the linear operator L as in Eq. (11.68), we have computed the Fourier transform of
this equation in the sense
_ 1
g(w) - y[L]a
(formal Green-function solution, frequency domain) (11.75)
where the Fourier transform of the operator L is given by the same replacements in Egs. (11.69). The Fourier
transform of L thus defines transfer function, or the filtering action of the system or oscillator.

11.7 Application: Spectral Transmission

Finally, we can get to an application in optics. Recall from Chapter 7 that a Fabry—Perot cavity can act as

a spectrum analyzer, so that we can view the frequency content of an arbitrary input wave. We only treated

the Fabry—Perot cavity in the case of monochromatic light, however, so let’s explore this in more detail.
Suppose we have a Fabry—Perot cavity with transmission function

T 1 X
Troy = N ) (11.76)
( 2.7 ) o [ TV
14+ (— | sin (—)
s FSR
This depends only on a single frequency, so it isn’t so apparent how scanning the cavity length and an input

spectrum would fit in. So let’s massage things a little. As a spectrum analyzer, we want to analyze the
transmission with respect to small length changes, so we can write

v w(vg +v)

FSR FSR

mov
g+ ——

FSR (11.77)
2nd ~ wov

Jr P
A FSR
2rdy  2mod L;V
A A FSR
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Here, dg is the nominal cavity length, dd is the (small) length change while scanning the cavity, and v is
a small frequency deviation from the nominal resonance. Defining ¢ := 2wdy/A as the overall offset phase
due to the nominal cavity length (essentially a constant), we can write

v w(0v — dvyg)

o7 o\ Trd) 11.
FSR FSR + o, (11.78)
where PSR
. PSR 11.
vy 2 od (11.79)

is the change in the resonance frequency due to the cavity length change. Thus, we can write the functional
dependence of Teoy = Teay (v — 0v4) on both the input frequency and cavity length changes.

If the input spectrum is the ““line-shape function” g(v), we will assume that the line shape is sharply
peaked about some center frequency 1. Thus, we can define a centered line-shape function

9e(0v) := g(vo + 0v), (11.80)

where 0v = v — 1. Then we can write the total transmission through the cavity as the amplitude g.(dv)
at frequency év, weighted by the cavity transmission coefficient at the same frequency, integrated over all
frequencies:

o 11.81
Teav.total (9d) ~ / Teav(0v — dva) go(6v) d(0v). (spectrum-analyzer o(utputg

— 00
The approximation here is the extension of the integration to all frequencies, which is valid if g(v) is sharply
peaked. Thus, the cavity transmission is the convolution of the input spectrum with the cavity transmission
spectrum. Since the latter is periodic in frequency (due to the free spectral range), the total transmission
is still periodic, but the individual transmission peaks are broadened by the input line shape due to the
convolution. As a spectrum analyzer, the cavity line shape (for a given finesse) represents a resolution limit,
since any input spectrum on transmission through the cavity will have an apparent line width of at least
OVpwam due to the convolution.
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11.8 Exercises

Problem 11.1

Show that the order of the convolution does not matter:
(fxg)(x) = (g* f)(x). (11.82)

Problem 11.2

Show that the area of a convolution is the product of the areas.

/_de (f * 9)(z) = {/_def(x)} {/_de'g(x’)} . (11.83)

(In particular, note that convolution with a normalized kernel does not change the area of a function.)

Problem 11.3

Show that convolution within the integral of a product can be associated by flipping the convolution
kernel. That is, show that

| asreg@nt) = [ s @) 1)) (11.84)

where g~ (z) := g(—z). (Note that in the important case of an even convolution kernel, g~ (x) = g(z).)

Problem 11.4

Prove the convolution derivative formula
(f*9) () = (f *g)(x) = (f*g)(2). (11.85)

Problem 11.5
Let f(x) denote the unit box function,

1, |z|<1/2

flz) = { 0 elsewhere (11.86)

(a) Let f*N(x) denote the convolution of f(x) with itself N — 1 times. Write down the asymptotic
form for f*N(x) in the limit of large N.

(b) Make plots of f(z), (f * f)(z), (f * f* f)(z), and (f * f = f % f)(x). Include the corresponding
asymptotic distribution on each plot. Comment on your results.

Problem 11.6

The “Gaussian blur” in image-processing programs is just a convolution with a Gaussian kernel. Other
types of image blurring can be thought of as convolutions with other kernels (e.g., the trajectory of
motion for camera shake, or the response function of a lens system for an unfocused camera). As a
model of this, compute the convolution of a single Fourier component

f(x) = cos(kx) (11.87)

with a (normalized) Gaussian blurring kernel

1
g(z) = e /207, (11.88)

2ro

Interpret your result in the limits of large and small spatial frequency k, and large and small blurring
width o.
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Problem 11.7

Consider independent, identically distributed random variables X, ..., Xy with Cauchy (Lorentzian)
probability density functions
1
_ ) 11.89

(a) Show that the Fourier transform is given by
f(k) = e ¥, (11.90)

Hint: it’s much easier to compute the inverse Fourier transform of f (k) and use the fact that the
Fourier transform is invertible for reasonable functions.

(b) Show that the probability density of the mean

N
1
LN = NZXJ» (11.91)
j=1

is also f(x).

(¢) A naive application of the central limit theorem leads to the conclusion that py has a Gaussian
probability distribution for large N, but in (b) you have shown that this is not the case. Explain why
there is no contradiction.

Problem 11.8
The harmonically forced oscillator has the following equation of motion:
&+ yd 4 wir = fosin(wt). (11.92)

Use the Green function method in the time domain to show that the motion of the driven, damped
oscillator (in steady state) is

i t+06
2(t) = fgsm(w +9) (11.93)
\/(Wo —w2)2 +w272
where wy
tand = ———. 11.94
an R — ( )

You may find the following integral formula useful:

b[2accosd + (a* + b* — ¢?) sind]
(a? +0%)2 +2(a? — b?)c2 4 c*

/ e~ gin(bx) sin(cx + d) dz = (a, b, ¢, d real, a > 0). (11.95)
0

Problem 11.9
Work out the Green function g(t,t') for the differential equation

Oox

— = f(t 11.96

07— ), (11.96)
for arbitrary ‘“forcing” function f(t). Write the solution x(t) as a convolution involving f(¢) and
g(t,t') = g(t — t'). Assume the boundary condition g(t — —o0,t’) = 0.

Problem 11.10

Work out the Green function g(t,t’) for the differential equation

o"x
= f(0), (11.97)

for positive integer n and arbitrary ‘“‘forcing” function f(t), given the boundary condition that g(t <

t') = 0 and any derivatives up to the (n — 2)th of ¢(¢,t’) vanish at ¢ = ¢’. Write the solution z(t) as a
convolution involving f(t) and g(¢,t') = g(¢t — t').
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Problem 11.11
Derive the Green function for the ODE

T +yx = f(t), (11.98)
and write down the general solution z(t) in terms of the forcing function f(¢).

Problem 11.12
In this problem you will calculate the Green function for the Poisson equation
V3p(r) = f@ (11.99)
0

for the electric potential ¢ in terms of the source charge density p(r). We can do this by using the
three-dimensional Fourier-transform,

f(r) = (zjr)g / Ek f(k)e*r,  f(k) = / dr f(r) e~ kT, (11.100)
The Green function satisfies
V3G(r,r') = =83 (r -1 ) = —6(z —2)6(y — /) 6(z — 2). (11.101)

(a) Start by finding the Fourier transform G(k,r’) of G(r,r’) by computing the Fourier transform of
Eq. (11.101), and solving the resulting equation.

(b) Then find G(r,r’) by inverting the Fourier transform. Evaluate the k integral in spherical coordi-
nates. You may find the following integral formula useful:

°  sin(ax) ™
= — R). 11.102
/O @ - em) (11.102)

(¢) Finally, use your expression for G(r,r’) to write down the Green-function solution (i.e., an integral
solution) to Poisson’s equation for an arbitrary charge density p(r). Comment on your result, and the
physical significance of the Green function.

Problem 11.13
In this problem we will work with the Hermite—Gaussian function

mn
> Ldr

Hy(z)e™ =(-1) dz"e_m’ (11.103)

consisting of the product of a Hermite polynomial and a Gaussian factor. The expression on the
right-hand side follows from the explicit formula for the Hermite polynomials [see Eq. (6.102) in Prob-

lem 6.18]:
d’fl
H,(z) = (—1)" ew2dx—ne—$2. (11.104)
(a) Show that the Fourier transform is given by
9[1{”(9@) e—ﬂ (k) = V/a(—ik)me "/, (11.105)

(b) Derive the convolution formula

[Hn (@) e ] 5 [Hu(z) =] = W%Hm+n<\2> /2 (11.106)
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for these Hermite—Gauss functions.

(c) Derive the convolution formula

n+1
_IQ/O; E —12/[%2 - ﬁaﬁ X —x2/(a2+B2)
e * {Hn<5) e } = —(a2 ) H, N — e . (11.107)

That is, a convolution of the Hermite—Gauss function with a Gaussian leads to a stretched version of
the original Hermite-Gauss function.

Problem 11.14
Another Hermite—Gauss function can be written

Hy(z)e==/2 = (—1)rer®/2 4 —a? (11.108)
n d:)j" I’ N
differing from Eq. (11.108) in the factor of 2 in the exponential. This is a better representation
of the profile of a Hermite-Gaussian beam [see Eq. (6.74), where the factor of /2 appears in the
Hermite-polynomial argument but not in the exponential], compared to the Hermite-Gauss function
from Problem 11.13. However, this function is somewhat more difficult to work with.

(a) Recalling the generating function for the Hermite polynomials, Eq. (6.103),

? R tn
g(a,t) =70 =y Hy(2) (11.109)
n=0
show that ) )
y[g(x,t) e ® /2] (k) = v2r g(k, —it) e/, (11.110)
and then show , )
y[ﬂn(x) e ? /2} (k) = V27 (—i)" Hy, (k) e~ /2. (11.111)

That is, up to a constant factor, the Fourier transform of a Hermite—Gauss function has the same form
as the original.

(b) What does the result from (a) say about Fraunhofer diffraction of a Hermite-Gauss beam, and how
is this (qualitatively) consistent with the Hermite—Gaussian solution to the paraxial wave equation?

(¢) Write down an integral expression for the convolution of two Hermite-Gauss functions of different
orders.






Chapter 12

Fourier Optics

12.1 Fourier Transforms in Multiple Dimensions

Before introducing Fourier optics, we must extend the spatial convention for Fourier transforms that we
introduced before. As opposed to time, space takes up three dimensions, so we need a Fourier transform
in multiple dimensions. In Cartesian coordinates, this turns out to be simple: just take a one-dimensional
Fourier transform along each direction. For example, in two dimensions, the inverse transform is

1

f(xay)zw

/ dk. / dky f(kg, ky) ekeothuy)

(inverse Fourier transform, 2D) (12.1)
and the Fourier transform is

Fkaky) = [ da [ dy fla,y)emitoeotion (122
SRS B T - yrr,yje ’ (Fourier transform, 2D)
where again f(k,,k,) = Z[f(x,y)]. Fourier transforms can be extended to arbitrarily many dimensions, but
two is sufficient for our purposes here.

12.2 Wave Propagation in Homogeneous Media

12.2.1 Fingerprints of Propagation

The electromagnetic wave equation gives us a formal method for propagating an optical wave forward in
space. Essentially, we can do this because we know how plane waves propagate, and any field can be regarded
as a superposition of plane waves. That’s where the ‘“Fourier’” comes into Fourier optics: we use a Fourier
transform to break up an arbitrary field into plane-wave components. Let’s see how this works.

Recall the scalar plane wave (we won’t do any vector theory, which is much more complicated) solution

to the wave equation:
(12.3)

() (p) — ) jikr _ p(+) i(ksathyy+k.z)
B ) = Eye Eo'e ’ (scalar plane wave)

where the wave vector k = (kz, ky, k,) indicates the propagation direction of the wave. Let’s let the optical
axis lie along the z-axis. Then the wave vector k has a direction determined by its angles with respect to

the z-axis,
6, = sin~? (%) . 0y = sin 1 (2”) ,

(propagation angles of plane wave) (12.4)
where k., and k, are the transverse spatial frequencies.
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That is, in the z = 0 plane, the electric field has harmonic spatial dependence in the z- and y-directions:
EM)(z,y,2=0) = Eéﬂeik”eikw. (12.5)

This is the central point of Fourier optics: harmonic phase variation in the (z,y)-plane (say, at z = 0)
corresponds to a plane wave in a particular direction determined by Eqs. (12.4). That is, the wavelength of
the transverse harmonic variation determines the direction of propagation—the wavelength of the wave is
fixed (since we are assuming monochromatic light), and so only the proper angle can match the wave to the

phase variation at z = 0.

e, 2)

ol
EW(z,2=0) %

In this sense, the transverse harmonic variation is a ‘‘fingerprint”’ of propagation in a certain direction.

Often, we will only want to look at these in the paraxial approximation, where these relations are simpler.
In the paraxial regime, we can write

ks ky (12.6)

b k- Oy ~ Kk’ (paraxial propagation angles)

Q

since ky,, < k.

12.2.2 Decomposition

A general field profile EH)(z,y) at z = 0 can thus be written as a superposition of plane waves via the
Fourier transform:

1 (e 0] oo - .
B ey) = G [t [y B ) o, (12.7)
We know how individual plane waves travel with z,

ei(kmx+k1,y) N ei(kmx+k1,y)eikzz’ (128)

ko = (/K2 — k2 — k2. (12.9)

So to propagate the full field forward in z, we just multiply each plane wave in the superposition by e**=%:

where, since k? = k2 + ky2 + k2,

EF) (z,y,2) = / dk, / dky EX) (ky, k) i Fevthuy) gikz (12.10)

1
(2m)?

It is important to keep in mind the functional dependence k., = k(ks, ky) here.
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12.2.3 Reverse Waves

There is also a subtle point here in writing down Eq. (12.9), since
k. =—\/k* k2 k2. (12.11)

is also a solution consistent with k? = k2 + k;y2 + k2. These solutions correspond to k vectors with a com-
ponent along the —z-direction, and thus correspond to backward-propagating solutions. Thus, in writing
down Eq. (12.9), we are building in the assumption that we have an entirely forward-propagating wave
(i.e., all plane-wave components are propagating in the +z-direction). Without this assumption, the time-
independent wave equation

(02+07+0)+ k) EM(x)=0 (12.12)

is not well-posed as an initial-value problem by specifying E(*)(z,y, z = 0) and propagating to other z. This
is because the wave equation is second-order in z, and thus requires more information [e.g., specifying both
EW)(z,y,z = 0) and 0.E)(z,y,z = 0), or our forward-propagating assumption]. Of course, the parazial
wave equation (6.7)

(i2k0, + VZ) ¢ =0 (12.13)

is only first-order in z, and thus only requires the initial condition ¥ (z,y,z = 0) to be well-posed. Recall
that in deriving the wave equation, we explicitly assumed forward propagation, by assuming that all plane-
wave components were close to a central “‘carrier’” wave. Recall that the paraxial wave equation is formally
equivalent to the Schrédinger equation in quantum mechanics, where the initial-value problem is well-posed
by specifying only #(r,t = 0) and evolving to arbitrary time. The quantum-mechanical analog of our
problem here is the Klein—Gordon equation, which for plane waves is basically the wave equation. In the
Klein—Gordon equation, the analogues to backward-propagating waves are negative-energy solutions, which
can be interpreted as antiparticles (particles traveling backwards in time). In optics, backward waves are
formed from forward waves by gradients in the refractive index (such as refractive interfaces, which cause
reflections); plane waves are eigenstates of homogeneous media, so only an inhomogeneity can scatter waves
between different plane-wave states. (In quantum mechanics, these inhomogeneities correspond to time-
dependent potentials).

12.2.4 Fourier-Transform Recipe

The theoretical development thus leads us to a fairly simple (in principle) recipe for propagating the field
forward in space, given the form of the field in some plane. We can see that the information in the entire
three-dimensional (monochromatic) field is thus encoded in any two-dimensional slice, a fact which motivates
the field of holography. But for now, we wish to use this recipe as a calculational tool for understanding
diffraction, so to summarize:

1. Start with an initial field E(*)(z,) at z = 0.

2. Compute the Fourier transform of the initial field:

EG)( (ks ky) / dz/ dy E) (&, y) e (kamthyy)

(decomposition of initial field into plane waves) (12.14)
3. Multiply the transform E(H(kx, k,) by the free-space transfer function etk=2.
(12.15)

£ (+) fo(+) ik z
B oy Ky) — BT (i, oy ) €7 (k-space propagation)

Again, we need to apply this to the Fourier transform rather than the initial function because k, =
k. (kz, ky). In the paraxial approximation, we can alternatively use the paraxial form (12.18) below for
the transfer function.
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4. Finally, invert the Fourier transform to find the propagated field:

E™) =L [Tk, [k, [ED (e, ky) ] it
((E7y72) - (271_)2 x Yy ( b ) y)e € .
— 00 —00
(field propagated to arbitrary z) (12.16)

This recipe works because the superposition principle holds in linear optics and because it is easy to
propagate plane waves.

12.2.5 Paraxial Propagation

The integral in Eq. (12.16) is in general difficult to evaluate because of the functional form of k, in the
exponent. However, in the paraxial approximation, the integral greatly simplifies. Since, k , < k, we can

write
1 [ k2+Ek? k2+k}
_ iz g2 g2 S AT I N S SO e T 12.1
NCRCEC AT BRI )| E (12.17)

Thus, the free-space transfer function becomes

eik=z o eikze—i(kj+ky2)z/2k’

(free-space transfer function, paraxial approximation) (12.18)
where the first factor is an overall phase factor corresponding to plane-wave propagation along the optical
axis, and the second factor generates the evolution of the spatial profile.

Note that in the paraxial limit, because k, and k, are assumed to be small compared to k, we can
still keep the limits of integration in Eq. (12.16) to £00 because we assume that E(+)(k,, k,) has negligible
“stuff”” at large £, 4.

12.2.5.1 Solution of the Paraxial Wave Equation

We have shown that the transfer function (12.18) produces the proper solution to the wave equation, once
we have made the paraxial approximation. Of course, then, this should represent the solution to the paraxial
wave equation (6.7)

w0
(vf + szaz) v =0,, (12.19)
where the transverse Laplacian is
9 0? 02
BN 12.20
vT 81'2 + ayz? ( )
and the field envelope 1 is defined by A
EM)(r) = ¢(r)e*. (12.21)
If we write the wave equation as
0 -
— == 12.22
5= (5% v (12.22)
we have a differential equation of the form
0
—yp=A 12.23
= Ay, (1223
for which the formal solution is
(z) = e*(0). (12.24)

Here, ‘“‘formal” means that we have to be careful that the exponential of the operator A exists (it turns out
that this is an okay assumption); if A is a scalar, then there is no problem. Since A is an operator, the
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operator exponential is defined by the Taylor expansion (powers of operators are obviously well-defined).
Thus, the solution for the paraxial wave equation is

1!1(2’) _ eiV?z/ka(O) _ ei(af+8f)z/2k,l/}(0). (1225)

Recall that when operating on a plane wave with spatial dependence e’ the derivatives are equivalent to
k-vector components:

0 0

— — ik, — —> ik, 12.26
Thus, for plane waves (where the vector k is well-defined), we can replace the derivatives according to these
replacements, so that the solution is

P(z) = e~ ik HRD/2k ), (12.27)

When k, and k, are not well defined, they can be thought of as shorthands for the derivatives. Then
changing back to the regular field,

E(+) (Z) _ eikze—i(kf+k;)z/2kE(+) (0) (1228)

Thus, we recover the paraxial transfer function (12.18). Again for k, and k, to make sense as numbers, the
electric field should be decomposed into its plane-wave components by a Fourier transform.

12.2.6 Nonparaxial Propagation and the Diffraction Limit

If the paraxial approximation isn’t valid, we have to live with the square-root form of k. (kz, k), and the
general propagation problem isn’t easy (although it is still straightforward on a computer). However, we can
still get some insight by examining the propagation equation (12.16) a bit more.

Recall that through the Fourier transform, E(*)(z,y) is composed of different spatial frequencies. In
particular, broad features in E(1) (x,y) are represented by small spatial frequencies, whereas fine details are
represented by large spatial frequencies. Very fine details on spatial scales smaller than A are represented
by spatial frequencies k; , > k, which may seem strange in view of the form of Eq. (12.16). In fact, these
high frequencies correspond to evanescent waves and don’t propagate, as we can see from the form of the
propagation factor:

gitez — VRIRERT 2 SRR R e k2> k). (12.29)

Here we have observed that k* — k2 +k} < 0, and thus factored a minus sign out of the square root,
producing a factor of i outside the (now real) square root. This produces either an exponentially damping
solution, which is physically sensible (note that the backward version of this wave would be exponentially
growing in z, which is only physically sensible if it propagates along —z). Thus, in this form, the wave damps
exponentially with a length scale

Sk, ky) = (K2 + k2 — k)2, (12.30)

so that .
eikzz _ o—2/0(kaky) (12.31)

for the evanescent-wave solutions.

This effect gives rise to a diffraction limit in imaging: propagation over long distances wipes out fine
(sub-\) details in the initial image E(*)(z,7), because the components that carry these details rapidly decay
away. Note that this is still true in the ideal limit where all £, , up to k£ can propagate, corresponding to
propagation up to 180° from the optical axis; typical imaging systems aperture the light to a much smaller
solid angle, wiping out yet more of the fine detail. In any case, this is why it is often said that it is impossible
to optically resolve objects that are smaller than the optical wavelength A.
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12.3 Fraunhofer Diffraction

12.3.1 Far-field Propagation

Fraunhofer diffraction refers to what happens to an optical pattern after propagation over a very large
distance z in the paraxial approximation. Often, the ‘‘diffraction pattern’ refers to the far-field pattern of
an aperture (say, a slit or a pinhole) illuminated by a uniform, monochromatic field, such as an expanded
laser beam (plane wave) at normal incidence. We will speak more generally here, however, and refer to the
diffraction pattern of an arbitrary initial field E(*)(z,y) in the z = 0 plane.

It turns out that the Fraunhofer diffraction pattern is simple to calculate: with the proper scaling
factors, it’s just the Fourier transform of the initial pattern. We'll go through a heuristic derivation of this
result here, and then do the mathematical version in the next section.

Consider the diffraction setup shown here.

distant screen

EM(z,y)

z=0 z

The initial field E(*)(z, %) breaks up into its Fourier components. As we argued before in Section 12.2.1, each
Fourier component corresponds to a wave propagating at a particular angle. In the paraxial approximation,

we can write this out as
kay

O,y = . (12.32)
Thus, we can write the Fourier transform of E()(z,y) as
EM) kg, ky) = BT (k0 k6,) . (12.33)

Noting that in the paraxial approximation, 0, ~ z/z and 6, ~ y/z, we can write

k - kx k -
E(+)(x,y,z) = —E®) (x’ y) , where E('H(km, ky) = [E('H(ac,y)} ,

2mz z oz

(Fraunhofer diffraction pattern) (12.34)
where we have neglected an overall phase. The factor k/27z is less obvious here, but is what is required to
make the total power of the diffracted wave equal to the power of the initial wave (in particular, the 1/z
dependence enforces the inverse-square law). We will establish it more firmly in the next section. For now
it is sufficient to realize that Eq. (12.34) gives the Fraunhofer diffraction pattern in terms of the Fourier
transform, and in terms of angle the relative field components in terms of the angles 0, , are given by
EM) (kb,, k6,). While we are being fairly heuristic here, we will clean this up and be more formal when we
redo this via Fresnel diffraction.

The Fraunhofer diffraction pattern is clearly an approximation to the ‘“‘exact” pattern obtained by the
propagation recipe. So when is this approximation valid? There are two conditions to be satisfied for the
Fraunhofer approximation to hold. The first is that the size of the diffraction pattern must be much larger
than the size of the initial aperture pattern E()(z,y).
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ox

We can view each component at angle 6 as a “beam” with a size determined by the size of E(*)(z, ), rather
than as a plane wave. Then each beam at each angle must separate spatially from the others by the time the
field hits the screen; then we can treat each Fourier component as a separate ‘‘spot’ on the screen. In other
words, it must be that E(H(x, y) looks like a point source to an observer on the screen. Letting dZsource
denote the size (‘“radius”) of E(*)(z,y) in the z-direction (the same argument will hold for the y-direction),
we can recall from the uncertainty relation (presented in temporal form in Eq. (7.36), but equally applicable
to space)that the spatially confined field implies a spread in spatial frequency of

Sky ~ o (12.35)

6$SOUI‘CC

Using Eq. (12.32), the uncertainty relation implies a maximum angle of

A

0Tsource

max(0,) ~ (12.36)

An angle 0, corresponds to a separation over distance z of z6,, so for the size of the diffraction pattern to
be much larger than the initial pattern, we require Az/dZsource > 0Zsource; OF

(12.37)

0source K VAZ. (Fraunhofer small-source condition)

We can write this condition equivalently as

(0Zsource)? (12.38)

i A ’ (Fraunhofer far-field condition)

and so this is the far-field requirement for the approximation to be valid.
One thing that we have neglected comes from the propagation phase factor

, , k2+ k2
eik=2 . ikz exp l_i <I2ky P (12.39)

that accompanies free-space propagation. We can drop the overall phase exp(ikz), but the other phase factor
represents some phase variation across the screen. At the screen, this phase factor becomes

I2+y2
—ik 12.40
exp (=i T (12.40)

since we make the identification k, — kz/z and k, — ky/z. This phase factor is in general not negligible,
even in the paraxial regime. For example, to make a paraxial argument, we could consider only a region of
“radius” 0Zscreen at the screen, where

0Zgereen < VAz. (12.41)

This is essentially a small-angle restriction, more restrictive than the usual paraxial restriction, and because
we require the diffraction pattern to be much larger than the source (which obeys the same condition),
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this restriction would amount to looking only at the (k;, k,) = (0,0) region of the diffraction pattern. To
understand this phase factor, note that we considered each Fourier component propagating away from the
source at different angles. For all of them to propagate over the same distance r, we would have to consider
a spherical screen of radius r, a distance r from the source.

distant screen

Thus, we can correctly write

k - kx k _
E®)(z,y,r) = —E® <:c’ y) , where B (ky, k) = F [E(H(x, y)} , r= /2?4 y? + 22

2rr roor

(Fraunhofer diffraction pattern) (12.42)
for the diffraction pattern at constant r, whereas the expression (12.34) should include the phase factor
(12.40). The phase factor here is the spherical (parabolic in the paraxial approximation) phase correction
for continuing this field onto a flat screen. When computing the screen intensity, this phase factor vanishes
anyway, but strictly speaking the far-field pattern is only the Fourier transform without this factor on a
spherical screen.

12.3.2 Thin Lens as a Fourier Transform Computer

The whole Fourier-transform argument above also works for a thin lens. Recall that for a thin lens, parallel
rays propagating at an angle 6 with respect to the optical axis get mapped to a transverse position 6f in
the focal plane of the lens.

With this fact in mind, let’s consider the setup shown here, where a field profile is followed by a thin lens
placed one focal length f away, and a screen is another focal length past the lens.

EM(z,y) ﬁ g‘[E(H(m’y)]
f ! f

We can now make a few observations:

1. The lens images E(H) (z,y) to z = oco.
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2. Plane waves at different angles 6, , get mapped to different points 6, ,f in the focal plane (on the
screen). This is the wave-optics version of the parallel-ray argument above.

3. The lens maps the image at z = —oo to the focal plane.

4. Because an image at infinity emits parallel rays, we can identify the images at z = +oo as being
equivalent. The field at z = —oo is the Fraunhofer diffraction pattern of E(+) (z,y) because the image
at z = oo in the absence of the lens is the Fraunhofer pattern of the original image.

5. The lens then maps the field at —oo to the focal plane.

Thus, we can conclude that the image at the focal plane of the lens (i.e., the screen) is the Fourier transform
of E(H) (z,y), but where f is now the propagation length scale:

" b (R (1243
Epocatptanc(#:9) = 2 fE ff) (Fourier-transform via lens)

Thus, at least within the paraxial approximation, thin lenses act as analog Fourier transform com-
puters. Note that the phase factor (12.40) is negligible here, because in the paraxial limit, both the source
and image fields are narrowly confined near the optical axis. In the Fraunhofer-diffraction case, the image
was large due to the far-field requirement, but the lens takes care of compressing the image down to a small
size here.

12.3.3 Example: Diffraction from a Double Slit

As an easy example, let’s compute the Fraunhofer diffraction pattern due to two narrow slits separated by
distance a. The slits are uniformly illuminated by a monochromatic plane wave at normal incidence to the
mask. Assuming the slit widths are much smaller than a, we can model the slits as d-functions:

EF)(2) = Al6(z — a/2) + 6(z + a/2)]. (12.44)

The Fourier transform is given by

E) (k) = A/OO e [§(x — a/2) + 6(z + a/2)] da

—00

-4 {eikma/Q _’_6—1'1%(1/2} (12.45)

kia
=2A = .
cos( 5 )

Thus, the far-field diffraction pattern at distance z is

k - kx /2]€ kax 2A Taxr
E (.’IJ,Z) 2 ZE (Z) ZACOS( 22) \/ECOS( )\Z)

(double-slit diffraction pattern) (12.46)
Note that we are using /k/2mz as the normalization factor, rather than k/27wz, because this is a one-
dimensional transform (we associate half of the full factor with each dimension—note that the units come
out correctly this way). In terms of angle, the diffraction pattern is (up to an overall factor)

E™) (k) = 2A cos (ka201) = 2Acos (m;@x> :

(double-slit angular diffraction pattern) (12.47)
This function vanishes when the argument is +7/2, +37/2, and so on, which corresponds to angles 6, of
+X/2a, £3X/2a, and so on. Thus, the angular separation between fringes is A6 = A\/a. This result is
consistent with the result of a simple relative-path-length calculation (Problem 5.1).
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12.3.4 Example: Diffraction from a Sinusoidal Intensity-Mask Grating

Another simple example is the diffraction of a plane wave by a sinusoidal intensity mask (or intensity grating).

If the intensity mask has a transmission function tmasik = cos? gz, and is illuminated by a normally incident

plane wave E(()+), then the field is

E(+) E(+) E(+) E(+) ) )
E®)(z) = tmaSkE(()H = E(()+) cos? gz = OT + Z cos(2gx) = ; + ?T [€297 4 e7729%] | (12.48)
Using the Fourier-transform relation
F ] = / e ke =) dp = 276 (ky — 1), (12.49)
we can easily compute the Fourier transform of Eq. (12.48):
B 7TE(+)
F [EH)(x)} = B (k,) = n BT 5(ky) + =2— [3(ks — 29) + 8(ks +29)]. (12.50)
Thus, the angular diffraction pattern is
B 7TE(+)
ED (k) = nEST5(k0,) + —2— [5(k6, — 29) + 6(kb, + 29)] - (12.51)
Using 6(ax) = §(z)/|al, this becomes
(+) (+)
~ TE TE
E(Jr)(keﬂc) = - 6(0z) + 2% [6(0, — 29/k) + 6(6 + 29/k)] .

(angular diffraction pattern of sinusoidal grating) (12.52)
Thus, there are diffraction peaks at angles 6, = 0 and +2g/k = £g)\/7. There are only 3 peaks, so this
grating is special because it’s sinusoidal: there are no higher-order diffraction peaks from this grating (we’ll
say more about this in a bit). It’s important to see the Fourier-transform behavior at work here again—as
the period of the grating gets longer, g decreases, and so the diffraction pattern narrows, as you’d expect
from the uncertainty principle.
Briefly, the corresponding pattern on a distant screen is

B (+)
E®)(z,2) = QiEH)(kx/z) = Eo

— 1 [0(x —292/k) + 0(x + 292 /k)] (12.53)

when the screen is at distance z.

12.3.5 Example: Diffraction from an Arbitrary Grating

For a general periodic transmission mask of period /g, with a normally incident plane wave, we can repeat
the above analysis by decomposing the function into its Fourier coefficients:

o0
E®)(z) = Z Eéﬂcneﬂgm, (12.54)
n=—oo
where the ¢,, are the Fourier coefficients of the transmission function. Then the Fourier transform is

E®) (k) = 27 ESH > cnd(ka — 2gn), (12.55)

n=—oo
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so the angular diffraction pattern is

5 9 E(+) c%
E® (k) = 2L 0 > cad(6s — 2gn/k).
n=-—oo
(angular diffraction pattern of arbitrary grating) (12.56)
Thus, for an arbitrary pattern, there are many diffraction peaks, with the diffraction peak of order n
located at

0 2gn (12.57)
"k (angle of nth diffraction order)

and this peak has amplitude ¢, (or relative intensity |c,|?).

12.4 Fresnel Diffraction

12.4.1 Convolution Revisited

If we stay in the paraxial approximation, but we don’t require that the observation screen is in the far field,
then we have the problem of Fresnel diffraction. Actually, Fresnel diffraction is also used to refer to the
case where the wavefronts at z = 0 are not planar, but this is already accounted for in the Fraunhofer
formalism that we presented in the last section, as it only modifies the particular form of the initial function
EM)(z,y). Thus, we will be concerned with the propagation of the optical wave to any distance, not just
the far field.

Actually we were already doing this when we introduced the Fourier recipe for wave propagation from

Section 12.2.4. Recalling this procedure, we start with a field E(+)(:C, y) at z = 0. Again, this is completely
(+)

in

general, so this could be an arbitrary wave E
transmission taperture, SO that

(z,y) incident on a phase or amplitude mask (aperture) with

EM (2,y) = taperture B (2, ). (12.58)
Then the frequency-domain solution (Eq. (12.16) is
EP (z,y,2) =7} [9 {E(H (x,y)} eikzz} : (12.59)
In the paraxial approximation, but not necessarily in the far field, this becomes
EF) (z,y,2) =71 {f [E(Jr)(x,y)} 6ikzefi(kf+k;)z/2k} . (12.60)
Now we’ll use the identity
F! [e—i<k§+k5>z/%} = ikt (12.61)
2miz ’

which follows from the Gaussian Fourier-transform formula (see Section 3.2.1), but with a little care. Since
the exponent is purely imaginary, the transform integral doesn’t actually converge. But letting z — z —if,
where 8 > 0, we can do the resulting convergent integral and then let 8 — 0 afterwards (this is saying that
arbitrarily high spatial frequencies, corresponding to arbitrary fine detail, don’t physically contribute). So,
using Eq. (12.61) in Eq. (12.60), we can write

k ikz 5
EN) (z,y,2) =71 [3@ [EH) (Jc,y)] F {;m,ze“@@ +y W‘Z” . (12.62)
By the convolution theorem,

EM(z,y,2) = EP(x,y) * g(,y; 2)

o0 o0
=/ d:v’/ dy' EM (2, y) g(z — 2,y — ¢/ 2),

(paraxial propagation as convolution) (12.63)
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where
ik ik
ke’ Zeik(x2+y2)/2z _ e’ Zeik(a:2+y2)/2z'
2miz iz
(Green function for paraxial propagation) (12.64)
This is the convolution or space-domain solution to the paraxial-propagation or Fresnel-diffraction problem.

g(x,y; 2) :=

12.4.2 Paraxial Impulse Response

So what exactly is this convolution kernel g(x,y)? Suppose we have an optical source that is a unit point,
EM)(z,y, 2 = 0) — §(z,v), and let’s propagate it forward. The Fourier transform is easy:

F[6(z,y)] = 1. (12.65)
Then multiplying by the propagation factor exp(ik,z) = exp(ikz)exp[—i(k2 + k:yQ)z/ 2k] and inverting the

transform, the propagation induces the transformation

keikz Sl 2 .
Oa,y) —> 5 MV = g2, 2).

(paraxial propagation of point source) (12.66)
Thus, g(z,y) is the impulse-response function or Green function for the diffraction problem, and Eq. (12.63)
is the Green function solution to the diffraction problem (in the paraxial approximation).

12.4.3 Far-Field (Fraunhofer) Limit

In the far field, we should be able to recover the Fraunhofer diffraction pattern and thus rigorously derive
the results of Section 12.3. Let’s start by writing out the Green function solution (12.63) explicitly:

ikz
E®) (2,y, 2 / dx’ / dy' B (' y') —— he! etHl@=a"V+y=y")1/22 (12.67)
2miz

We can assume the Fraunhofer limit dZsource < VAz (far field/small source), so that the phase factor
explik(x’? + y'?)/2z] is approximately unity (i.e., neglecting 2'? compared to x?), so Eq. (12.67) becomes

ket k k
B = Gt [ [y 0 o [ () o] e ()]
(12.68)

Now defining kg := kx/z and k, = ky/z, we can write

ke k= i 24y z > > (KeZ+K
E®)(z,,7) = et )7 / dm// dy B (!, o) il trun).
(Fraunhofer diffraction pattern) (12.69)

This is just the Fourier transform, so

EO) (1, 2) = B b2 B (i, ) = KO ikt )22 ) (’f“’ ky)
2miz 2miz z z
(Fraunhofer diffraction pattern) (12.70)
Thus, we recover the Fourier transform form for the Fraunhofer diffraction pattern, including the correct
scaling factor and the phase factors that we merely indicated in our heuristic treatment. This includes the
phase factor explik(x? + y?)/2z] for projecting a spherical wave front onto the flat screen at constant z. We
can see this directly by noting that in the paraxial approximation,

2 2
=P P Y (12.71)

2z
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so that upon making this replacement in the exp(ikz) factor, the diffraction pattern becomes

zlm’

B = [ [y 5ty

(Fraunhofer diffraction pattern, constant r) (12.72)
where we have also replaced z ~ r in the denominator. In this form, the extra phase factor is gone when the
diffraction pattern is viewed on a spherical screen at constant 7.

2mir

12.4.4 Example: Fresnel Diffraction from a Slit

As one of the simplest examples, let’s consider the Fresnel diffraction pattern from a single slit of width a.
In this case, Eq. (12.63) becomes

k ) a/2 ) s
E®)(z,2) = B \/%e“ﬁ/ , k=) /22 gt (12.73)

where we assume the y/-integration has already been completed, and we’ve also suppressed the y-dependence.
Again, in suppressing the y-dependence, note that we are also suppressing half of the normalization factor
k/2miz from the 2D Gaussian transform (12.61)—the y profile of the beam will simply remain a plane wave,
not diffracting. Letting 2’ — 2’ + z,

—z+a/2 .y
E®)(z,2) = BT | —— / ek /2% o (12.74)
27rzz o—a/2

Now letting o’ — /mz/k 2,

Vk/mz (—z+a/2) o,
E®)(z,2) E(+) H / /2 o (12.75)
Vk/mz(—z—a/2)

Now defining the Fresnel integrals

* mt? T (nt? (12.76)
C(z) == /0 cos <2> dt S(z):= /0 S <2) it (Fresnel integrals)

we can write the diffraction pattern in standard form as

£ (erg)|-c|VEE-3)
V9] s [EC-9) )

(Fresnel diffraction by a slit) (12.77)
where we have used the fact that C(z) and S(z) are odd functions, because they are both integrals from 0
to z of an even integrand. The Fresnel integrals are easily evaluated on a computer these days.
The Fresnel integrals are plotted here. Note their oscillatory nature, which ultimately gives rise to the
fringes in the diffraction patterns, and that they asymptotically settle to £1/2.

E®)(z,2) = B %l etk? {C

+ 1S
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The Fresnel integrals are famously plotted as the “Cornu spiral,” which is a parametric plot of S(t)
vs. C(t).

1

E o - —
0
1 |
-1 0
C(t)

The Fresnel integrals can be evaluated graphically using the Cornu spiral, but their evaluation much easier

on a computer.

Some diffraction patterns for the single slit are shown here. The slit edges are marked by vertical
lines. Notice the gradual transition from something rectangular to the familiar far-field sinc pattern as the
distance increases.
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12.5 Spatial Filters

The fact that a thin lens computes the Fourier transform of an optical field profile opens up a lot of intriguing
possibilities—namely, that of optical information processing. The basic setup for doing this is a system of two
lenses. For simplicity we’ll assume that the two lenses have the same focal length f. Then the propagation
is over a distance 4f as shown here.

EN(z,y)

out

EX)(z,y)

in

Tk -

> >

f . f f . f
For this reason this is called the 4-f imaging system for spatially filtering an image. The Fourier transform
of the original field profile appears in the plane midway between the two lenses. The second lens undoes
the Fourier transform and reconstructs the original image on the output plane. (Technically, the second
lens performs a second Fourier transform, which is equivalent to the inverse transform with x+ — —z and
y — —y, so the final image is inverted. We’ll ignore this in the discussions here.)

g1 --——=p-
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The point of this setup is that we can put in filters to modify the Fourier transform of the image, in
either the amplitude or phase. In doing so, we can perform many useful enhancements or modifications to
the image. The aperture in the Fourier plane defines the transfer function for the system.

Recall that in the original wave is Ei(: )(x, y), then in the Fourier-transform plane, the field is given in

terms of the Fourier transform E‘i(:_ )(km, ky) by

k- kx ky
E’E;:l.lplane(x’y) = ﬁEl(lj_) <f7 f) . (1278)

The spatial locations in the Fourier plane correspond to different spatial frequencies and thus to details in
the images of different length scales.

Ay

details (y)

fine

broad details ()
fine featjures k

details (z)

T

fipe
details (y)

The low frequencies (and thus broad image features) are near the center of the transform plane, with the
dc component being right in the center. The fine details are encoded in the high frequencies away from the
center. This observation motivates some of the simplest spatial filters.

1. Low-pass filter. A circular aperture in the Fourier plane will block the high spatial frequencies and
pass the low ones. The effect is to remove the fine details, blurring the image. If the filter is an aperture
of diameter a, the cutoff frequency is given by the condition k. = kr/f, giving a cutoff frequency of

ka
keutoft = —- 12.
ot = 57 (12.79)
That is, structures smaller than the length scale of
2 4 2\
)\Cutoff = T - T‘-f = 7f (1280)

kcutoff ka a

are removed from the image. From the convolution theorem, as we’ll come back to later, the output
image is the convolution of the original image with the Fourier transform of the aperture. The aperture’s
Fourier transform is the Airy disk, and so the image is ‘“‘smeared’ by the Airy disk, causing the blurring.

2. High-pass filter. A circular, absorbing spot in the Fourier does the opposite, blocking the low
frequencies and passing the high. For a spot of diameter a, the cutoff is the same as for the low-pass
filter. Thus, the image filter keeps only those structures smaller than 2\ f/a. This filter is also called
an edge detector because sharp edges generate high spatial frequencies and thus make it through the
filter.

3. Directional filter. The high- and low-pass filters can also work only in one direction, with the obvious
modification of the aperture. For example, a vertical slit preferentially passes vertical structures while
blocking horizontal structures.

Examples of these filters are shown here in simulations. The original photo (of Oregon moss on trees)
has structures on many different scales. The low-pass filter wipes out the fine details of the moss, leaving
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only the branches. The high-pass filter does just the opposite: the structure of the branches is mostly wiped
out, while the moss detail is preserved. The directional mask in the final photo is oriented at 45°; notice
that only the branches perpendicular to the slit survive the filter, while the parallel branches are mostly
erased. That’s because branches parallel to the slit represent high spatial frequencies perpendicular to the
slit, which get wiped out.

low-pass filter

original photo (intensity)

high-pass filter

12.5.1 Spatial Filtering of a Gaussian Beam

One important application of spatial filtering in real optical setups is the cleaning of a Gaussian beam. When
propagating through real optical elements, Gaussian beams get contaminated with spatial intensity noise
due to dust, imperfections, diffraction at the edges of objects, etalon fringes (when, say, passing through
an uncoated window), aberrations, and so on. For example, an acousto-optic modulator acting as a switch
tends to distort the beam profile, and so it is often desirable to restore it. The idea is to use a low-pass
filter, here in the form of a pinhole. The Gaussian beam is focused through the pinhole, and under the right
conditions a nearly ideal Gaussian profile appears on the other side.
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Let’s simplify things from the basic 4-f setup. We’ll use a lens of focal length f to focus the beam
through the pinhole, and let’s assume that the waist of the unfocused beam occurs at the lens. The pinhole
is much smaller than the unfocused beam, so the pinhole is a distance f from the pinhole. After the pinhole,
a second lens of focal length f,,; recollimates the beam.

input (dirty)
beam

recollimated s
beam

f fOllC g
pinhole

In the absence of the pinhole, this is simply a telescope beam expander, and so the diameter of the beam is
magnified by a factor foui/f. The most important part of the setup is the pinhole, so let’s focus on that.

Let the incident beam have radius wg. Then we can use the results in Section 6.5 from the ABCD
Law, which gives the beam radius at the pinhole:

M

TWo

(12.81)

W0, pinhole =

This assumes, of course, a clean Gaussian beam. The commonly recommended pinhole diameter is one that
passes 99% of the incident power of a clean beam, which is

Dpinhole =2-15- Wo,pinhole- (1282)

In this case, nearly all of the Gaussian beam passes through the pinhole. But noise, especially high-frequency
noise, has its power distributed away from the pinhole in the Fourier-transform plane. So the pinhole blocks
the power associated with spatial intensity noise on the beam. Thus, the recollimated beam is a very clean
Gaussian to good approximation.

There are two caveats here. One is that a small amount of intensity noise is left, corresponding to the
same length scales as the beam diameter. This is usually not noticeable, and corresponds to shifts or slight
distortion of the profile. In cases where there is significant low-frequency noise (such as the highly distorted
output of a single-mode diode laser), it may be necessary to use a smaller pinhole and lose much more power.
The other caveat is that the output isn’t quite Gaussian. From the convolution theorem, the output is the
convolution of a Gaussian and the Airy disk, so there are generally faint rings around a spatially filtered
beam. These can be clipped off if necessary with an aperture after the recollimating lens.

All this information is best visualized in the simulated example shown below. The first plot shows
the intensity profile of a clean Gaussian beam. The second is the same profile, but with intensity noise
superposed. Now the task is to clean this up as much as possible. Focusing the beam produces a very
narrow Gaussian profile, shown in the next plot. The Gaussian itself is rather clean, but what is only
apparent with a large vertical magnification (fourth plot) is that the baseline is contaminated with broadly
distributed noise. This is what we expect from the Fourier transform argument above. We clip this noise
away with pinhole (fifth and sixth plots, edges of pinhole marked by vertical lines). The very tips of the
Gaussian profile are clipped as well, but essentially all of the noise is gone. The beam on the output is a
nice-looking Gaussian (seventh plot), but notice that the amplitude is reduced compared to the first plot:
power is lost in the cleaning process, since we are essentially projecting the beam into the Gaussian mode.
The faint Airy rings are not visible on this plot, but they are on a logarithmic plot (last plot). The side
lobes in this plot do not occur on the original beam. These are visible to the human eye, which itself has a
logarithmic response to intensity.
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12.5.2 Visualization of Phase Objects

The “obvious” spatial filters in the beginning of this section (low-pass, high-pass, directional) are intuitive
examples of what you can do with optical spatial filters. But these days, it seems far easier just to digitize
the image and do the same processing on a computer. So why do optical information processing?

Sometimes it is convenient or useful to do so optically, as in cleaning a Gaussian beam. But sometimes
it is impossible to digitize or even record optical information before optical processing. An important class
of examples is in imaging phase objects, or objects that only influence the phase of probe light. We can
model a phase object by a transmission coefficient of the form

t(z,y) ~ @), (12.83)

If this object is illuminated by a plane wave E(()+) (in the z = 0 plane), the resulting field becomes

B BVt ~ B @20
The intensity is
()2
2|E
Iwwwv'ig'v (12:85)

which is a constant and thus has no information about the phase ¢(z,y). The point is that the transmission
function has unit amplitude everywhere, and so doesn’t modify the intensity of the transmitted light. So
we can’t just record the light on film and post-process the information. We could get at this information
via interferometry or holographic techniques. Instead, we will look at how spatial filters can reveal this
information.

12.5.2.1 Zernike Phase-Contrast Imaging

One widely used phase-imaging method was developed by Frits Zernike, who won the 1953 Nobel Prize
in Physics for this work. This method is commonly used, for example in biological microscopy to view
transparent objects such as bacteria (that would otherwise require staining).

Let’s consider a phase object with a small phase shift of the form

t(z,y) = V) ~ 1 +ig(w,y) + O(4%). (12.86)
As we saw before, when uniformly illuminated, the intensity transmitted is
I~ (1t igle,y)* =1+ 0(¢%), (12.87)

so that there is no intensity change (we are discarding the higher order terms in ¢ to be consistent with the
initial expansion). Essentially, this is because the linear cross-terms cancel when squaring the field.

The idea behind the Zernike method starts with the observation that the unity part of Eq. (12.86) is
the de component of the signal, while ¢(x, y) represents spatial structure, and thus has a wideband spectrum.
The vanishing cross-terms are thus a product of the dc component and the rest of the spectrum. The idea
is, what if we modify one of these to prevent the cancellation? Specifically, let’s try a 7/2 phase shift of the
dc component: , ,
=i+ oty | =1+ 20(,) + 0(6?). (12.88)
Now the linear term stays, so the intensity reflects the phase information. Actually, since the intensity change
is linear in the phase (for small phase shifts), this method gives an image that is simple to interpret: other
than an overall background, the intensity is a direct image of the phase. The other imaging methods we will
discuss here produce more complicated functions of the phase.

Since the intensity increases with increasing phase shift, this method is called positive phase contrast
imaging. We can also try a 37 /2 phase shift of the dc component, with the result

I~ e 4ig(x,y)

2

= (=0 1= o)l | =1-20(z,9) + O(?). (12.89)

T ~ ei37r/2 +Z(b(x )‘2
Y
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Now the intensity decreases with increasing phase, so this version is called negative phase contrast
imaging.

The requisite phase shift is accomplished here by a filter in the Fourier plane of the 4-f system that
could be, for example, a glass plate with a transparent dielectric thin-film dot at the center that causes a
relative phase shift of +7/2 of the small portion at the center of the image.

12.5.2.2 Central Dark-Ground Method

An alternative to the Zernike method is the central dark-ground method. The idea is very similar,
but instead of a mask with a phase-shifting dot, the mask has an opaque dot at the center to block the dc
component. The details are left as an exercise (see Problem 12.12), but we can summarize the results. The
advantage is that the background (dc component) is suppressed, giving a dark background. The disadvantage
is that the intensity varies nonlinearly with phase (as ¢? for small ¢).

12.5.2.3 Schlieren Method

The last method we will discuss here is important in the visualization of fluid flows, but requires considerably
more mathematical sophistication to handle than the last two cases. The upshot of all this is that the
schlieren method shows gradients in the phase of the object in a particular direction.

The name comes from the German word schlieren, which means ‘‘streaks.” One application of this
method was to test glass lenses for impurities introduced during the fabrication process that would cause
inhomogeneities in the refractive index. These would show up as streaks in the schlieren test, and hence the
name.

The setup is the same 4-f filtering setup. But rather than some sort of spot in the Fourier plane
to modify the dc component, the schlieren method uses a knife edge in the Fourier plane to block half of
the frequency spectrum. So we can represent the transmission function of the Fourier-plane mask as the
Heaviside step function:

1, >0
tmask(xay) = UH(‘I) = { 0 x < 0.

Since the y-direction is trivial to handle, we’ll only do a one-dimensional analysis. Following the field through
the 4-f setup,

1. Input field: Ei(:)(x)

(12.90)

2. Transform plane: E(Jr)(kx)

3. After knife edge: E‘i(:)(kw) Un(ks)
4. Image plane: ¥ Ei(j)(km) UH(kgu)} = [Ei(nﬂ * UH} (x)

The last expression follows from the convolution theorem, and Uy (x) is the Fourier transform of the Heaviside
function, which we must now evaluate. Note that for simplicity, we aren’t being particularly careful with
distinguishing Fourier transforms vs. inverse Fourier transforms, which means we are dropping factors of 2w
(though this will turn out not to matter) and ignoring some image flips (which do matter—the final image
should be flipped compared to what we will derive).
So let’s now compute % [Uy(z)]. Unfortunately, this is a little tricky, so we’ll spend some time working
this transform out. It turns out that the answer is
FUn(x)] = Un(ky) = wd(k) + %
(Fourier transform of step function) (12.91)
Rather than derive this, we’ll simply verify that the inverse transform recovers the Heaviside function. The
inverse transform is

F1 [UH(/%)] 1 /OO 3(k)eT dls + A /oo (;{) etk d. (12.92)

oo 27 J_ o
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Note the special notation in the integral in the last term. This is because this integral is singular due to the
1/k dependence. To handle the singularity, we take the Cauchy principal value by splitting the integral
about the singularity, and then approaching the singularity symmetrically:

[e%S) -4 [eS)
= (12.93)
]Z,OO - }1—% [/Oo +/5 ] ’ (Cauchy principal value)

In this way, the singular part cancels; this works because the 1/k changes sign on either side of £ = 0. Thus,

]Z o _y, (12.94)

o T

even though

/ Tdr (12.95)

o T

diverges. This amounts to excluding the symmetric, shaded region in the graph below for the integrand 1/z,
and then taking the limit as the width of the “‘excised” region vanishes.

Tl/ac

Of course, if the singularity occurs elsewhere, the splitting is understood to be there.
Now back to evaluating Eq. (12.92).

F1 [U (k )] T /Oo N akt /_6 o (12.96)
HAR 1= 9 T 9mi 50 s kK o Kk ' ’
Flipping the integration limits in the last term,
~ 1 1 [ sin(kz) 1 1

-1 kz}:, 2z dk ==+ = = ) 12.97
F7 Oak)] =5+ [ = 4 sen(e) = Un(2) (12.97)

Here we used the result © gin(k
/ sintka) o T (12.98)

0 k 2

where the result is 7/2 for £ > 0 and —7/2 for < 0 (proving this requires a contour integral, which we
won’t get into here). Also, sgn(x) is the signum function, which returns the sign of the input (i.e., it is
+1 for z > 0, —1 for x < 0, and 0 for z = 0).

So now we’ve verified that we have the correct Fourier transform of Uy (x). But that’s not quite what
we wanted. What we really need is the inverse Fourier transform of Uy (k,), to get Ug(x). So to handle the
overall scaling and sign conventions, we just need to divide our result by 27 and let ¢ — —i to obtain

~ 1 i

On(a) = 56(2) + (12.99)

2nx’

Now, as we concluded above in tracing the field through the filtering system, the output field is the convo-
lution of the input field with Ug(x):

i = (B« 0n) (@), (12.100)
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Recalling the form of the convolution integral from Eq. (11.5), we can thus write the output field for the
schlieren setup as

a4 . oo a4
g _ B @ i~ EPE)
out 2 21 J_oy T — ’

(output of schlieren imaging system) (12.101)
If Ei(: )(x) is produced by a uniformly illuminated phase object, then for small phase shifts

B () = B e®) ~ B{D (1 + ig(x)). (12.102)

Then the output intensity is

Lw _ |1 i¢(@) 1 [* 6@) o, oo
|z _ d 12.1
Iin ‘2—’_ 2 2 J_ o x — ' x—i—O(qS) ’ ( 03)
where we have already used
o0 dx/
=0. 12.104
| (12:104)

Multiplying out the intensity expression and keeping only first-order terms in ¢, the result is

Iowy 1 1 [ ¢(2))

= dz’.
Iin 4 2 J_x—2 :c

(intensity output of schlieren imaging system) (12.105)
Thus, we now see how the phase information is reflected in the intensity.
The integral that appears in Eqgs. (12.101) and (12.105) is of special significance, and it is called the
Hilbert transform. For a function f(x), the Hilbert transform f of f is given by

A 1 [ fa) ., (12.106)
= P dr. (Hilbert transform)

As for the Fourier transform, we can also use an operator notation
A (12.107)

(Hilbert-transform notation)

to simplify some algebra.

So, we see from Eq. (12.101) that the output field of the schlieren system is (up to an offset and scaling
factor) the Hilbert transform of the input field, and from Eq. (12.105) we see that the output intensity is the
Hilbert transform of the input phase, in the limit of small phase shifts. So we can write Eq. (12.105) more
compactly as

o(x) (12.108)

1
I, 4 2 (schlieren intensity as Hilbert transform)

But what does this mean intuitively? Well, the Hilbert transform is the convolution of a function f(z) with
1/2 (up to a minus sign). But 1/x diverges at x = 0, and right where it diverges it suddenly changes sign.
When you multiply f(z) by 1/ and integrate, you thus expect that it will take on a large value only when
something upsets the cancellation at = 0. That is, the value will be large when f(z) has a large slope at
x = 0, so that the two sides of 1/x are unequally weighted. So the Hilbert transform is ‘‘something like”” a
derivative. The complication is that 1/x falls off so slowly that the Hilbert transform picks up long-range
information about the function, while the derivative is defined by information arbitrarily close a single point.
In this sense, there isn’t even really a limit (like “‘slowly varying functions”) for arbitrary functions in which
the Hilbert transform closely approximates the derivative. But as far as visualizing the schlieren image is
concerned, the derivative is a reasonable intuitive guide.
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Let’s go through a sloppy argument! that ‘“shows” that the schlieren image is the derivative of the
phase. We'll start off with the property that the Hilbert transform is its own inverse, up to a minus sign:

S (12.109)
s == (involution property of Hilbert transform)
or ##% = —1. This statement can be proved by using the fact that the Hilbert transform is linear, decom-

posing a test function into harmonic components (via the Fourier transform), and computing the Hilbert
transform of the harmonic functions (see Problem 12.16). In any case, we can use Eq. (12.109) to write

L[ o),
=—— dz’. 12.11
ow=-2f S (12110)
Differentiating, we find
dp 1 [ ¢@) ., 1. 1
- _= N gy = — 2 —. 12.111
dr . f_oo (' — 2)2 X ng(x) * 2 ( )

Here is the first problem: the integral with 1/z2 doesn’t converge for generic functions ngS, even using the
Cauchy principal value. But let’s go with it, since it gives a good intuitive result. Now something even
sloppier: if (ﬁ varies slowly, then 1/22 is something like a 6-function. Again, the integral of 1/z? is divergent,
while the integral of the é-function is not, and 1/2% has no length scale, so it isn’t clear what we mean
by slowly varying. But, if we make the replacement, then the convolution is with the é-function and so,
dropping constant factors, 0o

dzr

Thus, the Hilbert transform in Eq. (12.105) varies as the derivative of ¢(z). So, the conclusion is that the
schlieren image is approximately an intensity background plus the derivative of the phase. But if we're
concerned about actually being correct, it’s better to stick with the Hilbert transform.

(z). (12.112)

12.5.2.4 Numerical Examples

Now we’ll look at simulated images of a phase object to get a better idea of how the different phase-
visualization methods compare. The original image is a plot of the phase shift, where the phase shifts
are concentrated in randomly placed Gaussian blobs. The first set of images is in the small-phase regime
(the largest phase shift is 0.27), so all our linearized conclusions above hold. The other three images show
intensity patterns at the output of the 4-f imaging system (neglecting inversion and magnification). The
Zernike image almost perfectly reproduces the original phase, but has an intensity background. The dark-
ground image has a dark background, but the Gaussian spots are somewhat distorted. The derivative nature
of the schlieren image is apparent in the last image, giving a ‘“‘three-dimensional’ sort of look.

The second set of images is in the large phase-shift regime, where the largest phase shift is 3w. The
images are visually more interesting but harder to interpret. Similar comments to the first set of images
hold here, except that the “wrapping” of the large phase shifts is apparent in the image.

Lfrom John B. DeVelis and George O. Reynolds, Theory and Applications of Holography (Addison-Wesley, 1967).
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phase plot (dark: 0, bright: 0.27)

dark-ground image

Zernike phase-contrast image

schlieren image
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phase plot (dark: 0, bright: 3) Zernike phase-contrast image

dark-ground image schlieren image

12.6 Holography

Recall from our earlier discussion of Fourier-optics propagation that an arbitrary monochromatic field
EW) (x,y,2) is completely determined by the field in a single plane, say E(t)(x,y, 2 = 0). This is be-
cause we can simply apply the propagation factor e**=* to E(+)(x7y, z = 0) (in frequency space) to obtain
the field at any location z.

We can exploit this idea that the three-dimensional field can be represented in two dimensions. A
hologram (at least ideally) is a thin optical element with a complex transmission coefficient

t(z,y) o< B (2,y,0). (12.113)
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When uniformly illuminated by a monochromatic field, the holographic mask reconstructs E()(z,,0), up
to an overall constant. Thus the hologram reconstructs the entire three-dimensional field E(+)(x,y,z), at
least in the z > 0 region past the holographic mask.

12.6.1 Example: Single-Frequency Hologram

Suppose that the hologram has a transmission of
t(z,y) = etlksindz (12.114)

so that it modulates the signal with a single spatial frequency ksin @ in the z-direction. Illuminating this
with an on-axis plane wave E(t)(z,y) = Eéﬂ, the transmitted (reconstructed) field is

t(x,y) B (2,y) = E{DeilksinO)z (12.115)
Then propagating this field forward to arbitrary z, we find
t(x,y)E(+)(x,y,z) _ E(g-‘r)ei(ksinG)xei(kcosﬁ)z, (12.116)
which is a plane wave with wave vector
k=Fk(Zsinf + Zcosb). (12.117)

The original direction was k = kZ, so this hologram deflects a plane wave by an angle 6. In other words, this
hologram acts like a prism. In fact, a phase delay of exp|i(k sin 6)z] = exp(ikd), where d = xsin 0, literally
s a prism.

12.6.2 Film Holograms

But now the question is, how can we make a hologram? Reconstructing the phase information in the last
example requires a glass wedge of varying thickness (i.e., a prism). But photographic detectors such as film
and ccd cameras respond to intensity, not to the phase of the light. A hologram needs both intensity and
phase information, so we need to employ some tricks.

The key point in holography is this: we can use interference to make a hologram, mixing Eé:j) (z,y)

(the “object field”” that we want to record) with a reference plane wave Er(;})(x, y) = ng,)()‘ The photograph

records the intensity of the superposition:

2|E<SIJ)FJ) + E(+) |2

ref

Liecora = (12.118)
Ui
Expanding out the product,
_ 2 0 po) 4 2 po) p+) (12.119)
Liecora = Iobj + Lrer + %Eobj Ercf + EEobj Ercf : (recorded film signal)
Alternately, we may write out the conjugate terms to make the interference more obvious,
(12.120)

Irecord = Iobf + Iref +2 \ Iobjlref COS[¢obj (xv y)]? (recorded film signal)

where ¢op; is the object phase, given by
+ 7 obj T,
E(()bj) = \Eé;rj)|e Pov(:9) (12.121)

The hologram is the developed film that is exposed to this superposition. Both the phase and amplitude
information are encoded in the intensity and hence the photograph (like in an interferometer). But now
getting the information back out is a bit subtle because of the encoding.
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How do we recover the informatlon recorded on the film? The idea is to illuminate the holographic
mask with the same reference light Ercf X v/Ier. Then

E®) =tB® o B Lot + B Iov; + Let B + Ef)bf [Efjf)} : (12.122)
o (+)
Dividing through by £,
EMH)

2B\ o) 2B\ 1)
E(J;) o Tref + Lonj(, y) + (77 Eqgpi (z,y) + - Egpi (2,9)-

(reconstructed hologram field) (12.123)
The first term is just a constant offset, and the second is the intensity profile of the object. The original field
is recovered in the last two terms. The third term is proportional to the original field, which is what we’re
trying to get. The fourth term is the conjugate wave, the complex conjugate of the original wave. This

term is a consequence of the fact that the film hologram is fundamentally a real-valued transmission mask.

developed
film film reconstructed

ob]

()b]

12.6.3 Hologram of a Plane Wave and Off-Axis Holography

A simple example, similar to the example of Section 12.6.1, is the hologram of a single plane wave,

ES) ~ [Topiettein 02, (12.124)
Then the reconstructed wave is
(+)

C}bj -~ ref+I0bj+\/mez(k51n9)x+me—z(ksm@m' (12125)
V Lref

Again, the third term is the reconstructed plane wave, while the fourth term is the extra conjugate wave.
The conjugate wave turns out to be a plane wave at the same angle but reflected about the z-axis.

developed
film film

EW)

E
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Once again, the reconstruction is not perfect because the film is fundamentally a real-valued transmit-
ter, hence the conjugate wave. This hologram turns out to be just the sinusoidal diffraction grating from
Section 12.3.4. However, this example motivates a method to get at the reconstructed object field along,

called off-axis holography. The idea is to ensure that E(()E_j) is at a sufficiently large angle (larger than its

angular spread). Then the forward wave I .. + Iob; and conjugate wave Eé;j) are all spatially separated from

the reconstructed wave E(();;.).

12.6.4 Setup: Off-Axis Reflection Hologram

Then the optical setup for an off-axis reflection hologram is as shown here. A laser beam (monochromatic
light source) is split, with half illuminating the object to form the object wave, and half going directly to
the screen to form the reference wave. Notice that both beams must be expanded appropriately to cover the
object and the film. Also, while recording, the relative phase of the two waves must be held very constant,
o it is important to minimize the vibrations of the optics. Also, generally holographic film takes the form
of glass plates for structural rigidity during exposure. Holographic plates must also have high resolution and
are consequently rather expensive.

laser . reference
" beam wave hologram
splitter (film)
Y
object R /
wave " /

To reconstruct the hologram, the idea is to illuminate the hologram with the same reference wave
(although the exact details of the reference wave aren’t too important). Then the wave after the hologram
forms a virtual image of the original object in the same location behind the film.

laser
hologram
(film)

virtual

image = 77777770 TN T <>

observer

Another interesting thing to note is that it is possible to make synthetic holograms of objects that
never really existed, for example on a computer. The appropriate pattern can be computed and printed out
on a transparency, although usually the pattern will still need to be photographically reduced to achieve the
required spatial resolution.
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12.7 Exercises

Problem 12.1

Consider the Gaussian field profile E(*)(z,y,2z = 0) = E(SH exp[—(z? + y?)/wd]. Use the Fourier-
transform formalism for propagating the field to derive the form of E(*)(x,y,2) (in the paraxial ap-
proximation), and thus show that your results are consistent with the Gaussian beam solution to the
paraxial wave equation.

Problem 12.2

We derived a Fourier-transform recipe for propagating a field £ (+)(a:, y,z = 0) to arbitrary z under the
assumption of a forward-propagating wave. Write down the analogous recipe for propagating the field
to arbitrary z under the assumption of a backward-propagating wave. Ezplain.

Problem 12.3

Consider a plane wave incident on a glass—air interface (from the glass side), in total internal reflection.
Use the language of Fourier optics and the diffraction limit to explain this phenomenon, and rederive
expressions for the critical angle and skin depth from your discussion. (Note: what is the spectrum
in k, for a steeply angled plane wave? Since the spectrum should be continuous across the interface,
which acts as a thin optic, what is the difference in k, before vs. after the interface?)

Problem 12.4

(a) Compute the far-field (Fraunhofer) diffraction pattern on a screen at location z due to a rectangular
aperture of width b at z = 0. Assume the aperture is uniformly illuminated by a plane wave at normal
incidence to the aperture. You may restrict your calculation to one dimension.

(b) Write down the far-field diffraction pattern if the aperture is instead a pair of narrow slits separated
by a distance a.

(c) Use the convolution theorem to write down the far-field diffraction of an aperture consisting of two
parallel slits of width b with centers separated by distance a.
Problem 12.5

(a) Show that the far-field (Fraunhofer) diffraction pattern due to a uniformly illuminated (by a
normally incident plane wave), circular aperture of radius a is

2ra? Jy(2mar /\z) a 2mar
EY —B{P2J 12.126
O Xz 2mar/)\z ot ’ ( )

where E(g+) is the amplitude of the illuminating wave, r is the radial distance from the center of the
screen, and Jq(z) is an ordinary Bessel function. [The first expression here emphasizes the connection
to the ““jinc”’ function Jy(r)/r.] The Bessel functions are defined by the integral

In(z) = 71r/07f cos(n¢ — xsin @) do, (12.127)

and it may help you to know that they satisfy the recurrence relation
ndy(z) + xJ) (z) = vJp_1(x), (12.128)

which is most useful here for n = 1.

(b) Make an intensity plot of this diffraction pattern. This is a well-known pattern called the Airy
disk.
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Problem 12.6

(a) Compute the far-field (Fraunhofer) diffraction pattern due to an infinite, regularly spaced array of
narrow slits, where the distance between adjacent slits is a. (This is a simple model of a diffraction
grating.) Assume the slits are uniformly illuminated.

(b) Compute the far-field intensity pattern due to N regularly spaced slits with spacing a.

Problem 12.7

Suppose that when illuminated by a plane wave at normal incidence, an aperture diffracts into an
intensity pattern I(z, z) on a screen a long distance z away. We’ll ignore the y-direction for simplicity.
What is the effect on the intensity pattern if the incident wave makes a small angle # with respect to the
z-axis? The answer should be reasonably obvious but you should prove your answer mathematically.

Problem 12.8

In diffraction theory, Babinet’s principle is useful for calculating the diffraction pattern of an aperture
if you know its complement.

More specifically, suppose you illuminate an aperture with a normally incident plane wave
B (w,y) = BSD. (12.129)

We will represent the aperture by the transmission function ¢(z,y), so that to find the diffraction
pattern, we propagate the initial field

ED(2,y) = t(z,y) By (2.) (12.130)
to find the diffraction field E(*)(z,y, z). Let us denote the complement aperture by #(x,y), such that
ta,y) +t(z,y) =1, (12.131)

and the diffraction field for the complement aperture by E(*)(x,y,2). The idea behind Babinet’s
principle is that if we add the fields for the aperture and complement, we just obtain the incident plane
wave:

EM) (2,) + E®) (2,y) = t(z,y) EL (,y) + e, ) B (2,y) = B (2,y) = ESY. (12.132)

m

Note that a plane wave propagates to arbitrary z just as a plane wave (it does not diffract into a delta
function in the far field—there is no way to satisfy the far-field condition for a plane wave!). Thus, the
propagation of the plane wave should be

E{T — E{Deik=, (12.133)

But the superposition principle (linearity of the wave equation) says that this should be the same as
the sum of the diffracted fields of the two apertures:

EP) (2,y,2)+ EF) (z,y,2) = Eé+)eikz. (12.134)
Solving for the diffraction pattern of the complement aperture,
ED) (z,y,2) = E{Ve* — E)(2,y, 2). (12.135)

This says that the diffraction pattern of a particular aperture is equivalent to the shadow of the
complement aperture in the incident beam.

There is, unfortunately, one complication in applying Babinet’s principle, and it relates to the phase
factor (—¢) that comes up in the coefficient k/2miz in the free-space transfer function (particularly in
the far-field limit). (Recall that in a one-dimensional diffraction problem, this factor is y/k/2miz, so
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the corresponding phase is v/—i.) The same phase should be present in the plane wave for consistency.
In the far-field limit, this is an artifact of noncommuting limits. For example, suppose we consider
diffraction a Gaussian aperture, which you know should produce a Gaussian beam with longitudinal
phase factor

eikze—itan’l(z/zo)’ (12.136)

including the Gouy phase factor. If we take the far-field limit 2 — oo, then tan=1(z/z9) — m/2, and
the longitudinal phase becomes 4 ' ‘
ehzeim/2 — _jeikz, (12.137)

Then if we take the plane-wave limit wy — oo (which implies zp — 00), the phase factor is the same.
On the other, hand, if we take the plane-wave limit first, the Gouy phase reduces to tan=!(z/zy) — 0,
so the longitudinal phase reduces to e’** as we expect for a plane wave. Thus, the extra (—i) is
essentially a generic Gouy phase, which results from assuming a confined field inside the aperture,
and taking the far-field limit. The point is that instead of using the simple plane wave Eé”ei’” in
Eq. (12.135), you should use the limit of the diffraction pattern as the aperture disappears, so that
the diffraction pattern and the reference plane wave have appropriately matching phases. Normally
you don’t have to worry about this, if you just want the diffraction pattern, because this is an overall
phase. But now, we’re concerned with interference involving the diffraction pattern, so it’s important.

Of course, you can avoid all this by just considering the intensity of the diffraction pattern, and you
should do this for this problem. The same argument above carries through for the intensities of the
diffraction pattern, with the result

ID(z,y,2) = I — I(z,y,2), (12.138)

where I and I are the regular and complementary diffraction patterns, respectively, and Iy is the
intensity of the incident plane wave.

Use Babinet’s principle to compute the Fraunhofer diffraction pattern for a plane wave around an
opaque strip (e.g., wire) of material of width b. (Be careful to get the phase right when you set up
the diffraction for the complement aperture.) Verify that your answer makes sense in any appropriate
limits.

Problem 12.9

Consider a Gaussian beam, with the focus occurring at z = 0, and propagating along the z-axis.
Suppose a circular aperture is introduced in the z = 0 plane, centered with respect to the Gaussian
beam’s axis. Describe qualitatively the far-field (large z) profile of the apertured beam, paying special
attention to the limits of large and small aperture diameter. Describe the mathematical form of the
far-field profile for arbitrary aperture size.

Note: you should mention convolutions in your answer.

Problem 12.10

(a) Write down an expression for the Fresnel diffraction pattern for a knife edge illuminated by a plane
wave at normal incidence. Write your answer in terms of the Fresnel integrals C'(z) and S(x).

(b) Make a few representative plots showing the diffraction pattern in the near, intermediate, and far
fields. (Better yet, try to do all this in one plot!)

Problem 12.11

Suppose you have a cruddy Gaussian beam of radius wg = 1 mm and wavelength A = 780 nm that you
want to clean up and expand.

(a) Using a lens of focal length f = 25.4 mm to focus the beam, what is the best pinhole diameter
according to the “rule of thumb” to spatially filter the beam? You may assume that the lens is at the
focus of the original beam.
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(b) If you want to expand the beam to a final radius of wg = 10 mm, what focal length lens should
you use to recollimate the beam after the pinhole?

Problem 12.12

Following the treatment for the Zernike phase-contrast imaging system, work out the output intensity
of a central dark-ground imaging system, which is a 4-f system with a filter consisting of an absorbing
dot that blocks the dc component in the Fourier plane. Assume that the system input is from a phase
object, of the form exp[ig(x)].

Problem 12.13

Go through the derivation in the notes of the output intensity of a schlieren imaging system, where
the input is a phase object. Do this in detail, filling in the missing steps where appropriate. Also
go through the argument that the Hilbert transform is ‘“‘something like’” a derivative, so the schlieren
image is something like the derivative of the phase shift.

Problem 12.14

Compute the Hilbert transforms of the following functions: sin(z), cos(z), and exp(iz). From your
answer, explain the following statement: for narrowband signals, the Hilbert transform is proportional
to the derivative, without any silly approximations. Hint: use the convolution theorem to evaluate the
transform integral.

Problem 12.15

Compute the Hilbert transform of the unit box function rect(z):

1 < 1)2
rect(x) := { 0 it |z|>1/2. (12.139)

Problem 12.16
Recall that the Hilbert transform is defined by

Hf(2)] = fl) = L = fa')

T ) o —x

da’. (12.140)

Show that the Hilbert transform is its own inverse, provided you throw in an extra minus sign; that
is, show that
A=t (12.141)

One method to prove this is as follows. Recall from Problem 12.14 that J#[e***] = +ie*?®. From
this you can show that J#[e?**] = sgn(k)ie’**. Then compute what the function #[f(x)] looks like in
frequency space, and finally do the same for J#2[f(x)].

Problem 12.17

Consider a normalized Gaussian of the form

G(z) = \ﬁe_r . (12.142)

Show that the Hilbert transform G(z) may be written

G(z) = —% F(x), (12.143)
where .
F(z):=e™ / da’ e*” (12.144)
0

is Dawson’s integral, plotted below.
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0.6

Use the following outline to do this.

(a) Start by assuming the relation between F(z) and G(z) holds; we will transform this into the
definition for F'(x) using reversible steps. Write out the Hilbert transform:

2

G) 1 Ooda:’ e .
I—x 2V J_oo X —x

Then change variables by letting ' — a2’ + x, and use the result to show that F(z) satisfies the
differential equation

Fla)= 3 Ga) = —3 ][joda:’ (12.145)

xT

F'(x) =1-2zF(x). (12.146)
(b) Now the idea is to integrate this differential equation. Show that the differential equation

d
e*ﬁ% [ezzF(x)] =1, (12.147)
is equivalent to the one in part (a).
(¢) Now multiply through by e’
(d) Plot G(z) and G’(z), and comment on the statement that the Hilbert transform is ‘“something like
a derivative.”

and integrate both sides from 0 to x, to obtain the definition of

(¢) To make the distinction more formal, obtain a large-|z| asymptotic form for G(z) [and thus for
F(x)], and show that it is a much slower decay than the tails of G’(x).

Problem 12.18

Consider the 4- f imaging system shown here, and suppose that there is nothing between the two lenses
of focal length f.

FIE (2,y)]

in

B (z,y)

EM(a,y)

[ e e~
Gk .
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Recall that the field in the focal plane is given by

(+) _ k =(+) kx ky

Efocalplane(x7y) - ﬁEin <f7 7 . (12148)

Show, by computing the Fourier transform (not the inverse transform) of the focal-plane field, that the
field in the output plane is

ES (@,y) = B (—2,—). (12.149)

out

Strictly speaking, this is only true in the paraxial approximation. This is the image inversion of the
4-f system that we ignored.

Problem 12.19

(a) What is the diffraction limit that occurs in optical-wave propagation? Describe the effect mathe-
matically, using the Fourier-transform propagation recipe.

(b) Consider the 4-f imaging system from Problem 3, and suppose again that there is nothing between
the two lenses of focal length f. Suppose also that the lenses are of diameter D. What is the new
diffraction limit for this situation? For simplicity, you may assume that the image object represented
by Ei(rj' )(x, y) is much smaller than D, and you can also ignore the effect of the right-hand lens.

Hint: Start by sketching some rays from the object through the system, to see how the image forms in
the output plane. Then recall the argument for why the Fourier transform of the input image appears
in the focal plane of the first lens. How is the field in the transform plane affected by the finite lens
diameter?

Problem 12.20

The Hilbert transform, being a convolution with 1/xz, is ‘“something like” a derivative. But a true
derivative, written as a convolution, involves a delta function. Prove (by induction) that

F (@) = (=1)"(f 6™ (x), (12.150)
where f(")(z) is the nth derivative of f(z), and (") () is the nth derivative of §(z).

Problem 12.21

Consider the integral

/ xdx. (12.151)

— 00

(a) Explain why this integral is problematic.

(b) Give a definition of the Cauchy principal value of this integral (suitably generalized from the 1/x
example from class),

][ xdz. (12.152)

What is the value of this integral?

(c) Give an alternate definition of this integral (let’s call it the ‘“Schmauchy principal value”) such that
the value of the integral is 1. (Thus, you are giving another reason why the original integral is not
well-defined without being careful.)

Problem 12.22

(a) Write down a formal definition for the Cauchy principal value integral in the special case of the

integrand
o dx
—_ . 12.1
| erae=a (12:159
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(b) Show that

][_oo (eraC;fza) -0 (a € R,a #0). (12.154)

Hint: write out the partial-fraction decomposition of the integrand; that is, set the integrand equal to
cy/(x+a)+ c—/(z — a) for undetermined constants c4 .

Problem 12.23
Compute the Hilbert transform of f(z) = 1/x.

Hint: play with the transform integral to try to guess the answer, up to a constant factor. This is
most of the way there. Then verify your answer using the inverse transform. You may also find the
following formula useful (Problem 12.22):

][_OO Mﬁ =0 (a €R,a #0). (12.155)

Problem 12.24

Consider a hologram of an object, recorded on a holographic film plate with light of wavelength
A. Compare the reconstructed image when using a reference wave of wavelength A vs. a reference
wavelength of some other wavelength ). For concreteness, take A’ < A, and be quantitative in your
answer. (Hint: think of the holographic plate as basically a complex diffraction grating, and use
diffraction theory to analyze this problem.)



Chapter 13

raction

Acousto-Optic D1

One important application of diffraction occurs when you can make a dynamical diffraction grating. The
acousto-optic effect is one way to accomplish a dynamical grating. The idea is that a piezoelectric
transducer driven by a radiofrequency (rf) wave (typically in the 10 MHz to 1 GHz range) causes an acoustic
wave to propagate through an optical crystal.

input light t sound wave

\\\‘ diffracted beams
******** IS

piezo C rf drive

The sound wave leads to local compressions in the crystal and thus local density variations. This in turn
leads to a spatial variation in the refractive index due to the acoustic strain. Generally, the other end
of the crystal is cut at an angle to avoid a backreflected acoustic wave and thus a standing wave. For a
monochromatic acoustic traveling wave, the resulting refractive index variation is

n(z) = no + on cos(kysx — wyet), (13.1)

where ng is the natural refractive index of the crystal and dn is the modulation amplitude induced by the
acoustic strain. Typically, on < nyg.

As implied by the name, this device is useful for modulating the amplitude of a wave (since the
“amplitude” of the diffraction grating can be controlled electronically), and it turns out that this device can
also change the frequency of a laser beam.

A commercial acousto-optic modulator is shown below. This is an 80 MHz, TeOs modulator designed
for 780 nm light. The crystal is the chunk of transparent material on the left-hand side of the modulator.
Notice the red piezo transducer on the right-hand side of the crystal, and notice the angle-cut of the left-hand
side of the crystal to suppress the reflected acoustic wave. The crystal is surrounded by aluminum to help it
dissipate heat from the acoustic wave. The rf power enters via the coaxial cable on the right, and the coils
in the modulator form an impedance-matching circuit to maximize the coupling efficiency into the piezo.
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This photo shows the same modulator passing a He-Ne laser beam. In the far-field, the beam is diffracted
into several spots. This modulator is designed to maximize the power in a single diffraction order (operating

in the Bragg regime, as we will discuss below), but in this regime and alignment multiple diffracted orders
are visible.

13.1 Raman-Nath Regime

There are distinct regimes of acousto-optic diffraction, essentially depending on the optical path length of
the crystal. We will first treat the simpler Raman—Nath regime, where the acoustic wave is confined to a
small width Az. What this means is that we can treat the effect of the modulator as simply leaving a phase
tmprint on the beam, as if it were an aperture. That is, we don’t have to worry about the fact that the beam
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diffracts a bit from the front of the crystal before getting to the back of the crystal. Thus, this problem is
essentially that of computing the Fraunhofer diffraction pattern due to a sinusoidal phase grating, although
we will be a bit more careful and go beyond the paraxial approximation.

The phase imprint due to the acoustic wave is just e’2*, where Ar is the path length through the
acoustic wave and the dependence on the refractive index is implicit in the longitudinal spatial frequency
k.. We can write this out explicitly:

1kAz

exp(ik - Ar) =~ exp [no + on cos(kyx — wyet)]| (13.2)

ng cos

where 6 is the incident angle (with respect to the z-axis), and the factor of cosf accounts for the fact that
the acoustic beam ‘‘looks” wider to the optical wave when it propagates through at angle 6 from the normal
(in the past, we ignored this in the paraxial approximation). Again, this is an approximation assuming that
Az is small, so that the diffraction grating acts as a thin optic. It is also important to note the convention
here: we are doing all the diffraction analysis inside the crystal, so k and A refer to the spatial frequency
and wavelength inside the crystal, so that they are changed by a factor of ng and 1/ng from their respective
vacuum values. Also, 6 refers to the incident angle inside the crystal. Generally it is most useful to analyze
the incident and diffracted beams outside the crystal, which requires a simple application of Snell’s law.
We can now write Eq. (13.2) in two parts as

cos(kpx — wyst) | . (13.3)

exp(ik - Ar) =~ exp [chiﬁg} ex [M

ng cos

The first factor is just an overall phase, which we can discard. We can define

Ko kAz dn (13.4)
"~ ngcosf (phase-shift amplitude)

as the amplitude of the phase imprint, so that
exp(ik - Ar) & exp [i K cos(kytz — wyst)] . (13.5)

Now we need to break this phase imprint into simpler components.
One important identity is the generating function for the ordinary Bessel functions:

exp[ﬁ(ti)} _é;;;@(xﬁﬁ (13.6)

This function generates the Bessel functions J,(z) in the sense that J,(x) is the coefficient of ¢" in the
power-series (Laurent) expansion. Letting ¢ — ie'® and x — K, we obtain a useful identity:

oo
eiKcosaﬁ _ Z iij(K)eijz.

j=—o00

(13.7)
(modulation identity)

Essentially, we just computed the Fourier series of X <os®,

If the input is the plane wave Ei(nﬂ expli(k-r—wt)], then after the phase imprint, we can use Egs. (13.5)

and (13.7) to write the effect of the diffraction as

Ei(nﬂ exp[—(k-r —wt)] — El(;r) expli(k - r — wt)] Z i J;(K) expli(kutx — wytt)].
Jj=—00
(Raman—Nath diffraction pattern) (13.8)
Again, we have technically just computed the Fraunhofer pattern, taking into account a different incident
angle, but we will improve on this in a moment.
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13.1.1 Diffraction Amplitudes: Bessel Functions

Each component in the sum corresponds to a different diffracted wave. The jth wave, or the jth order

diffracted wave, has an amplitude of J;(K), ignoring an overall phase. Each wave has a different wave vector

and thus propagates in a different direction. We will analyze this fact more carefully below, but for now

we will simply note that this means that it makes sense to compute the intensities of each diffracted wave

separately. We are treating the waves as plane waves, but really they are beams with finite diameter, and we

will generally be interested in the intensities of the waves in the far field when they are spatially separated.
The intensity of the jth diffracted wave is thus given by

(+)2
Ij |Ej | 2
P THK). (13.9)

m

To get a feeling for what this means, we need to explore the Bessel functions a bit more.
For our purposes here, we can define the Bessel function of order v via the integral

(z/2)" / " 9
J(x) = —————— cos(x cos @) sin“” 6 db, 13.10
() Val(v+1/2) Jg ( ) ( )
for v > —1/2, and where I'(v) is the Gamma function (which satisfies T'(n + 1) = n! for integer arguments).

In Eq. (13.9), we only need the Bessel functions of integer order n, where the integral simplifies to

1 ™
In(z) = 7/ cos(zsinf — nd) db. (13.11)
0

™
The Bessel functions satisfy the recurrence relations

Joe1(z) = %”J,(x) @) Laa) = Jea(e) - Ty, (13.12)

For integer orders, it is handy to know that J,(z) = (—=1)"J_,(x), and for real x, we can also write
In(—z) = (=1)"J, ().
For small arguments, the Bessel functions have the form

n

Tn (@) A —

N S (13.13)

for n > 0. In particular, Jo(0) = 1 and J,x0(0) = 0. As x increases from zero, the higher-order Bessel
functions ‘“‘turn on later”” compared to their low-order counterparts. The Bessel functions oscillate, and as
x becomes large, they decay as #—1/2. The first few ordinary Bessel functions are plotted here.

1 \ \ \
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For fixed argument x and large order v, the Bessel functions are approximately

(@) ~ \/% ()" (13.14)

In particular, notice that for large order v, the amplitude decays exponentially with v. We can conclude
that as a function of n, J,(x) has possibly large amplitude (oscillating with n) until n exceeds x. Then,
the amplitude of J,(x) drops quickly off to zero. Here is a plot of J,.(a) for several different values of a.
Whenever x exceeds 1, the value of the Bessel function drops rapidly off, as we expect.

0.5 I

a=20
_a=100
a=>500

AR 2

AR

Joal @)

-0.5 \
0 1 2

T

The point of all this Bessel stuff is this: Practically, for Raman-Nath diffraction, the maximum diffrac-
tion order that contains substantial power is K. So we expect to see about 2K + 1 spots in the diffraction
pattern of the device.

13.1.2 Frequency Shifts

The jth order diffracted wave has a time dependence of the form exp(—iw;t), where the frequency is

= 09 b g (13.15)

J : (diffracted frequencies)
Thus, each diffracted wave also experiences a frequency shift. There are two intuitive interpretations of this
shift. The first is the view that the diffraction is a nonlinear scattering process of photons from a stream
of phonons. A phonon is the sound-wave analog of a photon, or in other words a quantum of the acoustic
field. Diffraction into the +|j| order corresponds to the absorption of j phonons by the photon, hence
raising the photon energy. Diffraction into the —|j| order, on the other hand, corresponds to the stimulated
emission of j phonons by the photon, hence lowering the photon energy. Thus, we can view the frequency
shift as a conservation of energy principle, where part of the energy is carried by the phonon. The other
interpretation is purely classical: The diffraction grating is moving, and thus the deflected (diffracted) beams
are frequency-shifted due to the Doppler effect.

13.1.3 Momentum Conservation

Now we need to examine the spatial dependence of the diffracted waves. From Eq. (13.8), the wave vector
of the jth diffracted wave is
(13.16)

(momentum conservation)

kj = k+jkrf7
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where k.t = k2. Since the momentum of a photon is proportional to its wave vector, we can regard this
relation as conservation of momentum. This is a vector relation, though so it is a bit more complicated than
conservation of energy.

Note that in this diagram, jk,¢ points opposite k¢, so this corresponds to some negative diffraction order.
Optical and acoustic frequencies are very different; optical frequencies are around 10'* Hz, while
acoustic (rf/microwave) frequencies are in practical limited to the few GHz range, and are much more
commonly around 100 MHz. Thus,
Wyt € W, (13.17)

so while relative frequency shifts are observable in very sensitive setups, for our purposes here we can write
for absolute frequencies
wj A w, (13.18)

which implies that the spatial frequency of the diffracted wave is equal to that of the incident wave to very
good approximation:
k;j ~ k. (13.19)

Thus, the momentum-vector triangle must be isosceles, so that k and k; are symmetrical about the z-axis.

From the diagram, we can see that

. A0 ke
SIHT = ﬁ, (1320)
or
Y A (13.21)
- 1 Ff 1
Af; = 2sin 2%k 2sin 2t (diffraction angles)

where ;s = 27 /k,¢ is the wavelength of the rf acoustic wave.
Now, it’s important to realize that from the argument we just presented, the statement

Kup = kel (13.22)

can’t be quite true, even though the acoustic wave propagates in the z-direction. If we assume that k; ~ k
to conserve energy, the only way to satisfy momentum conservation (i.e., to get the triangle to close) is to
have the isosceles triangle shown above. But if ks = k.¢Z, then for any given input angle 8, there can be at
most one diffraction order that closes the momentum triangle. In particular, this can only be true for the
jth order if

(13.23)

so that
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This seems to imply that there is only one diffracted beam. However, in the Raman—Nath regime, many
diffraction orders are observed. How is this possible? Well, we started off with the assumption that the
acoustic wave was confined to a very narrow beam. The acoustic wave is subject to diffraction effects, so the
narrow spatial profile implies that it has a large spread in the direction of k., just as it would if it were an
optical wave—diffraction patterns from smaller apertures are larger in the far field for precisely this reason,
and this is another manifestation of the uncertainty relation dx dk, ~ 1 that we saw in the discussion of
Fraunhofer diffraction. Since there are many different available orientations of k.t available, conservation of
energy and momentum ‘‘pick out” the right phonon that closes the triangle. It is the thinness of the acoustic
beam that makes the proper phonons available for many diffraction orders.

The length of k.t is the same; it’s only the orientation that changes, so for ‘‘nonresonant’ diffraction orders,
the momentum triangle has the same shape, but the entire thing is rotated appropriately.

13.2 Bragg Regime

The Bragg regime of acousto-optic diffraction is the opposite extreme from Raman—Nath diffraction.
Instead of a narrowly confined acoustic wave, in the Bragg regime, we assume that the acoustic wave is
very broad but relatively weak. In this case, the acoustic wave is approximately a plane wave, so that k¢
has a well-defined direction. The arguments of the last section hold here, so we can already conclude that
diffraction can only occur into a single order. This turns out to be a useful fact, since nearly all of the incident
wave can be diffracted into a single order. For this reason most acousto-optic modulators in laboratory use
are Bragg-regime devices, since the diffracted beam is the intensity-modulated beam. It is thus desirable to
have as much modulation range as possible as well as to not waste too much of the incident beam.

—

T
=

We will thus consider only first-order diffraction. Simplifying the setup from the Raman—Nath discus-
sion above, we see that the incident angle must satisfy the Bragg condition,

_A6 1 A (13.25)
2 2,¢ (Bragg condition)

0=205:

Again, diffraction in this configuration corresponds to absorbing a single phonon. Diffraction to other orders
in this geometry is suppressed.
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The diffracted wave makes an angle 20, with respect to the incident wave. Notice that the Bragg condition
is equivalent to the following condition: the variations in the optical wave in the direction of the acoustic
wave must have twice the wavelength of the acoustic wave. There is an interpretation to this, which is as
follows: each of the ‘“bumps’ in the refractive-index profile reflects a little bit of the light in the opposite
direction. If the small reflections from successive bumps interfere constructively, then a lot of the light can
be reflected in the opposite direction. The condition for this is that one round-trip between two bumps
is 27 in phase—one round trip in the direction of the acoustic wave, that is. Thus, the array of bumps
acts as a sort of generalized Fabry—Perot cavity, whereby if the transverse optical wavelength matches the
grating wavelength, efficient diffraction occurs. Of course this argument works for larger angles, when the
transverse optical wavelength is smaller (e.g., when the transverse optical wavelength exactly matches the
acoustic wavelength): these larger angles correspond to higher diffraction orders.

Recall that forward propagation over a distance z is equivalent to multiplication by exp(ik,z). We
will want to be a little more general than this, so let’s say that when you propagate the wave forward in the
z-direction from z to z + dz, the field picks up some phase change d¢:

EF) (2 4+ dz) = P ED)(2). (13.26)
Expanding the left-hand side, we can write

OE )

EF) (z+dz) = EM(2) + dz, (13.27)

since for infinitesimals, dz? = 0. Expanding the exponential in the right-hand side, we can similarly write
e E®) (2) = EM(2)[1 +idd), (13.28)
since d¢? = 0. Thus, we can write Eq. (13.26) in differential form as

OB 06 4y

5% ', B, (13.29)
In principle, this evolution equation is the same as the wave equation, but this equation is first-order:
it implicitly considers only forward-propagating waves (k, > 0), whereas the full wave equation handles
propagation in any direction. This is fine as long as there isn’t anything like a dielectric interface that would
generate a reverse wave.

Now let’s calculate the phase change d¢ as the wave propagates in the acousto-optic medium. Note
that we will want to keep track of the phase evolution along each of the diffracted waves, so we need to
compute the phase evolution along the wave vectors ko and k. As z — z 4 dz, the path length along ko 1
is dz/ cos by 1, where 0y 1 are the angles made by ko ; from the z-axis.

From our discussion above, the Bragg condition is |6y| = |01] = 05 for efficient diffraction, but we will
consider this more general setup to handle angular misalignment. The two angles will still be subject to the
constraint |6p| + |61| = 265.
Recalling that k = kg = k1, we can write the phase change as
n kdz kdz

n
= — = — = S(Rr — Wy 5 1 .
deoo.1 - kdro nocosto1 ~ mocoston [no + dn cos(kytr — wyst)) (13.30)

where drg ; is the path length along ko ; corresponding to a displacement dz along z. Then

0901 k k on [ i(hpm—wnet) | o —i(kem—wrtt)
= P Ref L =Wy e T —weft) | 13.31
0z cos 0y 1 + 2ng cos by 1 © te ( )
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The first term here represents free-space evolution in the absence of the acoustic wave, the second term
represents coupling of diffraction order j — 7 4+ 1, and the third term represents coupling of diffraction
order j — j — 1. Let’s simplify this by defining the phase-rotation rate

k k kZ, (13.32)
Kj = = ~k -+ === .
cos 0 V1= (kj./k)? 2k (phase-precession rate)

where the last expression holds in the paraxial approximation. We will also define the Rabi frequency

_kon (13.33)
ngcosf;’ (Rabi frequency)

In principle the Rabi frequency is different for each wave, so we should keep track of two Rabi frequencies
Q1. However, we will assume that |0| is very close to |61]. We will see that even small differences in the
two angles have a substantial impact on the diffraction via the x;, but since én/ng is small, any difference
in the Rabi frequencies is a much smaller effect and thus ignorable.

With these definitions, the phase shift becomes

0 Qr .
goz:l — KJO’l + 5 [ez(krf.’x—wrfﬁ) + e—l(krfx—wrft) . (1334)
Now let’s consider the evolution of the zeroth and first diffraction orders. We’ll ignore the others, since they
don’t satisfy the Bragg condition and thus they shouldn’t be excited. We’ll denote the zeroth-order wave by
E™)(kg, z) and the first by E(H)(ky, 2), where the wave vectors are given by k;j = ko + jkit = ko + jkud.
The total field is the sum of the two waves, and with the explicit time dependence we can write

EM)(z,t) = EM®)(kg, z) e ™0t 4 B (ky, 2) e, (13.35)

Note that we've already included the exp(ik; - r) in the z-dependence of E(*)(k;, z), so we haven’t written
it out explicitly here.

Then recalling that the phase evolution ¢ depends on the wave vector, the evolution equation (13.29)
becomes

O [EO kg, 2y et 1 B ey 2) e
z

iko B (ko, 2) e 70 ik B (ky, 2) et
13.36
LALPEs) ke —iwnt | 82 o) ik i1t (13.30)
—|—?E (ko, z) e"riTeHn —|—?E (ko, z) e~ *"ri%e !
+5 Bl 2) et 1+ S p) (g, z) e et

where w; = wp + jwyr. Picking out the frequency component of this equation at wy (e.g., by multiplying
through by exp(iwgt) and integrating over a time interval of length 27 /wg) and discarding the common time
dependence, we obtain the equation of motion

0

0 |
5B (ko,2) = ing B (ko 2) + %E(“(kl, 2) e~ tkui, (13.37)

Similarly, for the component at frequency wi,

0

dz

0 |
EM (ky, 2) = in1 ED (ky, 2) + %E(Jf)(ko, 2) etk (13.38)

In these two equations, the factors of exp(+ik,¢x) account for the momentum change on absorbing or emitting
a phonon. Notice that E)(k;,2) ~ exp(ik; - r) and k; = ko + jkys#, so all terms in Eq. (13.37) have the
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common dependence of exp(ikg -r), and all terms in Eq. (13.38) have the common dependence of exp(ik; -r).
As long as we keep this in mind, we don’t have to write out the explicit phase dependence, since what we're
really after is the relative amplitudes of the two waves.

Thus, we’ve made things much simpler, reducing the wave equation to a pair of ordinary differential
equations. Defining the normalized electric fields,

_ EM(k;,2)

cj(z) == = (13.39)

Egs. (13.37) and (13.38) become

0,¢p = iKkoco +i—c1
2 (13.40)

8201 = ililcl + i5007

where 0, = 9/0z. We can solve these coupled equations by decoupling them. Differentiating the 9.co
equation,

0
02co = irgD.co + igﬁzcl. (13.41)

Using the other equation for 0,c¢;,
0 0\’
3Z2c0 = iﬂo@ZCO + ia(iﬁlcl) + (22) Co, (1342)
and using the 9, ¢y equation to eliminate ¢;, we find
QQ
822(}0 — Z.(K,o + /@1)6200 — (I‘io/ﬁl — 4) co = 0. (1343)
Repeating this procedure yields the same equation of motion for c;:
QQ
02c) —i(ko + K1)0.c1 — (fiofﬁ — 4) c1 =0. (13.44)
Let’s concentrate on obtaining an explicit solution for ¢;(z). We can factor Eq. (13.44) and write it as

(az - 192+> <8Z - 192‘> ¢ =0 (13.45)

where the quadratic roots are given by

Q:I: = (Ii() —+ Hl) :|: Q, (1346)
where R
0= /(Ko — K1)%2 + Q2. (13.47)
The general solution to Eq. (13.45) is
c1(z) = ApeHz2 4 A_¢i-2/2 (13.48)

where A are constants to be determined by the initial conditions. Note that given the form of 4, we can

equivalently write
Aj cos <Q;> + Agsin (?)] , (13.49)

where A; 2 are (other) constants to be determined by the initial conditions.

Cl(z) — ei(lﬁo+l€1)/2
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Initially, upon entering the sound field, all of the incident light is undiffracted, so ¢o(z = 0) = 1 and
c1(# = 0) = 0. Thus, we can see that Ay = 0. Also, from the 0,¢; equation in Eq. (13.40) gives

Q
d.c1(z = 0) = i, (13.50)
while differentiating Eq. (13.49) gives }
QA
d.c1(2=0) = T2 (13.51)
so that Ay = iQ/Q. Thus, the solution is
. Q Qz (13.52)
_ soi(kotk1)/227 - fad
culz) = e O s ( 2 ) ’ (Bragg-diffraction amplitude)

Since we’re only interested in relative amplitudes, we can obtain |c;| from the conservation constraint |co|? +
|Cl|2 =1.
The intensity of the diffracted beam is given by

£_| ( )|2_ Q ? sin2 % (13.53)
L, avvl =\ g 2 |’ (Bragg-diffraction intensity)

where of course I; + Iy = I;,. We can also write this in the form

L s (/1 1 - (13.54)
L. e (&) = <Q) 2 2 9% ) (Bragg-diffraction intensity)

In this form we can see that the intensity oscillates sinusoidally with frequency €.
Now we are in a position to make a few observations about acousto-optic Bragg diffraction

1. Rabi flopping. The intensity oscillates between the incident and diffracted wave at rate Q. This
behavior (oscillation of energy between two coupled oscillators) occurs often in physics, but in particular
this is equivalent to a two-level atom (the two optical modes) driven by a classical laser field (the sound
wave, in this case). With this analogy, the intensity oscillations are Rabi oscillations, and Q is the
generalized Rabi frequency.

2. Resonance condition. The (peak-to-peak) amplitude of the intensity oscillations from Eq. (13.53)
is 0 0
@ - Q2+(KJ0 —Hl)Q'

Since this amplitude < 1, there are incomplete Rabi oscillations unless the resonance condition

(13.55)

Ko = K1 (13.56)
is satisfied. Putting in the definitions of the x;, this condition is equivalent to
ko,e| = |k1al. (13.57)
But Ak, = k.t for first-order diffraction, so the resonance condition occurs when
—koe = ki,p = ket/2. (13.58)

Expanding this further, of course, just leads to the Bragg condition fy = 6 = sin™'(\/2)\).
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3. Resonant Rabi flopping. On resonance (ko = k1), the generalized Rabi frequency Q reduces to the
ordinary Rabi frequency 2. Then the diffraction efficiency becomes

I .o [ Q2 . 9 kon
— = S —_— = S _— . 1 .
I sin < 5 ) sin 90 005 01 z (13.59)

Since the index modulation amplitude dn is related to the rf drive power, we can see that for best
diffraction efficiency there is an optimum rf drive power for a given crystal length.

4. Mirror image. We did the analysis for the +1 diffraction order, but the analysis works just as well
for diffraction into the —1 order, the differences being the orientation and that the diffracted beam is
downshifted in frequency instead of upshifted like the +1 order.

5. Resonant selection. Only one order can be on resonance (i.e., satisfy the Bragg condition) at a time.
Again k¢ is well-defined, so we need a particular input angle 6y. Diffraction to the jth order requires
that |ko | = |kj |, which in turn requires that the zeroth and jth order diffracted waves to subtend
equal angles about the normal to k.

6. Higher-order scattering. We only considered first-order diffraction, but higher-order Bragg diffrac-
tion is also possible by absorbing or emitting multiple phonons. The intermediate waves are not
resonantly coupled, so this process proceeds exponentially more slowly (in terms of interaction length
for fixed dn) than first-order diffraction. Thus, practical devices usually stick to first-order diffraction.

13.2.1 Efficiency

We can manipulate the form of the (optimally aligned) diffraction efficiency in the Bragg regime from

Eq. (13.59):
£ = sin? & 2 | = sin? M = gin? = Onv/2 . (13.60)
Ly 21 cos Oy ngA cos Oy M2 cos 0y no

Now we can translate the index modulation én into properties of the crystal and acoustic wave. We can
write

 9(6n)? (13.61)
M1, coustic := TOQy (ﬁgure of merit)

where I coustic 1S the intensity of the acoustic wave and M is the figure of merit that characterizes the
acousto-optic crystal. Thus, we can write the efficiency as

5 Tz (13.62)

I .
I, o™ Mlacoustic (Bragg-diffraction efficiency)

Iin M2 cos 0y
Noting that the dimensions of the acoustic wave are the interaction length z and the crystal height h, we
can write the acoustic intensity as

. o @ (13.63)
acoustic = T3 (acoustic intenstiy)

where P,coustic 18 the total power in the acoustic wave.
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13.2.2 Example: TeO, Modulator (Bragg Regime)

To get a feeling for the numbers, we’ll look at a commercial TeOy (“‘tellurium dioxide””) modulator designed
to work with a 150 MHz rf drive at 780 nm (vacuum) optical wavelength. For TeOq, the figure of merit
is M = 34.5 x 10715 s3/kg, the acoustic-wave velocity is v,y = 4.26 km/s, and the refractive index is
ng = 2.35. The crystal dimensions are z = 15 mm thickness and h = 1 mm height. We will use the paraxial
approximation throughout.

The Bragg angle is

~ M 14 mrad = 0.79°, (13.64)

B R
Ao

The deflection angle of the diffracted beam is 260; = 1.6°. Recall that all geometrical quantities refer to their
values inside the crystal, so after exiting the crystal, the deflection angle is 3.7°.
Maximum diffraction efficiency occurs when
1

1 .2
. sin®(7/2). (13.65)

Since cosf & 1, we can use Eq. (13.62) to write an expression for the optimal acoustic intensity,

)\2
Licoustic, optimum = YOV 13.66
e opt 2:2M (13.66)
or equivalently for the optimal power
A2h
Pacous ic, optimum — 5 L, — 1 . 13.
tic, opt W] 0.1W (13.67)

The actual power applied to the piezo for the best diffraction efficiency is actually 0.8 W, which is of the same
order of magnitude, but implies that much power is wasted in the piezo transducer in converting electrical
to acoustic energy. We can also use Eq. (13.60) to see that at maximum diffraction efficiency, the index

modulation amplitude is given by

on A

— =~ =11x10"". 13.68

no 2z ( )
This is a very small index change, but its effect builds up coherently over the optical path length of the
modulator.

13.3 Borderline

We have discussed the operation of acousto-optic modulators in the Raman—Nath and Bragg regimes. But
how do we distinguish which regime applies to a particular device? Recall that what distinguishes the two
regimes is whether or not the direction of k,¢ is well-defined, which says whether or not diffraction to many
orders is allowed. One approach is to examine the Klein-Cook parameter!

Q= (angular spread scale of diffracted beams) (13.69)
o (angular spread of rf phonons) ’ ’

which we can evaluate as
Q= (205)
(1/kxsz)
., (Fxt/E) (13.70)
1/]€er
k%2
= k 5
IW. Klein and B. Cook, "Unified approach to Ultrasonic Light Diffraction,” IEEE Transaction on Sonics and Ultrasonics,
SU-14, 123 (1967).
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where we used the paraxial form for 65, and finally if again v.¢ is the phase velocity of the acoustic wave in
the medium,

_ Awgz (13.71)
- 2mo% (Klein—Cook parameter)

Q

Then we can distinguish the two regimes as follows:
1. Raman—Nath (large angular spread of phonons): @ < 1
2. Bragg (small angular spread of phonons): @ > 1

The borderline is usually taken to be from 1 to 27, which is some intermediate regime where neither treatment
is really appropriate. However, ) = 1 is a practical dividing line between the two regimes. For the TeOq
modulator in the previous example, Q = 39, so this device is clearly in the Bragg regime.
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13.4 Exercises

Problem 13.1

A phase-modulated optical wave has the form
E(Jr) (1,7 t) — E(()Jr) ei[k:wfwt+5¢ sin(wmodt)], (13.72)

where wp,oq is the modulation frequency. Such a wave could result, for example, by running the wave
through an electro-optic crystal, whose refractive index is modulated by an applied ac signal with
frequency wmod-

(a) For a wave with time dependence exp[—i¢(t)], we can define the instantaneous frequency as

do
inst 1= ——. 13.
Winst dt ( 3 73)

Compute the instantaneous frequency of the phase-modulated wave and thus show that the frequency
oscillates about w. That is, phase modulation is in some sense the same as frequency modulation.

(b) Write the phase-modulated wave as a sum of plane waves, with the general form

D cjethrmet), (13.74)
Jj=—00
Hint: start by writing down a Bessel series for the function exp(iK sinx).

(¢) From your answer to (b), argue that the intensity spectrum (as viewed through a Fabry—Perot
spectrum analyzer) consists of a series of peaks with relative intensity Jj2(6¢>). You may assume
the response of the Fabry—Perot analyzer is slow compared to the modulation frequency. This phase-
modulation technique is commonly used in the laboratory to shift the frequency of a laser or to generate
multiple laser frequencies.

Problem 13.2

Suppose you observe that for a particular acousto-optic modulator in the Bragg regime, 780 nm light
(wavelength in air) diffracts efficiently into the first order, with an angle of 2° between the undiffracted
and first-order beams. The most efficient diffraction is observed for 0.8 W of input rf power.

(a) If 850 nm light is used instead, what is the new diffraction angle?
(b) What is the rf power required for most efficient diffraction at the new wavelength?

(¢) The coupled-wave theory of Bragg diffraction predicts that the best diffraction efficiency is 100%.
However, in practice the best efficiencies are more like 90%, so obviously we made some assumptions
that aren’t quite true. Give an example of something we didn’t take into account that could explain
the lower practical efficiencies of acousto-optic modulators.

Problem 13.3

In the Bragg regime, the optimum diffraction efficiency occurs when the incident angle is 0y from the
normal to the acoustic-wave propagation direction.

(a) Show that for small 6, an angular misalignment of

_0n
o 2”093

50 (13.75)

causes the diffraction efficiency to drop by a factor of 2. You can use the following general outline:

First, note that the best diffraction efficiency is given by 2/ 02, and this is the part of the efficiency that
is sensitive to angle. This drops to 1/2 when (kg — #1)? = Q2. Now draw out the diffraction geometry
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for the misaligned case, noting that the total diffracted angle is still 265, so that |k1 . /k| =~ |05 — 06
and |ko . /k| =~ |05 + 66]. Use these to eliminate ko and obtain the result above.

(b) For the 150 MHz TeOs modulator that we discussed as an example in class, what is §67

Problem 13.4

Consider an acousto-optic modulator operating in the Raman-Nath regime at Ay = 780 nm (vacuum)
wavelength. Assume the modulator is made from TeOs.

(a) If the modulator is 80 MHz, what is the maximum thickness of the crystal in the direction of beam
propagation? Assume the beam is normal to the acoustic wave.

(b) What is the maximum achievable relative intensity in any diffracted order (other than the zeroth)?
This is why Bragg modulators are potentially much more efficient at diffracting light into a single order.
Assuming z = 0.1 mm, what would the index modulation dn/ng need to be to achieve this maximum
intensity?

(¢) What would the index modulation dn/ng need to be to completely deplete the input beam (zeroth
order)?

For parts (b) and (¢) you will need to consult a table of Bessel functions or use some mathematical
software.

Problem 13.5

Consider a Gaussian beam focused to a waist wy in a Bragg-mode acousto-optic modulator. What
is the turn-on time of the diffracted beam, assuming that the piezo transducer is suddenly switched
on? Assume that the only contribution to the rise time is due to the finite propagation velocity of the
acoustic wave front, and ignore any distortion of the wave front due to dispersive propagation in the
crystal. For concreteness, define the rise time as the time it takes the diffracted beam to go from 10%
to 90% of its maximum intensity.

Problem 13.6

A glass acousto-optic modulator (ng & 1.5) diffracts He—Ne laser light (vacuum A =~ 2007 nm). Suppose
that you observe that the angle between the zeroth and first diffracted order is 3° (obviously, you are
measuring this angle outside the modulator). However, some diabolical fiend has arranged it such
that you cannot tell if any other diffracted orders are present. In order to save the world, you must
figure out whether or not the modulator diffracts substantial power into other orders. How did you
get yourself into this situation, anyway?

(a) What is the Bragg angle 657

(b) Under what conditions would you expect there to be many diffracted beams? Give a rough range of
optical path lengths of the crystal that would lead to many diffracted beams. (You need not compute
any particular parameter, just go through the reasoning for what distinguishes the Raman—Nath and
Bragg regimes.)

(c) Suppose that you observe that

1

TO ~ JE(T), (13.76)
where I is the the intensity of the zeroth diffraction order and I, is the input intensity. Estimate
the number of diffracted beams you would expect. Assume that the modulator operates in the regime

where there are many diffracted peaks.

Problem 13.7

Describe how you can use an acousto-optic modulator as a spectrum analyzer for an rf signal. Also
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describe how set up the analyzer to maximize the frequency resolution. You may assume that any
diffraction angles are small, and that the acoustic-wave velocity is independent of frequency.






Chapter 14

Coherence

When considering interference of monochromatic waves in Chapter 5, we made the comment that assuming
a monochromatic wave with time dependence of the form exp(—iwt) is implicitly computing a Fourier
transform. Now that we have the proper mathematical machinery in place, we will explore this idea in
more detail.

Let’s now consider an interference experiment that involves a range of frequencies. Recalling the
interference of two monochromatic plane waves, we can write the superposition of the two waves as

E() (I‘, t) _ E%‘)ei(szwt) + Eég‘)ei(szwt)eub. (141)

sum

Here, ¢ is a relative phase difference between the two waves. Recall that we are just writing the positive-
frequency components, so that the physical fields also must include the negative-frequency parts.
The intensity of the superposition is

o = (B X Hanl) = 1 { (B (14.2)
Writing this out explicitly in terms of the component fields,
jA—— % <(E§g)ei(kzwt) + Eég‘)ei(szwt)eitﬁ + E%g)efi(szwt) + Eéa)ei(kzwt)ei¢>2>. (14.3)
The optical terms of the form exp(4i2wt) vanish in the time average, so we obtain

2 ) (D) L 20 () 2 () () ib 2 () (H) i
Isum = 7E§0)E§0) + 7E£0)E£0) + 7E§O)E§O)e ¢ + 7E§O)E§O)€ ¢
U n " K (14.4)
2 .
= Il + 12 —+ |:77E§0 )Eég)ew + C.C.:| .

Again, the interference is in the terms with the relative phase ¢.
Suppose that the phase difference represents a difference in optical path length, in the form of a time
delay 7. Then ¢ = —wT, and so

2 _ .
T =I1 + Io + {nEﬁ) E{P e 4 c.c} : (14.5)

Now let’s handle the case of multiple frequencies. To simplify things, we’ll assume that the two waves have
equal amplitude and come from a common source. Then the intensity density at frequency w is

TIyum(w) = 2T (w) + [727|E8+)(w)26_i°” + c.c.] ) (14.6)
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Note that the notation here is a little funny; the frequency-dependent quantities I(w) and E) (w) don’t have
the respective dimensions of intensity and electric field; rather, I(w) dw and |E() (w)|? dw are the intensity
and (squared) electric field, respectively, in the frequency interval between w and w + dw.

Now we can sum over all frequencies to find the total intensity:

Itotal == / Isum(w) dw
0

= 2/ I(w) dw + [77 / \E(ng) (W)[2e™™T dw + c.c.
0 0

Note that the frequency integral ranges only over positive frequencies; we’ve already accounted for the
negative frequencies by including the complex conjugate terms. Thus the intensity spectrum Ig,m,(w) is a
one-sided spectrum, which is common When working with intensities and powers. We can now recognize the
second integral in the last expression as a ‘‘one-sided’” Fourier transform of |E(() (w)]?, where we recall the
normalization convention for w-t Fourier transforms:

_ L s —iwt IS iwt (14.8)
t) = 2 [mf(w) ¢ dw,  flw) = Kmf(t) et (w-t Fourier transform)

But what is this, when we don’t know the general form of the electric field?

(14.7)

14.1 Wiener-Khinchin Theorem

Recall the convolution theorem for functions f and g (see Section 11.3):

Ffxg] = Z[f1F]g). (14.9)

Writing out the convolution integral explicitly,
Fe0= [ f@)g-t)a = 77 [F111Fg). (14.10)

If we make the particular choice g(t) = f*(—t), then

Flaw) = #l5 ol = [ peneta= [ poea=(#io). o
Thus, Eq. (14.10) becomes
/ FE) f( —t)dt = F1 “ﬂ’[f]ﬂ . (14.12)
Inverting the transform and letting ¢ — ¢’ + t, we obtain the Wiener—Khinchin theorem:
7| [ rw fertra| = 121P. (115)
e (Wiener—Khinchin theorem)
The function on the left-hand side,
(14.14)
/ FOfE+rde (autocorrelation function)

is the autocorrelation function of f(t). Essentially, it compares f to itself but shifted by an amount 7 by
computing an overlap integral. We can understand the right-hand side by noting that Z#[f] is the spectrum
of f, and so |.Z[f]|? is the energy spectral density of f. Essentially, the energy spectrum is the square of
the usual spectrum, with the phase information removed. This is consistent with the notion of energy going
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as the square of a signal amplitude. Thus, the Wiener—Khinchin theorem states that the Fourier transform
of the autocorrelation function gives the energy spectrum.

There is one subtle point to these definitions: for some signals, such as steady optical signals, the
correlation integral diverges:

/ @) fit+7)dt — oo. (14.15)

In this case, we should consider a time average instead of the normal integral. For an averaging time of T',
1 [T/2

(f"@) fE+71))p = —/ fr@) fit+71)dt. (14.16)
T J_1/2

For bounded signals, this integral is guaranteed to converge. To be physically sensible, T' should be a suitably
long observation time (e.g., long enough to resolve the frequency spectrum). For such signals, we can write
the Wiener-Khinchin theorem as

F U@ FE+ 7)) = F7f] Frlf]- (14.17)

Here we have defined a finite-time Fourier transform by

T/2 A
Frlf] = % [ » F(t) et dt. (14.18)

Defining this seems a bit funny, but it avoids problems with singular spectra. Now the Wiener-Khinchin
theorem says that the Fourier transform of the (time-averaged) correlation function is the power spectral
density, or the energy spectral density per unit time. For a stationary process, the correlation function is
independent of ¢ (generally for a sufficiently long averaging time T'). Then we can extend the averaging time
T — oco. Denoting this long-time averaging limit as

(fr@) fE+7) =) fE+ )00 (14.19)

we can thus write the Wiener—Khinchin theorem as

2
FUF® FE+1)] = lim ~

T—oo T

T/2 A
/ f(t) et dt
—T/2

(Wiener-Khinchin theorem, time-average form) (14.20)
Again, the right-hand side is the power spectral density, and in this form it is more clear that this is the
energy density per unit time.

14.2 Optical Wiener-Khinchin Theorem

In terms of stationary optical fields, the Wiener—Khinchin theorem (14.20) becomes

/ OOI(w) e dw = 2(E(*)(t)E(+)(t + 7).
0 n

(optical Wiener—Khinchin theorem) (14.21)
This is because the intensity density I(w) = (|S|) is the time-averaged power spectral density of the optical
field. Note that from the inverse Fourier transform, there is conventionally a factor of 1/27, but it is missing
here because it is already implicitly included in I(w). We can see this from the boundary condition at 7 = 0,
which gives the total intensity:

00 2 2 ,
/O Iw)do = 2(EOOED®) = (EOWP). (14.22)
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In optics, as in statistics and other fields, it is conventional to define a normalized correlation function

(EOMED(t+ 7))

My .—
S0 TEOOEO@)
(degree of first-order temporal coherence) (14.23)
so that ) -
;(E(_)(t)EH)(t +7)) = (/ I(w) dw> g (7). (14.24)
0

The normalization is such that g(!)(7 = 0) = 1. (Also, the “(1)” superscript is a notation that indicates this
is the first in a hierarchy of increasingly complex correlation functions that we won’t consider here.) That
is, a correlation value of unity indicates perfect correlation. Note that we could just as well have written
the correlation function as (E(F)(t + 7)E(-)(t)), but it turns out that the order of E) and E(-) matters
in quantum mechanics, so we’ll be careful to stick to the form in Eq. (14.23). Notice also that from the
definition of g™ (), the correlation function is subject to the constraint

(14.25)

MW7) = gD ()]
g7 (=m) =g (I" (time symmetry of correlation function)

In optics, g (7) is called the degree of first-order temporal coherence. The light is said to be coherent
if |g(V(7)|? = 1, incoherent if [¢(V)(7)|?> = 0, and partially coherent otherwise (for 7 # 0).
Returning to the interference result of Eq. (14.7), we find

) 9 oo ‘
Tiotal = 2/ Isum(w) dw + |: / |E(() )(w)‘Zefzw‘r dw + C.C.:|
0 nJo

- (/Ooof(w) dw) {2 + [g(l)(T) —|—c.c.] }

(14.26)

and thus

Fotar = 2 < /O 1) dw) {1 +Re [g<1>(7)} } .

(interferometer signal in terms of g(V)(7)) (14.27)
It is worth keeping in mind that the form (14.13) is still relevant for pulsed fields, in which case the result
here is modified so that the coefficient in front is the integrated power rather than intensity.

14.2.1 Application: FTIR Spectroscopy and the Michelson Interferometer

One example of where the optical Wiener—Khinchin theorem is very useful is in Fourier-transform infrared
(FTIR) spectroscopy. The idea in FTIR spectroscopy is to use a Michelson interferometer to monitor
a stationary input signal E() (t). The interferometer splits and interferes the beam with itself, and the
path-length difference 7 varies with the displacement of one of the mirrors.

p_—

) vary 7
<>

E(JF)(t) N U

detector
T — (EED(t+1) + cc.

The photodetector at the output measures the time average of the product of the fields, up to an overall
constant, and thus measures g(!)(7), just as in Eq. (14.27). The idea is then to digitize the output of the
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photodetector as a function of the mirror displacement, effectively recording Re[¢g™")(7)]. Computing the
Fourier transform of the signal on the computer gives the spectrum I(w). (Note that I(w) is real, and so
the imaginary parts of g(l)(T) don’t contribute to the spectrum.) This technique is common in molecular
spectroscopy, because it turns out that obtaining a spectrum this way gives better rejection of thermal
detector noise compared to, say, a recording the same spectrum with the same detector on a diffraction-
grating spectrometer.

14.2.2 Example: Monochromatic Light

As a simple example, let’s compute the correlation function for monochromatic light and verify that the
Wiener—Khinchin theorem makes sense. Let’s take a monochromatic wave of the form

E®) (1) = B[ eiwot, (14.28)
The correlation function is
<E<—>(t)E<+>(t + T)> - ‘Eg“ ‘2 emiwoT (14.29)
In normalized form, this function becomes
g (7) = eiwor, (14.30)

Thus, a wave with harmonic time dependence leads to a harmonic correlation function. This is true inde-
pendent of the phase of the input field; that is, the correlation function does not reflect any extra phase in
(+)
Ey".
The power spectrum is easy to calculate via the Wiener—Khinchin theorem:

F [<E(’)(t)E(+)(t+T)>] - ‘Eé“fﬁ [e=i07] = ‘E(()ﬂ’?é(wfwo). (14.31)

Again, the harmonic time dependence produces a single frequency in the power spectrum. Of course, with
our convention of positive and negative frequencies, there would be a matching d(w + wp) component, but
this is already included in the one-sided spectrum I(w).

Let’s now compute the power spectrum directly, using Eq. (14.17). The normal spectrum is

F {E(H(t)} = E$Y8(w — wp). (14.32)
The finite-time transform is
2 T pm] = L [T 5 oo g — g _
Fr|ET()| = E;"e dt = E;"sinc [(w — wo)T/2]. (14.33)
—7/2

Note that the value of the sinc function is 1 at w = wg. Thus, the spectrum is
2
T {E(Jr)(t)} Fr [EH) (t)} = ES7)6(w — wo) ESsine [(w — wo)T /2] = ‘Egﬂ‘ 8(w — wp). (14.34)

This result is consistent with Eq. (14.31). Note that without being careful with finite-time transforms, we
would run into something bad involving the square of a d-function.

14.2.3 Normalized One- and Two-Sided Spectra

Now we will be a bit more precise about the nature of the spectrum, to avoid confusion with different possible
conventions for the power spectrum. First, it’s convenient to define a normalized spectral density (lineshape
function)
a(w) := _ Iw) (14.35)
T / *° ’ (normalized spectral density)
0
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Note that this spectrum extends only over positive frequencies, as the intensity spectrum I(w) corresponded
to physical frequency components. Examining the inverse Fourier transform, we combine Egs. (14.21) and
(14.24) to obtain

g(l)(T)Z/ s(w) e™™7 dw.
0

(first-order coherence in terms of normalized, one-sided spectral density) (14.36)
However, the usual inverse Fourier transform has an integral extending over both positive and negative
frequencies. We can obtain something of this form by considering the real part of the correlation function,

Re [g(r)] = LoD+ V@] _ gV +4D()

) (14.37)

= / s(w)e ™ dw + = / s(w) e dw,
2Jo 2Jo

so that if we define a two-sided spectrum s, (w) (for all w € R) via

s(w)/2  (w>0)
so (W) =14 s(w) (w=0)
s(—w)/2 (w<0),

(two-sided spectrum in terms of one-sided spectrum) (14.38)

which satisfies
(14.39)

sisl{=u) = ol (symmetry of two-sided spectrum)

we obtain
oo

Re [g(l)(T)] = / 56 (W) e ™ dw.

— 00
(first-order coherence in terms of two-sided spectrum) (14.40)
We have lost the imaginary part, but only the real part can contribute to a physical result: g(l)(T) must
always be accompanied by its conjugate, as we saw in the interference experiment.
Inverting this last relation, we have

1 *© )
S (w) = e Re [g(l)(r)] e dr
—o00

1 oo

=5 7009(1)(7') coswT dT
1 (o)

= — g(l)(T) coswT dT + c.c. (w e R).
2m Jo

(two-sided spectral density in terms of first-order coherence) (14.41)
The one-sided spectrum can then be written in terms of the double-sided spectrum as

Sor (W) + s (—w) =255 (w) (w>0)
s() =1 se(w) (w=0)
0 (w<0),

(two-sided spectrum in terms of one-sided spectrum) (14.42)
so that the one-sided spectrum simply concentrates all the power at positive and negative frequencies on
the positive side. Of course, this cannot be done for any spectrum, but the power spectral density—the
Fourier transform of the coherence function—has a special structure due to the symmetry of the correlation
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function. Thus, we can write the one-sided spectrum as

%/_OORe [g(l)(T)} T dr

oo

1 o0
*/ g(l)(T) coswT dT
T J_—co

1 o0

= 7/ gV (7) coswr d7 + c.c. (w>0)
™ Jo

s(w)

(one-sided spectral density in terms of first-order coherence) (14.43)
in terms of the coherence function. Combining Eqgs. (14.40) and (14.42), we then find

Re [gW) ()] = /Ooos(w) cos wT dw

(first-order coherence in terms of one-sided spectrum) (14.44)
for the reverse transformation.
Finally, note that it can be more convenient to associate spectra separately with ¢!)(7) and its con-
jugate, by defining

1 [ : 1 [ .
s+ (w) = —/ gV (7) e dr = —/ gV (1) e dr + c.c. (w e R),
0

i J_ o 47

(component spectral densities in terms of first-order coherence) (14.45)
so that
(14.46)

e e B (symmetry of component spectra)

Then the relations

s (W) = 54 (W) +5-(w) = 54 (W) + 51.(-w) (weR)
s(w) = 2[s4(w) +5-(W)] = 2[s4 (@) + s4(=w)]  (w=0)

(component spectral densities in terms of first-order coherence) (14.47)
recover the total spectra (14.41) and (14.43), respectively.

14.3 Visibility

The example in Section 14.2.2 of the correlation function for a monochromatic wave is special in the sense
that the correlation function does not decay with 7. This is important, because the correlation function is
the magnitude of the interference terms. To quantify this better, we can define the fringe visibility as

3 o Tmax = Imin (14.48)
" Imax + Tin (fringe visibility)

where I, and I, are the maximum and minimum intensities achieved for phase variations on the order
of several 7. For example, complete interference results in intensity variation from 0 to some maximum, and
so ¥ = 1. For no interference, the intensity does not vary with phase and so ¥ = 0. Partial coherence is
represented by intermediate values of the visibility.

Writing out the explicit phase of the correlation function,

gV (r) = 1g™M (7)]e, (14.49)
and so Eq. (14.27) becomes

Liotal = 2 ( /O W) dw) [1 + 19D ()] cosgb(r)} . (14.50)
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The cosine varies from —1 to 1, so the visibility is just the magnitude of the correlation function:

(14.51)

= gD
7 =lg7 . (visibility in terms of coherence)

For monochromatic light, 7 = 1. Actually, this is only true if the amplitudes of the input waves are equal.
For two monochromatic waves of unequal amplitude, the visibility becomes

_ 2yhI (14.52)

L+ (monochromatic, unbalanced interference)

The important thing to note is that for interference of monochromatic light, the visibility is independent of
T.

14.4 Coherence Time, Coherence Length, and Uncertainty Measures

As we have just seen, a peculiarity of monochromatic light is that the coherence does not decay with 7. In
the generic case, where light is composed of a range of frequencies, the visibility drops as the phase difference
increases, since ¢! (1) — 0 as 7 — oo. Intuitively, this is because as light waves with different wavelengths
propagate, the monochromatic components tend to dephase. Mathematically, we can express this as an
uncertainty relationship. Recall from Section 14.2.3 that the coherence Re[g(!) ()] and the normalized (two-
sided) spectral density (lineshape function) form a Fourier-transform pair. Actually, 27s, (w) is the second
half of the pair, due to the form of the transforms (14.40) and (14.41): recall that in the w-t convention,
there is normally a factor of 1/27 in front of the inverse-transform integral, as in Egs. (14.8).

Thus, if we define the root-mean-square (rms) widths of these two functions, regarding Re[g(") (7)]?
and [s. (w)]? as (unnormalized) probability distributions, we can write down an uncertainty relation, as
in quantum mechanics:

(14.53)

> —
Ourms OTems 2 (rms uncertainty relation)

For many distributions, we can say that the equality is more or less satisfied to
1
OWrms 0Tyrms ~ 3 (14.54)

and thus see that the “widths” of ¢(!) () and s, (w) are inversely related. The problem is that for some
useful functions in optics, these uncertainties can diverge (e.g., for Lorentzian functions) or vary by orders
of magnitude. The uncertainty inequality is always satisfied, of course, but as a practical relation for the
temporal and frequency widths, this is less useful.

Thus we will adopt other uncertainty conventions in time and frequency! We can define the coherence
time as the power-equivalent width of the correlation function:

or = /_O;‘Re [g(l)(r)] ‘2 dr.

(coherence time, power-equivalent width) (14.55)
The idea here is to first note that ¢() (7 = 0) = 1. Thus the width 67 is the width of a box of unit height,
with the same area as |Re[g(!) (7)]|?. That is, 67 is the width of a unit-height box signal with the same power
as [Re[g™M) ()]

las in Max Born and Emil Wolf, Principles of Optics, Tth (expanded) ed. (Cambridge, 1999).
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salne area

T

o

We'll take a slightly different convention for the width of the frequency spectrum. Let’s define the average
value of the one-sided normalized spectrum as

— 00

5o /00082(w) do = 2/0033(@) doo. (14.56)

That is, we're regarding s(w) as a probability distribution (because it has the appropriate normalization),
and then we're calculating the expectation value of s(w) with respect to itself. Then we’ll define the effective
frequency width by the reciprocal of the average value:

-1

SN R Y P (14.57)
=g = [/0 1) dw] ’ (spectral width)
Thus, dw is the width of the box function of unit area and height s.
s(w)

w

Note that we have constructed the diagram as if s(w) is two-sided, but the argument carries through for the
one-sided case as well, being careful to keep track of factors of 2. The definitions for §7 and dw look like
inverses, but they’re really quite different because of the different normalizations of the two functions.

The big advantage of these definitions is that they are related in a simple way. We can write

/_O;‘Re [g(l)(r)} ‘2 dr
2 [

— 00

57 bw = (14.58)

We can use Parseval’s theorem to evaluate this ratio, which states that the signal power is equivalently
measured in either the time or frequency basis:

(14.59)
(Parseval’s theorem)

[wor a= o [l @

—oo 2m —00

Noting again that Re[¢g™)(7)] and 27s.; (w) form a Fourier-transform pair, and recalling the factor of two
for using the one-sided spectrum, we can use this to write

(14.60)

0T bw = . (uncertainty relation)
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This ‘“‘uncertainty relation’ is a strict equality, valid for any functions as long as the measures exist and are
finite. Neat, eh?

The point of all this is, for time (optical path length) delays larger than the coherence time 7, the
fringe visibility is mostly gone. This coherence time corresponds to a physical path length difference

(14.61)

b = coT, (coherence length)

which is called the coherence length.

Here are some examples. For a He-Ne laser, the laser line width is dv = dw/2m ~ 1 GHz. This
corresponds to a coherence time of 7 ~ 1 ns, or a coherence length /. ~ 30 cm. On the other hand for a
light bulb that spans the visible wavelength range of 400-700 nm, the line width is

voX ¢
by~ = = <7 =300 THz, (14.62)
This gives a coherence time §7 ~ 3 fs and a coherence length . ~ 1 pm. So in fact it is possible to see
interference of white light in a Michelson, but it’s very difficult because the path lengths must be matched
to pm accuracy. On the other hand, it’s much easier to observe interference or record a hologram with light
from a He-Ne laser, because it remains coherent on the scale of about a foot.

14.5 Interference Between Two Partially Coherent Sources

In general, we can now look at the interference pattern between two partially coherent sources, represented

by the two fields E§+)(t) and E§+) (t). The second field has an adjustable time delay of 7. Then the intensity
of the superposition of these waves is

I= % <‘E§+)(t) +E§+)(t+7)’>
_ % (|EPw]) + % (|ES e+ [y + {727 (D B +n|) + c.c.] (14.63)

= I + I +2VT 5 Re [gg)(f)} )

where gg) (7) is the normalized cross-correlation function:
ECE® ¢ +7)))
: <) 1 2 14.64
9§2)(7') o= ( )

<‘E§7)(t)E£+)(t)‘> ' (normalized cross-correlation)

Again, the visibility is

v — 2v L1 (1)(7)) (14.65)
- L+ D 912 ‘ (visibility for two different fields)

This tells us that very different beams, resulting in little correlation, don’t interfere very well.
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14.6 Exercises

Problem 14.1

Prove Parseval’s Theorem: if f(x) and f(k) form a Fourier transform pair, then

| l@rde= o [ 1w a (1466

Problem 14.2

Go through the derivation in the notes and fill in the details of the ‘“‘uncertainty relation’ 67 dw = ,
where the coherence time §7 is the power-equivalent width of g(*)(7) and dw is the effective spectral
width.

Problem 14.3

Find the coherence times 07 according to the power-equivalent width definition for the following co-
herence functions:

(a) Lorentzian: ¢(M) (1) = 1/[1 + (1/A7)?], where A7 is the full width at half maximum.
(b) Gaussian: g™ (7) = exp[—72/(A7)?], where AT is the 1/e time.
(¢) Exponential: g (1) = exp[—|7/A7]|], where A7 is the 1/e time.

Problem 14.4
Consider a Michelson interferometer, where the input is bichromatic with air wavelengths A\; and As.
Assume that the splitting is small, |[AA| < A, where AX := Ay — A1 and A := (A1 + A2)/2.
Show that the visibility of the output fringes varies periodically as one mirror is displaced, with period
)\2

Ad=533

(14.67)

in terms of the mirror displacement.






Chapter 15

Laser Physics

15.1 Overview

Now we’ll explore in a fair amount of detail the operation of a laser, which is very important as a source
of intense and/or highly coherent light. The name ‘“laser” is an acronym for ‘“light amplification by the
stimulated emission of radiation,”” emphasizing that the laser is an active, amplifying device.

There are three key components to any laser:

1. The pump is the energy source that is converted to laser light.

2. The gain medium performs the actual conversion of energy to coherent light, by amplifying light
passing through it.

3. The optical resonator, which we have already studied in detail, recycles the light through the gain
medium to achieve better amplification. Also, since an optical resonator is a frequency-selective filter,
it narrows the frequency spectrum of the output and thus increases the coherence of the laser light.

Put together to form a laser, these are the ingredients for an active optical oscillator,' in contrast to the
passive optical elements that we have studied so far.
Laser light has a number of potentially desireable properties. Among its key features are:

1. Monochromaticity. A laser tends to have a relatively narrow frequency spectrum, either in the
absolute sense or in the sense of being limited by the time-frequency uncertainty principle (i.e., for
“transform-limited”’ laser pulses).

2. Directionality. The output of a laser has small beam divergence, typically diffraction-limited or
nearly so. The output of a laser is commonly a Gaussian beam.

3. High power. Not all lasers have high output powers, but many of the most intense man-made optical
sources are lasers.

Now let’s examine the main components of a laser in more detail.

15.1.1 Laser Pumps

The laser pump is the energy reservoir for the laser. Often, the energy comes from electricity, although
sometimes indirectly. Examples of pumps that directly involve electricity are gas discharges and injection
currents in semiconductor lasers. Less direct are optical pumps, in the form of flashlamps or even another
laser. A more bizarre example of a pump is a nuclear device, for the “pop-up x-ray laser’” defense system.

lin fact, to emphasize the importance of the oscillator nature of the laser, one could use the name “light oscillation by the
stimulated emission of radiation,” but this would be a loser, and not nearly as cool. (I stole this joke from Leno Pedrotti, from
way back when I learned laser physics from him at the University of Dayton.)
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15.1.2 Gain Media

The gain medium converts the pump energy into the desired light. Invariably the gain medium involves
quantum systems, where the transition energies determine the output wavelength.

15.1.2.1 Gas-Phase Atoms

One important class of gain media is atoms in the gas phase. Examples include the He-Ne laser and the
argon-ion laser. These gain media typically lase in the visible to ultraviolet range, and they are pumped by
electrical discharge. Commonly these lasers operate in CW (continuous-wave) mode, although pulsed gas
lasers are possible (e.g., nitrogen and copper-vapor lasers). The efficiencies of gas lasers tend to be appalling,
in the neighborhood of 0.05% for an Ar™ laser. Output powers vary from 1 mW (He-Ne) to 20 W (Ar™).

15.1.2.2 Atoms Embedded in Transparent Solids

Atoms can also be suspended in (doped into) transparent solids. Important examples are Nd:YAG, Nd:glass,
Ti:sapphire (sapphire is crystalline Al,O3), ruby (Cr:sapphire), Er:fiber, and Yb:fiber. Here, the notation is
“dop-ant:medium.” These lasers operate mostly in the near-infrared (in the range of 0.7-1.6 um), and can
operate as either CW or pulsed lasers. The efficiencies of these solid-state lasers are much higher than gas
lasers, in the neighborhood of 1%. The efficiency varies widely depending on the details of the pump; for
example, a laser-pumped Ti:sapphire laser can have an efficiency approaching 10%. Output powers are in
the range of 100 mW (CW lasers) to PW peak pulse powers for some truly huge lasers (P = peta = 105).

Here is a closeup view of part of a Ti:isapphire ring-cavity laser. The blue-green pump light (from
an ArT laser) is clearly visible as it enters through the input mirror (with a special coating to transmit
blue-green light but reflect the 850 nm laser light).

! Birefringent | I Input
] . . nput |
ICA .  BraWster M Ti:lbphire S 1S

tuning plates crystal

The input lens aligns and matches the pump-beam profile to the laser cavity mode. The Ti:sapphire crystal is
Brewster-cut to suppress reflection loss at the surfaces and glows bright red due to amplified spontaneous
emission. The other components (birefringent filter, Brewster etalons, ICA) all help force the laser to
oscillate in a single cavity mode. The output mirror is to the left of the area shown. For overall scale, the
holes in the table surface are spaced at 17 intervals.
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15.1.2.3 Molecules

Molecular lasers come in two main flavors. A gas-phase molecular laser is COs2, and this is a particularly
important laser in industrial cutting and welding. Molecules can also be contained in liquid solvent, as in
the manifold organic laser dyes. The wavelengths of these lasers range from the infrared (10.6 pym for COs)
to the ultraviolet/visible/near-infrared, the wide range covered by the various available laser dyes. The
efficiencies of molecular lasers are also relatively high, in the range of 1-10%, depending on the details of the
pump. Output powers range from around 100 mW (the low end of dye lasers) to 10 kW for CO4 lasers.

One of the most amusing (and nearly edible) lasers falls in this category: the gelatin laser, where
the molecules included sodium fluorescein (marginally edible) and rhodamine 6G (much less edible). The
“normal slight tremor’”” when holding the gain medium by hand was observed to enhance the operation of
the medium.?

15.1.2.4 Semiconductor Lasers

Diode lasers have become enormously important in recent years. Materials include GaAs, GaAlAs, and
InGaN/GaN/AlGaN. Most diodes lase in the red- to near-infrared, although InGaN/GaN/AlGaN lases in
the 400-420 nm range. Diode lasers are pumped via injection current flowing across the p-n junction.
Efficiencies of diode lasers are as high as it gets (up to 65%), and output powers are in the range of 1 mW
to 50 W (for diode arrays).

A single-mode, low-power laser diode is shown in the photo below. This diode would normally have
a cylindical, protective metal ‘“can” surrounding the front end of the diode, with a window for the laser
output, which has been removed here. For overall scale, the outer, circular flange of the diode is 9 mm in
diameter.

Photodiode Electrical
connections

Laser
cavity

The laser cavity itself is a tiny dot in this photo; the active wave-guiding region has transverse dimensions
in the range of about 1-6 pm, though the transverse extent of the chunk of semiconductor is larger than
this. The length of the cavity is of the order of 100 um. The front of the laser emits out of the page, down,
and to the left of the photo. The back of the cavity is also transparent and emits some light, which striked
a monitor photodiode (photodetector). Electrical connections come in through three pins in the back. The
leftmost pin (as viewed in the photo) protrudes out next to the semiconductor, and a thin wire is visible
connecting the pin to the top of the laser cavity. The bottom of the laser cavity is connected to case ground.

2T. W. Hansch, M. Pernier, A. L. Schawlow, “Laser Action of Dyes in Gelatin,” IEEE Journal of Quantum Electronics
QE-7, 45 (1971).
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The rightmost pin is connected to the photodiode by another thin wire, visible to the right of the photodiode.
The photodiode shares a common ground connection with the laser.

15.1.3 Optical Resonator

The laser cavity or resonator is often a spherical-mirror resonator. Typically, the laser resonator is stable
for CW operation, but sometimes unstable resonators are used in pulsed-laser designs.

15.1.4 A Simple Model of Laser Oscillation: Threshold Behavior

We can get a great deal of insight about laser operation just by considering a very simple model.? Consider
a laser, composed of a two-mirror resonator, with mirror reflectances R; 2. The laser contains a thin gain
medium, with single-pass intensity gain v/G.

thin gain medium

R, VG R,

I« >
The effect of the mirrors after one round trip on the intracavity intensity is
Later = R121vefore- (15.1)
The effect of the gain medium after a single pass is
Litter = VGletore. (15.2)

Note that G is the round-trip gain, where G > 1 for net gain and G < 1 for net loss (e.g., due to scattering
loss). The reflectances Ry 2 < 1, representing loss. Thus, the intensity after a round trip is

Iaftcr = GRl RQIbcforc . (153)

If 7y = 2d/c is the cavity round-trip time (ignoring any contribution due to the thin gain medium), we can
write

I(t + 1) = GR Ry I(1). (15.4)

Let’s assume that the intensity varies slowly on the time scale of 7;. Then we can expand to lowest order
in Trt-
dI(t)

I(t) + gt

o + O(T2) = GRI Ry I (). (15.5)

Rearranging gives the differential equation

) _ (GRiF=1) (15.6)

dt Tet (simple laser rate equation)

Note that this is a very simple model: we are ignoring the fact that the gain G should depend on the pump,
and we are assuming that the laser light is resonant with the cavity. But with the assumption of constant
G, we can write the explicit solution to Eq. (15.6) as
GR1Ry; — 1 .
I(t) = Ipexp {( 12 ) t] . (15.7)

Trt (laser evolution)

3In this and the next subsection we are following the excellent treatment in Frank L. Pedrotti, Leno M. Pedrotti, and Leno
S. Pedrotti, Introduction to Optics, 3rd ed. (Benjamin Cummings, 2006).
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Note that there is a threshold behavior represented in this solution, depending on the value of the gain:

I(t
G> 7 r —I(t) — o0 (15.8)
1 (laser threshold behavior)
G < =I(t) — 0.
RiRy

That is, the gain must be larger than the threshold gain of 1/R;Rs (i.e., the gain must exceed the loss) in
order for the intensity to start growing. But an exponentially growing (divergent) solution is unphysical!
We’ve arrived at this funny solution because the linear model with constant G is too simple.

15.1.5 A Less-Simple Model of Laser Oscillation: Steady-State Oscillation
A better (but still quite simplified) model for the gain is

(15.9)

149
G(I) =1+ I (gain-saturation model)
1+
Isat

where go/{s is the small-signal gain coefficient (with ¢, the length of the thin gain medium), and I,y is
the saturation intensity. For small intensities (I < Is.4),

and so the small-signal gain Gy is a constant, and is also the maximum possible value of G. For large
intensities (I > It ), the gain becomes

1.
G(I) ~ 14 22t (15.11)
and thus the gain decreases as I increases, with G — 1 as I — oo. That is, there is no gain in the limit of
large input intensity. This nonlinear effect is called gain saturation, and is a universal feature of physical
amplifiers, which have finite energy reservoirs.

The saturation intensity It marks the crossover between these two regimes. If we write the gain as

G(I) =1+g(), (15.12)
where the integrated gain coefficient g(I) is related to the small-signal gain coefficient by
o) = —2—. (15.13)
1
* Isat

Then the saturation intensity is defined such that when I = I, the gain drops to half its small-signal value:

g(Isat) = @

5 (15.14)

Now let’s look at the solution to Eq. (15.6) when we include gain saturation, assuming we start with
some small, positive intensity.
I(t)4

settles to steady state

gain saturation kicks in

exponential growth (I < Ig,)
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Assuming we are above threshold, we only see the exponential rise in intensity while I < Ig. Once I
becomes comparable to Iy, gain saturation begins to kick in, tempering the growth of the intensity. The
gain continues to decrease due to gain saturation until it just balances the losses, and the intensity settles
into a steady state.

We can calculate the steady-state intensity Iss by setting dI/dt = 0. This happens when

G(Is)RiRy = 1. (15.15)

Putting in the gain from Eq. (15.9) and solving for I,

(go+1)R1Ry — 1 7 (15.16)
sat -

I = 1—RiRs (steady-state intensity)

Again, this is only true if the small-signal gain Gy is above threshold (GoR; Rz > 1). If the small-signal gain
is below threshold (GoR1 Rs < 1), then any initial intensity decays away, and so Iys = 0. Roughly speaking,
Lt is a fixed property of a given gain medium, and gg is proportional to the pump power (at least for small
go)- Noting that the steady-state laser output is

Iout = (1 - R2)1s57 (15.17)

where the second mirror is the output coupler, we can see the more physical threshold behavior of a laser.

I out( t) A
(steady
state)

A

linear increase after threshold

T.—0 > 9
” ™~ threshold (gq, 1) (~ pump power)

Above the threshold value g tn of the small-signal integrated gain coefficient, the steady-state output inten-
sity rises linearly with slope

(1 ot ) (1- Ry). (15.18)

For a given pump, and thus gain gg, there is an optimum output coupler reflectance R that maximizes the
output power, because this slope and the threshold gain are coupled together. However, we will defer this
calculation until we have treated the laser in more detail.

15.2 Light-Atom Interactions

15.2.1 Quantization

Here we are going to adopt a fairly simplistic view of how the electromagnetic field interacts with atoms. In
particular, we will be using the language of photons, but we will stick to a strictly semiclassical treatment,
not really treating the atoms or the field quantum mechanically.

But we will start with the observation that the energy in an electromagnetic field is quantized. This
means that a monochromatic field of frequency w (typically restricted to some ‘‘quantization volume” such
as an optical cavity) has possible energies given by

B 1 (15.19)
En = (n i 2) o, (allowed field energies)
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where n is a nonnegative integer, representing the number of photons in the field. This may be familiar as
the energy-level structure of the quantum harmonic oscillator. The photon number is always defined with
respect to a particular mode (fixing the direction, polarization, and frequency characteristics).

The energies for atoms and molecules are also quantized, although the exact energy-level structure
depends on the specific atom or molecule. If we denote the quantized energies by E,,, then the differences
in energy levels correspond to frequencies via

(15.20)

ABmn = En = Epn = hmn. (transition energies)

The idea is that atoms with an energy difference AFE,,,, prefer to interact with resonant fields of frequency
wWmn- In this case, the energy of a single photon matches the atomic energy difference, and energy is
conserved. There are different types of transitions, generally corresponding to different types of radiation.
Electronic transitions in atoms are the most energetic of the type we will consider, and they correspond
to visible optical frequencies. Vibrational transitions in a molecule correspond to different amplitudes and
types of motion internal to the molecule, and generally correspond to radiation in the infrared. Rotational
transitions in molecules have yet lower energy, and they correspond to microwave radiation (which enables
the maser, the microwave predecessor to the laser).

15.2.2 Fundamental Light-Atom Interactions

There are three fundamental interactions between light and atoms. In all cases we will consider only a two-
level atom with ground-state energy F; and excited-state energy Es. We will also assume resonant light,
w = (EQ — El)/h

1. Absorption (stimulated). In the absorption process, a photon is destroyed and the atom is promoted
to the excited state. More generally, if there are n photons to start with in some resonant mode, then
there are n — 1 photons after the absorption process.

AAAVAViVaVa s - (no photon)
photon
—e— [ E

2. Stimulated Emission. This process involves the atom initially being in the excited state, in the
presence of n photons in some resonant mode. After the stimulated-emission event, the atom is
demoted to the ground state and the field is left with n 4+ 1 photons. In some sense, this process is
the opposite of stimulated absorption, although absorption ending with 0 photons is possible while
stimulated emission beginning with 0 photons is not.

—e— 5 B,

9% - ANV
n photons
B B n+1 photons

3. Spontaneous Emission. This process is much like stimulated emission, but when the atom is de-
moted, a photon is created in some mode that is initially unpopulated. Thus, a photon can go into
a wide range of possible modes by spontaneous emission. It is possible to view spontaneous emission
as stimulated emission due to quantum vacuum fluctuations in addition to classical radiation reaction
(the bound electron radiates because it is accelerating).

— e F
(no photons) L
1 photon

Ey
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Generally, we can associate stimulated absorption and emission with the laser mode, while sponta-
neous emission is additionally associated with all other modes. Absorption and stimulated emission are the
most important once the laser gets going—absorption attenuates the laser mode, while stimulated emission
amplifies the laser mode.

15.2.3 Einstein Rate Equations

New let’s consider an ensemble of two-level atoms interacting with light. Let IV; 5 denote the number density
of atoms with energy E7 2. Then the Einstein rate equation for the excited state is

% = —A21 Ny — Ba1p(w)Na + Biap(w)Ny.
(Einstein rate equation, excited state) (15.21)

Here, p(w) is the energy density of the electromagnetic field (the energy density in the frequency interval
w to w + dw). The first term corresponds to spontaneous emission, and we can see that it reduces the
excited-state population, even in the absence of any field. The second and third terms are proportional to
p(w), and correspond to stimulated emission and absorption, respectively, as we can see from their overall
signs. By convention, the constant As; is called the Einstein A coefficient, while By, and Bi, are called
the Einstein B coefficients.

To be consistent, N1 + No must add up to some constant, assuming that we really have two-level atoms
and that the atoms stay in place (something that even works fairly well for gas lasers as long as we modify
Asgy appropriately). Thus, dNs/dt = —dN; /dt, and so it is easy to write down the rate equation

dNy
= A1 N2 + Ba1p(w)Na — Bigp(w)N.
(Einstein rate equation, ground state) (15.22)
for the ground-state population Vy.
It is most convenient to look at the steady-state behavior to see if we can have laser operation. Steady

state occurs when dNs/dt = 0, whence it follows from Eq. (15.21) that
No _ Bip(w)
N1 Ay + Baip(w)

If the energy levels are not degenerate, it turns out that Bis = Bsp, as we will see in the next section. That

is, stimulated emission and absorption are exactly symmetric from the rate-equation point of view. Then we
can rewrite the steady-state solution as

(15.23)

N> 1 (15.24)

N, Ay o 1' (steady-state solution, two-level atom)
Baip(w)

We can see from this that No < N7 in steady state. Thus, there is no steady-state population inversion in a
two-level system. The spontaneous emission breaks the symmetry of the stimulated emission and absorption
processes and guarantees that there will be always more atoms in the ground state than in the excited state.
In the limit of large intensity, p(w) — oo, the best we can do is to equalize the population. Thus, we can’t
use a two-level system for a laser gain medium. We need a population inversion for stimulated emission
(amplification) to win out over absorption (attenuation).

15.2.4 Relations Between the Einstein Coefficients

Now we briefly outline Einstein’s derivation of the relation between the A and B coefficients.* If the energy
levels are degenerate, we can define the degeneracy factors g; » as the number of ways of having energy F .

4A. Einstein, “Zur Quantentheorie der Strahlung,” Physikalische Zeitschrift 18, 121 (1917). For an English translation, see
A. Einstein, “On the Quantum Theory of Radiation,” in The World of the Atom, H. A. Boorse and L. Motz, Eds. (Basic Books,
1966), vol. 2, p. 888. Einstein’s main aim in this paper was in fact to derive the Planck blackbody distribution by solving the
rate equations.
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For example g1 2 = 2J1,2 + 1 for atomic angular-momentum states. Then the steady-state population ratio
from Eq. (15.22) can be written also via Boltzmann statistics as

No 92 _pwjkst Biap(w)
— = e = . 15.25
Ny g1 As1 + Baip(w) ( )
Solving for p(w),
A21 1
w) =—=- . 15.26
p( BQl <Bl291 ehw/kBT . 1) ( )
Bs1g2
This is equivalent to the Planck blackbody distribution®
8h 1
o) = S T (1527
if we make the identifications
(15.28)

92821 = g1 Brz. (relation between B coeflicients)

and

Ao 87h (15.29)
Byy X3 (relation between A and B coefficients)

Recall that A here is the wavelength within the gain medium.

15.2.5 Line Shape and Spectral Distributions

So far, we’ve considered only monochromatic light and two-level atoms with sharply defined energy levels.
Now it’s time to improve our model of the two-level atom and its interaction with light.

We will first introduce a line-shape function s(w) to model the fact that the energy levels have
some width. The line shape is defined such that s(w)dw is the probability that a spontaneously emitted
photon will have frequency between w and w + dw. We can also interpret this as the relative probability of
stimulated emission or absorption of a photon with frequency between w and w + dw. Since s(w) represents
a probability density, it is appropriately normalized:

/ " s(w)dw = 1. (15.30)

Note that as in our discussion of coherence in Chapter 14, we are using a ‘‘one-sided spectrum’ that ranges

only over positive frequencies. In terms of the “two-sided spectrum” s, (w) with both positive and negative

frequencies, the one-sided spectrum satisfies s(w) := s, (W) + s (—w) for w > 0 and s(w) =0 for w < 0.
When we apply the line shape and sum over all frequencies, the rate equation becomes

dN: > >
7752 = —A21N2 = BQlNQ/ p(W)S(W) dw = BI2N1 / p(w)s(w) dw.
0 0

(rate equation including spectra) (15.31)
Qualitatively, we can picture the line shape function as a relatively sharply peaked distribution centered
around the resonant optical frequency wy.

s(w)

dw/2m ~ 107102 Hz
} > W
w/2m ~ 101105 Hz

5p. W. Milonni and M.-L. Shih, “Zero-point energy in early quantum theory,” American Journal of Physics 59, 684 (1991).



294 CHAPTER 15. LASER PHYSICS

Often, s(w) turns out to be a Lorentzian, a Gaussian, or a convolution of the two (a Voigt profile). The
line-shape function models transition width due to spontaneous emission, collisions, Doppler shifts in gas
lasers, and local crystal structure effects on the dopant atoms. Note that in the absence of radiation, the
rate equation is dNy/dt = —Ag1 N, which has an exponentially damping solution. The Fourier transform
of an exponential is a Lorentzian, so the line shape for spontaneous emission (the “natural line shape”)
is Lorentzian, with a half-width at half maximum of As;. Collisions are often modeled by a spontaneous-
emission-like term, and thus also lead to Lorentzian line shapes. Doppler shifts lead to Gaussian line shapes
because the Maxwell-Boltzmann velocity distribution is Gaussian. If multiple, independent broadening
effects contribute, their combined effect can be modeled by the convolution of the individual line shapes.

Now we will consider two limiting cases for the light spectrum. Both are important in understanding
laser operation, but the second is the more useful case for understanding laser gain.

15.2.5.1 Broadband Light

Light is broadband (relative to the transition) if p(w) is much broader than s(w). Then we can evaluate the
integral in Eq. (15.31) by noting that p(wg) varies slowly over the width of s(w), so that we can pull it out
of the integral:

/OO plw)s(w) dw == p(wo) /00 s(w) dw = p(wo)- (15.32)
0 0

Thus, we recover the previous rate equations, corresponding to Eq. (15.21), with sharp energy levels.

15.2.5.2 Nearly Monochromatic Light

For nearly monochromatic light, the field spectrum is narrow, so s(w) is much broader than p(w). Thus, we
can evaluate the integral with the same slowly varying approximation as for the broadband case:

/OO plw)s(w) dw =~ s(wheld) /OO plw) dw. (15.33)
0 0

The integral on the right-hand side is the total field energy density, summed over all frequencies. Let’s
denote this by ptota;. Then the rate equation becomes

dN:
7; = —A21 Ny — B21 Nas(Wseld) protal + B12N15(w) protal- (15.34)

The energy density is related to the intensity by protal = Itota1/¢ (see Problem 4.4), so

dt hweeld g1
(rate equation for monochromatic light) (15.35)

dN- Liota
2 — AN, - U(Wﬁeld)titl [NQ = gQNl} .

Here, we have defined the laser cross-section

22 (15.36)
et = Aglzs(w). (laser cross-section)
The cross-section has the dimensions of area, and is defined such that o(w)I(w) is the power absorbed by a
single atom when irradiated by intensity I(w) (in the weak-excitation limit). Note that for a Lorentzian line
shape s(w),
Aw

s(w) =5 (oo — @) 1 (Bw/2)T]’ (15.37)

the resonant cross section o(wp) is given by

Ay A2
o(wo) = A% o (15.38)
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For homogenous broadening, Aw is the natural line width given by Aw = Asy, so that the natural cross
section is

Ad
27’
This answer is consistent with a fully quantum-mechanical calculation. In fact, this answer assumes an
average over all possible atomic orientations, since the blackbody distribution of Eq. (15.27) assumes isotropic
radiation. For atomic dipole moments aligned with the field polarization, the resonant cross section is

o(wp) = (15.39)

o

15.40
o’ ( )

o(wo) =
since the coupling that would normally be ‘‘distributed”’ among three orthogonal directions is concentrated
into one.

15.3 Light Amplification

In writing down the atomic rate equations, we have developed a quantitative model for the influence of light
on atoms. To complete our picture of light-matter interactions to model a laser, we have to quantify the
influence of atoms on light—the other aspect of the fundamental radiation processes of absorption, stimulated
emission, and spontaneous emission. This will allow us to quantify the gain of the laser gain medium in
terms of atomic (or molecular) parameters. To do so, we will consider the amplification (or absorption) of
a monochromatic input intensity component I(w) by a thin gain medium of thickness dz. Note that we
will assume the input light to be in a single mode; however, the gain medium can in principle radiate into
many different modes, and we will need to physically distinguish input photons from amplification photons
or spontaneously emitted photons.®

15.3.1 Gain Coefficient

Now we can compute the change in intensity through the gain medium and then through the filtering and
detection system above. We will treat the contribution of each of the three fundamental processes separately.
In each case, we will consider an infinitesimal intensity change of the form

hoton-interaction rate ene atoms line-sh
d1{w) — (Photominteraction ratc’)  enerey il ine-shape (15.41
atom photon cross-sectional area weight

due to the gain medium of thickness dz. We have simply converted the rate at which photons are absorbed
or emitted by a single atom to an intensity, essentially by changing units: we multiplied by the energy per
photon to give the rate at which energy is absorbed or emitted per atom; then we multiplied by the atoms
per unit area of the gain medium to give an intensity; then finally, we multiplied by the spectral line shape
to account for the frequency dependence (resonance behavior) of the atom, producing an intensity density
as we expect for I(w).

15.3.1.1 Stimulated Emission
The intensity change for stimulated emission, according to the general template of Eq. (15.41), becomes

c

dI(w) = (le IM) (+ hw) (NQ dz) (s(w)). (stimulated emission) (15.42)

Let’s go through these factors again in a bit more detail. From the atomic rate equation, stimulated-emission
events occur at the rate of Bajp(w) = BaiI(w)/c per atom, and every emission event adds the photon energy
hw to the atom. This must be weighted by the relative emission probability s(w) at the incident optical

6Here we are following the construction, and most of the notation, of Joseph T. Verdeyen, Laser Electronics, 3rd ed. (Prentice
Hall, 1995).
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frequency. We then multiply this rate per atom by the number of excited-state atoms per unit area, Ny dz.
Due to the nature of stimulate emission, the emitted photons are in the same mode as the incoming photons,
and so we count every stimulated-emission event as contributing to the amplification of the input mode.

15.3.1.2 Absorption

Absorption leads to a similar expression for the intensity change,

1w = (B ™) (= nw) (Mae) (5@)). (absorption) (15.43)

with the only two changes being the sign of the photon energy (and hence the overall sign), since absorption
attenuates the wave, and the number of atoms per unit area is now Nj dz, since only the ground-state atoms
are relevant here.

15.3.1.3 Spontaneous Emission

For spontaneous emission, we have a more complicated expression, because spontaneous emission can occur
into any mode, but we want to count only those in the input mode:

a1 = () () (5202) (50) (2) (222 ) (B), Comtanons emision) 158

The emission rate is similar to the stimulated-emission version, but the overall rate per atom is now given
in terms of the Einstein A coefficient, and of course the energy density of the input mode does not enter
here. The other differences lie in the fraction of spontaneously emitted photons that are emitted into the
input mode (i.e., the laser-resonator mode if we are considering amplification within the laser). Only a small
fraction of the photons have the right direction to match the input mode, which we assume subtends the
solid angle d?, so we include the factor d€2/4w. The fraction of photons with the proper frequency in the
width Aw of the input mode is Aw/Awgain, Where Awgain is the width of s(w). Finally, we include a factor
of 1/2, since spontaneous emission can occur into either of 2 possible polarizations, and only one will match
the input mode. Generally, the angle and frequency factors are the most restrictive, and hence spontaneous
emission accounts for only a small fraction of the detected intensity. Thus, we can ignore it for the purposes
of computing gain once the laser is going, but it is still important to get the laser going, since it always
provides a source of power, even for an initially empty cavity.

15.3.1.4 Combined Effects

Now we can combine the contributions of Eqgs. (15.42) and (15.43), while neglecting spontaneous emission.
We can use the relationsof Egs. (15.28) and (15.28) between the Einstein coefficients and the definition of
the laser cross section, Eq. (15.36), to write

dI(LLJ) - flegl
dz ¢

I(w) [N - Zim} = o(w)I(w) [N - ngl} , (15.45)

which becomes
dI(w
dz

~

(15.46)
(intensity change by medium)

=7 (w)I(w),
if we define the gain coefficient (gain per unit length)

._ g2 (15.47)
i) = ell) {N2 g1 Nl] : (gain coefficient)
Thus, we see that in terms of the atomic parameters, the gain is related only to the cross section and the
population inversion. How does gain saturation fit into this? Without any optical intensity, the population
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relaxes to some steady state depending on other pumping fields and decay mechanisms. In the limit of
small intensity, the light does not change the populations, and so the gain coefficient keeps the value of
the small-signal gain coefficient ~y(w). Strong light, however, depletes the population inversion, since
each added photon reduces the inversion. Thus, No — (g2/g1)N1 — 0 for strong intensities, and the gain
coefficient reduces to zero. This is the fundamental root of the gain saturation that we explored earlier.

15.3.2 Threshold Behavior and Single-Mode Operation

Again, for small signals, the gain coefficient y(w) &~ vp(w), and is thus constant. The solution to Eq. (15.46)
is therefore just an exponential,
I(w, z) = Ip(w)e"@)?, (15.48)

and so we can write the total (small-signal) round-trip power gain as

(15.49)

Go = exp[270(w)e], (small-signal, round-trip gain)

where £, is the length of the gain medium. The factor of two here arises because we are assuming a linear
laser cavity, so that a round trip entails two passes through the medium.

Recall that the threshold condition is that the gain matches the loss. For oscillation in a two-mirror
linear cavity, we should have GoRyR2 > 1. We can rewrite this as

exp[27o(w)lg|R1R2 > 1, (15.50)

or solving for 7,

(w) > i10 <1> =:a
Yo = 2£g g R1R2 o Wy

(threshold condition for gain coefficient) (15.51)
where a is the effective ‘‘loss per unit length” per round trip, distributed along the length of the gain
medium. In terms of this coefficient, the threshold condition is vo(w) > a for oscillation to occur. Depicting
this graphically, we can gain great insight into the frequency dependence of laser operation.

Yo(w) (gain/unit length)

(loss/unit length)

| > W
**I “o '<— range of possible

laser operation

The small-signal gain profile yg(w) reflects the line shape s(w), and so with a sufficient pump rate, there
will be a range of frequencies that will be above threshold. Any cavity modes that fall within this range are
candidates for laser operation.

However, for many lasers, the laser operates in only a single cavity mode, even when there are several
candidate modes. This occurs if s(w) is the same for all the atoms in the medium (where the width of s(w)
is said to be due to ‘“homogenous broadening”), and all the atoms interact with the cavity modes in the
same way. Under these conditions, we get single-mode operation: only the mode with the largest gain will
oscillate. To see how this works, consider this graphical example.
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-
3 modes could oscillate

Three modes are above threshold and can potentially oscillate. Initially, they all start to oscillate. As gain
saturation kicks in, the gain profile v(w) is reduced in magnitude. In equilibrium, the gain must balance
the loss, so the equilibrium condition is that v(w) = a. Thus, the gain profile will continue to decrease in
magnitude until the equilibrium condition is satisfied at the laser frequency.

Y(w)

! > W

The other modes with smaller gain end up below threshold (v < a), and are thus extinguished.

This argument does not hold for certain lasers such as gas lasers (e.g., He—Ne), where “Doppler
broadening” is a major component to the width of s(w). Doppler broadening arises because atoms with
different velocities experience different Doppler shifts of the laser light, and thus effectively have different
resonant frequencies. Thus, different atomic velocity classes can contribute to different modes, and so the
gain profile is not necessarily reduced uniformly by gain saturation.

Y(w)

In fact, it is possible for many modes to oscillate simultaneously. In multi-mode operation, the gain
profile is reduced only locally around each of the laser frequencies.

15.4 Pumping Schemes

Now that we have established how the laser gain coefficient is related to the atomic inversion, we need to
develop some details of specific gain media to compute the inversion. Let’s simplify things by assuming equal
degeneracies, g1 = go. (This is equivalent to setting N] = (g2/g1) N1, so there isn’t any loss of generality in
doing this.)

Recall that for a two-level atom, without a pump, has the rate equation [from Eq. (15.21) with By = 0]

dN:-
th = —A91 Ny = —Na /721, (15.52)
where 791 = 1/ A9 is the lifetime of the excited state. This is so named because this rate equation has the

exponential solution
No(t) = No(0) e~ 421t = Ny (0) e~/ ™1, (15.53)

and thus 797 is the time scale for exponential decay from the excited level.
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When we include the pump, we can write the rate equation (15.21) as

dN, o(w)I
-~ = _A —
7 21N2

(N2 — Ny), (15.54)

where w is the pump frequency, and I is the total optical intensity (i.e., I(w) integrated over all frequencies),
if we assume a nearly monochromatic pump. The basic point that we made earlier is that because the
pump enters the rate equation with a term of the form (No — Ny), the pump tries to equalize N1 and Na.
Since spontaneous decay is asymmetric, there is no possibility for population inversion in the two-level atom.
Without inversion, there is no gain, and thus no laser oscillation.

— 2

By Aoy
— 1

15.4.1 Three-Level Laser

The simplest change that we can make to achieve a population inversion is to add a third level. The ruby
laser is one example of a three-level laser. The level scheme is shown here.

pump
Ry

laser
Ay (slow) transition
1

The new level (with highest energy) decays quickly, while the laser (2 — 1) transition decays slowly. That
is, we will assume As; < Ry3, Ase. Also, for a monochromatic pump (e.g., the pump is another laser), we
canuse Eq. (15.35) to write

o(w)l (15.55)

Ri3 = Thw (pumping rate, monochromatic pump)

where again I is the total intensity, while if the pump is broadband (e.g., a flash lamp), we canuse Eq. (15.32)

to write
I(w > 221 (w
Ri3 = ( 0)/0 U(W)dWZAmﬁOOX

(pumping rate, broadband pump) (15.56)
where wy = (F3 — E1)/h is the pump transition frequency. Then we can write the rate equations as

dN:

T; = —Ri3(N3 — N1) — A32N3

dNy (15.57)
dr A3z N3 — Az No (rate equations, three-level atom)

dN

7; = A21 N2 + Ri3(N3 — N1),

where of course one of the equations is redundant since N1 + N + N3 must be a constant of the motion.
Now we will make the adiabatic approxrimation to eliminate energy level 3. The idea is that the Aszq
term in the dN3/dt equation is a damping term (i.e., like a friction term) for N3. In the limit of large Asy
(Asa > Rj3), the adiabatic approximation says that N3 damps to equilibrium very quickly, and so we can
assume that it is always in quasiequilibrium. Thus, the equilibrium condition for N3 gives
dNj Ry3 Ry3

— 2 x0= N3~ ——— N~ —Nj. 15.58
dt 37 Asy+ Rys - Agy ( )
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The population N3 is said to adiabatically follow the N7 population, and it is now a redundant quantity
since it is completely determined by N;. Furthermore, Ri3/A32 < 1, so N3 < Ny, so level 3 is essentially
unpopulated. Then we can use N3 — N7 &~ —N; and write effective rate equations (15.57) for the remaining
two levels as

dNs

——= = Ri3N; — A1 N.
a 134V1 211V2
dNy

—— = Ay Ny — R13N;.
ar 211V2 134V1

(rate equations, adiabatic approximation) (15.59)

These are the rate equations for a two-level atom, but with an asymmetric pump.
— 2

Ry3 Ag
— 1
The presence of the third level breaks the symmetry of the pump, and now we can get a population inversion
if the pump rate exceeds the spontaneous decay rate.
In steady state, dNy/dt = dN;/dt = 0, which gives the equilibrium population ratio
Ny _ Rug
N1 Az
Again, we see that we have a population inversion if the ratio exceeds unity and thus if the pump rate
exceeds the spontaneous emission rate from level 2, Ri3 > As;. To compute the inversion, note that

(15.60)

(N2 ([ Ris
Ny — Ny = (Nl - 1) N, = <A21 - 1> Ni. (15.61)
Similarly,
R
Ny+ Ny =N = (Ai + 1) Ny, (15.62)

where N is the total atomic number density, and we are neglecting the population N3. Using Eq. (15.62) to
eliminate N in the right-hand side of Eq. (15.61), we find an inversion of

Riz — Ay R -1
No—Ny=|———|N=(———-| N
2 ! <R13+A21 R +1 ’

(population inversion, three-level atom, adiabatic approximation) (15.63)
where R’ := Ry3/As1. Again, we can see that a pump rate R’ > 1 corresponds to a population inversion.

15.4.2 Four-Level Laser

Another important level scheme is the four-level laser, where we add yet another extra level. The Nd:YAG
laser is one example of a four-level laser. Four-level media are particularly important since, as we will see,
they are more efficient in general than three-level media.

The level scheme is shown here. The new level 0 is now the ground state, with the laser transition
(2 — 1) sandwiched between the two auxiliary levels.

3

A32 (fast)

laser
transition

pump
R
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Other decay paths besides the ones we have included, but we assume them to be slow, in which case they
do not affect our basic results. The rate equations are

dN:
ditg E —R03(N3 — N()) - A32N3
dN-
d7t2 = A3y N3 — (A1 + Ao) N2
dNy
—— = A5; Ny — Ao N
dt 214V2 104V1
AN
dito =S A20N2 + AlONl ol R03(N3 - NO)

(rate equations, four-level atom) (15.64)
Again, we will assume that all decay rates except those from level 2 are fast: Ags, A19 > Ros3, A21, Aog.
Now both levels 1 and 3 have fast damping terms, so we can adiabatically eliminate both of them.
Setting dN3/dt ~ 0 leads to

R
N3 ~ =2 Ny < N, (15.65)
Asz
while setting dNy /dt ~ 0 leads to
A
N~ 2N, < No. (15.66)
Aro

Again, we can neglect the small populations in levels 1 and 3, and in particular N3 — Ny &~ —Ny. Thus, the
effective rate equations for the remaining two levels are

dN-
d7t2 = Ro3No — (A21 + Az)No
dN,
7; = (A21 + As9) N2 — Ro3Np.

(rate equations, four-level atom, adiabatic approximation) (15.67)
Again, this corresponds to a two-level atom with an asymmetric pump. However, the difference is that the
ground level 0 of this effective atom is not involved in the laser transition. The ground level of the laser
transition is level 1, which is almost completely depleted, and this is why it is easier to develop an inversion
in the four-level laser than in the three-level version.
In steady state,

No  Ros

No Ao+ Az’
Using Ng + N2 ~ N and a procedure similar to the three-level calculation, we can eliminate Ny to get an
expression for Ns. Since N; = 0, this is the population inversion:

(15.68)

R’
NQ—leNQN (1_'_]%/>N,

(population inversion, four-level atom, adiabatic approximation) (15.69)
where R’ := Ry3/(Aa1 + Azo). Note that there is an inversion for any pump R’ > 0, whereas we saw that
in the three-level laser, the inversion was of the form N(R' —1)/(R’' + 1), so that a certain minimum pump
was required.

Again, the whole point of this is: auxiliary levels break the symmetry of the pump and allow
for population inversion. Other auxiliary levels might make the pumping process easier.

15.5 Gain Coefficient

With the specifics of the atomic media in hand, we can proceed to explore the gain coefficient in more detail.
The complication is that now we will have to consider the interaction of the gain medium with two optical
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fields: the pump field and the laser field. For simplicity, we will only do this for the four-level laser, but
similar results hold for the three-level laser.

Going back to the four-level laser scheme, we will consider it to be pumped by a monochromatic laser
at a rate

o 1
Ry = M7 15.70
2 - (15.70)
and we can regard this to be a unidirectional pump since we assume level 3 will decay quickly to level 2.
3
éfast decay
effective 2
pump Ay B laser
Ry | (slow) transition
1
%fast decay
0
Recall from Eq. (15.67) that the effective rate equation is
dNs ol
—= = RoNg— AgNy — —(Na — N 15.71
a 24Vo 24V hw( 2 1), ( )

where As := Ay + Asg. The last term accounts for the interaction of the atom with the laser field, so that
o, I, and w all refer to the laser field. Again, for the four-level laser we can neglect N7 compared to Na,

with the result AN, s
2 o
——= =~ RyNyg — AsNy — — N>. 15.72
gt 24V 2Nz = = N2 ( )
Of course, the stimulated absorption/emission terms for the pump and laser light have the same form, except
that they interact with different levels, and they have different effective signs after the adiabatic elimination
of levels 1 and 3.
Steady state occurs when dNs/dt = 0, which gives the steady-state population
Ry N
Ny = —270_ (15.73)
ol
As + —
hw

Following the algebraic steps of the last section, when we have an equation of the form Ny = (stuff) Ny with
No + Ny =~ N, the solution is (Ny/N) = (stuff)/(1 + stuff). Thus,

Ry
ol
& _ A2 + a _ R2 B RQTQ (15 74)
o R - I - I ’
Ny e Ao+ 2=+ Ry 1+Romo+
ol hw Tgat
Az + —
hw
where .
Lt = —, (15.75)
oT2

and 7, = A5 1.
Thus, the gain coefficient for the four-level laser is
o(w)Ramo N
1) = o), — 3] = TN
1+ Romo +

1
Isat
(gain coeflicient, four-level laser) (15.76)
From this expression, we can see that there are two types of saturation in the gain medium.
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1. Gain saturation. Consider the limit of a weak pump (Re7e < 1). Then the gain coefficient (15.74)

becomes o N
y(w) = 0(“’)72;2 (15.77)
1+

I sat

In the small-signal regime (I < Is.4), the gain coefficient takes on the small-signal value

Yo(w) = o(w)Rama N,
(small-signal gain coefficient, weak pump) (15.78)
so that
Yo(w) (15.79)
14 ’ (gain coeflicient, weak pump)

I sat

Again, the saturation intensity is defined such that at the saturation intensity, the gain coefficient

drops to half its small-signal value:

I = L) = % (15.80)

In the limit of large intensity, v(I — oo) = 0. This is precisely the gain-saturation effect that we
discussed before in the context of the simple laser model of Section 15.1.5.

2. Pump saturation. In the limit of a very strong pump, RoTy — 00, the gain coefficient saturates at
a value

(15.81)

V(w) — g(w)N. (strong-pump gain coefficient)

This limit has a nice physical interpretation: there is only a finite number N of atoms, and each can
only add an energy hw of energy as soon as it is stimulated by an incoming laser photon. Thus, the
gain can also be limited by the finite number of atoms in the gain medium, so that eventually the gain
coeflicient does not continue to increase with an increasing pump intensity.

15.5.1 Gain in a Medium of Finite Length

Now let’s revisit the gain medium, and compute the gain of the medium in terms of the gain coefficient. The
medium has length ¢, and the input and output intensities are I; and I, respectively.

I I

L —

I« Ly >

The gain coeflicient is defined such that

dl(w)
dz

— Y(@)IW), (15.82)

so we can write this explicitly in terms of the small-signal gain coefficient as

1 dl(w)_ Yo(w)
W) d —1+ 7 (15.83)

Isat

Recall that the small-signal gain coefficient yo(w) is defined by Eq. (15.78) in the weak-pump regime, and
the saturation intensity Iga¢ is given by Eq. (15.75). Since the right-hand side of this differential equation
involves the intensity, the solution is more complicated than a simple growing exponential.
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To find the solution, we solve for dz:

1 1
<I(w) * Idt> dI(w) = vo(w) dz. (15.84)

Integrating over the length of the gain medium,

/11[2 (I(lw) + I:at> dI(w) = /Ozg Yo(w) dz, (15.85)

and thus I L
log [ 2 ) + 22— = yg(w)y. (15.86)
Il Isat
Defining the single-pass gain as
I
G =2, (15.87)
5L
we can rewrite Eq. (15.86) as
5 _ (15.88)
log & + Hegis (G = 1) =@ (single-pass gain-factor equation)

This is the central result of this section. We cannot get a general expression for G in terms of ~p, but rather
we can get a transcendental equation that relates them.
In the small-signal regime (I1, Iz < Isat), we can ignore the (G — 1) term in Eq. (15.88). In this case,
we recover the small-signal result:
(15.89)
(small-signal gain factor)

In the high-intensity limit (I3 > Is.s), we can ignore the log G’ term in Eq. (15.88), with the result

Go = exp[yo(w)].

(15.90)

I — I = [vo(w)Lsat)fg- (high-intensity gain)

The interpretation of this relation is that the gain medium adds an amount p/satfe to the input intensity.
Writing out the gain coefficient and the saturation intensity,

hw
’Yolsatgg = [U(W)RQTQN] |:0‘<U_})T2

] ly = (N{g)(hw)Rs. (15.91)
Thus, the gain medium adds an intensity given by the number of atoms per unit of transverse area, multiplied
by the photon energy, multiplied by the pumping rate per atom. We can conclude from this that we can
only extract energy from the medium at the rate that energy is pumped into it. That is, an intense input

signal extract all possible energy from the gain medium.

15.6 Laser Output: CW

Now we’ll examine in more detail the output characteristics of a continuous-wave (CW) laser, and in par-
ticular look at its efficiency and how to optimize it. Let’s consider a ring-cavity laser as shown, so that our
above analysis of the single-pass gain remains valid (in a linear cavity, the two counterpropagating waves
saturate each other, making things more complicated).

R3 RZ
I, I,
S VAV S———
R, gain R,

medium
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In addition, we will assume that there is an “‘optical diode’ in the cavity to force the laser to operate in only
one direction (typically, an optical diode consists of a Faraday rotator and a birefringent plate, which leaves
the polarization unaffected in only one direction). If all the losses are due to partial mirror transmission,
then the survival probability is

Ps; = R1RoR3Ry. (15.92)

This expression can easily be generalized to include other cavity losses (e.g., due to reflections at the gain
medium surfaces). In steady state, the gain equals the loss, and so

GP, = 1. (15.93)
Thus, the gain equation (15.88) becomes
1 I
log <> + 2(1-P) = W), (15.94)
Ps Isat

Solving for I, we find
Lsay [’Yoég — log(1/F)]
I, = . 15.95
2 1 P, (15.95)
Ideally, there is no loss in the output coupler (mirror), so that 73 = 1 — R;. Then the output intensity is
simply IT7.

15.6.1 Optimum Output

How can we optimize the output of the laser? In other words, given a certain gain and loss in the laser,
what reflectance should we choose for the output coupler to maximize the output power? Let’s work in the
low-loss approximation where (1 — P;) is small. Then

log (;) — _log[l—(1-P)]~1-P. (15.96)

Also,
1—Ps=1—(1-—T1)R2R3Rs = (1 — RyR3Ry) + T1 ReRsRy = P+ T1(1— B) =~ L+ T, (15.97)
where we have defined the loss probability
P :=1—-RyR3Ry, (15.98)
and we have made the low-loss approximation 1 — P} & 1. Then from Eq. (15.95),

I — T Isat ['YOgg - 1Og(Pl + Tl)] — T 70€g 1
out ]31 +T1 11sat P] +T1 .

(15.99)

This is an optimum when 01,,;/9T1 = 0, which gives an optimum transmission
Tl (Opt) = 1/ ’YOEgH — P] (15100)
The corresponding optimal output intensity is
Iout(opt) = lgat (\/ ’Yogg Y -Pl)

Sometimes, in real lasers it is necessary to choose an output coupler that has lower reflectance than this
theoretical minimum. This can enhance the stability of the laser at the expense of some output power.

2

(15.101)
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15.6.2 Quantum Efficiency

In the ideal case, there is no loss (P, = 0). Then the optimal output intensity is
Iout(opt) = Yolglsar = hwR2 (s N. (15.102)
If A is the area of the gain medium, then the corresponding output power is
Pous(opt) = Al (opt) = hwRaN (g A), (15.103)

where /5 A is the volume of the gain medium, and thus N{zA is the total number of atoms in the gain
medium. Thus the output power is P, = hw - (total pump rate). In other words, the output power consists
of one output photon energy per input photon. This sounds like perfect efficiency, but it isn’t quite: the
pump photon is more energetic than the laser photon because they correspond to different energy transitions.

Suppose that 1, is the laser efficiency in this ideal case. Then we can write 7, as the ratio of the
output power to the input power:

_ hw-(total pump rate)  hw
la = AEump - (total pump rate)  AE,ump

(15.104)

Here, AEpump is the energy of the pumping transition. This ideal efficiency is called the quantum efficiency
of the laser, and represents the fundamental limit to efficiency for any given laser gain medium. Other limits
to efficiency include cavity losses (extraction efficiency) and the fact that not all pump photons lead to
stimulated emission (pumping efficiency).

For example, a Nd:YAG laser has a pump wavelength of Apymp = 810 nm when pumped from a diode
laser (these lasers can also be flashlamp-pumped in the blue with correspondingly less efficiency). The laser
wavelength is Ajaser = 1064 nm, giving a relatively high quantum efficiency of 4 ~ 0.8. A He—Ne laser, on the
other hand, operates by electric discharge to a state of ~20 eV in He. The energy is transferred via collision
to a state of ~20 eV in Ne. The laser is on a Ne transition, with a 632.8 nm wavelength corresponding
to ~2 eV. The quantum efficiency in this case is much lower, around 74 ~ 0.1. This is one reason why
gas-discharge lasers tend to be less efficient than optically pumped lasers: the discharge leads to very high
excitation, and most of this excitation energy is not extracted by the laser field.

15.7 Laser Output: Pulsed

Many lasers don’t work in CW mode, but instead work in pulsed mode. There are many reasons why pulsed
lasers are preferred in some applications. For example, pulsed lasers are capable of much higher peak powers
than CW lasers (with state-of-the-art lasers reaching the petawatt range). With high powers or certain gain
media, it might not be possible to sustain the pump or to cool the laser system efficiently enough. Also, when
the laser is used to probe or visualize a fast process, short pulses may be needed to strobe and effectively
freeze the dynamics during the probe.

15.7.1 Laser Spiking

In the treatment of CW lasers above, we focused on the steady-state behavior of lasers. To treat pulses,
though we must treat the laser dynamics. One kind of pulsed laser output occurs in the initial transient
behavior of a CW laser. From the simple laser model of Section 15.1.5 (see the plot on p. 289), we might
expect a CW laser to turn on smoothly, especially for a weak or slowly activated pump where the laser
intensity adiabatically follows the inversion until steady state is reached.

However, especially with high-gain lasers such as flashlamp-pumped Nd:YAG lasers, there is another
possibility, called laser spiking, where the dynamics of the inversion No — N7 and the intensity I conspire
to produce intensity oscillations. The laser spikes are also called relaxation oscillations, although this
term often refers to the low-amplitude oscillations after the gain spikes settle down to near equilibrium (or
when the laser is only slightly perturbed).
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I(t) A
>t
N,—N, 4
]Vth I
>t

As in the simulation shown here, the initial transient can look like a periodic sequence of short intensity
pulses. This process occurs due to the following process.

1. A fast pump rapidly excites the gain medium far above the threshold inversion. This happens on a
fast time scale, before the cavity intensity can respond.

2. The intensity, as a result, builds up rapidly, quickly depleting the gain medium as the laser oscillates.
The cavity intensity becomes so large that the gain medium drops below threshold.

3. We are more or less at the initial condition again, so the process repeats.

This process causes the intensity oscillations or laser spikes. Since both the laser output and spontaneous
emission act as damping (friction-like) processes, the oscillations damp away and the laser eventually relaxes

to steady state.
Below is the measured intensity from a diode-laser pumped Yb:fiber laser operating at 1085 nm that

shows laser spiking.
30

output power (W)

0 500
t (us)
The pump diodes are turned on quickly, and the resulting laser spikes are clearly visible before the laser

power settles down to the steady-state value of about 10 W. During the first spike, the laser jumps to well
above the steady-state power.
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15.7.2 Q-Switching

The idea behind @-switching is to avoid the laser spiking by compressing all the relaxation oscillations in
to a single, big pulse. For example, for a flashlamp-pumped laser, the cavity is made lossy (i.e., the cavity
Q is “switched low””) during the flashlamp pulse to allow the inversion to build up way beyond the high-Q
threshold value. Near the end of the flashlamp pulse, the cavity is restored to its former high-Q) condition, so
that the laser finds itself way above threshold. In this case, the intensity is extracted in one short, enormous
pulse, as shown in the simulation below. For a high-gain laser (such as Nd:YAG with an unstable resonator),
the output pulse can be on the order of the cavity round-trip time (10 ns pulses are typical for a 1 m linear
Nd:YAG laser).

Several techniques are available for switching the cavity Q. One common method is to use a Pockels
cell (electro-optic crystal) in the cavity, which is essentially a nonlinear crystal that becomes birefringent
when high voltage is applied across it. When the voltage is applied, the polarization is rotated going through
the cell, and a polarizer in the cavity strongly attenuates the mode. (Actually it turns out that a polarizer
isn’t necessary, the birefringence is sufficient to spoil the @).) Another method is to use a rotating cavity
mirror, so that the cavity ) is only high at the moment when the mirror reaches the right angle. Finally,
an “automatic” @-switch can be made from a saturable absorber. This is a medium that absorbs light,
but due to the same saturation effect as in gain medium, high intensities pass through the medium nearly
unaffected (this saturation effect is also called ‘‘bleaching’). The saturable absorber will spoil the @ until
the gain reaches the point where an amplified spontaneous wave exceeds the saturation threshold, at which
point the absorber bleaches and the cavity @ is switched high.

flashlamp ,
>t

N,—Nj 4

,,,,,,,,,,,,,,,,,,,,,, Vi

77777777777777 > ¢

I(t)u
~ N » > t

I(t)u - 7 N




15.7 LASER OuTPUT: PULSED 309

15.7.3 Cavity Dumper

Another simple source of pulse laser light is the cavity dumper (see Problem 7.3). Actually, this is more
of a device to convert CW light into pulses, since it is not itself a laser. The idea is to take a ring cavity and
inject CW laser light into one port. The intensity in the cavity builds up to ~(.% /27)[;, in steady state, so
a high cavity finesse is important in attaining large pulse intensities. Once the light has built up, the idea is
to suddenly turn on an optical switch (such as an acousto-optic modulator) inside the cavity to couple out
the high-intensity light. For efficient out-coupling, the pulse duration is equal to the round-trip time of the
cavity.

L e—
opticalx*
switch

15.7.4 Mode Locking

Mode locking is another method for converting a CW laser into a pulsed laser. This is also the method
that provides some of the shortest possible pulses. The idea is that a gain medium with inhomogeneous
broadening can support simultaneous lasing on many modes, as we discussed in Section 15.3.2. This is
because different modes interact with different atoms, and thus do not compete for pump energy. Suppose
that the gain medium can support modes in a range of order Aw. The modes are spaced by the usual cavity
spacing dw = 27/ 7y4.

dw = 27(FSR) = 27/ 3¢

| l<
> <

Aw

> W

Usually, the modes will have no particular phase relationship. The laser output is thus the interference of
all the beams, but with random phases, giving a noisy output that fluctuates about the mean intensity I.

I

A

(CW) T AL A Al .

3y

t

0 Tot 27,4 3Ty

But what if it is possible to give them all the same relative phase? Recall the Poisson sum rule (Problem 3.7),

o

Z cos(2mnt) = i o(t —mn). (15.105)

n=-—o00 n=—o0

We can interpret the left-hand side as the sum of many waves of equal amplitude, frequency w, = 27n, and
zero phase offset. The right-hand side is a periodic series of arbitrarily short pulses. In terms of the laser,
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if we can lock the relative phases of many modes, we can expect the output to be a series of short, intense
pulses.

Let’s consider a slightly less simple model of mode locking. Recall from Section 5.8 that the interference
of N equal-amplitude waves of the form exp[i(n — 1)¢] is

_ 1, sin2(N¢/2)
n?(6/2)

where I is the intensity of a single wave. Interpreting ¢ — (dw)t, where dw is much smaller than the
central optical frequency wg, we have a sum of the form

(15.106)

N 2
Z \/Eeiwotei(nfl)(deltaw)t 7 (15107)
n=1

which leads to an intensity
_sin®[N(dw)t /2]
% sin?[(dw)t/2]
This is a sequence of short pulses, with duration ~1/Aw, period 7, and height NI. The output for 10 equal-

amplitude, phase-locked modes is shown here, compared to the random-phase version shown as a dashed
line.

(15.108)

0 Tt 2T, 3Ty

If there are many modes available, the pulses can be extremely intense and short. For example, a Ti:sapphire
laser is popular for mode-locking because of its very wide emission range, spanning 600-1050 nm. The full
width at half maximum of the emission range is more like AX ~ 200 nm (from 700-900 nm), which gives
Aw/2m ~ 9.5 THz, so the pulse width is §t ~ 1/Aw ~ 1.7 fs. Real lasers have much longer pulse lengths due
to a number of effects, but fs-scale pulses are now routine through this method.

There several ways to mode-lock a laser. One way is to ‘‘encourage’ only the large intensities of
the mode-locked operation and ‘“‘discourage’” the random-phase CW operation. For example, just as in the
Q-switched laser, a saturable absorber can select the mode-locked behavior, since the pulses will bleach the
absorber, while the CW light will be blocked. A similar effect is achieved by the Kerr lens, which takes
advantage of the nonlinear optical behavior of the gain medium. At high intensities, the refractive index
of the gain medium increases with the applied intensity. Thus, a high-intensity Gaussian beam effectively
creates a lens for itself in the gain medium. An appropriately placed aperture (or effective aperture) can
block the cavity light except when the Kerr effect focuses the mode through it, thus selecting again the high-
intensity pulses. Lasers can also be mode-locked actively. For example, an electro-optic phase modulator in
the cavity can put sidebands on each mode, separated by the modulation frequency (see Problem 13.1). If
the modulation frequency matches the free spectral range of the laser cavity (or possible some multiple of it),
the sidebands lead to coupling of the modes. The modes then act as coupled nonlinear oscillators, and tend
to synchronize (you can also think of the sidebands seeding the other modes with light of the proper phase).
A similar effect can be achieved by modulating the amplitude of the intracavity light, e.g., by periodically
driving an acousto-optic modulator, where the modulation frequency matches the cavity free-spectral range.
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15.8 Exercises

Problem 15.1

Consider a two-mirror cavity with a gain medium. The mirrors have intensity reflection coefficients Ry
and Ry. The gain medium is thin and has a round-trip intensity gain coefficient G. (All this is in the
text, the point is to go through it and fill in the details.)

(a) Write down the cavity intensity at time ¢ + 73 in terms of the cavity intensity at time ¢, where 7y
is the round-trip time of the cavity.

(b) Expand the above expression to first order in 74, and hence obtain a differential equation for I(t).
What are the conditions under which this approximation is justified?

(c) Apply the result of part (b) to a cavity without a gain medium, to derive an expression for the
cavity photon lifetime 7,, defined as the time required for the cavity intensity to decay to 1/e times
its initial value.

Problem 15.2

This is a prelude to problems below that require numerically solving differential equations (i.e., laser
rate equations). Get thee to a computer running Mathematica, and run the commands in the following
notebook:

http://atomoptics.uoregon.edu/~dsteck/teaching/mathematica/ode_example.nb
This notebook is also posted in pdf format here:
http://atomoptics.uoregon.edu/~dsteck/teaching/mathematica/ode_example.pdf

Run the supplied commands to solve two simple systems of ordinary differential equations. Give the
analytic solutions to these equations, and comment on whether the numerical solutions are sensible.
Make sure to understand the syntax, so you can apply the same commands to plotting the solutions
to the laser rate equations in later problems.

Problem 15.3
(a) Obtain an analytic solution to the laser cavity intensity equation,

ar_ (GU)RiRy — 1) 1)1, (15.109)
dt Trt

where the gain G saturates according to
Gy =1+—2_ (15.110)
Isat

and where g is a constant. Treat the case of a perfect cavity, Ry Re = 1 (for this part only). You will
not be able to obtain an explicit solution, I(t), but you can get an implicit solution ¢(I). (Hint: we
did something very similar to this in the text.)

(b) Find the steady-state intensity for a laser modeled by the above equations.

(c) Plot the solution I(t) to the above equations. For the purposes of the plot, take go = 2, Iy =
1 uW/em?, I,y = 1 W/em?, RiRy = 0.99, and plot the solution as a function of ¢/7;. Solve the
differential equation numerically to make the plot.

Problem 15.4

Starting with the gain relation for a medium of length /g,

I
log G + Il (G — 1) = y0(w)l, (15.111)

sat


http://atomoptics.uoregon.edu/~dsteck/teaching/mathematica/ode_example.nb
http://atomoptics.uoregon.edu/~dsteck/teaching/mathematica/ode_example.pdf
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show that in the limit of a thin gain medium, the gain coefficient takes the form that we considered in
the simple laser model of Eq. (15.9):

(15.112)

Isat
What is gg in terms of the gain parameters?

Problem 15.5
Examine the validity of the adiabatic approximation in the three-level laser model as follows.

(a) Write down the rate equations for the three-level atom, both with and without the adiabatic
elimination of the third level. Then modify these in two ways. First, eliminate N7 by letting N be the
total number density of the atoms, and then use conservation of atom number. Write the equations in
terms of the normalized populations n; := N;/N. Second, measure time in units of 1/As;. In other
words, write the equations in terms of the scaled time parameter ¢’ := Ag;t.

(b) Assume a pumping rate of Ryj3 = 2As;. Make plots of na(t’) for different values of Ass, correspond-
ing to where the adiabatic approximation is bad, marginal, and good (say, As2/R13 = 1, 10, and 100).
Include the plot of the solution of the adiabatic rate equations for comparison. In all cases start with
the atoms entirely in the ground state.

Problem 15.6

Suppose you build your own He-Ne laser. You use a symmetric cavity (geometrically speaking) by
sealing two concave mirrors with the same radius of curvature R = 100 cm onto the ends of a glass
tube of length L. You then fill the tube with the appropriate mixture of helium and neon, install
proper electrodes, hook up the power supply, and so on. Assume that the laser operates on the red
line at 632.8 nm, and that the refractive index of the helium/neon mixture is n = 1. Also assume
that the output mirror has a reflectance of Roys = 99%, while the other (back-end) mirror is perfectly
reflecting.

(a) Gas lasers have relatively small single-pass gain, and so the light must pass through the gain
medium many times before exiting the cavity to sustain oscillation. For what range of length L might
you expect a working laser?

(b) Suppose you settle on a length L = 75 cm. Calculate the beam waist parameter wy, the spot size
w at the mirrors, and the far-field divergence angle of your laser, assuming it lases.

(¢) Calculate the free spectral range of the resonator.
(d) Calculate the finesse and @ factor of the resonator, and the order ¢ of the lasing mode.

(e) Calculate the frequency width of the resonator modes. This is a very crude estimate of the frequency
width of the laser output, as it assumes that the gain medium plays negligible role in determining the
frequency spectrum. This is only a good estimate if the laser operates close to threshold.

(f) The He-Ne gain medium can support laser operation within a frequency range of about 1.3 GHz
due to Doppler broadening at room temperature. Do you expect your laser to operate in a single
longitudinal mode? Assume that the laser operates in a single transverse mode (TEMgg).

(g) Suppose that the laser can oscillate in either the TEM ¢ or the TEM; o mode. For the same
longitudinal mode, calculate the difference in the lasing frequencies of these two modes.

(h) Suppose you change the temperature of the laser resonator by 1 °C, say by cooling it off with air
current from a fan. By how much does the frequency of the output light change? Assume that you
constructed your laser using a glass tube made out of BK7 borosilicate crown glass, and that the laser
is not too much hotter than room temperature. (Part of this exercise is to locate a reputable source
for optical material properties, such as the thermal expansion coefficient of a popular optical glass.)

(i) Calculate the minimum round-trip intensity gain G required for your laser to oscillate (lase).
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(j) Suppose that the output power of your laser is 5 mW. Calculate the optical power of the light
circulating in the resonator (assuming that all the power is either reflected from or transmitted through
the output mirror) and the peak intensity inside the resonator.

(k) You notice that your laser is behaving strangely. Upon closer inspection, you find that you managed
to trap a tiny bug inside the cavity while you were filling it. You observe that the bug is resting near
the center of the output mirror, and as it moves around slightly the laser jumps between the Gaussian
and donut modes. Estimate the diameter of the bug, using these assumptions and observations: (1) the
bug is a perfectly absorbing disc, and is otherwise impervious to the laser radiation; (2) in addition to
the transmission through the output mirror, the only sources of loss are absorption by the bug and loss
around the edges of the 2 mm diameter mirrors; (3) the bug is much smaller than the beam diameter;
(4) the TEMg ¢ and donut modes compete so that only the mode with the least loss lases at any given
time; and (5) the gains of the two modes in the medium are roughly the same.

Problem 15.7

In this problem you will examine numerically the dynamics of a CW Nd:YAG laser. Assume that the
laser is well modeled as a four-level laser producing output at a wavelength of 1.064 ym, and that the
refractive index of YAG is n = 1.83 at the laser wavelength (be careful to note that 1.064 pm is the
wavelength in vacuum!).

(a) What does “CW Nd:YAG” mean?

(b) Assume the following parameters for the gain medium:” the lasing transition has a lifetime 75; =
1.2 ms and a linewidth Aw/27 = 120 GHz. Assume that you can model the lineshape function as a
Lorentzian,

Aw
s(w) = )
27 [(wo — w)2? + (Aw/2)?]
where wy is the resonance frequency. Use this form to write down an expression for s(wp). What is

the Einstein A coefficient for the transition? What is the corresponding resonant laser cross section
o(wp)? The saturation intensity Is.; on resonance? (Check your answers: Ig,; = 262 W/cm?.)

(15.113)

(c) Assume a cavity with a perfectly reflecting back mirror and a 95% reflecting output mirror (5%
transmission), with all other losses negligible. Also assume a 10 ¢cm long gain medium. What is the
threshold population inversion density No — N; required for the laser to oscillate? (Assume g = g3
for this laser.)

(d) Assuming an ideal 4-level laser, we can use the rate equation

dN:

df2 == RpumpNO - A21N2 (15114)
to model the level population densities, with N3 ~ 0, N; =~ 0, and N = N3 + Ny. (Right now we are
still excluding the effect of laser light.) Find an expression for the steady-state inversion (No — N7)/N.

(e) At what rate Rpump must you pump the medium to achieve an inversion density of 5 times the
threshold value you found in (c)? Assume a dopant density N = 10'® em=3. (Check your answers:
Rpump = 1.8571)

(f) Now including the laser light, the rate equation is

AN, 20 (wo)l

W - RpumpNO - A21N2 - NQ, (15115)

hUJO

where [ is the laser intensity, and the extra factor of 2 in the last term accounts for the fact that the
laser light counterpropagates through the medium. We will assume the cavity intensity equation

ﬂ _ (RlRQ — 1)[ T 2€gJ(UJ0)NQI T USEEghwoAglNQ

(15.116)

dt Trt Trt Trt

"Bahaa E. A. Saleh and Malvin Carl Teich, Fundamentals of Photonics (Wiley, 1991) p. 478
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where the second term now accounts for the gain (saturation is built into the rate equation for Ns), and
the third term is a small contribution to the intensity due to spontaneous emission. Again, the second
term here has a factor of 2 to account for the counterpropagating mode in the linear cavity. These
equations are valid when the laser intensity changes slowly. Here we have defined 7g; as the fraction
of spontaneously emitted photons that end up in the cavity mode (with proper direction, frequency,
polarization, etc.; note that we are not properly treating effects due to amplified spontaneous emission).
Assume a cavity length of 1 m (make sure to account for the laser rod in calculating the round-trip
time 734!). Solve these simultaneous equations and make plots of the laser intensity and the population
inversion Ny/N. Assume also a small initial intensity (due to spontaneous emission) to get things
started, and generate solutions over a few photon lifetimes.

For solving ODEs, numerical integrators don’t like really big or really small numbers, nor units for that
matter. Therefore you should switch to dimensionless variables. Solve this set of differential equations,
which is equivalent to the set of unscaled equations above:

d
n/2 = Ry (1 = n2) — (Tp) ng — (Tp> 2I'ny
dt To1 To1 (15.117)
dr’ , N2 o, n2 '
? =—I+—I +nse—
t Nth Nth

Here, t' :=t/7,, I' := I /I, no := No/N, R;mmp = RpumpTp, 0,2 = No2/N, Tp := Tvt/(1 — R1R2)
is the photon lifetime, and ng, := (1 — R1R2)/(2¢50(wo)N) is the threshold inversion density. (Use
scaled variables in the plots as well.) Use initial conditions ng(0) = 0 and I(0) = 0, and assume
Nee = 10712, Use the parameters you calculated or were given above to set up the parameters for these
scaled equations. How does changing the ratio 7, /721 affect the laser dynamics? Perform sanity checks
on your results, e.g., by calculating expressions for steady-state values to compare with your data.

Problem 15.8

This is a follow-up to Problem 15.7 that models the CW Nd:YAG laser. Here you will examine
numerically the dynamics of a pulsed Nd:YAG laser.

Use these assumptions, which are different from the last problem:

1. The laser uses a ring cavity, comprising four mirrors at each of the corners of the square beam
path. Each leg of the beam path is 50 cm long, and the gain medium sits in one leg of the cavity.
Appropriate measures have been taken to ensure the laser oscillates in only one direction.

2. The output coupler has an intensity reflection coefficient of Ry = 80%. The other three mirrors
have reflectances of Ry = Rz = Ry = 99.5%. Any light not reflected is transmitted through the
mirror.

3. The laser will be pumped at a rate R,ump that produces an inversion density Na of 10 times the
threshold inversion Ny, (in the absence of laser oscillation).
Everything else should be the same as last time:
1. The laser is well modeled as a four-level laser producing output at a wavelength of 1.064 pm.
Ignore degeneracy of the laser transition levels.

2. The refractive index of YAG is n = 1.83 at the laser wavelength, so the laser wavelength inside
the gain medium is 580 nm. The gain medium has length ¢, = 10 cm.

3. The lasing transition has a lifetime 757 = 1.2 ms and a line width Aw/27 = 120 GHz (with a
Lorentzian line-shape function s(w)). These parameters produce a resonant laser cross section
o(wo) = 5.9 x 10719 cm? and a saturation intensity s, = 262 W/ch.

4. The Nd dopant density is N = 10'° cm™3.
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(a) Recalculate the threshold inversion density No required for this laser to oscillate. You must gener-
alize the formula you used last week slightly; do not use the formula given below for Ny,. What is the
corresponding pump rate that produces an inversion of 10 times the threshold value (if the laser is not
oscillating)? (Check your answer: Rpump = 3557 1.)

(b) The output mirror we chose is better for creating short pulses, since it quickly couples energy out
the resonator. What reflectance of the output coupler would maximize the output intensity for CW
operation? What is the corresponding output intensity?

(¢) We will model the laser with the pair of equations

dN. I
443::}ﬁmmpAh——fblA@——ggﬂﬁfhb,
dt hwo (15.118)
d[ o (Pb — 1) ng'(wO)NQ ’I’}SEgghwoAglNQ
— = I+ I+ .
dt T T T

where Ps := RqRsR3 R4 is the round-trip survival probability, 74 is the cavity round-trip time, I is the
intensity circulating in the cavity, and ngg is the fraction of spontaneously emitted photons that end up
in the cavity mode (with proper direction, frequency, polarization, etc.; note that we are not properly
treating effects due to amplified spontaneous emission). These are the same equations as before, but
with spontaneous emission into the cavity mode explicitly accounted for. These equations are really
only valid for a high-finesse resonator, so they will be marginally accurate but good enough for our

purposes.
Using the scaled and otherwise defined variables ¢’ := t/7,, I' := I /Iy, Nen = (1 — Ps)/lgo(wo),
nen = Nen/N, ng := No/N, R}y = BpumpTps Tp = Tet/(1 — By), lsar = hwo/o(wo)T21, and
Ay = 72]1, show that the above rate equations are equivalent to the following equations:

dnsg , T Tp ,

;= Rpump(l - TLQ) — | — Jng — | — I no

dt T21 T21 (15.119)

dr’ , o no ng '

PR — _] + ] + Nsp——

dt Tth Nth

(d) Assume that the gain medium is pumped by a flashlamp modeled by a square pulse of duration
Tpulse = 1 ms (i.e., define a pulse function fpuse(t’) which is unity between ¢ = 0 and T,yise, Which
can be written in terms of the Heaviside step function as fpuse(t’) = Un(t') — Un(t' — Tpuise/Tp), and
then replace Ry, — R, fpuise(t’) in the above equations). Plot the solution to the scaled rate
equations for these conditions, with the initial conditions ny(0) = I'(0) = 0 (assume ngp = 10712).

(e) Now plot the laser output for a Q-switched pulse. We will model Q-switching the cavity by allowing
nen to be effectively time dependent. Let fg(¢') have the value 12 during the flashlamp pulse (to model
a Q-spoiled cavity) and then have the value unity immediately afterwards; then make the replacement
ngn — N fo(t') in the above equations (in addition to the modification you made in (d)). Compare
your results to what you saw for the ‘“long-pulse mode” of (d). What is the duration of the Q-switched
pulse (in ns)?

Problem 15.9

Recall the simple laser model
dl  (GRiR; — 1)1
dt T ’
where the gain G saturates according to

(15.120)

(15.121)
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Under the conditions where this equation is valid, show that this model is equivalent to the model in

Problem 15.7
dI  (RiRs—1)
> I
dt T

which is specific to the four-level laser (note that we have dropped the spontaneous emission term).
Do this in the following steps:

(a) Argue that both G and R; R2 must be close to 1. Then use this to argue that the first model can
be rewritten (approximately) as

20,0(v) N
4 2Laolo)Nz | (15.122)
T

dI _ (iR —1) (G —1)

dt T T

I (15.123)

(b) Derive an expression for the round-trip gain G in the regime where G is close to 1, and hence
recover the equation for the second model above.

(c) Complete the argument by using the results from the four-level laser to write an expression for g.
Be careful to make sure your results are valid for a round trip, not just a single pass through the gain
medium.

Problem 15.10

For a ring laser modeled by the gain equations (as in Problem 15.8)

dn T T

dt’2 = Riump (1 —n2) — <p> ny — (p) I'ny

a7 21 721 (15.124)
/ na N2

v = LT T e

where P; is the round-trip survival probability, 74 is the cavity round-trip time, I is the intensity
circulating in the cavity, 7, 1= 7t /(1 — Fs), t' := t/7p, I' := I /Isat, Nin := (1 — Ps)/lgo(wp), nen =
Nin/N, ng := Na/N, R, = RpumpTps Lsat := hwo /0 (wo)T21, and Ay = 7o, you will compute the
frequency and damping rates of the relazation oscillations for small disturbances about the equilibrium
(these are the same oscillations as in the laser spikes when they have nearly damped away). Show that

the intensity oscillation frequency and damping rate are given by w, and /2, respectively, where

iy = VB 2P
r—1
w =
TpT:
P2l (15.125)
B r
7T 21/(1 — Ntn)
ro= Rpump
==
Rpump,th
and R ., 1, s the scaled threshold pumping rate (the value of R],,,,, above which the laser oscillates).

You can do this via the following outline.

(a) Neglect spontaneous emission and show that in steady state, no = n, and I, = r — 1. What is
pump,th?

(b) Ignore spontaneous emission and linearize the above pair of rate equations about the equilibrium

solution by letting ny = ngy + dng and I’ = I, + §I', putting these into the rate equations, and

discarding terms beyond first order in dny and 6I’. You should now have a pair of rate equations for
the small disturbances dn9e and 51’.

(¢) Recall that the damped harmonic oscillator is governed by the equation

mi + myi + mw?z = 0. (15.126)
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Recall that in the underdamped regime, the solution with p(0) = 0 is
z(t) = x(0)e™ /D cos(w, ), (15.127)

where w, is defined above.

Show that the harmonic oscillator equation can be rewritten as the pair of first-order equations

D
p= 2
m (15.128)

p=—mw’z — yp,

where p = m4. Now draw a formal analogy between the laser gain equations and the damped harmonic
oscillator, and write down expressions for the oscillation frequency and damping rate. Remember that
the above rate equations measure time in units of 7;,, so you must undo this to get the above answers.

(d) To get a sense of scale, put in some numbers to see a typical oscillation frequency. Assume a
low-loss ring cavity (ng, < 1, 7, ~ 107) just above threshold (r = 1.1) with a ~1 m cavity path
length (74 &~ 3 ns), and a Nd:YAG gain medium (72; = 1.2 ms). Roughly how many oscillations do
you expect to see before they damp away?

Problem 15.11

(This is a simple review question to help you tie together some of the concepts.) Counsider a laser
whose gain medium is described by a frequency-dependent gain coefficient (w). Your answers to the
questions below should be qualitative and need not involve calculations or equations.

(a) What is the condition for the laser to oscillate?

(b) Suppose that many cavity modes satisfy the condition in (a), but in steady state, the laser operates
only in a single mode. What is the underlying effect that causes single-mode operation? Explain how
this effect leads to single-mode operation.

(¢) A different gain medium in the same cavity causes the laser to oscillate in many modes simultane-
ously. Explain how the medium is different from the medium in part (b).

(d) What is mode-locking? Give an example of how to achieve mode locking in a multimode laser.

Problem 15.12

Due to temperature fluctuations, the length and therefore the frequency of a helium-neon (He-Ne) laser
drifts slightly. Suppose you observe that a particular He-Ne laser oscillates in only one (longitudinal)
mode at some temperatures, but two modes at others. Estimate the length of the laser cavity, assuming
an operating wavelength A = 632.8 nm, a gain linewidth Av = 1.5 GHz, and TEM, ¢ transverse-mode
operation.

Problem 15.13

Consider the three-level laser scheme shown here. (The first three parts of this problem are a review
of the chapter material.)

3
Asy
pump 9
Ry
A laser
21 transition
1

(a) Write down the rate equations for this laser.

(b) What are the conditions on Rj3, Asa, and Ag; that ensure the best laser operation?
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(¢) In the regime you described in part (b), carry out the adiabatic elimination of the appropriate state
to obtain a set of rate equations for an effective two-level atom.

(d) Suppose we add an extra decay path as shown below, described by the (possibly large) coefficient
Asy. Perform a similar analysis (with the same adiabatic elimination), and write down an expression
for the small-signal gain coefficient v in terms of the coefficient for the gain medium in parts (a)-(c),
assuming everything else is the same. That is, what is the effect of A3; on the gain coefficient?

3
Asy
pump | 4 9
Fa . laser
Az transition
1
Problem 15.14
Consider the ¢nverted three-level laser scheme shown here.
2
laser
Az transition
pump 1
Ry
Ay
0

(a) Write down the rate equations for this laser.
(b) What are the conditions on Rgs, Aa1, and Ajg that ensure the best laser operation?
(

¢) In the regime you described in part (b), carry out the adiabatic elimination of the appropriate state
to obtain a set of rate equations for an effective two-level atom.

(d) The usual three-level laser that we covered in Section 15.4.1 has the lower two levels defining
the laser transition. Argue qualitatively that in the best possible cases (optimal pumping and decay
rates), for the same pumping rate, laser cross section, and atomic number density, the small-signal
gain coefficient for the usual scheme is twice the small-signal gain coefficient for the inverted scheme
shown here. Recall that the gain coefficient is given by vy(w) = o(w)[Ne — Ng], where e’ and “‘g’’ refer
to the excited and ground levels of the laser transition, respectively. Hint: you don’t need to do any
calculations, just reason out what the steady-state populations would be in the optimal cases.

(e) Give a qualitative argument for why the saturation intensity for the inverted three-level scheme
will be twice that of the saturation intensity for the usual three-level scheme. Assume the laser cross
sections are the same in both cases.



Chapter 16

Dispersion and Wave Propagation

Now that we have discussed the generation of laser light and the propagation of laser light through a gain
medium, we will take a deeper look at propagation in media. In particular, we will look at the effects of
dispersion—dependence of dielectric material properties on the optical frequency—on light propagation.

16.1 Causality and the Kramers—-Kronig Relations

Recall from Section 4.3 that the polarization density of a dielectric is the material response to the electric
field,
P = eoxE, (16.1)

where x is the susceptibility. For dispersive media, the susceptibility is frequency-dependent (x = x(w)),

P(w) = eox(w)E(w), (16.2)

where E(w) and P(w) is the magnitude of the component exp(—iwt). We can also think of x(w) as the
(complex-valued) frequency-space transfer function for the medium. It turns out that just by knowing that
X(w) is a response function corresponding to a physical system, and thus describing a causal response, we
can put substantial constraints on its form.

By the convolution theorem, the frequency-space multiplication in Eq. (16.2) is equivalent to a convo-
lution in the time domain of the electric field with the inverse fourier transform g, (t) of x(w):

P(t) = e /jo g (E({ —¢')dt'. (16.3)

Since P(t) is the material response to E(t), causality requires that P(¢) can’t depend on E(t') for future
times ¢’ > ¢t. Thus, from the convolution, we can see that causality implies g, () = 0 for ¢ < 0. Equivalently,
we can write causality as the mathematical statement

9x(t) = gx (H)Un(2), (16.4)
where Uy (t) is the Heaviside step function. Recalling from Section 12.5.2.3 that

F[Un()] = Un(w) = m0(w) + i (16.5)

we can compute the Fourier transform of Eq. (16.4), using the convolution theorem again, but this time in
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the opposite direction than usual:

1
—;«)*w<
| _ (16.6)
o W) [ —w' ] dw
_ xWw) L ][
2 2 w— w’
=X)L .
2 2
Here again, 7 denotes the Hilbert transform, defined by
1 o !
Hf(2)] = = 1@ g, (16.7)

T) o —x

The factor of 1/27 in applying the convolution theorem in the above derivation comes again from apply-
ing the convolution theorem in the reverse sense: the usual convolution theorem reads .Z[f(t) * g(t)] =
Z1f()]F[g(t)], but in the opposite direction we have .7 ~![f(w) * g(w)] = 27.F ~[f(w)]-F [g(w)], due to
the factor of 27 that appears in the inverse Fourier transform equation (3.21).

Thus, from Eq. (16.6) we have that

xX(w) = =i [x(w)]. (16.8)

Writing out the real and imaginary parts of this equation,

Re [x(w)] = #{Im [x(w)]} (16.9)
)

Im [x(w)] = =#{Re [x(w)]} .

Writing out the Hilbert transform explicitly, we arrive at the standard form of the Kramers—Kronig

relations:
Rex(w)] = & [ 22X g

™ w —w

— 00

IMMM:—%[ Relxlw)] g,

w—w

(16.10)

Notice that this is a strong constraint on the form of y(w): the real part of x determines the imaginary part
via the Hilbert transform and vice versa.

The Kramers—Kronig relations are often written in terms of the complex permittivity (dielectric con-
stant) €(w) = eg[l 4+ x(w)], where we recall from Section 4.3 that the electric displacement is given in terms
of the permittivity by D(w) = é(w)E(w). The Kramers-Kronig relations for the permittivity then read

wmwwnm,

w —w

Rﬁwn—@+1f

— 00

Im ][ Re —60 ,'
w —w

Again, the real part of € determines the imaginary part via the Hilbert transform and vice versa.

(16.11)
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16.1.0.1 DC Component

But one should then ask, why do the Kramers—Kronig relations for the susceptibility [Eqgs. (16.10)] and the
permittivity [Egs. (16.11)] have different forms, where €y needs to be subtracted from Re[é(w)]? After all,
from D(w) = &w)E(w), € looks like an input-output response function just like . The difference lies in the
dec component of e(w), which is absent in x. This is because at very large frequencies, the material electrons
fail to respond to the electric field, and thus
WEIEOOX(M) = 0; wllg[loo €(w) = €. (16.12)
If we repeat the derivation of Egs. (16.6), we find that if xy had an asymptotic dc component of x o := x(w —
00), the response function g, (t) picks up the additional term x~od(t). It works out if U (t) passes “half” of
o(t), so that
X() = Xoo = —i [X(®) = Xoc] - (16.13)

Thus, any causal response function with its asymptotic value subtracted away satisfies the Kramers—Kronig
relations. Thus, Egs. (16.11) follow from the fact that [é(w) — €o] is the appropriate response function for
the Kramers—Kronig relations.

16.1.1 Refractive Index

Notice that the Kramers—Kronig relations are not specific to electromagnetism. Rather, they apply to any
frequency-space transfer function that corresponds to a physical, causal response.

For example, they could apply to the response function of an electronic amplifier or feedback loop. For
our purposes, it most relevant to note that the Kramers—Kronig relations also apply to the refractive index.
Recall the propagation of a plane wave in a medium with a complex refractive index n, which carries over
into the dispersive case:

EM)(2) = ESPeikor s B (w;2) = BT (w)e™@)koz, (16.14)
The corresponding infinitesimal evolution is
EF)(w; 24 dz) = EP) (w; 2)[1 + in(w)kodz], (16.15)
which is equivalent to the differential equation

dE™) (w; 2)

e = iko(w) B (w; 2). (16.16)

This is another input-output relation, with input E () output dE™) /dz, and transfer function proportional
to n(w). Thus, the refractive index (7(w) — 1, after subtracting the asymptotic dc part as in the discussion
of Section 16.1.0.1, since 7 tends to unity at high frequencies) obeys the Kramers—Kronig relations

i(w) — 1 = —iA[R(w) — 1], (16.17)

or in inefficient form,

T w —w

Relii(w)] = 1 + ~ ][OO mfAW)]

— 00

Im[A(w)] = — l foo M dw'.

w —w

(16.18)

—00
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Recall that the complex refractive index corresponds to both phase delay and absorption (or gain). This is
evident from Eq. (16.16), where we can write the solution as

E(Jr) (w; Z) _ Eé-f—) (w)eiRe[ﬁ(w)]kozeflm[ﬁ(w)]kgz' (1619)

The first exponential factor is a propagating plane wave with wave number Re[fi(w)]kg. The second expo-
nential factor represents exponential decay (or gain if Im[n(w)] < 0).

Since Re[n(w)] controls the phase shift of propagating light and Im[7(w)] controls the absorption (gain),
we see why the Kramers—Kronig relations are so significant. Since the Hilbert transformation is ‘‘something
like” a derivative (see Section 12.5.2.3), derivatives in the real part of f(w) induce large imaginary parts,
and vice versa. Thus, for example, variation with frequency of the (real) refractive index implies regions of
absorption. Similarly, variation in the absorption coefficient implies regions of strong (real) refractive index.

16.1.1.1 Example: Lorentzian Absorption
One particularly important absorption line shape is the Lorentzian [see Eq. (15.37)], which we can write as

. a(w) (ao/2ko) (Aw/2)2
T = = ) 16.20
The convention here is that a(w) is the intensity absorption coefficient, so that I(z) = Iy exp[—a(w)z], and
ag = a(wp). Note that ag > 0 corresponds to absorption, while ag < 0 corresponds to gain.

Now we need to evaluate the integral

1 [°° Im[n(w
Refi(w)] — 1 = ,j[ M ' (16.21)
T)o W—w
to find the phase behavior. Let’s first do this with a simple, approximate method. Assume that a(w)
is sharply peaked around wp (Aw < wp). Then we can approximate the Lorentzian by a J-function, by
considering the normalized form of the line shape:

Aw

~ — . 16.22
270 — w0 + (Bay2y O~ o) (16.22)
In this case,
_ ag TAw

Im[n(w)] ~ %?5(&) — wo), (16.23)

so that " 5w ) A

~ Qo w — Wo ’ Qo w

-1~ —A _ = — 16.24
Rei(w)] n w][_w e - (16.24)

Notice that the refractive index scales as (wg — w) for large |wo — w|, while the absorption coefficient scales
as (wp — w)?. This turns out to be an important result in atom optics.

It isn’t too difficult to compute the Hilbert transform without approximations. Let’s compute the
Hilbert transform of the scaled Lorentzian 1/(1 4+ x2). We can do this using the convolution theorem, the
fact that the Fourier transform of 1/(1+22) is 7w exp(—|k|) (see Problem 11.7), and the fact that the Fourier
transform of 1/x is isgn(k) (see Problem 12.16):

1 L
| s | = - imsen(h) exp k)
= ;—Z 7 exp(—k)e*® dk + c.c.
T Jo
= _72 h "0k gk 1 c.c. (16.25)
0
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Then with z = 2(w — wp)/Aw, we can write

Tmi(w)]. (16.26)

A

Y

Re[fi(w)]—1

16.2 Pulse Propagation and Group Velocity

16.2.1 Phase Velocity

Now we will consider the velocity of light propagation in a dispersive medium. We will start out by considering
the monochromatic case, and then we will generalize to the case of pulses with a spectrum of finite width.
Recall the plane-wave solution to the electromagnetic wave equation:

ED) (2,1) = B eitke—wt), (16.27)

The phase of the wave is thus ¢ = kx — wt. We can define the phase velocity as the velocity of the points
of constant phase. To derive an expression for the phase velocity, consider the infinitesimal transformation
r — ¢+ dr and t — t + dt, while ¢ is held constant. Then the phase is the same before and after the
transformation,

¢ =k(x+dr) —w(t+ dt) = kx — wt, (16.28)
so that kdx = wdt. This defines the phase velocity vpn as
dr  w

Recall that for a plane wave to be a solution of the wave equation,

w o
=== 16.30
E T ( )

Uph =

where n is the refractive index, and ¢y = 1//€fig is what we defined to be the speed of light in vacuum
in Section 4.1. In general, the refractive index depends on the optical wavelength and thus on the wave
number, n = n(k), for a dispersive dielectric medium. Thus, the phase velocity vpn = vpn(k) is likewise
wavelength-dependent. By the Kramers—Kronig relations, we know that the dispersive refractive index must
also be complex, so when we write n here, we are referring only to the real part of 7.

16.2.2 Group Velocity

But what happens with pulses, which contain a continuum of frequency components? In a dispersive medium,
each component sees a different phase velocity:

1 [~ e
E®)(z,t) = o / E®) (k)etkz=wt) g, (16.31)
T Jo
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Here we account for dispersion by regarding w = w(k) and use k as the independent variable, which we can
do via w(k) = kvpn(k) = cok/n(k). This works for small deviations of the refractive index from unity, such
that k(w) is an invertible function, but the ideas here are generally applicable.

For w = wq, where wq is a constant, all the components have the same phase velocity, so all the time
dependence in Eq. (16.31) is of the form

w
(m - ?Ot) (z — vput) . (16.32)
Thus, EG)(z,t) = B (2 — vpht), so the pulse propagates at the phase velocity vpn = wo/k.

Now suppose we have a dispersive medium, but let’s assume that the dispersion relation is linear. More
generally, we can expand an arbitrary dispersion relation to first order about a center wave number k.. In
either case,

(k — ke) = wo + vg(k — ke), (16.33)

where wy = w(k.), and we have defined the group velocity

dw
= — 16.34
Ug dk . ( )
whose significance will become apparent presently. Now we can write the pulse function (16.31) as
E®) (z,t) = / E®) (k)elke=w®)] g
- E(+)(k) i(kz—wot) —wg(k ko)t dk (1635)
2w

_ ieikovgtefiwot /OO E(Jr)(k)eik(a:fvgt) dk
2T 0

Now the phases outside the integral are uninteresting overall phase factors, and all the spacetime dependence
is of the form
EW) (2,t) = B (2 — vgt). (16.36)

Thus, the pulse propagates at the group velocity vs = dw/dk. The expansion of Eq. (16.33) is valid if the
pulse spectrum is narrow enough for the higher-order terms to be neglected. Note that there are multiple
relevant propagation velocities here: while the phase fronts of the individual waves still propagate at the
appropriate phase velocities, the overall envelope of the pulse propagates at the group velocity.

Uph

Recall that the usual refractive index, which controls the phase velocity, can be written

n=—> (16.37)

o _ dk _ dan 16.38
Ng co " n+w n ( )

(16.39)
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where kg = k/n is the vacuum wave number. Then

@__271’60 )\0

= == 16.40
dw w2 w’ ( )
and so we can write the group index (16.38) as
dn dn d)\g dn dn
_ an_ B VLA N 16.41
e T T T Y e T T T T (16.41)

where the last equality follows from assuming that n(\) is a slowly varying function. This form for the group
index is convenient, since the normal refractive index n is commonly specified in terms of wavelength.
There are, broadly speaking three cases to consider with respect to the group index.

1. No dispersion. (dn/d\g = 0) This is the nondispersive case that we already discussed, when the
group and refractive indices are equivalent: ng = n.

2. Normal dispersion. (dn/d\g < 0) Here the pulse envelope travels more slowly than the phase
fronts; this happens when the index decreases with wavelength, and implies that n, > n. This case is
called “normal” because this is the observed behavior when white light is dispersed by a glass prism:
blue wavelengths see a larger refractive index than red wavelengths, and are thus deflected more by
the prism.

3. Anomalous dispersion. (dn/d)\y > 0) Here the pulse envelope travels more quickly than the phase
fronts; this happens when the index increases with wavelength, and implies that n, < n.

For the Lorentzian line-shape function (Section 16.1.1.1), normal dispersion occurs everywhere except
near the line center, where the slope of the index curve changes sign. Here, there is a region of width Aw
(usually very narrow) of anomalous dispersion.

A
normal
dispersion normal
dispersion
"W
anomalous Re[fi(w)] 1
dispersion

In the anomalous case, it is even possible to have vy > co. This “‘superluminal” propagation seems to violate
(relativistic) causality, since it seems possible to send a signal pulse faster than the speed of light. However,
a more careful analysis of the pulse shape shows that the signal can’t be sent at a higher velocity than cg.

16.2.3 Pulse Spreading

Higher order terms in the dispersion relation lead to pulse spreading (second order) or distortion (third and
higher orders). For example, up to second order,

w(k) = wo + vg(k — ke) + wa(k — ke)?, (16.42)
where P
1
=35 72 16.4
2Ty W, (16.43)

Then the pulse function (16.31) becomes

S
E(+) (LL', t) _ 2ieikovgte—iwot / E(k)(+)eik(w—vgt)eiwg(k—kc)2t dk (1644)

T 0
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For a Gaussian pulse,
2 2
E®) (z,t = 0) = E{P " /4(A0) gikor (16.45)

so that the Fourier transform is approximately
E(k) ~ E{D2y/m(Ax)e~(Bo) (h=ke)*, (16.46)
Thus, the propagation to time ¢ leads to a larger effective width
(Az)? — (Az)? + iwst, (16.47)

which disperses the pulse in the same way as the complex g parameter of the Gaussian beam of Section 6.5
(p- 99). To see this, we can define a g parameter for this problem by

q =T —1qo, (16.48)

where g = 2(Az)? and 7 = 2wst, so that the propagation replacement becomes

(Az)? — (Az)? + iwgt = % (16.49)
Now we can take the inverse Fourier transform, thus evaluating the integral of Eq. (16.44). The Fourier
transform after propagation through time ¢ is

B (k,t) = BV 2y/m(Ax)eiathho) emikust, (16.50)

and so up to an overall phase, the inverse transform is

A k(z —vgt)®]
B (e,0) = B ST exp I U i (16.5)
q q

This has the same form as the Gaussian beam in terms of the ¢ parameter [Eq. (6.41)],

ikr?
E® (@) = Eé“% exp {2;“'(2)} exp(ikz), (16.52)

where ¢ = z — izg = z — imwd /. Since the Gaussian beam satisfies the expansion law [Eq. (6.13)],

w(z) = woy 1+ (Z>2 (16.53)

20

the analogue in pulse propagation in a dispersive medium (by comparing the two forms of the ¢ parameter)
is that the pulse width Ax increases with a similar functional form with the time parameter 7.
The other aspect of the complex ¢ parameter is that it controls the radius of curvature of the Gaussian
beam [Eq. (6.14)],
20

R(z) =2 {1 + (2)2} . (16.54)

The Gaussian beam acquires curvature because it is a superposition of plane waves with slightly different
directions in their wave vector k, and as the beam propagates, these begin to separate. For propagation in
the +z-direction, the plane waves with wave vectors with positive z-components will move towards one edge
of the beam profile, while the ones with negative z-components move towards the other. The analogue in
the pulse propagation is that the Gaussian pulse is a superposition of plane waves of different wavelength,
and the red/blue wavelength components begin to move to the front/back of the pulse (or the other way
around, depending on the sign of ws). Here, wy is related to the group velocity dispersion, given by
dvg /dw, which controls this dispersion effect.
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16.3 Slow and Fast Light

A recent “‘hot topic” in the quantum optics community has been the slow and fast propagation of light in
atomic media.! The general question is, how is it possible to make vy very small or very large? Answering
this question is fundamentally interesting, and can also be technologically interesting: for example, a ‘‘slow”
medium can act as a compact delay line or even memory storage for optical information.

Let’s consider a medium with Lorentzian absorption (appropriate for stationary gas-phase atoms).
From Section 16.1.1.1, the absorptive part of the refractive index is thus given by

a(w) (ag/2ko) (Aw/2)?

Im[n(w)] = % (o — )2 & (Aw/27 (16.55)

while the phase index is
2(wp — w)
Aw

The maximum value of |n — 1| occurs for (w—wp) = £Aw/2, giving a maximum deviation of n from unity of

n = Re[n(w)] =1+ Im[n(w)]. (16.56)

ao

—_—. 16.
i (16.57)

5nmax =

To evaluate the group index [Eq. (16.38)], we need to consider the derivative dn/dw. The maximum value
of the derivative occurs at (w — wp) = £v/3Aw/2, giving

dn ao OMmax
dw |, 8koAw 2Aw ( )
Thus, we can write the maximum group index as
Mg e = 1+ w0 DL —1+{1+L}5n (16.59)
g,max B m; 2Aw max-* .

Let’s put in some typical numbers to see the magnitude of the effect. For alkali vapors, the refractive index
is not too large (n ~ 1.1), the resonant frequency is in the optical (wg/2m ~ 400 THz), but the line width is
quite narrow (Aw/27 ~ 6 MHz). Putting in these numbers gives

Mg max ~ 3 % 10°, (16.60)

an absolutely enormous index (so that pulses should propagate at ~ 100 m/s. Again, this is valid for
stationary atoms. For a vapor at room temperature, the line width is more like Aw/27 ~ 1 GHz due to
Doppler broadening (in fact the line-shape function should be Gaussian rather than Lorentzian, but we’ll
ignore this here). The corresponding group index is smaller, but still quite large:

Ngmax ~ 2 % 107, (16.61)

However, it is practically impossible to observe these effects in ordinary vapors, because a large group index
is accompanied by strong absorption:

4w(on)
co

a ~ (0n)dky = ~3x10* em™!. (16.62)

Thus, we need to be more crafty when setting up a medium with an extreme group index.

1For a good review, see Robert W. Boyd and Daniel J. Gauthier, ““‘Slow’ and ‘Fast’ Light,” in Progress in Optics, vol. 43,
E. Wolf, ed. (Elsevier, Amsterdam, 2002), p. 497. We roughly follow some of their arguments here.
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16.3.1 Quantum Coherence: Slow Light

The solution to the problem of acheiving a high group index in a transparent medium is to use a quantum
interference effect called electromagnetically induced transparency (EIT). Roughly speaking, this effect
comes about in a medium of three-level atoms in the “A” configuration, where two fields (the pump and
probe) couple the two ground states to the excited state.

probe

pump

|g2)
lg1)
Due to quantum interference, the pump saturates the probe transition, but only if the two detunings match
precisely:
Wprobe — Weg, = Wpump — Weg, - (16.63)
This creates a narrow ‘‘dip”’ in the usual Lorentzian absorption spectrum for the probe transition. For small

intensities, the width of the dip can be small, on the order of the decay rate between the ground states
(which can be as low as Hz to kHz).

The physical significance of the dip is that the medium is transparent to the probe field, when it is properly
tuned. The dip also induces a steep slope in the refractive index in the same frequency range. Since dn/dw
is large, the group index is correspondingly large, even though the absorption is small. A pulse propagating
through the medium is thus delayed compared to pulse propagation without the medium. Again, this is a
quantum-mechanical effect, so we can’t describe this via the rate-equation approach that we used to model
lasers. Rather, we need a fully quantum-mechanical description of the atom, which we will not get into here.
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n ng>n n

A number of slow-light experiments have achieved impressively small group velocities, down to 8 m/s for the
slowest achieved velocities.?

16.3.2 Fast Light

The alternative to slow light is “fast” light. One approach that was realized experimentally by Wang et al.?
is to use two pump beams to induce two gain peaks in the refractive-index profile. These appear as negative
peaks in the absorption curve.

Y

This arrangement flips the slope of the phase index, so that the sign of dn/dw becomes negative. The
magnitude of the derivative can be large enough that the group index can become negative, as we can see
from Eq. (16.38). In the experiment of Wang et al., the group index was ny, = —310, so that the group
velocity was vy = —¢o/310. Thus, a pulse entering the medium must propagate backwards through it. Given
the continuity conditions at the boundaries, this happens if a ‘“pulse pair’ is created at the far boundary,
where the backwards-propagating pulse meets the incoming pulse and annihilates it. The outgoing pulse is
thus advanced with respect to the “normal” propagation of the incoming pulse, and the propagation appears
to be ““faster than cg.”

2D. Budker, D. F. Kimball, S. M. Rochester, and V. V. Yashchuk, ‘“Nonlinear Magneto-optics and Reduced Group Velocity
of Light in Atomic Vapor with Slow Ground State Relaxation,” Physical Review Letters 83, 1767 (1999).
3L. J. Wang, A. Kuzmich and A. Dogariu, “Gain-assisted superluminal light propagation,” Nature 406, 277 (2000).
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n ng <0 n

VAN N\
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Again, there can be no violation of causality, and in fact this behavior is completely consistent with the
Kramers—Kronig relations that enforce causality.
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16.4 Exercises

Problem 16.1

Consider an optical medium, where you observe that at a particular wavelength (say, 500 nm), the
gas has a refractive index n = 1.1, but ezxactly zero absorption. From this information, what can you
conclude about the existence of absorption of the gas at other wavelengths? FExplain.

Problem 16.2

Show that the Kramers—Kronig relations for the complex permittivity

R%@ﬂ=m+%/mkﬁgﬂwl

oo W o (16.64)
1 [°° Rele —
Im[é(w)] = — = ][ 7‘3[6(/“ N =<0 gy
T J_ w —w
can be written in the equivalent form
2 o0 /I ~ /
Re[é(w)] = o + = jf b GG
T o ?( /‘)]“ (16.65)
~ 2w Relé(w')] — €o

To do this, you will need to argue that the time-domain polarization response g, (t) applies to real
fields and polarizations, and thus é(—w) = é*(w).

Problem 16.3

Show that for a rarefied medium (|x| < 1), the refractive index n = Re[n] and intensity absorption
coeflicient a can be written in terms of the susceptibility as

2 (16.66)

a = ko Im[y].

Problem 16.4

Show that the pulse spread due to propagation in a fiber composed of a dispersive material can be

written* )
)\0 d*n
Atpuise & — |——| (A)Xg) d, 16.67
pul o dAOQ ( 0) ( )
where A)g is the wavelength range of the pulse, and d is the propagation distance. Use the following
outline.

(a) Show that the group velocity may be written

Ao d
€ [1+ On}

Ve X — —
& ’I’Ld)\o

- (16.68)

(b) Then use the fact that the pulse propagation time is tpuse = d/vg and Avg = (dvg/dAo)AXg to
obtain the above expression, in the regime where (dn/d\o)? < |d?n/d\|.

4See, for example, Peter W. Milonni and Joseph H. Eberly, Lasers (Wiley, 1988).
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(¢) Compute the pulse spread per unit length per unit of wavelength spread for a single-mode, fused-
silica fiber where the material makes the dominant contribution to dispersion. Calculate the dispersion
at the popular diode-laser wavelengths of 850 nm, 1310 nm, and 1550 nm. Give your answers in units
of ps/(nm - km).

To get the refractive-index derivatives, we can use the Sellmeier formula for fused silica®

0.68374049400 \¢ 0.42032361300 \¢ 0.58502748000 \¢

2
Ao) — 1=
(%) AZ — 0.00460352869 ' AZ — 0.01339688560 ' A& — 64.49327320000°

(16.69)

where )\g is in pum. This gives d?n/d\¢ = 0.0296 um~2 at 850 nm, d?n/d\¢ = —0.00112 ym~—2 at
1310 nm, and d?n/d\¢ = —0.00472 pm~—2 at 1550 nm.

Problem 16.5

Consider a bichromatic optical wave of frequencies w; and wy propagating through a dispersive medium.

(a) Show that the optical phase of the wave propagates at velocity w/k, while the envelope of the
interference pattern propagates at velocity Aw/Ak, where w := (w1 + w2)/2, Aw = ws — wy, k :=
(k1 + k2)/2, Ak := kg — k1, w1 = cok1/n1, wa = coka/n2, and ny and ng are the refractive indices at
frequencies wy and we, respectively. Assume that |Aw| < w and that the two frequency components
have equal amplitudes.

(b) What are the conditions for the envelope to propagate backwards?

5«“HPFS Fused Silica KrF Grade,” Corning Incorporated data sheet, 2003.



Chapter 17

Classical Light-Atom Interactions

We will now model the interaction between light and atoms, using a classical model of the atom. This will
allow us to treat a variety of phenomena from the refractive index of atomic vapors to the conductivity of
metals to laser cooling and trapping of atoms.
We will model the atom as a classical harmonic oscillator, an electron bound to the nucleus by a
harmonic force (linear spring):
m% + mwix = 0. (17.1)

Here, x represents the average position of the electron, since quantum-mechanically, the electron is not
localized, and wq is the resonant frequency of the harmonic potential. The above equation is also in center-
of-mass coordinates, so that we can ignore the motion of the nucleus. Thus, m is the reduced mass of the
electron, given by
m= —en_ (17.2)
Me + My

where m, is the electron mass, and m,, is the nuclear mass. Generally me < my, so

m A me (1 - mc> , (17.3)

My

and generally, it is a good approximation to use m & m,.

Why use a classical calculation, when an atom is a manifestly quantum-mechanical object? It turns out
that the classical calculation gets many phenomena correct, and these results can be justified by a quantum
calculation. Essentially, the classical calculation is good for small excitations, when the harmonic potential,
the lowest-order approximation to an arbitrary potential, is an accurate model. In particular, the classical
model does not predict any saturation effects, and as we will see, it requires a bit of patching to make it
quantitatively correct, even in the limit of small intensity.

17.1 Polarizability
We will now consider the interaction of the atom with a monochromatic field of the form
EM)(t) = 2E[De . (17.4)

where £ is the unit polarization vector. In writing down this expression, we are making the dipole approx-
imation: we are assuming that the size of the atom is much smaller than the optical wavelength, so that
the electron only sees the field at the nuclear position. Thus, we need not consider the spatial dependence
or propagation direction of the field. The force on the electron due to the field is

F(H) = —¢E(), (17.5)
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where e is the fundamental charge, the magnitude of the electron charge (so that the electron charge is

—e).

Then the equation of motion for the electron becomes
mx + mwix = —éeE(()Jr)e_i‘“t. (17.6)

We need only worry about the electron motion in the direction of the electric field; we will ignore any motion
except that induced by the field, as we will justify when considering the damped version of the harmonic
oscillator.

We now see if we can assume that the solution has the same time dependence as the field:

x(H(t) = ga{Pe, (17.7)
With this solution, Eq. (17.6) becomes

2 _(+) 23:(()+)

—mw xy + mwg = —eE(gHe_w, (17.8)

which we can solve for xéﬂ to obtain the solution

(+)
+) _ eEg"/m

Again, we are breaking the electron displacement into its positive and negative components z(t) = z(*) (¢) +
(1)
x .
The dipole moment of the atom is
d) = —ex(), (17.10)

where x = éx. Since the dipole moment is induced by the field (the electron displacement is zero in
equilibrium), we can define the polarizability « to describe how easily the field induces the dipole moment
by

d™) = a(w)EM. (17.11)

From Eqgs. (17.9) and (17.10), we can write the polarizability as

e2/m

2 _ 2
Wy — w

a(w) = (17.12)
The polarizability completely characterizes the response of the atom to the applied field. Of course, this

is the frequency-space response function, which we have obtained via an implicit Fourier transform of the
applied field.

17.1.1 Connection to Dielectric Media

Recall that the polarization density P (from Section 4.3) is the dipole moment per unit volume. Thus, for
an atomic vapor of number density IV,

Ne? 4
P = Nd®) = Na(w)E®) = 5267/7”2Eé+>e—wt, (17.13)
w 7(4}0

This expression is valid for a rarefied medium, where the interactions between the atoms are negligible.
In dense media, correlations between dipoles cause deviations from these results. We can thus write the
susceptibility for the vapor as

Ne? /meg
= — 17.14
) = L (17.14)

in view of the defining relation P = ¢gxE.
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17.1.2 Conducting Media: Plasma Model

In conducting media, the electrons are not tightly bound to the nucleus. We can treat this by letting
wo — 0, modeling the conductor as a plasma. Then the susceptibility becomes

Ne? /meg wp\ 2
_ _ (% 17.15
X(w) w? ( w ) ’ ( )
where
Ne2
:: 17.16
“p meg ( )

is the plasma frequency. The complex refractive index (see Section 9.5) is given in terms of the suscepti-

bility by
Aw) = 1+ xw) = 4/1 - (%)2 (17.17)

The behavior is quite different in the limiting cases of low and high frequency.

1. Low frequency (w < wp). In this case, n is purely imaginary, so the reflection coefficient (Section
9.5) is of the form

ny —n
r=—2 (17.18)
ny + 1o
where n; and ng are real, so that |r| = 1. Thus, we find perfect reflection from a metal surface for

frequencies below the plasma frequency.

2. High frequency (w > wy;,). Here n — 1, so that the metal becomes transparent at high frequencies.
For typical metals, the plasma frequency occurs in the ultraviolet, so that metals are transparent to
ultraviolet and shorter wavelengths.

Again, this model is valid for a rarefied plasma, so it is only qualitatively correct for metals, where
density-induced correlations are more important.

17.2 Damping: Lorentz Model

A better model of the atom is a damped harmonic oscillator. This improved model is known as the Lorentz
model of the atom, and the equation of motion is

mx + myx + mwix = —éeE(ng)e_i“t. (17.19)

The damping (‘“friction’”) term models radiation reaction due to the charge acceleration (the classical ana-
logue of spontaneous emission) and collisions with other atoms. A quantum-mechanical calculation shows
that for an isolated atom, the damping rate is the same as the Einstein A coeflicient (spontaneous emission
rate): v = Aoj.

Again, we assume a solution of the form x(¥) () = éx(()+)e_th.
solution is

Following the method above, the

E(+)
2§ = B fm (17.20)
w® —wy + 1w

Now the displacement is complex, reflecting a phase lag of the displacement behind the field, with phase

angle
§ = tan~! (27“) . (17.21)

— (2
Wy w

The phase lag approaches zero for w < wy and 7 for w > wy (6 = 7/2 exactly on resonance). Then for this
case, the polarizability becomes
e?/m

a(w) = — (17.22)

2 v
Wy — w? — iyw
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The susceptibility likewise becomes
Ne? /meg
_ ) 17.23
Xw) = e (17.23)
It is worth reiterating here that o and x are complex quantities defined for the positive-rotating fields via
d®) = a(w)EM) and PH) = ¢gxE™), and therefore must be treated appropriately.
If x is small (as for a dilute vapor),

~ x(w) Ne? (wg — w?) _Ne? W
=4/1 ~1 =1 . 17.24
ifw) +x(w) Ty * 2mep (wE — w?)? + y2w? * "2meq (wi — w?)? + 72w? ( )

Then we can read off the phase index as the real part,

Ne? (wg —w?)
~1 17.25
nw) ~ 1+ 2mey (wi — w?)? + 72w?’ ( )
while the absorption coefficient becomes
N 2,2
a(w) = 2koIm[fi(w)] ~ —— 7 (17.26)

mepcy (W@ — w?)? + y2w?’

The region where significant absorption occurs for small detunings of the field from the atomic resonance,

|w — wo| < wo. Then

wé — w? = (wy — w)(wo + w) = 2w(wy — w). (17.27)

This is effectively equivalent to the rotating-wave approximation in quantum optics. With this approximation,
the phase index and absorption become

Ne? (wo — w)/2w

2meg (wo — w)? + (7/2)? (17.28)
Ne? (v/2)?

meocoy (wo — w)? + (v/2)

n(w)~1+

a(w) =

Hence, we recover the Lorentzian absorption profile from Sections 15.2.5 and 16.1.1.1 (hence the name) with
full width at half maximum Aw = v and resonant absorption coefficient ag = Ne?/megcoy. Also, we see
that in the same regime,

Tm[fi(w)], (17.29)

1o 2(wo — w) { Ne? (v/2)? 2w —w)

¥ 2meoyw (wo —w)? + (1/2)%] v
as required by the Kramers—Kronig relations [Eq. (16.26)].

In general, we can have atoms with multiple electrons that we need to sum over. Then the polarizability
and susceptibility become

W=y fo;
)= e )
ij

(17.30)
() = Ne?
X\ = Zj meo (W — w? — ivjw)

Here, fo; is the absorption oscillator strength, which acts as a weighting factor for each electron. The
quantum-mechanical (and correct) interpretation of these expressions is that each term in the sum represents
a transition from the ground level 0 to excited level j. The oscillator strength can only be obtained from a
quantum calculation, and is necessary to make the classical calculation quantitatively correct. Because of
the quantitative importance of this factor, we will explore it in more detail.
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17.2.1 Oscillator Strength

Since the absorption coefficient scales as the susceptibility and thus the oscillator strength (for a dilute gas),
the oscillator strength also scales with the cross section [see Eq. (15.36) for the laser cross section that we
defined earlier]. On resonance, the cross section for absorption is defined by

a(wg) = o(wg)N = goN. (17.31)

Thus, using Eq. (17.26), we can write the classical absorption cross section as

e?w? vy e?

o _ , 17.32
Jclasswal( O) meoco (MOQ _ w2)2 4 ,72w2 o meocoy ( )

This cross section is not quantitatively correct, as the correct cross section from Eq. (15.39) for the transition

to level j is

(wo) Ny _ e (17.33)

o0; = 0j(wp) = — = —. .
07 = BT Ton we;

Note that this cross section assumes an orientational average (and thus a factor of 1/3) that is generally

appropriate for our purposes. We can then define the absorption oscillator strength to be the ‘‘fudge factor”

to fix the classical cross section:

3
00 2megmey Y,
foj == — = T . (17.34)
00, classical € woj

We can also write the cross section as )

e
00; = foj — (17.35)

MepCo7;

which will be useful later. More commonly, the absorption oscillator strength is defined to include the
degeneracy of the level structure,’
B 27regmc(‘f'yj 9;

Joj = (17.36)

ewg; 9o’
with a separate expression defined for the emission oscillator strength fo; (which just flips the degeneracy
ratio).

Also, in the limit of large frequency, the susceptibility of Eqgs. (17.30) becomes

(@) — LeQZf. (17.37)
X\w m60w2 - 0j- .

In this limit, the induced electron displacements are small, and thus the damping and harmonic-potential
forces are not important. We thus expect to recover the behavior of the free-electron plasma of Eq. (17.15)
in the high-frequency limit (i.e., the conductor without damping):

_ e (17.38)

2 2
“) Ne
megw?

X(w>=—(

w

Comparing these two expressions, we find the Thomas—Reiche—Kuhn sum rule for the oscillator strength:

> foi=1 (17.39)
J

Since fp; > 0, the sum rule tells us that fo; < 1. The interpretation is that the classical cross section
represents the mazimum possible cross section, which turns out to be distributed over all the possible transi-
tions from the ground level. Note that transitions to unbound (ionized) states are also included in this sum,
making it difficult to verify this with atomic transition data.?

LAlan Corney, Atomic and Laser Spectroscopy (Oxford, 1987).
2See Peter W. Milonni and Joseph H. Eberly, Lasers (Wiley, 1988), p. 239.
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17.2.2 Conductor with Damping: Drude Model

We can again use the Lorentz model to derive an improved model of conductors or plasmas. This model,
the Drude model, accounts for damping, and accounts for electron collisions in the metal or plasma. We
again take the Lorentz-model results and let wyg — 0 so that the electrons are not bound. In this limit,

Eqgs. (17.30) give
—Ne? /meg —w?
— — . ].7.40
X(@) w? + iyw w? + iyw ( )

The complex refractive index becomes

Aw) = VIt x@) = |1 — ——2 (17.41)

In the dc limit (w — 0),

w?2 w2
A(w) — 41 +i— g i (17.42)
yw yw

Thus, the refractive index is not purely imaginary at any nonzero frequency, even though the imaginary
part is much larger than the real part. This leads to a reflectance that is slightly less than unity, which
is a distinct improvement over the plasma-model result of perfect reflectance. In the high-frequency limit,
the damping part is not important, and the Drude model reduces to the undamped plasma model. The
imaginary (damping) part of the conductivity here becomes significant at infrared and higher frequencies,
gradually rolling off the material reflectance below the plasma frequency.

Another useful quantity for a conductor is the induced current density, which we can write as

J=—Nex. (17.43)
Since & = —iwz, we can use the solution for xé‘” from Eq. (17.20) to write
N 2
g Ne/mg (17.44)
v —iw

in the unbound limit. Recalling that the conductivity o is defined by J = ¢E, we can write the Drude-model
conductivity as

N 2
_Nejm _ o0 (17.45)
v—iw 1 —iw/y
where 5
N
o 1= —— (17.46)
my

is the dc conductivity. We thus have a model for the frequency dependence of the metal conductivity that we
ignored in Section 9.5. It is worth reiterating that this is only a simple model and valid for rarefied plasmas.

17.3 Atom Optics: Mechanical Effects of Light on Atoms

Now we will have a brief look at the field of atom optics, or optics with matter (de Broglie) waves. We will
only be looking here at how to trap and cool atoms with laser light using the classical Lorentz model of the
atom, so in a sense we will be doing ‘‘geometrical atom optics.”

Broadly speaking, there are two types of mechanical forces that light can have on atoms. The first, the
dipole force, is related to the potential energy of the induced dipole in the electric field, and is thus related to
the real part of a(w) [see Eq. (17.53)]. The second is radiation pressure due to absorption and rescattering
of the incident light, which is thus related to the imaginary part of a(w) [see Eq. (17.89)].
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17.3.1 Dipole Force

The dipole moment of the atom is induced by the external field, so we can write the potential energy of the

induced dipole as
d-E__dE

2 2

The extra factor of 1/2 compared to the usual dipole energy is because the dipole is induced, and thus

Vdipole = - (1747)

E E 1
Viipole = — /0 (d)dE = — /0 aEdE = k. (17.48)

Since we found the solution for the positive-frequency component of the field, we should write out the
potential in terms of the same components:

Viipole = — % (d<+> + d<—>) : (E<+> n E<—>) . (17.49)

Noting that
dE) ~ Tt B L eFt (17.50)

we can see that the terms of the form
d® . E®) ~ gFi2et (17.51)

rotate at twice the optical frequency, which is too fast for the atoms to respond mechanically. So we will
drop these terms in the time average (the same average that leads to the intensity). The terms of the form

d® . EF ~1 (17.52)

are dc, so we can keep these. Thus,

1 1
Vaipole = — 5d(-ir) EC) — §d(—) CEM)

_ _% [a(wEM] - EC) - 1 [a(EC)] - B

\ 2 (17.53)
= —Refa(w)] ‘EH)’

= —%)Re[a(w)]f(r).
Here, 1o is the vacuum wave impedance from Eq. (4.63), and we are regarding the electric-field envelope
EM)(r) to be a slowly varying function of position. Putting in the explicit form for the polarizability, we
can write the dipole potential as

—e? wé —w

2megco (wd — w?)? + y2w?

2

Vdipole = I(I') (1754)

Thus, the atom sees a spatial potential proportional to I(r) and to (n — 1). This potential-shift effect
(also known as the ac Stark shift) is the atomic counterpart of the phase shift (due to n — 1) of a beam
propagating through a vapor. Both effects follow from the coupling of the field to the atom.

The corresponding force is given by the potential gradient

Fdipole = _vvdipole X VI(I‘) (1755)

Thus, the dipole force responds to intensity gradients. If the dipole is viewed as two slightly separated,
opposite charges, there is only a net force if the two charges see a different electric field, which is only
possible in the ideal dipole limit if the field has a gradient.
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The sign of the dipole potential is set solely by the detuning of the field from the atomic resonance.
Defining the detuning A := w — wy, we can write the dipole potential as
e? (wo +w)A
2meopcy [(wo + w)A]2 + y2w?

Vaipole = I(r). (17.56)
Everything in this expression is positive except for the factor of A in the numerator. Thus, for positive A
(w > wo, or blue detuning), Vaipole > 0, while for negative A (w < wy, or red detuning), Vaipole < 0. That is,
a bright spot in space (e.g., due to a tightly focused Gaussian beam) will repel an atom for blue detunings,
forming a potential barrier, while for red detunings, the spot attracts atoms and forms a potential well.

The sign dependence of Vgipole makes sense in terms of the phase lag (17.21). Recall that for small
frequencies (A < 0), the phase lag of the dipole behind the field is smaller than 7 /2, while for large frequencies
(A > 0), the phase lag is between 7/2 and 7. Since Viipole x —d - E, the phase lag is important because
then d and E are mostly aligned or mostly opposed for A < 0 and A > 0, respectively. Thus, Viipole = 0
for A 2 0.

17.3.1.1 Dipole Potential: Standard Form

By writing the dipole potential in a more standard form, we can see that it matches the result of a quantum
calculation, at least in the limit of low intensity. To do this, we first need to patch the classical result of
Eq. (17.54) as before by including the oscillator strength and summing over all transitions:

o
Vi — — ) ) I(r). 17.57
dipol Z 2mepco (w02j —w?)2 4 ’Vwa (r) ( )

Now to put this in more standard form, we need to define the saturation intensity for the atom. We defined
the saturation intensity before in Eq. (15.75) for a four-level laser, but we need to redo this for the two-level
atom. Recall that a nondegenerate, two-level atom has the steady state solution when driven on resonance
from Eq. (15.23)

Mo Buplwo) (17.58)
N1 A + Baip(wo)
Using N1 + Ny = N and Bjs = Bsp, we can solve this to find
& _ Bglp(w) _ O‘QI/hwo _ I/2Isat (17 59)
N A21 + 2B21p(w) A21 + 200]/7%00 1+ I/Isat ’ ’
where oy is the resonant cross section and we have defined the saturation intensity as
hwoy
Iy := , 17.60
¢ 20’0 ( )

and we have identified v = As;. Note that this definition differs by a factor of 2 from the four-level laser
definition (15.75), since here the ground state is not naturally depleted. For the maximum possible resonant
cross section of g = 3\2/2m (where there is no average over the dipole orientation), the saturation intensity
is Iat = 1.10 mW/cm? for '33Cs on the Dy transition (852 nm), while for 8"Rb on the same transition
(780 nm), the saturation intensity is Iz, = 1.67 mW/cm?. We can also write the saturation intensity in
terms of the oscillator strength by using Eq. (17.35), with the result

2

hUJOJ‘ m6()C()’yj
2f .
2e fOJ

Even though the above numerical values are often quoted for the saturation intensity, this is actually a
context-dependent quantity (as we can see from the difference of its value in the two- and four-level cases).
A safe but cumbersome approach is to use the quantum-mechanical formalism for angular momentum to
directly calculate the cross section and thus saturation intensity.

Lt = (17.61)

3Daniel A. Steck, “Cesium D Line Data,”” 2003. Available online at http://steck.us/alkalidata.
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Using Eq. (17.61), we can write the dipole potential (17.57) as

Z hwojvf wOQj — w2 I(r)
4 (wg —w)? +7iw? Lty

‘/dipole = - (1762)

J
This is the general expression for any frequency, so long as the intensity is small. To simplify this, we can
look at the functional form far away from all resonances (Jwg; — w| > «y; for all j) so that

Z ﬁwojvf 1 I(I‘)

4 (wz — wo2j) Isat,j

J
3 hy} ( 1 1 ) I(r)
N r 8 \w—wy wtwoj/) Lsatj

The first term in the parentheses is the inverse of the detuning, and represents the Stark shift due to the
atomic resonances. The second term can be interpreted as the weak, additional Stark shift due to resonances
at the corresponding negative frequencies. This secondary shift is always negative (like a red detuning),
and corresponds to the Bloch—Siegert shift. Note that this expression also recovers the de Stark shift (or
equivalently, the dc polarizability up to some universal factor) when w = 0, when both terms contribute
equal, negative energy shifts.

If one resonance is dominant (that is, the laser is tuned far away from resonance, but much closer to
one than all the others), then we can make the rotating-wave approximation and neglect the second term in
the parentheses of Eq. (17.63) to obtain

Vdipolc =
(17.63)

Ry 2
Vdipole - SLA] 55:3 B (1764)
where again A = w — wy is the detuning from resonance. Note that for a far-detuned, linearly polarized laser
creating this potential, it turns out that oo = A\@/2 is the appropriate resonant cross section, so the above
saturation intensity values should be multiplied by 3 before being used in this formula.

Typically, a focused, red-detuned, Gaussian laser beam is used to make a dipole trap or far-off
resonance trap (FORT)?* for atoms via the dipole force.> Below is an example image of about 10° 8"Rb
atoms confined in a dipole trap formed by a 10 W, 1090 nm Gaussian laser beam (far below the 780 and
794 nm main resonances) focused to a 31 um beam waist (1/e? radius), implying a Rayleigh length (depth
of focus along the beam direction) of 2.8 mm.

The dipole trap clearly runs from left to right with a slight downward angle; the dimensions of the image
are 270 x 29 CCD pixels (6.59 x 0.71 mm). This is an absorption image, where the shadow cast by the
atoms in a brief, resonant laser probe is imaged and recorded on a CCD camera. (The image greyscale is
inverted so the atoms appear bright rather than dark.)

But now the important question to address is under what conditions the trap is stable, since as the
atom scatters photons, it heats up until it boils out of the trap. So we will need to take a closer look at the
radiation of the Lorentz atom.

17.3.2 Radiation Pressure

Now we will examine the forces due to absorption and reemission of the incident light. We will begin by
examining the radiation process in detail.

4Steven L. Rolston, Christoph Gerz, Kristian Helmerson, P. S. Jessen, Paul D. Lett, William D. Phillips, R. J. Spreeuw, and
C. I. Westbrook, ‘“Trapping atoms with optical potentials,” Proceedings of SPIE 1726, 205 (1992) (doi: 10.1117/12.130392).

5The first observation of atoms trapped in a dipole-force potential was Steven Chu, J. E. Bjorkholm, A. Ashkin, and A.
Cable, “Experimental Observation of Optically Trapped Atoms,” Physical Review Letters 57, 314 (1986) (doi: 10.1103/Phys-
RevLett.57.314).
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17.3.2.1 Dipole Radiation

The electric and magnetic fields for an oscillating dipole are®

1 dD () dD(t, 1 d) (¢,

EM)(r,t) = [3(€-7)F — €] ( )—i— (tr) + E-T)F —€ 2( )
47'('6() 7”3 C(]T2 47'('6(] cyTr
) - (17.65)
sy |4 (E) | dT ()
H®) (r.4) =
(r,?) 4dm (€x7) cor? + cgr |’

where t, =t —1/c¢p is the retarded time, and € is the polarization unit vector of the applied field (and thus
the dipole orientation vector). Only the 1/r terms actually transport energy to infinity (i.e., they correspond
to radiation), so we can drop the rest to obtain

1 d) (t,
E®)(r,t) » — [(¢-7)7 — €] (t:)
4megcg T (17.66)
1 d'(-i-)(t )
(+) ~ 2 P T .
H) (r, 1) e (Ex7 "

The energy transport is governed by the Poynting vector, which we can write as

() =EH) x H) +cec.

1 |d(+))2
= Tom2eod 52 77 =& x (&7 x7) +ec (17.67)
0¢o
PP

_ R ) e,
167T2€0603 r2 < 7€) +ec

where we have used

=

[(6-7)F — €] x (8" x ) = (1 . é|2) 7 (17.68)

for the angular dependence.
There are two main possibilities for the polarization vector: the incident light can be linearly or
circularly polarized.

1. Linear polarization (¢ = 2): 1 — |#-&|> = sin?#. This is the usual “doughnut-shaped” radiation
pattern for an oscillating dipole.

2. Circular polarization (£ = &, := F(2 +i9)/V2): 1 — |7 -&|?

shaped” radiation pattern for a rotating dipole.

= (1 + cos?6)/2. This is a “peanut-

Here, 6 is the angle from the z-axis, while ¢ is the angle around the azimuth. Note that any arbitrary polar-
ization can be represented as a superposition of these three basis vectors. The (intensity /power) radiation
patterns for the linear and circular dipole cases are shown here.

6See John David Jackson, Classical Electrodynamics, 3rd ed. (Wiley, 1999), p. 411 or Peter W. Milonni and Joseph H.
Eberly, Lasers (Wiley, 1988), p. 44.
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circular dipole

linear
dipole

Y

The three-dimensional distributions are generated by sweeping these patterns around the z-axis.

The corresponding electric fields for the dipole radiation are polarized. From Eq. (17.66), we can see
that the polarization vector is proportional to (£-7#)7#—£&. For linear polarization (€ = ), this factor turns out
to be sin 6, while for circular polarization (é = é1+ = F(& +1i9)/V/2), the polarization vector is proportional
to (cos 00 F ig)e¥i® /1/2.

Now let’s define the angular-distribution function via

f:(60,0) = = (1-17-2P). (17.69)
8T
For linear and circular polarization, this takes the form

£:(0,6) = o sin?(6)
7T (17.70)

f+(0,0) = 16% [1 + 0082(9)] )

This function has the nice property that it is normalized, and thus represents a probability distribution for
photon emission in quantum mechanics:

[e.0d-1 (17.71)

Here, d€) = sin 0 df d¢ is the usual solid-angle element.

Now we can write the Poynting vector in terms of the angular-distribution function as
Foo|ld)2
) = —— 12 L0 (1772

3megey 2

The power radiated per unit solid angle is then

APrad 5,0 . D)2
_ = 2(6, ), 17.73
dQ r(8) -7 3meocd (©,9) ( )
and the total radiated power is
dP.aq |d'(+)|2 62|i(+)|2
Poaga= | dQ = = . 17.74
d / dQ 3reocs 3meocs ( )

Of course, the incident intensity is contained implicitly in the electron acceleration Z.
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17.3.2.2 Damping Coefficient

Now we can connect the radiated power to the damping term in the Lorentz model,” Eq. (17.6). Note that
the radiated power in Eq. (17.74) is the time-averaged power, since we used the complex representation. In
terms of the real displacement, we can make the replacement

..2
|#H)2 — % (17.75)

where the angle brackets denote the time average. Then the average work done by radiation reaction must
balance the energy emitted into the field:

x t 2 t
e
F -dx’:/F:bt’dt’ — /ijdt’
| ¥ sy =g [ @
2 t t
=——— | f/j: T
6megcy t to

Here F,, refers to the radiation-reaction force. If we pick ¢t —ty to be an integer multiple of the optical period,
the boundary term vanishes (it is also negligible for large ¢ — (). Then the radiation-reaction force is

(17.76)
dt’] .

o2
F,— S < 17.77
6meocd x ( )

Going back to the complex representation and noting that the displacement is a harmonic function,

o2 022
F) — () 0 () (17.78)
r 6meoc 67T600(33
If we define 5
e“wg
=_—"0 _ 17.79
v 67rmeoc§” ( )

then we recover the damping term in the harmonic oscillator:

F(H = —mryz(), (17.80)

This is the classical result for the spontaneous emission rate, which isn’t quite correct. Again, we can patch
this with the substitution e?/m —s (e?/m) fo;, with the result

. 62(.4)02jf0j

= . 17.81
6mmeocs ( )

Vi

This is consistent with Eq. (17.34) if we take oo; = 3A3/27 (i.e., no orientational average for the dipole).
Again, there are some subtleties here regarding the cross sections and orientational averages that are better
handled by angular-momentum algebra.

17.3.2.3 Photon Scattering Rate

Now we can compute the rate of photon scattering as a way to get to the rate of momentum transfer. We
can write the total radiated power from Eq. (17.74) in terms of the polarizability as

wlo(w)[”
2.4

Praga =
“ 6meyc

(17.82)

where we used d(t) = a(w)Eé+)e—iwt.

"This argument follows Alan Corney, Atomic and Laser Spectroscopy (Oxford, 1987), p. 230.
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As a brief aside, though, we can write down the scattering cross section from the total radiated power,
given the defining relation P,,q = oI:
4 2
w*|a(w
Gl (17.83)

ORayleigh =
ayies 6megcy

The overall scaling is as w* (neglecting the small modification due to the polarizability). This is the usual
explanation for why the sky is blue and sunsets are red: blue wavelengths are preferentially scattered by the
atmosphere, while red wavelengths are preferentially transmitted.

We can continue by writing out explicitly the polarizability in Eq. (17.82), using Eq. (17.30):

2
62w4 f()j

2,.2.2 2 _ 2 _ i~
6mm2escy — Wy — W — YW

Praa = I. (17.84)

Using Eq. (17.81) to eliminate the oscillator strengths,

2

Praa = 6mcZ > w gk I
= T C, _———————
rad O~ w wd — w? —iyw
) (17.85)
5 3/2
. E Z w 5 I
2 — V&0 wOZj —w? —iyjw \| Leat,j|
where we used 0¢; = 3\§/2m to write the saturation intensity as
Bwoivs  hwds
Loatj = =200 0 (17.86)

20‘0j 47T002

The photon scattering rate Ry is the radiated power divided by the photon energy hw:

3/2 2
Prad ’yj 1

W32
hw Zj V/2wo; Wo; — w 1w\ Lsat j

Ry = (17.87)

Again, this expression simplifies greatly for certain detunings. Near one resonance, we can ignore the
contribution of the others:

R~ ik :
T 2w wd — w? — iyw]|? L (17.88)
w? v? I

= QTJO (w2 — w?)? +72w2g

Using Eq. (17.30) restricted to a single resonance, we find
Rse = — —5Im[a]I(r), (17.89)

which shows the connection of the scattering rate (and hence the radiation pressure force below) to the
absorptive part of the polarizability.

Far away from the dominant resonance (|A| > +), but still close enough for the resonance to still
dominate, we find that
A S
~ SA2 Isat - BA dipole)
where in the last formula we have used Eq. (17.64) for the dipole potential. This result is of prime importance
in the design of an optical dipole trap. The photon scattering rate represents heating of the atoms, as we

R (17.90)
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will discuss, because of the random nature of photon emission. But the scattering rate and dipole potential

scale as
I

1

A2 A’
so that for a given desired potential depth, the scattering (heating) rate can be made very small by making
the detuning A large, and compensate by increasing the intensity. Thus, dipole traps with small heating
rates and hence long lifetimes (up to minutes for dipole traps created by COs laser light) can be created in
this way. Note that for a linearly polarized, far-detuned dipole trap where these scalings are valid, the same
saturation intensities are to be used to calculate the dipole force and scattering rate, as discussed above.

Ry (17.91)

; Vdipole 08

17.3.2.4 Scattering Force

Each photon carries a momentum of hky. Thus, the photon scattering rate implies a rate of momentum
transfer and thus a radiation pressure force of

Frad = hk(]Rsc];a (1792)

where k is the unit vector along the direction of the wave vector (propagation direction) k. Note that even
though we have invoked the concept of the photon here, which will be convenient when discussing the heating
rate, everything here is really classical, since the classical field momentum is related to the absorbed beam
power: F' =dp/dt = Paps/co = ol/cy.

To get a sense of scale of the momenta involved we can compute the recoil velocity v,, defined as
the velocity corresponding to one photon recoil momentum hkq:

_ 1y

- (17.93)

Ur
For 133Cs at 852 nm, v, = 3.5 mm/s, and for 8"Rb at 780 nm, v, = 5.9 mm/s, so the recoil velocity is orders
of magnitude smaller than typical room-temperature velocities.
Close to a single resonance, the scattering rate from Eq. (17.88) is

2)3 I
Ry = Az(:ly-/(’)?/w Isat’ (1794)

so that the radiation pressure force becomes

hko(v/2)* I

Fra = Ao . 7 _Javo
1T AT (7/2)? Isat

k. (17.95)

Again, depending on the polarization and exactly how close the detuning is (i.e., whether or not the hyperfine
structure is resolved), the appropriate value of the saturation intensity might be very different, so some
caution is necesary in applying these formulae.

17.3.3 Laser Cooling: Optical Molasses

Now let’s explore how we can use the radiation-pressure force to cool atoms. The simplest setup we can
consider is an atom moving with velocity v, exposed to identical but counterpropagating laser fields along
the velocity direction.

AVAVAVAVAV: o [ ]
laser 1 V— laser 2

The radiation-pressure force on the atom due to the two fields from Eq. (17.95) is

1 1 I
Frad = liko(7/2)? (A% T - 5 (W)?) Z (17.96)
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where Aj 5 are the effective detunings of the two lasers. The detunings of the two lasers are the same in
the laboratory frame, but the idea behind Doppler cooling is to tune the lasers below the atomic resonance,
so that the beam that opposes the atomic velocity is Doppler-shifted into resonance, thus tending to stop
the atom. With the pictured setup, the frequency of laser 1 is Doppler shifted (red shifted) by —kgv,
while the frequency of laser 2 is Doppler shifted (blue shifted) by +kov. Since the detunings are given by
A1 = w12 — wp, we can write

Al =A-— ]fo’l}
17.97
Ay = A+ koo, ( )
where A = w — wy is the detuning in the laboratory frame. Then the force is
1 1 I
Fraa = Tiko(v/2)? - —. 17.98
e (e P b e i) B (17.98)

Regarded as a function of velocity, this expression is the difference of two Lorentzians, each displaced by
|Al/ko from zero velocity. This force is plotted for A = —v/2, and the two offset Lorentzians are shown as
dashed lines.

E

Atrad

For small velocity [v < max(|]Al|,7)/ko], we can expand to lowest order in v to obtain the viscous damping
(“friction”) force:
hkZ~3 A 1
— .
2 [AQ + (7/2)2]2 Isat
Because this force is damping for A < 0, typically leading to heavily overdamped motion for trapped atoms,
this light configuration is called optical molasses.® The maximum damping rate occurs for A = —v/2v/3,
although it turns out that the optimal detuning is actually something else for reasons we will soon discuss.
The velocity capture range is the range in velocity for which the force is appreciable. Thus, the capture
range is on the order of

Frad =

(17.99)

A gl A

T U T T
assuming A ~ —v/2. For both 33Cs (y = 32.8 x 10% s71 \g = 852 nm) and ®"Rb (y = 38.1 x 105 s~ 1,
Ao = 780 nm), the capture range is about £2 m/s. Thus, only fairly slowly moving atoms can be cooled
at all with this method. Traditionally to load atomic traps, atoms were slowed by other methods from hot
atomic beams to below the capture velocity and then trapped. However, it is possible to load a trap from
room-temperature vapor with this method by capturing only the small fraction of the atoms with small
enough velocity.

(17.100)

8Steven Chu, J. E. Bjorkholm, A. Ashkin, and A. Cable, “Experimental Observation of Optically Trapped Atoms,” Physical
Review Letters 57, 314 (1986).
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17.3.3.1 Doppler Cooling Limit

For laser cooling in three dimensions, it is sufficient to simply combine three of the above one-dimensional
setups, one along each axis.”

NaVr”

Then we can write the force vector for small velocities as,

hk2~® A I

Frod = = A2 ¥ (/27 Tt ¥

(17.101)

where I is still the intensity of a single beam.

Our treatment so far makes it appear as though the atomic velocity may be damped completely away.
However, we have only considered the average cooling force. There are also fluctuations of the cooling force
that lead to a temperature limit. We will now derive this temperature limit, the Doppler limit, for the
cooling mechanism presented here.

Let’s look at the variance of the velocity distribution:

$<vz>2<v.‘2’>2<V.‘f£>2<v~Fmd>. (17.102)

My My

Here, m, is the atomic mass, and the angle brackets denote an ensemble average. With the small-velocity
expression (17.99) for the average cooling force, this equation of motion becomes

d, o hkgy? A I

£<v2>— oo WHWW}QE(M. (17.103)

Again, according to this differential equation, the velocity damps to zero for A < 0.

Now we will include the force fluctuations heuristically, since the fluctuations are quantum—mechanical
in origin (although there is a more general connection between damping and fluctuations known as the
fluctuation—dissipation theorem). In the course of scattering a photon from one of the laser beams, there is
a photon absorption and a photon emission. Each absorption leads to a momentum ‘‘kick” of magnitude
hko, and the direction is random but along one of the six beams. The emission is also in a random direction
(not in a dipole-radiation pattern if we assume all polarizations to be equally present), leading to a second
kick of magnitude hky in a random direction. Thus, a scattering event is effectively equivalent to two steps
in a random walk in velocity space, where the step size is hko/m,. These scattering events happen at the
scattering rate

(v/2)* 6l
A% 4 (7/2)? Lt
since there are six beams present. Recall from Section 11.5.1 that for a random walk, each step increases

(v?) by a fixed amount, given by the variance after one step starting from the origin. The three-dimensional
probability distribution for a single scattering event is confined to a shell of radius hkg/m, in velocity space

R = (17.104)

9Graphics by Windell Oskay.
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for either the absorption or emission event. The probability distribution is also inversion symmetric in either
case. Thus if the atom is initially at rest, then after one step in the random walk, we can write

hiko \ 2
Chud =0 = () = (22 (17.105)
ma
so that (v?) increases at the rate
hiko\
2R, ( 0) . (17.106)
My
Including the heating rate in Eq. (17.103), we find
d o hk2y? A I, . 393 1 I [hko\?
) = — = - 2 (X)) 17.107
" T B (/2P L T Y R (/2P T\ (a7.107)
In steady state, we can set the right-hand side to zero, with the result
3y 14 (2A/7)?
2
v2) = ) 17.108
0%) = L AT (17.108)
This is an expression for the equilibrium kinetic energy, which we can convert to a temperature via
1 3
5ma<v2> = Shks T, (17.109)

where kg is the Boltzmann constant. This gives

_ hy 14 (2A/~)?

ksT 17.110
R R TN (7410
The temperature is minimized for the detuning A = —v/2, giving the Doppler temperature 7T}:
h
ko T, = 77 (17.111)

This temperature is the best expected for Doppler cooling. For '23Cs at 852 nm, T, = 125 K, and for 3’Rb
at 780 nm, T, = 146 uK. These temperatures are extremely low. We can compare these temperatures to
the recoil temperature 7T;, which is the temperature corresponding to atoms with an average momentum
of one photon recoil hky (i.e., a one-dimensional rms momentum of one photon recoil):

(Rko)?
ma

For 133Cs, T, = 198 nK, and for 8"Rb, T, = 362 nK, so the Doppler limit is 7, = 6317, for ¥3Cs and
Ty, = 403 T, for 8"Rb. Since the (one-dimensional) rms velocity is

Ty (ko
rms — = ) 17.11
v T ( p— ) (17.113)

kg1, =

(17.112)

which is 8.8 cm/s for ¥3Cs and 12 cm/s for 3’Rb. These velocites are about three orders of magnitude
slower than room-temperature rms velocities.

It turns out that for alkali vapors, typical laser-cooled samples exhibit temperatures well below the
Doppler limit. Such “sub-Doppler” cooling is due to the degenerate level structure of alkali atoms.'® For
example, 133Cs can be laser cooled with the same general setup described above to about 2.5 pK.!!

10Sub-Doppler temperature were observed in some of the first laser cooling experiments. The first reported observation is P.
D. Lett, W. D. Phillips, S. L. Rolston, C. E. Tanner, R. N. Watts, and C. I. Westbrook, ‘“Optical molasses,” Journal of the
Optical Society of America B 6, 2084 (1989). A classic treatment of sub-Doppler cooling mechanisms is J. Dalibard and C.
Cohen-Tannoudji, ‘“‘Laser cooling below the Doppler limit by polarization gradients: simple theoretical models,” Journal of the
Optical Society of America B 6, 2023 (1989).

11C. Salomon, J. Dalibard, W. D. Phillips, A. Clairon, and S. Guellati, “Laser Cooling of Cesium Atoms below 3 upK,”
Europhysics Letters 12, 683 (1990).
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17.3.3.2 Magneto-Optical Trap

Optical molasses tends to stop atoms, making them ‘‘stuck,” but it does not confine atoms to a particular
place. A slight modification to the three-dimensional optical molasses is to impose the magnetic field due to
two opposed current loops in the ‘“‘anti-Helmholtz”” configuration. This arrangment is called the magneto-
optical trap (MOT).!2

The magnetic field vanishes at the center point of the trap, thus defining a point for atoms to accumulate.
We will not go into the operation of the trap in detail, but essentially the idea is very similar to laser cooling.
The additional complication is that the laser beams must all be correctly (circularly) polarized to address
magnetic substates in the degenerate excited level. The magnetic field gives a position-dependent ‘‘Zeeman”
shift of the transition frequency, such that if the atom is away from the center of the trap, the appropriate
beam comes into resonance and pushes it towards the trap center.!?

12Graphics by Windell Oskay.

13Jean Dalibard proposed the idea for the magneto-optical trap, and the MOT was first demonstrated by E. L. Raab, M.
Prentiss, Alex Cable, Steven Chu, and D. E. Pritchard, ‘“Trapping of Neutral Sodium Atoms with Radiation Pressure,” Physical
Review Letters 59, 2631 (1987).
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17.4 Exercises

Problem 17.1

What are the two types of optical forces on atoms? How are they related to the atomic polarizability?
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antireflection (AR) coating, 199

single layer, 180-181, 200

two layer, 181-183, 200
approximations

silly, 251
associated Laguerre polynomials, 107
atom optics, 338-351

dipole force, 338-341

Doppler temperature, 347-349

magneto-optical trap (MOT), 349-350

optical molasses, 346-349

radiation pressure, 341-349
attenuation index, 164
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paraxial regime, 222-223
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wave retarder, 142-144
Jones vector, 140-141

normalization, 141

orthogonality, 141

Kerr lens, 310
Klein—Cook parameter, 267
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diode, 169
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lasers, 285-318
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gain coefficient, 295-298, 301-304
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properties of, 285
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single-mode operation, 297-298
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three-level, 299-300, 312
threshold behavior, 288-290, 297
Law of Malus, 151
Legendre transformation, 48
Lensmaker’s formula, 31
light—atom interactions, 290-295
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line shape, 293
natural, 294
linear algebra, 17-19

linear transformation, 18, 20, 26
Liouville’s theorem, 48
Lord Rayleigh, 111
Lorentz model, 335338
damping coefficient, 343-344
Lorentzian
absorption, 322-323, 327, 336
line shape, 294
loss probability, 305
low-pass filter, 234

Mach-Zehnder interferometer, 84-86, 91
magnetic flux density, 71
magnetization density, 71
magneto-optical trap (MOT), 349-350
Malus, Law of, 151
matrix

characteristic polynomial, 19-20

definition, 17

determinant, 19-20
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eigenvectors, 19
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inverse, 18
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product, 18

sum, 18

trace, 20

transpose, 18
Maxwell equations, 79

in dielectric media, 70-74

in vacuum, 69-70
melting coin

cool movie, 166
MgF,, 181

Michelson interferometer, 86-88, 91, 276-277

Michelson-Morley experiment, 87
mirror
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parabolic, 25, 46

plane, 22

spherical, 24
mode, 105
mode locking, 309-310
monochromatic waves, 72-74
multiple refraction, 147

natural line width, 295

optical activity, 149-150
optical axis, 25

optical isolator, 151
optical molasses, 346-349
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optical path length, 21

optical power (of lens), 48

optical spectrum analyzer, 115, 124-126
confocal, 130

ordinary wave, 148

orthogonal functions, 65

oscillator strength, 336-337

paraxial approximation, 25, 26
paraxial wave equation, 93-94
Parseval’s Theorem, 283
Parseval’s theorem, 281
permeability, 69
permittivity, 69, 320
permutation symbol, 19
phase velocity, 323
photon lifetime, 311
photon scattering rate, 344-346
photonic crystal, 183
pinhole camera, 111
planar resonator, 35
Planck blackbody distribution, 293
plane wave, 79
plane waves, 75—78
plasma frequency, 335
plasma model, 334-335
Pockels cell, 152
Poisson equation
Green function, 216
Poisson sum rule, 67, 309
polarizability, 334
polarization, 77, 79, 137-152
birefringence, 146-149
circular, 139-140
cool movie, 144
electro-optic effect, 146
ellipse, 137-138
elliptical, 140
Faraday effect, 149, 150
Jones matrix, 141-146
Jones vector, 140-141
linear, 138-139
optical activity, 149-150
S and P, 155
polarization (of dielectric), 72
polarization density, 71, 319, 334
polarizer (linear), 142
polarizing angle, 157
power spectral density, 275
one- vs. two-sided, 277-279
power-equivalent width, 280, 283
Poynting vector, 70, 80
pulse spread

in optical fiber, 331-332

quantum efficiency, 306

quantum harmonic oscillator, 105
quantum Zeno effect, 151
quarter-wave plate, 142
quarter-wave stack, 183

radiation pressure, 341-349
radiation reaction, 343-344
radiation, dipole, 341-344
angular distribution, 343
random walk, 208-209, 348
rate equations
FEinstein’s, 292-295
ray matrix, 26
ray optics, 21-36
ray tracing, 36-44
ray-transfer matrix, 26
Rayleigh length, 94
recoil temperature, 349
recoil velocity, 346
reflectance, 157
refractive index
complex, 164, 321-323
fused silica, 332
refractive interface, 23-24
resonator
confocal, 36
confocal-planar, 35
planar, 35
spherical, 35
resonators, 31-36
equivalent waveguide, 31
periodic rays, 33-34
stability condition, 32-36
Rodrigues formula, 113
rotation matrix, 145

sample mean, 209
saturable absorber, 308, 310
saturation intensity, 289

for four-level laser, 302

for two-level atom, 340
scattering rate, photon, 344-346
schlieren imaging, 239-242, 251
Schrodinger equation, 94
Sellmeier formula

for fused silica, 332
set, 17

cartesian product, 17
signum function, 240
skin depth, 159, 165, 170
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skin effect, 165

small-signal gain coefficient, 289

Snell’s Law, 23-24, 29

spatial filter, 233-244
4-f imaging system, 233, 236, 239, 242
4-f setup, 252-254
central dark-ground imaging, 239, 251
cleaning Gaussian beam, 235-237, 250-251
directional, 234
high-pass, 234
low-pass, 234
phase-object visualization, 237-244
schlieren imaging, 239-242, 251
Zernike phase-contrast imaging, 238-239

speed of light, 21, 70

spherical wave, 108

spontaneous emission, 291, 296

standard deviation, 206, 207, 209
of mean, 209

step function, 239-240
Fourier transform, 239-240

stimulated emission, 291, 295-296

Stokes relations, 85-86
applied to beam splitter, 86

survival probability, 305

susceptibility, 319, 334

telescope, 49

TEM (transverse electromagnetic) wave, 99

TEM; ,,, mode, 105

thin-film reflection, 173-180
matrix formalism, 176-180
reflection-summation model, 173-176

thin-lens law, 47

Thomas—Reiche-Kuhn sum rule, 337

total internal reflection, 38, 158-161, 248
frustrated, 160

transfer matrix, 26

transmittance, 157

uncertainty principle, 96, 98
uncertainty relation, 280, 282, 283

variational principle, 22
vector, 18

vector space, 17-18
Verdet constant, 150
visibility, 279-280
Voigt profile, 294

wave equation, 70, 79, 163-164, 170
paraxial, 93-94

wave fronts, 75

wave meter, 87

wave plate, 142
multiple-order, 147
zero-order, 147
Wiener—Khinchin theorem, 274-279
optical, 275-279
Wigner transform, 102

Young double slit, 91, 227

Zernike phase-contrast imaging, 238-239
negative, 239
positive, 238
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