WRITTEN PRELIM EXAM - FIRST DAY
Spring 2011

EFebruary 15, 2011
8:30 a.m. to 12:00 p.m.

Answer all six questions. Start each answer on a new page.

In the upper right hand corner of each sheet you hand in, put your code number (NO NAMES PLEASE)
and the problem number. Staple together all sheets for a given problem.

Insert your answers into the manila envelope supplied and note which problems you have answered on the
outside of the envelope.

The following are some helpful items:

h=06.625x107%J .5 =4.134 x 10~ eV . V(e + ) = Ve + Vip
e=16x10"1¢C Vo = ¢Vip + ¢V

c=3.0x108m/s V- F+G)=V-F+V.G

kp =138 x 10723 J/K Ux(F+G)=VxF4+VxG

7 =5.67x 1078 W/K* . m? V(F-G) = (F V)G+(G-V)F+Fx (VxG)+Gx (V xF)
€0 = 8.85 x 10712 F/m V- (6F) = ¢(V-F)+F Vo

#o = 1.26 x 107° H/m V (FxG) =G -VXxF-F.VxGQ

sin(A -+ B) = sin Acos B + cos Asin B V(VXF) =0

cos(A + B) = cos Acos B F sin Asin B

2cos Acos B = cos(A ~ B) + cos(A + B)
2sin Asin B = cos(A — B) — cos(A + B)
2sin Acos B = sin(A + B) + sin(4 -~ B)

VX (¢F) =¢(VXF)+Vep x F
VX (FxG)=F(V-G) - G(V-F)+ (G V)F - (F- V)G
Vx(VxF)=VY(V.-F) - V2F

2cos Asin B = sin(A + B) - sin(4 — B) VxV¢=0

sin2A4 = 2sin A cos A $s(F - n) da = Sy (V- F) B
cos2A = 2cos? A — 1 $oF-dt = [(VXxF) nda
cos2A =1 - 2sin? A fgpnda = [, Vo B

sinhw = 4 (e% — e77) % F(G n)da= [,[F(V Q)+ (G- V)F]
coshw = % (e* + %) $s(n x F)da = [,(V x F) d
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Question 1

System of units: MKSA

In this problem you are asked to describe and explain Maxwell’s macroscopic equations in their
most general differential form, and also to describe the related boundary conditions. Explain (in
words) the meaning of the various parameters, operators, fields, and sources that appear in these
equations. Be brief but precise.

a) Explain the meaning of the various terms in Maxwell’s 1% equation, V-D(r,1)= ppee(r,1). How
is the displacement field related to the permittivity of free space, &, to the E-field, and to the
polarization P(r,£)? What boundary condition is derived from Maxwell’s 1% equation? What does
this boundary condition describe?

b) Explain the various terms in Maxwell’s 2" equation, VxH(r,1)= Jgee(r, 1)+ ED(r, 1)/ . What
boundary condition is derived from this equation, and what does the boundary condition imply
for the fields and sources at and around the boundary?

¢) Explain the various terms in Maxwell’s 3™ equation, VxE(r,t)=—B(r,1)/3t. How is the B-
field related to the permeability of free space, 1, to the H-field, and to the magnetization M(r,1)?
What boundary condition is derived from Maxwell’s 3™ equation, and what does the boundary
condition imply for the fields in the immediate vicinity of the boundary?

d) Explain the various terms in Maxwell’s 4" equation, V-B(r,t)=0. What boundary condition
is derived from this equation, and what does this boundary condition imply for the fields in the
immediate vicinity of the boundary?
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Question 2

Problem in paraxial optics
(Each part worth 1 point, except parts g and h which are worth 2 points each)

A three thin-lens optical system in air is telecentric in object space and should also be
telecentric in image space. The lens focal lengths are f; = 60 mm, £, = -120 mm, and
f; =480 mm. The object is circular with an object semidiameter (chief ray height) y, =

1.5 mm. The paraxial marginal ray angle in object space is uy = 0.2. The first lens is
located at a distance ty = 90 mm from the object. The second lens is located
t; =60 mm from lens 1. The paraxial image is formed following lens 3.

a. What is the minimum lens diameter d; for lens 1 which avoids vignetting?
. What is the minimum lens diameter d, for lens 2 which avoids vignetting?
c¢. Determine t;, the separation between lenses 2 and 3, such that the system is
telecentric in image space?
d. What are the paraxial image height and the transverse magnification?
What is the marginal ray angle u3 in image space?
f. What is the overall length from object to image?

o

After the system is built and mounted, the system requirements change. The new
specifications require that the magnification be decreased to one half of the initial
magnification. However, since the system has already been built, the position of the
image plane is no longer easily changed. To make minimal optical system changes, the
optical designer (you) decides to only move lens three and change its focal length,
keeping all other lenses and their positions the same. As a result, the image space cannot
remain telecentric. The marginal and chief rays remain the same from the object through
lenses 1 and 2, and in the space after lens 2. The paraxial image location is unchanged
but the new transverse magnification is one half its original value.

g. (2 points) What is the new marginal ray slope uyeys in image space?

h. (2 points) Find a new focal length fye.s and position tyews for lens 3 (spacing
between lens 2 and 3) which halves the transverse magnification while keeping
the overall length fixed.
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Question 3

Suppose a hydrogen atom is initially in its ground state Wipp. At time ¢ = 0 a monochromatic
laser field of the form E = %éEoe"i“’t + c.c. is turned on. The laser frequency is near resonance with
the n = 1 to n = 2 transition w, = (£ — Ey)/R, with detuning A = w — w,, where A < w,. In
this problem, assume the following: (1) spontaneous emission can be neglected; (2) the 2-level atom,
electric dipole and rotating wave approximations are all valid.

a. (1 pt) To what specific excited energy eigenstate(s), U,,.,, can a transition occur?

b. (1 pt) If the atom is found in this excited state after the field is shut off, what would we
measure for (1) the z-component of the electron’s orbital angular momentum, and (2) the magnitude
of the electron’s orbital angular momentum? Give numerical answers in units of % (the fundamental
unit of angular momentum).

c. (2 pt) Write out expressions that define the on-resonance Rabi frequency Q,, and the gener-
alized Rabi frequency €2, in terms of the dipole matrix element p and any other terms already defined
above.

d. (2 pt) Write the expression for the probability to find the atom in the energy eigenstate n = 2 as
a function of time in terms of the Rabi frequencies.

e. (3 pt) If A = 0, calculate the earliest time in which we can be certain to find the atom in
the excited state n = 2 if the field strength F, = (%’?) x 108 =~ 11.6 x 10° [C—]];] Provide a numeric
answer. See the bottom of this page for information you may find useful.

f. (1 pt) This semi-classical picture of light-matter interaction does not predict spontaneous emission
to occur from the excited state after the laser field is turned off. In a brief sentence or two, describe
what is missing in the semi-classical theory that is needed to account for the phenomena of sponta-
neous emission.

Below are useful expressions for calculating the dipole matrix element © = —e{y|T1ths) - €, where € is
the laser polarization and e is the electron charge, and a, used below is the Bohr radius (0.5x107%m]).

(1=0,m=0f1=1,m=0)=(0,0 /1

I=0m=0l=1m=1) = (—.\/g, —i\/g, 0)

((=0m=01=1,m=-1)=(/} -i/i 0

n=L1=0n=21=1)=129%,
n=L1=0|n=31=1)=0517aq
(n=2,1=0rn=231=1)=3.07a
(n=2,l=1rln=231=0)=009a
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Question 3

In this problem we consider classical and semiclassical, 2-level models for the interaction
between a gas of atoms with resonance frequency @, and a monochromatic plane wave with
frequency w.

For sufficiently low values of the atom density N, the electron oscillator (Lorentz atom) model
predicts the following dependence of the real and imaginary indices of refration:

ng(A) =1+37 g,(4), n,(A)=ng,(4),

where the detuning A =w,-w, and the functions g,(A) and g,(A) are normalized to have
maximum values of one.

(a) Write down expressions for g,(A) and g,(A). (2pts)

®) Write down the relationship between the complex & and « for the medium. Use this to
find an expression for the absorption coefficient a(A) (the rate of decay of the intensity
of the plave wave). (2pts)

Now consider a quantum mechanical, 2-level description of the atoms.

(© Under what conditions do we expect the electron oscillator and quantum 2-level
descriptions to give identical results for n,(A) and 1,(A)? (2pts)

(d) In the limit identified in (d), write down an expression for the frequency dependent
photon scattering cross section (A}, and for the corresponding absorption coefficient
a(A). Based on this, find an expression for the constant 717 that depends only on the
transition wavelength and the density N. (2pts)

(¢)  Compute the maximum value of n,(A) for a gas of ultracold atoms with A =589nm
N =10"%cm™ (typical for a Na Bose-Einstein condensate). Use the low density
approximation and assume there is no Dobbler broadening. (2pts)
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Question 4

The aperture below is used in the entrance pupil of an optical system that is used to image a self-
luminous object. The white rectangular areas are open parts of the aperture. o and B are
direction cosines in the entrance pupil.

a) (Spts) Sketch OTF(&,0) and OTF(0,n), where & = o/k and = B/A. Let L= lpm.

b) (5pts) Polarizers are placed over the apertures such that transmission through the upper
rectangle is polarized along B and transmission through the lower rectangle is polarized along
a. Sketch OTF(E,0) and OTF(0,1).
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Question 4

(a - 2pts) In the treatment of the Hermite-Gaussian modes of free-space
the terminology TEM,,, is employed to designate the modes. In this no-
tation what do the letters TEM stand for, and what can be inferred about
spatial structure of the mode labeled with the subscripts (m,n).

(b - 2pts) Sketch the form of the scaled Gaussian beam spot size (w(z)/wg)
and scaled inverse radius of curvature (z9/R(z)) versus scaled propagation
distance in the range —2 < (z/2z9) < 2 around the beam focus at z = 0,
making sure to indicate key features. Here wy is the focused CGaussian spot
size and zy the corresponding Rayleigh range.

(c - 1Ipt) List two distinct optical systems, that are not trivially related,
whose output transverse intensity profile is proportional to the modulus
squared of the Fourier transform of the input beam.

(d - 2pts) Sketch the layout of a Mach-Zehnder interferometer and state
whether it is based on division of amplitude or wavefont.

(e - Ipt) What roles do the transverse and longitudinal electric fields play
in the description of a system of atoms interacting with the electromagnetic
field?

(f - 2pts) Provide sketches of the characteristic arrangement of the inci-
dent optical field wavevector, acoustic wavevector, and the scattered field
components for both Bragg diffraction and Raman-Nath diffraction.
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Question 5

Consider a quantum well with infinite potential barriers. To be specific, consider only the
lowest state with wave function

&(z) = Acos(k,z)
and the quantum well being extending from ~1_/2 to +L /2.

(a) Write down the boundary conditions for the wave function.

(2 points)
(b) Using
'k
& =—rt
2m

with m=0.1m, (m, =electron mass in vacuum) determine the quantum well thickness
L, required for a quantum confinement shift of 200 meV. (Note: use

B/ my =7.62x107'° eV ecm? )

(8 points)
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Question 5

Answer the following questions related to semiconductor detectors. All parts weighted equally.

(a) What is the definition of a Bravais lattice? What is a primitive lattice vector? Write an
expression for a translation vector that spans the equivalent locations in a real-space Bravais
lattice.

(b) Write the 3D time-independent Shrédinger equation for a single electron in a Bravais lattice.
Show where periodicity is expressed in the Hamiltonian and explain what assumptions are
necessary to invoke the time-independent form of the Shrédinger equation to describe the
electronic structure and related properties of crystals.

(c) What is the Born-von Karman boundary condition for a simple orthorhombic crystal
(]a‘ # ’b’ # ]c sa=f=y=90)ifthere are Lx M x N copies of the unit cell in the a, b, and ¢
directions respectively? Why is it invoked?

(d) What is Bloch's theorem? Show that the application of Born-von Karman boundary condition
(for example for the case above) in combination with Bloch’s theorem leads to a discrete set of
possible k (momentum) values for the electrons to occupy.

(e) Sketch a one dimensional band diagram for the nearly-free electron model and compare it
with the free electron curve (hint: x-axis units are momentum, y-axis units are energy). Point out
the bandgaps and explain why they arise.

(f) What is the definition of the Fermi level (energy)? Write the expression for the Fermi-Dirac
distribution and state what it means. Use a sketch to show why pure Si and other intrinsic
semiconductors are insulators at absolute zero, but have modest conductivity at room
temperature.

(9) Explain why donor and acceptor impurities are added to Si. Sketch the location (in an energy
versus position band diagram) of donor and acceptor dopant states relative to the conduction and
valence bands and indicate where the Fermi levels are for N- and P-type Silicon.

(h) Draw the band structure of the PN junction, under conditions of a) no bias, b) forward bias
and c) reverse bias. Which are useful for photodetection?
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Question ©

Problem 1: Semiconductor pl1dtodiode and fiber optics link

(a) A photodetector is made of a semiconductor p-n junction. Sketch the ideal voltage
and current characteristic (i versus V) of the p-n junction under no light
illumination and some light illumination. (2 points)

(b) Describe the differences between a homojunction and a heterojunction. (1 points)

(¢) The detector is actually a p-i-n junction. What are the advantages of a p-i-n
junction over a p-n junction? (2 points)

(d) The photodetector responsivity is given by 0.5A/W. If the wavelength is 1.55
nﬁmnn&mdﬂwrthnmndewmaMeﬁmﬁﬁqusIUQA,WhmismephdeMde
sensitivity in dBm? (2 points)

(e) The detector is used in a 10 km optical fiber link with attenuation coefficient of
0.2dB/km. We can assume the total connectors and coupling loss to be 6 dB and a
safety margin of 6 dB, what is the minimum power (W) of the source laser, so that
we can use this detector to detect the transmitted signals. You can assume an
attenuation-limited system. (3 points)
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Question 6

For the wavefront error W = W,,p":

A. (1 points) What is the peak-to-valley wavefront error?
B. (4 points) Show that the wavefront variance o2, = %Wéo.
C. (2 points) Based on this result, what is the approximate Strehl ratio?

. . - . A .
D. (1 points) The Maréchal criterion says that a system with o, < m can be considered to be
diffraction limited. What value of Wo4o does this correspond to?

E. (2 points) How does the value of W4 calculated in part D compare to Rayleigh’s criterion for

a diffraction limited system?
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Question 6

For the wavefront error W = W,,p*:

A. (1 points) What is the peak-to-valley wavefront error?

4

B. (4 points) Show that the wavefront variance 2, =—W.,,.
45

C. (2 points) Based on this result, what is the approximate Strehl ratio?

. . o . A .
D. (1 points) The Maréchal criterion says that a system with ¢, < ) can be considered to be
diffraction limited. What value of Wy does this correspond to?

E. (2 points) How does the value of W4 calculated in part D compare to Rayleigh’s criterion for

a diffraction limited system?
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Question 6

Pick one of the following tomographic imaging systems:
PET
SPECT
MRI
CT
oCT
Answer the following questions for the chosen system:
a. (1 point) What do the initials stand for?
b. (1 point) What physical quantity is represented in the image?
c. (1 points) What kind of detector is used? Briefly, how does the detector work?

d. (2 points) How is the detector signal related to the physical quantity being imaged? Use
equations or sketches as needed in this part.

e. (2 points) What are the important noise sources? What measures can be used to improve
the signal-to-noise ratio in the raw data?

f. (3 points) How are the data processed in order to go from the detector signals to a
reconstruction of the physical quantity of interest? Give a specific example of a useful
reconstruction algorithm, stating the mathematical equation on which it is based. Define all
symbols used.
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Question 6
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The figure above shows a silicon photodiode. The thin undepleted region is made of silicon also. The refractive index of
silicon can be taken as " = 3.4 and the bandgap is E; =11ev. Al parts are equally weighted.

a. Explain what happens when light of wavelength 500 nm is incident on the diode. In what regions can the light be
absorbed?

b. Explain what happens when light of wavelength 5 um is incident on the diode. In what regions can the light the
absorbed in this case?

c. How does an optical photon absorbed in the depletion region result in a current in the diode
d. Sketch an appropriate circuit using an operational amplifier to sense the photocurrent; explain briefly how it works.

e. Sketch the responsivity of an ideal silicon diode (in A/W) as a function of wavelength. Compute the peak responsivity
and indicate it on your sketch.
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Answer all six questions. Start each answer on a new page.

In the upper right hand corner of each sheet you hand in, put your code number (NO NAMES PLEASE)
and the problem number. Staple together all sheets for a given problem.

Insert your answers into the manila envelope supplied and note which problems you have answered on the

outside of the envelope.

The following are some helpful items:

h=00625x10"34].5s=4.134 x 10~% eV . g V(p+1p) = Ve + Va

e=16x10"19C
c=3.0x10%m/s

kp =138 x10"2 J/K

Vi) = $Vh -+ V¢
V (F+G)=V.F+V.G
VX(F+G)=VxF+VxG

—rp -8 cd 2
0 =867 107" W/K" - m V(F-G) = (F-V)G+(G-V)F+F x (Vx G)+G x (V x F)

€ = 8.85 x 10712 F/m

to =1.26 x 1075 H/m

sin(A + B) = sin Acos B + cos Asin B

V- (@F) =¢(V - F)+F V¢
V(FxG) =G VXxF-F.VYxG
V. (VxF)=0

cos{A+ B) = cos Acos B F sin 4sin B

2cos Acos B = cos(A —
2sin Asin B = cos(A —
2sin Acos B = sin(A + B) + sin(A — B)
2cos Asin B = sin(A + B) — sin(4 — B)

sin2A = 2sin Acos A
cos2A4 =2cos? A~ 1
cos2A=1-9sin? A
sinhz = 721— (¥ —e™®)

coshy = % (e® 4 e™®)

Vx(¢F)=¢(VxF)+VpxF

Vx(FxG)=F(V -G)-G(V-F)+(G-V)F - (F- V)G
Vx(VxF)=V(V.F) - VF

V x V¢ =0

$(F -n)de = [,(V-F)dPx

$oFdl = [((VxF) nda

$gonda= [, Vo dx

$F(G-n)da= [,[F(V-G)+ (G V)F| &x

$s(n x F)da = [,(V x F) %

B) 4+ cos(A + B)
B) - cos(A + B)
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(1 pt)

(1 pt)

(I'pt

(I'pt)

(I pt)
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Question 7

System of units: MKSA

An electromagnetic plane-wave of frequency @ resides in free space. There are no free charges
and free currents, nor are there any polarization or magnetization in this space, i.e., pfee(r,f) =0,
Jtree(r,1)= 0, P(r,t)=0, and M(r,1)=0. In general the plane-wave is elliptically polarized.

a) Write an expression for the E-field distribution in space and time. Identify the propagation

direction (in terms of the k-vector), and the field amplitude. Specify the units of k, , and the
E-field.

b) What property of the E-field distribution in part (a) distinguishes a linearly-polarized plane-
wave from one that is circularly or elliptically polarized?

¢) Write an expression for the H-field distribution in space and time. Specify the units of the H-
field.

d) What constraint does Maxwell’s 1** equation, V-D(r,t)=0, impose on the various parameters
of this plane-wave?

e) What constraint does Maxwell’s 2™ equation, Vx H(r,t)=JD(r,t)/4t, impose on the various
parameters of this plane-wave?

f) What constraint does Maxwell’s 3" equation, Vx E(r,1)=~JB(r,1)/8t, impose on the various
parameters of this plane-wave?

g) What constraint does Maxwell’s 4™ equation, V-B(r,1)=0, impose on the various parameters
of this plane-wave?

h) Combining the various constraints obtained in parts (d)-(g) above, find the dispersion relation
in vacuum, which is the relationship among &, @, and the vacuum speed of light, c.
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An optical system consists of two thin lenses in air. The second thin lens has a focal
length of +20 mm. The first thin lens is placed at the front focal point of the second
thin lens. Light travels from left to right and the object is at infinity. There are nine
parts into this problem each worth different points as indicated.

a)
b)
c)

Make a neat drawing of the optical axis and both thin lenses. (0.5 points)

What are the units of optical power? (0.5 points)

What should the optical power of the first lens be to produce a longitudinal focus
shift of +1 mm with respect to the rear focal plane of the second lens (the focus
will be farther away from the second lens)? (3 points)

From now on assume that the focal length of the first lens is -20 mm. The Lagrange
invariant for the complete thin lens combination is 1.0. The object remains at
infinity.

d)
€)

f)
g)
h)

What is the optical power of the combination of the two thin lenses? (2 points)
Locate a stop aperture as to make lens combination telecentric in image space.
Add the stop to the drawing in a). (0.5 points)

Assume the aperture stop to have a diameter of 2 mm. What is the /# of the lens
combination? (1 point)

What is the formula that relates the radius of curvature of the two surfaces of a
thin lens in air to the lens focal length? (0.5 points)

What is the image height? (1 point)

Neatly draw the system layout showing the stop aperture, the marginal ray, the
chief ray and the location of the image plane. (1 point)
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Consider two non-interacting and distinguishable photons, each of which can be in an arbitrary
coherent superposition of x and y polarized states. We define a polarization observable S; for
photon j as Sj = [z;)(x;] — |y;){y;], where j € {1,2}. |x;), ly;) are the 2 and y polarized states,
respectively, with (z;|y;) = 0.

A Dasis for the two-photon state space is defined by the following state vectors:
|1 @2) (both photons are w-polarized)
lz1 y2) (photon 1 is z-polarized, photon 2 is y-polarized)
ly1 z2) (photon 1 is y-polarized, photon 2 is z-polarized)
ly1 y2) (both photons are y-polarized).

We now define the state |¢) as

= — {1 T -+ =1 1 A+ —=ly1 Y2) -
2 2 1 42 2 1 Y2 \/§Jl Y2

(a) 2 pts. If the two-photon system is in state |¢), what is the probability of finding photon
2 to be x-polarized? What is the probability of finding photon 2 to be y-polarized?

(b) 2 pts. If the system is initially in state |p) and then a measurement of the polarization
of photon 2 returns the result that this photon is y-polarized, what is the normalized state vector
of the two-photon system immediately after this measurement?

(c) 5 pts. Suppose that at time ¢ = 0 the system is in state [¢0(0)) = [¢). The system then
evolves under the Hamiltonian
H =15 + €57,

where €; and ey are constants. Write an expression for [1(t)), the state of the system at time ¢.
Then calculate the probability Pg(t) that at time ¢ the system would be found in the state |3)

defined by .
18) = s lon ) + 5l ).

Simplify your final answer as much as possible.

(d) 1 pt. Plot the function Pg(t) that you calculated in part (c).
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Consider a particle of mass m in a 1-dimensional potential of the form V(z) = %TI’ngllZQ, where w

is the characteristic frequency of the harmonic potential. At time ¢ = 0 it is known that the wave-
function for the particle is given by: ¥(z,0) = —\%wo + 71—562"7,/)2 + ayps, where 1), are the energy
eigenfunctions for this potential and o is a real and positive constant.

a. (1 pt) Calculate the numerical value for a.

b. (2 pt) Write out the wavefunction for the particle at some later time ¢ in terms of the en-
ergy eigenstates and w.

c. (2 pt) If a measurement of the particle’s energy is made at some time £ > 0, what are the
possible results of the measurement and the probability for each? Express your answer in terms of w.

Assume instead that the particle is now in the ground state of the potential well. It’s wavefunc-

mw 2

i y-alt v

tion is therefore given by: ¢, = ( 7—’7;’%)1/ Yem . Now suppose at some time ¢; the strength of the
potential well instantaneously increases (V(z) — V' (2))such that the new characteristic frequency of
the well is now w’ = 2w. The wavefunction for the particle in this new potential is initially unchanged,

mw 2

such that at time #; the wavefunction can still be written: U(x,ty) = (%"5)1/4 ez,
d. (1 pt) Is the particle in a stationary state of the new potential well V/(z)?

e. (2 pt) What is the probability that a measurement of the particle’s energy would now retwrn
the value of fiw/2?

f. (2 pt) Calculate the probability that a measurement of the particle’s energy would now return the
value hw.

. +o0 2
Hint for part (f): /7m= [ e % du

-0
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This question is related to electro-optics in a uniaxial crystal with point
group 42m with a DC electric field Epc applied along the Z-axis, for which
the index ellipsoid may be written as

xX* y* z
% EpeXY =1 1
nZ = nZ + n? v po ’ (1)

(X,Y,Z) being the principal axes system defined with respect to the or-
thonormal basis vectors X,Y, and Z.

(a - 2pts) Go through the explicit calculation to transform the index el-
lipsoid to the new axes system (z,y, z) defined with respect to the orthonor-
mal basis vectors &, 7, and 7, where Z = 2z, X = (z—y)/V2,Y = (z+v)/V2.

(b - 3pts) Show that with respect to the new axes system (z,y,z) the
crystal is effectively biaxial in the presence of the DC electric field, and
evaluate the principal refractive-indices ng,n,, and n, (you may assume
|TL%7‘63ED01 << 1).

(¢ - 1pt) Explain whether the electro-optic effect under consideration is the
Pockels effect or the Kerr effect.

(d - 3pts) For propagation along the z-axis in a crystal of length L, electro-
optic coefficient 763 = 26 x 1072 m/V, n, = 1.5, and a free-space wavelength
of A = 800 nm, calculate the minimum voltage V = |Epc|L that needs to
be applied along the z-axis of the crystal to realize a half-wave plate.

(e - Ipt) Is it possible to make an electro-optic half-wave plate as in part
(d) using an isotropic crystal?
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The diffracted amplitude and phase from each aperture shown below is measured at a
distance z from the aperture. The field measurements are denoted fi(x,y), where i = 1, 2,
... 11. Find four combinations of apertures such that Jilxy) = filxy) + filx,y), where
i#j#k. Assume identical measurement conditions for each aperture.  (Shading
indicates an opaque region.)

o0 8

(3) (6) (7 (8)

(10) transparent {11) opaque

Jixy) = fixp) + fulx.y)

(2.5 pts for each correct answer)
i j k
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Answer the following questions related to radiative transport. All parts weighted equally.

The radiative transport equation (RTE), or Bolzmann equation, describes the time evolution of a
phase-space distribution function w in terms of four processes: absorption, emission, propagation,

and scatter
dw | ow ‘l ow ow ] 814/]
—= = +|—= +|=
d[ L af _J(II),\' af CHUSS a[ [JI'(7[7 at RYa'dis

(a) What are the variables that w is a function of, and what are its units? What does it describe?

(b) What is the relationship between the distribution function and spectral photon radiance
L/),E 7

(¢) In class we derived forms for each of the terms in the transport equation and wrote an overall
spatio-temporal-integro-differential transport equation of the form

dw

dl = _Cm (/L[(I[?.\' + ILl.\'cul ) W+ ':"p\I:' - CIHS ’ VM} + ‘KM)

where K is an integral operator representing the scatter-in process. Show, by considering a
steady state solution in a homogeneous, source-free medium with no absorption or scatter, that
we can recover the optics result that radiance is constant along a ray.

(d) Now consider a steady state situation with propagation and absorption in a homogeneous
medium, but no source or scatter (in or out). If we know the distribution functionat z =0, and we

choose propagation direction § to point along the positive z-axis, what is the value of the
distribution function at some arbitrary location z = z’ along the positive z-axis.

(e) What name is commonly given to the relationship found in d ?
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The figure below shows the phonon dispersion of a 3-dimensional cubic crystal. The
horizontal axis is the wave vector in units of &, =27 /a, where a is the lattice constant.

The vertical axis is the frequency v in units of Hz (note that the angular frequency
is27v).

(a) Consider the left-most segment of the figure, labeled (£,0,0). Indicate the
longitudinal acoustic (LA) and transverse acoustic (TA) branch(es). Give a brief
justification for your answer. Instead of indicating it directly in the figure, you can just
draw that segment on your own paper and indicate the LA and TA branches there.

(3 points)

(b) Give an approximate estimate of the phonon energy ho (in units of meV) at which
infrared absorption can be expected to be strong. Indicate clearly in the figure (or your
own drawing of the figure) the point that you are using for the estimate. Note: you
cannot deduce an exact number from the figure, but you can, and should, be correct to
within approximately 10%. (/= 0.658 meV ps)

(3 points)

(c) Estimate the sound velocity (in units of m/s) in the crystal for longitudinal sound
waves, assuming a =5 A.

(4 points)

(22,5}

n
¥

FREQUENCY [10%Hz]

1
%)020&050£10080604Q20 01 02030405

REDUCED WAVE VECTOR
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A. [4 points] Radiometric quantities are defined fundamentally in terms of derivatives of the flux. For each of the
radiometric quantities listed below, give the customary symbols, the differential definitions and the S units. Be clear
about the meaning of all symbols you use.

a. Radiance

b. Irradiance

¢. Radiant intensity

B. [2 points] 1t is often said that ‘radiance is constant along aray’. Explain briefly what this statement means and list the
assumptions under which it is true. Provide a sketch if helpful to your explanation.

C. [4 points] Consider a uniform Lambertian source 5 cm in diameter that is centered on the optical axis and imaged at
1:1 magnification by an ideal (unaberrated) thin lens of focal length 2.5 cm and diameter 2.5 mm. Denote the radiance at

the source as Lg .

a. Provide a sketch showing how the radiance at a point on the optical axis in the image plane varies with position and flux
direction.
b. Provide a similar sketch for the radiance at a point 2 cm off the optical axis in the image plane.

c. Compute the irradiance at a point on the optical axis in the image plane.

d. Sketch the jrradiance in the image plane as a function of distance from the optical axis. Explain any salient features of
the sketch and label any pertinent dimensions.
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Manyopﬁcminﬁnnnaﬁsmec@s@nedU)MdhumanvwknnnsedngoMedsor
resolving details of objects that would otherwise not be visible

a. (Zpohns)Thehununlvmualgmtmnisckaﬂylnnnedhlhsabﬂnytoremﬂve
theﬁnedemﬂinnmnyOMea&IUSmamdthmwhehumanvmuMSyﬁemIms
an angular resolution of 1.5 arc minutes. Explain what angular resolution
Ineans,and\vhythehununleyehassuchalhnﬁ;(L&\Nhatproperﬁesofthe
eye determine why the angular resolution is not 1.5 arc sec).

b. (lpohu)Gh@ntheangubrremﬂuﬁonof15entrnhl&wtheey&\Nhatmthe
nnnnnunlseparaﬁonothoseHJunﬂnousponu(ﬁnedsthatcanjustbe
resolved. (For this part you can assume that in viewing these two points you
havetheabﬂnytornovethenlasckmetoorasfarammyfronlyouasyouhke
while keeping their separation constant),

¢. (1 point) Let’s assume the physical separation of the two self-luminous point
objects is 1.09 microns and you can’t resolve them as two points with the
naked eye. What magnifying power (MP) would you need for your
instrument to allow you to just resolve these as two points.

d. [2pohus)You\NorkatOptmalSdencesandhavernanyopﬁcalannponenm
and instruments available to you. Describe what you would use to achieve
the required MP in part c. (Be specific in describing what you are using. For
exarnple,ﬁﬁtiszishnplelens,vvhatisitsfbcallength,conjugates,?}

e. (2 points) Now assume that these two point objects are stars with a
separation of 0.015 arc min. Describe the instrument you would use in this
case in terms of what will give the necessary MP in order for you as the
observer to resolve these two points. (Again, be specific in describing the
instrunlentproperﬁes-—conﬁguraﬁon,focallengths,etc}

f. (1 point) Does the size of the aperture of the instrument you described in
part (e} come into play here in terms of what you can resolve using the
instrument as an aid to your normal vision? Explain

g. (1ponn)DoesthesmecﬁtheinsUmnnentapeNureconuzHno;ﬂayintennsof
how bright an object you can see? Explain.




Spring 2011 Comprehens;
obti 203 P sive Exam
Question 12

Two narrow-band red and green laser diodes are combined to create a new color. The red laser
diode has XYZ-tristimulus values of (Xg=1.2, Yr=0.5, Zz=0) (unit: watts-m™ -sr™") and the green
laser diode has XY Z-tristimulus values of (Xg=0.3, Yg=1, Zg=0) (unit: watts-m~ -sr ).

e (2 points) Compute the luminance values of the Red and Green laser diodes individually.

¢ (2 points) Compute the total luminance of the combined color.
e (3 points) Compute the xy-chromaticity coordinates of the Red and Green laser diodes,

individually.
e (3 points) Compute the xy-chromaticity coordinates of the combined color.
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A. [4 points] Radiometric quantities are defined fundamentally in terms of derivatives of the flux. For each of the
radiometric quantities listed below, give the customary symbols, the differential definitions and the S| units. Be clear

about the meaning of all symbols you use.
a. Radiance
b. Irradiance
¢. Radiant intensity

B. [2 points] It is often said that ‘radiance is constant along a ray’. Explain briefly what this statement means and list the
assumptions under which it is true. Provide a sketch if helpful to your explanation.

C. [4 points] Consider a uniform Lambertian source 5 cm in diameter that is centered on the optical axis and imaged at
1:1 magnification by an ideal (unaberrated) thin lens of focal length 2.5 cm and diameter 2.5 mm. Denote the radiance at

the source as £¢.

a. Provide a sketch showing how the radiance at a point on the optical axis in the image plane varies with position and flux
direction.

b. Provide a similar sketch for the radiance at a point 2 cm off the optical axis in the image plane.
¢. Compute the irradiance at a point on the optical axis in the image plane.

d. Sketch the irradiance in the image plane as a function of distance from the optical axis. Explain any salient features of
the sketch and label any pertinent dimensions.
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This problem concerns the step index optical fiber shown below:

y “
Vs N a=4x10%cm {4 um)
/ SN 2%,:
g [oa | "= 14510
core wm ) ny= 14440

cladding R

The fiber is made of fused silica, with the cladding pure fused silica and the core doped
with germanium jons in order to achieve the elevated refractive index required. The
refractive indices are given at 1.550 microns (1550nm), the wavelength at which light is
propagated.

a) Calculate the V parameter and numerical aperture for this fiber. (2 points)
b) Determine whether the fiber is single-mode or not at 1550nm. (2 points)

The fiber described above is then heated at a temperature such that the germanium ions in
the core diffuse out to a greater distance; we idealize the diffusion such that the new
expanded core fiber obtained is still step index, but with a core radius of 8 x 10 %cm (8
um).

¢) Obtain the V parameter and numerical aperture for this new expanded core fiber. You
will need to estimate the refractive index in the new core. (3 points)

d) For hermetic packaging, we need to coat optical fiber with a layer of gold. Would it be
better to choose the original fiber or the expanded core fiber for hermetic packaging?
Why? (2 points)

¢) When coupling to other optical waveguides or fibers, is the original fiber or the
expanded core fiber more sensitive to angular misalignment? (1 point)




