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PHYS 953 Nonlinear and Quantum Optics, Fall 2007
Lectures and Projects

Nonlinear Optics

Lecture 1: Introduction

Lecture 2: The linear susceptibility

Lecture 3: Dispersion: group and phase velocities

Lecture 4: Anharmonic oscillations of a material

Lecture 5: Properties of the nonlinear susceptibility

Lecture 6: Crystal structure and the nonlinear susceptibility

Lecture 7: Second order nonlinear effects

Lecture 8: Crystal structure and nonlinear optics

Lecture 9: Analytic results for second harmonic generation and SFG
Lecture 10: Difference frequency generation and optical parametric oscillators
Lecture 11: Quasi-phase matching

Lecture 12: SHG with ultrashort pulses

Lecture 13:

Lecture 14:

Lecture 15: Applications of SHG: Intensity autocorrelations
Lecture 16: Applications of SHG: Frequency resolved optical gating

Lecture 17: The carrier-envelope phase

Lecture 18: Third order optical nonlinearities: Four wave mixing
Lecture 19: Self phase modulation

Lecture 20:

Lecture 21: Ultrashort pulse propagation in optical fibers
Lecture 22: More on pulse propagation

Lecture 23: Applications of third order nonlinearities

Lecture 24: Self focusing

Lecture 25: Stimulated Raman scattering

Lecture 26: Coherent anti-Stokes Raman spectroscopy

Lecture 27: Quantum mechanical description of optical nonlinearities.
Lecture 28: Nonlinear optical perturbation theory

Quantum Optics

Lecture 29: What is a photon? Hanbury-Brown and Twiss experiment
Lecture 30: What is a photon? Aspect experiments of 1986

Lecture 31: What is a photon? Delayed choice experiment of Wheeler
Lecture 32: Quantization of single mode fields

Lecture 33: Multimode fields

Lecture 34: Coherent states

Lecture 35: More on coherent states

Lecture 36: Even more on coherent states

Lecture 37: Quantum mechanical description of beam splitters
Lecture 38: Single photon interferometry

Lecture 39: More on single photon interferometry

Lecture 40: Entanglement

Lecture 41: Bell’s inequality and the EPR argument

Lecture 42: Optical tests of the EPR experiment: violations of the Bell’s inequality

MiniProjects 1,2,3,4, and 5
Final Project



PHYS 953 — Adv. Topics/Non-linear and
Quantum Optics - Fall 2007

Lecture: M/W/F, 12:30-1:30 a.m.  Willard 25

Textbooks: Nonlinear Optics, Boyd; Introductory
Quantum Optics, Gerry and Knight;

Suggested References: Introduction to Quantum
Optics, From Light Quanta to Quantum Teleportation,
Paul; The Quantum Challenge, Greenstein and Zajonc;
Quantum Optics, Walls and Milburn; Coherence and
Quantum Optics, Mandel and Wolf; Nonlinear Optics,
Shen; Nonlinear Fiber Optics, Agrawal; Handbook of
Nonlinear Optics, Sutherland; Handbook of Nonlinear
Optical Crystals, Dmitriev, Gurzadyan, and Nikogosyan;
Electromagnetic Noise and Quantum Optical
Measurements, Haus;

Instructor: Dr. Brian R. Washburn, CW 36B, (785)
532-2263, washburn@phys.ksu.edu. Office hours:
M/W/F 9:30-10:30 PM or by appt.

Prerequisites: A solid foundation in undergraduate-
level quantum mechanics, electromagnetism, and
optics.

Course Objective: The purpose of this course is to
provide an introduction to the field of nonlinear
optics, exploring the physical mechanisms,
applications, and  experimental  techniques.
Furthermore the fundamentals of quantum optics
will be taught in the second half in this course.
Connections between quantum and nonlinear optics
will be highlighted throughout the semester. My
goal is for students to end up with a working
knowledge of nonlinear optics and a conceptual
understanding of the foundations of quantum optics.

Grading:
Exam 1 150 pts 300 pts
Exam 2 150 pts
Mini-Projects 500 pts
Final Project 200 pts
Total possible 1000 pts

Exams: There will be two exams during the
semester. The format will be a take-home exam to
be completed over 24 hours.

Mini-Projects: Problems in nonlinear and quantum
optics are quite involved, so traditional homework
assignments will not properly teach the material.
So, the homework for this course will be in the form

of mini-projects. The mini-projects will be a
detailed solution of interconnected problems
related to lecture topics. The problems will need
to be solved using resources beyond the textbook
and class notes. The purpose of the mini-projects
is to mimic problem-solving scenarios found in a
research environment.

There will be between 5-7 mini-projects, each
given with two or more weeks for completion.
Working on the mini-projects in groups is strongly
encouraged, but you will need to write up the
assignment on your own.

Final Project: There will be a final project for the
class but no final exam. The final project will be
an investigation of a topic or problem in the areas
of nonlinear and quantum optics, that will involve
a literature search and some original work. The
final project will consist of three parts:

Part 1: Abstract and bibliography

Part 2: 6 page paper plus references

Part 3: 15 minute presentation

Late Projects: No project will be accepted after
its due date unless prior arrangements have been
made. Sorry! Please inform me with possible
conflicts before the due date, and other
arrangements will be made (if you ask really
nicely).

Class Material: Extra class materials are posted
on K-state Online, including papers and tutorials.

Disabilities: If you have any condition such as a
physical or learning disability, which will make it
difficult for you to carry out the work as I have
outlined it or which will require academic
accommodations, please notify me and contact the
Disabled Students Office (Holton 202), in the first
two weeks of the course.

Plagiarism: Plagiarism and cheating are serious
offenses and may be punished by failure on the
exam, paper or project; failure in the course;
and/or expulsion from the University. For more
information refer to the “Academic Dishonesty”
policy in K-State Undergraduate Catalog and the
Undergraduate Honor System Policy on the
Provost’s web page: http://www.ksu.edu/honor/.

Copyright: This syllabus and all lectures copyright September 2007
by Brian R. Washburn.

BRW 8/16/2007



Tentative Course Schedule, Nonlinear and Quantum Optics, PHYS 953, Fall 2007

Date Topic Chapters | Projects
Aug. 20 (M) Introduction to nonlinear optics B1
—Class overview, review of linear optics and the semi-classical treatment of light
Aug. 22 (W) —Review of material dispersion: stuff you should know already B1
Aug. 24 (F) —The nonlinear susceptibility: formal definitions B1
Aug. 27 (M) —The nonlinear susceptibility: analogy to anharmonic motion Bl
Aug. 29 (W) —The nonlinear susceptibility: properties of materials B1
Aug. 31 (F) —Symmetry and nonlinear optical properties Bl
Sept. 3 (M) No Class
Sept. 5 (W) —The Maxwell’s wave equation in a nonlinear medium
Sept. 7 (F) Second order nonlinear effects B2
—Second harmonic generation -
Sept. 10 (M) —Phase matching in second harmonic crystals B2
Sept 12 (W) —Second harmonic generation with ultrashort pulses B2
Sept. 14 (F) —Difference and sum frequency generation B2
Sept. 17 (M) —Parametric amplification in crystals, optical parametric oscillators* B2
Sept. 19 (W) —Quasi-phasematching in periodically poled materials B2
Sept. 21 (F) Applications for second harmonic generation
—Ultrashort pulse measurement: intensity and interferometric autocorrelators
Sept. 24 (M) —Ultrashort pulse measurement: FROGs, SPIDERs, and TADPOLEs
Sept. 26 (W) Carrier-envelope phase measurement: the f-to-2f interferometer
Sept. 28 (F) Third order nonlinear effects B4
—Intensity dependent refractive index; four-wave mixing -
Oct. 1 (M) No Class
Oct. 3 (W) —Pulse propagation in a third order nonlinear medium: nonlinear fiber optics Exam 1
Oct 4 (U) Exam 1 Due
Oct. 5 (F) —Nonlinear fiber optics: solitons and similaritons B4, B13
Oct. 8 (M) —Spatial third order effects: self focusing and light bullets* B4, B13
Oct. 10 (W) Applications of third order effects and high-intensity lasers BI3
—Short pulse generation using nonlinear effects
Oct. 12 (F) —Nonlinear pulse compression in gases B13 _
Oct. 15 (M) Spontaneous and stimulated Raman scattering*® B9
—Spontaneous Raman scattering
Oct. 17 (W) —Stimulated Raman scattering in third order media, CARS spectroscopy* B9
Oct. 19 (F) Introduction to quantum optics Gl
—What is a photon? The Hanbury-Brown and Twiss experiment
Oct. 22 (M) —What is a photon? The Aspect experiments Gl
Oct. 24 (W) Field quantization and coherent states G2
—~Quantization of a single mode field
Oct. 26 (F) —Vacuum fluctuations and the zero-point energy G2 ;
Oct. 29 (M) —The quantum phase G3
Oct. 31 (W) —Cobherent states: light waves as harmonic oscillators G3
Nov. 2 (F) —Properties of coherent states, phase-space pictures G3
Nov. 5 (M) —Review of the density operator, phase-space probability functions G3
Nov. 7 (W) Emission and absorption of radiation by atoms G4, B6
—Atom-field interactions: classical and quantized fields
Nov. 9 (F) —Optical Bloch equations, the Rabi model G4, B6
Nov. 12 (M) —Ramsey fringes, the Jaynes-Cumming model* Exam 2
Nov. 13 (T) Exam 2 Due Final Project Part 1Due
Nov. 14 (W) Nonclassical light* G7
—Squeezed states, applications of squeezing in gravity wave detection
Nov. 16 (F) —Squeezing and nonlinear fiber optics
Nov. 19 (M) Bell’s theorem and quantum entanglement G9
—EPR Paradox and Bell’s Theorem
Nov. 21 (W) No Class
Nov. 23 (F) No Class
Nov. 26 (M) —Bell’s Theorem and the Aspect experiment G9 _
Nov. 28 (W) —Violation of Bell’s theorem using an optical parametric amplifier G9
Nov. 30 (F) Optical tests of quantum mechanics G9
—The Hong-Ou-Mandel interferometers
Dec.3 (M) —Quantum beats, quantum demolition measurements Final Project Part 2 Due
Dec. 5 (W) —The Franson experiment G9
Dec 7 (F) Final Project Presentation Final Project Part 3 Due
Dec 10 (M) Final Project Presentation, final exam period 4:10 p.m. - 6:00 p.m. Final Project Part 3 Due

Books: B= Boyd, Nonlinear Optics, G= Gerry and Knight, Introductory Quantum Optics; * denotes a topic that may be replaced with something much more interesting

BRW 8/16/2007
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sellemeier_fsi02_vZ.nb 1

Material Dispersion for Fused Silica

This notebook determines the wavelength index of refraction, group index, group velocity dispersion, quadratic and cubic
dispersion coefficients for bulk fused silica.

s Intial Definitions

Use c as the speed of light (in nm/fs).

e =299.792458 ;

= Determine Selimeier equations and the material dispersion for bulk fused silica

Define the Sellmeier equation and coefficients for fused silica, values taken from "Fundamentals of Optical Fibers", J.A.
Buck., pg 127. The equation is good for wavelengths in nanometers.

Bl =0.6961663; B2 = 0.4076426; B3 = 0.8974794;
Cl=0.0684043; C2=0.1162412; C3 = 9.896161;

Bl (A/1000)2 B2 (A /1000)2 B3 (A/1000)2
n,[A_] = 2 o - rald S o 1;
{(A/1000)2 -C1 (A/1000)% -C2 {A/71000)% -C3

Plot the index as a function of wavelength

Plot[ng[A}, {A, 200, 3000}, PlotRange ~> {All, All}, Frame -> True,
FrameLabel -> {"wavelength (nm}"*, “"Index"}]:

500 1000 1500 2000 2500 3000
wavelength {(nm)

Deterimine the group index N, using the expresion we derived in class.

Ny[A_] =no[A] -4 3, (n.[2]);



sellemeier_f3i02_v2.nb

Plot [Ng[A), {2, 200, 3000}, PlotRange -> {All, All}, Frame -> True,
FrameLabel -> {"wavelength {nm)", "Group Index"}];

Group Index
(=
[e2]
wun

500 1000 1500 2000 2500 3000
wavelength (nm)

The wavevector can be written in terms of a Taylor series as a function of w. Define the dispersion coefficients as 5,, f3,
and 8,. The units of the dispersion terms are nm/fs fs% /nm , and fs*/nm respectively.

BLIA] = —
NG
3
A = a A H
B2[A_] Py e [A]
¢
B3[A_] =

Py (3 (Faane[A]) + A (Orans[A]) )

Plot{p2[{A]., {A, 200, 3000}, PlotRange -> {All, All}, Frame -> True,
FrameLabel -> {"wavelength {(nm}", "beta 2"}];

0.0004 +

0.0002 ¢

beta 2

-0.0002}

-0.0004

500 1000 1500 2000 2500 3000
wavelength (nm)




sellemeier_f3i02_v2.nb

Plot[B3[A], {A, 200, 3000}, PlotRange ~> {All, All}, Frame -> True,
FrameLabel -> {"wavelength (nm})}®, "beta 3"}]:;

0.0035¢

0.003

0.0025

0.002

beta 3

0.0015
0.001

0.0005¢

ob >

500 1goo 1540 2000 2500 3000
wavelength (nm)

= Regions of normal and anomalous dispersion in fused silica

To find the region of normal and anomalous dispersion, we need to find the derivative of 1/v, , which is related to the group
velocity dispersion.

The normal dispersion region is where 3, % >0 The anamolous dispersion region is where 9, % <0
L) ¥

A 1
avgdA[A_] = — 8,
2n Ng[A]

H

Plot[dvgd).[.l], {A, 700, 3000}, PlotRange -> {All, All}, Frama -> True,

1
FrameLabel -> {"wavelength (nm)", "9, —*}]s
Vo

0.002 \
G 4
i
1 g g0zl
~
(w]
-0.004
-0.006} ]

1000 1500 2000 2500 3000
wavelength (nm)

From the graph we find that the zero group velocity dispersion wavelength is 1272 nm.
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Chapter 2

sid”™ g, 2, which illustrates SHG
: 8¢~ .d harmonic wave polarized
present the laboratory coordinate
represent the principal axes of the
detr = d,,,. However, in general
- of the tensor components in the
1gles 6 and ¢ as well. For most

or related to other components.
ses and for various optical wave

' Waves

the nonlinear polarization. The
e form of these eguations, for a
inits within a constant K, where
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dAg, . 2 .

d; =iK nz“’c dustAZ exp(idkz) (29)
d:z‘" zK—Z— oA’ Azy exp(—iAkZ) (30)
SFG.
dAg 2
a iK—= nm‘ destAp1 Ap2 eXp(iAkz) (3D

2 . ,
%’1 = Kn—mp;deffAsApz exp(—iAkz) (32)
pl
5‘% = iK i“’"z destAsAL) exp(—ilkz) (33)
p2C
DFG.
d;;; = zK deffA 1A » exp(iAkz) 34)
2
"j K_‘”_‘ Aoy exp(—ibk2) (35)
z
2 “ .
%2- =iK nmpj derAgApi eXplidkz) (36)
p2 .

These equations were first solved by Armstrong et al. [3]. In general, both the
modulus and phase of the complex field amplitudes are computed. However, to
compute the output intensities of the generated waves, only the modulus is used.
The intensity of a wave at some position z is given by

I, = 2egnacldel? (37
in SI units, and
Io = 2214, (38)
2w
in cgs units. The optical power of a given wave is computed from
P= [ I1dA (39
A
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60 Chapter

Table 10 Angle Phase Matching Formulas for DFG in Uniaxial Crystals
Type I

5?  [n2) — Qg1 /ApInt]? = (g1 /AaY(nd)

ooe sin?Opm =

(n3)* — (n* [ = Ovpr /N2 Ingy )
0 A A (1]
- { :;1 B (( 1“/);ﬂ)npz = O\pl/?\d)r
";1 - 2 ";2 _ il
J 1+ [(";1)2 l] $in“Opm J 1+ [(”;2)2 l] sin“Opm
Type O
oee (A1 /2adng 4 (Ap1/Np2dng, —
1+ [ﬁ"_ﬁf__ 1] sin?0 PR (G2 e i}
(ni)Z pm + (n;2)2 510" Ypg
o R o
e | { :; : - ((n‘:)ﬁhd)"d = (Ap1/Mg2)r
3y _ 2 1+[_d___1]'29m
\J 1+ [(n;1)2 1] sin” Opm \/ (n;)z sin“y,
e 32
€00 Sin®fp = (1) .
[/ Xadng + g1/ Ap2dng, ]
g (19,7 — [hp1 /A0 + (g1 Ag2InG, 1
(2t — ()
o e, = ()7 [0 = Ot /AP — Ot /A2 (n3)?

S = (n5) (73, — (hp1/Ma)n3T

It is noted that for some cases, analytical results for 8, cannot be obtaine
In these situations, the phase matching angle must be calculated numericall
This is very straightforward using available software packages.

A simple example is given using the roor function of Mathcad®. Type
SHG is potassium dihydrogen phosphate (KDP), a negative uniaxial crystal,
considered. The fundamental wavelength is 800 am and the second harmor
wavelength is 400nm, for which nl = 1.501924, n] = 1.463708, n3,
1.524481, and n§, = 1.430244 [7]. The computation takes only a few secon
and the computed angle, 70.204°, is accurate to <0.1%.

*Mathcad is a registered trademark of MathSoft, Inc., Cambridge, MA.
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Table 4 Frequency Conversion Efficiency Formulas in the Infinite Plane Wave
Approximation, Including Pump Depletion

SHG g, = tanh®(L/Ly)

1 2egnL Ry, cNl 1 12 RauCh
= = SI = e e
I = i VT L© Gb b =m0 B

w0 - -2
: ptp

1 ZSOanpzn,ckng\, 1 Rt Mpa M, C)\pz)tg
= 1/ ST = p! Zp2 %
L dndes I, 0) Sh e 167 d 2111 (0)

X
DFG my=- fS“I[E(L/LNL), iv] 72 = ip?ipfgg;
e

1 2e9h01 B2 chpa g . 1 o Mpa g G hg
L = pL™p. P ST L — pifip2Rdt-Ap2
M dmdy | I.1(0) (5D M {6n2de 20l (0)

(cgs)

(cgs)

1.0 ——r—r——————— N —
0.8 [ AKLwO ~—_ y
! J
0.6 _
a AkL=3
£ _ N
0.4 B 1
v ;
[ akL=S ]
0.2 F j
L AkLat0 ]
L — ]
0-0 n " a L [Ire. 1 i P
0.0 0.2 0.4 0.6 0.8 1.0
z/L

Flgure 6 Normalized conversion efficiency as a function of position in a nonlinear
medium for various values of phase mismatch for SHG, SFG, and DFG.



Table 6 Limiting Forms of the DFG Efficiency in the Infinite Plane Wave
« Approximation, Including Pump Depletion
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when vy =1 and y < 1 are given in Table 5.

Table 5 Limiting Forms of SFG Efficiency Formulas in the Infinite Plane Wave
Approximation, Including Pump Depletion
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* Table 7 Frequency Conversion Efficiency Formulas in the Infinite Plane‘Wave
Approximation, Including Pump Depletion and the Effects of Phase Matching
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Figure 25 Normalized SHG intensity as a function of position in perfectly pha
matched, first order quasi-phase matched, and third order quasi-phase matched nonline
media.

analysis is a scaled dimensionless wave vector mismatch As, which

proportional to Ak and inversely proportional to the pump intensity. Rustagi et ¢
determined that in an ideal stack of plates a relative phase change of w radians ¢
propagation through each plate is required for proper QPM. Note that this is ¢
same requirement determined in the nondepleted pump regime. Howeve

Table 3§ Frequency Conversion Efficiencies in the Infinite Plane Wave,
Nondepleted Pump Approximation for mth order Quasi-Phase Matched Interactions
in a Stack of N Plates
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Initial Field

@®
E@)
Constraint 1

. ®
E, .y == E() = [E,, (t,0dt =P E; (.0 =EMEC-7)
)

® €)
FE,, (@1} F{E,, .0}

@ Replace magnitude of E(®,T) v

' with /7 0, T) Constraint2
E, (1) rrog (€ T) i

= T oo (©.T) exp(iQ(e)) “

Figure 2.15  The FROG algorithm with generalized projections.
The steps of the FROG algorithm are:
@ First, an initial guess electric field, E(¢), is generated, typically intensity noise
or Gaussian profile.
@ The quantity Eg,(2,7) is calculated by Eq. (2.15), applying Constraint #1.
@ The quantity Eq(,7) is determined using the 1D Fourier transform with
respect to r.
@ In the frequency domain, the magnitude of Eg(,T) is replaced by the

experimental spectrogram /1., (®,7) while the phase is kept the same,
applying Constraint #2.
® The 1D inverse Fourier transform is performed to obtain E,, (1, 7).

(w,7)

® Finally, anew E (1) is calculated from E, (¢,7).

The new field E (f) is used as the new input to step @ and the process repeats. At the

K™ iteration the FROG error G is calculated by

1 N N 2
G=\/—222[1;;’%(@.-,1,-)—Imwnm] -
N =1 j=I (2'37)

65
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Pulseshape Comparison.nb

Comparison of Ultrashort Pulse Functional Forms for
the electric field: Gaussian and Sech

Brian Washburn version 1 9/21/07

Off [General::spell]:
<< Graphics 'Graphics"

1 wish to plot a sech’pulse and a Gaussian pulse with the same intensity full width at half maximum and peak power.

At =100; Po=1;

2
egft_) =P, Exp[—ZLog{Z] (A—tt-) ],- es[t_] = "/P—oSECh[ZArcSech[m:' I“‘;;]'

Ig[t_] =eg(t] xConjugate[eg[t]]; Is[t ] =es[t]«Conjugatefes[t]];

Here I plot both pulse shapes. The Gaussian is the solid line and the sech? is the dotted line. The hyperbolic secant pulse
has wider wings, which is quite pronounced on the Log plot.

pl = Plot[{Ig[t], Is[t]}, {t, -500, 500},
Frame -> True, PlotRange -» {All, All}, FrameLabel ->
{StyleForm{"time (fs)", FontSize > 14], StyleForm["Intengity", FontSize » 14]},
PlotStyle - {{RGBColor[l, 0, 0], Thickness[0.01]}, {RGBColox[0, 0, 1],
Dashing[{0.01, 0.05, 0.05, 0.05}], Thickness[0.01]}}, DisplayFunction -+ Identity];
p2 = LogPlot{{Ig[t], Is[t]}, {t, -500, 500}, Frame -> True, PlotRange -> {All, {1075, 1}},
Framel.abel -> {StyleForm["time (fs)", FontSize - 14],
StyleForm["Log;, {Intensity)", FontSize » 14] },
PlotStyle » { {RGBColor[l, 0, 0], Thickness[0.01]1}, {RGBColox[D, O, 1],
Dashing[{0.01, 0.05, 0.05, 0.05}], Thickness[{(.01]}}, DisplayFunction - Identity];

Show[GraphicsArray[{pl, p2}]]:
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John Scott Russell and the solitary wave http:/fwww ma.hw.ac uk/~chris/scott_russell.html

Heriot-Watt University

Department of Mathematics

John Scott Russell and the solitary wave

Over one hundred and fifty years ago, while conducting experiments to determine the most efficient design for canal boats, a young Scottish
engineer named John Scott Russell (18C8-1882) made u remarkable scientific discovery. As he described it in his "Report on Waves”: (Report of
the fourteenth meeting of the British Association for the Advancement of Science, York, September 1844 (London 1845), pp 311-390, Plates
XLVIL-LVID.

T was observing the motion of u bout which was rapidly drawn along a narrow channel by a pair of horses, when the boat suddenly stopped - not so the mass of
water in the channel which it had put in motion; it accumulated round the prow of the vessel in a state of violent agitation, then suddenly leaving it behind, rolled
forward with great velocity, assuming the form of a large solitary elevation, a rounded, smooth and well-defined heap of water. which continued its course along
the channel apparently without change of form or diminution of speed. I followed it on horseback, and overtook it still rolling on at a rate of some eight or nine
miles an hour, preserving its original figure some thirty feet long and a foot to a foot and a half in height. Its height gradually diminished, and after 2 chase of one
or two miles 1 lost it in the windings of the channel. Such, in the month of August 1834, was my first chance interview with that singular and beautiful
phenomenon which Lhave called the Wave of Translation”.

(Cet pussage en francais)

This event took place on the Union Canal at Hermiston, very close to the Riccarton campus of Heriot-Watt University, Edinburgh.

Throughout his life Russell remained convinced that his solitary wave (the > Wuve of Translation"} was of fundamental importance, but ninteenth and early twentieth century
scientists thought otherwise. His fame has rested on other achievements. To mention some of his many and varied activities, he developed the "wave line” system of hull
construction which revolutionized ninteenth century naval architecture, and was awarded the gold medal of the Royal Society of Edinburgh in 1837, He began steam carriage
service between Glasgow und Paisley in 1834, and made one of the first experimental observations of the "Doppler shift” of sound frequency as a train passes. He reorganized
the Royal Society of Arts, founded the Institution of Naval Architects und in 1849 was elected Fellow of the Royal Society of London. He designed (with Brunel) the "Greut
Eastern” and built it: he designed the Vienna Rotunda and helped to design Britain's first armoured warship (the "Warrior”), He developed a curriculum for technical education
in Britain, and it has recemly become known that he attempted to negotiate peace during the American Civil War.

It was not until the mid 1960's when applied scientists began to use modem digital computers to study nonlinear wave propagation that the soundness of Russell's early ideas
began to be appreciated. He viewed the solitary wave as a self-sufficient dynamic entity, a "thing" displaying many properties of a particle. Front the modern perspective it is
used as a constructive element to formulate the complex dynumical behaviour of wave systems throughout science: from hydrodynamics to nonlineur optics, from plasmas to
shock waves. from tornados to the Great Red Spot of Jupiter, from the elementary particles of matter to the elementary particles of thought.

For a more detailed and technical account of the solitary wave, see for example R K Bullough, "The Wave” “par excellence”, the solitary, progressive great wave of
equilibrium of the fluid - an early history of the solitury wave, in Solitons, ed. M Lakshmanan, Springer Series in Nonlinear Dynaimnics, 1988, 150-281, or "The Spirited Horse,
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Figure 4-1 FWM Stokes and anti-Stokes components due to propagation in standard SMF
near the zero dispersion wavelength (1319 nm). Stimulated Raman scattering also is present
which produces spectral components near 1400 nm. Figure reproduced from Ref. [Lin, 1981 #32].
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;» however, is discussed in
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terms in the expression for

D an (1)

@y = @)

ecules per unit volume, the
ate for gases or molecular
mnt distribution. For solids
itructure, the eigenstates are
distribution. The expression
Since the band states form
the resonant denominators
n with the photon wavevec-
he form®

X< alrndo, @

- a, ()]
SO gl @)
LT _u(‘l)]
L{c,q(r|v, q)
2+ 0, (Q)] (2.18)
(¢, qlrl|v, q)
L+ @, (q)]
O qlr v, @
y + w0, (q)]
{c, qlrlv, ¢)

2 = @, ()] } 5@

" are the band indices, and
.q).

d arising from the induced
t factor L™ should then
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Diagrammatic Technique 19

appear as a multiplication factor in x ‘™). We discuss the local ﬁv:‘:ld cqrrectipn
in more detail in Section 2.4. For Bloch (band-state) electrons in solids with
wavefunctions extended over many unit cells, the local field tends to get
averaged out, and L™ may approach 1.

2.3 DIAGRAMMATIC TECHNIQUE

Perturbation calculations can be facilitated with the help of diagrams.
Feynman diagrams have been used in perturbation calculations on wavefunc-
tions. Here, since the density matrices involve products of two wavefunctions,
perturbation calculations require a kind of double-Feynman diagram, We
introduce in this section a technique devised by Yee and Gustafson.’ Only the
steady-state response is considered here. o

The important aspects of any diagrammatic technique are that the diagrams
provide a simple picture to the corresponding physical process as well‘ as
allowing one to write down immediately the cone§pondmg mathematical
expression. It is essential to find the complete set of d1agramsAfor a pgrturba-
tion process of a given order. The scheme we adopt for calculating pt™ involves
in each diagram a pair of Feynman diagrams with two lines of propagation,
one for the |¢ ) side of p and the other for the (/| side. Figure 2.1 shows one of

jn> <nf
W\\\
|3 >
In n—1
| >
w,
" <cl Wy

/-" ws

Fig. 2.1 A representative double-Feynman
lg> <gl diagram describing one of the many terms
e w=w +wt -+ w,)
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5‘ the many diagrams describing the various terms in p(w = w; + @, + --+ +
! @, ). The system starts initially from |g){g| with a population p{$. The ket state
: propagates from |g) to |n’) through interaction with the radiation field at
! @y, Wy, .. .,w,, and the bra state propagates from (g| to (n| through interactior
with the field at w,,...,w,_,. Then, the final interaction with the output field at
w puts the system in |n){n| Through permutation of the interaction vertices
and rearrangement of the positions of the vertices on the lines of propagation,
the other diagrams for p{™ can also be drawn.
The microscopic expression for a given diagram can now be obtained using
the following general rules describing the various multiplication factors:
1 The system starts with |g)p0(gl.
2 The propagation of the ket state appears as multiplication factors on the
left, and that of the bra state on the right.

3 A vertex bringing |a) to |b) through absorption at w; on the left (ket) side
of the diagram is described by the matrix element (1/ih){(b|5, («;)a)
' (b}

with o, (w;) @ e~*“# | denoted by in Fig. 2.1{. If it is emission

o | la)
| ®
w; | lay

(1/iR)(b| H#}, (w;)]a). Because of the adjoint nature between the bra and

ket sides, an absorption process on the ket side appears as an emission

process on the bra side, and vice versa.* Therefore, on the right (bra) side
(b]

of the diagram, the vertices for emission and absorption

((b] +/“’i (a)| w
(a]

are described by —(1/ih){a)#, (w;}b) and —(1/ik){a|
L (w;)|b), tespectively.

4 Propagation from the jth vertex to the (j + 1)th vertex along the |/){k|
double lines is described by the propagator I, = +[i(X/ 0, — w, +
iT;,)] ! The frequency w, is taken as positive if absorption of w; at the ith™
vertex occurs on the left or emission of w; on the right; it is taken as
negative if absorption of w; occurs on the right or emission on the left.

5 'The final state of the system is described by the product of the final ket and
bra states, for example, [n'){n| after the nth vertex in Fig. 2.1 for p(™,

6 The product of all factors describes the propagation from |g){g| to {#"){n|
through a particular set of states in the diagram. Summation of these

instead of absorption, the vertex should be described by

i *1f the field is also quantized, #,, (w; ) operating on a ket state will annihilate a photon at w;, while
i if operating on a bra state it will create a photon.
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"The Importance of Writing"

by Louis Bloomfield. Professor of Physics, University of Virginiu, Charlottesvitle. VA 22004

Originally published on the Commentary Page of the Philadelphia Inguirer on Sunday, April 4, 2004, edited by John Timpane.

Writing is hard work and all the marvels of medern technology haven't made it any easier. Vast resources now lie just keystrokes away, but the basic ant of assembling one’s
thoughts into engaging prosc is little changed since the days of paper and pencil. While mindless information doubles every three years, thoughtful writing still proceeds at an
old fushioned pace.

Unfortunately. the timeless navure of writing isn't shared by its fraudulent imitation: plagiarism. Though nearly as uncient as writing itself. plagiarism adapts quickly to new
technology. With a web ful) of seemingly ownerless prose. plagiarism is as easy as cut-and-paste. And if you don't see exactly what you want for free, you can buy it online at
uny number of “paper mills.”

But a more insidious wiy in which technology has fostered plagiarism is by shifting cus sttention from content to appearance. A well-written student paper is no longer “A™
work unless it's printed in color on glossy paper. with fonts and images and an accompanying multimedia presentation. Students feel expected 10 turn in the best pupers ever
written, not the best papers they can write themselves. So they assemble these papers. With hours invested in the decorations, students feel justified in steating some or al} of
the text. After all, they “couldn’t have said it any benter” themselves.

In addition to its easy rationalization by people seeking the rewards of writing without the associated effort, plagiarism is also widely misunderstood. It isn't limited to the theft
of another person’s words: it also includes the theft of their ideas. More generally, plagiarism is any form of dishonesty about suthorship. A reader or listener should always
know whose thoughts they're hearing.

Plagiarism 1sn’1 a victimless crime. 1t deprives its readers of their time and trust, and its true authors of their good names. In academia. plagiarism inflates grades relative to
education and devalues honest scholarship. Among suthors and journalists. plagiarism cheapens the very art of writing, much as performance enhancing drugs cheapen so
many sports. Plagiarism is as much 4 problem of morale as it is of ethics.

— Prosecuting plagiarisis is a miserable undertaking. It brings joy to no one. as I know from sad experience at the University of Virginia. After uncovered exiensive plagiarism in

’ my large mtroductory physics class in 2001. | spent two years dealing with endless honor cuses. But | view that episode as an anti-scandal-—as an enlightened community
aking action against 1 mishehaving few in order to maintain its own inteflectual integrity. Eliminating plagiarism isn’t aboul the plagiarists; it's about supporting the honest
people by giving them u fair environmemt.

Plagiarism isn't an cbscure tweed-collar crime. s a sorry fuct of life everywhere and any school or organization that feels untainted is probably in denial. With plagtarism so
commonplace. an organization thit deals openly with it deserves our support. not cur condemnation. There is no scandal in cleaning house. The scandal is in tolerating or
covering up plagiarism.

Unfortunately, plagiarism is openly tolerated in the most public sectors of modern life. 1t wasn't atways that way. Linceln didn't just perform his Gettysburg address; he
actually wrote it. What huppened 1o that tradition of intellectual honesty in public speech? With ghostwriting so ubiquitous ameng the rich and powerful, it's no wonder that
young people see little value in tearning 1o write well. They view writing the way they view cieaning their rooms—an unpleasant chore they i do onty until they can afford to
hire someone else.

‘When students believe that writing assignments are merely hazing ntuals, hurdles on the path to success in life, some will inevitably plagiurize. And when instructors assign
writing that has no clear educational goals, how can the students value it? Having explicitty stated goals is both good discipline and a way 1o avoid misunderstandings. If
students believe un assignment is “busy work.” some will be busy cheating.

Finully, students necd to be taught that the act of writing is intrinsically valuable to them. It crystallizes one’s thoughts in o way that pothing else can. As a phystcist. | find that
1 often learn more from writing papers and proposuls than | do from working in the Joboratory. I rarely find writing easy. but 1 always find it rewarding.

Caopyright 1997-2006 ©® Louis A, Bloomfield, All Rights Reserved
Puge Last Updated: Aprif 12, 2004

I of | 11/26/2007 10:52 AM
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From the Board of Editors: on Plagiarism

Dear Colleagues:

There has been a significant increase in the number of duplicate submissions and plagia-
rism cases reported in all major journals, including the journals of the Optical Society of
America. Duplicate submissions and plagiarism can take many forms, and all of them are
violations of professional ethics, the copyright agreement that an author signs along with
the submission of a paper, and OSA’s published Author Guidelines. There must be a sig-
nificant component of new science for a paper to be publishable. The copying of large seg-
ments of text from previously published or in-press papers with only minor cosmetic
changes is not acceptable and can lead to the rejection of papers.

Duplicate submission: Duplicate submission is the most common ethics violation encoun-
tered. Duplicate submission is the submission of substantially similar papers to more than
one journal. There is a misperception in a small fraction of the scientific community that
duplicate submission is acceptable because it sometimes takes a long time to get a paper
reviewed and because one of the papers can be withdrawn at any time. This is a clear vio-
lation of professional ethics and of the copyright agreement that is signed on submission.
Duplicate submission harms the whole community because editors and reviewers waste
their time and in the process compound the time it takes to get a paper reviewed for all
authors. In cases of duplicate submission, the Editor of the affected OSA journal will con-
sult with the Editor of the other journal involved to determine the proper course of action.
Often that action will be the rejection of both papers.

Plagiarism: Plagiarism is a serious breach of ethics and is defined as the substantial repli-
cation, without attribution, of significant elements of another document already published,
by the same or other authors. Two types of plagiarismn can occur - self-plagiarism and pla-
giarism from others’ works:

Self-plagiarism is the publication of substantially similar scientific content of
one's own in the same or different journals. Self-plagiarism causes duplicate
papers in the scientific literature, violates copyright agreements, and unduly
burdens reviewers, editors, and the scientific publishing enterprise.
Plagiarism from others’ works constitutes the most offensive form of plagia-
rism. Effectively, it is using someone else’s work as if it is your own. Any text,
equations, ideus, or figures taken from another paper or work must be specifi-
cally acknowledged as they occur in that paper or work. Figures, tables, or
other images reproduced from another source normally require permission
from the publisher. Text or concepts can, for example, be quoted as follows:
“As stated by xxx (name of lead author), “text” {referencel.”

Action on Notification of Allegations of Plagiarism:

OSA identifies an act of plagiarism in a published document to be the substantial replica-
tion, without appropriate attribution, of significant elements of another document already
published by the same or other authors. OSA has implemented a process for dealing with
cases of plagiarism. When the Editor-in-Chief of a journal is notified of an instance of etther
of the two possible forms of plagiarism discussed abave, he or she will make a preliminary
investigation of the allegations, including a request for the accused authors to explain the
situation. If further action is justified, then the Editor-in-Chief will convene a panel consist-
ing of the Editor-in-Chief of the OSA journal involved, the Chair of the Board of Editors, and
the Senior Director of Publications. Their unanimous decision confirming that an act of pla-
giarism has occurred requires the insertion of the following statement in the official OSA
electronic record of the plagiarizing article:
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Mini-Project 1: Review and Survey Kansas State University, PHYS953, NQO, Due: 9/7/07

The purpose of the mini-projects is to offer problems in nonlinear and quantum optics in a format that mimics
problem-solving scenarios found in a research environment. Buried in the mini-projects are questions that | do not
expect you to know or are the solution easily found in the book. This mini-project consists of problems that should
be a review of topics that will be important for our initial introduction to nonlinear optics.

1. Interference of two continuous wave lasers in a Michelson interferometer

We wish to build a Michelson interferometer to measure the frequency difference between two continuous wave
lasers. The first laser has a center frequency of @ (632.8 nm) and the second has a close but unknown center
wavelength (a,=wm+6w). Both lasers have a power of 1 mW, and the polarizations are both vertical. The first step
in building our interferometer is to choose a proper beam splitter that has 50% power reflectivity at an orientation of
45 degrees with respect to the input beam.

—
d Movable
Mirror
A
L Y beam Fixed
splitter Mirror
> b
oy, @,
v L

detector

In the lab we have a beam splitter is made of fused silica of thickness 0.5 cm with an unknown transmission. We
need to determine if this beam splitter will work for our interferometer.

1. Isthe laser’s polarization TE or TM?

2. Compute the power transmitted and reflected from the first surface of the beam splitter. Ignore any absorption.
3. Compute the power transmitted and reflected from the second surface of the beam splitter.

4. Give reasons why this beam splitter a bad choice for our Michelson interferometer.

To make our interferometer a second splitter is used that is very thin and has a power reflectivity of 50% at
632.8 nm for an angle of 45 degrees. If only one laser for frequency w is used and the beam splitter is 50%, the
interference is given by

I(z) =1,[1+cos(r)] 1)
where zis the optical delay between the two arms in the interferometer, | is the intensity of the input laser,.
5. Show that zrelates to d in the figure by z=2d/c, where c is the speed of light.

6. Derive the interference equation for the Michelson interferometer defining I, as the intensity in the fixed arm of
the interferometer and I, as the intensity in the variable arm. Then derive Equation (1) by setting I,= 1,=1/2 I,

Now the two lasers of frequencies a» anda, are input into the Michelson interferometer. The resulting interference
relation will be

I(d)=1,|1+cos ate,2d cos @-®2d 2
2 c 2 c
7. Using (2) determine a method by varying d to measure the Sw between the two lasers input into the

interferometer.

2. Quartz as a birefringent material

Crystalline quartz is a birefringent material used in many polarization optics.

1. Describe the crystal type and its birefringent properties.

2. Plot the ordinary and extraordinary indices of refraction at from 500 nm to 1000 nm.

3. To make a quartz quarter-wave zero-order retardation plate at 800 nm, how thick does the plate need to be?

3. Ultrashort pulse dispersion in fused silica

A train of ultrashort optical pulses is produced by a mode-locked Ti:sapphire laser. Each pulse has an electric field
profile of hyperbolic secant, is transform limited, and each have a duration of 10 fs full-width half maximum
(FWHM). The laser’s repetition rate is 100 MHz and the average power from the laser is 100 mW.

1. What is the pulse energy? The peak power?

2. Plot the temporal intensity and phase of the pulse.

3. Plot the spectral intensity and phase of the pulse.
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The pulse propagates through a fused-silica window of thickness 1 cm. The dispersion of the fused-silica causes the

pulse duration to increase. Consider only quadratic phase distortion (/) due to the fused-silica window.

4. Compute and plot final temporal intensity l,,(t) and phase @qu(t) after propagation through the window.

5. Compute and plot final spectral intensity l,(@) and phase ¢o.(@) after propagation through the window.

6. Isthe “chirp” of the pulse positive or negative?

7. Does the pulse have the same spectral bandwidth before and after the window?

8. What is the final pulse duration (FWHM) after the fused silica window?

Now, ignore the quadratic phase distortion but let the fused silica window have only cubic phase distortion .

9. Compute and plot final temporal intensity l(t) and phase @.u(t) after propagation through the window.
Consider only quadratic phase distortion due to the fused-silica window.

10. Compute and plot final spectral intensity l,.:(®) and phase @.( @) after propagation through the window.

11. Set SB3=-Ls,used silica aNd find 1y (t). How is the temporal intensity different than in Question 9?

4.  One dimensional anharmonic oscillator

The Lorentz model of the atom, which treats a solid as a collection of harmonic oscillators, is a good classical model
that describes the linear optical properties of a dielectric material. This model can be extended to nonlinear optical
media by adding anharmonic terms to the atomic restoring force. In the lecture we will look closely at this model
but let’s first solve the differential equations for a one-dimensional anharmonic oscillator.

Consider a one-dimension anharmonic oscillator of mass m under the influence of the nonlinear restoring force:
F(X) = —kx—ax? - px°

where @ =k/m is the natural frequency sans any anharmonic terms. Let m =1kg and k=0.1 N/m .

1. Plot the potential energy for the above force using « = 0.01 N/m*and 4 =0 N/m*®. Compare it to the potential
energy of a simple harmonic oscillator.
Plot the potential energy for the above force using « =0 N/m?and 4 =0.01 N/m®.

Now, let & =0.01 N/m? and 4 =0.01 N/m*. Numerically solve the 2" order differential equation of motion,
solving for x(t) for t=0 to 20 seconds assuming that X, = x(0)=0.1mand x(0)=0m/s. By plotting x(t)
determine the frequency of oscillation @ . How does it compare to @, ?

4. Find x(t) for x, =10 mand x(0)=0m/s, letting «=0.01N/m’ and A=0.01N/m°. What is the new
frequency of oscillation and how does it compare to .

5. An analytic approximation for w(x, ), derived using the method of successive approximations (see Landau’s

38 5a’ ),
o\X, ) =w, +| —— X
() =, (8% 12ng 0

Compare your numerical @(x,) to the analytic approximation expression for x, =0.1mto10m .

Mechanics), is given by

6. The Fourier series for x(t) is given by the expression

x(t)— Zw:a cos(—tj Zb sm[zm j

n=1

where the period T =27/ and the Fourier series coefficients are given by
a, EEIT x(t) cos 2n—ﬂt dt and b, EEIT x(t)sin 2n”t dt
T T T T

Numerically solve for x(t) with x, =10 m using @ =0 N/m*and 4 =0.01 N/m®. Find the first five Fourier
series coefficients a, (where n=0, ..., 4) of the solution x(t). Explainwhy b, =0 forall n.

7. Numerically solve for x(t) with x, =10 musing « =0.01N/m*and B =0 N/m®. Find the first five Fourier
series coefficients a, of the solution x(t).

8. Compare the odd terms of a, for the case where ¢ =0, 8= 0. Compare the even terms of a, for the case
where a =0, =0. How does the symmetry of the restoring force predetermine which order harmonics are
produced by the nonlinear oscillator?
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Informal Survey for PHYS953: Name:

Please answer the following questions completely.

What classes in optics and quantum mechanics have you taken? Where have you taken these classes?

Briefly describe your research interests.

Why do want to take this class?

How many hours per week can you spend on homework for this class?

Which of the topics listed in the syllabus seem most interesting to you?

Are there other topics that we should cover in this class?
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Mini-Project 2: Second Order Nonlinear Processes Kansas State University, PHYS953, NQO, Due: 9/28/07

1.  Second Harmonic Generation in Potassium Dihydrogen Phosphate (KDP)
You wish to produce second harmonic generation (SHG) of a continuous wave Nd:YAG laser centered at 1064 nm.
To do this you will use a KDP crystal that is cut to produce the second harmonic using Type 1© (0oe) phase
matching. A single laser provides the fundamental fields for the E; and E, fields at frequency o= o=,
(corresponding to 1064 nm), the second harmonic field will be the E; field at as=2w. Thus, E;=E; and half of the
total power is shared among these fields. The laser power is P=0.2 W and beam diameter (assuming a “top-hat”
spatial profile) of the laser in the crystal is 10 #zm. The length of the crystal is L=1.0 cm

Type 19 phase matching implies that the fundamental fields (E;=E,) are both orientated along the ordinary (o)
axis and the second harmonic (E) is orientated along the extraordinary (e) axis of the negative uniaxial KDP crystal.
The ordinary and extraordinary indices of refraction as a function of wavelength for KDP are given by the following
Laurent series expressions (where A is expressed in zm):

2 2
nf(/l):2.2576+ ];.76231 N 20.0101 nj(ﬂ)=2.1295+ 20.75801 N 20.0097
A°-57.898 A°-0.0142 A°-127.0535 A°-0.0014 )
sin?6 cos?o ]
ne(ﬁ,l)z 2—+2—
n; (1) ny(2)

For this process d will have the formd,, =d_, = d,,sindsin2¢ where d,,=0.39 pm/V for KDP.

1. What is the wavelength of the second harmonic generated field (E3)?
2. Assuming the phase matching process is Type 1) (ooe), find the phase matching angle Gm Where Ak=0.
3. Assuming the phase matching process is Type 1© (ooe), what are the values of n,n,,n; where n; =n(4;).

Make sure to use the proper index n; (either n,(6, 1) or n (1)) when computing n;,n,,n,

You try to orientate the crystal for perfect phase matching, however you make an error and set the crystal at angles
0=0.9950, and ¢ =45°.

4. Find d under these conditions in units of pm/V

5. Compute the phase mismatch 4k under these conditions. Use the proper n,,n,,n, .

6. Determine the initial electric field amplitudes A;(z=0) and Ay(0) in V/m from the given total input power of
P=0.2 W. Remember that irradiance (intensity) has units of W/m? and is given by

I, =2&,n,cA,A; in units of W/m? 2

7.  What is the initial amplitude of A3(0)?

8. Numerically solve the three coupled differential equations derived in class for the amplitudes A;(z), Ax(z) and
As(2). Assume the possibility of pump depletion, & =0.9956,, and ¢ =45°. Plot I5(z) and 13(z) for z=0 to L.

9. Isthe fundamental power depleted at z=L?

10. Using your numerical solution, determine the output SHG power in Watts at z=L=1.0 cm. Is the power at z=L
the maximum SHG power produced at any position z in the crystal?

11. Determine the SHG conversion efficiency 7, (z) = 1,(2)/[1,(0) +1,(0)] at z=L.

Now you set the angle @ for perfect phasematching & =6, thus setting the phase mismatch 4k to zero.
12. Solve the coupled differential equations again with 6 = 6, and 4k=0, using the correct values of n;,n,,n; ..
13. What SHG power and SHG conversion efficient at z=L? Is it larger than before?

We can define a nonlinear length Ly_ which is a length scale that determines the strength of the nonlinearity. Note
that 7. (z =L, )~ 0.58 for perfect phase matching. A form for the nonlinear length is given by

1 2&,n.n.n,cA>
LNL — 0'1°°2"°3 ﬂl (3)
4rd. 1,(0)

14. Compute Ly, using Eq. 3. How does it compare to L=1 cm?
15. Solve the coupled differential equations setting L=4Ly,_ for AkL=10, 4kL=1 and 4kL=0. Plot the conversion
efficiencies 7.4 (2) and 7(z) =[1,(2) +1,(2)]/[1,(0) +1,(0)] as a function of z for the three cases. Which case

produced the most SHG power and the largest 7, (L) ?
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2. Second Harmonic Generation (SHG) of an Ultrashort Pulse

You wish to build a experiment to accurately measure the pulse duration of ultrashort pulses produced by a
Chromium: Forsterite (Cr:F) laser. You do not need to know the details of the experiment, only that it needs second
harmonic generated light to work. Thus a nonlinear crystal is needed to produce this SHG: the fundamental pulse
(the pulse from the Cr:F laser) will be used to produce a SHG pulse using a nonlinear crystal. Phasematching in this
nonlinear crystal will be obtained using angle tuning.

The Cr:F laser center wavelength is at 1275 nm, and it produces an average power of 0.5 W. The second harmonic
light will be at 637.5 nm. The beam diameter is 50 um in the crystal (assuming a “top-hat” spatial profile). A single
pulse exits the laser every 10 ns thus the laser has a repetition rate of 100 MHz. An estimate of the pulse duration is
roughly 20 fs full width at half maximum (FWHM).

Your job is choose a nonlinear crystal to generate second harmonic light at 637.5 nm from fundamental Cr:F laser
pulses at 1275 nm.

1. What is the name of the crystal you would use? Find a common and easily purchased crystal that has the
smallest absorption « (in units of 1/m) at the fundamental wavelength of 1275 nm.

Where could you buy this crystal? If you cannot find a vendor choose a different crystal. Use the internet.

Is the crystal uniaxial or biaxial? If your answer is biaxial, choose a different crystal.

Is the crystal negative or positive uniaxial?

What type of phase matching would you use? Type | or Type 11? o0oe or oeo or something else?

Given your choice of crystal and phase matching type, what would be the phase matching angle G?

What would be d,, for your crystal in pm/V?

Noar~LD

As discussed in class, each crystal has a finite phase matching bandwidth for pulsed SHG depending on the

thickness of the crystal. This means that a given crystal cannot simultaneously phase match all spectral components

of the pulse. For pulsed SHG you wish to have the longest crystal possible in order to get the most SHG power but

not at the cost of severely filtering the SHG spectrum!

8. Given that the pulse duration approximately 20 fs FWHM, estimate the transform-limited spectral FWHM
bandwidth of the fundamental pulse spectrum 1(4) in nanometers?

9. Using the above pulse as the fundamental, what is the SHG spectral bandwidth (FWHM) in nanometers. The
SHG spectrum |, (@) is proportional to the autoconvolution of the fundamental spectrum:

|y (@) < [ 107 - @)1 (7)d7y )

10. Make an educated guess for the optimal crystal thickness L needed for proper phase matching. Make your
choice based on the longest crystal that does not severely filter the SHG spectrum. (Hint: the thickness should
be between 0.001 and 1 mm). Remember, the spectral filter function H(w) due to the phase mismatch is given
by

sin(Ak (0, A)L

2
H(1) = ) where L is the crystal thickness. (5)
Ak(0,A)L

11. Determine the spectral width of the filtered SHG spectrum H (1)1, (4) in nanometers.
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Mini-Project 3: Third Order Nonlinearities in Optical Fibers KSU PHYS953, NQO, Due: 10/19/07

1. Soliton Propagation in a Single-Mode Optical Fiber

An optical soliton forms due to the interplay of anomalous group velocity dispersion (GVD) and self-phase
modulation (SPM) in an optical fiber. For an ultrashort pulse injected into the fiber, GVD causes the pulse temporal
envelope to broaden while SPM causes the spectral width to increase. A soliton forms when the two effects are
balanced, which happens when the total amount of dispersion and nonlinearity is just right. We can define the
nonlinear length (L, ) and dispersion length (L) in the fiber in terms of the peak power P,, the pulse duration

FWHM At, group velocity dispersion f,, and the effective nonlinearity y by
2

1
L, =— andL, =—>- where T, =
NL /P, D |ﬂ2| 0

At and y = n,w
2In(1++/2) crr’

A first order soliton occurs when Ly, /L, =1.

A hyperbolic secant pulse with center wavelength A;=1550 nm and pulse duration At=100 fs FWHM propagates
through a length L, of a single-mode optical fiber. The optical fiber has a core radius of r=4.1 pm and an index
difference An=0.008 between the core and cladding index or refraction. The value for the nonlinear index of
refraction is N,=3 10 m*W. The fiber core consists of germanium-doped fused silica whose index of refraction is
given by the three term Sellmeier equation (valid for wavelength in pm):

, 3, BA? B, =0.711040, B, = 0.451885, B,= 0.704048
n’(A) =1+ —"— where (1)
S A -C C, =0.064270, C, = 0.129408, C,= 9.45478

(The fiber cladding consists of fused silica, which has a smaller index of refraction than germanium-doped fused
silica. We will not need to use its Sellmeier equation for the problem.) The wave guiding due to the fiber geometry
changes the total dispersion that the pulse experiences. The propagation constant f(@) for the fiber, which
represents the Z component of the wavevector K(w), is given by

B() = N(@)1+ 2Anb(w) .

The propagation constant is expressed where An is the index difference between core and cladding, r is the core
radius, and b(w) is the normalized mode propagation constant due to the fiber geometry given in terms of the
normalized frequency V(®). An approximate form for b(w) is given by

1+\/§

_fo /
1+{‘/W(QJ)J where V (w) = . N(w)~2An.

b(a)):l—(

1. Show that the value of the second order propagation constant £, (i.e. group velocity dispersion) at A;=1550 nm
is -0.0000180 fs*/nm. S, can be determined from

ﬂz(am:%
[0}

0=,

2. Whatis Ly ? Determine the peak power P, for where Ly /L, =1.

3. Consider the pulse propagating through L, of fiber experiencing only group velocity dispersion (no nonlinear
effects). Plot the temporal chirp ag,, () = @, — 0,05, (1) of the pulse due only to GVD after L.

4. Consider the pulse propagating through L, of fiber experiencing only self-phase modulation (no dispersion).
Plot the temporal chirp g, (t) = @, —0,@gpy (1) of the pulse due only SPM after L.

5. By comparing g, (t) and g, (1), explain how the interaction of SPM and GVD leads to soliton formation.
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2.

Partially Degenerate Four Wave Mixing in a Single-Mode Optical Fiber

We wish to determine the pump, signal, and idler frequencies for partially degenerate four-wave mixing (FWM) in
an optical fiber. Partially degenerate FWM is described by

20, -0, -0, =0

where we use the terms pump (p), signal (s), and idler (i) as for difference frequency generation. Here we
define w, > o, .

A strong continuous wave laser serves as the pump at o, of power P¢=0.5 MW. The pump is injected into an optical
fiber with a germanium-doped fused silica core. The fiber has a core radius 4.1 um and index difference An=0.008
between the core and cladding indices (as in Problem 1).

1.

2.

Determine the signal and idler wavelengths produced through partial degenerate four wave mixing for pump
wavelengths from 2,;=900 to 2000 nm. To determine this for a given pump frequency @, you will need to find

the signal o, and idler @, frequencies that satisfies both energy conservation and phase matching:

20,-w, -0, =0

Ak = Ak, + Ak, + Ak, =0
where
Ak, =c™ (n(e,), + ()0, —2n(@,)@, )
Ak, = Anc™ (b(@, ), +b(e) o, - 2b(w,) o, )
Ak, =2yP,

The phase mismatch Ak has contributions due to material dispersion ( Ak, ), waveguide dispersion ( Ak, ), and
the fiber nonlinearity ( Ak,, ). To determine the phase mismatch, you will need to use the Sellmeier equation

and b(w) from the previous problem.
Plot A, and A; versus A,

The zero group velocity dispersion wavelength A,gvp is ~ 1345 nm for this fiber, which is determined using B(m).
Notice that the behavior of A versus A, and A; versus A, is different on the long and short wavelength sides of A,cvp
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Mini-Project 4: Literature Review in Nonlinear Optics KSU PHYS953, NQO

The purpose of this Mini-project is to expose you to a seminal or groundbreaking paper in nonlinear optics, and to
see how this significant paper lead to new research and discoveries. There will be two parts to this Mini-project:
Writing the Summary and Reviewing the Summary

1.  Writing the Summary

You will need to write a short summary of two journal papers. This first paper you will have chosen (by random
ballot) from the list below. You will need to pick the second paper, however the second paper must be a relatively
recent paper that cites the first paper in its reference section. Example:

Paper 1: Franken, P.A. et al, “Generation of Optical Harmonics”, Phys Rev Lett, Vol. 7, 4, 1961
Time Cited: 564

Paper 2 which references Paper 1: Deng L, Hagley EW, Wen J, et al., “Four-wave mixing with matter waves”,
Nature, Vol. 398, 6724 Pages: 218-220 Published: MAR 18 1999
Times Cited: 260

When writing this summary, your target audience will be your fellow classmates and not your instructor. The
Summary will consist of a one or two page summary of Paper 1 and a one or two page summary of Paper 2. In the
first summary, you must discuss the major results of Paper 1 and the importance of the paper. In the second
summary you must discuss the major results Paper 2 and how the results of Paper 1 contributed to these results. The
format of the paper should be as follows:

Summary Format
Page 1: Title page with your name

Pages 2-3: Summary of Paper 1 (summary may be one page only)

Pages 4-5: Summary of Paper 2 (summary may be one page only)

The Summary needs to be typed and turned in electronically as a PDF file to me at washburn@phys.ksu.edu.
Use 10 or 12 pt font, Times New Roman Font, 1 inch margins. Only put your name on page 1.

Please pay attention to the Review Criteria before writing your Summary. See below.

2. Reviewing the Summary

For Part Two you will evaluate your classmate’s summary in a similar fashion as for the review of a journal. The
manuscript will be given to you in an anonymous fashion and you must complete your review in an anonymous
fashion. You will judge the Summary using the criteria below.

Review Criteria

How well does the Summary cover the important results of Paper 1?

How well does the Summary cover the important results of Paper 2?

How well does the Summary show a connection (or show a lack of a connection) between the results of Paper 1
to the result of Paper 2?

Avre there any significant formatting, spelling or grammatical errors?

Then make a final decision on the Summary:

Summary is excellent, accept as is with no revisions
Summary needs minor revision

Summary needs major revision

Summary is poor, reject

Complete your review by writing a brief statement answering the following questions and then make a final decision
on the Summary. Email the review to me. To be a responsible referee, you will need to read (or at least skim) the
papers that the Summary is reviewing. Do not put your name on the review since it will go back to the author.
Grades will be given based on the result of the Summary Review and on the quality of your review.

3. Due dates

Summary Due: 11/09/07
Review Due: 11/16/07
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Paper List

1. THEORY OF STIMULATED BRILLOUIN AND RAMAN SCATTERING

Author(s): SHEN YR, BLOEMBER.N

Source: PHYSICAL REVIEW Volume: 137 Issue: 6A Pages: 1787-& Published: 1965

2. Experimental evidence for supercontinuum generation by fission of higher-order solitons in photonic fibers
Author(s): Herrmann J, Griebner U, Zhavoronkov N, et al.

Source: PHYSICAL REVIEW LETTERS Volume: 88 Issue: 17 Article Number: 173901 Published: APR 29
2002

3. SUPERCONTINUUM GENERATION IN GASES
Author(s): CORKUM PB, ROLLAND C, SRINIVASANRAO T
Source: PHYSICAL REVIEW LETTERS Volume: 57 Issue: 18 Pages: 2268-2271 Published: NOV 3 1986

4. SURFACE-PROPERTIES PROBED BY 2ND-HARMONIC AND SUM-FREQUENCY GENERATION
Author(s): SHEN YR
Source: NATURE Volume: 337 Issue: 6207 Pages: 519-525 Published: FEB 9 1989

5. OBSERVATION OF SELF-PHASE MODULATION AND SMALL-SCALE FILAMENTS IN CRYSTALS
AND GLASSES

Author(s): ALFANO RR, SHAPIRO SL

Source: PHYSICAL REVIEW LETTERS Volume: 24 Issue: 11 Pages: 592-& Published: 1970

6. OPTICAL INVESTIGATION OF BLOCH OSCILLATIONS IN A SEMICONDUCTOR SUPERLATTICE
Author(s): FELDMANN J, LEO K, SHAH J, et al.
Source: PHYSICAL REVIEW B Volume: 46 Issue: 11 Pages: 7252-7255 Published: SEP 15 1992

7. QUASI-PHASE-MATCHED OPTICAL PARAMETRIC OSCILLATORS IN BULK PERIODICALLY POLED
LINBO3

Author(s): MYERS LE, ECKARDT RC, FEJER MM, et al.

Source: JOURNAL OF THE OPTICAL SOCIETY OF AMERICA B-OPTICAL PHYSICS Volume: 12 Issue: 11
Pages: 2102-2116 Published: NOV 1995

8. Phase-matched generation of coherent soft X-rays
Author(s): Rundquist A, Durfee CG, Chang ZH, et al.
Source: SCIENCE Volume: 280 Issue: 5368 Pages: 1412-1415 Published: MAY 29 1998

9. DISCRETE SELF-FOCUSING IN NONLINEAR ARRAYS OF COUPLED WAVE-GUIDES
Author(s): CHRISTODOULIDES DN, JOSEPH RI
Source: OPTICS LETTERS Volume: 13 Issue: 9 Pages: 794-796 Published: SEP 1988

10. MODE-LOCKING OF TI-AL203 LASERS AND SELF-FOCUSING - A GAUSSIAN APPROXIMATION
Author(s): SALIN F, SQUIER J, PICHE M
Source: OPTICS LETTERS Volume: 16 Issue: 21 Pages: 1674-1676 Published: NOV 1 1991

11. EXPERIMENTAL-OBSERVATION OF PICOSECOND PULSE NARROWING AND SOLITONS IN
OPTICAL FIBERS

Author(s): MOLLENAUER LF, STOLEN RH, GORDON JP

Source: PHYSICAL REVIEW LETTERS Volume: 45 Issue: 13 Pages: 1095-1098 Published: 1980

12. 2-PHOTON EXCITATION IN CAF2 - EU2+
Author(s): KAISER W, GARRETT CGB
Source: PHYSICAL REVIEW LETTERS Volume: 7 Issue: 6 Pages: 229-& Published: 1961

13. Bragg grating solitons
Author(s): Eggleton BJ, Slusher RE, deSterke CM, et al.
Source: PHYSICAL REVIEW LETTERS Volume: 76 Issue: 10 Pages: 1627-1630 Published: MAR 4 1996

14. Compression of high-energy laser pulses below 5 fs
Author(s): Nisoli M, DeSilvestri S, Svelto O, et al.
Source: OPTICS LETTERS Volume: 22 Issue: 8 Pages: 522-524 Published: APR 15 1997
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Mini-Project 5: Nonlinear Optical Processes in Quantum Optics
KSU PHYS953, NQO Due 12/7/07

Nonlinear Processes for the Generation of Quadrature Squeezed Light

This project investigates the use of a nonlinear optical process for the generation of nonclassical
light. Do the first three questions for full credit. The other questions will be extra credit.

Consider the superposition state |y/) =a|0)+b|1) where a and b are complex and satisfy the

relationship |a|2 +|b|2 =1.

1. Calculate the variances of the quadrature operators X, and X, (see Eq. 2.52 and Eq. 2.53).
The variance of an operator is given by

(@R)=(%7)=(%)

Remember that X, is called the in-phase component and X, is the in-quadrature component.
2. Show that there exits values of the parameters a and b for which either of the quadrature

variances become less than for a vacuum state. Hint: let b=,/1-|ale” and a* =|a|2 (this is

done without the loss of generality). Plot the variance as a function of |a|2 for different .

3. For the cases where the quadrature variances become less than for a vacuum state, check to
see if the uncertainty principle is violated.

4. Verify that the quantum fluctuations of the field quadrature operators are the same for the
vacuum when the field is in coherent state (i.e. verify Eq. 3.16).

The above result illustrate a case where the expectation value of the quadrature operator becomes
less than a vacuum state, even though the quadrature operators must satisfy the minimum
uncertainty relationship. Squeezing is the process when one canonical (conjugate) variable has a
variance less than the vacuum state but the other canonical variable will have a larger variation in
order to satisfy the uncertainty principle. The quadrature operators X, and X,are canonical
variables and do not commute, thus they have an uncertainty relationship given by Eq. 2.56.
Quadrature squeezing occurs when

<(A>21)2><% or <(A)22)2><%.

We can plot a phase space diagram of a normal and squeezed state (see below and on page 154).
The area in phase space remains must constant to maintain the minimum uncertainty
relationship. However, we can “squeeze” the circle into an ellipse while keeping the area
constant (like squeezing the Charmin done in class).

Not Squeezed Squeezed
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Quadrature squeezed light can be produced by the second order nonlinear effect known as
degenerate parametric down-conversion. This process involves two signal (s) waves
produced by one pump wave (p), i.e. @, +®,—w,=0. This process is a degenerate form of

difference frequency generation with the signal wave equal to the idler wave. The Hamiltonian
for this degenerate parametric down-conversion is given by

t *(2) ~

s s s
H :E(Z( ‘ala,al+ ,Pa,414,)

5. Use the Heisenberg equations of motion (Eg. 2.19) to derived two coupled first order
A AT
differential equation for %and ‘{jits.

6. What are the solutions to these differential equations if we assume a non-depleted pump?
Integrate from time O to T.
7. Show that the quadrature operators have the solution

)Azl(T) =[em O} %1(0) where 5 =iy®4
XM L0 e ][X0 "

8. Consider a coherent state |«) Show the mean square fluctuations (variance) result in

{<a|<x1m>2|a>—<a|xzm|a>2]_1[em}
(@] (X M) |a)~(a|X,(M)|a)" | 4Le™

This result states that the mean square fluctuations of the in-phase component X, is exponentially
smaller by e?"and mean square fluctuations of the in-quadrature component X,are

exponentially larger by e*". So the above picture depicts the squeezing performed by the
nonlinear process. The bizarre thing about this analysis is that it is also true for a vacuum state.
One can have vacuum and squeezed vacuum.

9. A third order nonlinear can also be used to produce squeezed light instead. Name a third
order nonlinear process that will give rise to squeezed light (Hint: we discussed a third order
process that “looks” like difference frequency generation. What was that process?).

Squeezed light and squeezed vacuum has many important applications, specifically for light

detection at levels below the quantum noise (i.e. shot noise) level. See Henry et al, Amer. J.
Phys. Vol 56 (4) p. 318 (1988) for more information.
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Final Project: Research Paper KSU PHYS953, NQO

The final project will be an investigation of a topic or problem in the areas of nonlinear and
quantum optics, that will involve a literature search and some original work. The purpose of the
paper is to pose a question about your chosen topic and try to answer that question. Please keep
in mind you do not to answer the question you have posed. Your paper will be evaluated on a
complete literature search, a good discussion on the question, and a well-executed attempt in
answering the question.

The final project will consist of three parts:

Part 1: Abstract and bibliography Due November 19, 2007
Part 2: Six to eight page paper Due December 3, 2007
Part 3: 10 minute presentation Starting December 7, 2007

1. Partl

For Part 1, you will need to provide a draft title, abstract, and bibliography. In your abstract, you
will need to state a draft question that the paper will try to answer. | will look over your topic
and approve it so you can do the rest of the project. On the back is a short list of research topics.
Feel free to pick any topic in quantum and nonlinear optics you wish.

2. Part2
Part 2 is a six to eight page paper on your topic. The paper should include:
The title and abstract
An introduction to the topic
A discussion of prior work
A section stating the question your paper wishes to answer
A section of your own work investigating the question
A summary comparing your conclusions with respect to prior work
A list of references

Paper Format: 10 or 12 pt font, Times New Roman Font, 1 inch margins

3. Part3

For Part 3 you will need to give a 10 minute talk about your topic, with 3 minutes for questions.
The talk will be given in class at the times listed below. For your talk, you will only have the
white/black board at your disposal; do not prepare a computer-based talk. You are encouraged
to provide handouts to the class for your talk. Also, you are encouraged to practice your talk
using a white/black board before you give your talk. Your talk will be evaluated on the clarity of
presentation as well as the use of time (in other words, do not go over time!).
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List of Sample Topics and Questions

« Self focusing in a rare gas with estimations of focusing versus pulse intensity

« Explaining how to describe the Compton effect semi-classically
« Quantum mechanically description of stimulated Raman scattering
« Explaining how to describe the photoelectric effect semi-classically

« Discuss how quantum entanglement can be used for secure communications

« Discuss the theory and operation of an optical parametric chirped-pulse amplification, OPCPA
« Investigate the thermodynamics of laser mode-locking and how nonlinear effects are involved
« Self similar behavior in optical fiber and the third order nonlinearity

« Quantum optics in cold atoms: how does one generate entangled states?
« How to generate entangled light using second order nonlinear processes in crystals.
« What is the quantum eraser and how can one demonstrate this?
« How is two-photon absorption used for biological imaging?

« Discuss the role of electrons and holes in the nonlinear optics of I11-V semiconductors

« The quantum mechanics of electromagnetic noise: Shot and thermal noise

« The quantum description of heterodyne and homodyne optical detection
« The quantum theory of a laser: the master equation.

« The role of higher order nonlinear effects in laser mode-locking

« Quantum optical description of electromagnetically induced transparency in atomic systems
. Quadrature squeezing in optical fibers

« Applications of squeezed noise in gravity wave detection

« Nonlinear spectroscopy of gases: theory of saturated absorption
. Entanglement and quantum teleportation of states

Ask me if you want more topics.

Schedule to the end of the Semester

Nov. 7 (W) Field Quantization: single mode fields G2
Nov. 9 (F) Field Quantization: multimode fields G2 MP4
Summary

Nov. 12 (M) Quadrature Operators and the Quantum Phase: Zero Point Energy G2
Nov. 14 (W) Coherent States G3
Nov. 16 (F) More on coherent states G3 MP4

Exam 2 Review
Nov. 19 (M) Phase-space pictures of coherent states G3

Exam 2 due

Final Project Part 1Due
Nov. 21 (W) No Class
Nov. 23 (F) No Class
Nov. 26 (M) Quantum mechanics of beam splitters: revisit the Aspect experiment G6
Nov. 28 (W) Entanglement G6
Nov. 30 (F) Optical Tests of Quantum Mechanics: EPR Paradox and Bell’s Theorem G9
Dec. 3 (M) Optical Tests of Quantum Mechanics: Bell’s Theorem and the Aspect experiment G9

Final Project Part 2 Due
Dec. 5 (W) Catch-up...TBA
Dec 7 (F) Final Project Presentation Final Project Part 3 Due
Dec 10 (M) Final Project Presentation, Final Project Part 3 Due

Technically Exam Period 4:10 p.m. - 6:00 p.m.
Actual time TBA: Possibly 4:00 p.m. - 7:00 p.m: Cardwell 119 or 220
(1 will bring pizza)
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