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BRW 8/13/2010 

PHYS 953 – Adv. Topics/Non-linear and 
Quantum Optics - Fall 2010 
Lecture: T/U, 1:05-2:20 p.m.  CW 145 
 
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 
Exam 2 150 pts 

300 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. Please inform me with possible conflicts 
before the due date, and other arrangements will 
be made. 
 
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 2010 
by Brian R. Washburn.   
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Tentative Course Schedule, Nonlinear and Quantum Optics, PHYS 953, Fall 2010 
Date Topic Chapters Projects 
Aug. 24 (T) Class overview: review of linear optics and the semi-classical treatment of light  

Review of material dispersion and absorption 
  

Aug. 26 (U) Introduction to nonlinear optics: the nonlinear susceptibility 
―Formal definitions 
―Nonlinear optics and mechanics: analogy to anharmonic motion 

B1  

Aug. 31 (T) The Maxwell’s wave equation in a nonlinear medium 
Symmetry and nonlinear optical properties 

B1  

Sept. 1 (U) Second order nonlinear effects 
―Coupled equations: Sum frequency and second harmonic generation 
―Phase matching in second harmonic crystals 

B2 MP1 Due 

Sept. 7 (T) Second harmonic generation with ultrashort pulses 
―Phasematching and bandwidth issues 

B2  

Sept. 9 (U) Difference and sum frequency generation 
―Parametric amplification in crystals, optical parametric oscillators 

B2  

Sept. 14 (T) No Class (need to make this day up)   
Sept. 16 (U) No Class (need to make this day up)   
Sept. 21 (T) Applications for second harmonic generation  

―Ultrashort pulse measurements 
B2  

Sept. 23 (U) Applications for second harmonic generation  
―Carrier-envelope phase measurement: the f-to-2f interferometer 

 MP2 Due 

Sept. 28 (T) Catch up day!   
Sept. 30 (U) Third order nonlinear effects: Intensity dependent refractive index; four-wave mixing 

Nonlinear fiber optics: fiber parametric oscillators 
B4, B13  

Oct. 5 (T) More nonlinear fiber optics 
―Pulse propagation in a third order nonlinear medium, soliton generation 

B4, B13 
Exam 1 

 

Oct 6 (W) Exam 1 Due   
Oct. 7 (U) Spontaneous and stimulated Raman scattering 

―Spontaneous Raman scattering 
―Stimulated Raman scattering in third order media 

B4  

Oct. 12 (T) More on stimulated Raman scattering: CARS spectroscopy B9  
Oct. 14 (U) Third order effects in gases: applications for short pulse generation B9 MP3 Due 
Oct. 19 (T) High field processes: higher harmonic generation B13  
Oct. 21 (U) Introduction to quantum optics: What is a photon?  

―The photoelectric effect 
―The Hanbury-Brown and Twiss experiment 

G1  

Oct. 26 (T) No Class (need to make this day up)   
Oct. 28 (U) What is a photon?  

―The photoelectric effect revisited: Lamb and Scully 
―The Aspect experiments 

G1  

Nov. 2 (T) What is a photon? 
―Wheeler’s delayed choice experiment 
―Quantum beat experiments 

G2  

Nov. 4 (U) Field quantization and coherent states G2  
Nov. 9 (T) More on coherent states G2,G3 MP4 Due 
Nov. 11 (U) Interferometry with a single photon G2,G3  
Nov. 16 (T) Bell’s theorem and quantum entanglement 

―EPR Paradox and Bell’s Theorem 
G9 
Exam 2 

 

Nov. 17 (W) Exam 2 Due Final project part 1 due 
Nov. 18 (U) Optical tests of EPR: violations of the Bell’s inequality G9  
Nov. 23 (T) Thanksgiving Break   
Nov. 25 (U) Thanksgiving Break   
Nov. 30 (T) Nonclassical light: squeezed states G9  
Dec. 2 (U) Optical tests of quantum mechanics G9 MP5 Due 
Dec. 7 (T) Catch up day! Final project part 2 due 
Dec. 9 (U) Final Project Presentations Final project part 3 due 
Dec. 14 (T) Final Project Presentations: Exam Period 2:00 PM – 3:50 PM   
Books: B= Boyd, Nonlinear Optics, G= Gerry and Knight, Introductory Quantum Optics; 
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Supercontinuum
 generation for self referencing f0
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Lecture Power Point Slides
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Generating short pulses = mode-locking
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Kerr Lens Modelocked Laser

Elements of mode-locked lasers
– Feedback
– Pump source
– Gain element
– Saturable absorber
– Dispersion  compensation

Gain

CW pump

Ultrashort 
Pulsed
Output

Gain

CW pump

GainGain

CW pump

Ultrashort 
Pulsed
Output
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Nonlinear Loop Mirror: Linear Operation

Gain
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50/50

B
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B
Gain
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B

Linear Operation:
No phase shift between interferometer arms
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Nonlinear Loop Mirror: Nonlinear Operation
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Soliton Ring Laser
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Nonlinear Polarization Rotation
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Nonlinear Polarization Rotation
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Saturable Absorber for Passive Mode-Locking
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• A saturable allows the laser cavity to “favor” high 
peak power, ultrashort pulses

• Interferometric designs based on gain and 
saturable absorber section
– Figure eight laser 
– Soliton ring laser (Additive-pulse mode-locked)



Carbon Nanotube Fiber Laser (CNFL)

Er fiber

W
D
M

Isolator

OC

LD

J. W. Nicholson et al. “Optically driven deposition of single-walled carbon-nanotube saturable absorbers on 
optical fiber end-face,” Opt. Express 15,  9176-9183 (2007)

J. W. Nicholson and D. J. DiGiovanni, "High repetition frequency, low noise, fiber ring lasers modelocked with 
carbon nanotubes," IEEE Photon. Technol. Lett. 20, 2123-2125 (2008).

Repetition  frequency 167 MHz

Spectral bandwidth 10.5 nm

Pulse duration  250 fs (TL)

Self starting !!

Output power 1 mW

First laser build by Jeff Nicholson, OFS
We have build many others laser in our laboratory



Single Walled Carbon Nanotubes
Single wall carbon nanotubes have 
semiconductor, semimetal or metallic 
properties depending on the chiral vector 
of the nanotube

Metallic                integer multiple of 3
Semiconductor     integer multiple of 3
Semimetal            0

n m
n m
n m
n m

= +
− =
− ≠
− =

1 2C a a

Excitonic absorption in the 
semiconductor nanotube is responsible 
for the saturable absorption property

Ultrafast recovery of the saturable 
absorber is due to metallic nanotubes 
serving a recombination centers



Incorporation of CNT

[1] S. Yamashita et al., Optics. letters 29, 1581-1583 (2004)
[2] T. R. Schibli et al., Optics express 13, 8025-8031 (2005) 

[3] J. W. Nicholson et al., Optics express 15 , 9176-9183 (2007)
[4] K. Kieu et al., Optics letters 32,  2242-2244 (2007)

[5] S. Uchida et al., Optics letters 34, 3077-3079  (2009)

[1] Direct synthesis (film)

[2] Spin coating (Mirror)

[3] Direct deposition on a connector

[5] CNT doped 
polymer optical 

fiber

[4] Taper fiber



Carbon Nanotube Deposition
1) Prepare CNT solution: 0.5 mg + 12 cc ethanol and ultrasonicate 

for 30 minites.
2) Dip the fiber connector end with radiation for 30 secs.
3) Put it out and wait 1 min.
4) Measure the optical power.
5) Repeat the step 2)-4) until the measured loss is ~ 2 dB.

Power 
meter

Laser 
@1560nm

10 
mW

FC/AP
C

SWCNT
solution

J. W. Nicholson et al., “Optically driven deposition of single-walled carbon nanotube saturable absorbers on optical fiber end-
faces,” Optics Express 15, 9176–9183 (2007).
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Carbon Nanotube Fiber Laser Comb

Built by JinKang and two undergraduates in half a day!
Modelocked right away by increasing the power
Cheap to build : $1000 of optical components
Great laser  for an undergraduate laboratory!

Advantage: Self-starting laser, easy to mode-lock
Disadvantage: Carbon nanotube lasers are too noisy to phase stabilize
Can we phase stabilize the carbon nanotube fiber laser?



The Frequency Comb

Stable frequency comb if
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Pulsed lasers must give a frequency comb

Gain OutputPump Beam

fm = m c/2leffleff

m = 2

m = 3
cw laser

mode-locked
laser

Frequency

In
te

ns
ity

Frequency Domain

cwmode-locked



Comb-like nature of ultrafast lasers

1979- mode-locked (pulsed) dye laser used as comb
– 500 ps pulses ~0.003 nm, ~1 GHz wide

Na



Optical Frequency Metrology

fun

0 fn = nfr + f0

I(f)

f

Offset 
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f0 = fr ∆f/2π

repetition
frequency fr

RF Beat

References:
Udem, Reichert, Holwartz, Hänsch, Phys. Rev. Lett., vol. 82 (1999)
Jones et al., Science, vol. 288 (2000)
Udem, Holwartz, Hänsch, Nature, vol. 416 (2002)

Frequency comb as a spectral ruler



Supercontinuum generation for self referencing f0

Supercontinuum spectrum

- D. J. Jones, S. A. Diddams, J. K. Ranka, A. Stentz, R. S. Windeler, J. L. Hall, and S. T. Cundiff, "Carrier-envelope phase 
control of femtosecond mode-locked lasers and direct optical frequency synthesis," Science 288, 635-9 (2000).

1000 1200 1400 1600 1800 2000 2200
0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
or

m
al

iz
ed

 In
te

ns
ity

W ave length  (nm )

f-to-2f Interferometer



O
ptical Intensity (dB

m
) -70

-60

-50

-40

-30

12001150110010501000
Sp

ec
tr

al
 P

ow
er

 (d
B

m
)

SHG

wavelength (nm)

Fundamental

op
tic

al
 fi

lte
r

O
ptical Intensity (dB

m
) -70

-60

-50

-40

-30

12001150110010501000
Sp

ec
tr

al
 P

ow
er

 (d
B

m
)

SHG

wavelength (nm)

Fundamental

op
tic

al
 fi

lte
r

f-to-2f Interferometer

25 30 35 40 45 50 55 60 65 70 75

-60

-50

-40

-30

-20

-10

0

10 Repetition Rate, fr

fr-f0 beat fr+f0 beat

R
F 

Sp
ec

tra
l P

ow
er

 (d
B)

Frequency (MHz)

An octave of supercontinuum allow the generation of beat 
frequencies with a SNR of 30 dB

1100 nm
bandpass

SHG (LiIO3)
f-to-2f interferometer

1100 nm

2200 nm

polarizer

λ/2

SMFPD

1100 nm

1100 nm
bandpass

SHG (LiIO3)
f-to-2f interferometer

1100 nm

2200 nm

polarizer

λ/2

SMFPD

1100 nm



Co-linear all fiber geometry

PPLN

1030 nm
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2060 nm
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SMF supercontinuum
WDM

fCEO electrical signal to locking electronics



Colinear f-to-2f Inteferometer
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Nonlinear propagation in fiber: nonlinearity only

Generate new spectral 
components
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Please read Papers 1,2, and 4 (3 if you have time) in the ‘Hanbury-Brown 
and Twiss’ folder on Kstate Online in order in which they were 
published (as ordered in folder).  For in-class discussion on Oct. 21, be 
able to answer the following questions:

1.In Hanbury-Brown and Twiss (Paper 1), why did they measure 
coincidences in “cathodes aligned” positions and no coincidences in 
“cathodes not aligned position”?

2.Why did Brannen and Ferguson (Paper 2) not measure any 
coincidences?

3.At the end of Brannen and Ferguson, they stated that “if such a 
correlation did exist, it would call for a major revision of some 
fundamental concepts of quantum mechanics”.  How did they come to that 
conclusion?

4.Why did Hanbury-Brown and Twiss do their first experiment?  What was 
their overall goal?

5.Why did Purcell (Paper 4) state that “the Brown-Twiss effect, far from 
requiring a revision of quantum mechanics, is an instructive illustration of 
its elementary principles.”?

6.Given the experiment in Brannen and Ferguson, what ‘apparatus’ would 
be required for them to use in their experiment in order to observe 
coincidences?  How would this ‘apparatus’ solve their problems?

Introduction to Quantum Optics: Seminal Paper



vs. The Hegelian Dielectic 

The Scientific Method

Introduction to Quantum Mechanics: Preliminaries







Frontiers of Nonlinear Optics
Higher Harmonic Generation and 

Attosecond Pulses
References

Trebino lecture notes

























CE Phase is Important for Atomic Physics

• The carrier envelope phase has a strong influence on 
laser-atomic interactions

– Intense-field photoionization
– Above threshold ionization
– Higher harmonic / attosecond pulse generation

From Paulus et al, Nature 414, 8, November 2001, p 182



• Theory by Brett Esry Group

+
2H

+H

+H

H

H

OR

downP

upP

Phase measurement from study of ions

V. Roudnev et al., Phys. Rev. Lett. 93, 163601 (2004)









Isolated attosecond pulses:
Double optical gating



Newton Huygens





Aristotle



Laozi  老子



The Scientific Method

Richard Feynman Lectures:
http://www.youtube.com/watch?v=b240PGCMwV0
http://www.youtube.com/watch?v=wLaRXYai19A
http://www.youtube.com/watch?v=_MmpUWEW6Is&feature=related

















1. In Hanbury-Brown and Twiss (Paper 1), why did they measure 
coincidences in “cathodes aligned” positions and no coincidences in 
“cathodes not aligned position”?

2. Why did Brannen and Ferguson (Paper 2) not measure any coincidences?

3. At the end of Brannen and Ferguson, they stated that “if such a 
correlation did exist, it would call for a major revision of some 
fundamental concepts of quantum mechanics”.  How did they come to 
that conclusion?

4. Why did Hanbury-Brown and Twiss do there first experiment?  What 
was their overall goal?

5. Why did Purcell (Paper 4) state that “the Brown-Twiss effect, far from 
requiring a revision of quantum mechanics, is an instructive illustration of 
its elementary principles.”?

6. Given the experiment in Brannen and Ferguson, what ‘apparatus’ would 
be required for them to use in their experiment in order to observe 
coincidences?  How would this ‘apparatus’ solve their problems?















孙武

Sun Wu (Sun Tzu)



Experiment of Aspect et al, Europhys. Lett. 1 173 1986











J. Wheeler’s Delayed Choice Experiment

Move BS 2 in or out 
after light is past BS 1



Delayed Choice Experiment
Experiment of Walther et al. PRA  vol 35, 6 1987



Comparison of normal and delayed choice modes

:  Normal Mode
:  Delayed Choice Mode
/ 1.00 0.02

N
N
N N

•

+

• + = ±



Wheeler’s Smoky Dragon



Quantum Beat Experiment

Pockels Cell ON
σ+  transmitted
σ- blocked

0 +1 0

0 -1 0

σ

σ

+

−

→ →

→ →





Pockels cell switched OFF at S (both paths after time S)



Lower time limit: rise time of Pockels cell (4 ns)
Upper time limit: time of flight between atomic beam and detection system



Comparison of normal and delayed choice modes 

:  Normal Mode
:  Delayed Choice Mode
/ 1.03 0.02

N
N
N N

•

+

• + = ±



Example of extreme nonlocality : Voodoo Doll
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http://www.aps.org/policy/statements/02_2.cfm#supplementary_guidelines1

http://www.scribd.com/doc/18773744/How‐to‐Publish‐a‐Scientific‐Comment‐in‐1‐2‐3‐Easy‐Steps

From Trebino’s “How to publish a scientific comment in 1 2 3 easy steps”

“Reviewers (of any paper) should themselves be reviewable.
Currently, reviewers can say whatever they like, and there is
no check on them. Authors should be allowed to single out
potentially irresponsible reviewers, such as Reviewer #2 in
the above scenario, whose review would be reviewed by
another reviewer. Confirmed irresponsible reviewers should
then be identified and removed from reviewer databases,
which would be shared with other journals. Writing an
irresponsible review should be considered a form of scientific
misconduct. “

Notes on Plagiarism



“Require scientific ethics courses in grad school. Problems like 
those that I encountered are a proverbial ticking time bomb 
for science. What if those opposed to taking action against
global warming were to make the claim that science shouldn’t
be believed in this matter because its process is so rife with
poor ethics that it can’t be trusted?”

“While removing unethical reviewers would help, improving
reviews of ethical ones is also important. Currently there is
no compensation of any sort for reviewers and hence no
encouragement to do a good job. I believe that reviewers
should be paid for their services. People take paid jobs much
more seriously than volunteer efforts. Knowing this, social
psychologists pay their subjects simply to fill out
questionnaires because it yields much higher‐quality results.
And what could be more important than the accuracy of the
archival scientific literature? “



Three Aspect et al. Experiments







Local Hidden Variable Theory Gives

Quantum Mechanics Gives

Experiment Measures

Quantum Mechanics is 
consistent with  measurement

For no losses and perfect detection 2 2QMS = ±









Type I Spontaneous Down Conversion

Signal and idler have same polarization



Type II Spontaneous Down Conversion

Signal and idler have different  polarization
Crystal birefringence gives two light cones









Local Hidden Variable Theory Gives

Quantum Theory Gives



Measurement Gives



Measurement with attenuator gives



If I was king…..

What would we cover if PHYS953 was two separate,  semester long classes?

Nonlinear Optics
The nonlinear optics of mode‐locking in detail
Resonant Systems

Alkali Gas Systems
Nonlinear optics and the two level approximation
Optical Block equations and Rabi Oscillations

Semiconductor nonlinear optics
Third order effects
Two photon absorption
Absolute CEP detection using LT‐GaAs

Two photon absorption methods in biological materials
TPA imaging
Optical coherence tomography (OCT)

Relativistic nonlinear optics
Electro optics and acousto optic effects
More on nonlinear pulses in fibers: solitons, dispersion managed solitons, etc.
Applications of nonlinear optics for optical communications



What if this class were two, semester long classes …

Quantum Optics
More on quantum coherence functions
Quadrature squeezing

Squeezing in optical fibers interferometers: reducing Shot noise
Using squeezing for gravity wave detection (LIGO)

Quantum description of noise
Quantum theory of solitons and squeezing
Interactions of atoms and the quantized electric field

Jaynes‐Cumming model
Dressed states

Experiments in cavity QED
Electromagnetic induced transparency  (EIT) in resonant systems
Quantum description of lasers and amplifiers
More on photon detection methods: coincidence counting
Quantum information
Quantum crypography
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Mini-Project 1: Review and Survey             Kansas State University, PHYS953, NQO, Due: 9/1/10 

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 I 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. Classical treatment of a beam splitter   
A beam splitter is used to combine or split electric fields.  Consider a lossless beamsplitter reflectivities 1 2and r r  

and transmittivities 1 2 and t t  where these are complex numbers represented by ( )exp
ii i rr r i= θ  and 

( )exp
ii i tt t i= θ  where 1,2i =  (read Hamilton Am J. Phys. 68 (2) 2000).  The actual values the reflectivity and 

transmittivity is given by the Fresnel equations for a specific dielectric material (amplitude and phase shifts).  The 
incident electric fields  and a bE E  onto the beamsplitter are split into waves and c dE E  using the following 
scattering matrix 

 

 

    1 2

1 2

c a

d b

E Er t
E Et r

⎛ ⎞ ⎛ ⎞⎛ ⎞
=⎜ ⎟ ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

 

 
 
 

The scattering matrix must by unitary if it satisfies energy conservation.  This implies (read Ou and Mandel, Am. J. 
Phys 57 (1) 1988):  

1 2 1 2= , =t t r r  
2 2 2 2

1 1 2 2+ + 1t r t r= =  
* *

1 2 1 2 0r t t r+ =  
Furthermore, energy conservation dictates that the phase satisfy: 

1 1 2 2t r t r− + − = ±θ θ θ θ π .   
 
1. Prove that the scattering matrix must be unitary if energy is conserved.  
2. From now, consider a symmetric lossless beam splitter such that 1 2=r r and 1 2=t t .  Show that for the symmetric 

beam splitter, the phase is / 2t r− = ±θ θ π .  How does this phase shift differ from the phase shift on reflection 
from glass window of index 1.5 (starting from air)? 

3. Let the symmetric beam splitter be a 50/50 beamsplitter.  This means that if intensity * 1a a aI E E≡ =  and =0bI  
(ignoring proper SI units) are incident onto the beamsplitter the output intensities will be 1

2=cI  and 1
2=dI .  

Come up with the correct scattering matrix for the symmetric 50/50 beam splitter.  Show that your matrix 
computes the correct intensities  and c dI I  and the correct output phase shift.   

4. Now have two input electric fields onto the beamsplitter with a phase shift ∆ϕ , i.e. 

( ) ( ) ( )1 1exp  and exp exp
2 2a bE i t E i t i= = ∆ω ω ϕ  

Is it possible to determine a input phase shift ∆ϕ  so that =1cI  and =0dI .  If so, what is the correct phase? 

2. Spectral response of an exponential decay 
Consider the function 
 

0 for 0
( )

exp( / ) for 0
t

f t
t t

<⎧
= ⎨ − ≥⎩ τ

 

 
1. Sketch this function.  Find ( )f ω , the Fourier transform of the function ( )f t . 
2. Determine the real and imaginary portion of ( )f ω .  Make comment on they symmetries of these function. 
3. Plot the real and imaginary portions ( )f ω  as a function of ω.  Does the mathematical form of either the real or 

imaginary portion look familiar?  Do either of them have a name? 
4. In class, we derived a model of the electric susceptibility starting from a damped driven oscillator.  We derived 

the absorption and the index of refraction as a function of frequency.  How do the real and imaginary portion of 
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the electric susceptibility compare to the real and imaginary portions of the Fourier transform?  Can you provide 
a physical explanation why they look similar?  

3. Anisotropic linear media 
In this class, we will deal with crystals that are not isotropic and have nonlinear optical properties. 
1. For a linear isotropic material, the direction of the flow of energy (given by the direction of ×E H ) is in the 

same direction as the wavevector k .  This is not true for an anisotropic material.  Furthermore, while E  and k  
are mutually perpendicular in a linear isotropic material, they are not perpendicular in an anisotropic material.  
However, H  is always perpendicular to E  and k .  For an anisotropic material show that a) E  is not in the 
same direction as D , b) E  and k  are not perpendicular, and c) H  is perpendicular to E  and k .  

2. Draw a picture of the vectors, D , E , H , ×E H , and k  for a plane wave in a anisotropic material.  Sketch also 
the planes of constant phase (wavefronts), which will be perpendicular to k .  For a nonlinear process like 
second harmonic generation, the fact that ×E H  and k  are not parallel in a crystal lead to walkoff between the 
fundamental and second harmonic electric fields. 

 

4. 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 center wavelength is 800 nm.  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. 
 
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 (β2) due to the fused-silica window. 
4. Compute and plot final temporal intensity Iout(t) and phase ϕout(t) after propagation through the window.   
5. Compute and plot final spectral intensity Iout(ω) and phase ϕout(ω) after propagation through the window. 
6. Is the “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 β3. 
9. Compute and plot final temporal intensity Iout(t) and phase ϕout(t) after propagation through the window.  

Consider only quadratic phase distortion due to the fused-silica window. 
10. Compute and plot final spectral intensity Iout(ω) and phase ϕout(ω) after propagation through the window. 
11. Set β3=-β3,fused silica and find Iout(t).  How is the temporal intensity different than in Question 9?  

5. 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:   
 

2 3( )F x kx x xα β= − − −  
 

where 2
0 /k mω =  is the  natural frequency sans any anharmonic terms.  Let 1 kg and =1 N/mm k= . 

1. Plot the potential energy for the above force using 20.01   N/mα = and 30 N/mβ = .  Compare it to the 
potential energy of a simple harmonic oscillator.   

2. Plot the potential energy for the above force using 20 N/mα = and 30.01 N/mβ = . 
3. Now, let 20.01 N/mα =  and 30.01 N/mβ = .  Numerically solve the 2nd order differential equation of motion, 

solving for x(t) for t=0 to 20 seconds assuming that 0 (0) 0.1 m and (0) 0 m/sx x x≡ = = .  By plotting x(t) 
determine the frequency of oscillation ω .  How does it compare to 0ω ?   

4. Find x(t) for 0 10 m and (0) 0 m/sx x= = , letting 20.01 N/mα =  and 30.01 N/mβ = .  What is the new 
frequency of oscillation and how does it compare to 0ω . 
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5. An analytic approximation for ( )0xω , derived using the method of successive approximations (see Landau’s 
Mechanics), is given by 

( )
2

2
0 0 03

0 0

3 5
8 12

x xβ αω ω
ω ω

⎛ ⎞
= + −⎜ ⎟

⎝ ⎠
 

Compare your numerical ( )0xω  to the analytic approximation expression for 0 0.1 m to 10 m x = .   
6. The Fourier series for x(t) is given by the expression  
 

0

1 1

2 2( ) cos sin
2 n n

n n

a n nx t a t b t
T T
π π∞ ∞

= =

⎛ ⎞ ⎛ ⎞= + +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

∑ ∑  

 

where the period  2 /T π ω=  and the Fourier series coefficients are given by 
 

0 0

2 2 2 2 ( ) cos  and ( )sin
T T

n n
n na x t t dt b x t t dt

T T T T
π π⎛ ⎞ ⎛ ⎞≡ ≡⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠∫ ∫  

 

Numerically solve for x(t) with 0 10 mx = using 20 N/mα = and 30.01 N/mβ = .  Find the first five Fourier 
series coefficients  na  (where n=0, … , 4) of the solution x(t).  Explain why 0nb =  for all n. 

7. Numerically solve for x(t) with 0 10 mx = using 20.01N/mα = and 30 N/mβ = .  Find the first five Fourier 
series coefficients  na  of the solution x(t). 

8. Compare the odd terms of  na  for the case where 0, 0α β= ≠ .  Compare the even terms of  na  for the case 
where 0, 0α β≠ = .  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: 10/07/10 

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 I(-) (ooe) phase 
matching.  A single laser provides the fundamental fields for the E1 and E2 fields at frequency ω= ω1= ω2 
(corresponding to 1064 nm), the second harmonic field will be the E3 field at ω3=2ω.  Thus, E1=E2 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 µm.  The length of the crystal is L=1.0 cm 

Type I(-) phase matching implies that the fundamental fields (E1=E2) are both orientated along the ordinary (o) 
axis and the second harmonic (E3) 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 λ is expressed in µm): 
 

2 2
2 2

2 2 2 2

1/ 22 2

2 2

1.7623 0.0101 0.7580 0.0097( ) 2.2576       ( ) 2.1295
57.898 0.0142 127.0535 0.0014

sin cos( , )
( ) ( )

o e

e
e o

n n

n
n n

λ λλ λ
λ λ λ λ

θ θθ λ
λ λ

−

= + + = + +
− − − −

⎡ ⎤
= +⎢ ⎥

⎣ ⎦

  (1) 

 

For this process effd  will have the form 36 36sin sin 2   where =0.39 pm/Veff ooed d d dθ φ= =  for KDP. 
1. What is the wavelength of the second harmonic generated field (E3)? 
2. Assuming the phase matching process is Type I(-) (ooe), find the phase matching angle θpm where ∆k=0. 
3. Assuming the phase matching process is Type I(-) (ooe), what are the values of 1 2 3, ,n n n where ( )j jn n λ= .  

Make sure to use the proper index nj (either ( , )en θ λ or ( )on λ ) when computing 1 2 3, ,n n n  
 

You try to orientate the crystal for perfect phase matching, however you make an error and set the crystal at angles 
0.995 pmθ θ=  and 45ϕ = ° .   

4. Find effd under these conditions in units of pm/V 
5. Compute the phase mismatch ∆k under these conditions.  Use the proper 1 2 3, ,n n n .   
6. Determine the initial electric field amplitudes A1(z=0) and A2(0) in V/m from the given total input power of 

P=0.2 W.   Remember that irradiance (intensity) has units of W/m2 and is given by  
 

* 2
02  in units of W/mj j j jI n cA Aε=     (2) 

 

7. What is the initial amplitude of A3(0)? 
8. Numerically solve the three coupled differential equations derived in class for the amplitudes A1(z), A2(z) and 

A3(z).  Assume the possibility of pump depletion, 0.995 pmθ θ=  and 45ϕ = ° .  Plot I3(z) and I1(z) for z=0 to L. 
9. Is the 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 [ ]3 1 2( ) ( ) (0) (0)SHG z I z I Iη ≡ +  at z=L. 
 
Now you set the angle θ  for perfect phasematching pmθ θ=  thus setting the phase mismatch ∆k to zero.   
12. Solve the coupled differential equations again with pmθ θ= and ∆k=0, using the correct values of 1 2 3, ,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 LNL which is a length scale that determines the strength of the nonlinearity.  Note 
that ( ) 0.58SHG NLz Lη =  for perfect phase matching.  A form for the nonlinear length is given by 

2
0 1 2 3 1

1

21
4 (0)NL

eff

n n n c
L

d I
ε λ

π
=       (3) 

 

14. Compute LNL using Eq. 3.  How does it compare to L=1 cm? 
15. Solve the coupled differential equations setting L=4LNL for ∆kL=10, ∆kL=1 and ∆kL=0.   Plot the conversion 

efficiencies ( )SHG zη  and [ ] [ ]1 2 1 2( ) ( ) ( ) (0) (0)z I z I z I Iη ≡ + +  as a function of z for the three cases.  Which case 
produced the most SHG power and the largest ( )SHG Lη ? 
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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 µm 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 α (in units of 1/m) at the fundamental wavelength of 1275 nm. 
2. Where could you buy this crystal?  If you cannot find a vendor choose a different crystal. Use the internet. 
3. Is the crystal uniaxial or biaxial?  If your answer is biaxial, choose a different crystal. 
4. Is the crystal negative or positive uniaxial? 
5. What type of phase matching would you use?  Type I or Type II?  ooe or oeo or something else? 
6. Given your choice of crystal and phase matching type, what would be the phase matching angle θPM?   
7. What would be effd for your crystal in pm/V? 
 
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 ( )I λ  in nanometers? 
9. Using the above pulse as the fundamental, what is the SHG spectral bandwidth (FWHM) in nanometers.  The 

SHG spectrum ( )SHGI ω  is proportional to the autoconvolution of the fundamental spectrum: 
 

( ) ( ) ( )SHGI I I dω η ω η η∝ −∫      (4) 
 
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(ω) due to the phase mismatch is given 
by  

 

( ) 2
sin ( , )

( )  where  is the crystal thickness.
( , )
k L

H L
k L

θ λ
λ

θ λ
∆⎛ ⎞

= ⎜ ⎟
∆⎝ ⎠

   (5) 

 
11. Determine the spectral width of the filtered SHG spectrum ( ) ( )SHGH Iλ λ  in nanometers.   
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Mini-Project 3: Third Order Nonlinearities in Optical Fibers            KSU PHYS953, NQO, Due: 10/28/10 

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 ( NLL ) and dispersion length ( DL ) in the fiber in terms of the peak power 0P , the pulse duration 
FWHM t∆ , group velocity dispersion 2β , and the effective nonlinearity γ  by  
 

2
0

0 2

1  and   NL D
T

L L
Pγ β

= = 2
0 2where T  and .

2 ln(1 2)
nt
c r
ω

γ
π

∆
= =

+
 

 

A first order soliton occurs when 1NL DL L = .   
 
A hyperbolic secant pulse with center wavelength λ0=1550 nm and pulse duration ∆t=100 fs FWHM propagates 
through a length DL of a single-mode optical fiber.  The optical fiber has a core radius of r=4.1 µm and an index 
difference ∆n=0.008 between the core and cladding index or refraction.  The value for the nonlinear index of 
refraction is n2=3 10-20 m2/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 µm):   
 

23
1 2 32

2 2
1 1 2 3

 B  = 0.711040, B  = 0.451885, B = 0.704048
( ) 1  where   

C  = 0.064270, C  = 0.129408, C = 9.45478
i

i i

B
n

C
λ

λ
λ=

= +
−∑   (1) 

 

(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 β(ω) for the fiber, which 
represents the z component of the wavevector k(ω), is given by  
 

( )( ) 1 2 ( )  .n nb
c
ω ωβ ω ω= + ∆  

 

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

2

4

1 2( ) 1  where ( ) ( ) 2 .
1 4 ( )

rb V n n
cV
ωω ω ω

ω

⎛ ⎞+
= − ≡ ∆⎜ ⎟⎜ ⎟+ +⎝ ⎠

 

 
 
 

1. Show that the value of the second order propagation constant β2 (i.e. group velocity dispersion) at λ0=1550 nm 
is -0.0000180 fs2/nm.  β2 can be determined from  

 

0

2

2 0 2

( )( ) d
d ω ω

β ωβ ω
ω

=

=  

 

2. What is DL ?  Determine the peak power P0 for where 1NL DL L = . 
3. Consider the pulse propagating through DL  of fiber experiencing only group velocity dispersion (no nonlinear 

effects).  Plot the temporal chirp 0( ) ( )GVD t GVDt tω ω ϕ= −∂  of the pulse due only to GVD after DL . 
4. Consider the pulse propagating through DL  of fiber experiencing only self-phase modulation (no dispersion).  

Plot the temporal chirp 0( ) ( )SPM t SPMt tω ω ϕ= −∂  of the pulse due only SPM after DL . 
5. By comparing ( )GVD tω and ( )SPM tω , 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  
 

2 0p i sω ω ω− − =  
 
where we use the terms pump (p), signal (s), and idler (i) as for difference frequency generation.  Here we 
define i sω ω> . 
 
A strong continuous wave laser serves as the pump at ωp of power P0=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 µm and index difference ∆n=0.008 
between the core and cladding indices (as in Problem 1).   
 
1. Determine the signal and idler wavelengths produced through partial degenerate four wave mixing for pump 

wavelengths from λp=900 to 2000 nm.  To determine this for a given pump frequency pω  you will need to find 
the signal sω  and idler iω  frequencies that satisfies both energy conservation and phase matching: 

 

2 0

0
p i s

m w NLk k k k

ω ω ω− − =

∆ = ∆ + ∆ + ∆ =
 

( )
( )

1

1

0

where

( ) ( ) 2 ( )

( ) ( ) 2 ( )

2

m s s i i p p

w s s i i p p

NL

k c n n n

k nc b b b

k P

ω ω ω ω ω ω

ω ω ω ω ω ω

γ

−

−

∆ = + −

∆ = ∆ + −

∆ =

 

 

The phase mismatch k∆  has contributions due to material dispersion ( mk∆ ), waveguide dispersion ( wk∆ ), and 
the fiber nonlinearity ( NLk∆ ).  To determine the phase mismatch, you will need to use the Sellmeier equation 
and b(ω) from the previous problem. 

2. Plot λs and λi versus λp.  
 
The zero group velocity dispersion wavelength λzGVD is ~ 1345 nm for this fiber, which is determined using β(ω).  
Notice that the behavior of λs versus λp and λi versus λp is different on the long and short wavelength sides of λzGVD 
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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 groundbreaking, highly cited 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? 
Are 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:  11/11/10 
Review Due:  11/18/10 
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Paper List 
1. Probing single molecules and single nanoparticles by surface-enhanced Raman scattering 
Author(s): Nie SM, Emery SR 
Source: SCIENCE   Volume: 275   Issue: 5303   Pages: 1102-1106   Published: FEB 21 1997 
 
2.  PLASMA PERSPECTIVE ON STRONG-FIELD MULTIPHOTON IONIZATION 
Author(s): CORKUM PB 
Source: PHYSICAL REVIEW LETTERS   Volume: 71   Issue: 13   Pages: 1994-1997   Published: SEP 27 1993 
 
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-AL2O3 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. HIGH-ORDER HARMONIC-GENERATION FROM ATOMS AND IONS IN THE HIGH-INTENSITY 
REGIME 
Author(s): KRAUSE JL, SCHAFER KJ, KULANDER KC 
Source: PHYSICAL REVIEW LETTERS   Volume: 68   Issue: 24   Pages: 3535-3538   Published: JUN 15 1992 
 
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 0 1a bψ = +  where a and b are complex and satisfy the 

relationship 2 2 1a b+ = . 
1. Calculate the variances of the quadrature operators 1X̂  and 2X̂ (see Eq. 2.52 and Eq. 2.53). 

The variance of an operator is given by 
22 2ˆ ˆ ˆ( )i i iX X X∆ = −  

 
Remember that 1X̂  is called the in-phase component and 2X̂  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 221  and ib a e a aϕ= − = (this is 

done without the loss of generality).  Plot the variance as a function of 2a for different ϕ. 
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 1X̂  and 2X̂ are canonical 
variables and do not commute, thus they have an uncertainty relationship given by Eq. 2.56.  
Quadrature squeezing occurs when 
 

2 2
1 2

1 1ˆ ˆ( )  or ( )
4 4

X X∆ < ∆ < . 

 
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. 0s s pω ω ω+ − = .  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 
 

( )(2) † † *(2) †ˆ ˆ ˆ ˆ ˆ ˆ ˆ
2 s p s s p sH a a a a a aχ χ= +  

 
5. Use the Heisenberg equations of motion (Eq. 2.19) to derived two coupled first order 

differential equation for ˆsda
dt

and 
†ˆsda

dt
. 

6. What are the solutions to these differential equations if we assume a non-depleted pump?  
Integrate from time 0 to T.   

7. Show that the quadrature operators have the solution 
 

1 1 (2)

2 2

ˆ ˆ( ) (0)0 ˆ where 
ˆ ˆ0( ) (0)

T

pT

X T Xe
i a

eX T X

δ

δ
δ χ

−⎡ ⎤ ⎡ ⎤⎡ ⎤
= ≡⎢ ⎥ ⎢ ⎥⎢ ⎥

⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦
 

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

22 2
1 1

222
2 2

ˆ ˆ( ( )) ( ) 1
ˆ ˆ 4( ( )) ( )

T

T

X T X T e
eX T X T

δ

δ

α α α α

α α α α

−

+

⎡ ⎤− ⎡ ⎤
⎢ ⎥ = ⎢ ⎥
⎢ ⎥− ⎣ ⎦⎣ ⎦

 

 
This result states that the mean square fluctuations of the in-phase component 1X̂  is exponentially 
smaller by 2 Te δ− and mean square fluctuations of the in-quadrature component 2X̂ are 
exponentially larger by 2 Te δ .  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 17, 2010 
Part 2: Six to eight page paper  Due December 2, 2010 
Part 3: 10 minute presentation  Starting December 9, 2010 

1. Part 1 
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.  I 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. Part 2 
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. Part 3 
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 III-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. 
 
 




