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Preface

\ The Raman scattering process is one of Nature's fasci-
{ nating yet subtle phenomena which is just beginning to be

explored as one of Man's Tools to further his understanding

of the properties of matter and radiation, and their intimate
1 interactions. I enjoyed immensely the study and application
of this subtle phenomenon. The theoretical aspects of this
thesis greatly increased my understanding of optics, signal
analysis, electromagnetic theory and its application to the

‘ study of the interaction of light with matter. The exper-

. imental aspects taught me that experimental research follows
a long, winding path which takes you on many roads full of

i : potholes and deadends.

Noise was the villain in this thesis which prevented
the Ramdn signal from ever popping its head high enough to
be observed. The noise was fought during my alloted time

but in the end the noise remained the villain. The fight,

e e A et e -

however, led to my increased understanding of this phenom-

enon and alternate ways to defeat the noise for those few

- vy
s e o e

brave souls who wish to continue the battle in the future.

I am greatly indebted to my advisor Dr. Roh who guided

P

me through this research. He taught me a great deal about

working in a laboratory environment and how to think as an

experimentalist.

-~

I would also like to thank George Gergal, Ron Gabriel,

and Jim Miskimen for their technical help with the labor-

atory equipment used at AFIT.
ii
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Abstract

An analysis of the stimulated Raman scattering process
has been carried out for three variational techniques of
stimulated Raman spectroscopy (SRS) using low power CW lasérs
and synchronous detection techniques. The three variational
techniques of SRS examined are direct SRS, Raman-Induced
Kerr Effect (RIKES) and Optically Heterodyned RIKES (OHD
RIKES). In this analysis the Raman scattered signals for
all three variational techniques were derived using Maxwell's
equations for both amplitude and phase modulation techniques.
The noise contributions fer each technique were also examined.
It was found that the main source of noise for each technique
was due to probe laser intensity fluctuations.

The results of this analysis were utilized on an exper-
imental SRS system using low power CW lasers and synchronous
detection which was built to record Raman spectra. This
technique would provide the Air Force with a valuable diag-
nostic tool for potential use in many areas such as combus-
tion research, chemical kinetics and solid state technology.
This system failed to record Raman resonance of liquid ben-
zene at 992 cm“1 and solid silicon at 520 cm-l. This was
due to poor signal-noise ratios of less than one caused
primarily by probe laser intensity fluctuations. The re-

sults of the analysis on this system yielded the minimum
necessary modulation frequencies for each variational tech-

nique in order to detect the Raman resonance in benzene.

X




A THEORETICAL AND EXPERIMENTAL STUDY
ON THE APPLICATION OF

STIMULATED RAMAN SPECTROSCOPY

I Introduction

Background

The spontaneous Raman scattering process is a non-
linear optical effect caused by an inelastic scattering of
radiation due to molecular vibrations in the case of gases
and liquids and lattice vibrations in the case of solids.
This process was predicted in 1928 by Chandrasekhara Raman

(Ref 1:44). The Raman process results in an upward and

downward shifting of the incident radiation frequency by an

amount equal to the vibrational frequency of the inter-
acting molecule or lattice vibration. The downward shifted
radiation is called the Stokes wave and the upward shifted
radiation is called the anti-Stokes wave. Before the laser
was developed Raman scattering was a very difficult phenom-
enon to observe. This was due to the extreme weakness of
the Raman scattered radiation. With the advent of the
laser, spontaneous Raman scattering has become a very use-
ful tool for studying molecular vibrations, molecular
structure and symmetry as well as the structure and vibra-

tions of solids (Ref 2:V).




A slightly modified'form of spontaneous Raman scatter-
" ing, called stimulated Raman scattering, was observed by
Eckhardt et al (Ref 3:455-457). Stimulated Raman scattering
occurs when two overlapping radiation fields, which differ
in frequency by an amount equal to the vibrational frequency
of the interacting molecule or lattice, are both incident
onto the sample. These two fields are supplied by two laser
sources whose beams are made to overlap in the sample. The
higher frequency field will be called the pump wave and the
lower frequency field will be called the probe wave in this
thesis. When the pump wave interacts with the sample, the
Stokes field created due to the nonlinear properties of the
sample, will be at the same frequency as the probe wave.
This allows the Stokes field to be stimulated by the pres-
ence of.the probe field, hence, the name stimulated Raman
scattering. The stimulated Stokes field propagates in the
same direction and is phase coherent to the probe field.
The energy density of the Stokes field is proportional to
the energy density of the probe field. This process results
in the net gain of the probe wave at the expense of the
pump wave.

Figure 1 is an energy level diagram which depicts the

stimulated Raman scattering process. The incident pwap

photon (ﬂmp) raises the molecular system from the ground




v e —

- P
Al W v olat— -t e

P

-

—

vibrational state to a virtual energy level. The molecular

system is then stimulated to decay from the virtual level

to the first excited vibrational state by the presence of

the probe field (nhws where n 1is the number of photons in
the probe radiation field). This results in the emission
of a Stokes photon having energy ﬁms which is of the same
energy as the photons which make up the probe field. Hence,
the number of photons in the probe field is increased by
one everytime this scattering takes place. The stimulated
Raman scattering process converts part of the incident
energy of the pump field to molecular (or lattice) vibra-
tions and the remaining energy leaves as a photon of re-

duced energy.

l virtual
level
~ ﬁws
nho s from > ho J\N\f'
probe beam P
U
* 1st vibrational
state
Ground vibrational
state

Figure 1. Energy Level Diagram for Stimulated
Raman Scattering Process
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The scattered light of the stimulated Raman process is

~generally of much greater intensity than the scattered light

of the spontaneous Raman process (Ref 4:209). Much of the
work involving the stimulated Raman process has been in the
generation of the Stokes' components in various gas, liquid
and solid state samples. The stimulated Raman scattering
process provides high resolution Raman spectra limited only
by the linewidths of the lasers used (Ref 5:1) and is free
of interference from background nonlinearities (Ref 6:100D).
This has led to an endeavor to develop the stimulated Raman
process as a spectroscopic tool known as stimulated Raman

spectroscopy (SRS). SRS provides Raman spectra which is

directly proportional to both the imaginary part of the

(3) and the input

third order nonlinear susceptability x
pump power (Ref 6:100D). Several variational techniques
have been developed and analyzed in the recent years to en-
hance the stimulated Raman signal. These techniques include
the direct SRS (Ref 7:192-193), Raman-induced Kerr effect
(RIKES) (Ref 8), and optically heterodyned RIKES (OHD RIKES)
(Ref 7:193-195:;9:;10).

Of particular interest in this thesis is the develop-
ment of SRS using low power CW lasers. Owyoung has recently

demonstrated SRS in liquid benzene, as well as in mixtures

of common solvents using low power CW lasers for both the
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pump and probe sources (ﬁef 7:197-200;11;12) . Owyoung has
incorporated the use of a multipass Raman cell which en-
hances the output stimulated Raman signal in several common
solvents (Ref 11). Owyoung has also obtained high resolution
stimulated Raman spectra of the Q°1(1) transition in mole-
cular hydrogen using CW lasers (Ref 13). Recently, Levine
et al have examined and proposed the use of SRS for studying
monolayers. They also propose a surface Raman ellipsometry
technique analogous to the RIKES technique for further
signal-to-noise enhancement of solid state samples (Ref 14).
The development of SRS techniques will provide the Air
Force with a valuable tool which can be used in a wide
variety of scientific study. Indeed, SRS is being developed
into a gas diagnostic tool to determine the temperature and
concentrations of major species in combustion environments
such as the hot exhaust of a rocket engine without perturb-
ing it (Ref 15). These results can lead to the improvement
of fuel burning efficiency and the reduction of pollutants.
Other uses of SRS include the following: understanding
basic physics such as the examination of nonlinear suscep-
tability tensor elements, dephasing and decay times and the
determination of rotational constants for wvarious substances

(Ref 1:49); the study of crystals and amorphous solids;

provide a wealth of useful surface information of solid




state samples and hence complement other surface vibrational
techniques such as electron energy loss spectroscopy and

IR absorption (Ref 14:1431); provide a means to examine
lattice damage, measure dopant ion concentrations and the
location of the dopant ions of an ion implanted semi-

conductor both before and after the annealing process.

Purpose and Scope

The purpose of this thesis is twofold: first, to de-
rive and analyze the signal and noise of three variational
techniques of SRS, which include direct SRS, RIKES and OHD
RIKES for both an amplitude and phase modulated pump beam;
and second, to develop and demonstrate an experimental SRS
system using low power CW lasers and synchronous detection
based on Owyoung's SRS system (Ref 12), which could be used
to obtain and study Raman spectra of liquids and solids.
The signal and noise analysis will complement the exper-
imental aspects of this thesis, allowing a comparison of
the experimental results to the predicted results, as well
as, a complete diagnosis of each variational SRS technique.

A liquid benzene sample was used to demonstrate the
experimental setup because of its well-characterized Raman
resonance at 992 cm L. All three techniques, direct SRS,

RIKES and OHD RIKES were tried on the benzene sample, but

resonance was never observed. This was attributed to a
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poor signal-noise ratio (SNR), due primarily to a noisy
probe laser source and too low a modulation frequency of
1KHz. This forced a look at the noise power spectral den-
sity of the probe laser beam to determine its noise content.
Finally, a sample of silicon was tried using an amplitude
modulated pump source. Thermal background noise was ob-
served which completely washed out the Raman resonance at
520 cm-l. In order to suppress the thermal background
noise, phase modulation must be used instead of amplitude
modulation in the case where the sample is an absorptive
solid (Ref 14:1427).

The thesis is organized in the following manner.
Chapter II discusses the basic theory behind the stimulated
Raman scattering process. In Chapter III, the basic results
of Chapter II are utilized to derive the signal strengths
for the three variational SRS techniques assuming an amp-
litude and phase modulated pump beam. This is followed by
a signal-noise analysis for each technique. Chapters IV
and V discuss the experimental apparatus, procedures and

results. Finally, Chapter VI discusses the conclusions

and recommendations.




- II Theory

Introduction

There are many references which discuss the theory be-
hind stimulated Raman scattering. Some authors treat this
phenomenon using classical mechanics and classical electro-
magnetic field theory, whereas others choose to describe
the phenomenon using quantum mechanics and guantum field
theory. A quantum treatment of this phenomenon is, however,
very limited because the matrix elements involved are very
difficult to calculate (Ref 16:473). When the photon den-
sities of the pump and probe beams are low, the quantum
treatment gives the most accurate results. However, in
most cases where the photon densities are high, classical
field theory is adequate enough to describe this phenomenon
(Ref 16£484). Hence, the discussion to follow will treat
the stimulated Raman scattering phenomenon using the clas-
sical approach.

In the first section of this chapter the stimulated
Raman gain experienced by the probe beam during Raman re-
sonance will be derived using Maxwell's electromagnetic
field equations. The following section will treat the
phenomenon using a classical harmonic oscillator model for

the vibrations of the medium. This will allow the third-

(3)

order nonlinear susceptability tensor xijkl (wl,mz,w3),
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which describes this nonlinear phenomenon, to be explicitly
(3) . .

calculated. The form of xijkl (ml,mz,m3) is very impor-

tant in this analysis, since the Raman signal is related to

it.

Stimulated Raman Gain Using Maxwell's Equations

The magnitude of the stimulated Stokes field created in
a sample of transparent material, where there is no magnet-
ization and no currents due to free charges, is determined
using Maxwell's electromagnetic field equations. The eq-
uations, in Gaussian units, are:

9H

- =1 "= -
! X E = c 5t ! x g =

Qj=
| @
ol o

(1)

0

[
o

v_ - D

1<
.

H (2)

The displacement vector D is related to the electric

field E by the relation

P_:

o]

+41pP (3)

where P is the electric polarization of the sample.

The classical wave equation for the electric field is

obtained by combining the above field equations. This gives

2 E (z,0 - 1 —T——azyz't) i —,—azg(t) (4)
E (z,t) - = = 4
- c? at :2- at
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This is an inhomogeneous wave equation with the polarization
P(t) acting as a source term.

The E and g fields are assumed harmonic with iden-
tical frequencies ®, given by

E(z,t) [ E(@ed®t + c.c. ] (5a)

Nf

P(t) 2 [r@edt 4+ cc. ] (5b)

After substitution of equations (5a) and (5b) into equa-

tion (4), we get

2
Vzg(m) + 95 E(w) = _i% ng(m) (6)
c c

The polarization P(w) is made up of a linear term
and nonlinear terms of the electric field, so that the total

polarization is written as

E(m) = g(l) (w) + 2(2) (w) + ?_(3) (®) + ... (7)
where
P(n) (m) = X(n) (w V] [N W= =) o= - )
i - ijkl...p 17-=2¢ 31 1 27 n-1

Ej (0 B (0,) By (0j) .. B (0-0)—0 = mep )

dw)dw,dw .. .dw, (8)

10

.
- -~ RS 4-5._..4.—1 haed .-

v



i
|

(n)

where X;ske...p

(ml,mz,m3...m—ml—m2—...-mn_l) is the nth

order susceptibility tensor of rank n+l, and repeated
indices are summed over (Ref 17:256). Pin)(m) follows
from taking the Fourier transform of the polarization
E(n)(t) as given by Butcher (Ref 18:17).

All even order terms of the polarization are zero for
media which have inversion symmetry (Ref 17:256). The

(1)(w)

linear term P is expressed as

(1) _ (1)
P, (0) = X1y (m)Ej(w) (9)

The linear susceptibility is related to the dielectric con-

stant of the media eij(m), by the well-known relation
= (1) '
eij(m) =1 + 47 Xij () (10)

so that equation (9) becomes

(1) -1 _
Substituting equations (11) and (7) into equation (6), set~
ting all even order terms to zero and ignoring all odd

order terms greater than the third, we get

v2E(0) + k%E(0) = TAT w203y | (12)
c
where 2
2 £w
s
C

11

7
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In general, the electric field may be written as a
linear superposition of harmonic fields. Thus, equation (12)
may be written for a single harmonic component. In this
analysis, the Stokes field is of interest, so we write
equation (12) as

2

v2E_(ag) + k2 E(o) = -:;5—— 2 () (13)
where gs(ms) and 2(3)(ws) are the Stokes electric field
and the third-order polarization in the frequency domain,
respectively; and Es is the Stokes wavevector. The solu-
tion of equation'(13) will determine the magnitude of the
gain of the Stokes field.

To solve equation (13) the envelope of the Stokes
field is allowed to vary with distance 2z inside the medium.
The envelope of the field takes the form gs(ms) = és(z)

eJksz. The Laplacian of equation (13) is written as

2
2 ]
v ES(NS) gz—z- E ((D )

BZE (z) a:-: (z)

———2——+2Jks—r-—"kE(Z)] e

Since the gain in the Stokes field is known to be small,
the change in amplitude of the envelope with respect to =z

must be small, so it is safe to assume that

12

e -
v 3 - - . - -
- ~ P p— .
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3E_(2) 3"E_(2)
. =5 =s
ik ———— | >> I | (15)
s 0z azz
The Laplacian becomes
- 3E_(2) :
2 o (12 . =S jk_z
v Es(ws)- ( ksgs(z) + 23kS - e’ "s (16)
Substituting this back into equation (13) gives
aésu) 2m€ (3) -k z
=3 5= P (ay)e s (17)
3z 2 - s
c ks

The impinging electric field onto the sample is com-

posed of the pump wave and the probe wave and is given by

s jo_t
E(z,8) = 3 [E (0 ed¥st * Epluplerp™ + c.c.] (18)

where gs(ms) is the probe electric field amplitude,
gp(wp) is the pump electric field amplitude, wg and w

are the circular frequencies of the probe and pump waves,
respectively. Substituting the Fourier transform of the

combined electric field impinging onto the sample [equation

(18) ] into equation (8) yields P(3)(ws) as

(3) e (3,
P17 (wg) = 6 X (wp,mu 0 ) E (0 )EA (0 )E (u)

3
+ 3§( )(wsu""srws)Es(“’s)Eg(“’s)gs(ms) (19)

13




where the indices of &(3) have been suppressed. The second
term on the right hand side of equation (19) is a non-
resonant term which is much smaller than the first term and
thus is neglected in this discussion. -

Substitution of equation (19) into equation (17) gives

- 2
3E_(2) 1271w ~
=s . s (3)
e ~ - ) 55— X (o_,-~0w_,0 )E (0 )E*(w_ ) E_(2)
LE °2ks 2 p’ 'p's'=pp-p p s (20)
This may be rewritten as
E () 9enlu g .
w5z ~ " 3 —23;——— X (mp,—wp,ws)Ip(z)Es(Z) (21)
s .

where Ip(z) = §% {Eplz is the intensity of the pump beam,

(3)

and ¥ (w_,-w ,ws) are those tensor components which

p P
contribute to the Stokes gain. Since the intensity of the
pump beam is assumed larger than the probe beam, the com-
parative depletion of the pump beam is insignificant to the

probe beam, so Ip(z) may be considered constant. This

allows an easy solution to equation (21), namely

-~

iRI_2
™%

r_;s(z) = gso(z=0)e (22)
where
96ﬂ2ms (3)
R = —3—— X (wp,-wp,ws) (23)




Yy
7

§

!

All the phase terms have cancelled out so that the stim-
ulated Raman scattering process is a self phased-matched
interaction. Hence, this phenomenon is insensitive to any
effect which could cause phase changes in either the pump
or probe beam, such as birefringence or optical dispersion
caused by the optical elements used in an SRS experiment
(Ref 11:324).

In order to see the gain more clearly we let jRIp =
a+jB and also allow x(3) to have real and imaginary com-

ponents. Thus we have

2 2

=96 w"I
- - - s°p (3) _
a = Re{jRIp} = —~;§;————— Im{x (wp, mp,ms)} (24a)
s
96n2m521 (3)
B = Im{jRI_} = —_3———-—2 Rel{x ' (¢ _,~w_,0_)} (24b)
P 3k, M

It will‘be shown in the following section that Im{x(3)}<0
so a, which is the gain per unit length of the Stokes
field, is a positive quantity indicating that the Stokes
beam emerges from the medium with a greater amplitude than
it had upon entering the medium. This comes about through
the transfer of energy from the pump field to the probe
field.

Since the gain is small, the exponential function of

equation (22) may be written as

15
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E;(2z) = E, (1 + az + jBz) (25)
= E,, + SEg (26)

where
§E, = B, (@ + jB)z (27)

The development so far does not take into account the
possibility that the pump field maybe composed of other
frequency components besides mp. This will be the case if
the pump field is modulated in some way, as is commonly
done in order to use synchronous detection techniques. In
order to account for these additional frequency components,

the x‘3) is examined in greater detail. Using equation

(8), P(3)(m) may be written as

P(3)(m)_:/[/;(3)(ml,mz,m-ml—mz)E(ml)E(mz)E(m-ml-mz)

dmldmz (28)

In the case of a finite number of possible frequencies for
twy and LY for example the set of frequencies {w_n,
m-n+l"mn}’ the integral of equation (28) reduces to a
finite sum over these possible frequencies. Thus, equation

(28) reduces to

l6




]
i
{
1

(29) |

n n
(3) ) (3) -
P '3 (w) _ZZ X (mi,mj,m-mi mj)E(wi)E(mj)

i=n j=-n

E(m-mi-mj)

This is now substituted into equation (17) which when solved

gives ;
= — jR'z !
§s(z) = ESO(Z—O) e (30) ;
|
where 2 i
1l2ro_ n_ n (3) ’
S -
}: Z X 7T l0g im0 g,0 )E (@) Eo*eg)  (31)
s i=-n j=-
This leads to the modified expressions for o and B:
o = -12"0’ Z Z Im{ (3) (0, ,~0.,0_)}E_(w;,) E_*(w,)
A A i - S
kg i=-n j=-n
(32a)
l2nm 2n n (3)
= ———— - *
‘ B Z E Re{x (cui, wj,ms)}Ep(mi) Ep (mj)
! ¢ ks i=-n j=-n
. (32b)

el

Classical Susceptibility Using the Nuclear Harmonic Oscil-

-

lator Model I

v ——r .

Stimulated Raman scattering can be explained very

’ simply by treating the Raman active medium as a collection

v of N uncoupled harmonic oscillators per unit volume where




each harmonic oscillator represents a molecule. If q is
the generalized coordinate representing the amplitude of
molecular vibration from the equilibrium position, then the

equation of motion for the molecular vibration is

2
dq dgq 2, _F
dt2+rdt+qu m (33)

where T is the damping coefficient due to collisions,
©, is the natural vibrational frequency of the molecule,
F 1is the driving force applied to the molecule, and m is
the reduced mass of the molecule.

When an electric field is applied to the molecule, the
field causes the electron cloud surrounding the molecule to

distort or polarize. The amount of polarization induced by

the field is given by (using indicial notation)
E (34)

th component of the induced polariza-

where Pk is the k
tion, N is the number of molecules per unit volume, Op1

is the molecular polarizability tensor and E, is the 1th
component of the electric field. Since the polarization is
the product of charge and the distance between the charges,

it seems reasonable to expect that the polarizability tensor

18
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is a weak function of the internuclear coordinate gq. As
q changes, the electrons surrounding the molecule see a
slightly different potential and hence, will distort d4if-
ferently. To express this mathematically, the polari-

zability tensor is Taylor expanded around q = 0 ¢

aakl
- °
Gpp = Opp *+ (_35—)q=0 q+ ... (35)

The electrostatic energy of the polarized molecules in the

medium is_expressed by the interaction Hamiltonian H as
Hy = T3 B.E = T3 PR (36)
The force on one molecule is
F="% ;gl (37)
= '-113 g—g ['%‘(azl + (-Z—%ﬁ)o q+. . )EE,; ]
=3 (a—:;‘;—l)o E.E, (38)

after substitution of equations (34), (35) and (36) into
(37) . The molecular polarization changes the potential
seen by the nuclear elements of the molecule, which causes
an applied force to exist on those nuclear elements. Sub-

stituting equation (38) into (33) gives

19
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TR I (5g 00 B (39)

as the equation of motion for gq. Assuming a harmonic time

dependence for gq, of the form gq(t) = %[q(Z)eJMt+q*(z)
e I%%], substituted into equation (39) yields
a
_ 1 1 %%,
q(z) = 2z 30 EkF1 (40)

((ﬂvz-gz) .,.'J'I'w

The electric field impinging on the molecule is com-

posed of the probe field plus the pump field. Hence,

E = %[gp(up)ej“pt + gs(ms)ej“’st + c.c.] (41)

Substitution of equation (41) into equation (40) will lead

to frequency components of q at + 2mp,i2ws,i(mp-w ),

s
i(mp+ms) and a d.c. component. The pump and probe fields
are normally in the optical region of the electromagnetic
spectrum and W, is normally in the infrared region.
Hence, the i(wp-ms) frequency components of q cause

_OJ:
resonance when mp s 0.

Carrying out the substitution of equation (41) into

equation (40) yields

20
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.at frequencies +ms,+(2ms-mp),-(2m

da

j(mp—ms)t

*
EPk(mp)Esl(ms)e

kl)

59 ° + c.c (42)

1
ale) = g | ) )
w, -(mp-ms) +3F(mp-ws)
Since the polarizability ey is a weak function of q,
as seen in equation (35), substitution of equation (42) into
equation (35) will yield a polarizability which is modulated
at o_ -o_. The induced molecular vibration caused by the

p s
overlapping pump and probe fields reacts back into the

impinging electric field of equation (41). This shows up
in equation (34) where the product of Qpyr which exists
at the frequency wp-ws, and Eyv which exists at fre-
quencies Wy and'wp; cause the polarization Py to exist
p-ms),-mp, etc. 1In the
stimulated Raman process the @, component is detected.

The nonlinear polarization at frequency Wg becomes, after

substituting equation (42) into equation (39),

*
NL N aaij 3y 4 Epj(wp)Epk(wp)Esl(ms)
P, (o)) = 5x=( ) 4 ) (43)
i s 8m'dq "o "dq o 2—(& - )7+'P(m -0_)
‘ v p s’ TINI0pT¢
The third order polarization is given by
Pi = 6xijk1(wp'-wp'ws)Epj (mp)Epk(Q)p)Esl(ws) (44)

as derived in equation (19).
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Comparing equation (44) with equation (43) yields

(3) N 3°ij) (B“kl)

xijkl(mp'-mp'ms) = 48m(aq 0'3q 'o

1

2 2 .
W, -(wp-ms) +3F(mp-ms)

(45)

Near resonance where wp—ms=mv the denominator of equation

(45) becomes

-

3 > = %‘ * e F6_—0 V3T (46)
W, -(mp—ms)'+jr(mp—ms) v v s p
'Hence, equation (45) reduces to
xé;LI (mp’-mp'ms)-4gm (gzij)o(:zkl)o
L (47)

mv[2(mv+ms-wé7¥jf]

which is Lorentzian. The real and imaginary components of

(3)
Xjjk1 are

22




(3) , _ N ij k1l 1 A
Re{xijkl} = I8m (E_l)o (E——)O a': ?? (48)
3a 1o ]
(3) _ - N i kl 1l T. \
it = 78 53 o 57 ol Tz T
v AT+l
where A = 2 (mv +wg - mp) (49)

(3) .
ijk1 'S
negative quantity and exhibits a Lorentzian shape much like

Hence, it is shown that the imaginary part of ¥ a

the first order susceptibility for normal attenuation.
(3)

ijkl
like the first order susceptibility for normal dispersion.

In general, the xi;il tensor is composed of 81 com-

i Likewise, the real part of ¥ exhibits a shape much

ponents. Fortunately, symmetry considerations reduce the
number of nonvanishing elements. For an isotropic medium,

! which is considered in this thesis, the number of components
is reduced to 21. Of these 21 components only 3 are in-

dependent. These components are displayed below:

v

(3) _ (3 _ _(3)
X3111 T X2222 T X3333

-

o -

(3) _ (3 _ (3 _ (3 _ (3 _ (3
? X1122 T X2211 T X1133 T X3311 T X2233 T X3322

(3) _

, (3) _ (3
; X3212 T X2121

. (3) _ (3 _ (3
1313

X3131 T X2323 T X3232




(3) _ () (3)

_ .(3) (3)
X31221 <

X2112 T X1331 T

and Xp,49; =

X1122 ¥ X1212 * X122

where subscripts 1, 2 and 3 are the

respectively.

24

X, v and z

(3)

X3113 T X2332 = X3223

(Ref 18:49-50)

directions,
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III Variational Techniques of SRS

Introduction

Synchronous detection is the method employed in this
thesis to detect the stimulated Raman gain induced in the
sample. In order to utilize this method, the detected
signal must be modulated. This is accomplished by modu-
lating the pump beam. Doing so causes the stimulated Raman
gain of the probe beam to be modulated through the gain's
dependence on the pump field, as seen in equations (32a, b).
The Raman gain is synchronously detected with a lock-in
amplifier referenced to the modulation frequency.

Amplitude modulation is the most common method when
working with transparent liquids or gases. However, for
the case of absorptive solids such as silicon, amplitude
modulating the pump beam causes the temperature at the
surface of the sample to fluctuate at the modulation fre-
quency. This change in temperature induces a change in the
reflectivity of the probe beam (g%) which is synchronously
detected by the lock-in amplifier. The signal due to this
change in reflectivity is typically 104 times greater than
the Raman signal, hence it obliterates the chance of re-
cording Raman spectra. In order to prevent the temperature

from fluctuating, the pump beam must be phase modulated.
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As will be shown, phase modulation at frequency @ ~ causes

the Raman signal to be amplitude modulated at W which
allows it to be synchronously detected by the lock-in am-
plifier (Ref 14:1427).

This chapter will examine the stimulated Raman scat-
tered intensities assuming both an amplitude and phase mod-
ulated pump source for the three variational SRS techniques:
direct SRS, RIKES, and OHD RIKES. Each of these techniques
will be treated separately in three sections. Each section
will begin with a description of the technique, followed by
a signal analysis where the two modulation schemes are
assumed. This will be followed by a signal-noise analysis
which will include a discussion of the advantages and dis-
advantages of each technique. The details of the signal
analysis are presented in Appendix A for the AM (amplitude
modulation) modulation scheme and Appendix B for the PM
(phase modulation) modulation scheme.

The general optical arrangement which is considered in
this analysis for direct SRS, RIKES and OHD RIKES is shown
in Figure 2. The pump beam, emitted by a tunable dye laser,
is passed through a modulator before entering the sample.
The probe beam, emitted from a fixed frequency laser, is
aligned so that it overlaps the pump beam. After the two
beams pass through the sample they hit a grating which

spatially separates them. The probe beam then passes

26
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FPigure 2: General optical arrangement for
direct SRS, RIKES and OHD RIKES.

through a polarizer, which acts as an analyzer, before im-
pinging on the photodetector. To record the Raman spec-
trum, the pump laser is slowly scanned in wavelength so
that when the frequency difference between the pump and i
probe lasers match the vibrational frequency of the sample
the induced modulated Raman signai is synchronously de-

tected by the lock-in amplifier.

Direct SRS

Description. 1In the -direct SRS technique the pump and




probe beams, which enter the sample, are both linearly

polarized along the same direction. The detected probe
beam is analyzed along this direction. Hence, the component
of the third order non-linear susceptibility which is res-
ponsible for the scattering in this configuration is the
X{iil (Note, the first subscript of the susceptibility is
the analyzed direction, the following two subscripts are

th_. pump polarization directions and the last subscript is

the probe polarization direction).

Signal Analysis - Amplitude Modulation of Pump Beam

(AM Case). Amplitude modulation of the pump beam is ac-
complished by utilizing either a mechanical chopper or
electro-optic crystal modulator placed in the path of the
beam just after it emerges from the laser. The intensity
of the pump beam will be assumed to vary sinusoidally at a

frequency of S The pump intensity becomes
Ipo
Ip(t) = - (1 + cos mmt) (50)

where Ipo is the intensity of the pump beam before enter-

ing the modulator. The complex electric tield Ep of the

modulated pump beam becomes

w
~ . m
Ej = t,e 3 log-—)t] (51

N =

jlw
Epo[e p

+ w_)
m
2




The pump and probe beams interact in a distance

sample giving rise to a gain in the prcbe beam.

£ in the

The total

probe field which leaves the sample is given by equation

(25) with o and 8 given by equations (32a) and (32b).

After substitution of equations (3la) and (32b) into equa-

tion (25) we have

. lZwmiZ-% e

SO0 n 2
¢ ks r=-% s=X%

1217w 2%

E_ (z=2,t) =E__[T.-T —————iz: 2: Ep(mp

+ .
rwm)

~p + 3T SZZ E(w+r<u)

< k r=-%s=-

B} (o, + sup) o11]ed0st (52)
where
1111 _ (3) _
Yoo = Im {Xllll (mp + ra, (mp + sa ), ws)}
1111 _ (3) _
¢.g  F Re {xllll (mp + ro, (wp + so), ws)}
T = e €p ~ jyn describes the linear dispersion and
n attenuation of the W + nw_ com-
ponent of the Stokes™ field.
n=-1,0,-1 for AM,
¢nk st
€, = —%— where oy is the 1 order attenuation

coefficient for w_ + nw  component of

the Stokes field.®
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(ms + nmm)
where n is the index of re-~

fraction for wg + no. component
of the Stokes “field.

The total intensity of the probe beam after travelling
through the sample is

I (z=4,t) = 55 |E  (z=2,0) | ? (53)

-~

After substituting equation (51) for Ep into equation (52)
then calculating Is(z=£,t) using equation (53), the total
intensity of the probe beam which is incident onto the photo-
detector in Gaussian units becomes (see Appendix A for de-~

tails of calculation)

Is(z=2,t)|d1F§§t SRS = I_ + I, cos a t + I, sin w t

1
+ I3(t) (54)
where
I, = d.c. terms , (54a)
48n2w 2
- s 2 1111 1111, -2¢ (54b)
L) = 53— Tolpo (Vo * ¥y le o
Cc kS
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_ s 1111 1111, -2¢ (54¢)
Iz = :31{———— Q‘ISOIPO(¢";§;5 ¢Lj“;§ )e o]
s
. 2 2
I3(t) = terms proportional to ¢ and ¢ (544)

The in-phase term I, is directly proportional to the sum
(3)

of the imaginary components of the Xy111 ‘tensor, whereas,

the quadrature component I2 is directly proportional to

the difference in the real components of X{iil’ which

makes I, less intense than I,. The real and imaginary

components of X{fil may be detected separately by pro-

perly adjusting the reference phase on the lock in ampli-

fier but the signal due to Rex(3)

proportional to wz and ¢2 which makes detection of I

is very weak. I3 is

3
much more difficult due to the small magnitude of wz and

62,

Signal Analysis - Phase Modulation of Pump Beam (PM

Case). Phase modulation of the pump beam is accomplished
by utilizing an electro-optic (E/0) modulator aligned such
that the polarization of the pump beam is along one of the
principal axis of the E/O crystal. When a sinusoidal field
is brought across the crystal the phase velocity of the

pump beam will vary sinusoidally, hence the beam emerges

from the crystal phase modulated. The electric field of




the sinusoidally phase modulated pump beam becomes

Ep(t) = EPOZ Jn(d)exp[‘j ((up+n<nm)t] (55)

=0

(Ref 19:15)

where Epo is the amplitude of the electric field of the
pump beam, & 1is the modulation index, Jn are the Bessel
functions of order n, and @ is the modulation frequency.
The modulation index § is given by
3
m™_"r_..E L

§ = __ELifé_EL. (56)
where n, is the ordinary index of refraction of the E/O
crystal, Tes is the 63 element of the electro-optic
tensor, E is the magnitude of the electric field which
drives the modulator, £ 1is the length the beam travels
through the crystal, and X is the wavelength of the pump
beam (Ref 20:260). For 6<<1 the modulated pump field of
equation (55) reduces to

E (t) = E [ejmpt + g(ej(mpﬂ"m)t—ej(mp'mm)t)] (57)

P po 2
The total probe field which leaves the sample is given by
equation (52) with the exception that r and s are now

summed over -1, 0, 1 and n goes from -2 to 2 in unit steps.
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Equation (57) is substituted in for the pump field. The
intenéity of the probe field is found after substituting
the resultant Es field into equation (53). The result of
this laborious calculation gives the intensity of the probe

field in Gaussian units as (see Appendix B for details of

calculation)

I (z=L,t) | direct SRS = I, + I; cos at + I, sin wgt
PM
+ I3 cos Zwmt + I4 sin met
i
+ I(t) (58)
! where
I, = d.c. terms (58a)
:’ gm0 lh L L =26y 4 1111 (1111 (58b)
! Il = —3—— PO "so 0-1 01
| c’k
P s
bt 96ﬂ2m 22 -2 ' (58c)
; I. = S Ipo Isoe (o] 6(¢llll+¢1111_2¢llll) i
v 2 - 3 0-1 Yol 10
x; s
Y
i 2 2
(¥ 96T w_" %
_ -2¢_ .2 ,,1111_ 1111
f I, = _;—3;——— Ipo I,,e " o8 (wl-l +v_ 1] ) (584)
1 c S
2 2
: 96T w_" 42
; S -2¢ 2 1111 1111
b I = —af——— 1 I_e o067 (65277 o ) (58e)
(¢ 4 2c3k po “so 1-1 11
H S
| 33
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Is(t) = terms proportional to (Gw)z and (6¢)2 (58f)

The in-phase and quadrature signals at @, are propor-
tional to &, whereas, the signal at Zwm are propor-
tional to 62. Hence, the stronger signal exists at @y
due to the small value of 6§ (v.1 or .01l typically). If
mﬁ is small compared to the width of the {3) resonance,

then I, is proportional to the first derivative of wllll

and I, is proportional to the second derivative of ¢1111.
The in-phase and quadrature signals at me (I3 and I4)

are smaller than the signals at ®n by a factor of §.
Finally, the remaining signals existing in the term Is(t)

are proportional to wz and ¢2 which, because of the small

values of ¢ and ¢, are considered negligible.

Signal-Noise Analysis. It is very important not only

to examine the amount of Raman signal that can be detected
but also to examine the amount of noise associated with ﬁhe
signal. The ultimate factor which will determine whether
or not the signal can be detected is the signal-noise ratio
(SNR) .

In general, the basic contributions to the noise
arises from signal shot noise, dark current noise of the
detector, Johnson noise arising from the detection elec-

tronics and intensity fluctuations of the lasers.
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The shot noise, given by the variance of the signal
current, is 2eI Av where e is the charge on an electron,
I is the average signal current and Av is the detection
bandwidth (Ref 20:281). The average signal current I is

given by

T=e ) (t) (59)

where A(t), known as the rate function, is given by

A(t) = lE. (,8)]2 aF (60)

N
ﬁws s

Bq

‘The quantum efficiency of the detector is given by n, fi

is Planck's constant divided by 2w, we is the Stokes fre-
quency, Ad is the area of the detector, and Es is the
detected Stokes field. The greatest contribution to A (t)
comes from the d.c. term involving the unaffected part of

the probe beam as it passes through the sample. This d.c.
term is seen as the first term in equation (52). Equation (60)

becomes

A(t) é.ﬂ%— P (61)

where Poo is the power of the probe beam in MKS units

incident onto the detector. Substituting equations (59)
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and (61) into 2eIAv gives the variance of the signal cur-

rent due to shot noise as
2 2
Var[current due to shot noise] = 2S£ p_ Ay (62)
ﬁms so

The mean-squared deviations of the pump and probe laser
2

powers are given by Ppo2 6p and Pso 65, respectively.

The factors Gp and Gs are defined as the mean-squared
fractional deviations of the pump and probe powers within
the detection bandwidth centered at the modulation frequency
(Ref 9:47). Direct SRS allows the unaffected probe beam

to be detected, as well as, the small Raman gain. Hence,
the detector is able to see the intensity fluctuations of
the probe beam. The variance of the current due to the
probe laser fluctuations is

2

. _ en
Var[current due to probe fluctuations] = Gs(ﬂagpso)

(63)

The fluctuations of the pump beam do not enter directly

into the detector since the pump beam is spatially separated
from the probe beam before detection. However, the fluc-
tuations of the pump beam causes the Raman field to fluc-

tuate due to the dependence of the Raman gain on the
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intensity of the pump field. To evaluate the noise due to
this fluctuation, the signal Ssrs(t) is defined for the

AM case as

~ 1 .
Ssrs(t) = 5— (I1 cos mmt + I, sin wmt + I3(t) ) (64a)

S0

where Il’ I, and I3(t) are given by equations (54b), (54c)
and (544d), respectively. Ssrs(t) for the PM case is de-
fined as

-1 ,
Ssrs(t) =7 (I1 cos mmt + 12 sin mmt + I3 cos met

SO

+ I4 sin met + IS(t) ) (64b)

where I, through I5(t) are given by equations (58b)

through (58f), respectively. To take account of the fluc-

tuations in the pump and probe intensities, Iéo and I:o
2 2 .
are replaced by Ipo (1 + Gp) and Iso (1 + Gs), respectively.

Thus, the square of the Raman gain part of the total signal

becomes
2
2 [S...(t)]
Igo (1460 T2 (1+6) —il;-cs:z— | (65a)
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which expanded is

2 2
Iz, [Ssrs(t)] [1 + ap +8 4+ sp ss] (65b)

The first term of equation (65b) is the unfluctuating part
of the Raman scattered intensity. The second, third and
fourth terms are the fluctuations in the Raman intensity due
to both the pump and probe fluctuations. In most cases,
when a dye laser is being used as the pump source and a gas
laser is being used for the probe source, the pump beam
fluctuations are much greater than the probe beam fluctua-
tions (Bp > Ss). Thus egquation (65b) reduces to

2

2
1 [Ssrs(t)] + I

2
so s

2
o ap[ssrs(t)] (66)

The variance of the signal current due to the pump beam

fluctuations becomes

var [current due to pump fluctuations] =

en 2
6p (ﬁE; PeoSsrs(t) ) (67)

Combining all the noise terms of equations (62), (63), (67)
along with the Johnson and dark current noise, the total

variance of the signal current is
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Var [current due to all noise sources] =

2
2en 4kT . en ,2
x5 PSO Av + R Av + 2e1dA\) + (m—) .
] eff s
2 en ,2 2 2
Pso 6s + (ﬁE;J Pso [Ssrs(t)] 6p (68)

The first term in equation (68) is due to shot noise. The
second term is due to Johnson noise (Ref 20:284), where T
is the effective temperature of the detection load and Reff
is the effective load resistance. The third term is due to
the detector dark current where id is the average detector
dark current. The fourth and fifth terms are due to the
laser fluctuations. The fifth term is considered negligible
due to its dependence on [Ssrs(t)]2 which is typically a
very small quantity. If the probe laser power is made suf-

ficiently strong such that P >> ho g 4kT + 2ei

so 2 Reff

then the Johnson and dark current noise become negligible

]
2e'n d

compared to the shot noise. This condition is easily
satisfied for normal values of T and laser powers in the
milliwatt range. Thus, the variance of the signal reduces
) |

2en en ,2 2
ho Pso Av +'(ﬁa_ P 8 (69)

S S

to
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To form the signal;noise ratio the signal must be eval-
uated. The intensity of the detected signal has already
been worked out in equation (54i for the AM case and equa-
tion (58) for the PM case. The average electrical signal

is given by

i’s = ex(t) * hit) (70)
where A(t) is the rate function as defined in equation
(60) and h(t) is the impulse response function of the
detector. If the detection bandwidth is considered con-

stant around the referenced frequency and zero at d.c. then

Is " 5 Pso Ssrs(t) (71)

where Ssrs(t) is that part of Ssrs(t) which falls with-

in the detection bandwidth. For example, if the lock-in is

referenced at the frequency w for the AM case then

' I1 cos wmt m
] (t) = ——————— where I, is given by equation (54b).
srs ISo 1

The signal-noise ratio (SNR) is defined as

I
SNR = S

(72)

{var[current due to all noise sources]}!5




el

o

P

Substituting equation (69) and (71) into equation (72) the

SNR for direct SRS becomes

S (t)

_ ‘ srs _
SNR‘direct SRS ~2ﬁws ]% (73)
[ Av + §
nPso s
As P is increased, the shot noise term in the denominator

so
decreases but the term Gs due to laser fluctuation stays

constant. Hence, the main barrier to shot noise limited
detection is the noise due to probe laser fluctuations (Ref
7 :193). Thus, it is very important to eliminate as much
probe laser noise as possible. It has been observed by
Levine and Bethea (Ref 21:86) that inserting an etalon into
the probe laser cavity, so that the laser is operated single~
mode, tﬁe d.c. intensity of the beam is reduced by a factor
of 2, whereas, the noise is reduced an order of magnitude.
Another noise suppressing device that is available on many
HeNe lasers is an RF quieting circuit which helps to
stabilize the plasma in the discharge tube of the laser.

The amount of laser noise which enters the system,
given by Gp and 63, is determined by the value of the mod-
ulation frequency W and the bandwidth of detection
system. The noise power spectral density, as shown in

Figure 3 for a typical laser, is used to determine the
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Figure 3: Noise power spectral density for
probe laser.

values of 6p and 65. The bandwidth of the detection
system is shown in Figure 3 as a box centered at I with
a width of Av. The amount of noise power that enters the
system is represented by the area under the noise power
density inside the box. It can be easily seen that the
noise power entering the system is described by either
narrowing the bandwidth (making Av smaller) or increasing
the modulation frequency @ (allowing the noise power
density curve to drop). Hence, it is important to choose

a high enough modulation frequency O and a narrow enough
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bandwidth so that GS or Gp is sufficiently small to allow
the signal to be easily detected.

When AM modulation is used on absorptive samples such
as silicon, there exists a synchronous thermal background
noise, discussed in the introduction to this chapter due to
absorption of the pump beam, which contributes to the var-
iance of the signal current. If this noise is assumed to

have a noise spectral density of height No' then the var-

iance of the signal current due to this thermal background

noise is
vVar[current due to thermal background] = N AV (74)

The SNR for direct SRS becomes

s'.__(t)
_ srs
SNR| 4i rect srs™ 2 (75
2w _Av fwg 1 %
s + 8§+ N Av(—2) ]
s o en P2
nPso so

The thermal background noise increases with increasing pump

power making NO a function of Ppoz’ This thermal back-

ground noise has been reported by Levine et al (Ref 14:1427)

as being 104 times greater in amplitude than the Raman
signal, making the third term in the denominator of

equation (75) the dominant term. Hence, phase modulation
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must be used, in which case the thermal background noise

terms would not exist.

RIKES (Raman-Induced Kerr Effect)

Description. RIKES is an optical configuration which

greatly reduces any non-resonant Raman scattering due to
electrons (second term in equation (19) ) and reduces the
effect of probe laser fluctuations which was found to be
the main noise contribution for direct SRS. The polar-
ization configuration used for the RIKES experiment is
shown in Figure 4. The pump beam is linearly polarized
along the x direction and the probe beam is linearly
polarized along the x-y diagonal. This polarization con-
figuration will induce birefringence in the sample which
results -in the emission of a Raman signal perpendi~ular to
the initial probe beam polarization. This field passes

through the analyzer and is detected. The x component of

the Stokes field is proportional to (3) + (3) and
X1111 T X1112
the y component is proportional to (3) + (3) For
X2111 ¥ X2112 -
isotropic media (3) (3) are both zero.
X1112 3™ X132
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Figure 4: RIKES polarization configuration. 1

Signal Analysis - Amplitude Modulation of Pump Beam

(AM Case). The detected Stokes field, which is derived in

Appendix A, is given by (eq. (A-12) )

) ~

- I _ sm
‘ E (z=2,t) = = (GESX 6Esy) (76)
|
M
”
4 where
. R ju_t . jw t
: GEsx EsolTnaxe s  + jEsolTnBXe s (76a)
V2 V2
b1
/v
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- jo_t

t

= J : Jw
GESY = EsolTnaye s + ]EsozTnBye s (76b)
V2 V2
and Qs ay are given by equation (32a) with wrs (wrs =
(3) 1111 2112 )
Im{yx }) replaced by Yos for o, and wrs for ay.

Likewise, Bx and By are given by equation (32b) with

‘ = (3) 1111
¢.g (0o = Re{x'"’} ) replaced by 9 s for 8 and
¢§;12 for By. The intensity of the detected Stokes field

is given by substituting equation (76) into equation (53).

This yields the Stokes intensity in Gaussian units as

= = i t +
Is(z 2't),RIKES I, + I, cos ot + I, sin w_
AM
I3 cos 2mmt + I4 sin met (77)
where
I = d.c. terms (77a)
© 4 4,2
2881 w_ "R
s 2 =2c
L =% IsoIpoe
c'k
s
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1111 1111 1111 1111 2112 2112 2112 211

1111 1111 2112 2112 1111 1111 2112 2112
Vi ) Yoy

+

1111 1111 1111 1111 2112 2112 2112 2112
O+t ) Oy

+

LR T NSl et B Okt war AR O Fomai W Ut o

+

(77b)

12 = term similar to Il but proportional to cross

product of Y and ¢. (77¢c)
4 4. 2

2881w %

_ s 2 ~-2¢ 1111,,1111 2112
I3 = —_—c6k V] ISOIPO e 0[¢%__;§ (w_;s;s = d’_%% ) +
s
2112 2112_ 1111 1111 llll_ 2112 2112 2112_ 1111
LR Ui B S i v R v R

(774)

I4 = term similar to 13 but proportional to

cross product of ¢ and ¢.

‘p%_;’ )‘(‘p_;s;i + 'P;i_;s )(lb_,s_;,'F ‘b,,;i )

)]




If “m is small compared to the linewidth of x(3),

then ittt yHLL o yllob eyl 2 B and pikevise

for all the components of w2112, ¢llll and ¢2112. Equa-
tion (77b) reduces to
4 4,2
g 28T e b2 m2e 111 2irz)
1 6, 2 S0~ po
ck
s
+ (ML - 21122y (78)

The RIKES intensity at @y {equation (78) ) is seen
to be proportional to the square of the difference between
the x and y components of ¢ and of ¢. The form of I,
is also seen to be Lorentzian. Comparing equation (78)
with the direct SRS intensity given by equation (54b) shows
that the RIKES signal is considerably weaker due to its
quadratic dependence on ¥ and ¢ as opposed to the linear
dependence for direct SRS. However, a signal-noise analysis
of RIKES will demonstrate whether or not it is advantageous
over direct SRS.

The phase modulation case for RIKES will not be dis-
cussed because the signal levels turn out to be very weak.

Such signals would be proportional to (Gw)z and (6¢)2
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which would be at least 2 orders of magnitude weaker than

the AM case.

Signal-Noise Analysis. For the signal-noise analysis

SRIKES (t) is defined as
Is(z=£,t)
S (t) = ———— (79)
RIKES Iso

where Is(z=2,t) is given by equation (77). This allows

the rate function XA(t) to be written as

_n
A(e) = ﬁ?n: Peo SRIKES(t) (80)

where Pso is the power of the probe in MKS units and
SRIKES(t) is calculated using Gaussian units. The average
current given by substitution of equation (80) into equa-
tion (59) gives the variance of the signal current due to
shot noise as

) 2e2n

Var[current due to shot noise] = fﬁr——PSOSRIKES(t) Av
s

-~

(81)

—

The other contributions to the noise include Johnson noise,

dark current noise and noise due to laser fluctuations.

.-
s

Since the main portion of the probe beam is blocked by the

o

N4
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analyzer the only contribution to the noise by the laser
fluctuations comes about through the dependence of the

Raman gain on the intensities of both the pump and probe
beam intensities, as well as, light leakage of the probe
beam through the analyzer which adds incoherently to the
RIKES signal. This leakage is caused by strains in the
optics or sample which induce birefringence (Fef 9 :46).

The fluctuations in the Raman gain due to the laser

fluctuations are analyzed by replacing Izo and I;o by
2 2 , .
ISo (1 + Gs) and Ipo (1 + 6p), respectively, into equa-

tion (77). The square of the RIKES intensity becomes

2
2, _ L2 4 [s (t)]
I_(z=2,t) = Teolpo (1 + 6.)(1 + 6 y2 "_RIKES
s P I 4
po
= 12 (s (t)]z[l + 8+ 28+ 288
so0 - RIKES s o S p
2 2
+ 87 + 8 8 2
P %5 ] (82)

Neglecting terms of order 62, one can approximate the
variance of the signal current due to laser fluctuations in

the Raman gain to be (assuming 6p>Gs)

Var[current due to laser fluctuations] = 2 (gg—)c
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2
Pso (s Srixes (®) ]2 (83)
To determine the noise due to the leakage of the probe
beam through the analyzer, the fraction of probe power which
leaks through is defined as €g* The variance of the signal

current due to this leakage becomes

Var[current due to probe beam leakage] = (%%—)2
s

so. s s (84)

Combining all the noise terms of equations (81), (83),
(84) along with the Johnson and dark current noise, the

total variance of the signal current is

var[current due to all noise sources]=§§——?so RIKES“:MV
s

4kT
+ ﬁ;;fA\) + 2e1dA\) + 2(@') PSO [ RIKES(t)] 6

+ (ﬁa-) PSC SS SS (85)

The fourth term is considered negligible here due to its

2 . \
dependence on [SRIKES(t)] which is very small.




The detected electrical signal is given by equation

RIKES (t)

[ ]
{(71) with Ssrs(t) replaced by S (t), where

[ ]
SrrkEs

is that part of S (t) which falls within the detection

RIKES
bandwidth. The resultant electrical signal is

— _ en '
I, T o Peo Srikes (P (86)

Substituting equations (85) and (86) in equation (72)

gives the SNR for RIKES as

Srixes ()

RIKES 2R _g (£)Av+akT D02 py . B0 Iy
[nP RIKES 7 en)P zQeld(€ﬁ~)§_ 2
(o) eff so SO

SNR/

2. 1%
s 851

s (87)

Due to the shot noise dependence on S (t), it is much

RIKES

more difficult using RIKES to increase Peo in order to

make the Johnson and dark current noise negligible. 1In

order for the shot noise to be great enough to allow the

Johnson and dark current noise terms to become negligible,

for typical values of T, Roggr id and Wgr the probe power
10

Pso would have to be at least 10 watts. In fact, for

these same typical values and assuming a probe laser power




in the milliwatt range, the shot noise and the dark current
noise are considered negligible to the Johnson noise. Hence,
the dominant noise terms for RIKES is due to Johnson noise
and that due to the leakage of the probe beam through the
analyzer.

If this analysis is carried further, by comparing the
two noise terms left, then it is discovered that as soon as
the leakage of the probe beam becomes 0.01% or greater
(assuming Gs = 10_12) then the Johnson noise becomes
negligible. It is unlikely that the leakage can be held
to that low a figure, which means that the main barrier to
the detection of the RIKES signal is due to the probe laser
fluctuations which leak through the analyzer.

The main advantage of RIKES is that it suppresses the
amount of probe fluctuations which enter the detector by a
factor of eg over the direct SRS case. However, due to
the extremely weak RIKES signal (~10-12Pso) in conjunction
with typical values of €g of 0.25% or greater, the SNR of
RIKES is about 3 orders of magnitude below that for direct
SRS. This really puts RIKES at a disadvantage compared to
direct SRS. Another disadvantage of RIKES is that it does
x(3)

not allow the real and imaginary components of the

to be separated, thus not allowing the values of ¢ and ¢

to be found.
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Figure 5: OHD RIKES polarization configuration.

OHD RIKES (Optical Heterodyned RIKES)

Description. The polarization configuration for OHD

RIKES is very similar to that of RIKES. The pump beam is
linearly polarized along the x-axis as in RIKES. The
probe beam is linearly polarized a small angle 6 from the
x-y diagonal. The signal is analyzed along the perpen-
dicular to the x~y diagonal as in RIKES. This polarization

configuration is shown in Figure 5.
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This polarization configuration allows a small com-
ponent of the probe field to pass through the analyzer
which acts as a local oscillator and heterodynes with the
Raman induced Kerr signal. The component that passes
through the analyzer is either in-phase or in quadrature to
the Kerr signal allowing either the real or imaginary part

(3)

of x to be detected. The output signal will be shown

(3)

to be directly proportional to ¥ so there is a greater

gain in signal over RIKES.

Signal Analysis - Amplitude Modulation of Pump Beam

(AM Case). The detected Stokes field which is derived in

Appendix A is given by (Eg. A-20)

. 1 ~ ~
Jw t+ = _

Es(z=2,t) = EsoToee y

sX

. where GESX and SEsy are given approximately by equa-
tions (76a) and (76b), respectively and 6 is the angle

" between the x-y diagonal and the direction of polarization

) of the probe beam. The intensity of the detected Stokes

field in Gaussian units is given by (see Appendix A for

details of calculation)

L = = 1
. Is(z z,t)IO:z IO + Il cos mmt + 12 sin mmt + I3(t)
(89)




= S -2€
I, = —3 IsoIpoee ol (v
c’k
s
1111 1111
- (‘b;s_;s + lb_;i% )]
24w2m522 -2 C
I. = ————— I I 0Oe ol (¢
2 c3ks SO po

1111 1111
+ (¢_!5;5 = ¢;5";§ )]

I,(t)=

The in-phase OHD RIKES intensity at I

(89b)
ference between the x and y
rature component at “n

proportional to the difference of

the same directional component of

2112
5-%

2112
=%

(equation (89c)

¢
O

2112
V]

2112
T oy )

higher order terms proportional to wz

componer:s of Y.

separated by

(89b)

(89¢)

and 2.

(894)

(equation

) is seen to be linearly proportional to the dif-

The quad-

) is directly

of
m

Comparing the inten-

sity terms cof OHD RIKES in equation (89) with that of RIKES

in equation (77) shows that the OHD R1KES signal is stronger

due to its linear dependence on
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quadratic dependence for RIKES. 1In addition, the OHD RIKES
technique allows the real and imaginary components of x(3)

to be detected separately.

Signal Analysis - Phase Modulation of Pump Beam (PM

Case). Using equation (88) for the detected Stokes field
and equation (57) for the phase modulated pump beam, the
intensity in Gaussian units of the detected Stokes field

is (see Appendix B for details of caleculation)

f

I (z=¢,t)|OHD

I +T1
PM ©

cos w_t+I., sin w_t+I, cos 2w_t
1 m 2 m 3 m

+ I, sin 20 t + IS(t) (90)
where
Io = d.c. terms (90a)
2 2
' 4877w _"2
_ s ~2¢ 1111 _ 1111
Il = ——————3 ISOIpoee O 6[(11)0_1 lrUOl )
c’k
s
) 2112 2112
3 ‘ + W1 7 = vy (90b)
! 48n2w 22
; _ s -2¢ 1111, 1111 1111
s L= =73 — Igolpo®e 0 SLtog i 40 =267 )
[}
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Is(t) = terms
If. wm
then I

resonance,

derivatives of the

+ 951

is small compared to the linewidth of the ¥

2
2112 112)]

- 249

-2€

2 1111

I_ fe + w}ﬁl)

SO po

+ wfiiz)]

2e

8e” %€ 62[(¢llll

1-1

1111

IsoIpo - %0117

2112
- ¢l_1 )]

proportional to (8¢)2 and (86)°2. (90f)

(3)

is proportional to the sum of the first

x and y components of V. 12 becomes

proportional to the difference of the second derivatives of

the x and y

than I I

1° 3
weaker than Il

§. Ig(t)

intensity because of its quadratic dependence on both

and §8¢.

components of ¢.

and I

Hence, I2 is smaller

4 are one to two orders of magnitude

and I, due to the gquadratic dependence on

is the weakest contribution to the OHD RIKES
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One of the advantages phase modulation offers over am-
plitude modulation is that with phase modulation very weak
Raman signals which change rapidly during the spectral scan
can be more easily detected due to the first and second
derivative dependence of the phase modulated Raman inten-
sities. This is true for both direct SRS and OHD RIKES

using phase modulation.

Signal-Noise Analysis. For the signal-noise analysis

of OHD RIKES, HD(t) is defined for the AM case as

So

= 1 ;
SOHD(t) = i;;g(ll cos wmt + 12 sin wmt + I3(t) )  (91a)

where Il' 12 and I3(t) are given by equations (89b)}, (89c)
and (89d), respectively. SOHD(t) is defined for the PM

case as

- 1 .
SOHD(t) = T;;F(Il cos wmt + I2 sin wmt + I3 cos Zwmt

+ I4 sin met + I5(t) ) (91b)

where I, through Is(t) are given by equations (90b)
through (90f), respectively. The rate function for OHD

RIKES, defined in equation (60), becomes

e v e 5 7 S ORI
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*

2

= _n
A(t) = =—— P (8% + 88 up(t) ) (92)

The main contributions to the noise for OHD RIKES that
are considered in this analysis are shot noise, Johnson
noise, dark current noise, and noise due to laser fluctua-
tions. The variance of the signal current due to shot
noise is, after substituting T = eA(t) and equation (92)

into 2eTAv,

2
_2em 2
—‘ﬁTs—. PSOe Av (93)

vVar[current due to shot noise]

The noise due to laser fluctuations arise from three
sources: 1) fluctuations in the probe component which acts
as the local oscillator, 2) fluctuations in the Raman gain
due to pump beam fluctuations, 3) probe beam leakage
through the analyzer due to strains in the optics and sample.
The variance of the signal current due to the local oscil-
lator probe fluctuations is exactly that found in equation
(63) for the direct SRS case, except with PS 62 replacing

o

Pso' Hence,

var[current due to local oscillator fluctuations] =

en 2,2
(EG; Pso 0°) 65 (94)
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The variance of the signal current due to the Raman gain's

dependence on the pump beam fluctuations (here assuming

6p>>65)

en P

Var[current due to pump fluctuations] = m so
s

2
8 SOHD(t) ) Gp (95)

This term can be discarded, as before, due to its dependence

on (t)]2 which is very small. The variance of the

[SOHD
signal current due to the leakage of the probe beam through

the analyzer is the same as that for RIKES (equation (84)):

Var[current due to probe beam leakage] = q%}—)z

S
2 2

'Pso €g Gs (84)
Combining all the noise terms of equations (84), (93),

and (94) along with the Johnson and dark current noise, the

total variance of the signal current is

2
Var[current due to all noise sources] =‘§S no
s
p_82Av + (96)
so
+ 3KT_ pu42ed Av+(9—”-—)2p 2945 - 1%p 2 %
Reff d hws so s wg SO s s
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The average signal current T; given by equation (70)

becomes, after substituting equation (92) for A(t),

= _ en \
Is = fiu_ Pso® Somp(®) (97)
L}
where SOHD(t) is that part of S (t) which falls within

OHD
the detection bandwidth.

The SNR for OHD RIKES becomes, after substitution of

equations (96) and (97) into equation (72)

)
SNR'OHD = 2 SOHDfit) 2 o}
2B 0°Av + 4kT ,¥s. ‘¢ Av . 952 Ay
RIKES s R (en ) 5 + 2e1d(-e——) —
ne eff P LI
SO sSO SO
+ e“ss + siss]" (98)

For the experimentally typical values of T, Reff' and id'
the Johnson noise term (an term in denominator of eqguation
(98) ) is approximately 4 orders of magnitude greater than

d . . .
term in denominator of equation

the dark current term (3°
(98) ).
For small values of 6 (assuming a fixed probe power),

the SNRIOHD increases linearly with 6, whereas, for
RIKES
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Figure 6: SNR[OHD vsS. 8
_RIKES
large values of 0 the SNRIOHD decreases as %. Some-
RIKES
where in between the SNR[OHD reaches a maximum at 6max
RIKES
as depicted in Figure 6. To maximize the SNRIOHD , Smax
RIKES
is chosen so that
w2
bmax = [3XT (8" _AY . 2 1% (99)
Regr " p_ % s
SO s

In most cases the second term in equation (99) is larger
than the first term. Hence, the value of 6 which max-

imizes the SNR[OHD is that which causes the noise due to

RIKES
leakage of the probe beam to be equivalent to the noise due to

63




the component of the probe beam which acts as the local
oscillator. If 6 1is chosen greater than 6max the
dominant noise term is that due primarily to the probe
fluctuations which belcng to the probe component which acts
as the local oscillator. If 6 is less than 6max the
dominant noise term is that due to the leakage of the probe
beam through the analyzer.

Comparing the SNR| of equation (98) with the

OHD
RIKES ﬁws
SNR[direct of equation (73) shows that if Gs>>nPso Av,

SRS

which is very common for narrow bandwidth detection systems

and most low power lasers, the SNR| is greater than

OHD
RIKES

. 1 ' .
SNR|direct SRS by a factor of 5720max where 68max is
given by equation (99). Hence, OHD RIKES gives rise to the

highest SNR of all three variational techniques.
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IV  Experimental Apparatus

Introduction

The experimental SRS system is shown in Pigure 7 for a
liquid and Figure 8 for a solid sample. The system consists
of the pump and probe lasers, optics, and the detection
electronics.

The pump beam emanates from a vertically polarized
tunable dye laser which is excited by an argon ion laser.
The pump beam passes through a modulator which either am-
plitude or phase modulates the beam. The modulated pump
beam then passes through a cutoff filter (F 1) which pre-
vents that portion of the dye power, existing at and below
the probe frequency, from entering the system. This
alleviates a potential noise source due to the pump beam's
intensity fluctuations which may exist at the probe wave-
length. The pump beam then hits a beam splitter (BS 1)
where it is allowed to combine collinearly with the probe
beamn.

The probe beam emanates vertically polarized from a
HeNe gas laser. For direct SRS, the polarization of the
HeNe laser is kept vertical, whereas, for RIKES the polar-
ization must be 45° from the vertical and for OHD RIKES it
must be an angle 45°+6 from the vertical (see Figures 4 and

5). A half-wave plate (P 1) is used to rotate the
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vertically polarized probe beam. A polarizer (P 2) cleans

up the polarization of the probe beam before combining with
the pump beam at the beam splitter BS 1.

With the pump and probe beams aligned collinearly at
the beamsplitter BS 1, one arm of the combined beams is
focussed into the sample by a lens (L 1). For the liquid
benzene sample, the two beams pass through the sample and
are recollimated by the lens L 2 as shown in Figure 7. For
the solid silicon sample, the two beams reflect off the
sample and are recollimated by the lens L 2, as shown in
Figure 8. After the beams have been recollimated, they

pass through an analyzer (P 3) which picks off the com-

ponent of the Stokes field to be detected. For direct SRS,
the analyzer is rotated such that it passes the vertical
component, whereas, for both RIKES and OHD RIKES the
analyzer is rotated so that the component 45° from the
pump beam polarization is detected (see Figures 4 and 5).
After passing through the polarizer P 3, the beams hit
another beamsplitter (BS 2) and then a ruled reflection
grating. The grating spatially separates the pump and
probe beams. The probe beam continues, passing through a
iy slit which isolates the probe beam and stops the pump beam.
A lens (L 3) focuses the probe beam onto the signal de-

[+
¢ tector D 1. A narrow band pass filter (F 2) of 80A
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bandwidth centered at 6328A (the probe wavelength) is used

to prevent stray background light, particularly that of the
pump beam, from entering the detector.

The other arm of the combined pump and probe beams,
beginning at the beamsplitter BS 1, is used toc both monitor
the wavelength of the pump beam and to suppress probe laser
intensity fluctuations in the detected signal. The pump and
probe beams reflect off a prism (Pr 1) to a polarizer (P 4)
rotated such that part of the probe and pump power is re-
flected to the slit of the monochromator and part of it is
transmitted through. The monochromator is used to monitor
the wavelength of the pump beam. The pump and probe power,
which is transmitted through the polarizer, is filtered by
a narrow bandpass filter (F 4) equivalent to the filter
F 2 so that only the probe beam is allowed to hit the de-
tector D 2. The d.c. level of the detected probe beam at
detector D 2 is matched to the d.c. level of the probe
beam at detector D 1 by the neutral density filter F 3 and
the polarizer P 4. By rotating the polarizer P 4 the d.c.
level of the detected probe beam at detector D 2 may be
continuously changed. The two signals from the detectors
D 1 and D 2 are plugged into the differential mode of the
lock-in amplifier. The lock-in subtracts the two signals
before demodulation which effectively subtracts out much

of the noise.
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The dye laser is scanned very slowly until the fre-
quency difference between it and probe laser match a
vibrational mode of the sample. When this occurs, an in-
duced Stokes field is created whicl gives rise to a modu-
lated gain in the probe beam. This gain is synchronously
detected by the lock-in amplifier and recorded by a chart

recorder.
Laser

Ar+ Laser. The dye laser was pumped utilizing a
Spectra~-Physics Model 165 Argon Ion Laser capable of de-
livering a maximum of 5watts of power, however, no more
than 3 watts were ever used. This laser was used in the
broadband mode allowing the lines between 4579£ and 5145&
pump the dye laser. High stability in output power was
achieved by operating the laser in the "light control mode"

which allowed only a +0.5% fluctuation in output power.

Pump Laser. A Spectra-Physics Model 370 Tunable Dye
Laser with the Spectra-Physics Model 371 Dye Circulator was
used as the pump source. The dye utilized in this system
was Rhodamine 6G which al.owed continuous tuning from
540 nm to 630 nm. The linewidth of this laser is given as
0.25;. The required wavelength for Raman resonance in
benzene is 595.4 nm. At this wavelength the output power

of the dye laser was found to be 300 mW with an input power
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of 3 watts from the Ar+ laser. Normally, only 1 watt of
input power is all the dye laser is able to take without
burning the dye cell windows. However, this laser has the
capability of receiving greater input power by a readjustment
of the position of the input lens. It was found that this
dye laser could accommodate up to 3 watts of input power
before the dye cell windows began to burn.

The required wavelength of the dye laser to induce
Raman resonance in silicon was 612.6 nm. At this wave-
length, the maxinum output power of the dye laser was found
to be 95 mW with an input pump power of 3 watts from the
Ar+ laser.

The dye laser was automatically scanned in wavelength
using a small electric motor which rotated the wavelength

[+]
selection dial at a rate of 1 A/min.

Probe Laser. A Spectra-Physics Model 125A Helium-

Neon Gas Laser, capable of delivering a maximum of 50 mW
of output power, was utilized as the probe source. The
Spectra-pPhysics Model 261 RF/DC Exciter was used to supply
the energy to the laser plasma tube. This laser comes with
a removable intracavity etalon which allowed single-mode
operation with the etalon in the cavity or multi-mode
operation with the etalon removed. The maximum power

measured in the multi-mode configuration was 50 n¥, whereas,
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the maximum power measured in the single-mode configuration
was 10 mW. This laser also has an optional RF power supply
which is designed to reduce laser output noise by quenching
noise in the plasma. This unit, however, was under repair
throughout the experimental phase of this thesis. The peak
to peak stability of this laser is reported to be less than

1s.

Optical System

Optical Modulators. A mechanical chopper capable of

intensity modulating the pump beam as a square wave at

1 KHz was utilized as the amplitude modulator. The pump
beam was focussed in the plane of the chopper blades and
then recollimated by two lenses of 101.6 cm focal length
(L 5 and L 6 in Figure 7). A 1 KHz reference square wave
was available from the small power package which powered
the chopper.

To phase modulate the pump beam an Isomet Corporation
Model TFM-503 transverse electro-optic modulator utilizing
KD*P as the crystal was used. This E/O modulator was
driven by a sinusoidal signal from a Wavetek Model III
Signal Generator. This modulator had to be oriented and
supported so that the vertically polarized pump beam was

parallel to one of the induced birefringent axes of the
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crystal. This required building a stand which supported

the modulator in this configuration.

Lenses, Beamsplitters, Filters and Grating. All the

lenses (L 1 through L 4 in Figures 7 and 8) were positive
with a focal length of 10 cm. The two beamsplitters (BS 1
and BS 2) reflected 75% of the dye power and 70% o the
HeNe power. This allowed 15 mW of probe power (operated
multi-mode) and 225 mW of pump power (operating at 5954;)
to enter the sample cell. The narrow bandpass filters (F 2
and F4) had maximum transmission at 6328£ with a trans-
mission bandwidth of 80&. A Jarrell-Ash reflection grating
of 295 grooves/mm was used to spatially separate the pump

and probe beams before detection.

Monochromator and Sample Cells. A Jarrell-Ash 1/4

meter monochromator was used to monitor the pump beam wave-

length as it was scanned.
The sample cell used to hold the liquid benzene was a

rectangular glass container with cptical windows on either

end which allowed the laser beams to pass through with

little distortion. This cell was filled with liquid ben-

zene and capped to prevent evaporation. -
The sample cell used to hold the silicon sample was

an NRC Model MM-2A optical holder. A lcm x lcm piece of

silicon was glued to a piece of aluminum sheeting which

was then mounted in the optical holder.
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Detection System

Two EG&G SGD-100A PiN photodiodes were used for the
detectors D 1 and D 2. The bandwidth of this photodiode
is 45 MHz. The dark current is rated at <10 nanocamps.

The signals from these two detectors were fed into an
Ithaco Model 353 Phase~Lock Amplifier operated in the gif-
ferential mode. This lock-in amplifier was referenced at
the modulation frequency by the mechanical chopper power
supply when the chopper was used, or by the Wavetek Signal

Generator when the E/O0 modulator was used. The lock-in

amplifier was utilized at the 1 u Volt sensitivity setting
which gave a totél gain of 10,000. The time constant was
set at 10 seconds for all the spectral runs, which is an
equivaient noise bandwidth of .0.01 Hz. The demodulated
signal was fed to an Omegaline Chart Recorder set at
0.4"/min scan speed. The oscilloscope used in the optical

alignment procedure was a Ballantine 1066S oscilloscope.
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V  Experimental Procedure and Results

Introduction

The experimental procedure for the three variational
SRS techniques (direct SRS, RIKES, OHD RIKES) will be dis-
cussed in this chapter, as well as, the experimental results
of these techniques.

Direct SRS, RIKES, and OHD RIKES were all attempted
on the liquid benzene sample using both amplitude and phase
modulation. The three techniques proved unsuccessful in
obtaining the sought-after Raman mode at 992 cm-l. Direct
SRS, using both amplitude and phase modulation, was tried
on the silicon sample. Again, this proved unsuccessful in
obtaining the Raman mode at 520 cm_l. However, the thermal
backgroﬁnd noise reviewed in Chapter III, was observed
using an amplitude modulated pump source. These results
will be discussed in light of the signal-noise analysis of

Chapter III.

Experimental Procedure

The procedure for setting up the experimental SRS sys-
tem is basically the same for both the liquid benzene
sample and the solid silicon sample. The only difference

lies in the placement of the optics and detectors. The
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procedure for the alignment of the optics will be discussed
first. The procedures for performing direct SRS, RIKES and
OHD RIKES will follow. This entire discussion will be in

reference to Figures 7 and 8.

Optical Alignment. After all the optical components

were set in their proper positions, as shown in Figures 7
and 8, the task that followed was to align these components.
The HeNe probe laser was turned on first and allowed to
warm up for approximately one hour. This gave the laser
sufficient time to stabilize. This was followed by turning
on the Ar' laser (as instructed in ﬁhe manual for the Ar'
laser) to power level of 2 Watts which was sufficient to
cause the dye laser to begin lasing. (It is assumed here
that the dye laser has already been properly aligned with
the ar' laser)

For the AM case, the first task was to align the mech-
anical chopper. Lens L 5 was positioned so that it focus-
sed the dye beam directly onto the slit of the chopper
(where the blades come together). Lens L 6 was positioned
behind the chopper such that it recollimated the diverged
beam from lens L 5. One of the detectors was then placed
behind lens L 6 (with the filter F 1 temporarily removed)
to intercept the dye laser beam. The signal from this de-

tector was fed directly into the oscilloscope. The chopper
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was turned on and incrementally moved back and forth in a
lateral direction to the dye beam until a fully modulated
square wave was displayed on the oscilloscope. This guar-
anteed the proper positioning of the chopper. At this time
it was convenient to adjust the phase on the lock-in am-
plifier for maximum d.c. output signal. This was done by
connecting the modulated signal of the dye laser to the "A"
ihput of the lock-in amplifier. Thé reference signal from
the chopper power supply was connected to the reference in-
put of the lock-in amplifier. With the lock-in amplifier
turned on and a sensitivity of 1 mV selected, the phase
control knob was adjusted for maximum deflection of the out-
put voltmeter. This insured proper phase matching of the
input signal to the reference signal.

For the PM case, the E/O modulator was placed so that
the dye laser beam passed clearly through the modulator.
With the modulator turned on, the detector could not "see"
any a.c. signal because the intensity of the pump beam does
not fluctuate while being phase modulated. In order to
adjust the phase on the lock-in amplifier a signal from the
Wavetek signal generator was plugged into both the "A" in-
put of the lock-in amplifier and the reference input. The
phase was adiusted until there was a maximum deflection of

the output voltage meter. The next step was to set the
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modulator driving voltage from the Wavetek to insure that
§ << 1. The voltage was set at 0.5 Volt utilizing equation
(53).

After the modulator was properly aligned and the phase
properly adjusted on the lock-in amplifier, the next task
was to align the HeNe and dye laser beams so they travelled
collinearly to the sample. Mirror M 1 was adjusted so that
the HeNe beam fell on top of the dje laser beam at the beam-
splitter BS 1. The sample cell was removed from its posi-
tion and replaced by a 20 um pinhole. This pinhole was
aligned so that the HeNe beam passed directly through it
which produced a Fresnel diffraction pattern immediately
behind it. Next, the beamsplitter BS 1 was rotated along a
vertical and horizontal axis until the dye beam passed
through the pinhole producing a Fresnel diffraction pattern
which overlapped the HeNe pattern. This insured that the
HeNe and dye laser beams were overlapping at the pinhole.

A further check of the collinearity of the two beams was

' done by allowing the beams to propagate to a nearby wall.

If the beams overlapped at the wall the alignment was satis-
) factory, however, if they diverged from each other the whole
L process had to be repeated.
After the two laser beams were satisfactorily aligned

’ by the above method, the sample cell was replaced in a
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position such that the beams properly focussed in the sample.
This was followed by positioning lens L 2 such that the
beams became recollimated. The beams then proceeded to the
reflection grating. The grating was positioned to allow the
third diffiraction order of the probe beam to pass through
the slit which subsequently was focussed by the lens L 3
onto the detector D 1. Detector D 1 was then connected to
the "A" input of the lock-in amplifier.

The background detector D 2 was aligned to intercept
the probe beam. This detector was connected to the "B"
input of the lock-in amplifier which was subsequently set
to the "A-B" differential mode. The amplified signal, that
the lock-in amplifier was receiving, was monitored by con-
necting the output from the amplifier section of the lock-
in (before demodulation) to the oscilloscope. The polar-~
izer P 4 was rotated until the d.c. level of detector D 2
matched the d.c. level of D 1. When this occurred, the
difference in the two signals greatly reduced the effective
noise of the HeNe laser, which could be seen on the oscil-
loscope.

The monochromator was positioned so that the reflection
of the beams off the polarizer P 4 entered the monochromator.
The wavelength of the pump beam was read directly off the

wavelength scale on the monochromator. This scale had been

previously calibrated using a mercury lamp.
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Direct SRS Polarization Alignment. To perform direct

SRS the pump and probe beams had to be polarized in the
same direction. Since the two lasers were both already
polarized vertically there was no need for the half-wave
plate P 1. Polarizer P 2 was adjusted so that it passed a
minimum amount of the probe beam. It was then rotated

90 degrees to allow full passage. This insured that a
ciean polarized probe beam entered the sample. Polarizer

P 3 was not needed for this technique, so it was removed.

RIKES Polarization Alignment. 1In performing RIKES it

was very important to insure that the pump and probe beams
were polarized exactly 45 degrees from each other when
entering the sample, and that the signal was analyzed in a
direction 90 degrees from the polarization of the probe
beam. The half-wave plate P 1 was adjusted so that the
polarized beam from the probe laser was rotated 45 degrees
from the vertical. The probe beam was then allowed to pro-
pagate to the beamsplitter BS 1. As the beam passed through
) BS 1 it experienced a slight rotation in the direction of

\ polarization due to the induced birefringence caused by

r strain in the beamsplitter. Not only did the direction of
polarization change, but also the beam experienced a slight
) phase retardation in one of the gquadrature components which

. left the beam no longer linearly polarized but actually
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elliptically polarized. The rotation of the polarized beam
was corrected for by rotating the half-wave plate so that
the pump and probe beams remained polarized 45 degrees from
each other as they entered the sample. Polarizer P 2 was
adjusted, as before in the direct SRS case, to clean up the
polarization of the probe beam. Polarizer P 3 was adjusted
so that it nulled out as much of the probe beam as possible.
However, due to the slight ellipticity of the probe beam,

a small component was able to "leak" through. This leakage
allowed laser intensity fluctuations into the detection

system which contributed to the noise.

OHD RIKES Polarization Alignment. In this technique,

the same procedure as outlined in the previous paragraph
for RIKES was followed. After completing the above proce-
dure, the half-wave plate P 1 was rotated by the small
angle 6 to allow the local oscillator component of the
probe beam to pass through the analyzer P 3 and heterodyne
with the RIKES signal. The angle 0 was typically varied
from 1 to 5 degrees.

After the polarization of the pump and probe beams
were properly aligned for the technique being used, the

following procedure was performed. The output power of

ar' laser was turned up to 3 Watts. The sensitivity on the

lock=-in amplifier was set at 1 uV which provided a total




gain of 10,000. The time constant was set at 10 seconds.

The lock-in amplifier was now ready to detect the in-~phase
signal component. L.f the quadrature component was to be 1
detected, the phase was offset 90 degrees from the in-phase .
setting. When liquid benzene was being unalyzed, the dye

laser wavelencth was set at 59702 and allowed to scan

through the Raman resonance at 5954£ and stopped around

59403. The chart reccrder was turned on at the beginning

of the scan at a setting of 0.4"/min. This scan took ap-

proximately 30 minutes. When silicon was being analyzed,
the dye laser was set at 61353 and allowed to scan through
Raman resonance at 6126£ and stopped around 61103. This
scan took about 25 minutes. Scans of both benzene and
silicoh were tried using amplitude and phase modulation.
The scans utilizing phase modulation were done on both
samples with modulation frequencies of 1 KHz, 10 KHz,

up through 50 KHz in 10 KHz steps.

Results

Results of Spectral Runs. All three variational tech-

niques of SRS (direct SRS, RIKES, OHD RIXiS) with the probe
HeNe laser operating both multi-mode and single-mode proved
unsuccessful in recording the Raman resonance at 992 cm'-l

) for the liquid benzene sample utilizing both amplitude and

phase modulation schemes. Likewise, the direct SRS
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technique was unsuccessful with the silicon sample for both
amplitude and phase modulation schemes. However, the
thermal background noise was observed when utilizing an
amplitude modulated pump beam. With a pump beam power of
70 mW and a probe beam power of 15 mW hitting the silicon
sample, a d.c. signal of 0.25 pvVolt, due to the synchronous
detection of the thermal background noise, was easily
recorded. This signal swamped out the Raman resonance

signal at 520 cm-l.

Discussion of Results. The lack of ability of the

experimental SRS system to record the Raman resonance in
benzene stimulated the need to understand why the system
was not working. The signal-noice ratios derived in Chapter
III could be utilized to provide a clue as to why the sen-
sitivity of the system was not enough to see the Raman
resonance, as well as, indicate what improvements could be
made to the system to increase its sensitivity.

The first task was to find out the numerical values
of the variables of the experimental system needed to cal-
culate the signal-noise ratios of equations (69), (80) and
(91) for direct SRS, RIKES and OED RIKES, respectively.
The values for all these variables, except Gs and ey are

tabulated below:
T = 300°K
Rygs = 1070
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w_ = 3 X 1015 secml
Av = 0.01 Hz (Av = 7.; T = 10 sec.)
id = 10—9 amp
3
_ -14 cm .

Y = 15.9 x 10 erg (Ref 12:153)

I o = 7.2 x 109 g€rgs (225 mW focussed to a beam dia. of

P cm sec 0.02 cm)
ks = 99292 rad/cm
e =0

o
P = 15 mW

so
§ = 0.1

To obtain a value for the light leakagc parameter €gr
the following procedure was carried out. The probe HeNe
laser beam's power was first measured directly from the
laser using a Scientech 362 power meter. This was followed
by measuring the probe beam power after passing through a
polarizer rotated so that it nulled out as much of the beam
as possible. It was found that approximately 0.25% of the
probe beam was able to leak through the polarizer. This
gave a value for 2q of 2.5 x 10-3.

In order to find Ss for the experimental system (65
is the mean-squared fractional deviation of the intensity
of the HeNe beam) it was necessary to examine the noise

power spectral density of the HeNe laser. This was ac-

complished using a spectrum analyzer which was able to
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provide a display of the noise spectrum. The experimental
arrangement for recording the noise spectrum is shown in
Figure 9.

The HeNe beam was detected with one of the photodiode.
detectors used in the original experimental SRS setup. The
signal from the detector was amplified by a factor of 100
u;ing a Keithley Model 104 Wideband Amplifier. The ampli-
fied signal was fed into the input of a Hewlett~Packard
8556A Low Frequency plug-in module capable of receiving
signals between 20 Hz and 300 KHz. This plug-in module was
connected to a Hewlett-Packard 8552A IF unit and a Hewlett-
Packard 141T Spectrum Analyzer Display. The vertical axis
of the display was calibrated to show the laser power per
unit frequency on a log scale, and the horizontal axis was
calibrated in units of frequency on a linear scale. The
noise spectrum of the HeNe beam operating both multi-mode
and single-mode is shown in Figure 10. These noise spectra
are very similar to those obtained by Cole for HeNe gas
lasers (Ref 22:1023).

The peak of the noise curves shown in Figure 10 cor-
respond to very low frequencies close to d.c. (the actual
d.c. power level is filtered out by the analyzer and thus
does not show up on the display). Each horizontal division

is 20 KHz. Hence, the noise spectrum in these photographs
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Figure 9: Experimental Arrangement for Re-
cording Noise Spectrum of HeNe Laser.
run from d.c. to 160 KHz. The amplitude modulation fre-
quency of 1 KHz is very close to the peak of the spectral
curve. In order to get a number for Gs at 1 KHz, the

height of the spectral curve at 1 KHz had to be known with

respect to the d.c. signal level of the HeNe beam. The d.c.

_ signal level was measured with an oscilloscope to be 0.5

volt. A sinusoidal reference signal of 0.5 volt amplitude
from the Wavetek signal generator was plugged into the

input of the spectrum analyzer. The sensitivity knobs on
the analyzer, which control the vertical gain of the dis-

play, were adjusted so the 0.5 volt signal from the Wavetek
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Figure 10:

Top, HeNe Noise Spectrum Operated
Multi-Mode. Bottom, HeNe Noise
Spectrum Running Single-Mode. Each
Horizontal Division in 20 KHz. Top
of Photo is Reference Line.

85




-

signal generator reached the top reference line on the dis-
play (the reference line is the very last horizontal line
at the top portion of the display). Each vertical division
below the top reference line corresponds to a 10db decrease
in signal strength. This:allowed the noise power of the
HeNe laser to be evaluated with respect to the d.c. power
of the HeNe laser.

The first photograph of Figure 10 shows the noise
spectrum of the HeNe laser operated multi-mode. The top of
the spectral curve at 1 KHz is about 10 dB below the

v
reference line. Using the equation dB = 20 log (vg),
1l

where v, is the d.c. voltage proportional to the d.c. power
of the HeNe beam and Vi is the amplified noise voltage
proportional to the a.c. bower amplitude fluctuations of
the HeNe beam, the equation used to calculate the root-
mean-square power fluctuations 6: was derived. This

equation is

Gk . 1 V{(noise) Ay = 10 20 (100)
S _n v ld.c.s el )

where V(noise) is the noise voltage amplitude from the
detector due to the power fluctuations of the HeNe laser,
V(d.c.) is the d.c. voltage from the detector, Av is

the detection bandwidth and dB is the difference in height
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measured from the top reference line to the spectral curve.
If the spectral curve lies below the reference line, dB is
a positive quantity. If the spectral curve lies above the
reference line, dB is a negative quantity. For example,

in the first photograph of Figure 10, the peak of the spec-
tral curve is 10 d8 below the top reference line. The
value of 62 at the peak (correqunding to a frequency of
- 1 KHz) is 2.2 x 107> using equation (100). The values
of 6: decrease with increasing modulation frequencies, as

is easily seen by the downward slope of the noise curve.

X

s are tabulated in Table I for both a multi-

Values of §
mode and single mode operated HeNe laser at various fre-
quencies.

At about the same time these results were obtained
the RF power supply was returned from repair. This unit
was plugged into the probe‘power supply and a noise spectrum

was taken as shown in Figure 11l. The values of 6: were

found from this spectrum and are also presented in Table I.
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TABLE I

Values of 6: of HeNe probe laser operated multi-mode,

single-mode and multi-mode with RF power supply.

e wmy

LREQUENCY 8 : MULTI-MODE | § : SINGLE-MODE § : MULTI-MODE
W/RF POWER SUPPLY
' (KHz) (x 10”8 (x 10”%) (x 10°8)

1 2236 7070 4460

10 1260 2236 1260
20 707 500 280
40 398 224 70
60 126 100 22
80 56 40 13
100 22 22 7
120 13 13 6
140 7 13 5.6
160 7 13 5.6

L e—

Table I shows that the HeNe laser intensity fluctua-
tions, when operated single-mode, were approximately 3 times
greater than the fluctuations when operated multi-mode at

1 KHz. Between 20 KHz and 100 KHz the single-mode HeNe was
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approximately 1.5 times quieter than the HeNe operated

multi-mode.

With all the variables required to calculate the
signal-noise ratios for all three variational SRS techniques
known, the ratios were calculated assuming the HeNe probe
laser was operated multi-mode. These values are tabulated
in Table IXl. Along with the SNR values are the values of
S' as defined on page 37 for direct SRS and which is sim~
ilarly defined for RIKES and OHD RIKES. S' is the frac-

tional gain of the probe laser power during Raman resonance.

TABLE II

1 ] .
Values of S and SNR (Signal-noise ratio) for all three
variational techniques of SRS. (Modulation frequency in-

dicated in parenthesis).

VARIATIONAL TECHNIQUE S SNR

Direct SRS 1.8 x 10 0.08

AM Case (1 KHz)

Direct SRS 3.6 x 10 0.09
PM Case (40 KHz)

RIKES 4.0 x 10713 | 0.0000075
AM Case (1 KHz)

OHD RIKES (8=8 max) 0.9 x 10°° 0.57

AM Case (1 KHzZ)

OHD RIKES (0=f max) 1.8 x 10 0.64

PM Case (40 KHz)
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Table II shows clearly why the Raman resonance of lig-
uid benzene was never observed. For each variational tech-
nique the signal-noise ratio was less than one making it
virtually impossible to detect the Raman signal. The
source of the noise which buried the signal in each case
was due to the laser intensity fluctuations in the HeNe
probe beam existing at 1 KHz for the AM case and from
1 KHz up to 40 KHz for the PM case.

In order for the direct SRS technique to yield an SNR
greater than 1, 6: must be less than 180 x 10-8 when
using AM modulation and less than 36 x 10.8 when using PM
modulation. This means that within the 0.01 Hz detection
bandwidth the probe laser power must be stable to at least
1 part in 106. Table I shows that with the experimental
SRS system, signal-noise ratios greater than one can be
achieved when modulating above 60 KHz for AM and 100 KHz
for PM.

Table II shows that RIKES is a highly undesirable
technique due to the extremely small SNR. OHD RIKES, on
the other hand, offers the greatest SNR of the three tech-
nigques. In order fcr OHD RIKES to yield an SNR greater
than one, 6: must be less than 1300 x 10~ ° using AM

modulation and less than 255 x 10-8 using PM modulation.
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Table I shows that signal-noise ratios greater than one

b can be achieved when modulating above 10 KHz for AM and

above 60 KHz for PM.
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Figure 11: Noise Spectrum of HeNe with RF
? Power Supply. :
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Comparing the values of 6: without the RF power
supply (first column in Table I) with those values with the
RF power supply (last column in Table I) shows that the RF
power supply dampens the power fluctuations of the HeNe ‘
probe laser by a factor of approximately 5 between 10 KHz
and 100 KHz. In this case, direct SRS will yield an SNR
greater than one for modulation freguencies above 20 KHz
for AM modulation and above 60 KHz for PM modulation.

OHD RIKES will yield an SNR greater than one for modulation
frequencies above 10 KHz for AM and above 20 KHz for PM.
All of the minimum modulation frequencies required in order
to effectively see Raman resonance in liquid benzene are
tabulated in Table IIT.

Figure 12 below shows all three noise spectra found in
Figures 17 and 11 superimposed on ton of each other in order

to make di--nct commarisons.

ho 0 Reference Line
ise

20 - A
Powei 4 [

0
(dB) C \ J B
60 =
40 80 ' 120

Frequency (KHz)

Figure 12: Superimposed HeNe Noise Spectra. Curve
A-Multimode Operation W/O RF Power Supply;
Curve B-Single Mode W/O RF Power Supply;
Curve C-Multimode W/RF Power Supply.
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TABLE III

The minimum modulation frequency for direct SRS and OHD
RIKES are given in order to record the Raman resonance of
o liquid benzene. Two cases are considered: HeNe with and

; without RF power supply.

VARIATIONAL | MULTI-MODE W/O RF MULTI-MODE W/ RF
TECHNIQUE MINIMUM MOD. FREQ (KHz) | MINIMUM MOD. FREQ (KHz)
|
A DIRECT SRS 60 20
AM CASE
DIRECT SRS 100 60
! PM CASE
'OHD RIKES 10 10
AM CASE
, OHD RIKES 60 20
: PM CASE
1
{
>
;
v
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VI Conclusions and Recommendations

In this study the signal and noise of the three var-
iational SRS techniques (direct SRS, RIKES and OHD RIKES)
utilizing amplitude and phase modulation were derived and
applied to an experimental SRS system using low power CW
lasers with samples of liquid benzene and solid silicon.
The conclusions drawn from the signal and noise analysis

are the following:

1. For each variational technique, amplitude modula-
tion yields greater Raman signals than phase modulation.
2. If the modulation frequency Wo is small compared

(3)

to the linewidth of ¥ then phase modulation yields

Raman signals which are proportional to the first derivative

(3)

of the imaginary part of ¥ and the second derivative

(3)  £or both direct SRS and OHD

of the real part of ¥
RIKES. Hence, phase modulation is advantageous over ampli-
tude modulation when detecting weak Raman signals with sharp
spectral structures.

3. The main source of noise for all three variational
techniques is the intensity fluctuations of the probe laser.

RIKES and OHD RIKES detect less probe fluctuations than

direct SRS, however, the intensity of the Raman signals for

RIKES and OHD RIKES is less than for direct SRS. The RIKES




signal is so small, due to its quadratic dependence on

x(3), that it is considered an impractical technique for

low power CW systems. The OHD RIKES signal is smaller than

the direct SRS signal by a factor of % , however, OHD

RIKES is better able to suppress the probe fluctuations

entering the detector by a factor of /365‘—". Hence,
max

the signal-noise ratio (SNR) of OHD Rikes is greater than

the SNR of direct SRS by a factor of making OHD

1
2/20max
RIKES the most favorable SRS technique.

The conclusions drawn from the application of the signal
and noise analysis to the experimental SRS system are the

following:

1. The present state of the experimental SRS system
is not able to detect any Raman gain in benzene due to ex-
tremely poor signal-noise ratios. This is a result of an
excessive amount of probe laser intensity fluctuations at
the modulation frequencies of 1 KHz for AM and up to
50 KHz for PM which swamp the Raman signal.

2. The root-mean-squared fractional intensity devia-
tion (6:) of the probe laser operated multimode within

the effective detection bandwidth of 0.01 Hz at 1 KHz
is 2.2 x 10-5. In order for the Raman signal level of

benzene to rise above the noise, 6: must be no larger

6 5

than about 10~ for direct SRS and 10 for OHD RIKES.
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3. The variational technique requiring the lowest
modulation frequency, in order to detect the Raman resonance
in benzene, is OHD RIKES using amplitude modulation. The
lowest modulation frequency.which gives an SNR of one for
this technique is 10 KHz. The minimum modulation fre-
quencies for the other variational techniques are shown in
the left hand column of Table 1IV.

4. Thermal background noise was observed using ampli-
tude modulation on solid silicon. This swamped the Raman
signal at 520 cm-l. Phase modulation was tried but it was
not able to pull the Raman signal out of the noise. Again,

probe laser intensity fluctuations is the probable cause for

not detecting the Raman signal.

The following are recommendations for future work with this

system:

1. The 1 KHz chopper should be replaced with a
longitudinal electro-optic (E/O) modulator capable of
amplitude modulating the pump beam between 10 KHz and
100 KHz, or higher. Modulation at these higher frequencies
will allow detection of the Raman signal in benzene. The
E/O crystal must not have any natural birefringence which
rules out transverse E/O modulators; otherwise, the var-

iation in the wavelength of the pump beam, while the dye
laser is being scanned, will upset the polarization of the

emerging beam from the E/O modulator.
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2, pPhase modulation at frequencies higher than 50 KHz,
with the E/O modulator already being used in the experimental
system, should be tried.

3. The utilization of a more po&erful dye laser as the
pump source. This will increase the Raman signal due to its
dependence on the intensity of the pump beam.

4. The RF power supply, which decreases the probe
léser fluctuations in the probe beam, should be used for all
future experimental work with this system. Table III shows
the reduction in the modulation frequency for each technique
if the RF power power supply is used.

5. The use of a multi-pass sample cell (Ref 1ll), which
allows the probe and pump beams to make multiple passes
through the sample could be tried. This results in an in-
crease in the gain of the Raman signal.

6. Working with solid samples such as silicon and
gallium arsenide should be continued. Further theoretical
development of the Raman signals could be carried out for

these kinds of solid-state samples.
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! Appendix A
' Deviation of Raman Signals Using Amplitude Modulation
‘ Direct SRS
In this analysis a fully modulated sinusoidal variation
in the intensity of the pump beam, as shown in Figure A-1,
will be assumed. This sinusoidal variation in the pump in-
tensity can be written as
Ioo
Ip(t) = —g— {1 + cos w t ] (a-1)
|
where wn is the modulation frequency. The electric field
‘ of the modulated pump beam is
|
)
‘,‘ . E (L) = = [Ep + c.c.] (A-2)
A
> where
{
g
'} - jw + w )t jlw_ - w )t
E = E e m + - .
p =7 Fpo ( p = e’ ''p .J; ] (A-3) o

I <SR

The modulated pump field has frequency components at

§
jj wp + 9% and mp - 29 .
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Figure A-1: Intensity Modulated Pump Beam

The spectrum of the pump field is shown in Figure A-2.

The pump and probe beams interact in the medium and
the resulting electric field at the Stokes frequency is
found by solving Maxwell's equation, as was done in Chapter

II. The solution is given by eguation (25) which in this

analysis is slightly modified by taking into account the
first order attenuation and dispersion of the Raman medium.

The modified solution becomes

£ = = i jﬂ) t -
Es(z 2 ,t) EsoTn (1 + a? + jRL) e''s (A-4)
where
T = e-en-jyn describes the linear dispersion and L
n attenuation of the wg + nw component
of the Stokes field. (Here n =-1,0,1) 1
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€ = —%— an is the linear attenuation co-
efficient and &£ is the distance
the two beams travel together in
the sample.
nnz(ms+nmm)
Yo = S n, is the first order index of
refraction

-12ﬂm
o = ii E (m +ro )E*(m +sw )wllll

mp P m'rs
s r=-¥% s=-k

2
127w kX
B = =3 E (0_+r0 )E*(m oo y¢111l
2 p m 'rs
C ks r=—% sa_;i
and
1111 (3) _
Vs = Im{xllll(wp+rmm, (mp+smm),ms)}
1111
¢rs =Re{x0h%;rmm,-(mp+5mm),ms)}
~+ Ppo
= A
- —p
-(wp+fp)-(mp-ﬁ_) 0 mp-fE mP+?L- W
2 2 2 2

Figure A-2: Frequency Domain Representation of
Amplitudelgodulated Pump Field.
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where r and s take on the values of +% and ~%. Equation
(A-4) may be written

t

- = jw - _
Es(z—l,t) = EsoToe s + GES (A-5S)

where

~

GES E ET ae

Jm t . jo_t _
+ JES AT Be’'s (A-6)

Substitution of a and 8 from equation (A-4) into equation

(A-6) , while substituting equation (A-3) for the pump field

yields
- 12me 2 et
§E_, = ~E_ % 1111 1111 " 3%n
s so i' —%— (T, w +T oV *ToqVo g&
1111 _ju tq_Ju_t 12m0,” Epo?(,, (1111,
t T e e + IEgot —2'_ T [Tollyyt

T ¢iill+T l¢liile—3mmt+Tl¢ilil jw t] Jmst (A-T7)
The total intensity of the Stokes field is given by
- - Jugt 2 _
I (z=1,¢) EFIESI IEsoToe +5E | (A-8)
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c 2
=g Eso

waaJo_t i aJO_t [am 12
+E_ T, GE e’"s +E_ T*SE_e s +]6Es] ]
The first term in equation (A-8) is a d.c. term. The
second term becomes, after substituting equation (A-7) for

SES

2 2

-3w_"RE E_2
SE* Jm t_ S po_"so 1111 1111
B FaoToS 2 Son A s
s
. 2 2 2
T T 1111 Jm t+T % 1111 -ju t] J3ms zEpo Eso
of-1¥-xy © Vyye ™ m
8cks
1111, .1111 1111 e t 1111 -je t _
[cas_g5 8+¢%% +T T 1¢ Shy e +T T1¢% xe - nm ] (A-9)

The third term of equation (A-8) is just the complex con-
jugate of equation (A-9). Combining all four terms of

equation (A-8) gives the total intensity of the Stokes
field as |

2 2 2
2 3ms LE E 111 1
=2,t)=E po "so 1 111
Ig(z )= SwEso 8ck (20 -k- %+2w%%
s

+ 2e"%0°¢ lwliil cos (w t+y -1 y ) +2e “€o” lwilil

2 2

E
L v 1.%g "Ppo Pgo
cos (w t+y_-¥,) ]+

[2¢l!];;];l o e_'l




R At ot

b
t

”>- Cer
P M n i e

) i

. . s 1111 -€ -¢ . .
sin (o t + Y _; YO)-2¢%-% e "o "1 sin (e t + Yo-Yl)]

Clee |2
+ §?|-'|6Es| (A-10)

Since Yn and e, are approximately constant for all values
of n (no first order resonance at the Stokes frequency)
all differences between the dispersion and attenuation co-

efficients are zero. The Stokes intensity reduces to.

Is(z=f£,t)=I°+Il cos mmt + I2 sin mmt + I3(t) (a-11)
where
Io = d.c. terms
-481%0 2 e1 1 (plLl, 111y -2e
I, = 3 po - so '’ ~kk -k
c’k
s
aano ? o L (GLIIL _ 1111 -Ze
I, = —5—— ""poso' ~kk -3
c kS

I3(t) = é%IGESIZ proportional to wz and ¢2.

Ipo and Iso are the initial intensities of the pump and

probe beams, respectively.
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& _-&
In RIKES, the Stokes field is analyzed in the . 4
V2

direction, as shown in Figure 4, page 45. Hence, the de-

tected Stokes field becomes

~ é_-e E
Eg(z=t,t)*EX = [ (22 1 eI 4sE_ )2 +
s vz /Z

E.,
(=59p oJv t+6h )éE a1 [—X]
/7 3) V2

= (SE__-SE__)

=/7 sX sy (A-12)

where

~

e, - unit vector in the x direction.

A

ey - unit vector in the y direction.

t

6E 2T a_eI¥stejE T 3 eJ (A-12a)

SO nx _80 nx

3 V2

6% =E__ 2T a e]mst+jE g B _el¥st

sy so ny so ny (A-12b)

vZ 3




and

. . . (3)
a, + jBx is proportional to X1111°

. . . (3)
ay + jBy is proportional to X2112°

The intensity of the detected Stokes field is

-~

I (z=L,t) |sE |2 (A-13)

]

o

- GES

o]

sx Y

P o 2_~ ~*_~*~ - 2
= [|6Esx| 6Esx6ESy 5EsxaEsy+|aEs 1<]

™

=
8 Y

To simplify the calculation of the Stokes field intensity,

we let GEsx = A+jB where A and B are both complex.

Thus,
|6B_ |? = an* + BB* + 3(BA* - AB%) (A-14)
where
A = -12m0 %1 B EEoz[T L1111 Jo t o 1111 jo_t
o -%-% o 'k

czks V2 4

+ T_IWEiilej(ms—mm)t + leiiilej(ms+mp)t] (A-15)




2 2
127w "% E E , .
B = . s SO ~po [To¢iiiie]wst+To¢iille]mst
c ks V2 4
1111 j(w_-w_ )t 1111 (e _+w )t
+ -
T-l¢-%% e’ s Tm T+ Tyb T e’ s m ] (A-16)

In this analysis, only the in-phase component of the inten-
sity of the Stokes field will be derived. Hence, the third
and fourth term of equation (A-14) will be neglected. The

first term of equation (A-14) becomes, after substituting
equation (A-15) for A

onn %2, 2. 4
AA* = —p—=" 7SO "po {d.c. terms +
c kS

1111,1111 €

e 2o[e 0 1 Yoa ¥y cos (mmt+Y_l-Yo)+eeo- 1

1111,1111
Voo

_ - - ,1111 1111 —
cos (w t+y_-v )+e "o w%% w_%% cos (wpt+y ;=¥ ) +

e -e€.,,1111,1111 } -2¢,,1111 1111, e,-€_, .
eo "1y Tty Ty cos (0 B4y =V4) 1+e by Ty Vi [e"1 -1

cos(met+Y_l-Yo)] (A~-17)




The term BB* is the same as AA* except wi;ll is replaced

by ¢£;11. Similarly, if a A' and B' are defined for

2112

. s
rs and B is

GES where A' 1is proportional to ¢

Y
proportional to ¢§;12

, then -A' and B' are similarly
defined as in equations (A-15) and(A-16). The cross terms

* * ] -
GESXGESY and 6EsxGEs of equation (A-13) are of the same

Y
form as equation (A-17), but with the 2:* and BB* terms
proportional to wi;llwiilz and ¢iill¢§i12, respectively.

Combining all the terms of equation (A-13) that are in-
phase with the modulated pump beam, the resultant Stokes
intensity becomes, again letting all differences of eﬁs

L
and Vns go to zero,

Is(z=£,t) = Io + Il cos mmt + I2 cos 2mmt (A-18)
where

Io = d.c. terms

288"4“54 221 %1 e %5, 1111, 1111.,.1111 1111
Il = —'—c'é']'<_2_" pPo so [(lb_;s_;i"“b;i;s ) (lb_;i% ‘H"!s_% )

s

2112, 2112, ,,2112 2112 21122112, ,. 1111 1111

oDyt ) (I T - (I TR T ) (O T M)
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- WA elntallh + kil th ol et

+ R0l 020l - 2Rl h el

2112, ,2112 1111, ,1111
= (¢-!5_;5+¢!'5;5 )(¢"!7;i +¢!5_;§ )]

4 4
1 = 28T Ys izlngsoe-zeowllll(wllll_w2112)
2 bk 2 -k V-l Y-kl
S

2112, . 2112 1111 1111,,1111 ,2112 2112 2112 1111
Uy O Y ) Ly O T ) H Ly (0, ) ]

The quadrature component of the intensity would be propor-
tional to the cross products of ¢ and ¢. This component
is neglected, because in most cases it is the in-phase com-

ponent which is detected.

OHD RIKES
Figure A-3 shows the polarization configuration for

OHD RIKES. The Stokes electric field is

S - ju_t - jo_t .
Es(z—ﬂ,t)—(EsoToe s~ cos ¢+6Esx)éx+(EsoToe s sin ¢

+6Esy) éy (A-19)
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where ¢ = % - 6. For small 6
. 1
cos ¢ = =— (1 + 9)
V2
sin ¢ = -~ (1 - 8)
V2
: éx-é
The Stokes field is analyzed along the X Y girection.
V2
The analyzed Stokes field becomes
- . éx_éz jo_t 1 e -
E =2,t =E__T_6 + —[§ -8E A-20
g (z=2,1)%( > )=E_ T 0e s /7[ E y Sy] ( )
where GEsx and SESY are given by equations (A-12a) and

(A-12b), respectively. The intensity of the detected Stokes

field is
-~ A A E T e -~
- _c é -e 12_c 2,2, "so o
Is(z-l,t)-s—“lEs' x “yl -81T[Eso 8 +————(8EZ,
2
~ . E_ T * - .
- 6E2 195"+ 320 (sp_ -sE_ )e st
b4 /2 sy
liao oo 12
+ lezsx GEsyl ] _ (A-21)

i
1
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The second and third terms of equation (A-21) become

E_6 .
1) jogt

< ~* - i * - - - -jo_t -
B [To(SEsx GEsy)e +T (GEsx GEsy)e s-] (A-22)

! where

-~ .

= jo_t . jo_t
l GEsx Eso cos ¢£Thaxe s + ]Eso cos ¢2Tn8xe s

~ _SO Jo_t
(1 + e)zTnaxe s

t

E .
+ jai°(1 + e)zTnser“’s (A-23)

and

~ .

- . jo_t . . jo_t :
SESY Eso sin ¢&Tnuye s + jEso sin ¢£Tnsye ] ,

L] E .
E _ Ju_t . SO - jo_t
so (1 e)zTnaye s + j—(1 e)lTnBye s

i A

| 72 2

‘ Neglecting terms of order 62 in the intensity we get |

0
! ~ E jo _t . E jo_t
‘- . SO 2Tnaxe s~ + J solT B e’s

{ {(A-24)
.!' sSX '/-2- '/:-

O
5]
'

! ~ E ju_t E o jo_t
! . _so lTnaye s ., j so uTnB e’’s

Y

o
=
|

Letting all differences of eas and YAS to be zero equa-

- -~
RS SRR et L

( tion (A-22) becomes




2
127w
s E 2 1111
- so” 2 —%9 [d.c. terms + e'zeo(zw-kk cos wt

+ 2W§iil cos mmt-2¢}§t1 sin “mt*2¢§ii151n“nFQWEiil cos w t

'f - Zwiiiz cos wmt+2¢3ii2 sin wmt-2¢§ii2 sin mmt)]} (A-25)

Tﬁe total Stokes intensity is found by combining all the

terms of equation (A-21), which becomes

Is(z=l,t)=Io+I1 cos w t + I, sin mmt + I3(t) (A-26)
where
Io = d.c. terms
2an?0 2, o pe=260[ (p2112,,2112) _ (1111 1111, 1
I, = —3—— "po’so -k V-l =% T-kk
c’k
s
2410 2 pe~20[ (2112_42112) (o 1111 1111, 4
I, = —3g—— "po'so k=% T-Xk k¥ -k
c’k
s
. 2 2
. I3(t) = terms proportional to ¢° and ¢°.
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. Appendix B

Derivation of Raman Signals Using Phase Modulation

Direct SRS

The electric field of the pump beam becomes after
: \
passing through a phase modulator driven by a sinusoidal

field at frequency w

m (4
E (t)= 7Ep02: I (G)exp[J(w +nw )t]+c c. (B-1)
n:—a)
where E is the amplitude of the pump electric field, §

po
is the modulation index, Jn are the Bessel functions of

order n. If 6<<1, equation (B-1l) can be reduced to
E (t)= Jupt,§ (e lugtap)t_Jlw —w )t _
Ep(t)—Epo[e p +3le -eJ )] (B-2)

The phase modulated pump field has frequency components at
mp (the carrier), wp+mm and mp-mm (the sidebands). The
spectrum of the pump field is shown in Figure B-l1. The

total modulated field is

i -
Ep(t)-i[Ep(t) + c.c.] (B-3)
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The Stokes field is giveh by equation (A-4). However,
equation (B-2) is substituted in for the pump field, r and
s take on the values of -1, 0, +1; and n takes on the
values of -2, -1, 0, +1, +2. With these changes, equation

(A-6) becomes

o ' o _t . jo_t
GES-ESOQTnae s +3EsolTnBe s
21 1
-12mw - - 1111 ¢ jw_t
= —_ E + E* (s_+ @
E  Tp?[ 7 > Y Eplutre)EX(u +se )y o J%s
€ Xg r=-1s=-1
2 1 1
127w ~ ~
. 11114 50 ¢t
+3E_ T o[ —5 E; E (w_+rw )EX{(w_+sw_)¢ le?%s!
so'n c2ks ;;;15=_1 PP m p. o] m''rs

(B-4)

Substitution of equation (B-2) for the pump field into the
above equation yields
- -lemiae’ 1111 jo_t.8, 1111 j(o_-w_)t
J el '¥s™%n

6Es= czk Epo Eso[Towoo e’ s +'2'T-1wol
s

8 j : .
_ ileéfileJ(“s+“m)t+%mlwitlle3(“s+“m)t+(%)zTowiilleJ“st

- (%)2T2¢iiilej(ms+2mm)t_%T_lwiiélej(ms-mm)t
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Pigure B-1l: Frequency Domain Representation of
Phase Modulated Pump Field.

8,2, 1111 _j(o_-20_)t, 8,2, 1111 jo_t
(FPT_yye s T T+ T yel s ]

1111

+ j{same terms as above but ¢rs

replaces wiéll} (B-5)

The total intensity of the Stokes field is given by
equation (A-8). Letting all differences of the first order

attenuation and dispersion coefficients go to zero, as was
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done in Appendix A, the second term of equation (A-8) be-

comes, after substitution of equation (B-5) for GES,

. 2
-~ . -3
c x ~Jo_t_ ] 2 2 -2¢ 1111
Brtsolo’Eg & S = 2ck Epo Eso © o[‘poo
s

2 .
62 1111, 1111, 8 1111 ju_t_§, 1111 -ju_t
SRS L ST 1)*§¢ m “¢o 1 m

8 1111e jm t_ 6 1111 -JZw t §,1111 jw t

+ 3970 7 Y11 m-3%_30
300 2
1111 20t s . 2. 2 -2 2

- w 1-3 E__“e 1111 8¢, 1111, ,1111

7 2ck, ®po Fso “logo *7 (411 +¢-7-7)
. 2 1111 .

§,1111_ju_t_8,1111_~jo_t §,1111_-jo_t 8 o320t

+ 3% e M3 +2""10 7 %1-1 m

_ 66,1111 jm t 6 1111 ij t _
3910 ™ -7 ¢_ ] (B-6)

The third term of equation (A-8) is the complex conjugate
of the second term displayed in equation (B-6). Adding up
all four terms of equation (A-8), the total Stokes intensity

becomes
2 2 -2¢

961w
= s LI _I e o
Is(z=£,t)-d.c. terms + —23;——— po-so
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1111_,1111_ 1111 1111 2, 1111 1111
[8 (4517 ¥01 "~¥10 *Vilo ) ©0S wptty (V)T gy )ces 2upt

2
R, e 8 G M i

+ -Q%-IGESIZ (B-7)

- . . 3
Now, wlo=Im{x(3)(mp+wnv-wp,%pls equivalent to w_lo=rm{x( )

3 .
p'wm,-wp,ms)} and ¢10=Re{x( )(mp+mm,-mp,ms)} is
' = (3) (4 -w ,- ;
equivalent to ¢_10—Re{x (mp W wp,ms)}. Hence, equation

{ (B-7) reduces to

- = 3 2
Is(z 2,t) I +I, cos w t+I, sin mmt+I3 cosZu t

+I, sin met+15(t) (B-8)

4

where
Io = d,c. terms

967 2 -2¢ 1111 1111

21 T, e “To S (T Tdgy )
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96n2m 2 -2
I,= __3__5— zIpoIsoe °6[¢%£i1+¢311}2¢iéll]
c’k
s
2 2
96T @ -2
2
c
s
2 2
96T "w ~2¢
'}
14= - kS IpoIsoe o 62(¢i}il_¢iiil)
c5
]

15(t) = terms proportional to wz and ¢2.

OHD RIKES

Those intensity components that are of interest in OHD
RIKES are given in equation (A-22). Equation (B-5) is the

equation for GESX. The term GES is also given by

equation (B-5) but with wi;ll and ¢i;ll replaced by
wi;lz and ¢ii12 , respectively. 1In this case, equation
(A-22) becomes
E =127w 2 2 -2c . :
é% ~%9 e[ _;725_ kEpo E_.e o(wéélle_Jmst+%wg%lle-3(ms-mm)t
s
-%wéiile-j(ws+mm)t+%wiélle-j(ms+mm)t+(%)2wiille-jwst
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_¢8,2 1111 -j(w_+2w )t _§ 1111 ~j(w_-w _)t_,8,2 1111 -3 (@w=-2u )t
(2) wl-l e s " m iw—lo e S m (7 w-ll e s d
§,2,1111 -ju_t , _jo_t jlz"zwszs 2p o2,

+(3) v_y1-1e 30T ) ed¥% ~——5—— PO SO {Same Terms as |

c ks
above but with wi;ll replaced by ¢i;11}e3wst +
12wm52¢E ’g e~ 1111
——— PO SO {same terms as above, but with Vs
c ks

2
. 127w 2 -2€

replaced by wiilz}ejmst+j——7—§—lEpo Eso® O{same terms

ck

1111

terms as above but with wrs replaced by ¢§;12}ejmst}+c.c

Reducing the above yields

48v2m 2 -2¢
d.c. terms + __3__§_ﬁ9IpoIsoe 0[5(wéiil_wéill+

Cc ks

1111 1111, 2112 2112 2112 2112
V230 V1o o1 “Vo-1+V¥10 “VY-1p ) cos opt

2
§ 1111 1111 62112 2112
+ 5 (‘Dl__l 'Hp_ll “Pl__l "b_ll ) cos 2<umt

1111_,1111,,1111_,1111 ,2112_,2112,2112_,2112, _,
* 8(0g-1 010" *P01 T0l10 *10 P01 49110 ~90n1 ) Sinent

2
§%,,1111 1111 2112, 2112, _.
g (030170l el el sin 200ty
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Again, w-lo = wlo and ¢;10 = ¢10' Hence, the total Stokes
intensity becomes, after combining the above with the first
and last term of equation (A-21),

Is(z=9.,t)=Io+Il cos mmt + I2 sin mmt + I3 cos 2mmt

+ 14 sin met + Is(t)

where
Io = d.c. terms
48ﬂ2w -2c
_ s LI I 0fe “To 1111_ 1111 2112_ 2112
s
48“2“’52 2T I_ e %o, 1111, .1111 . 1111
I, = 3, Pose s[(ogly 4oy —2¢75 )
S
2112, ,2112. 2112
(¢01 +¢0_l‘2(&‘ 10 ) ]
24ﬂ2m 2 ~2€
_ s LI _ I 6e 0.2 1111, 1111, . 2112 2112
I3 - _c'3_l'(— po so § C(‘Pl_l ‘HP_ll ) (‘1’1_1 +‘P-ll )]
S
24n2w 2 ~2¢
_ s £I__I_ 6e 0.2 1111 _,1111 2112 ,2112

Is(t) = terms proportional to (Gw)2 and (6¢)2.
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Appendix C

Noise Spectra of Pump Dye Laser and Ar+ Laser

Figure C-1 below shows the noise spectrum of the pump
dye laser operated at 5954£ with an input ar?t pump power of
2,5 watts. Figure C-1 also shows the noise spectrum of the
ar’ laser operated at 1 watt in the Light Control Mode.

The spectrum analyzer settings were the same as that for
the HeNe noise spectra in Figures 10 and 11. Hence, direct

comparison may be made between the spectra.
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Figure C-1:

Noise §pectra of Pump Dye Laser
and Ar Laser. Top, Spectrum of
Pump Dye Laser. Bottom, Spectrum
for Ar Laser. Each Horizontal
Division is 20 kHz.

124




Using equation (100) on page 86 the root-mean-squared
fractional intensity deviations in the pump dye laser and
the Art laser were found using the spectrum in Figure C-~1l.

These values are given in Table C-1I below.

TABLE C-1

X X
Values of Gp and 6Ar+ vs Frequency

! Frequehcy 6p% (dye lfger) <5Ar+!5 (Artslaser)
(kHZ) (x 10 ) (x 10 )
1 12600 2815
10 7070 . 1260
20 5620 255
40 2240 40
: 60 1120 ' 13
- 80 707 7
100 400 5
& 120 140 5
g 140 125 5
160 125 5
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