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Abstract approved:

The development and applications of a 0.2 cm_l resolu-
tion Nd-YAG laser powered coherent anti-Stokes Raman
spectroscopy, CARS, spectrometer for gas phase studies is
chronicled in this thesis. Applications including CARS
lineshape analysis, resonant CARS, and CARS of transient
species and excited state molecules is reported.

The intensity of the signal generated at the CARS
frequency, Wqy is governed by the behavior of the square of

the nonlinear third order electronic susceptibility,

lx(3)|2, which contains resonant, and nonresonant,

XRes'’

XNR’ terms. The various nonlinear optical three wave mix-

ing, 3WM, processes which contribute to the intensity at
wy are discussed in terms of a semiclassical derivation of
(3)
XRes”
obtained from expressing the induced nonlinear polarization,

PNL, as a function of the applied electric fields. A

From Maxwell's equations, a wave equation is

damped harmonic oscillator model is assumed for the



response of the electrons to the applied fields. Two simi-

(3)

lar expressions for XRes

result from introducing the non-
linearity into either the oscillator response (anharmonic

x(3) is a function of various

term) or the driving force.
molecular parameters such as molecular number densities,
Raman cross sections and Raman active vibration-rotation
transition frequencies. A computer program is reported for

lx(3)!2 for homonuclear diatomic molecules.

calculating
The program features a convolution over an analytical line-
shape function to account for probe laser linewidths.
Results are presented for calculated and observed spectra
of O2 gas at room temperature and in the free jet region
of a supersonic molecular beam. Rotational cooling to 10K
is indicated in the supersonic jet by CARS lineshape
analysis.

The design and performance of the CARS spectrometer
is discussed in terms of the various components. The line-
width of the primary Wy beam was reduced to about 0.03
cm_l by employing two intracavity etalons and an elec-
tronic line narrowing device. Two dye laser designs and
two optical pumping schemes are evaluated in terms of
stability, linewidth, and ease of operation. The spectro-
meter resolution is limited by the dye laser linewidth of
about 0.2-0.3 cm_l. Wavelength tuning ranges and optimal

concentrations are reported for 16 commercially available

laser dyes pumped with the third harmonic of the NA4-YAG



laser at 355 nm. The laser dye outputs cover the visible
range from 410 to 715 nm. High and low resolution broad-
band CARS spectra were obtained using an intensified opti-
cal multichannel analyzer as a detector.

Resonant CARS spectra are reported for nitrogen dio-
xide gas for frequency shifts of 1200-3400 cm-l from a 532
nm W, pump source. The spectra change dramatically with
slight changes in wq frequency. Much vibrational-rota-
tional structure is observed but the analysis is compli-
cated by the contribution of more than one resonant process.
Various possible resonances are considered and absorption
spectra and intensity measurements are used to assess the
importance of some of these.

Intense 3WM spectra are reported for transient frag-
ments produced by 266 nm laser photolysis of benzene,
several substituted benzenes, and acetylene. Single pulse
broadband 3WM spectra taken with an optical multichannel
analyzer establish that the fragments are primary photopro-
ducts obtained under collision-free conditions. The spectra
consist of many features at anti-Stokes frequency shifts of

900-3100 cm ™+

from a 532 nm wy pump. Ninety degree
fluorescence studies of the photolysis zone show that C2
is produced in various electronic states and energetic
consideration require that dissociation of C6H6 must

involve two or more photons at 266 nm. Three wave mixing

spectra of C6D6 are identical to those of C6H6 in the



anti-Stokes shift region near 3000 cm_l and hence the tran-
sients do not contain CH bonds. Three wave mixing spectra
of C2H2 fragments are also identical to those of benzene
in the 3000 cm T region so that C, 1is believed to be
responsible for both 3WM and fluorescence spectra. The 3WM
spectra cannot be interpreted in terms of simple CARS
vibrational resonances of Cye Intensity considerations
suggest that enhancement due to multiple resonance 1is
likely, and various electronic-electronic and vibrational-
electronic 3WM processes are discussed. Calculations of
possible resonances in the Swan system involving overtone

Raman transitions indicate that many of the spectral fea-

tures could arise from such processes.
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COHERENT ANTI-STOKES RAMAN SPECTROSCOPY OF GASES

CHAPTER 1

INTRODUCTION, BACKGROUND, AND THEORY OF CARS
1l.A Introduction

Coherent anti-Stokes Raman spectroscopy, CARS, was
first reported by Terhune and Maker in 1964 [1, 2]. Ini-
tial experiments were performed on solid and liguid samples
and the first CARS signal from a gas was observed by Rado
in 1967 [3]. 1In the early 1970's, Taran and co-workers in
France advanced gas phase CARS techniques and pioneered
applications to combustion analysis [4]. These studies
yielded important information such as concentrations and
temperatures during the course of the combustion process.
Harvey and co-workers, at NRL, used CARS to probe N, and
D2 arc plasmas in 1976, and were able to measure vibra-
tional and rotational temperatures [5]. At this point in
time, the work presented in this thesis was initiated. The
latter part of the 1970's has experienced a tremendous
growth in the popularity and applications of CARS as evi-
denced by a number of recent review articles [6-10] and
reflecting the increased availability of high powered laser
sources.

The four research objectives of this work were:



1. to further develop techniques for the application of
CARS to gas phase systems. This involved computer
modeling of gas phase CARS lineshapes and is presented
in the remainder of Chapter 1.

2. to design and construct a stable and reliable CARS
spectrometer system based on a Nd-YAG laser. Chapter
2 contains a description of the spectrometer.

3. to explore means to improve CARS detection limits in
gases. One such method is by electronic resonance
enhancement. Chapter 3 discusses the resonant CARS
spectra of NOZ'

4. to apply the above technigues to the study transient
species which are very difficult or impossible to
probe by other means. A study of the fragments formed
by the 266 nm photolysis of benzene is the topic of
Chapter 4.

The CARS process involves the optical mixing of two
coherent beams, of frequencies wy and Wy through the

(3), of the sample to

bulk third order susceptibility, x
generate the CARS beam at frequency wy = 2wl T Wy The
intensity of w5 is proportional to the square of the
susceptibility, ]X(B)lz, and can be calculated from known
molecular parameters. It is possible to compare observed
and calculated CARS spectra so as to accurately extract
parameters of interest such as number densities, Raman

cross sections, and vibrational and rotational temperatures.



(3)

The procedure used for calculating ¥ begins with a

power series expansion of the induced polarization in terms

of the applied electromagnetic fields. An expression for

X(3) follows from the relationships in Maxwell's eguations

and assuming a damped harmonic oscillator model for the

response of the electrons to the applied electric fields.

X(3)

contains both resonant, and nonresonant,

XRes'’ XNR’

terms. is made up of real, ¥', and imaginary, x",

XRes
parts which contain electronic and vibrational resonance
denominator terms along with other molecular parameters.
The "normal" CARS experiment is only concerned with vibra-

tional resonances. arises from the response of all

XNR
the electrons to the applied fields and produces a constant
background intensity. The total susceptibility must be
summed over all molecular resonances, and the effects of
the probing laser lineshapes are considered. Results for
such calculations for O, are shown along with experimen-
tal results. The presence of XNR places a detection
limit on dilute samples. Various polarization [11] and
interference [12] schemes have been proposed to reduce

XNR but these have not been convenient in practice.

Another approach to overcome is through additional

ANR

electronic resonance enhancement of XRes*



1.B Electronic Susceptibilities

The polarization, P(w £) ! induced by the interaction
Wy

of an electromagnetic field, E with a dielectric

(w,t)’
medium may be represented by a power series expansion of

the electric field [13]

(1) (3);(3)

2
X E * X (0,t)

Plu,g) = X

+ ..., (1.1)

The coefficients, X, are known as the electronic suscepti-
bilities which will be shown to be dependent on resonant
frequencies and other properties of the medium. The first
term in the series represents the familiar linear electronic
susceptibility, X(L), and describes the behavior of such
parameters as the index of refraction, n, and the absorption
coefficient, a. The higher order susceptibilities are gquite
small compared to X(L) and the nonlinear effects predicted
are only observed when very large electric fields are
applied. The recent availability of high peak powered
pulsed lasers has generated much interest in various non-
linear optical techniques.

One such technique is coherent anti-Stokes Raman
spectroscopy, CARS, which depends on the third order sus-

ceptibility, X%wB)’ at the anti-Stokes Raman shifted

frequency, ws



Wy = 2wy = wy T oy + o (wy - owy)

W3 T Wy Foung - (1.2)

Wy and w, are usually provided by pulsed lasers with peak
powers in the KW to GW range and Wi corresponds to a
Raman active vibrational frequency between states n and
k. Wy is of fixed frequency and is usually more intense
than a tunable W, beam. Figure (l1.1) shows the energy
levels involved for several processes which may contribute
to intensity at the CARS frequency, wy. CARS is concerned
primarily with the resonance process described in figure
(1.1f) but the complications that may arise from the elec-
tronic resonances, figures (l.1lc,d,e,g,h), must not be
neglected. The interpretation of the CARS spectra of NO2
and the photofragments of benzene {chapters 4 and 5) rely
heavily upon such electronic resonant processes. Non-
resonant processes, figure (l.la,b), due to the bulk elec-
tronic response, also contribute to the CARS signal.

CARS can also be done with a broadband dye laser
replacing the tunable w, source. This makes possible one
laser shot spectroscopy which is particularly well suited
for the study of transient species.

The sections that follow discuss the parametric three
wave mixing (3WM) processes involved, in terms of a semi-
classical derivation of ngé) similar to that demonstrated

by Terhune [2], DeWitt et al. [14] and others. Idealized,



Figure 1l.1.
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monochromatic laser sources are assumed initially in this
discussion. The effects of using real lasers as sources are
dealt with in the latter parts of this chapter. The discus-
sion begins with a review of Maxwell's equations and the

properties of electromagnetic waves.
1.C Maxwell's Equations and Electromagnetic Waves

The interaction of electromagnetic waves and matter is
governed by Maxwell's equations which may be written as fol-

lows (in c.g.s. units) [15]:

TxE = -2 (1. 3)
Vv xB= %(%% + 471J) (1.4)
V. D= d4mp (1.5)
v.-B=0. (1.6)

E and B are called the electric field vector and the
magnetic induction vector respectively, and together they
describe the electromagnetic field. J 1is the free charge
electric current density and p 1s the electric charge
density. The electric displacement vector, D, and the
magnetic field vector, H, are defined by the following two

equations:



o
It
T

+ 4nM (1.7)

D=2EX + 47P (1.8)

where M is the magnetization and P is the induced
polarization.
In an isotropic material under nonrelativistic condi-

tions the following constitutive relations apply [16]:

J = oE (1.9)
P = ¥E (1.10)
D = ¢E (1.11)
B = uH (1.12)

where ¢ 1is the specific conductivity, x 1is the electronic
susceptibility, ¢ 1is the dielectric constant, and u 1is
the magnetic permeability. As was noted earlier, in the
presence of large fields, equations (1.9-1.12) must include
higher order nonlinear terms. These higher order terms will
be introduced later as needed to generate a form of (1.1).

A wave equation which E must satisfy separately may
be obtained from Maxwell's first two equations. Taking the

curl of Maxwell's first equation (1.3) yields

a - -
a—E (v X B) . (1.13)

<3
]
Qi
]
=N
]
}
Q-
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Rewriting Maxwell's second equation (l1.4) with the substitu-

tion of (1.8) for D gives

<lf
»
(o]
il
Qi+
s
+
N
=
I Q>

+ 473) . (1.14)

Q
o+
QL
ot

At this point it is important to carefully define what is
meant by charge current density. The second term in (1.14)
indicates that a charge current density is produced by a
time varying change in the polarization. This gquantity,
2P
ot’

be distinguished from the free charge current density, J.

is known as the bound charge current density and must

The CARS experiment is carried out in the absence of
free charges (g = 0, J = 0) but it is the bound charge cur-

rent density which gives rise to the electronic susceptibi-

tity. Since J = 0, Maxwell's second equation (1.4) be-

comes

7V x B = %(—— + 4y 2

Substitution of (1.15) into (1.13) leads to

2= 2=
Tx (7 xE) = ‘Ji‘i“% + 47 & F
C 9t 9t

) . (1.16)

]

This wave equation in time expresses the desired polariza-
tion induced by the applied field E. From (1.8) and (1.11)

it is seen that

cE = E + 47P (1.17)
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and (1.15) further simplifies to

2

(o8
t=ii

<

Vx (V xE) = -E%

¢ ot

(1.18)

[\
.

The equation of wave motion suggests that the induced field

propagates through the medium with a velocity given by

C

Ve

v = (1.19)

and leads to Maxwell's definition of the index of refraction

as
n=%= /e . (1.20)

Equation (l.16) may be expressed in terms of a physi-
cally measurable quantity, w, by performing a Fourier trans-
formation on P(t) and E(t) (see Appendix A).

5 x 7 x E -9-2-5? =4"““2§ (1.21)
() ~ 27w T T2 T(w) '

The induced polarization, P(w), may now be expressed as

consisting of linear and nonlinear terms

= L NL
P) “FPw) ¥ Pl (1.22)

where L and NL correspond to linear and nonlinear res-
pectively. Substitution of (1.22) into the wave equation

(1.21) yields

L 2 L J/
Ly, o = w = - 4w =N
vV x ¥V X E(u) - :2' \E(w) + 41P ((L))) = ——cz P(U)) .(l 23)
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The wave equation (1.23) may also be expressed in terms
of the dielectric constant or the index of refraction since

from (1.10) and (1.17)

B L _ 2
e =1+ 47 X () n (1.24)
which leads to
2 2
- - = _w = _ 47" =NL
Vv X V X E(w) ;5 eE(w) c2 P(w) (1.25a)
or
2 2 2 -
= = g - wn = - 47w NL .
7 X 7 X (@) c2 (©) S P(w) % (1.25b)

The field propagates through the medium in the form of
oscillating dipoles and the induced polarization can be

written to include nonlinear terms

L = NL =NL
= X B T XwEw) -

L
w)]

ol

_ =L ~N
(w) = “Nelay,) * q

Ne is the number of dipoles per cm3, g is the dipole dis-
placement from equilibrium position coordinate, and e is
the electron charge. The relation between X%w) and n
that is shown in (1.24) is deduced from a damped harmonic
oscillator approximation for the induced linear polariza-
tion. This solution for X?w) is shown in Appendix B since
a similar model will be used to arrive at the nonlinear sus-

ceptibility.
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(r)

The electronic susceptibility, e, 0 0. ) is a
A TR A g

tensor of rank r+l and is invariant with respect to the
r! permutations of the frequencies. If n frequencies
are the same, n! permutations must be divided out. 1In

component form, the polarization can be written as [14]

(r) _r!l (r)
Pl = aT X B " By

i

(w

For CARS r=3 with two frequencies equal (n=2) and

(3) _ 3L (3) 2
P(w3) - 2! X(-w3,wl,w3,w2)E(wl)E(wz)
3 _ g (3 2
Plog) = XupFwpBluy -

or

_ (3)
XcARS = 3X(w3) (1.27)

From Appendix B the linear electronic susceptibility is

2

L _
Xw)y = m )

1
> — ) (1.28a)

or by making the substitution of D(w) for the denominator

2
L Ne 1
(w) m D(w)
Since, in the CARS experiment, two driving fields are
present at frequencies Wy and Wy (1.28b) can be re-

written as
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2
L _ Ne 1 N L ‘
Xw) = m §o——*+35 > (1.29)
3 (wl) (wz)

The linear susceptibility at Wy resulting from the applied

fields at wq and w, will be used in deriving the non-

linear susceptibility, x?ﬁ X terms needed to arrive at
M 3
(wg)

1.0 Nonlinear Induced Polarizations

NL
(w)’

electric field may be approximated by a damped anharmonic

The nonlinear response of a dipole, P to an applied

oscillator model;

2- - -
3_% + r%% + wgi + 2532 = —ﬁ% . (1.30)
ot

All of the terms have been defined in Appendix B for a
damped harmonic oscillator with the exception of X which
is introduced now as a small perturbation or anharmonic
coefficient.

Following perturbation theory, ¢ can be assumed to
have a solution in terms of an expansion of g in increas-

ing powers of A

2

q=9q) + A, + Aq; + ... (1.31)

=2 =2 2
d

= 32+ 203,d, + 22233, + G5+ ... (1.32)
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Substitution of (1.31) and (1.32) and (1.30) gives:

2= 2

3°q 3°g 3°g
( ; r ; £ 32 ; . )
3t 3t 3t
3q 3gq dq
1 2 2 3
+ T ( 5T + A 7T + A =t + )

+__=0 . (1.33)

Setting the coefficient of each power of X equal to zero

results in the following set of equations:

2~ -
3 g g
0, 1 1 2 eE _
For )7; 5 + r 5T towgdy t S 0o , (;.34a)
ot
2 -
For Al- i 2 + Faqz + w2 + 2 = 0 (1.34b)
el 3t 092 ¥ 4 ’ y

2— -
2 943 a3, 2
3t wpd3

+ 2qlq2 =0 . (1.34c)

The solution for 51 in (1.34a) is the same as that

for the damped harmonic oscillator problem (Appendix B)
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and results in amplitudes of

0 ‘eE?_ -eE?-
ql(wl) = n 2 _ wz _ ir ) = mD( ) (1.35a)
“o 1 - M4 Y1
0 -eEg -eEg
ql(w ) = 2 2 - = oD (1.35b)
2 m(wO - W, - 1lml) (mz)
where a = & + g .
l(w3) l(wl) l(wz)
The complete form for 51 including its c.c. is
_ e Egei(kl r- 1t) Egei(kz r-wot)
Twy) ~w & 1, * 5,
1 “2
EO*e-i(kl'r--wlt) EO*e-i(kz'r~w2t)
_ g[ 1 + 2 ]
m D* D*
(wl) (wz)
(1.36)

From (1.26) it follows that the linear susceptibility at w3

due to the applied fields at Wy and w5 is

2
(1) _ Ne [ 1 + 1 ] + c.c. (1.37)

X
wyd P Py

The solution for &2 in (l1.34b) leads to the first

nonlinear term in the induced polarization. 62 must have

the same form as &i and can be written as

a) [y Kg) 7 ()0 €]

q2(w3) Y

0 *
q, —i[(kl°k2)’r‘(wl‘w2)t] (1.38)
e

T
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plus other terms involving 2w, , 2w2

As will be seen, only the first term involving

(3)
CARS

although the term containing exp(tZwl) is necessary to

and Wy +ow,.
exp[ti(wl-wz)] need be considered for describing ¥

account for the electronic resonance shown in figure 1.le.
Substitution of &2 along with its first and second time

derivatives into (1l.34b) gives

o_0* 1l(x1-k2) +r-(wy-wy) tl
_e2 Elnz e

[
3) 2m2

]

aZ(w *
(=0 Plwp) Pluy)

Eo*Eoe—i[(kl—kz)-r-(wl-wz)t]

+ L2 - - ] (1.39)
D D D

(wl-wz) (wl) (wz)

where D =

2 2 o
(wl-wz) wy = (wl—wz) - 1i(wl wz).

From (1.39) it follows that the first nonlinear sus-

ceptibility at w5 is

L2 o Ne* : 1
*
w3 am? Pl ~w,) Plwp) Pluy)
1
+ 5% 5% 5 1. (1.40)
(wl—wz) (wl) (wz)

From the results of 51 (1.36) and 52 (1.39), 53 can now

be found with (1. 34c¢)
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r\2- =
’ q3 + Faq3 + mzi = -24,9
8t3 ot 0+3 172
0.0.0*% =[(2kj-kj) 'r-(2wy-wjy) tl]
_ _e3[ElElE2 e
2m3 D2 D D* D
(w1) " (wy=wjy) “(wy) " (2wy-wsy)

g0*20%0 = [(2k)-kp) 1= (2w1-w)) t]
11 %2 ]

(

(1.41)
D* oD% D D*_

(w1) 7 (wy=wy) “lwy) " (2w =w,)
+ other terms involving: 3wy, 3w,, 20 4 Wo

etc.

Only the first term involving exp[ii(zwl-wz)] is needed

to describe the susceptibilityv at Wy = 2wl - W,y

-e3 i[(2kl-k2) 'r—(2wl-w2)t]

= [
3) 2m3 D

e
2

I3 (4
(wl)D(wl-mz)D?wz)D(2wl—w2)

—i[(2kq-ky) +T=(2071=ws) t]
;. e _ (1.42)

(D* ) “D* D, D*_
W) (w)-w,) " (w,) ~ (2w

17 %)

Using the results for aB(w ) (1.42) and the expressions
3

for x?z) (1.26, 1.27), the nonlinear susceptibility at

w4 is

4
(3) - Ne L (1.43)

Wa) 2
3 m D D D* D,
(wl) (wl-wz) (wz) \Zwl wz)
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This form for xéigs explicitly shows the resonance

denominators which account for electronic 3WM and elec-
tronic enhanced CARS spectra. The D(w ) factor gives
1

rise to processes involving one photon resonances in wq

(Figure 1-4d,h), and likewise the factor accounts

D
(Zwl-wz)
for one photon resonances in W5 (Figure 1-c,g). 1If no

electronic resonances are possible, then the fac-

tor determines the behavior of ng)) (normal CARS) since
3

D(wl-wz)

the other denominator terms are slowly varying. The follow-

ing section describes an alternative method of deriving

(3)

X (w2) in which only a vibrational resonance is assumed.
3

The nonlinear response of the dipole can also be
accounted for by introducing the nonlinearity into the
driving force [17] instead of the oscillator response. The
susceptibility may be expressed as an expansion of the

polarizability, a, as follows

X=N0L=N(0L0+q(—g%)0+ e ) (1.44)

where N 1is the total number of dipoles induced at a given

frequency. The oscillator response may now be written as

+ T + wyg = . (1.45)

F 1is the force acting on the system of U energy,
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A 2
U 5 (-4aE”™)

F = 39 = 3q = (ga)E (1.48)
and (1.45) becomes

32 3 2= 1 3 2

294+ 189+ wig = = (gt . (1.47)

Fields at frequencies wy and W, are present and E is
assumed to have the same complex form as before.
*

0.0 .
2 E1E2 l[(kl-kz)'r-(wl-wz)t]

7 e + c.cC. (1.48)

g 1is assumed to have the same form as E2 and

o = 93 ei[(kl-k2)°r-(w1—w2)t]

S (1.49)
0 1i[(ky=k,)er=(wqi=wo,)t]
3 , 1 72 1 *2
COTIRE O
+ i(wl-wz) c.c. (1.50)
2 0 ; - I -
L G R el[(kl ko) rr-(wi-wa) €] (wy-w,) % c.c.
342 1772 p) 172
(1.51)

Substitution of (1.49), (1.50) and (1.51) into (1.47) gives
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0 i[(kxq-ko)s r- _
[-(wl.‘”z)2 - if(wl-wz) + wg] %T el[(<l 2) *r-(wy-wy) tl
0 ~[(ky-ks,) "r=(wy~-

+ [-(wl-w2)2 + AT (wy-wy) + wg] %T . [(ky=ky) *r=(w]-w,) t]

*

EOEO ;
_ 1 (ég)[ 12 i[(k1-k2)*r-(wi-w2)t]
2m ‘3qg 4 €
*
El Eg -i[(k1=-k2) +r-(wy-wy) t]
+ . e 2 1 . (1.52)

Again, only terms involving the frequency difference

ti(wl—wz) have been retained. Solving for g,

* i k1-k * e (1) =
50807, [(k1-kp) *r=(wj~wjy) t]
172

+ c.c.]

) (

alE

Y
9= Inm D(
#1702 (1.53)

From (1.44) the nonlinear susceptibility due to wy and
Wy is

NL

= Ng (2%
Xwyrwy) = Na(5g) - (1.54)

The polarization induced at w3 = 2w; - w, can be expressed

as

(3) _ ., (3) 2. _ .  da
P(w3) = 3X(w3) E{E, = Na(50) B (1.55)

since g already contains E1E2' The resulting form for

the susceptibility is
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N 3
3X = = (2 L (1.56)

Using the relationship between the differential optical

cross section, g%, and the changing polarizability [14!

w2q2

d 3

E% = 24 (5%)2 , (1.57)
C

along with the assumption that the classical coordinate g

may be quantized

2 _ h
q - 2mw0 ’ (1.58)

leads to the following semiclassical form for the suscepti-

bility
3, () amet doy Y0 (1.59)
Hug) = p & @& D '

This expression can be compared to the previous form
for xgi;) (1.43) by noting that the other denominator

resonance terms are now included in %% , the line strength

factor.

In actuality the number density, N, in (1.59) is more
properly expressed as a difference, Nn—Nk. If all of the
molecules are in the n 1level a (+Nn) factor appears in

ngé) while if all of the molecules are in the k level a
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(—Nk) would appear in X§£;>- Making this subtraction

along with

“o T “nk

do, _ ,do
(&) = () nk

and

D 2 2

(wl—wz) =W T (wl—wz) - iFnk(wl—wz)

where Wk is a Raman vibrational frequency between states
n and Kk, Fnk is the full width at half maximum (FWHM)

o} . . .
and (%ﬁ)nk is the Raman cross section or line strength,

gives
2(N_-N.)ct w
y _ n 'k (gg) nk
CARS ; 3 nk 32 7 ,
hw, g™ (Wy =Wy )71l g (0 =w5)

(1.60)

Equation (1.60) points out an important feature of
CARS. Since the number density difference (N - Ny)
depends on the vibrational and rotational temperatures, it
is possible to extract this information from a CARS spectrum.
Applications of this type have been made for combustion
diagnostics [10],glowing discharges [5], and supersonic
molecular beams [18, 24].

The above expression may be simplified by factoring the
denominator, making a few approximations and dividing by

W as follows:
nk
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[wnk-(wl-wz}][wnk+(wl—w2)]-ifnk(wl-wz)

“nk + (wl_MZ) = 2wnk

Fnk(wl-wz) > iFnk(wnk)

4
CARS hw4 8@’ nk (wnk-(wl-wz)-lYnk) )
2
r
. - _nk
where {nk -5 -

A quantum mechanical derivation of XCARS involving
the computation of the average molecular dipole moment
resulting from the third power of the electric fields, gives

a similar expression [8]
(N_-N,_)n. c?
X - _n k"1 (gg) 1

CARS 2hn2wg dQ’ nk wnk-(wl—wz)—ly

(1.62)
nk

where n, and n, are the indices of refraction for fre-
quencies Wy and Wy respectively, and Ynk is the half
width at half maximum (HWHM) for the Raman transition.

From (1.61) it can be seen that XCARS contains real,
x', and imaginary, x", parts. The bulk response of all of

the electrons to the applied fields contributes a nonreso-

nant term, XNR which is also real.
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Xears = X' * Xggp *t X" (1.63)
4
N - - (. -
o= (N =N )c 29, W g~ (@ =w,) 160
hot ¢’ nk [0 . = (5. - )]2+Y2 ’
2 nk 1 72 nk
4 .
L AL e
X " Sk L —) 1242 :
2 nk~ 172 nk

The above expressions will be returned to later for
consideration of the CARS lineshape profiles. It should be
noted, however, that the expression for x" is essentially
the stimulated Raman susceptibility with the number density
difference (Nn-Nk) replaced with the number density of the

initial state, Nk [14]

N c4 i
" — 1-k (8_0'_) Ynk (l 66)
XRAMAN hed AR mk [ 22 .
2 ‘nk” Y1792 Ynk
The relationship between the CARS susceptibility, XCARS ’ and

the detected power of the CARS signal, P is discussed in

37
the following section.

The selection rules for a CARS transition have been
shown to be the same as for the Raman experiment [8, 19].
This is not surprising since the CARS process, Figure
(1.1f) can be thought of as two simultaneous Raman experi-

ments (Stokes and anti-Stokes) with all transitions being

Raman allowed.
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1.E CARS Intensities and Lineshapes

The average intensity of the CARS beam can be deter-

mined from the magnitude of the Poynting vector §, by [15]

S =ExH (1.67)
cn
3 = ,2
I3 = {S3l - P 153! (1.69)

where n is the index of refraction at ws and §3 is
the electric field vector at wsge The wave egquation (1.21)
can be solved for Eg by integration over the interaction
length, &, assuming plane waves travelling in the 2z direc-
direction ([8]

0 2ﬂw3

Ey = n,c XCaRs

elex [elPKY _ 1) (1.70)
172

The above expression results from choosing the orientations
(polarization) of El and EZ parallel to each other and

orthogonal to z. Ak 1is the phase matching condition,

figure (1.2), with

Ak = 2k, -k, =k

1 2 3 (1.71)

The phase matching condition, Ak = 0, can be thought
of as a consequence of the conservation of energy and momen-

tum in the interaction region. Photons of frequency w and
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(b) -

Y

Figure 1.2. Orientation of the wave vectors for phase

matching (Ak = 0). (a) shows the general

case for n, # np # ni (ligquids and solids).

(b) depicts the special case for gases

where n, = n, = n, and all beams are
colinear?
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wave vector Kk propogate with energy hw and momentum hk.

In CARS, conservation of energy results in
w3y = 2wy - Wy
and invoking cohservation of momentum leads to
k3 = 2kl - k2 . (1.72)

Amplification at W will only occur when this phase match-
ing is met. Otherwise, the waves generated at w5 are in-
coherent and cannot beat with the driving force. The wave

vector can be related to the index of refraction by [15]
k = & =00 (1.73)
v

where Vv 1is the phase velocity. Substitution of (1.73)

into (l1.72) gives

n (1.74)

303 T 20w T Bouy -
For gases, the index of refraction is nearly constant thus

n, * n, = ng (1.75)

and from (1.74) proper phase matching is achieved with all
beams colinear. In condensed materials, however, dispersion
negates (1.75) and requires the wy and Wy beams to cross

at a small angle, 9, while w3 exits at a small angle ¢.
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The substitution of (1.70) back into the wave equation
along with the relationship (1.69) gives the average inten-

sity for w4y as

2 2. 2 'sin(AkL/2),2
Tlxcars! ™ T1I8° Copgs—)

(1.76)

For proper phase matching, Ak = 0, the last term equals 1,
and the CARS intensity is seen to be proportional to the
square of the interaction length (and to the square of the
molecular density). The advantage of using high peak
powered lasers is apparent from the quadratic and linear
dependence on the intensities of wq and P respectively.
For focused Gaussian beams, the above expression can

be expressed in terms of the measurable power at Wy P3,

by [8]
5 9 256w4w§ 2 .2
P3 = (7 5——7lxcars! P1P> (1.77)
nln2n3c

where )\ 1is the average wavelength of the three beams, and
Ak = 0. The calculation of CARS lineshapes and relative
intensities results from (1.77) and the following relation-

ship is used

P (1.78)

| 12
3 * I Xcars
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assuming the average powers of Wy and w, are unchanging
during an experiment. As was mentioned earlier, the pre-
ceding discussion assumes idealized monochromatic laser
sources for Wy and Wo The CARS lineshape profile is
then determined only by the linewidth of the Raman transi-
tion, Fnk' In reality, the CARS lineshape may be broadened
by laser source linewidths greater than Fnk as well as by
laser phase and amplitude fluctuations broadening the driv-
ing force. The following sections deal with these effects.
The discussion begins by examining "pure" CARS lineshapes
using (1.61) and introducing a convolution later to account

for broadened laser sources.
1.F CARS Lineshapes

The lineshape of a single resonance is perhaps best
seen by rewriting (1.61) in terms of a resonance variable,
dw = w, - (wy=wy)

= ¢ dw+il

L
XCARS o+ 72 * XNR

(1.79)

where C 1is a constant. The real and imaginary parts of

XCARS (neglecting C) are
X' = =3+ xR (1.80)
dw +T
_— ir
X" = —>—5 (1.81)
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For a pure substance, XﬁR is very small compared to the
resonance term and may be neglected. Plots of ¥' and x"
as a function of Jw/T are shown in Figure (1.3). ¥" has
a Lorentzian lineshape much like the absorption coefficient
and x' has a dispersion lineshape as does the index of
refraction. From (1.78) the CARS intensity is

'2

Pears ® IXcamg!™ = Ix'|

’ (1.82)

and a plot of the square of the susceptibility has the same

lineshape as Y for equal to 0. For dilute samples

XNR

the effect of becomes apparent. As the nonresonant

*NR
contribution increases, the CARS lineshape changes from a
Lorentzian to a dispersion curve, figure (1.4), and the
peak maximum shifts slightly. This effect places a limit
on the detection of a CARS signal at about 1% for dilute
liquids [20] and 10 ppm for gaseous mixtures [21]. It is
possible, however, to overcome this limitation by enhancing
XCARS with added electronic resonances (see equation 1.43).
This technique is applied to NO, in Chapter 2 [37] and
has also been demonstrated for I, [42]. vVarious schemes
for reducing XNR by employing polarization [11l] and
interference [12] techniques have not been convenient in
practice and do not offer the advantage of increasing the
resonant signal. The remainder of this chapter deals with

calculating the total for a molecular gas assuming

XCARS

only vibrational resonances.
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Figure 1.3. Plots of the real, x', and imaginary, X
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parts of the susceptibility for an isolated

resonance.
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Figure 1.4. Effects of the nonresonant, XNRs Contribution

to the lineshape of total squared susceptibi-
lity, [x]2 = [x' + x" + xg!2
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The CARS spectrum of a molecular gas is composed of

many resonance terms as Wy, is scanned through various
vibration-rotation transitions. The total third order sus-

ceptibility must be summed over all allowed transitions, nk,

(3)

X = Xgn ¥ 1 X
(ws) NR T L X o | (1.83)

Appendix C contains a Fortran program, written for a PDP~-

11, that calculates for diatomic gases. The reso-

XcARS
lution of an observed CARS spectrum is limited by the line-
widths of the laser sources since they are usually larger
than the Raman transition linewidths, Fnk' The program in
Appendix C calculates an "unconvoluted" CARS spectrum and

the effect of laser linewidth is neglected. Figure (1l.5)

shows an "unconvoluted" CARS spectrum for O calculated by

2
the program listed in Appendix C. Fnk was assumed to be
0.03 cm'-l [19] and the rotational and vibrational tempera-

tures (TR and 'TV) were 300K. This would closely resemble
the CARS spectrum of 02 if both laser sources had line-

widths £0.0l cm Y. An actual CARS spectrum of O

5 is
shown in Figure 1.6. This spectrum was recorded with dye
laser, sz, and ND-YAG laser, Awl, linewidths of 0.15 and
0.03 cm-l respectively. In order to calculate a spectrum
resembling figure (1.6), the expression for the power at
Ws (1.77) must be convoluted over the laser lineshapes.

Yuratich [22] has recently discussed the effects of

laser lineshapes on CARS spectra and concludes that a
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Figure 1.5.

Calculated "unconvoluted" CARS spectrum of
the Q-branch (dJ = 0) of 0O gas at 300K.
Thk = 0.03.cm™+, resolution increment is
0.0005 cm -, Assignments are indicated be-
low the frequency scale.
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Figure 1.6. Observed spectrum of the Q—brancli (A = 0) of
02 lgas at 300K. Aw; = 0.03 cm -, Awy = 0.15
cm -,
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convolution over a single lineshape function, that includes
contributions from all broadening sources, is adequate. The
particular lineshape function to be used should be arrived
at by experiment. In the present work, the analytical line-

shape function is chosen to be
L=F + Gaus + (1-F) - Lor (1.84)

where P is a fraction, and Gaus and Lor are normalized

Gaussian and Lorentzian lineshape profiles, respectively.

- led-w 2/Tn2,2

Gaus = 2/1n2 Aw (1.85)
AwvT
_ Aw 1
Lor = > 5 AT (1.86)
(w =) +(T)

Aw 1is the observed CARS linewidth (FWHM) for an isolated
band. The advantage of using this sort of lineshape is that
Aw can be experimentally determined and F can then be
used as a fitting parameter. If F=1, corresponding to a

pure Gaussian lineshape the contributions to Aw would be

2

%
D’

+ sz + ' + TSYE (1.87)

2
1 2 A
where Awl and sz are the time averaged widths of the
YAG and dye laser beams, and FA and FD are the broaden-
ings due to laser amplitude fluctuations and Doppler

broadening. Similarly, an expression for a pure Lorentzian

lineshape would be

AwL = (Awl + sz + FPh + FPr) (1.88)
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with FPh and PPr broadening due to phase fluctuations

and pressure broadening, respectively. The major source of

1

broadening is due to Aw, * 0.15 cm L while w; = 0.03 cm”
From (1.84), (1.87) and (1.88) the experimental linewidth

may be approximated by

Aw = (F) AwG + (1-F) AwL

1
Aw = F(Awi + Awg + r§+ o)
+ (l-F)(Awl + sz + PP + ...) (1.89)

Using the above expression with F = 0.75 and PA, FP,

etc. = 0, gives

Aw = 0.16 cm *

This can be compared to the measured width of wy at about

0.17 cm-l. It is found in these calculations, that a value

1

for the natural Raman linewidth, T less than 0.03 cm

nk’
produces negligible effects on the final convoluted spectrum.
Consequently, the largest possible value was chosen to mini-
mize the computational time since 5 or 6 values of XCARS
are calculated per - Fnk' Using the above values for F and
Aw, the room temperature convoluted CARS spectrum was
calculated for O2 and is reproduced in Figure (1.7) along
with experimental results.

The convolution is carried out with the Fortran program

listed in Appendix C and involves scanning the chosen
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lineshape function across the unconvoluted susceptibilities
and calculating the intensity contribution from each resolu-
tion increment within the lineshape envelope. The ability
to reproduce the experimental spectra demonstrates the pos-
sibility of determining the vibrational and rotational
temperatures with this lineshape analysis procedure.

The impetus for performing the above calculations was
provided by the development, by Peter Huber-Walchli, of
CARS spectra of supersonic molecular beams [18]. In these
experiments, a gas at fairly high pressure (v1 atm or
greater) is allowed to expand through a small orifice (60
um) into a region of low pressure and high pumping speed.
The CARS spectra of the gas in the free jet region shows a
dramatic rotational cooling effect as the rotational energy
is degraded into kinetic energy [22]. The populations of
the upper rotational states are depleted and most of the
CARS intensity occurs in the lowest 2 or 3 rotational
states. Although the effective pressure in the molecular
beam is very low (<1 torr) the piling up of intensity into
only a couple of rotational states makes detection possible.
Using the lineshape analysis discussed above for static con-
ditions at room temperature to find F and Aml lower
temperature spectra can be calculated by varying TV and

T For pure N, and O, Peter Huber-Wdlchli has esti-

R.
mated rotational cooling down to 20K in the molecular beam

[18, 24]. When an added carrier gas is present (Ar) to help
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Figure

1.7. Observed (upper traces) and calculated (lower
traces) spectra of the Q-branch of 0,5 gas.
The spectra on the left correspond to room
temperature conditions (300XK) while those on
the right show the rotational cooling obtained
when 0p 1is expanded into a supersonic

molec ilar beamn.
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carry away kinetic energy, rotaticnal cooling down to V10K
is possible [24], Figure (1.7) shows experimental and cal-
culated supersonic molecular beam CARS spectra of 0,
where such cooling is apparent. These types of cal-
culations are also applicable at higher temperatures but
the populating of many higher states places a limit on
detection.

Another way of doing CARS, as mentioned earlier, is to
replace the tunable w, source with a broadband dve laser.
Under these conditions, it is possible to acquire a complete
CARS spectrum in one laser flash using an optical multi=-
channel analyzer (OMA) as a detector. The driving force at
w5 picks out the components, w3, in the broad band source
which satisfy the resonance conditions. Resolution of
broadband CARS is essentially limited by the dispersive
device used. Lineshape analysis of broadband CARS spectra
would need to include the intensity distribution of the
broadband source along with proper slit functions for the
dispersive element and detector.

The experimental arrangements used in this work are

described in the following chapter.
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CHAPTER 2

EXPERIMENTAL
2.A Basic Experimental Configuration

The basic experimental arrangement used in these
studies is schematically diagrammed in Figure (2.1). The
primary source of radiation is provided by a Nd-YAG-oscil-
lator-amplifier (Quanta-Ray model DCR-1A) lasing at 1064
nm (wo) and producing a "doughnut" mode beam. A glass fil-
ter (Schott RG 780) removes the unwanted broadband visible
flashlamp radiation. A 25 mm KD*P type II crystal doubles
the frequency of the YAG and yields typically 100 mJ at 532
nm (ml) in a 10 nsec pulse at a rate of 10 Hz. A quartz
prism separates the fundamental and first harmonic. The
Wqr exiting from this prism is passed through a second KD*P
type II crystal (30 mm), and the 30 mJ of 532 nm radiation
produced serves to pump and amplify a dye laser. The left-
over wq beam is reflected away with a dichroic beam
splitter into an optical dump. The primary Wy beam is
expanded with a 1.8X telescope to counter self focusing
and thereby reduce damage to the optical elements. The Wy
beam is optically delayed, 8 nsec, so as to arrive at the
sample the same instant as the dye laser bean, Woe Wy and
w, are combined and made colinear with a dichroic beam

splitter which reflects Wy and passes Wy e This beam
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Figure 2.1. Schematic diagram of the CARS spectrometer.
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splitter is housed in a sturdy mirror mount fitted with
micrometer adjustment screws for fine adjustment of the beam
overlap in the sample. The Wy and Wy beams are focused
into the sample region and recollimated with two 100 mm
focal length lenses. Most of the w; and W, intensity

is reflected away with one or more dichroic beam splitters
coated to reflect wavelengths greater than 500 nm and pass
blue light, Wiy These reflected beams can be used to
analyze the w; and w, linewidths and monitor the chang-
ing Wy frequency by passing them through appropriate
Fabry-Perot etalons. Wy and w, are further removed with
various Corning filters (5-57, 5~58, 5-59, 5-60), prisms and
diffraction gratings. The Wy beam is sensed with a photo-
multiplier detector (RCA 1P28A) operated at -400 to -800
VDC. The output pulse is stretched to 100 usec, amplified
and processed with a gated pulse integrator (Evans Associ-
ates model 4130) with RC time constants from 0.5-5 sec. The
integrator output is sent to one pen of a dual pen strip
chart recorder (Linear Instruments model 385) which is
driven by the same pulse train which runs the dye laser
scan. The dye laser output is monitored by a photodiode

(HP 4203) behind a pinhole over which the changing Fabry-
Perot interference fringe pattern moves as W5 is scanned.
This signal is similarly amplified and integrated and fed

to the second recorder pen resulting in a series of peaks

separated by the free spectral range (FSR) of the etalon and
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providing an accurate relative frequency calibration. For
absolute frequency measurements, the initial and final
w5 frequencies of a scan are measured with a calibrated
spectrometer (Cary-82 or Spex-1402). Frequency uncertain-
ties are estimated to be 0.4 cm T or better. The remainder
of this chapter deals with the various components in some-
what more detail and begins with a discussion of the Nd-

YAG laser.
2.B Nd-YAG Laser

The Nd-YAG laser cavity, Figure (2.2), is equipped

Ly,

with four devices to reduce the linewidth (dwgy v 1.5 cm
These include a Q switch, two Fabry-Perot solid etalons
coated for 18% reflectivity with free spectral ranges (FSR)
of 1.1 and 0.26 cm—l, and an electronic line narrowing
device (Quanta-Ray model ELN-1). The thin film polarizer
(POL) is set to pass radiation with electric vectors
polarized at 45° to the lasing axis. The A/4 wave plates
create circularly polarized light for even extraction of
energy stored in the laser rod (preventing hole burning).
The Q switch (KD*P) is adjusted to allow slight leakage
and a weak train of longitudinal modes builds up when the

flashlamps are fired. A fast photodiode monitors the

intensity of this train of pulses, and when a preset
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Figure 2.2. Schematic diagram of Nd-YAG laser cavity.
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intensity is reached the ELN-1 fires the Q switch
allowing a lasing window of V13 nsec (FWHM) duration.
Figure (2.3) shows two oscilloscope traces of the 1064 nm
pulse taken with a TEK 7834 storage scope. The top trace
clearly shows the effects of multiaxial (longitudinal) mode
beating while the bottom trace shows single axial mode
operation.

From the top trace, the measured time separation be-
tween adjacent axial modes, Atax’ is 5.6 nsec. The effec~-

tive cavity length, Loggr is related to Atax by

2L
Atax = iff = 5.6 nsec

where ¢ 1is the vacuum speed of light, and

L = 84 cm .

eff

The measured cavity length is 70 cm but this includes high
index materials such as the etalons, Q-switch and laser rod.
The frequency difference between axial modes, Awax’ may be

calculated from the effective length by

1 -1
Aw = = 0.006 cm .
ax 2Leff

since the lasing duration is about 13 nsec (FWHM) it fol-
lows that, at the most, three axial modes may be present.
This gives an approximation for the wg frequency jitter,

AU.)O 7 Of



Figure 2.3.

Oscilloscope traces of the 1064 nm Nd-YAG
beam showing multimode, upper trace, and

single mode, lower trace, operation. The
time scale is 10 nsec/div.
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fwy = 3dw_ = 0.18 om L .

By careful Q-switch bias voltage adjustment and fine
tuning of the intracavity etalons, it is possible to achieve
single mode operation about 60% of the time. Since the two
events pictured in Figure (2.3) are not distinguished dur-
ing an experiment, the narrowest frequency width available
is determined solely by this frequency jitter. The result

is that the width of the second harmonic at Wy s Awl, is

Awy = 28wy = 0.035 cm™ 1 .

This may be compared to the measured width of Wy, obtained

by examining the interference fringes of a 0.2 cmml FSR

Fabry-Perot analyzing etalon, of about 0.03 cm T.

Quite frequently, during a long experiment, the Wy
frequency begins to hop between thick etalon modes
(Awl = 0,26 cm—l). Keeping the room temperature between
65-67°F greatly improves this situation and the cause is
most likely local heating in the thick etalon, even though
the etalons are mounted in heated and well regulated cells.
If w; happens to be involved in an electronic resonance,

this mode hopping can cause dramatic spectral changes

(Chapter 3).
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2.C YAG Harmonic Generation

For all experiments discussed in this work, the second
harmonic of the YAG laser was used as the primary wg beam.
The photofragmentation work on benzene also reguired the
generation of either the third or fourth harmonic (at 355 or
266 nm respectively) as the photolysis source. The third
harmonic also served to pump a dye laser and investigate the
tuning ranges of a number of laser dyes [25]. These three
harmonics were achieved using KD*P crystals oriented in the
appropriate phase matching geometriss [13, 15, 26]. All
crystals were mounted in sturdy mirror mounts fitted with
micrometer adjustment screws allowing fine tuning of the
phase matching angle. Even though these crystals are hygro-
scopic, it was found that they need not be housed in a
sealed cell fitted with windows and filled with an index
matching fluid [27]. Water vapor fogging and other
deterioration of the crystal‘faces is easily rectified by
polishing on a soft pitch plate (Apiezon W) using cerium
oxide abrasive powder and dry ethylene glycol as lubricant
[27]. The excess ethylene glycol may be removed by wiping
with a xylene soaked "Kleenex"* tissue.

All experiments not involving the third harmonic (355

nm) used the crystal orientation shown in Figure (2.4) for

*"Rleenex" brand facial tissue was found to be least abra-
sive to the crystal.
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generation of Wy - This crystal is a 10 x 10 x 30 KD*P (87%
deuterium) cut for type II phase matching (9 = 55°) and a
conversion efficiency of about 30% is obtained. The remain-
ing 1064 nm radiation is passed through a similar crystal
(KD*P type II, 10 x 15 x 30 mm, 6 = 53°) to extract more
green to pump a dye laser. The efficiency of this doubling
process is much reduced since the 1065 nm radiation after
the first doubler is elliptically polarized. Because the
doubling process is nonlinear and depends on the square of
the incident intensity, the wy pulse is narrowed in time
to about 10 ns (FWHM).

Third harmonic generation, to produce 355 nm radiation,
is achieved by placing a second KD*P type II crystal (10 x
15 x 30 mm) summing 1064 and 532 nm, immediately after the
first doubling crystal. The orientations of these crystals
are shown in Figure (2.5) along with the polarization of the
beams. Approximately 35 mJ of 355 nm radiation may be
obtained for photolysis and dye laser pumping. For photo-
lysis applications, a 1.1X gquartz telescope placed in the
355 nm beam provided adjustment of the common focus at the
sample.

The fourth YAG harmonic at 266 nm is produced by doubl-

ing the frequency of the main 532 nm beam with a KD*P type

I crystal (10 x 15 x 30 mm, 8 90°) housed in a heated and
well regulated cell. Approximate phase matching is achieved

by maintaining the crystal at about 39°C. Temperature
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Figure 2.4. Orientation of KD*P type II crystal for
second harmonic generation, SHG, at 532 nm.

Figure 2.5. Orientation of KD*P type II crystal for
third harmonic generation, THG, at 355 nm.
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regulation was found tc be insufficient for phase matching
due to local heating in the crystal. As a consequence, fine
angle tuning during an experiment was necessary to maintain
constant UV intensities. The crystal housing was made of
aluminum and wrapped with a small heater element. This was
then enclosed in a delrin cylinder, for insulation, and
attached to a large mirror mount. A thermistor, embedded
in the aluminum, sensed the temperature which was controlled
by a Yellow Springs Model 72 temperature controller. With
this system, 10-20 mJ of 266 nm radiation could be main-
tained during an experiment. The UV intensity was moni-
tored on an oscilloscope using a photc-voltaic diode as the
detector. A 1.1X telescope placed in the Wy beam allowed
the foci of the green and 266 nm beams to be matched in the
sample.

Commercial optical grade quartz was found to be unsuit-
able for elements which handled the 266 nm beam. The blue
fluorescence produced in this material interferred with
detection of the blue CARS signal. UV grade gquartz optics
were necessary to eliminate this problem. Also, a non-
fluorescing UV filter (Corning 3-144) was used immediately
before the sample collimating lens to attenuate the photo-

lysis beam and prevent another source of blue fluorescence.
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2.D Dye Laser

The source of Wy radiation was provided by a ND-YAG
pumped dye laser employing flowing dye cells. Small elec-
tric pumps (Micropump model 12A-40-303) connected to a
variac allowed control of the flow rates. Many dye laser
designs were investigated in order to minimize the Wy
linewidth, sz. It was found that no one dye laser design
proved entirely satisfactory for all applications. Impor-
tant performance factors such as tuning ranges, polariza-
tion, beam quality, output stability and ease of operation
were considered along with minimal linewidth in evaluating
each design. The dye laser components were mounted on a
small optical table (1 ft x 5 ft) drilled with 1 in bolt
pattern to allow for maximum flexibility. The remaining
parts of this section describe the basic designs employed
along with discussions of their associated advantages and
disadvantages.

Two optical pumping schemes, transverse and semi-
longitudinal, were used to excite the dye and are diagrammed
in Figures (2.6) and (2.7). Transverse pumping is achieved
by focusing the pump beam with a cylindrical lens (f = 400
mm) to a horizontal line image slightly behind (v2 mm) the
front face of a wedged flowing dye cell. The wedged shape

insures that broadband lasing will not occur due to reflec-

tions in the cell picking up gain. A telescope, before the
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Figure 2.7. Semilongitudinal optical pumping.
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cylindrical lens, matches the pump beam diameter to the dye
cell width. Pump beam powers greater than about 6 mJ were
found to burn the quartz dye cell. The dye concentration
is adjusted so as to absorb all of the pump beam energy
within the first 1-2 mm of the cell. The beam emerges from
this pumping scheme with a slightly wedged shape, Figure
(2.6), which did not overlap very efficiently, in the
sample region, with the focused doughnut from Wy This
problem can be alleviated by semilongitudinal pumping of
the dye laser amplifiers. Transverse pumping worked well
to pump all dyes tested with both 532 and 355 nm sources.
Semilongitudinal optical pumping, Figure (2.7), in-
volves bringing the pump beam into the dye cell at a small
angle to the lasing axis. A spherical converging lens
(f = 280 nm) focuses the pump beam and a small 90° prism
deflects the beam towards the cell. The flowing dye cell
was constructed from delrin and fitted with quartz windows
separated by about 2 mm of dye solution [27]. Orienting
the cell near Brewsters angle to the lasing axis prevents
internal reflections from forming a broadband cavity and
also favors the transmission of the desired horizontally
polarized dye laser output. When used in the laser oscil-
lator, the lens is positioned to give about a 1.5 mm
diameter pump beam at the dye cell (with the focus behind
the cell). Dye concentrations are adjusted to allow the

slightest amount of pump energy to exit the cell. This
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pumping scheme did not work for 355 nm pumping of coumarin
dyes but it was very satisfactory for all 532 nm pumping.

Two basic cavity designs were employed to generate the
tunable w, source. A high resolution stepper motor (Aero-
tech model ATS-302-MMS-50 motor and model ASM-200-1 driver)
served to scan the dye laser. Both designs relied upon dif-
fraction gratings to achieve wavelength selection. Dye
laser conversion efficiencies ranged from 1-10% depending
upon type of dye and solvent, linewidth, polarization and
wavelength (to name a few). Most of the experimental work
was performed using a Hansch type laser oscillator [28] with
a diffraction grating as the back mirror. A second design
utilizing a diffraction grating at grazing incidence as a
beam expander [29-32] offers narrower linewidths but does

not have the red tuning range of the first system.

Figure (2.8) shows the basic components of the Hiansch
dye laser cavity. The output coupler is coated for partial
reflectivity in the visible and varies from ~5% at 400 nm
to v30% at 700 nm. A 20X telescope beam expander magnifies
the small (v1-2 mm diameter) stimulated emission beam from
the dye cell to fill the diffraction grating. A 316 %/mm
echelle grating, blazed at 63.5°, fitted with a cosecant
arm, and mounted in a modified Lansing gimbal mirror mount

in Littrow configuration, is the tuning element. This
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Figure 2.8. Schematic drawing of the Hansch dye laser
cavity used in this work.
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Figure 2.9. Schematic diagram of the grazing incidence dye
laser used in this work.



58

geometry provides wavenumber tuning from displacements of
the stepper motor. The two telescope lenses are housed in
individual x-y translation stages for precise optical
adjustment. The performance of this cavity depends on the
proper alignment of the telescope and grating. Initial set
up is made with the telescope removed and the grating tilt
is adjusted to return the zero order reflection back to the
He-Ne alignment laser. ©Next, the grating rotation is varied
so that all negative and positive orders are similarly
reflected. Final alignment involves installing the tele-
scope and repeating the above procedures. This complicated
and tedious alignment is one of the more frequent criti-
cisms of the Hdnsch cavity [28-33]. At times, a four prism
(right angle) expander, similar to reference [34], with
V30X magnification was substituted for the telescope. Since
magnification only occurs in one direction, the grating
rotational alignment was not as critical. This arrangement
also provided improved transmission of the desired output
polarization. When transverse pumping, the dye .cell is
attached to a translation stage allowing for alignment of
the lasing axis. The overall cavity length was about 33
cm.

The echelle grating is operated in eighth to thirteenth
order, near its blaze angle, and typical linewidths are 0.2-
0.3 em t. Room was provided between the dye cell and tele-

scope for insertion of a calcite Glan-Thompson polarizer.



59

This cavity design proved successful for generating radia-
tion from 400-750 nm, and a typical set of laser dye tuning
curves is included in Appendix D. One minor inconvenience
of this system was the occasional simultaneous output of two
lasing wavelengths. This resulted from overlap of two grat-
ing orders diffracting two wavelengths which also happened
to fall within the laser dye tuning range. Changing the
laser dye rectified this annoyance. For broadband opera-
tion, a plane front surface mirror is placed in front of

the diffraction grating.

The dye laser linewidth can be narrowed to about 0.15
cm ! with the cavity design shown in Figure (2.9). A two
prism (right angle) beam expander provides one dimensional
magnification of about 7X [34]., The diffraction grating
(1800 %/mm holographic grating) is operated near grazing
incidence, v88° [29-~32],and the first order diffration is
intercepted by a plane mirror. The grazing angle is
adjusted to fill the grating with light. The rear mirror
is mounted to an arm which rotates from a point in the
center of and in) the grating plane. Stepper motor displace-
ments result in wavelength tuning [29]. The zero order
output is used to monitor the dye laser performance with an
analyzing etalon. This design enjoys many advantages over
the Hansch cavity such as narrower linewidth, simpler setup
and operation, more stable frequency and intensity output

and better polarization discrimination. The tuning range



60

is limited, however, since the longer red (A < 730 nm) wave-
lengths are diffracted back into the grating grooves.

The dye laser output polarization was adjusted before
amplification with a double rhomb prism polarization
rotator. The two internal reflections in the input prism
results in circularly polarized light [35] and the second
prism reverses this process to again produce linearly
polarized light. A rotation of the prism assembly through
an angle, 0, rotates the output polarization through 28.
Two advantages of this device over \/2 polarization
rotators are that it will work for all wavelengths, and it
is rather inexpensive to construct.

One or two dye laser amplifiers, pumped semilongitudi-
nally, are used to increase the dye laser output to typi-
cally 0.3-2 mJ in a 7-8 nsec (FWHM) pulse. The amplifier
pump beam diameters are matched to the dye laser diameter
by movement of the pump beam focusing lenses. Saturation
of the dye, in the amplifier cells, smooths out oscillator
intensity fluctuations and typical shot to shot intensity
fluctuations less than 20% are obtained even through Wy
intensity fluctuations of 30% are common.

The amplified dye laser output is passed through a
3X telescope to match the diameter of the Wy beam. This
telescope is also necessary to achieve a common focus of the
two beams in the sample. 1Initial alignment of the common

focus in the sample involves passing the beams through a
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pinhole (v70 um diameter) drilled by the focused dye laser

beam.
2.E Broadband CARS

In some experiments, the w3 spectrum was recorded in
one laser pulse with an optical multichannel analyzer
(Princeton Applied Research model OMA-2). For this experi-
ment, the broadband dye laser output was focused into the
sample cell as previously described. For low resolution
studies, the wy spectrum is dispersed with a 1200 &/mm
grating, operating in first order, and then focused in
the detector surface plane. This arrangement allows about
a 400 cm"l spectrum (typical broadband W output) to be
recorded.

For higher resolution broadband studies, the OMA-2 was
mated to the output of a Spex-1402 spectrometer fitted with
1800 &/mm diffraction gratings and equipped with a remote
digital wavelength readout (Spex model 1734). The w5 beam
is focused at the entrance slit with the appropriate lens to
match the F number of the monochrometer to ensure maximum
resolution and light throughput. The proper focal length,
f2, lens for a collimated CARS beam of diameter, 4, is

given by

f2 = 4ar
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where F is the F number of the spectrometer. The output
port of the Spex contains a swing out mirror for using two
detectors as shown in Figure (2.10). With the mirror
positioned for OMA detection, the focus of the spectrometer
is at the detector image plane. The spectrometer image
plane is slightly curved and dispersion as a function of
detector channel number was measured by carefully scanning
several Hg and Ne emission lines and ar" laser lines
across the detector using the digital wavelength readout.
Final wavelength calibration was performed during an experi-
ment by determining the channel position of a convenient
emission line. This, coupled with the appropriate disper-
sion curve, enabled the OMA-2 wavelength calibration soft-
ware to present the spectrum as a function of wavelength.
The final spectral displays were presented as a function of
vacuum wavenumbers on an xX-y recorder (Houston model 2000).
The resolution of this system is limited by the detector
channel separation (25 um). In the blue region this cor-
responds to about 0.32 cm™L/channel (n.07 A/channel). The
spectral range covered by the detector is thus about 160
cm—l.

Although the OMA is capable of obtaining a single laser
pulse spectrum, it is also well suited for multiple pulse
data acquisition and background subtraction. By gating the
image intensifier (PAR model #1211) at the laser repetition

rate, weak signal integration for a few minutes is possible.
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The signal averaging capabilities are further improved, how-
ever, by cooling the detector to greatly minimize the dark
count of the vidicon. Consequently, a dry ice cooler was
constructed to house the OMA~2 detector. The detector is
contained in a sealed aluminum can which is on contact with
the dry ice. The can is fitted with cable feedthroughs and
a dry N2 purge system. The can is surrounded by a double
plexiglass wall box. The space between the walls is filled
with urethane foam insulation. The entire box assembly is
mounted on rails and fitted with fine translation and rota-
tion adjustement screws. Within about 30 minutes of cool-

ing, the dark count was negligible.
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CHAPTER 3

RESONANT CARS SPECTRA OF NOZ*

3.A Introduction

In Chapter 1 the effects of possible resonant enhance-
ment of a CARS signal was discussed in terms of one and two
photon absorption schemes (Figure 1.1). Several examples of
resonant CARS spectra of liquids have appeared [38-41] and
Taran et al. [42, 43] observed the first resonant CARS in
gases. In Taran's work, they report the resonant signal of
0.1% I, 1in air to be approximately twice as intense as the
Q branch of the 20% O2 constituent and expect resonance
enhancements of about 100 for I2 and other colored gases.
Al though NO, has extensive visible absorptions they were
unable to obtain a 2v2 CARS signal using either dye or
ruby laser sources for Wy [43]. Using a doubled YAG laser
source for Wy (at 532 nm), however, a very rich and strong
CARS spectrum of NO, results. On close inspection, the
spectral features are found to be very sensitive to the wy
frequency and apparently derive from several resonant pro-
cesses briefly described in Chapter 1. Some of the general

features of the resonant CARS spectra of NO2 are dis-

cussed in the following sections of this chapter.

*This chapter is abstracted from the published results
appearing in reference [37].
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3.B Experimental

The basic experimental arrangement is discussed in
Chapter 2. The NO, was taken directly from a lecture bot-
tle (Matheson) and introduced into a 15 cm cell fitted with
O-ring sealed quartz windows. 1Initial pressures of 1-20
torr were used and measured with a 100 torr Validyne pres-
sure head. As noted by others [44], a slow decrease in sig-
nal was observed after irradiation over a period of an hour.
As a consequence, the cell was evacuated and refilled
periodically or a slow flow through the cell was maintained.

Absorption measurements were made in wy and w4
regions by passing the emission of a tungston light source
through a 10 cm cell filled with 40 torr NOZ' The trans-
mitted signal was recorded with a Cary 82 spectrometer at
0.5 cm_l resolution. High resolution absorption traces in

the region were available from reference [45].

Y2
The w, frequency was varied by slightly changing the
tilt of the thick etalon inside the ND-YAG laser cavity.

The frequency change was monitored by noting the Wy inter-

ference fringes produced by a 0.4 cm_l free spectral range

Burleigh etalon with a finesse of 30.
3.C Results and Discussion

Figure (3.1) displays the general features of the CARS

spectrum of 20 torr NO,. This spectrum was recorded using
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three dye mixtures and no intensity corrections have been
made for dye intensities or filter factors. Since these
are slowly varying corrections, the relative intensities
within each dye range should not change by more than a fac-
tor of two. All spectral features disappeared if either
w) Or W, beams are blocked.

Further confirmation that these anti-Stokes features
derive from a CARS process came from analysis of the W
signal with a 0.45 m McKee-Pederson spectrometer at ~5 cm_l
resolution. When the difference, wy~w,, wWas tuned to any
of the strong features of Figure (3.1), only emission at
wy = Zwl-wz was detected. This excludes the possibility
that part of the spectrum could arise from excited state
fluorescence resulting from simultaneous or sequential Wy
Wy absorption.

The frequencies of all fundamental and combination
transitions of NO2 were calculated from the ground elec-
tronic state constants of Lafferty and Sams [46]. These
pure vibrational transitions are indicated in Figure (3.1)
and the close correspondence to the observed spectrum sug-
gests that most, if not all, features arise from such
transitions in the ground electronic state, 2Al (point group
CZV)' The spectrum is dominated by totally symmetric transi-
sitions (Al type) and the high intensity of overtone and
combination bands is characteristic of normal resonance

Raman or fluorescence spectra. Polarization measurements
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were made below 2000 cm — and,

polarization as The

LU2. (L)3

v1/2 when the polarization of

wq - This is near the value of

polarized CARS transition [8].
tions, the intensity ratio for
and

O2 was zero. Thus, vy

state NO

The CARS spectrum of NO,
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as expected, w3 had the same
intensity dropped by a factor
w, was made orthogonal to
(3/4)2 predicted for a de-

Under comparable condi-

the polarized Q branch of

2v2 transitions of ground

o are, at the most, only slightly polarized.

is very similar to the 532

nm Stokes fluorescence spectrum recently reported by

Donnelly and Kaufman {47] but it possesses two important

advantages.

First, much improved resolution (0.3 cm T

versus

20-30 cm™!) is obtained since the CARS linewidth is only

dependent on the laser linewidths (Chapter 1).

Also, Taran

has shown that Doppler width limitations do not apply in

the case of resonant CARS [42].

The second advantage is the

absence of pseudo-continuous fluorescence emitted from states

other than those pumped by the excitation source.

Most of

this emission is produced by collisional gquenching during

the fluorescent lifetime of NO

ing on the state)

2
[45] and, in the work of Donnelly and

(vl to 100 usec depend-

Kaufman, this fluorescence dominates the spectrum at N02

pressures above 10 mtorr (collision time 9 usec).

the CARS process is "instantaneous"

Since

(inelastic scattering),

these complications do not occur and discrete spectra are

obtained from 1 to 100 torr.
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The w3 intensity did not scale with the square of
NO2 pressure, as expected for CARS, but was actually five
times weaker at 100 torr NO2 than at 20 torr. This is
most likely due to absorption at one or more of the Wy
Wwys OF wy frequencies along with collisional broadening.
Further evidence of collisional broadening comes from a fac-

tor of five decrease in w3 intensity when 50 torr N

2
was added to 2 torr NOZ’ As was mentioned in Chapter 1,
collisional broadening is known to reduce ordinary CARS
signal strengths because of the inverse dependence on the
square of the Raman transition linewidth (3, 45].

The possibility that some of the spectral features
arise from the colorless dimer, N204, is slim since, under
experimental conditions (room temperature, 20 torr pres-
sure) , N204 is more than 96% dissociated. Lacking chances
of resonance enhancement, and being a dilute solute, the
likelihood of observing CARS signals from N204 is expected
to be negligible.

Figure (3.2) shows the effect of wy variation on
spectra in the 2v, region near 1500 cm-l. Dramatic
changes occur as wy (linewidth ~0.04 cm—l) is decreased
a total of about 0.2 cm © from Figures (3.2a) to (3.2c).
The precise frequency of wy is unknown but it is about

1

18789.5 cm ~. Such changes with are more characteris-

@y
tic of resonance fluorescence than of resonance Raman scat-

tering and similar variations have been observed by Abe in
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the usual Stokes region {49]. In fact, "true" resonance
Raman spectra have been obtained from NO2 only in cases
where resonant fluorescence is inhibited by addition of high
pressures of a quenching gas (e.g., 10 atm of SFG) [50] or
in solid matrices.

Many of the general features of the CARS spectrum can
be understood in terms of the energy levels shown in Figure
(3.3). NO2 is very close to a prolate symmetric top
(A >BXC, B~-C-= 0.023cm-l) and the ground electronic
state energy levels are accurately calculated by conven-
tional functions of N and K quantum numbers [42, 43, 46,
47]. K 1is the vibronic angular momentum quantum number and
is the resultant of vibrational angular momentum and elec-
tronic angular momentum about the internuclear axes. N is
the total rotational angular momentum quantum number exclud-
ing electron spin (N =J - S8). 1If Wy plays a role in an
electronic resonance from a level (N", K") in the ground

state (2Al), the excitation selection rules can be sum-

marized by [511]:

For X Al -+ "B, excitation

AK = 0, AN = 0,1 if K # 0
AK = 0, AN = 1 if K =0
2 2 . .

For X Al - Bl excitation
AK = x1, N = 0, 1 .



73

Resonant-CARS Triplet Of NO,
b ———————— -r-—- o ey owtah
CL)1 601 (L)*]
Nga N"+1
a A Ng=N"
Ng= N"=1
S 220 oo oo
w2 w2 W2
W+ {
Y N'zN"+2
020 Y Nz N*
N'aN'=1
le Nn-z
W q W R Ws
N'+1
000 Y Y N
N'=1

Figure 3.3. Energy level diagram for a possible "resonant”
CARS triplet of NOj;. AK 1is assumed to be
zero. Drawing is not to scale, (a) and (b)
represent higher electronic levels.
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2
Both Bl and 2B2 states (and an 2A state) are thought

2
to overlap through most of the visible region but AK #0
transitions are rare and have only been reported at lower
514.5 and 488.0 nm excitation wavelengths [50, 52]. Further
evidence of the unimportance of the XzAl-zBl transitions
is provided by a fluorescence excitation study by Smalley

et al. [53], of NO

—_— = 2

cooled by expansion through a nozzle
to 3K (rotational temperature). The resulting simplified
spectrum contained no features that could be assigned to

2 2

Al - Bl fluorescence. Assuming AK = 0, only one of the

upper 2B2 levels Na = N", N" + 1, N" - 1 will be
excited for a given wy frequency. If level Ny = N" + 1
is accessed, tuning of wo will stimulate a return via

N" + 2, N" + 1, or N" in a ground state vibrational level
such as (020). These three lines will coincide with S, R,
and Q branch transitions in a normal Raman spectrum but
would have different relative intensities. If the upper
state is N", the triplet R, Q, P is predicted, while for
N" - 1 the triplet is C, P, Q. 1In all three cases, the
spacing between the outermost members of the triplet is
2B(2N, + 1), where B = 1/2(B" + C").

For resonant fluorescence, the observed relative inten-
sities of the triplets agree with those calculated from
Honl-London line strengths ANaKaN'K' [51, 52]. The relative
intensities in the CARS case would differ from those of

resonant fluorescence because one must "return" from the
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intermediate (020)' 1level to the original (000)" state.
The relative probabilities for this step can be obtained

from the Raman line strengths b [54, 551, so that

N"K"N IKI
the overall intensities of the CARS bands should scale as

the product AN,KaN'K' X D This result predicts

N"K"N'K'"®
zero intensity for the central member of the CARS triplet

if K" = 0 and low intensity if N" 1is large compared to
K". The two outer members should be comparable in inten-
sity.

From such intensity considerations and from the posi-
tion and spacing of various pairs of the stronger lines in
the spectra, possible N", K" assignments can be calculated.
For example, Table (3.1) displays the frequencies measured
for the spectra of Figure (3.2) and also gives an assign-
ment which gives very good agreement between observed and
calculated frequencies. Unfortunately, this close fre-
quency fit is not sufficient to establish these assignments
since several other possible resonance conditions could
exist which would complicate the spectra. Some of these
possibilities are displayed in Figure (3.4) where, for sim-
plicity, the rotational levels are not shown. In each case,
at least two pairs of real levels are resonantly coupled by
Wy, Wy, Or W, In contrast to case a (same as Figure (3. 3)),
b would not yield simple triplets since simultaneous Wy
and w4 resonances are not easily achieved by simply tun-

ing Wy However, with the high density of NO2 states in
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Table 3.1. CARS transitions (cm ) observed in 2v2 region for NO,.

a* b c
Vobs A Vobs A Vobs A X" N" N'
1447.3 w 0.5 0 1 31 29
1498.7 m 0.5 Q 1 31 31
1459.0 s -0.4 1458.7 m - {-0.7) o) 2 25 23
1501.0 m 0.4 1500.7 s (0.1) Q 2 25 25
1488.9 w -0.1 P 3 19 18
1505.0 m 0] Q 3 19 19
1521.7 w -0.1 R 3 19 20
1494.1 w -0.3 0 3 7 5
1504.7 s 0.6 0 3 7 7
1498.7 m -0.3 Q 1 12 12
1521.5 w -0.3 S 1 12 14
1498.4 vs 0.5 P 2 4 3
1501.0 m -0.2 Q 2 4 4
1505.0 w -0.5 R 2 4 5
1501.6 w o} 2 ? ?
1501.0 m -0.3 1500.7 s -0.7 Q 2 11 11
1522.7 vs 0.3 S 2 11 13
1504.7 s -0.6 Q 3 9 9
1522.7 vs =-0.3 S 3 9 11
1498.7 m 0.3 Q 1 28 28
1548.1 w 0 S 1 28 30
1504.7 s -0.1 Q 3 24 24
1548.1 w 0.5 S 3 24 26

*Spectra a, b, c as in Figure 3; Vg5, obtained using constants of
reference [18] for AK = 0 and the indicated values of X", N", N'.

A= vobs - vcalc'
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Possible Resonant-CARS Processes In NO2

““f1° IV
Y
b----ﬁq- ) A
a - - -l d -
4 ' 4 } !
|
020 } ‘ I T
L 1 }
000
@y we @y Gy Wy Wy Wy wy ay wy Wy wy Wy Wy
(a) (b) () {d) (e) {t)
Figure 3.4.

Possible resonant processes which could con-
tribute to the CARS spectra of NO2. One

photon resonances are indicated below the 000
level.
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the ws region, some double resonances might occur and the
resultant spectrum should correspond to selectively enhanced

bands in the ordinary absorption spectrum in the w (blue)

3
region. It may be noted that process b should be less
favorable than a because b requires resonance in wy
and ws for the same subgroup of molecules within the
Doppler profile. Such a constraint would be even greater in
c, the case of maximum resonance, but this might be com-~
pensated in part by additional intensity enhancement.

The importance of processes b-~f was tested by exam-

ing the correlation between the 2v2 and 3v spectra. If

2
wy is resonant, as in case a, one would expect similar
triplets in both regions. Analysis of each region should
give identical sets of K", N", and N' quantum numbers.
On the other hand, processes b-f would produce different
spectral patterns, in the two regions, and analysis would
require detailed knowledge of both vibrational and elec-
tronic states. Because of the marked variations in spectra
with wy frequency, great care was taken to allow the YAG
laser to stabilize. The 2v2 region was scanned twice,
then the dye changed, and the 3v2 spectrum was recorded.
Immediately afterward, the original dye was replaced and

2v scanned again to confirm that the spectrum was un-

2
changed. It was found that the 3v2 spectrum was very much
richer than that of 2v2 and there were many features which

were uncorrelated. From this, and from some frequency and
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intensity inconsistencies for assignments of other 2v2,
3v2 scans, it is clear that not all spectral features can
be attributed to resonant CARS case a.

Evidence against a significant role by processes d-f
is provided in Figure (3.5). Here the CARS features in the
region near w, = 22100 cm™ 1 (wy-w, v 3300 cm 1) are com-
pared with the corresponding absorption spectra in wy and
Wy regions. Processes d and e should yield a CARS
trace similar to the blue Ws abosrption spectrum while
processes f should duplicate the red Wy absorption.
However, examination shows no significant correlation be-
tween these spectra and certainly many of the strongest w3
and Ws absorptions are completely missing in the CARS
spectrum.

For cases b and ¢, the CARS w, resonance should
coincide with some of the w5 absorptions. Such coinci-
dences cannot be eliminated, or confirmed, from Figure
(3.5) because of the high density of absorptions and because
of frequency uncertainties. However, the fact that the
2v2 and 3v2 CARS spectra are not correlated is strong
evidence that processes b and/or ¢ do contribute to some
extent. The dramatic spectral variations when Wy is

changed very slightly clearly indicates that most, if not

all, features are resonantly enhanced. Further evidence
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Figure 3.5. Comparison of CARS and w3, w3 absorption

spectra of NOj. NO, pressure of 2.5 torr
for CARS spectra, and “v6 torr for w3 absorp-
tion spectrum. w3 spectrum taken from ref.
[45] and shown for a 4 cm™* interval around
CARS feature.
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for this is the absence of line shape distortions for weak
features (caused by XNR in normal CARS).*

A slight argument against a major role by the "com-
pletely resonant” case ¢ can be developed from semiquanti-
tative intensity measurements. The stronger 2v2 bands of
NO2 (2 torr) appeared with peak intensities which were com-

parable to the Q branch intensity of 2 torr of O This

5
result can be contrasted with Taran's observations for 12
where, for equal pressure, the 12 signal would be %lO4
times that of the Q branch of 02. The resonant enhance-
ment process in I, must be more effective than in N02.
Part of this may be due to a greater dilution of the NO,
molecules among the many polyatomic vibration-rotation
states (compared to diatomic 12). However, it is also
important to note that 12 has a continuum state which
overlaps the discrete 2ﬂ;u state in the visible region.
This could ensure complete resonance as in case ¢ and
thereby account for the large enhancement. By the same
token, the lower enhancement factor observed for NO2 would

imply that process ¢ does not contribute significantly to

the CARS spectrum.

*This effect of xyr on a weak CARS signal is discussed in
Chapter 1 and shown in Figure (1.4).
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3.D Summary

Im summary, a rich vibrational-rctational CARS spectrum
for low pressure NO2 under high resolution conditions was
observed. The intensity and dramatic changes as Wy fre-
quency is shifted slightly are evidence for a strong reso-
nance enhancement. Comparisons of 2v2 and 3v2 spectra
show that more than one resonant process contributes the
poor correlation between CARS and Wyr Ws absorption spectra
allows the elimination of three of the six likely processes.

Comparison of the CARS intensity of NO with that of I

2 2
suggests that "complete" resonance in Wyr Wy and  w, is

not as likely for NO as for I The resonance enhance-

2 2°
ment should be beneficial for lowspressure studies (and pos-
sibly low concentrations) of NOZ' In contrast to resonant
fluorescence, relaxed emission is not a problem in CARS
spectra. The constraints added by the resonance require-
ments make the spectra sensitive to vibrational-rotational
levels in both ground and electronic states. This added
information is of dubious gain, however, because of the

difficulty in analyzing the resulting irregular pattern of

spectral lines.
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CHAPTER 4

ELECTRONIC THREE WAVE MIXING SPECTRA OF
TRANSIENT SPECIES PRODUCED BY UV
LASER PHOTOLYSIS OF BENZENE

4.A Introduction

The three wave mixing (3WM) process which describes
CARS has already been shown to offer large increases in sen-
sitivity when one and two photon electronic resonance
enhancement occurs (42, 30]. Because of the efficiency and
short duration of the 3WM process when using pulsed lasers,
the technique holds promise for the study of transient
species such as those generated by laser or flash dis-
charges. With intense excitation sources, 3WM spectra of
excited molecular states or of photofragments should be
feasible at low and subtorr pressures, i.e. in a collision
free regime. The principal limitation in such applications
is likely to be the nonresonant contribution produced at
w4 in all media because of the response of electrons to
the incident laser fields. This requires that the fraction
of molecules in a particular molecular state be at least
v0.1% even though the absolute concentration can be quite
low. With high intensity lasers, such product concentra-

tions are realizable. Moreover, substantial resonance

*This chapter is abstracted from the published report, with
this title, appearing in reference [56]. Additional and
more detailed investigations of possible spectral assign-
ments have been included in this chapter.
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enhancement of transient signals can occur in many cases
and this can lower the relative concentration requirements
by several orders of magnitude.

Nibler et al. recently reported the first observation
of a CARS spectrum of a transient species [5b]. A 266 nm
laser beam was used to photolyze benzene and an intense CARS
spectrum was observed in the 2900-3300 cm-l frequency shift
region. This corresponds to the CH stretching region and
the spectrum was interpreted as due to vibrational reso-
nances of various unknown photoproducts. In the present
study, we have extended this work and we report here experi-
ments on a variety of aromatic compounds, all of which under-
go efficient photofragmentation of UV laser excitation at
266 or 355 nm. The spectra are extremely intense and appear
to involve electronic resonant processes rather than a
simple vibrational CARS process. Efforts to identify the
transient species and to understand the optical mixing pro-

cess will be discussed.
4.B Experimental

The basic CARS experimental setup is described in
Chapter 2. 1In addition, fluorescence measurements were

1 resolution at 90° to the sample with a 0.45 m

made 5 cm
McKee-Pederson spectrometer equipped with a 1P28A photo-

multiplier and an £/2 collection lens of 50 mm diameter.
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The integrated signal is displayed by a chart recorder as
the monochromater is scanned.

Samples of benzene (Mallinckrodt), benzene—d6 (Norell),
toluene (Baker) and chlorobenzene and bromobenzene (Baker)
were degassed prior to use. The acetone stabilizer present
in the acetylene, was removed by vacuum distillation over a
pentane slush trap at -129°C. Spectra from this purified
acetylene were identical to spectra from the acetylene-ace-
tone mixture and consequently, the acetylene was taken
directly from the lecture bottle for most experiments. These
sample gases were introduced through a metering valve into a
15 cm cell fitted with quartz windows. As noted by others
[57], prolonged UV photolysis of benzene results in carbona-
ceous deposits and these were minimized by flowing the ben-
zene at pressures of 1 to 10 torr. Pressures were monitored

with a 100 torr Validyne variable reluctance gauge.
4.C General Spectral Characteristics

Figure (4.1l) shows the 3WM spectrum obtained for 2.5
torr of benzene vapor when a UV laser excitation beam
(termed Woge hereafter) is made collinear with w; and
W, beams. The scan covers the region from 800 to 3100 cm-l
and the spectrum near 3000 cm-l is essentially the same as
that reported earlier [5b]. The spectrum is quite rich and

only the major spectral features are listed in Table 4.1.

Almost all of the studies to be described have concentrated
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Table 4.1. General features of 3WM resonances (3100-2800 cm-l) of

266 nm photolysis fragments of C6H6’ C6D6 and CZHZ'
c6H6'-"‘_1 c6136b_.1 c6D6°_ C2H2d_l
Wy, (em ™) W)W, (cm ™) Wy W, (em ™) Wy, (em ™)
3073 m (vl) 3080 w
3070 m
3067 m
3047 w, brd
3038 w 3038 w, brd
3029 m 3026 w
3026 w
3016 s 3020 m 3017m 3016 w
3014 sh
3008 w 3005 m
3004 s 3003 w
2999 w 2997 w 2996 m brd
2993 w 2993 w 2994 m, brd
2987 vs 2989 m 2989 s
2984 s 2984 s 2984 vs 2984 s
2981 s 2980 vs 2981 s 2981 s
2979 vs 2979 vs 2975 wvs 2273 s
2971l m 2972 s 2969 s 2968 s
2963 w
2960 w 2960 m
2952 w 2954 m 2952 s 2951 vs
2947 w 2945 vs 2946 s, brd 2946 s
2942 s, brd 2942 s, brd 2939 s, brd 2937 s, brd
2926 w, brd
2919 w
2913 w, brd
2906 m 2908 m
2903 sh

2899 sh 2900 s, brd 2900 w



Table 4.1 (continued)
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C6H6a_l C6D6b_l C6D6c_ Cszd_
W=, (cm ™) Wy =W, (cm ™) w,~w, (cm ™) w,-w, (cm ™)
2893 sh 2888 w 2895 2895 w
2887 w 2879 w
2878 w 2871 w
2861 w
2851 w, brd
2823 w
2815 w
C6H6a fragment resonances below 2800 cm‘-l
2580 m 2356 w, brd 1690~ sh, brd
2569 s 2339 w, brd 1630
2562 m
2554 sh 2300~ 1628 sh
2550 s 2200 T VEFA 1621 vs 1621 vs
2545 sh 1618 sh
2502 nm, brd 2186 m, brd 1614 sh
2486 s, brd 2141 m, brd
2478 m 2127 m, brd 1115 m, brd
2470 m 2105 w, brd 1085 m, brd
2447 m, vbrd 2090 w, brd 1060 m, brd
2418 m 1050 m, brd
995 m (v,)
w, = 18789 cm~i; w = weak; m = medium; s = strong, Vv = very, sh =

shoulder; brd

broad.

%4-8 mj Wygg, P ~ 2-6 torr;

w

266

, P~ 2.

5 torr;

d g mj w

266’

P ~ 10 torr.

b4-5 mj Woges P ~ 2.5 torr; “10-12 mj
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on the 2800-3100 cm t region. Even though benzene does not
absorb significantly at 266 nm, nearly complete extinction
of the strong vy CARS feature of benzene (3073 cm_l) was
observed when Woeg Was turned on. At the same time the
complex spectrum of Figure (4.1l) was produced.

The possibility was considered that part of the spect-
rum of Figure (4.1) might arise from the Sl state of ben-
zene, populated by 266 nm excitation. This was rejected
for several reasons. First, absorption into this state at
266 nm would be very weak and could only occur by hot band
absorption. Second, no significant feature was present at
the known Sl symmetric CH stretching frequency of 3135 cm-l,
although this band should dominate the CARS spectrum.
Finally, spectra of substituted benzenes showed nearly
identical features in the CH stretching region (Figure
(4.2)), indicating a common fragmentation product.

To probe further the identity and mechanism of produc-
tion of the species responsible for the spectra shown in
Figures (4.1) and (4.2) a number of experiments were conducted.
First, it was confirmed that all three beams were required
for signal production. Spectral examination of the signal
beam in the forward direction showed that, for each choice
of w,, a coherent beam was generated only at w3 = 2w; ~ wy-
This eliminated the possibility that the signal was a fre-

quency dependent fluorescence and established the 3WM

character of the spectrum. Next, it was demonstrated that
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Yrek served only to generate the fragments and did not

somehow mix with Wy and Wy in producing the spectrum.
For example, the 3WM spectrum near 3000 cm"l was unchanged
on rotating the Woeg polarization by 90° relative to
parallel polarizations of w; and w,. Reversing the
direction of Woss propagation relative to wy; and W,
also had no effect. Most convincing however, was the
observation that the spectrum remained unaltered when the

10 nsec wy and W, beams were optically delayed 15 nsec

to eliminate any temporal overlap with Woge®

4.D Photolysis Behavior

It is believed that the fragmentation process must
involve more than one 266 nm photon since no photochemistry
has been reported for benzene for wavelengths above 250 nm.
Slight variations in relative w5 band intensities were
observed as the power of the Woeg beam was changed.
Intensity measurements of several lines were made to try to

determine whether two or three photons were involved

©266
in generating these features. Unfortunately the results
were not very reproducible because of variable thermal
focusing produced by Woggr W1 and 9o with the quartz
attenuators available. This resulted in large signal varia-
tions due to changes in the critical overlap of the beams

in the focal volume. At high powers, problems with signal

saturation also can affect intensity measurements and,

finally, the multi-shot averaging process can lead to
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complications for a nonlinear signal (e.g. 53 = kPiP2P266 #
2= =
kPlP2P366). For these reasons, all that can be said at this

point is that the photolysis process is not inconsistent
with either two (133 nm) or three photon (89 nm) absorption.
It may also be noted that a 355 nm photolysis source pro-
duced similar, though not identical (and much weaker),
spectra in the 2800-3100 cm—l region even though benzene
definitely does not absorb at 355 nm.

Since Woee has a duration of only 8 nsec, multi-
photon fragmentation at low pressures (l1-2 torr) must be a
unimolecular process (at one torr, the C6H6 collision time
is ~90 nsec). The spectra are thus believed to be charac-
teristic of newly born fragments with energy distributions
which are unaltered by molecular collisions. Of course, it
might be argued that the spectra are not due to primary
photofragments produced by a given Wose flash but are
rather due to secondary products resulting from earlier
Woeg photolysis pulses. That such was not the case was con-
firmed by several experiments. First, the C6H6 was allowed
to flow through the cell at a rate such that most secondary
products were removed between flashes. In addition it was
observed that the CARS signal of the prominent feature near
2942 cm-l was produced immediately on one pulse of all beams.
An even more convincing demonstration of this is provided
in the broadband spectrum shown in Figure (4.3). This trace

was obtained in a single laser pulse of a fresh sample by
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using an intensified optical multichannel analyzer and a
w, dye laser beam of V400 cm™! width. The lower trace
shows the 3073 cm © benzene feature in the absence of Woee
while the top spectrum displays the intense 3WM fragment
spectrum at low resolution. The general features of Figure
(4.1) are adequately reproduced and there can be no doubt

that most, if not all, of the spectral bands are due to pri-

mary products.
4.E Photolysis of Substituted Benzenes

Vacuum UV absorption is known to occur for benzene from
one photon photochemical studies and observed products
include excited states of C6H6’ C6Hg, isomers of benzene
which result from ring opening, C6H5 and smaller fragments
[57-59]. Nothing is known about the species produced by
two photon absorption since the parent C6H6 states cannot
be accessed by one photon, but it is likely that similar
products should result. To identify some of these, studies
were made of several substituted benzenes.

Figure (4.2) displays the fragment spectra of benzene,
toluene and chlorobenzene in the 2800-3100 cm T region.

The general features are guite similar although the inten-
sities for the latter compounds were noticeably higher at
comparable conditions. This could be due to increased
photolysis efficiency because of better overlap of Woge

and the Sl states of C and C

H.CH H.Cl. The spectra
675 5

3 6
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strongly suggest that a common fragment is formed and
detected for all three parents. The phenyl radical, C6H5’
would thus seem to be a likely candidate since it is known
to be produced from conventional flash photolysis studies
of such compounds [58]. That such is not the case became
apparent from studies of deuterated benzene.

3WM spectra of the 266 nm photofragments of C D6 are

6
shown in Figure (4.4a and b) at low (4-5 mj) and high (10-

12 mj) energies and Wy=w, frequencies are given in

Y266
Table (4.1) for the region above 2800 cm . As can be seen,

the low power spectrum is nearly identical to the spectrum

of undeuterated benzene in the corresponding "CH stretching”
region (see Figures (4.1) and (4.2)). Though not shown, the
spectrum in the CD stretching region near 2200 cm"l
resembles that for C6H6 in Figure (4.1) and there is no
isotope effect of the spectral features in the 'CH' region.
This result is compelling evidence against a contribution
by a C6H5 fragment and, moreover, argues strongly that

the fragments responsible for the spectrum must not contain

CH bonds.
The rich structure in the "CH region" is also diffi-
cult to understand in terms of any fundamental, vibrational
frequency of a Cn fragment. Only overtone and combina-
tion bands of C-C stretching would be so high in fre-
quency. Consequently, it seems likely that most, if not

all, of the 3WM bands do not correspond to simple
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vibrational CARS resonances unless electronic enhancement
occurs. After describing other experiments aimed at identi-
fying some of the fragmentation products, the consideration

of resonant 3WM processes will be returned to
4.F Identification of Photofragments

The C6D6 results imply that a C, fragment is res-

ponsible for the spectrum in the 3000 cm T

region and hence
several simpler precursors were examined to determine n. A
spectrum of CH4 showed no indication of the fragment
spectra, even under high pressure-power conditions where
some slight discharge breakdown occurred and the vy CH
stretching band of CH4 was reduced in intensity. However,
266 nm photolysis of acetylene occurred guite readily and
Figure (4.4c) displays the resultant spectrum. It is
apparent that this spectrum is similar to those shown for
the benzene derivatives in Figures (4.1, 4.2, and 4.4a, b).
The correspondence is particularly good with spectrum

(4.4b) since both were run under similar conditions of high
Wyeg POWer. Because the time duration is too short to
allow extensive aggregation following the fragmentation
step, these results point to C2 as the fragment respon-
sible for the 3WM spectra in at least the 3000 cm L region.
Different fragment states could occur for different pre-

cursors and photolysis powers and hence the relative iten-

sity variations of Figures (4.4a, b, and c) are not
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unreasonable. It may also be noted that McDonald and co-

workers have recently shown that C2 (and CH) are 193 nm

multiphoton fragmentation products of acetylene [60].
Confirmation of the production of C, in the fragmen-
tationof C6H6 was obtained by examining the emission pro-
duced on 266 nm excitation. Figure (4.5) shows the 90°
fluorescence spectrum which is unmistakeably due to Swan

band transitions in the region near 470 nm. This estab-

lishes that C2 in the d 3Wg state (v' = 0-4) is pro-

duced by Wre6 photolysis, either by direct fragmentation

or by secondary absorption of an intermediate. In addition,

fluorescence was observed from other states of C., (e 3W

2 g
a 3ﬂg and ¢, C° lﬂg A lﬂu). Comparable emission from

products such as CH and C; was not found in their charac-

teristic band systems near 400 nm. However, 90° fluores-

cence excitation spectra of the v"=2 1level of the a 3ﬂu

state were easily obtained using the w, source which was

coincident in time and duration with This identi-

“266°
fies the a 3ﬂu state as one of the primary photofragments
of C6H6' It is less certain whether the higher electronic
states of C, are primary products since secondary excita-

tion of lower states by Wyegr Wy OF W, could occur. It

may be noted that collisional processes do not seem to be

responsible in the production of the d 3ﬂg state since
the Swan band emission was not detectably delayed (<10

nsec) relative to the Y66 pulse.
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Figure 4.5. Comparison of the 3WM and the C, Swan band

fluorescence spectra produced by 266 nm photo-
lysis of benzene.
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4.G Fragmentation Process

Although this work reveals few details regarding the
precise photochemistry involved in producing C2, some
observations can be made from energetic considerations.
One photon at 266 nm is equal to 37,575 cm T so that
= 112,728 cm 1. The mini-

26... = 75,152 cm t and 34

266 266
mum energy requirement for production of C2 from benzene

would appear to occur for the reaction.

1_+

C6H6+ trans-butadiene + C2 (X Zg) AH = 65,000 cm-l

Other C4H6 isomeric products would raise AH by ~3000
cm-l while further fragmentation would require additional
energy. Of course, it should be stressed that no direct
observation of any C4H6 isomer was made (infrared examina-
tion of a cell with a static C6H6 pressure of 10 torr
showed only C2H2 and C6H6 after extended 266 nm photo-
lysis). Nonetheless, if butadiene (unexcited) is assumed to

be a primary product, then the following energy requirements

exist for production of the observed excited states of C2:

a 3ﬂu (v = 2) AH = 75,400 em™1
3 -1
d ﬁg (v = 1-5) AH = 93,300 - 98,400 cm
1 -1
C Ng (v = 0, 1) AH = 105,800 - 107,600 cm
1

c' Ir (v=1,2) aH = 110,700 - 112,400 cm_

e >1_ (v=20, 1, 2) AH = 112,000 - 114,000 —
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Two Woee photons thus contain enough energy to pro-
duce C2 only in low vibrational levels of the X ln; and
3 . .
a Ty state. 1In fact, spin conservation would require a

triplet C4H6 counterpart with the a 3”u state and this

extra energy would probably necessitate an additional Woee

photon. Thus, it appears most likely that all the C2

states observed in the fluorescence experiments arise from

a minimum of three photons of 9966 (88.7 nm). The one

photon vacuum UV spectrum shows a strong continuum absorp-
tion in this region [61] but the primary photofragments have
not been reported. It is also possible the photolysis
involves two photon excitation of C6H6 to produce Cng

or a C6H6 isomer such as fulvene [57-60]. These products

could then absorb an additional photon at and frag-

“266
ment to yield C2 in its various states. A choice between
these alternate fragmentation mechanisms is not possible
from the present results.

In fact, a third mechanism for fragmentation of C6H6
must also be considered. One photon ionization of C6H6

1 and it 1is

is known to occur for excitation above 74575 cm
guite possible that photoelectrons could result from absorp-
tion of either two or three photons of Wyeg Such elect-
rons can extract energy from the radiation fields by
inverse-Bremsstrahlung absorption [62, 63]. At high pres-

sures, these energetic electrons produce collisional frag-

mentation and ionization of other molecules in the focal
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volume. Gas breakdown can thus occur by cascade ionization,
resulting in a plasma with broad visible emission and an
acoustic 'snap'. Such plasmas were observed in benzene and
other gases at pressures above “50 torr but not at the 1-10
torr conditions used in these experiments. However, it is
possible that electron energies may be sufficient for effi-
cient collisional fragmentation of C6H6 even though the
lower pressures may inhibit cascade ionization. To test
this fragmentation mechanism, the 3WM spectra were recorded
for mixtures of C6H6 and CH4. The intensity cf the vy
CH4 CARS band was found to be only slightly reduced at
Woee excitation powers which drastically reduced the Vi
CARS feature for C6H6‘ Since the electron collision frag-
mentation process is not expected to discriminate appreci-
ably against CH,, most of the photoproducts detected in
this work are believed to arise from unimolecular dissoci-
ation of excited C6H6' Further experiments would be
desirable to ascertain the relative importance of electron
collisional fragmentation of molecules such as C6H6 and
C2H2. The combination of simultaneous 3WM and photoioni-
zation current measurements are planned by J. W. Nibler

to explore this problem in the near future [64].
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4.H Possible 3WM Processes

The fluorescence results establish that C2 is pro-

duced in a variety of electronic states with known vibra-

tional fundamentals [e.g. e 3”g (1028 cm-l), a 3”u (1618
em L, c lﬂg (1697 em 1), 4 31Tg (1755 em 1) and C lng (1777
cm-l)] [56]. It also seems reasonable to assume that the

C2 fragments populate the multitude of vibrational and rota-
tional states contained in these electronic states. With
such a dilution of population, most of the observed features
are not expected to result from simple vibrational-rota-
tional CARS of diatomic C2. It is tempting, however, to
examine possible fundamental, combination, and overtone
bands of C2 to account for at least part of the 3WM
spectrum. For example, it is conceivable that the strong
3WM band near 1620 cm—l is a vibrational CARS spectrum to
be associated with the a 3nu state and some of the
shoulder extending to 1700 cm-l could derive from hot band
CARS transitions involving C', 4, and C states. However,
closer examination shows that the spectra do not fit the
pattern expected for a simple diatomic molecule and, even
more important, the intensities are much too strong for the

small amounts of C which are produced in any given state

2

(contrast in Figure (4.4), for example, the vy CARS inten-

sity of pure, unphotolyzed benzene at 3073 em™! with that

observed on fragmentation into a multitude of states).
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For spectral features above 2000 cm—l, a simple vibra-
tional explanation is even less tenable. For example, one
might attempt to assign the bands near 3000 cm-'l as over-

tone transitions of some of the C., states which have ener-

2
gies that could permit added electronic resonance enhance-
ment. Figure (4.6) shows the C, energy levels below
40,000 cm™l. Resonance cases (4.6a) and (4.6b) represent
favorable instances, for such an interpretation, involving
overtones of the higher levels of the A 'nu and a 3”u
states, respectively. From a crude first examination, the
fit to the observed frequencies is not particularly good
and there is no reason not to expect similar enhancement
for the (unobserved) fundamental bands near 1500 cm—l. The
possibility of selected electronic resonance enhancement,
however, cannot be so quickly dismissed and a more careful
consideration of such assignments is in order. Since the
strongest 3WM features occur near the Swan band emission,
Figure (4.5), a detailed investigation of possible
resonances in this region was undertaken.

Figure (4.7) shows two possible resonance processes
involving transitions within the triplet Swan system. One
photon resonance in Wy Figure (4.7a), or in wq, FPigure
(4.7b), are considered. The selection rules governing one
photon transitions between states a Bn; and d 3vg, for
the light diatomic C,, depend on the degree of coupling of

the total electronic spin, S, to the angular momentum along
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Possible Resonant Processes iIn C,
em-1
- 50000
D5}
3
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Figure 4.6. Energy level diagram of singlet and triplet

states of C2. (a) 3wWM process involving a
vibrational resonance with electronic enhance-
ment due to C and C' singlet states;

(b,c) 3WM processes involving one photon
electronic resonances in w2 or w3 with
additional enhancement because of 2wj and

w] resonances; (d) 3WM process involving a
vibrational resonance with electronic enhance-
ment due to a and 4 triplet states; (e)
stimulated emission process for excited C,
which might be produced by the non-resonant
3WM field at Wy
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Possible CARS-Swan Band Resonances In C,
—————— - - P -—
4, A A
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g
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Figure 4.7. Energy level diagram of the a and d triplet

states of C2. Two possible 3WM processes
involving a vibrational overtone resonance,
Av = 2, with electronic enhancement due to
multiple Swan band resonances in either w31
and Wwj, (a), or in wq and Wy (b) .
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the internuclear axis. C, undergoes a rapid transition
from Hund's case a to case b with increasing total

rotational angular momentum, J

where K 1is the resultant total angular momentum exclud-
ing spin. For case a 3ﬂ states, S =1, L =1 and the
2S + 1 values of the resultant angular momentum, 2, about

the internuclear axis are
Q= |A+2Z| =0,1, 2

where A and I are the gquantum numbers for the projec-
tions of L and S on the internuclear axis. These

values of Q give three 3n sublevels designated as

3n0, 3“1’ and 3n2. For Hund's case b, S 1is only weakly
coupled to the internuclear axis (making © no longer a
"good" quantum number), and these three sublevels corres-
pond to angular momentum relationships between K and J
of K=J-1, K=J, and K =J + 1 respectively. The
Hund's case b selection rules for 3v - 3 transitions

can be summarized by [54]
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AT =0, 21 1if J # 0

AT = 21 if J =0
AR = 0, %1
and
AT - AR = 0, =1 .
If either Wy or wy are involved in a resonance
between states a 3ﬂu (v", J") and 4d 3ng (v', J') the

possible values of J' are

Jl - J", Jll + l, J" - l

corresponding to Q, R, and P branch Swan transitions,

respectively. The intermediate state, a 3Wu (v + 2, J")
is then coupled to the upper state, d 3ng (v', J'), by
either Wy Figure (4.7a), or by Wy s Figure (4.7b). Since

this process is also governed by the same selection rules,

the possible values of J™ are
Jg"m =7J', 3" +1, J'" -1.

Thus, for a given Swan band resonance, three Raman transi-

tions are possible. For example, if the resonance involves

a Swan R branch transition, J' = J" + 1, the three
values for J'"', in terms of the initial state J" value,
would be

Jlll = J", Jll + l’ J" + 2
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corresponding to Raman Q, R, and S branch transitions,
respectively. Similarly, a Swan Q branch resonance would
yield a Raman P, Q, and R triplet and a Swan P branch
resonance would result in a O, P, and Q branch Raman
triplet. A computer program was written to calculate these
possible resonances which could account for Raman features
in the 2800-3100 cm 1 region. The energies of the a 3"u
and d 3"g electronic states were calculated by conven-
tional functions of vibrational quantum numbers, v = 0 =~ 10,
and rotational gquantum numbers, J = 3 - 175, using the
vibrational and rotational constants given by Phillips and
Davis [66]

In searching for possible w, resonances, Figure

(4.7a), all Swan transitions

= 3 1 ' - 3 " L
Wy d wg(v , J") a wu(v + 2, J'")

within ~5 cm T of w, (18789 cm™1) were tested to see if
energies involved in the return to the intermediate state
by wzl

_ 3 1 - 3 " et
wy = d wg(v' J') a wu(v + 2, J'") ,

satisfied the requirement that Wy = W, be within the
region of interest (2800-3100 cm—l). A similar search was
carried out for possible wy resonances, Figure (4.7b),

1

with the range wj = w; + (2800-3100 cm ). The Swan

resonance in Wy is given by
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3 3

= d ng(v', J'") - a “m (v, J") ,

w3

All such transitions need to be coupled to the inter-

wj

mediate state by resonance within ~5 cm-l of wy such that

3

3 J ' - " "e
ng(v , J") a nu(v + 2, J") .

wy, = d

These calculations were carried out for all possible transi-
tions within each triplet sublevel (AJ - AK = 0), and for
some of the many possible transitions between adjacent sub-
levels (AJ - AK = %1). The results of these calculations
are listed in Table (4.2).

Also listed in Table (4.2) are the measured Wy = oW,
frequencies of high resolution 3WM spectra from the 266 nm

photolysis of C6H6 and C.H Figure (4.8). These spectra

272
were obtained with a broadband w, source and an intensi-
fied optical multichannel analyzer (OMA) mated to a Spex
model 1402 spectrometer as detailed in Chapter 2. Great
care was taken to maintain constant UV intensity and wy
frequency stability during these experiments. The obvious
striking similarity of the spectral features can be taken
as strong evidence that a common photofragment is respon-
sible for both sets of spectra.

In describing the possible resonances, in Table (4.2)
all attempts were made to abide by the conventional label-

ing scheme for electronic transitions [54]. However, it

was found useful to expand upon this in order to keep track
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Table 4.2. Observed high resolution 3WM spectral features (2800-3100
cm™l) of 266 nm photolyzed CgHg and C,H,, and calculated
Swan band resonances.

C6H6a N C2H2b . cale. hssignment -
(wl-wz) cm (wl-wz) cm (wl-wz) cm RmnnSwng (J) Band case
3081.1 S32R3 (56) 5-4 b
3079.9 Q,3R, (57) 5-4 b
3073.8 (vl) 3074.7 3074.0 S3R3 (143) 3-3 b
3072.6 3073.5 3072.7 S,R, (120) 6-6 b
3054.4 Q,3P, (90)  2-3 a
3052.0 QR (70)  1-0 b
3051.3 {Q3R3 (68) Lo .
R, (69)
3042.8 3042.8 S,1R, (51)  4-5
3042.2 Q). (94)  4-3
3041.5 3041.9 21,8 (52)  4-5 a
3041.3 Q4R (51) 4-5 a
3040.3
303.92 3040.2 3039.4 S3,R; (50)  4-5 a
3038.2 3039.0 3038.2 Q1,7 (91)  2-3
3037.1 3037.9 3037.7 S,1R, (57)  6-5
3036.0 3036.8
3035.0 m 3035.6 m
3033.7 3034.7 3034.0 Q,,% (58) 6-5
3032.7 3033.4 3032.4 S3,Ry (56)  6-5
3031.6 3032.3 Q,R, (63
{oR, (62)} 2-1 b
QlR1 (64)
3028.2 3029.1
3027.2 3028.0
3026.2 3026.8
3024.9 s 3025.9 s
3023.9 3024.5

3022.6 3023.6
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Table 4.2 (continued)

C6H6a ) C2H2b . cale. . d.Assignment ———
(wl-wz)cm (wl-wz)cm (wl-wz)cm Rmn Swn =~ (J)  Band case
3021.6
3020.6 3021.3
3019.3
3018.2
3017.2
3015.8
3014.7 3015.7

3001.6 QlZPl (86) 5-4 b
2997.8 2998.5 SZR2 (133) 8-6
2996.5 2996.9 Q23P2 (86) 3-4 a
2995.5 2996.2
2994.2 2995.0 2994.4 QlZPl (97) 9-7 b
2993.2 2993.9
2992.0 2992.9
2990.9 2991.9
2989.6 2990.6 2989.5 R23R2 (118) 3-5 a
2988.9 s 2989.6 vs
2987.6 vs 2988.5 s 2987.7 Q23P2 (85) 5-4 b
2986.6 2987.3
2985.3
2984.0 2984.5 QlRl (52) 4-3 b
2983.0 2983.8 2983.7 Q3R3 (50) 4-3 b
2982.0 2982.7 QlZPl (87) 3~4 a
2981.8 Q2R2 (51) 4-3 b
2981.0 2980.8 Q23P2 (78) 4-5 a
2979.7 2980.6 2979.6 QlZPl (79) 4-5 a
2978.7 2979.3
2977.6 2978.3
2976.4 2977.2 2977.0 Q23P2 (96) 9-7 b

2975.0 S,R, (125) 4-4 b
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C6H6a CZHZ ] cale. N Assignment ——
(wl—wz) cm (wl—wz) cm (wl-wz) cm Rmnnst: (J) Band case
2975.1 2975.8 2974.9 QlRl (76) 0-1 a
2974.1 2974.7 2974.6 {QZRZ {75) 0-1 a

Q3R3 (74)
2973.8 Q23R2 (68) 7-6
2973.1 vs 2973.7 2973.2 QlZRl (69) 7-6
2971.8 2972.5
2971.9 {51221 E;Z: } o 7-6 b
2172
2970.8 2971.3 S32R3 (67) 7-6 b
2969.7
2968.4
2967.2
2966.2 2966.8 2966.4 Q23R3 (167) 8-7 a
2965.1
2964.1
2962.9
2961.9
2959.2 Q23R2 (45) 6-7 a
2958.6 91, (46) 6-7 a
2956.8 2957.9 QlR1 (70) 1-2 a
2955.8 2955.8 S32R3 (44) 6-7 a
2955.3 {2373 ©8hy 1o a
QZRZ (69)
2954.8 2954.5 2954.6 Q3P3 (77) 4-3 b
2953.0 2953.4
2951.7 2952.3
2950.7 2951.2 2951.2 QlR1 (48) 5-4 b
2949.4 2950.1
2948.5 2949.0 2948.7 Q3R3 (46) 5-4 b
2947.2 2947.8 2948.2 SZlRZ (45) 6-7
2946.2 2946.5 2947.0 Q,R (47) 5-4
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cu? cu® Calc. Assignment
- 22 _ -1 a Res.C
(wl-wz) cm (wl-—wz) cm (wl-wz) cm RmnnSwnn (J) Band case
2945.3 2945.6 2946.0 S,R, (141) 5-6 b
2944.0 2944.6
2942.7 2943.3 2942.3 Q,,P; (88) 6~5 b
2941.7 2942.4
2940.5 2941.1 2940.9 Q, 4P, (87) 6-5 b
2939.5 2939.9
2938.5 2938.8 vs 2938.6 QR (64) 2-3 a
2937.2 vs 2937.9 2936.9 Q,R, (62) 2-3 a
2936.3 2936.6 2935.8 SRy (153) 8-5
2935.0 2935.6
2934.0 2934.3
2933.0 2933.3 2932.7 Q,R, (63) 2-3 a
2931.7 2932.2
2930.7 2931.1
2929.5 2930.1
2928.5 2929.0
2927.2 2927.8
2926.2 2926.8
2925.2 2925.5 2925.7 S,4R,  (158) 4-5 b
2923.9
2922.9 2923.3
2921.8 2922.2
2920.6 2921.0
2919.3
2917.4 2917.7
2916.1 2916.4
2915.1 2915.4
2909.3 9,2y (96) 1-0 b
2908.5 {Q2R2 (43) 6~ b

Q3R

(44)
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C6H6a ) C2H2b . cale. . - Assignment —
(wl-wz) cm (wl—wz) cm (wl—wz) cm RmnnSwnn (J) Band case
2907.4 QlR1 (47) 6-5 b
2905.6 Q23P2 (165) 9-7 a
2903.3 2903.6
2902.6 2903.6 vs
2901.3 2901.7
2900.1 2900.4
2899.0 2899.4 Q3,Ry (54)
2899.3 tQ R (54)} 2-1 b
21 2
2898.3
2896.7 2897.1
2895.5 2896.1 2895.6 Q3Q3 (146) 4-7 a
2894.4 2894.8
2893.3 2893.7 2892.7 Q31R2 (48) 3-2 b
2892.2 2892.5 2892.3 Q32R3 (47) 3-2 b
2891.2 2891.5 »891. 4 {Q R (52) 4-5 a
QP (91) 2-1 b
2890.0 2890.7 {Q F (89) 2-1 b
NP (90)
2888.9
2887.8 Q3R3 (51) 4-5 a
2887.8 2888.1 2887.5 Q2R2 (51) 4-5 a
2886.6 2886.9
2885.3 2885.6
2884.3 2884.6 2884.3 Q2R2 (137) 4-7
2883.3 2883.7 2883.5 Q21R2 (42) -
2882.1 2882.5 2882.4 Q32R3 (41) 4-3
2879.7 2880.1
2878.7 2879.1 s 2878.9 521R2 (118) 2-4 a
2877.8 2877.9
2876.5 2876.9
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Table 4.2 (continued)

C6H6a ) C2H2b . calc. X déssignment -
(wl-wz)cm (wl—wz)cm (wl—wz)cm Rmn, Swn, (3) Band case
2875.5 2875.6
2874.2 2874.5
2873.2 2873.4
2871.9 2872.2
2870.9 2871.1

2869.2 Q,P, (87) 3-2 b
2864.0 2864.1 2863.7 Q2P2 (78) 4-3 b
2863.1 Q2P2 (86) 3-2 b
2860.7 Q21R2 (38) 5-4 b
2859.1 Q32R3 (37) 5-4 b
2846.5 2846.8
2845.2 2845.5 2844.4 {Q3R3 (50)} 7-6 b
QlRl (51)
2844.2 2844.4 2844.1 Q2R2 (51) 7-6 b
2843.0 2843.1
2841.9 2842.0 2841.7 821R2 (131) 3-3 b
2840.6 2840.8
2839.5 2839.6
2837.8 Q3P3 (72) 5-4 b
wl = 18789.3 cm_l; W = weak; m = medium, s = strong, v = very
g myw,., P =10 torr
b‘%8 mJ w266 P = 60 torr
266"

CResonant case refers to Figure (4.7a, b) with case (a) involving wl

and w2 resonance, case (b) involving wy and W, resonances.

n refers to triplet sublevels involved in resonant case (see Figure
(4.9) and discussion in text).
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Calculated Swan B8and Ressonances

CaH2

A= 3K
T T A N P | > Wy, wy
Y ! W W ¥ > wyr wa
- — T - ;
CaHg 74
10 Torr

3059

3000 RIAN

em™

Figure 4.8.

High resolution (v.3 cm l) broadband 3WM
spectra produced by 266 nm photolysis of 10
torr CgHg, upper trace, and 60 torr CpHj,
lower trace. wj frequency was held fairly
constant at 18789.29 cm~l for both scans as
was the wjygg intensity (v7 mJ). The posi-
tions of possible multiple Swan band reson-
ances, Table (4.2), are indicated.
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of the Raman transitions involved. Consequently, the

results in Table (4.2) appear in the following form:
RamnSwnn(J"), vl - v" .

Ram and Swn are the Raman and Swan branch transitions
designators (depending on J), n =1, 2 or 3 (corresponding
to 3w0, 3“1’ and 3ﬂ2 respectively) and denotes the
particular triplet sublevel (or levels) involved, J" 1is
the rotational quantum number of the lower state, and
v' - v" are the upper and lower state vibrational gquantum
numbers describing the band system (emission notation) to
which the Swan transition belongs. This notation is per-
haps best understood with the aid of Figure (4.9) which
shows the two triplet states, including sublevels, and
examples of the labeling scheme. The resonant 3WM process
3

shown in the WO sublevel involves the resonant Swan P

branch transition

d 37 (v'=1, J3'=3) - a 35 (v'=0, J"=4)
90 Yo

in the 1-0 emission band and the resulting Raman Q branch

transition (relative to the initial state)

a 31 (v'=0, J'=4) - a n_  (v"=2, J"=4)

90 90
for the lower (a) state vibrational overtone band with

Av = 2. Using the notation previously developed, this
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Labeling Scheme For C, Resonances
3
3Hul Huz
v =5
J s6———
K'=6
3Uuo \
e——m - 1N\
r
. . A
vsl,J=3
1} Swn R,(5)
5=-3
Swn P1(4) Rmn 023(5)
1-0
—_—
Rmn 01(4)
v
J =5
3 K'=6
v ] !
wa jea Y %’g— Mg
ve2,J* : 3
. Mg (F
yeo,geal— 1 ’ )
) (Fa) KeJ+1
ITgo Ked
(Fq)
K=J-1

Figure 4.9. Energy level diagram of the a and d
triplet states of C, including the three
sublevels for K= J -1, J and J + 1.
Two possible resonance processes are shown

to demonstrate the labeling scheme used in
Table (4.2).
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process would have the designation

The second process shown in Figure (4.8) depicts transi-

tions between sublevels 2 and 3 (AK - AJ = 1). Here, the
electronic resonance is in w5 and contained in the 3”1
sublevel with J' = J" 4+ 1. This R branch transition
3 y ] 3 1] n
d 7 (v'=5, J'=6) - a ~r (v"=3, J"=5)
91 b |

would be in the 5-3 emission band. The Raman transition

shown

a 31 (v"=3, J"=5) - a 35 (v"=5, J"=5)
93 9,

is between sublevels n=2 and n=3. The designation for

this resonant process would thus be
Q23P2 (5) [} 5-3

From elementary intensity considerations, it is pos-
sible to predict the most likely set of Raman and resonant
Swan transitions. The most intense features in the Swan
band emission spectra correspond to transitions involving
A = 1 and AJ - AK = 0 (P and R branches within a
given sublevel) [66]. From Raman transition selection
rules, AJ = 0, ¥2, 0, Q, and S branch Raman bands are

expected to be observable. Since the assignments depend on
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simultaneous electronic and Raman resonance, the most
intense 3WM features are expected for P and R branch
resonant Swan band transitions coupled with 0, Q, and S
branch Raman lines. Only these "most likely" sets of

transitions are included in Table (4.2).

What at first appears strange, for these assignments,
is the large distribution of C, fragments among the vibra-
tional and rotational levels. The fluorescence results
demonstrated that C, is born in many electronic states
(not just a 3ﬂu) and these assignments suggest that the
fraction of molecules in any given robivronic level is
exceedingly small. If these assignments can be believed,
then C, is being detected at very low (sub torr) pres-

sures. Although the number of possible resonances, in this

region, cannot account for all of the observed features,
there is no doubt that more complete calculations in the
Swan system and similar calculations involving the other
electronic states, of C2 detected, would result in many
more resonant assignments. Experiments to reduce the com-
plexity of the observed spectrum would be of great help in
interpreting the results. For example, if the photofrag-
ments could be rotationally cooled by free jet expansion
into a supersonic molecular beam, the resulting 3WM spec-
trum would be significantly altered due to depletions in

the populations of higher rotational levels.



122

In order to further test the possibility that Wy is
involved in resonant processes, an experiment was carried
out with the OMA which involved changing very slightly the
wy frequency. Figure (4.10) shows the wy effects on the
3WM spectra obtained from 266 nm photolyzed C6H6’ The
change in Wy frequency, Awl = .3 cm-l, was determined by
noting the position of the residual Yoy band of C6H6’
Both scans were taken with equivalent pressures of CGHG
and UV power intensities. Attempts to account for the
spectral changes, in terms of resonance intensity con-
siderations using the assignments listed in Table (4.2),
were limited by observed and calculated frequency uncer-

tainties of about 0.5 and 2.0 cm T, respectively, along with

the close spacing (1 cm-l) of the observed transitions.

Further experiments, under higher resolution conditions,
may result in a more definite assignment.

An alternate possibility is that the spectrum results
from one photon electronic resonances in w, Oor ws. Such
resonances contribute to the 3WM at w5 and the intensi-
ties could be appreciable in the event of additional
resonances in Zwl and wy as indicated in Figures (4.6a)
and (4.6c). 1Indeed, from the previous consideration of pro-

cesses similar to Figure (4.6d), it may be concluded that

multiple resonances must be essential from the comparison

of the 3WM and the fluorescence spectra of Figure (4.5).

This statement is based on the fact that the 3WM spectrum
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Figure 4.10.

Effect of w] frequency on the 3WM spectra
produced by 266 nm photolysis of 10 torr
benzene. The top trace is part of the spect-
rum shown in Figure (4.8) with w; = 18789.3
cm~l. The bottom trace was recorded undef
similar conditions with Wy 18789.7 cm
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(corresponding to the 2700-3100 cm—l region of Figure
(4.3)) contains no indication of the intense Swan band near
467 nm although a process of the type of Figure (4.6d)
should produce such a resonance. Further evidence that a
simple one photon resonance is insufficient comes from
other studies of colored species such as NO2 (Chapter 3)
where the w5 CARS spectrum does not correlate closely
with the absorption spectra of NO, in the wy OF wsy
regions [37].

It is conceivable that the signals which are detected
in these experiments do not correspond to parametric 3WM
processes involving zero net change in molecular energy
level. Since the fluorescence results establish that

excited states of C, are produced, it is possible that

the presence of the driving field at wy = 2w could

1~ 92
stimulate coherent emission at w5 in the direction of the
wyr Wy beams (Figure 4.6e). As evidence against this, it
is pointed out that no such coherent emission occurs for

the Swan band at 467 nm even though strong spontaneous
emission is observed at 90° (Figure (4.5)). Also, the weak-
ness of 90° fluorescence in the region of 3WM bands near

460 nm (Figure (4.5)) does not seem to be consistent with

a simple stimulated emission process. For these reasons

the most favorable explanation is based on vibrational and

electronic resonances for C2 with the probable further

requirement of at least one additional electronic resonance
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such as indicated in Figure (4.6a-d). That such multiple
resonances could occur for C, is not unreasonable in view
of the plethora of low lying electronic states.

Unfortunately, it is not possible at present to make
a more detailed assignment of the spectral features. Alter-
nate methods of production of C, (e.g. by laser pyrolysis
of graphite or in C2H2 flames) could be helpful in this
regard since different c, product distributions should
result. From corresponding changes in the 3WM spectra, it
may then be possible to associate specific transitions with
given electronic states. These, and some additional experi-
ments on alternate colored species, are planned by J.W.N.

to better characterize the C2 fragment states and the

nonlinear processes involved in generating these transient

3WM spectra.
4.1 Summary

This work has shown that efficient vacuum UV photolysis
of species such as C2H2, C6H6 and other benzene deriva-
tives can be achieved by multiphoton absorption of UV laser
photons at 266 nm. Fluorescence spectra establish that C2
is a major primary fragment which is produced in various
electronic states. Energetic considerations and Woep
power dependence measurements indicate that at least two or
three photons are necessary for C2 production. The case

of two photon photolysis is particularly novel since the
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dissociative state of C6H6 cannot be accessed by one
photon method. The time scale and C6H6 pressures corres-
pond to collision free conditions and an intense 3WM spectrum
is obtained of the transient fragments born during the 8
nsec photolysis period. Single pulse broadband 3WM spectra
taken with an optical multichannel analyzer establish that
the 3WM spectra are due to primary photoproducts. C6D6 and
C2H2 results strongly indicate that C, is also respon-
sible for the 3WM spectra but the observed bands are not
those of a simple CARS vibrational spectrum. A preliminary
investigation of possible multiple resonances involving

some of the Swan band electronic transitions and Raman

transitions suggests that these types of 3WM processes

could account for many of the observed spectral features.
If such is the case, very small numbers of C2 molecules
in any given state are being detected. A more detailed
assignéent of this unique and extremely intense 3WM spec-
trum was not possible but the process is thought to involve
a combination of vibrational-electronic or electronic-

electronic resonances.
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Appendix A: Fourier Transformations of the Wave Equation.

~

The Fourier transformations on E(t) and §(t) can
be written
- e _ —iwt //
Erpy = f E () dw (A.1)
+ o .
By = [ By e / (A.2)
and the inverse transformations
+o .
B = L 5 lwt
Bl = 35 j_m By © dt (A.3)
+ .
= _ j; = lwt
Ply) = 35 j_w Py © dt . (A.4)
From equation 16
2= 2=
3°E 5°P P
TxixE=-L —tH _4r_ (B g (a.5)
c ot c ot
+oo 2 4o .
-iwt 1 3 -iwt
vxVx [ E, e awu=-5-=25 [ E, e dw
e (W) 2 3¢2  m (W)
4r 32 7 -iwt /
-—g———z j‘ P( ) e w dt (A.6)
c” 3t -0 w

This may be rewritten as
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Appendix A (continued)

400 . 2 2 /
-lwt .35 = = w” = drw” = _ //

{u)dwe [V x V x E(w) - ;3 () =~ P(w)] = 0
¢ (A.7)

In order for the above relationship to hold, the quantity in
brackets must be zero. Thus,

2 47rw2 ]3 . \/

s = = W
V x V x E(w) -

(e3]]
it

(A.8)

Q
Q
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Appendix B: Linear Electronic Susceptibility

From [10]:

-1 L =

Ploy = (B-1)

= E
X(w) ™ (w)
Assume a damped harmonic oscillator approximation for ﬁ(w)

induced by the applied field E(w).

2~
4 q(w,t)

8t2

3q -eF
(w, t) 2 = _ (w,t)
e T Y,y T Tm

(B-2)

//

v

g 1is the dipole displacement vector, I is the damping con-
stant due to friction, wg is the natural frequency of the
oscillating dipole due to its spring constant, m 1is the
dipole mass, and —eﬁ(w) is the force of the applied field
which induces the dipole to c¢scillate.

The electric field can be expressed in complex nota-

tion as

20 i(ker-wt) 507 —i(ker-wt)
=5 e t—=—e (B-3)

E(w,t) 2

where k is the wave propagation vector in r direction,
w 1is the frequency of the field, and * denotes complex

conjugate (c.c.).

Assume g may be written in the same form as E
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Appendix B (continued)

*

_ g itkerot) g0 —i(ker-wt)

Tw,t) =~ 3 3 (B-4)
or
0  (k 0 e
- _ _ i(ker-w

The first and second time derivatives of g are:

- *
i, t) _ _iw g’ iker-wt) | 1w @ -ilker-wt)
3t 2 2 ¢
325 2 2 =
T, t) - W ei(kor-wt) _w_  0* -i(ker-wt)
2 2 4 2 4 €

Substitution into (B-2) yields

(wg - w? - iTw) %r gt (ker-wt) c.c
= -E[EE ei(k°r-wt) + c.c.] (B-5)
m-2
and
g; = z'eEzo ; qg* = et ‘//(B-e)

2m(wg-w’-irw) 2m(wg-w2+il“w)

If X%w) is assumed to have a complex form, (B-1) becomes

*

L <,
P(w) = =NE | 5 + > 1 =

L*

L *
X EBw) ¥ X Ew (B=7)

and the linear electric susceptibility is
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Appendix B (continued)

1

wg-wz-irw

>
~~
!

) . (B-8)

x(w) can be separated into its real and imaginary parts.

2 wg-wz iTw
( + (B~9)
(wg-w2)2+F2w2 (wg—w2)+F2w2

Ne
m

L =
X (w)

If a complex form for the index of refraction is introduced

into (24)

N=n+iq = (l+4nxl('w)) (B-10)

where n 1is now the real part of N and o corresponds to
the absorption coefficient due to the decrease in the elec-
tric field amplitude as a function of thickness. Equating
real and imaginary parts of X?w) to n and a leads to
the following forms for the index of refraction and absorp-

tion coefficient:

2 wg-wz

) (B-~11)
(wg-w2)2+F2w2

ilw

(F-a?) 270
Graphs of n and o as a function of w in the vicinity of

Wy yvield a dispersion curve and a Lorentzian lineshape res-

pectively [15].
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Appendix C: CARS Intensity Calculations for Homonuclear
gaseous Diatomic Molecules

The following Fortran program calculates the real and

imaginary parts of the third order susceptibility at w3

(3) ' .
X = X' o+ ) (X o+ i . (C.1)
CARS NR V,J
c4(N -N,.) Wy~ (wy=ws)
' - n °k gg) nk 1 *2 (C=2)
X hod of’ nk [ (e - )]2+\2
w2 Wnk™ tW1Tw2 nk
A -n) iy
"o n 'k gg) nk (C.3)
X ol o nk (o 12442 :
w2 Wnk™ tW1TW2 Ynk
. . (3)
The observed CARS signal at wy 18 related to XCARS by
(3) 2
Py o |xcapg!l - (C.4)
The resonance frequencies, W s are calculated by
where the total energy, T, is given by [67]
= C.6
T=Cy * Fyrgy - ( )

: : : i he rotational term
() is the vibrational term, FV(J) is t

and

v} = wg (V+3) - wexe(v+%)2 + weye(y+%)3

+ weze(v+%)4 + ... (C.7)
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Appendix C (continued)

_ _ 2 2 3 3
FV(J) = BVJ(J+1) DVJ (J+1) + HVJ (J+1)
+ ... (C.8)
2
B, = B, - ae(v+%)-+ye(v+%) + ... (C.9)
D, = Dy + se(v+%) + ... (C.10)
HV = He (C.11)

The molecular constants are taken directly from Herzberg

(671.

The number density for a vibration-rotation state is

calculated by

gN(2J+l)

v.g " e-G(V)hc/kTv e-F(V)hc/kTR (C.12)
’ Z

N

where TV and TR are the vibrational and rotational

temperatures (Kelvin) respectively, IN is the nuclear

degeneracy factor and Z is the partition function.

1l even _ _
2 = T gy (20+1) e C(nRe/KTy ~Fy(I)he/kIR
V=0 J=0 e
1 odd )
s 7] gy (2041 e C(nPS/RT o Fy (J) he/kTg
V=0 J=1

(C.13)
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Appendix C (continued)

The first double sum term is over even J states while the
second is over the odd J states. This is necessary to
protect the coupling symmetry between the nuclear. and rota-
tional wavefunctions.

The Raman cross sections (g%)nk’ are calculated from

the Houl-London factors given by Herzberg [54] for O, Q

and S branch Raman transitions.

— . _ 3(J+1) (J+2) _
AT = +2: SJ = 727%3) (23+1) S-Branch (C.14)
n. _ J(J+1) _
AJ=0: SJ = a; + 27-1) (23553) Q-Branch (C.15)
AJ = =-2: S 3(J-1)J O-Branch (C.1l6)

J T 2(3-1) (2J+1)

ag is a constant due to trace isotropic scattering and
gives the intensity of the Q branch relative to the O and
S branches.

The natural Raman linewidth, Yok (HWHM) , is obtained
from experimental Raman results [22] and is entered into the
program as Fnk (FWHM). The following pages contain a
Fortran listing of the CARS intensity program. Following

the listing is a sample run for 02. The results of these

calculations are shown in Figures (1.5) and (1.7).
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Appendix C (continued)

IN THIS PROGRAM THE CARS SIGNAL FOR A DIATOMIC
MOLECULE IS CALCULATED.

(s NeNeNeNeN ¢

COMMON/DEC/SCALE
COMMON/YVAL/IXOLD, L Z0LD,JCROSS, [ PLOT, [ VAR
COMMON/TIC/XMIN, XM AX, XDIM, ADV
DIMENSION F(33),K(35),4S$(33),%W0(¢3%),9Q(3% .,
2X(35),0LSC35),SLS(3S,QLS(3ISH,F1C(3%),
3CARSI(2,2412),00N(Sed)
IMPLICIT REAL=Q(A-H,KoL,N=Z), INTEGER*2(I,J, M)
TYPE 1S58
1S9 FORMAT(' FOR WHICH MOLECULE DO YOU WANT TO CALCULATE A CARS'
14/, SPECTRWM? (N2, 02, H2, OR D2):(A)',2X$)
ACCZPT 19,NAME
DATA CO, UNCON/'C*,' U/
DATA N2,02,42,D2,N0,YES,LOR,GAUS/ *N2"', 02", 'H2"', 'D2",
I'N*L,'Y'L'L',"'G"/
IF(NAME.EQ.N2)G0 TO !SI
IF(NAME.ZQ.02)G0 T0 !s2
IF(NAME.ZQ.H2)G0 TO 153
I[F(NAME.EQ.D2)G0 TO 154

DATA FOR N2 (H{ERZBERG/HUBER)

aaoan

151 ¥Z=22358.57
TEXE= 14.324
JEYE=-. 30226
JEZE=-. 00224
BE= 1.39324
ALFA=, 01738
SAMAEs~-. 20083
IGE=6
130=3

iJs3e
IvMax=19
30 TO 155

DATA FOR 02 (HERZBERG/HUBER)

[eNeNe]

152 ¥E= 1588.193
WEXE=1].981
WEYE= Q. 24747
JEZEs-3.2381273
BE= |.484563
ALFA=2.0215%9
G AMAE= 3.
1Go= !

IGE=9
IJalg
IWMAX= 2
G0 TO 1SS



Appendix C (continued)

c
C

C
C
C

a0 aaona

aan

aQ

DATA FOR H2 (HERZBERG/MUBER)

183 JE=a401.213
WEXE= 1214336
VEYE=2.8129
WEZE=g.
BE=62.853
ALF A= J. 3622
SAMAE= 3.
1GE= |
130=3
1J=21
WA= ]

30 TO 1SS

DATA FCOR D2 (HERZSERG/HUBER)

1S4 7==3118.5
TEXE=6]1.82
YEYE=Q. 562
4EZE=~-3.32236
BE=s32.4436
ALFA= |.2786
GAaMAE=Q.
1GOo=3
1GEw6
1J=38
IMax= 12

185 JMAX=1J
A=T.5
TYPE 92

92 FORMAT(' EINTER A FOR TRACE SCATTERING:(F)',2X$)
ACCEPT 12,A

7121879 3.

CALCULATION QF BV@ AND 38V! (ROTATIONAL CONSTANTS) FOR THE
GROUND AND FIRST SXCITED VIBRATIONAL STATES.

BU@sBE~-ALFA/2++*GAMAE/ 4.
BV1=BE-3.#ALFA/2.+9 .%GAMAE/ 4.

CALCULATION OF THE ROTATIONAL CONSTANT DV REPRESENTING THE
INFLUENCE OF CENTRIFUGAL FORCE FOR THE GROWD AND FIRST EXCITED
VIBRATIONAL STATZS.

DE=4.%(BE*%J) /(WE®%2)

BETA®DE# (3 #VEXE/VE~ 5. ALFA/BE~JE*(ALFA%%2) /(24.2(BEx=3)))
OV@wDE+(BETA/2.)

DVIsDE*<(3.%BETA/2.)

CALCULATION OF THE FUNDAMENTAL YIBRATIONAL FREQUENCY.
VOmUE-(2.aWEXE)+( 13+ *WEYE)/4.+5.2YEZE
TYPE 101,72, NAME

181 FORMAT (' W@=',F12.5,' JAVENUMEERS FOR ', A2, /)

INPUT PARAMETERS FOR PARTITION FINCTION CALCULATION AND 0. O AND

141
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Appendix C (continued)

c
c

aoo

c

S-BRANCH TRANSITION CALCULATIONS.

18

16

TYPE IS

FORMAT (' ENTER ROT. TEMP. IN DEGREES KELVIN:(F)',2X$)
ACCEPT 12, TEMPR

TYPE 16

FORMAT(' ENTER VIB. TEMP. IN DEGREES KELVIN:(F) ', 2X$)
ACCEPT !@, TEMPV

TYPE 88

FORMAT(' I A1 NOW CALCULATING THE CRAZY PARTITION FWNCTION', /)
FORMAT (F18.J)

FORMAT (F1S.5)

FORMAT (AD

FORMAT (1

FORMAT (A8)

FORMAT (FS.a)

FORMAT (2F12.5

CONSTR= 1.43379/TEMPR

CONSTVa |.433879/TIMPV

CALCULATION OF THE PARTITION FINCTION.

ZE=@.

Z0= @,

DO 1 [vad, IWMAX

Valus.5
GUaUEsV-JEXERUs U+ WJEYER(VsUn V) +JEZEs(VaUaya)=-JE/2.
PUs DEXP(=GUSCONSTWV)

BU= BE~ALF AsV+G AMAESU=Y

DUs DE+BETAsVY

DO 1 U=d,1J,2

I=d
FUasBUSIa(l+1.)~DUR((I%(l+rl.))%=2)
PFa(2%]+1.)sDEXP(-FUSCONSTR)
ZE=ZE+PUn PF

[ag+}
FUaBURIn(l+1.)=DUs((In(l*+]1.))%x2)
PFa(2%1+].)=sDEXP(~-FUsCONSTR)
Z0wZQ+PUs PF

CONTINUE

ZmIGESZE+1GO=2Z0

TYPE 1084,2

134 FORMAT (° PARTITION FINCTION = ',G13.6,7)

C CALCULATION OF J(J+1) AND FCJ2.

c

c

JUNs JMAX+ 2

DO 64 J=@g,JMN

1zl

K(l)ays(J+ 1)
FCl)=BURsK(I)-DVUEs(K(1)=»=2)
Fi(1)aBUIaK(I)-DVIs(K(1)*%2)

C SELECTION OF APPROPRIATE NUCLEAR DEGENERACY FACTOR.

¢

Ma(=])xsj
IF (M.LT.@ 30 TO 200
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Appendix C (continued)

OO0O000O00O00O00

(s N el e]

[eNeNe]

SN® 1.=[GE/(IGE+IGD
Z=ZE
S0 TO 218
220 GN= 1.=[IGO/(IGE+1GO)
Z=Z0
218 X(I1)aGN=%(2.2J+1)/Z
64 CONTINUE

CALCILLATION OF THE FREQUENCIES OF THE 0, @ AND S-BRANCH
TRANSITIONS ALONG WITH THEIR ASSOCIATED NORMAL RAMAN CROSS
SECTIONS (LINE STRENGTHS) AND NUMBER DENSITY DIFFERENCES.

0-BRANCH DELTA J =-2

“4O0Ci)=g.

40¢2)=3.

D0 198 J=2,JMN

lade+}

JO(I)sW@+FI(LI=-2)=F(I)

Ys3.u(J=1)=J

Us2.2(2%J=1)2(29J+ 1)

NDO=sX(I)®DEXP(-F(I)=CONSTR)=X(1=-2)DEXP(-J@»CONSTYV

9=F1(1-2)=CONSTR)

OLS(Il)=Y/VsNDO/3.14159
188 CONTINUE

S-BRANCH DELTA J =+2

DO 118 J=3,JMAX
I=Je ]
FSCLIsW@eF (I +2)-F(1)
Yalex(J+1)n(J+2)
Vs2.x(28J+3)2(2wJ* )
NDSsX(I)®DEXP(-F(I)=CONSTR)=X(1+2)=DEXP(-W2»CONSTY
6=F1(1+2)sCONSTR)
SLS(1)=Y/VsNDS/3. 14159
118 CONTINUE

G-BRANCH DELTA J=@

D0 128 J=@,JMAX
laJe+l
IQ(I)=U@+F1(I)=-F(1)
YaJ®(J+ie)
Un(2.8f=1e)8(2,uJ+3)
NDQ=X(I)#(DEXP(-F(1)=CONSTR)-DEXP(-W@=CONSTV=-F1(I)>=CONSTR))
QASCII=CA+Y/VISNDQ/ 3. 14159
128 CONTINUE
TYPE 129
129 FORMATC(®' DO YOU WANT THE 0,Qs AND S-BRANCH TRANSITIONS?',/
2,* (YES OR NO) ',2X$)
ACCEPT 17, ANS
IFCANS.EQ.NO) GO TO 131
TYPE 132
102 FORMATC' J'» 4%, 'W0CJ) 'y SX, *WRACJ) *» SX, 'WSCII ")
DO 132 J= 2, JMAX



Appendix C (continued)

(e NeNeNe]

(e N eNe] aoo

I=J+]
TYPE 103,J,70(1),9QC1I,WS(D)
132 CONTINUE
131 CONTINUE
TYPE 1@5
188 FORMAT ()
163 FORMAT (13,3F10.3)

INPUT INITIAL AND FINAL FREQUENCIES (Vl,WF) AND RESOLUTION
INCREMENT FOR CARS! CALCULATION.

TYPE 23
23 FORMAT(' ENTER NAT. RAMAN LINE WIDTH (FWHM) IN WAVENWMBERS:(F)®
ls2XS)
ACCEPT !6,WIDTH
JIDTHsW I DTH/2.
TYPE 24

24 FORMAT (' ENTER INITIAL FREQUENCY IN VAVENIMBERS:(F) ‘, 2X$)
ACCEPT 10,¥1
TYPE 2§

25 FORMAT (' ENTER FINAL FREQUENCY IN WAVENIMBERS:(7) ', 2X$)
ACCEPT 10,WF
TYPE 26

26 FORMAT (' ENTER RESOLUTION IN WAVENWMBERS:(F) ', 2X$)
ACCEPT 18, RES
TYPE 27

27 FORMAT (°* ENTER XNR:(F)', 2X$)
ACCEPT 14d,XNR
TYPE 6Q¢@

608 FOFMAT(® DO YOU WANT THE O- AND S-BRANCH TRANSITIONS INCLUDED',/

1.°
2,
P
8,

ALONG 41 TH THE Q-BRANCH TRANSITIONS IN THE INTENSITY °,/
CALCULATIONS? (1=20-BRANCH ONLY, =-1=S-BRANCH ONLY, '/
@sBOTH O- AND S-BRAVCHES, 2=Q-BRANCH ONLY.) !F YOU ARE',/
NOT SURE ENTER 0 (I)',2X$)

ACCEPT 18,1ANBR

CALCULATION OF THE NWMBER OF DATA POINTS.

MMAX= ((WF=WI1)/RES)+1|

GENERATION OF LINE SHAPE FUNCTIONS

TYPE 5@
S8 FOPMATC(' DO YOU YANT A CONVOLUTION OVER W2? (YES OR NQ):1(A) ', 2X$)
ACCEPT 17, ANCO
IFCANCO.EQ.NC) 30 TQ S5
ANSSsNO
993 TYPE 59
$9 FORMAT(' LINE SHAPE FUNCTION=(F)=»GAUS+( |-F)=LOR"', /,

l'

ENTER F (FOR FRAC. GAUS):(F)',2X%)

ACCEPT 1@, AF
TYPE St
51 FORMAT(' ENTER STOKES (DYE LASER) LINE WIDTH (FWHM) ‘', /

1o

IN WAVENWMBERS:(F) ', 2XS$)

ACCEPT 19, STOKW
6@ lYR=STOKW/RES

144



Appendix C (continued)

C CALCULATION OF LIME SHAPE
c

MCON= 1. +¢2.9-3.4=AF) «STCKW/RES
ACl=@.78213/1%R
AC2=22.772&/1WR/IYR
DO 52 M= 1,MCON
CON(M)=CACI*DEXP(~AC2%(M=1.) 3(M=1.)))%AF

52 CONTINUE
ACl29.63662/1%R
AC2=24./17R/IUR
DO 5S4 M=,MCON
CONCISCACL/Clae(M= 1202 (M=1.)%AC2) ) %C 1o =AF) +CONCM)

S4 CONTINUE
VIladl+MCCON=RES
WIFsYF-MCON=RES
TYPE S7,4Wl,JUF

S7 FORMATC' THE CONVOLUTION RANGES FROM *,F3.2,' T0 ') F8.2,7
1,' JAVENWMBERS.'/)

S5 CONTINUE
IF(ANSS.EQ.YESIGO TO 901

c
C SET SIGMAX=@ FOR UNCONVOLUTED INTENSITY MAXIMUM TEST.
c
SIGMAX= 3.
c
C CALCULATION OF XREAL,XIMAG, AND WCONVOLUTED CARS INTENSITY
C <Carsly.
c
TYPE 56
56 FOPMATC(/,' TABLE OF WCONVOLUTED CARS INTENSITY MAXIMA:L '»/)
1 SQR=VI DTH*WIDTH
CO 52@ M= ,MMAX
YaM-1
D=yl +Y*RES
c
C CALCULATION OF W3 FREQUENCY FACTOR.
c
4239 1-D4
W3adleDW
FIFACaVInVI/(I22UZU22%22Y2x 2=V 2xW2) = | . E26
c
C CALCULATION OF THE 0-BRANCH FREQUENCY DSPENDENT PARTS OF XREAL
C AND XIMAG.
c
QJR=g.
QJl=a.

IFCIANBR.LTe 3+ 0R.IANBR.GT. 1)GO TO 38¢
DO 238 J=2,JuN
ladel
DELO=WO(1)~-DW
DELQ2=DELO=DELO+WI SQR
OJR=QJUR*OLSCl)=DELO/DELO2

230 0JI=0JI+0LSC(I)=yIDTH/DELO2

CALCTLATION OF THE S-3RANCH FREQUENCY PARTS OF XREAL
AND XIMAG.

(s NeNeNe]

14
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982 SJR=g,
SJl=g@.
IFCIAN3R.GE. 1)G0 TO 99¢
D0 220 J=a,JuMaxX
IE AR
DELSsWsS(l)~-DVW
DEL S2=DEL S*DEL S+WI SGR
SJR=SJR+SLS(1)*DELS/DELS2
220 SJI=SJI+SLSCI1)=WIDTH/DELS2
¢
C CALCULATION OF THE G-BRANCH FREGQUENCY DEPENDENT PARTS OF XREAL
C AND XIMAS.
¢
99¢ QJR=g.
QJI=@.
00 240 J=g,JMAX
lage+t
DELGswWQ(l)-CW
DEL @2=DEL Q»DELQ+WI SGCR
QJR®*QJR+CLSCI)=DELQ/DEL Q2
240 WI=QJI+QLS(1)=JYIDTH/DELQ2

CALCILATION OF XREAL-~RESONANT.

aaon

XRR=( SUR+*0JR+ WR)

CALCULATION OF THE TOTAL XREAL.

OO0

XREAL3XRR+XNR
CALCULATION OF XIMAG.

aan

XIRES* ¢ SJ1+0J1+ QI D)
CALCULATION OF INTENSITY.
CARSI C1,M)= (XREAL#*2+X] RES4#2) a4 3F AC

TEST FOR MAXIMUM INTENSITY.

aoon aoo0n

IF (M.LE.2) GO T0 sag
IFCCARSI( 1, M~ 1)+GE.CARSL ( 1,M=2) + AND. CARSI(1,M=1).3E.CARSL
adl,M)) 30 TO age
S0 TO s@@
400 FREQ=DW~RES
SISMAX=CARSI( 1,M- 1)
TYPE 720, SIGMAX, FREQ
700 FORMAT(® MAXIMWM INTENSITY=',G12.5,' AT ‘s Fl1@.3, ' JAVENIMBERS. ")
S@8 CONTINUE
IF CANCO.EQ.NO) G0 TO 72

c
C CALCULATION OF THE CONVOLUTED CARS INTENSITIES.
c
981 TYPE S8
38 FORMAT(//,' TABLE OF CONVOLUTED CARS INTENSITY MAXIMAL ‘', /)
SIGMAX= 2.

MMCON=MMAX-MCON
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Appendix C (continued)

OO0

c

$as

DO 506 MsMCON,MMCON

CARSI(2,M)=CONC 1)=CARSI ( 1,M)

DO 505 MC=2,MCON

CARSI (2,M)sCARSI(2,M)+CON(MCI*(CARSI( |, M=MC+ 1)
I1+CARSI( 1, M+MC~- 1))

CONTINUE

TEST FOR MAXIMWM CONVOLUTED CARS INTENSITY

IF(M.LE.MCON+2) GO TO 506
IFCCARSI(2,M~-1) .GE.CARSI(2,M=2) . AND:. CARSI (2,M~1) .GE.CARSI
1¢2,M)) GO TO Sar7 '

30 TO sa@e

FREQ=WI +M® RES

SIGMAXs CARSI (2,M- 1D

TYPE 7348, SIGMAX, FREQ

CONTINUE

TYPE 4a¢

FORMAT(//,* DO YOU WANT A PLOT? (YES OR NO) (A) ', 2X$)
ACCEPT 17, ANS1

IFCANS1.EQ.NO) GO TO &8

C PREPARATION FOR SLOTTING

c

72

39

38

a1

49

42

43

a4

ML= !

MUsMM aX

MNP=|

IF ¢ANCO.EQ.NOQ) GO TO 38

TYPE 239

FORMAT(’ WHICH ONZ? (WCONVOLUTED OR CONVOLUTED) (A)‘,2XS$)
ACCEPT 17, ANSMNP

IF (ANSMNP.EQ.UNCON) GO TO 38

MNP=2

MLsMCON

MUs=MM AX-M CON

CONTINUE

TYPE al

FORMAT(' SNTER MAXIMWM INTENSITY:(F)',2X$)

ACCEPT 10, YMAX

TYPE 49

FORMATC® ENTER MINIMUM INTENSITY:(F)*,2X$)

ACCEPT 1Q,YMIN

TYPE 42

FORMAT(® ENTER NUMBER OF Y-AXIS TIC MARKS:(F) ', 2X$)
ACCEPT 12,YNTIC

TYPE a3

FORMAT(' ENTER NWMBER OF WAVENUMBERS BETWESN X-AXIS',/

o' TIC MARKS:(F)',2X$)

ACCEPT 12.XTIC
YTIC=YMAX/YNTIC
XMINaWI
XMAX=JF
TYPE 44 .
FORMAT(® ENTER @ FOR TEK PLOT OR 1 FOR XY PLOT:(I)', 2X$)
ACCEPT 18,1PFLOT
[FCIPLOT.EQ.@) GO TO 46
DO a6 I=t,2
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Appendix C (continued)

CALL PLOT(@,511.51D)
PAUSE * SET ZERO ON XY'
CaLL PLOT(®, 1923, 1823
PAUSE ' SET MAXIMWM GAIN (FULL SCALZ) ON XY°'
CALL PLOT(Q,3,@)
PAUSE * SET GAIN FOR MINIMUM X AND v *
46 CONTINUE
ADUsXTIC
DELYsYMAX-YMIN
DELXsXMAX~-XMIN
SCALE=DELY/YTIC
CALL LTROUT(27,t2) {ERASE TEC
CALL LTROUT(27,12) IERASE TEC
CALL PLO0T(2,4d, 19323
TYPE 47
47 FORMAT(' DO YOU WANT AXES DRAWN? (YES OR NOY3CA) ', 2XS)
ACCEPT 17, aNS2
IFCANS2.E2Q.NO) 30 TO 48
CALL AXIS
48 YDIM= 1024./DELY
IF (IPLOT«EQed) YDIM=73@./DELY
XDIM= 1324./MMAX
MODE=9
IYMAX=sYDIM=DELY
DO 50! MsML,MU
Mapt- |
IX=)XMsXDIM
IY=(CARSI (MNP, M) -YMIN) =YDIM
IFCIY.GTIYMAX) [YaIYMAX
CALL XYPLOT(MODE,IX,!Y)
MODEsMODE+ |
591 CONTINUE
CALL XYPLOT(E, IX>1Y)
CALL PLOT (Q,IX,1lY)
TYPE 71
71 FORMATC' DO YOU WANT ANOTHER PFLOT? (YES OR NOY:CA)',2XS$)
ACCEPT 17, ANS3
IFC(ANSJI«EQ.YES) 30 TO 72
68 TYPE &9
69 FORMAT(' DO YOU JANT ANOTHER CONVOLUTION? (YES OR NOJ:(CA) ', 2XS)
ACCEPT 17.,ANSS
IFCANSS.Z8.YES) GO TO 94d4d
S92 CONTINUE
STOP
END



Appendix C (continued)

RUN DX1:CARS2

FOR JHICH MOLECULE DO YOU WANT TO CALCULATE A CARS
OR D2): (A

SPECTRUM? (N2,

02, H2,

INTER A FOR TRACE SCATTERING:(F)

yom  1556.37891 JAVENWMBERS FOR 02
WNTER ROT. TEMP.
®TER VIS. TEMP. IN DEGREES KELUIN:(F)

1 AM NOW CALCUWATING THE CRAZY PARTITION FINCTION

PARTITION “INC

D0 YOU JANT THE 0,Q» AND S~-BRANCH TRANSITIONS?
YES

(YES QR NO?

40¢J)

2. 20@

d.000
1547.753
1S541.97!
1536. 153
1538.313
1524.439
1518.533
1512¢ 597
1586.631
19 1500.636
11 1494.618
12 1488.556
13 1482.472
14 14764359
1S la78.218
16 1464.048
1457.8%5¢
1451628
1445. 371!
1439.39¢
1432.781
1826.4346
1420. 383
1413.6895
14a@07.288
14a@22.838
1394.371
1387.878
1381.368
1374.816

VRNOCMBEON— @

CURNRRBBRERGEEA

ENTER NAT. RAMAN LINE WIDTH (FWHM) IN WAVENIMBERS:(F)
WTER INITIAL FREQUENCY IN WAVENUMBERS: (F)

NTER FINAL FREQUENCY IN YAVENWMBERS$(F)

TION =

IQ¢d)
1556+ 379
1556+ 347
1556. 284
1556. 188
1556.961
1555.902
1555.711
155S. 489
1555.234
15%54.948
1554.630
1554.288
1553.899
1553.485
1553.248
1552.563
1552.2%4
1551.513
1559.941
155@8. 337
1549.781
1549.833
1548. 333
1547. 682
1546.339
1546. 844
1545.217
1544.3%8
1543.368
1542. 548
1541.591

IN DEGREES KELVIN:(F)

73.7961

¥S<d)
1564.9 09
1570. 564
1576. 187
1581.776
1587333
1592.357
1598. 348
16083.885
1689.228
1614.617
1619.973
1625.293
1630+ 579
163%5.8382
1641. 846
1646.226
16%1.371
1656.479
1661.5%52
1666+ 589
167 1. 589
1676+ 552
1681.478
1686. 366
1691.217
1696.231
1706.8827
170@S. 544
1718.243
1714.9823
1719.%24
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Appendix C (continued)

ENTER RESOLUTION IN WAVENWMBERS:(F) .g20%
NTER XNR:(F) g

D0 YOU 7ANT THE 0- AND S-BRANCH TRANSITIONS INCLUDED
AONG 7ITH THE Q~BRANCH TRANSITIONS IN THE INTENSITY
CALCULATIONS? (1=0-BRANCH ONLY: = i=S~BRANCH GONLY.

@ BOTH O0- AND S-BRANCHES, 2=Q~BRANCH ONLY.) [F YOU ARE
NOT SURE ZNTER @ (1) 2

[0 YOU #ANT A CONVOLUTION OVER W2? (YES OR NO):(CA) YES

LINE SHAPE FUNCTION=(F)=GAUS+( 1=-F)*LOR
INTER F (FOR FRAC. 3AUS):(F) .8

NTEZR STOKES (DYE LASER) LINE WIDTH (F¥HM)
IN JAVENWMBERS:1(F) .17

THE CONVOLUTICN RANGES FROM
JAVENWMBERS.

1547.38 TO 1558.63

TABLE OF UNCONVOLUTED CARS INTENSITY MAXIMA:

MAXIMIM INTENSITY= 26.862 AT 1547. 600 VAVENUMBERS.
MAXIMIM INTEINSITY= 75.128 AT 1549. 038 TAVENIM3BERS.
MAXIMM INTINSITY= 189.62 AT 1558.335 TAVINWMBERS.
MAXIMIM INTENSITY=z 418.59 AT 1551.351@ VAVENUMRERS.
MAXIMIM INTENSITY= 892.69 AT 1552.568 JAVENWMSERS.
MAXIMUM INTENSITY= 1374.7 AT 1553.485 VAVENWMBERS.
MAXIMUM INTENSITY= 198S.9 AT 1554.2838 VAVENIMBERS.
MAXIMIM INTEINSITY=s 2362.9 AT 1554.9502 JAVENUMEBERS.
MAXIMUM INTENSITY= 2391.7 AT 1585.493 VAVENUMBERS.
MAXIMUM INTEINSITY= 1327.0 AT 1555989 WAVENUMBERS.
MAXIMWM INTENSITY= 1gd2.4 AT 1556190 VAVENIMBERS.
MAXIMIM INTENSITY= 288.94 AT 1556.358 YAVENUMBERS.

TAELE OF CONVOLUTED CARS INTENSITY MAXIMA:

MAXIMUM INTENSITY= S5.2406 AT 1547.595 WAVENUMBERS.
MAXIMUM INTENSITY= @.45077 AT 1547.988 VAVENIMBERS.
MAXIMUM INTENSITY= 14.4084 AT 1549. 039 VAVENIMSBERS.
MAXIMIM INTENSITY= 3.61S51S AT 1549.403 YAVENUMBERS.
MAXIMUM INTENSITYs 34.649 AT 1553. 338 WAVENUMBERS.
MAXIMUM INTENSITY= g.38997 AT 1550.585 VAVENUMBERS.
MAXIMUM INTENSITY= 7S5.799 AT 1551.51S YAVENWBERS.
MAXIMWUM INTENSITYs 146.40 AT 1552.56S WAVENUMBERS.
MAXIMUM INTENSITY= 244.65 AT 1553.4392 WAVENUMBERS.
MAXIMUM INTENSITY= 351.64 AT 1554.285 WAVENUMBERS.
MAXIMIM INTENSITY=s 426.62 AT 15S54.955 WAVENIMBERS.
MAXIMIM INTENSITY= 422.91 AT 1555.50@ JAVENUMBERS.
MAXIMWM INTENSITYa 326.83 AT 1555.915 JAVENUMBERS.
MAXIMUM INTENSITYa 18S5.59 AT 1556.218 YAVENWMBERS.
00 YOU 7ANT A PLOT? (YES OR NO) (A) YES
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Appendix C (continued)

WHICH ONE? (WCONVOLUTED OR CONVOLUTED) (A) INCON
NTER MAXIMUM INTENSITY:(F) 2392.

NTER MINIMW INTENSITY:(F> 2.

INTER NIMBER QF Y-AXIS TIC MARKS:(F) 12

BVTER NWMBER OF WAVENWBERS BETWEEN X-AXIS
TIC MARKS:(F) 1o

NTER @ FOR TIX PLOT OR 1| FOR XY PLOT:(I> 1

PAUSE -- SET ZERO ON XY
PAUSE =-- SET MAXIMWM GAIN (FULL SCALE) ON XY

PAUSE == SET GAIN FOR MINIMIM X aND Y

PAUSE == SET ZERO ON XY

PAUSE -~ SET MAXIMWM GAIN (FULL SCALE) ON XY
PAUSE -- SET GAIN FOR MINIMWM X AND Y

0 YOU VANT AXES DRAWN? (YES OR NOJ):(A) VYES

D0 YOU VANT ANOTHER PLOT? (YES OR NO)$CA) YES
VHICH ONE? (UNCONVOLUTED OR CONVOLUTED) (A) CON
NNTER MAXIMIM INTENSITY:(F) 426.7

NTER MINIMWM INTENSITY: (F) 2.

ENTER NWMBER OF Y-AXIS TIC MARKS: (F) 12.

WNTER NWBER OF JAVENWMIERS SETWEEIN X-AXIS
TIC MARKS: (F) le

NTER @ FOR TEK PLOT OR 1| FOR XY PLOT:(1> !

PAUSE == SET ZERO ON XY

PAUSE =~ SET MAXIMWM GAIN (FULL SCALE) ON XY
PAUSE -~ SET GAIN FOR MINIMWM X AND Y

D0 YOU 7ANT AXES DRAWN? (YES OR NOY:(A) NO
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410 to 715 nm.

Yolume 29, aumber 3
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Waveiength tuning ranges and optimal concentrations are reported for 16 commercially available iaser dyes pumped
with the third harmonic of 3 Nd-Y AG laser at 355 num. The laser dye outputs cover the visible tange from 410 to 71§ am.

The recent commercial availability of Nd-YAG
pumped dye lasers and the growing list of laser dyes
makes tuning curve information very hielpful in
choosing the minimum number of dyes (o cover a
spectrai region. Much information is availadle from
the dye and laser manufacturers on lashlamp, N,,

Ar, and Kr pumped dyes, some on the doubled Nd-
YAG (532 nm) pumped dyes, but very little on the
triplet Nd-YAG (355 nm) pumped dyes. [n the course
of developing a flexible tunable laser system for CARS
and other applications [1], we have found it necessary
to determine optimum concentration and tuning
ranges for a variety of dyes pumped at 355 am. Al-
though such results will vary somewhat with dye

laser configuration, the curves and data presented
here should serve as a useful starting point {or others
employing such a pumping source.

The dye laser oscillator used in this work was of
the transverse pumped Hinsch type {2] employing
a wedged quartz flow cell, a 20X beam expander, 2
136 line/mm echelle grating operated near its 63.5°
blaze angle (eight to thirteenth order), and an output
coupler whose reflectivity varies from ~5% at 400
am to ~30% at 700 nm. The pumping source was
provided by a Nd-YAG oscillator-amplifier (Quanta-
Ray model DCR-1A) which generates a primary 1064
nm beam. The third harmonic at 355 nm was obtained
by passing the primary Seam through two KD*P
type [I crystals, the first a 25 mm crystal cut at 55°
for frequency doubling, and the second 2 30 mm summ-
ing crystal cut at 58°..The beams were separated by

322

means of a quartz prism and 1 quartz telescope (~2X)
was used to match the 355 nm beam diameter to the
8 mm width of the dye c2il. A cylindrical lens
(f = 400 nm) focused the beam 0 a horizontal line
about 7 mm behind the surface of the dye ceil. Typi-
cally the pump pulse was 6—3 mj of 355 nm radiation
(~8 ns duration) and this was polarized at 45° for ir-
relevant experimental reasons. The linewidth of the
dye laser output was ~0.2 ¢m ™! and the output polar-
ization varied for different dyes because of 3rating
reflection changes with wavelength.

A list of the laser dyes ta2sted is summarized in
table | along with solvents, conczntrations, and
lasing ranges. No special effort was made to optimize
the efficiencies by variation of the output coupier o
other cavity parameters. The Jye laser output curves
are presented in fig. 1. Because of their innocuous
nature, water, methanol, and ethanol were seiected
as solvents. However, considerable waveiength tuning
may be achieved by varying the solvent for some
dyes, with A ., generally increasing with increasing
solvent polarity. An example of this is coumarin 481
which shows a shift in A\, from 520 to 483 nm
(table 1) and a two-fold increase in efficiency as the
solvent is changed from ethanol to the less polar di-
oxane. [dentical results for coumarin 431 pumped
with the N, laser have been reported {3] and, in
general, the pumping performance of the 355 nm
source appears to be quite similar to that of 2 337 am
NZ laser.
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Table 1
Concentration and tuning ranges for 355 nm pumped dyes

Laser dye Solvent Concen. Lasing wavelength (nm)
(Sourec)d M« 103
Amax rangs
Stilbene 420 Methanol/Ethanol 1.3 425 415-43§
($7208)
Coumarin 450 Ethanol 1.0 483 435463
Coumarin 460 Ethanoi 5.0 454 440375
LD 466 Ethanot 1.0 462 450438
Coumarin 481 Dioxane 5.0 483 465510
Ethanoi 10.0 5§20 300-540
Coumarin 500 Ethanoi 5.0 504 485-530
Coumarin 522 Ethanol 39 32 305-350
Disodium luorescein Ethanol/Water 5.9 35 336-368
(N
Rhodamine 575 Ethanol 2.40 562 352-582
Rhodamine 6G Ethanol 5 577 367-602
(Eastman)
Rhodamine B Ethanol 2.0 602 595540
(Allied)
Rhodamine 610 Ethanoi 5.0 623 595645
Cresyl violet §70 Methanoi/Water 1.0 648 §39-679
Rhodamine 640 Methanol/Water 3.5 6350 620-680
(5/2)
Oxazine 720 Ethanoi 1.5 673 664-690
Nile blue 690 + Methanol/Water 1.3 698 632=715
Rhodamine 640 G/iY 0.15

) Uniess otherwise noted, all dyes were obtained from Exciton.

D466

€460

L

€481 (D)

e

€500
R6G
R640

R57O

RELATIVE OUYPUT EFFICIENCY
NBG6I0O +RE40

$s50 500
WAVELENGTH (nm)}

400 450

Fig. 1. 355 nm pumped laser dye tuning cusves. S = stiibene, C = coumarin, DF = disodium (luorescein, R = thodamine, Cvs=
<esyl violet, Ox = oxazine, NB = aile blue, D = dioxane, E = ethanol.
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