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the Investigation of Molecular Properties and 

Collisional Processes 

Abstract 

Molecular collisional processes are studied using two different 
nonlinear optical techniques utilizing CO, lasers. The first study 
uses the techniques of saturation spectroscopy to study the momentum 
transfer in one direction which occurs when CO, collides with itself, 
H 2, Ne, NH,, and CH 3F. Average C 0 2 velocity changes determined from 
these experiments are typically 1/10 the thermal velocity or less. 
A theoretical model is also developed to explain the experimental 
observations of CO, with foreign gas perturbers. Generally good 
agreement between this model and the data is obtained. These results 
complement information obtained from line broadening and kinetic 
studies. 

The second technique utilizes the high resolution capabilities 
of Uoppler-free two-photon absorption (DFTPA) for the study of molec
ular properties and collisional processes ir the two molecules of 
CHjF and NH,. In this thesis, we report the first observation of DFTPA 
in molecular systems using two fixed-frequency CO, optical fields in 
comoination with molecular Stark tuning. The coincidences of the P14 
and P30 lines of two oppositely directed cw CO, lasers at 9.4 iim with 
the R(l,l) n , and R(2,l) ^ , lines of 1 2CH,F are used to measure 0 •* v 3 \>3 •* d\>3 i 
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the pressure broadening coefficient (Av = 42.1 > 1.0 MHz/torr) and the 
pressure shift (Av <• 2.1 i 0.1 MHz/torr) of the 0 •» v, transition. 
Broadening coefficients for the foreign gas perturbers of He and CF,1 
are also determined. Similarly, the coincidences of the P34 and P18 
lines of two oppositely directed C0 2 lasers at 10.6 um with the 
aQ(5,4) n ^ and aQ{5,4) , _ ,,, lines of NH, are used to measure <t 
self-broadening coefficient (Av =28.8 MHz/torr) of the 0 •* Zv~ transi
tion. Foreign gas broadening coefficients for the collision partners 
of H,, U,, He, Ne, and Xe have also been determined. These broadening 
results are related to current line broadening theories. 

Spectroscopic information has also been obtained about these two 
molecular systems. The CH,F two-photon transition frequency of 
(v3.J.K) = (0,1,1) - (2,3,1) has been measured to be 2089.634298 + 
3 x 10" cm" ; the NH, two-photon transition frequency of (v,,J,K) = 
(0",5,4) - (2",5,4) has been measured to be 1876.991493 • 3 x 10" 6 cm" 1. 
Additionally, the vibrational transition dipole matrix elements for the 
+ - - + 14 
1 *-' 2 and 2 «-• 2 transitions in the v, mode of NH, are determined 
to be 0.27 • .05 debye and 0.83 ± .08 debye respectively. 

CO. ?/ // (• -
Dr. Charles K. Rhodes 
Chairman of Committee 
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CHAPTER 1 

INTRODUCTION 

Ever since the invention of the laser in 1960, scientists have had a 
light source which could be used to study the interaction of high intensity 
radiatior. fields with matter. Thus, the new field of nonlinear optics was 
formed. Since that time, a large number of nonlinear optical effects have 
been investigated, some of which can be reviewed in Bloembergen's book 
[B165]. Not only are these new effects extremely interestir? from both the 
experimental and theoretical viewpoint, but they also offer many applications 
for the utilization of these high intensity fields. In fact, some of the 
results discussed in this thesis could have major application in the fields 
of laser isotope separation and frequency conversion. 

During his graduate career, the author was fortunate enough to be able 
to study three different problems in the general area of nonlinear optics. 
The first problem was a theoretical study involving computer calculations of 
nonlinear pulse propagation and was under the direction of Or. Robert A. Fisher. 
Since this work has been published in the open literature (see [Fa73a], [Fa74], 
[Fa75a], and [Fa75b]),it will not be further discussed in this thesis. 

The other two problems were primarily experimental in nature and were 
under the direction of Dr. Charles K. Rhodes. These projects utilized the 
techniques of saturation spectroscopy and two-photon absorption for the inves
tigation of molecular systems and collisional processes. The laboratory 
involved in these experiments was an outgrowth of the one developed by 
Dr. Thomas W. Meyer for his Ph.D. dissertation [Me74a], It is these experi
ments which are primarily considered in this thesis. 
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1.1 Applications of Saturation Spectroscopy 
The nonlinea* effects of a high intensity standing wave field in a laser 

cavity were first considered by Lamb [La64] In 1964 for the case of an in-
hi.mogeneously broadened transition. The results of this analysis indicate 
that a dip in the output intensity of lasers occurs when the cavity is 
tuned to line center. This result became known as the "Lamb dip" and 
opuned a new field of nonlinear spectroscopy call saturation spectroscopy. 
Since this time, saturation spectroscopy has enjoyed a large number of appli
cations. A partial list includes: (1) high resolution atomic and molecular 
spectroscopy, e.g., [Ha71] and [Ba69], (2) absolute high precision stabili
zation of lasers, e.g., [Fr70], (3) speed of light measurement [Ev72], and 
(4) the measurement of collisional cross sections thresh the determination 
of pressure broadening coefficients, e.g., [Ma73 and He74a]. We report 
in this thesis a new application of saturation spectroscopy for the investi
gation of velocity changes that occur during a molecular collision. These 
results are presented in Chapter 3. 
1.2 Two-Photon Absorption 

The other nonlinear effect considered in this thesis is the application 
of two-photon absorption to high resolution infrared spectroscopy and the 
study of molecular collisional processes. This work was motivated by the 
need for tunable infrared laser sources both for spectroscopic and high 
power applications. Since the CO, laser now exists in a highly advanced 
state with both frequency stability and high average power capabilities, 
one would like to efficiently couple this radiation to as many molecular 
systems as possible. One possible way to accomplish this goal is to utilize 
nonlinear processes which depend on the intensity of the incident radiation. 
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It is interesting to compare the versatility of the CO, laser for linear 
processes(e.g. single photon absorption) to the potential versatility 
indicated by nonlinear processes (e.g. multiphoton absorption). If one 
sums all the laser transitions for the four isotopic species of CO, 
indicated in tables 2.2-2.5, and divides them into the wavelength rejion 
they cover, the resulting line density in the 10 micron region is approx
imately 0.5 cm" /line. If one, however, does the same calculation for 
the sum of two CO, photons, the result is that we now have a radiation 
source which covers the infrared spectrum from 1800-2200 cm with a 
line density of 5 x 10 cm" /line. Combining this with the new tuning 
capability of CO, waveguide lasers (close to 1 GHz), we see that we have 
created essentially a completely "tunable" source at around 5 microns. 
In this thesis we demonstrate that the above two-photon absorption 
processes are possible in molecular systems with as little intensity as 
400 W/cm . We have also demonstrated that these processes can give us a 
supprising amount of information concerning molecular spectroscopy and 
collisional processes. These results comprise the bulk of the thesis 
and can be found in Chapters 4-8. 

Due to the complexity of these two-photon experiments, the observations 
reported in these chapters were a joint effort between the author and 
a fellow graduate student, Patrick J. Kelly. This collaboration was 
extremely beneficial to both members, not only for the stimulating learn
ing atsmosphere it afforded, but also for the significant results which 
were accomplished in one year. 
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CHAPTER 2 
BASIC EXPERIMENTAL APPARATUS 

2.1 Introduction 
The basic idea was to create a versatile laboratory which could 

examine a large nuir.ber of different problems utilizing the techniques 
of nonlinear optics. These problems range from cw IR spectroscopy 
to high powered optical pumping. Each of these problems requires a 
core of experimental equipment which can be arranged for a specific 
experiment. It is the purpose of this chapter to describe this "core" 
equipment and some of the fundamental concepts related to its operation. 
Section 2.2 describes the spectroscopy of the CO^ molecule; section 2.3 
describes the experimental apparatus; and section 2.4 describes the data 
acquisition and analysis system. 
2.2 Spectroscopy of CO, 

Since the C0 2 molecule is the lasing medium for all of our experi
ments and acts as the frequency standard for our spectroscopic data, 
a review of the spectroscopy of this molecule is in order. A good 
overview of C0 2 spectroscopy and kinetics with applications to laser 
processes is given by Cheo [Ch71]. 
2.2.1 Vibrational Levels 

C 0 2 is a linear symmetric molecule belonging to the D ̂  
symmetry group [He45]. For a linear molecule with three atoms, 
there are 3N - 5 = 4 normal modes of vibration; two of these 
being degenerate. The resulting three modes of vibration along 
with their state designations and fundamental frequencies 
are given in fig. 2.1. The v, mode is called the symmetric 
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Normal 
mode 

Pictorial 
diagram 

Fundamental 
frequency 

1 . symmetric 
stretch 
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bend <?-*-<? 
" 3 : 

asymmetric 
stretch -o—#—o— 

Fig. 2.1 The three normal modes of vibration in CO., and their 
state designations. 

-5-



stretch, v„ 1s the bending mode and the v, mode is called the 
£ 

asymmetric stretch. The u~ mode is degenerate since it may occur 
in two orthogonal planes. Here the superscript (d ) associated with this 
mode indicates the vibrational angular momentum about the molecular 
axis in units of •ft. These vibrational states are normally indicated 
by the ket | n, n-.n, > where the n" indicates the number of vibra
tional quanta in each of the normal modes. 

If one computes the possible state symmetries of these normal 
modes using the character table for the D ^ symmetry group (see 
[He45] p. 119 & 139), one finds that these normal modes lave the 
state designations E a»n u and Z . A note is in order at this point 
to explain these states and their selection rules. Since the 
vibrational states of a linear molecule have the same symmetry 
properties as the electronic states of a diatomic molecule [He50, 
pg. 212-245], Herzberg decided to label these vibrational 
states by analogy to the diatomic electronic level case. Hence the 
capital Greek letters designate the angular momentum of the nuclei 
around the intermuclear axis. This corresponds to the value of i 

(presented above) which can only be non-zero for the degenerate \>z 

vibration. For the case of l = 0, 1,2, the state is designated by 
£, It, A, However since the levels we deal with are all 
Z {Z ° 0) states, we will consider only these states for the remainder 
of this section. 
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The vibrational states are also classified by the symmetry proper
ties of the vibrational eicjenfunctions. Since a plane through the 
internuclear axis is a plane of symmetry, the vibrational eigenfunction 
of a nondegenerate (X) state either remains constant or changes sign when 
reflected through this plane. This properity is indicated by a super
script + or - (e.g. Z ). If the molecule is also symmetric 
( 0- C- 0) its eigenfunction must also remain unchanged except 
for a possible sign change when the molecular coordinates are inverted 
(r -» -r). The unchanged [changed] case is called an even [odd] 
state and is indicated by a subscript g [u] (from German "gerade" 
and "ungerade"). 

The selection rules for these vibrational states are [Ke45, pg. 
379]: 

AJ. = 0, ± 1 £ + *4* l~ u ** 9 

A simplified vibrational energy diagram is given in fig. 2.2. From 
1? 1 Ft 

symmetry consideration, we can see that C On has no permanent 
dipole moment and that there will only be an induced vibrational moment 
in the \>% and v 3 modes leading to strong infrared absorption bands 
at 667.3 cm (v 2) and 2349.3 cm" (v 3). The symmetric vi mode leads to 
a strong Raman band at approximately 1340 cm" [He45 pg. 274]. The 
10.6 and 9.4 urn vibrational transitions of interest for the C0 2 lasers 
are indicated in fig. 2.2 by the labels I and II. These transitions 
would normally be forbidden in the harmonic oscilator approximation, but 
the asymmetry of the potential well slightly breaks this selectrion rule 
[Go66a]. 
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9.4 (im 

2349.2 cm -1 

10.6 nm 

9 (10°0 — 02 00)„ 

1388.2 
9 ( 1 0 U 0 ~ 0 2 ° 0 ) . 
g 5 1335.1 

1285.4 (02^0) 

4.3 |om 

(oi'o) 
-667.4 

(00°0) 

Fig. 2.2 Vibrational energy diagram of 1 2 C 1 5 0 2 . Note that this diagram 
is d i f ferent from that in [He45] due to the reassignment of the Fermi 
coupled levels. The 10.6 urn laser band is indicated by I and the 3.6 ym 
band by I I . The 4.3 \m fluorescence is observed for the feedback 
s tab i l izat ion system. 
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An example of the interaction of the vibrational modes in CCL 
is the Fermi resonance which occurs between the nearly degenerate 
JIO°0>and |02°0 > vibrational levels. This interaction can be 
understood using the following physical model. During the bending 
motion of the v 2 vibration the carbon atom passes through the plane 
of the two oxygen atoms. The potential that the carbon atom sees is 
modified by the amplitude of the symmetric stretch vibration since this 
vibration changes the internuclear seperation between the carbon 
and oxygen atons. There is an anhamonic interaction between these 
two vibrations leading to a tendency for the v t mode to be excited at 
the frequence 2v> since the carbun atom passes between the oxygen 
atoms twice per cycle. This interaction is greatly enhanced since for 
CO, 2v2 = U|. The two modes are appreciably mixed giving rise to a 
splitting between these two levels [He45 pg. 215]. This mixing is 
evidenced by two strong Raman bands seperated by the splitting between 
the Fermi coupled levels. 

Recently there has been some questioning of the early spectro
scopic assignments of these coupled levels [Am65]. This controversy 
can be resolved if the traditional assignments of the V) and 2v 2 unper
turbed energies are reversed. This leads to the new assignments 
[Ju75]: 

Level Energy [cm" ] 
(10°0 - 02°0) I 1388.2 

02 20 1335.1 
(10°0 - 02°0) n 1285.4 

where the state labeled I is associated with the bending mode and the 
state II with the symmetric stretch mode. These assignments are 
reflected in Fig. 2.2. Note that this is the reverse of the traditional 
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assignments. The respective wave functions for I and II are two good 
approximations — (|10°0 > + |02°0 >) and — (|I0°0 > - |02°0 -') 
respectively \i.e., roughly equal admixtures of the simple harmonic 
oscillator wave functions). These assignments have been verified by 
a number of authors [G066a, Ho72l. 

2.2.2 Rotational Levels 
Superimposed on each of the vibrational levels are many rotational 

levels which have much smaller energy spacing. The energy of these 
rotat-:on..l-vibrational levels can be calculated from: 

E (cm" 1) = v„ + BJ (J + 1) 

where v, is the vibrational frequency and B is the rotational constant 
(B ~ .39 cm for COg). This would give a level spacing of 2BJ. 
However, the influence of nuclear spin statistics causes alternate 
rotational levels in CO, to be missing. This can be understood by 
noting that 0 has a nuclear spin I = 0, and hence, the total wave 
function of the molecule must follow Bose statistics (must remain 
symmetric) upon the interchange of the two identical particles. We 
can write the total wave function in the Born-Oppenheimer approximation 
as 

*T = *elec *vib "Vot *nuc 

which for iii ground state of CO* becomes 

*,. = I'l > |00°0 > * ill T ' | U U u *rot vnuc . 
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Thus the symmetry of the total state is dependent on the rota
tional wave functions since all the other wave functions are completely 
symmetric. For a linear molecule these wave functions are proportional 
to the associated Legendre polynomials P,m (0) which have the property 

Pj m W = H ) J P j m ( 0 ) . 

Since the interchange of the identical particles ( 0 ) is equivalent 
to a rotation by ir radians, the parity of the rotational wavefunction 

J is (-1) with respect to this interchange. Since the Fermi coupled 
levels are symmetric (g states) with respect to this interchange, all 
odd rotational levels are missing from these vibrational levels. Con
versely, since the excited asymmetric vibrational level (|00°1 >) is 
odd under the interchange of the oxygen nuclei (u state), it will 
have only odd states in its rotational manifold. These nuclear 
statistics give C0 2 the rotational level spacing of 4BJ + 6B which 
for J = 20 is approximately 34 cm" . 

The vibrational rotation transitions between the |00°1 > level 
and the levels labeled 1 and II in fig. 2.2 comprise the CO, laser 
transitions and follow the rotational selection rule J = * 1. This 
leads to approximately 100 transitions spanning the wavelength range 
from 9.1pm -» 10.3pm. Each vibrational band is broken up into R(J) 
(AO = +1) branch and a P(J) ( M = -1) branch. These vibrational 
rotational frequencies were first accurately determined by Peterson 
et al. [Pe73] for 1 2 C 1 6 0 2 . The frequencies for the isotopic species 
1 Z C 1 8 0 2 , 1 3 c , f k and 1 3 C 1 8 0 2 were subsequently determined by Freedet al.[Fr74l. 
These frequencies can be calculated from the formula [Fr74]: 
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v = % + B u [J 'CJ'+l) - J(J+1)] - ( B r B u ) J(0+1) - D U [ J ' Z ( J '+1 ) Z 

- J 2 (J+1) 2 ] + (DJJ-DJ J 2 (J+1) 2 + H U [ J ' 3 ( J ' +1 ) 3 

- J 3{0+1) 33 - ( H r H u ) J 3 ( J+1) 3 + . . . . 

where J ' • J- l for a P(J) l ine and J 1 » J+l for an R(J) l ine with the 

appropriate spectroscopic constants given in table 2 . 1 . These f re 

quencies are reproduced in table 2.2 for 1 2 C 1 6 0 2 , table 2.3 f o r 1 2 C 1 8 0 2 , 

table 2.4 for 1 3 C 1 6 0 2 and table 2.S for 1 3 C 1 8 0 g . 

2.2.3 Li fe Times and Coll isional Rates in CO, 

There are a number of radiat ive and col l is ional rates which are 

important to the operation of the C02 laser. A compilation of some of 

the more important processes is given in table 2.5. The co l l is ional 

rates are reviewed in detai l in a recent a r t i c le by Taylor and 

Bitterraan [Ta69]. The references quoted in table 2.5 are the most 

recent work on the specif ic processes. Many of these processes are 

also summarized by Cheo [Ch71]. 
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Table 2.1 Vibrational-Rotational Constants of Lasing Transitions in Four CO- Isotopes 
Isotope 

Constants 
(MHZ) 

1 2 c 1 6 0 2 < a ) "c'V" 1 3 c 1 6 0 2 ( b ) 13 c 18 0 2 ( b ) 

«°>an-i 28 808 813.8±0.025 28 988 595.0i2.5 27 383 788.8±1.5 27 838 550.1*1.6 

WJnoi-II 31 889 960.2±0.024 32 489 194.Oil.4 30 508 658.1±1.8 30 785 883.1±1.3 

B001 11 606.2072i0.0003 10 315.676U0.0523 11 610.2920*0.0496 10 319.0659*0.0293 
Br Booi 91.36250410.000027 99.33095*0.00910 73.26310*0.00440 84.37119*0.00673 

B 1I" B 001 100.157620*0.000025 72.9592740.00434 109.20516*0.00481 79.87460*0.00455 

D001 39.8825{±0.0019)xl0" 4 32.714(±O.607)xl0" 4 40.366(±0.022)xl0" 4 31.272(±0.078)xl0" 4 

DrDooi -5.42091(±0.00033)xl0" 4 -3.8018(±0.0876)xl0~ 4 -3.9448(±0.0305)xl0" 4 -4.3814(±0.0457)xI0" 4 

Dir°ooi 7.23304(±0.00036)xl0~ 4 3.4527(±0.0355)xlo" 4 7.5763(±0.033 i lx l0" 4 4.9325{*0.0214)x l0" 4 

H0Ol 5 .07 ( i0 .54 )x l0" 1 0 

H I H001 5.212(±0.012)xl0" 9 

H i r H oo i 6.469(*0.015)xl0" 9 

(a) [Pe73 and Ev73] 
(b) [Fr74] 

http://606.2072i0.0003


Table 2.2 Calculated Frequencies of the C 0 ? Laser Bands* 

00°l-[10°0,02o0]rT 00°l-[10o0,02°0]r 

Line Line 
v(cm"') Mum) v(cm"') Hum) 

P(40) 1027.382177 9.73347523 P(40) 924.973991 10.81111400 
P(38) 1029.442098 9.71399948 P(38) 927.008331 10.78738957 
P(36) 1031.477436 9.69483156 P(36) 929.017442 10.76406055 
P(34) 1033.488005 9.67597104 P(34) 931.001439 10.74112195 
P(32) 1035.473622 9.65741646 P 32) 

P(30) 
932.960427 10.71856824 

P(30) 1037.434116 9.63916633 
P 32) 
P(30) 934.894502 10.69639407 

P(28) 
P(26) 

1039.369321 0.62121914 

;s
§ 936.803753 10.67459429 P(28) 

P(26) 1041.279080 9.60357333 ;s
§ 938.688263 10.65316399 

P(24) 1043.163245 9.58622732 ;s
§ 

940.548104 10.63209841 
P(22) 1045.021676 9.56917950 P(22) 942.383342 10.61139301 
P(20) 1046.854241 9.55242823 P(20) 

P(18) 
944.194035 10.59104340 

P(18) 1048.660816 9.53597183 
P(20) 
P(18) 945.980235 10.57104539 

P(16) 1050.441289 9.51980859 P(16) 947.741984 10.55139497 
P(14) 1052.195552 9.50393677 P(14) 949.479319 10.53208828 
P 12) 
POO) 

1053.923510 9.48835462 P(12) 951.192268 10.51312162 P 12) 
POO) 1055.625075 9.47306031 POO) 952.880854 10.49449147 
P( 8) 1057.300168 9.45805203 P( 8) 954.545091 10.47619446 
P( 6) 1058.948721 9.44332790 P( 6) 956.184987 10.45822737 
P( 4) 1060.570672 9.42888603 P( 4) 957.800542 10.44058712 
P( 2) 
v( 0) 

1062.165972 9.41472450 P( 2) 959.391750 10.42327079 P( 2) 
v( 0) 1063.734578 9.40084134 v{ 0) 960.958597 10.40627560 
R( 0) 1064.408860 9.39400354 R 0) 961.732879 10.39789761 
R( 2) 1066.037368 9.38053421 R( 2) 963.263145 10.38137922 
R( 4) 1067.539117 9.36733824 R( 4) 964.768987 10.36517564 
R( 6) 1069.014100 9.35441357 R( 6) 966.250366 10.34928457 
R( 8) 1070.462316 9.34175L39 R( 8) 

R(10) 
967.707239 10.33370383 

R(10) 1071.883773 9.32936970 
R( 8) 
R(10) 969.139553 10.31843141 

R(12) 1073.278491 9.31724625 R(12) 
R(14) 

970.547250 10.30346539 
R(14) 1074.646497 9.30538556 

R(12) 
R(14) 971.930264 10.28880401 

R(16) 1075.987828 9.29378544 R(16) 973.288523 10.27444562 
R(18) 1077.302527 9.28244365 R(18) 974.621946 10.26038870 
R(20) 1078.590651 9.27135794 R(20 375.930446 10.24663186 
R{22) 1079.852263 9.26052604 R(22) 977.213929 10.23317383 
R(24 1081.087434 9.24994564 R(24) 978.472292 10.22001346 
R(26 1082.296245 9.23961443 R(26) 979.705428 10.20714974 
RC28) 1083.478785 9.22953005 P.(28) 980.913218 10.19458176 
R(30) 1084.635152 9.21969012 R(30) 982.095538 10.18230876 
R(32) 1085.765452 9.21009227 R(32) 

R(34) 
983.252256 10.17033008 

R{34) 1086.869798 9.20073409 
R(32) 
R(34) 984.383233 10.15864520 

R{36) 1087.948313 3.19161313 R 36) 985.488319 10.14725371 
R 38) 
R(40) 

1089.001126 9.18272696 R 38) 986.567359 10.13615533 R 38) 
R(40) 1090.028375 9.17407311 R(40) 987.620188 10.12534992 
•These values were calculated from coefficients measured In [Pr73] and 
[£v73] and tabulated 1n [Fr74], The values presented here are good to 
t 30 Mfe. The actual measured frequencies are an order of magnitude 
more accurate. The limiting factor 1s the speed of light whose present 
value [Ev72] is c»299 792 456.2 (1.1) m/sec with 4c/c ° t 3.5x10-9. 
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Table 2.3 Calculated Frequencies of the C O , Laser Bands* 

Line 00°1-[10°0, . 0 2 ° 0 ] n Line 00°1-[10°0, 02°0]j 

v(cnf1 ) Mum) v(cm ) \{vm) 

P(40) 1052.263051 9.50332713 P(40) 933.987901 10.70677681 
P(38) 1054.014281 9.48753750 P(38) 935.890053 10.68501579 
P(36) ?055.747257 9.47196399 P(36) 937.765194 10.66365020 
P(34 
P<32) 

1057.461878 9.45660568 P(34) 939.613395 10.64267502 P(34 
P<32) 1059.158045 9.44146159 P 32) 

P(30) 
941.434719 10.62208541 

P(30) 1060.835662 9.42653076 
P 32) 
P(30) 943.229230 10.60187671 

P(28) 1062.494639 9.4118)219 P(28) 944.996981 10.58204439 
P(26 1064.134889 9.39730489 P(2£ 

P(24) 
946.738024 10.56258410 

P(24) 1065.756331 9.38300783 
P(2£ 
P(24) 948.452405 10.54349163 

P(22 
P(20) 

1067.358887 9.36891998 P(22) 950.140166 10.52476294 P(22 
P(20) 1068.942484 9.35504028 P(20) 951.801341 10.50639411 
P(18) 1070.507054 9.34136768 P(18) 953.415964 10.48838137 
P(16) 1072.052533 9.32790109 P(16) 955.044059 10.87072112 
P(14) 1073.578862 9,33463943 P(14) 956.625650 10.45340986 
P 12 1075.085984 9.30158160 P 12 

POO) 
958.180752 10.43644425 

P(10) 1076.573849 9.28872646 
P 12 
POO) 959.709378 10.41982107 

P( 8) 1078.042411 9.2 7607290 P( 8) 961.211515 10.40353724 
P( 6 1079.491628 9.26361978 P( 6) 962.287224 10.38758981 
P( 4) 1080.921462 9.2 5136594 P( 4) 964.136444 10.37197594 
P( 2) 1082.331880 9.2 3931022 Pf 2) 965.559186 10.35669293 
v(0) 1083.722854 9.2 2745143 v(0) 966.955439 10.34173820 

R( 0) 1084.411041 9,22159652 R( 0) 967.643626 10.33438316 
R( 2) 1085.772804 9.21002991 R( 2) 969.000110 10.31991627 
R( 4) 1087.115070 9,1 9865824 Rj 4) 

R( 6) 
970.330052 10.30577171 

R( 6) 1088.437826 9.18747931 
Rj 4) 
R( 6) 971.633422 10.29194733 

R( 8) 1089.741062 9.1 7649187 R( 8) 972.910186 10.27844106 
R(10) 1091.024776 9.1 6569469 R(10) 974.160305 10.26525095 
R(12) 1092.288966 9.1 5508653 R 12 975.383734 10.25237519 
R(14) 1093.533638 9.1 4466611 R(14) 976.580426 10.23981204 
R(16) 1094.758799 9.1 3443217 R(16) 977.750325 10.22755988 
RM8 
R(20) 

1095.964464 9.1 2438343 R(18) 978.893374 10.21561722 RM8 
R(20) 1097.150651 9,1 1451859 R(20) 980.009508 10.20398263 
R(22) 1098.317381 9.1 0483634 R(22) 981.098659 10.19265484 
R(24) 1099.464680 9,0 9533538 R(24) 982.160755 10.18163264 
R(26) 1100.592581 9,0 8601437 R{26) 983.195716 10.17091494 
R 28 
R(3Q) 

1101.701118 9.0 7687197 R 28 984.203450 10.16050076 R 28 
R(3Q) 1102.790331 9.0 6790685 R 30 985.181899 10.15038920 
R(32) 
R/34) 

1103.860265 9,0 5911764 R(32 986. I ^ W 10.14057947 R(32) 
R/34) 1104.910968 9.0 50E0297 R(34) 987.06i485 10.13107088 
R(36 1105.942494 9.0 4206146 R 36) 

R(38) 
987.960432 10.12186286 

R(38) 1106.954900 3.0 3379171 
R 36) 
R(38) 988.830673 10.11295490 

R 40 1107.948247 9.0.2569233 R(40) 989.673097 10.10434660 

* Taken from [Fr74], These values are good to • 3 MHz. 
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Table 2.4: Calculated Frequencies of the 1 3C 1 60,, Laser Bands* 

00°1-[10°0,02°0] T T 00 o l - [10°0,02 < , 0] I 

Line Line i 

v(cm" ) X(ym) v(cm" ) A(um) 

P(40) 980.805500 10.19570139 P(40) 878.433910 11.38389568 
P(38! 982.912774 10.17384275 P(38) 880.370715 11.35885125 
P(36; 984.993196 10.15235439 P(36) 882.287524 11.37417365 
P(34J 
P(32] 

987.046559 10.13123435 PJ34) 
P(32) 

884.184406 11.30985791 P(34J 
P(32] 989.072664 10.11048062 

PJ34) 
P(32) 886.061425 11.28589928 

P(30] 981.071323 10.09009116 P(30) 887.918640 11.26229313 
P(28] 983.042358 10.07006390 P(28) 889.756104 11.23903501 
P(26) 994.985599 10.05039672 P(26) 891.573867 11.21612059 
P(24] 996.900887 10.03108747 P(24) 893.371971 11.19354572 
P(22] 
P(20) 

998.788073 10.01213398 P(22) 895.150456 11.17130639 P(22] 
P(20) 1000.647016 9.99353402 P(20) 896.909354 11.14939871 
P(18) 1002.477537 9.97528536 P(18) 898.648695 11.12781897 
P(16) 1004.279665 9.95738572 P(16) 900.368502 11.10656357 
P(14) 1006.053139 9.93983281 P(14) 902.068793 11.08562903 
P(12) 1007.797908 9.92262428 P(12) 903.749581 11.06501204 
P(10) 
P( 8) 

1009.513882 9.90575779 P 10) 
P( 8) 

905.410875 11.04470940 P(10) 
P( 8) 1011.200977 9.88923095 

P 10) 
P( 8) 907.052678 11.02471801 

P{ 6) 1012.859122 9.87304135 P( 6) 908.674988 11.00503495 
P( 4) 1014.488256 9.35718656 P( 4) 910.277798 10.98565737 
P( 2) 1016.088325 9.84166411 Pf 2) 911.861097 10.96658256 
v(0) 1017.659286 9.82647153 v(0) 913.424866 10.94780794 

R( 0) 1018.433841 9.81899815 R( 0) 914.199421 10.93853242 
R( 2) 1019.961083 9.80429565 R( 2) 915.733854 10.92020346 
R( 4) 1021.459152 9.78991669 R( 4) 917.248694 10.90216870 
R( 6) 1022.928040 9.77585872 R( 6) 918.743906 10.88442594 
R( 8) 1024.367749 9.76211913 R( 8) 920.219450 10.88697309 
R(10) 1025.778288 9.74869533 R(10) 921.675281 10.84980818 
R(12) 1027.159677 9.73558466 R(12) 923.111350 10.83292931 
R(14) 1028.511947 9.72278448 R(14) 924.527601 10.81633473 
R(16) 1029.835138 9.71029210 R(16) 925.923975 10.80002276 
R(18J 1031.129298 9.69310480 R 18 927.300406 10.78399183 
R(20) 1032.394487 9.68621987 R(20) 928.656825 10.76824046 
R(22) 1033.630774 9.67463455 R(22) 

R(24) 
929.993156 10.75276730 

R(24) 1034.838236 9.66334607 
R(22) 
R(24) 931.309320 10.73757106 

R(26) 1036.016963 9.65235161 R(26) 932.605230 10.72265056 
R(28) 1037.167052 9.64164836 R(28) 933.880798 10.70800473 
R(30) 1038.288610 9.63123346 R(30) 

R(32) 
935.135926 10.69363257 

R(32) 
R(34) 

1039.381755 9.62110404 
R(30) 
R(32) 936.370516 10.67953319 R(32) 

R(34) 1040.446614 9.61125719 R34 
R(36) 

937.584461 10.66570577 
R(36) 1041.483324 9.60168999 

R34 
R(36) 938.777652 10.65214962 

R(38) 1042.492030 9.59239947 R(38) 939.949971 10.6r>«6409 
R(40) 1043.472890 9.58383266 R(40) 941.101300 10.62584867 

•Taken from [Fr74]. These values are good to ± 3 MHz. 
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Table 2.5 Calculated t-requencies of the C O , Laser Bands* 

Line 00 '1- [10 < , 0,02°0] H Line 00 < > l - [10 o 0,02 o 0] j 

v(cm" ) A (vim) vCcm"1) X(ym) 

P(40) 995.07412 10.04952999 P{40) 896.429424 11.15536788 
P(38) 996.857280 10.03152628 P(38) 898.254315 11.73270467 
P(36) 998.623384 10.01378513 P(36) 900.056031 11.11041941 
P(34) 1000.369587 9.99630549 P(34) 901.834659 11.08850708 
P(32) 1002.095757 9.97908626 P(32) 903.590277 11.06696282 
P(30) 
P(28) 

1003.801766 9.96212632 P(30) 905.322960 11.04578194 P(30) 
P(28) 1005.487497 9.94542451 P(28) 907.032776 11.02495992 
P(26) 1007.152835 9.92897965 P(26) 908.719787 11.00449241 
P(24) 1008.797674 9.91279050 P(24) 910.384051 10.98437521 
P(22) 1010.421913 9.89685583 P(22) 912.025619 10.96460427 
P(20) 1012.025459 9.88117435 P(20) 913.644538 10.94517571 
p; i8) 1013.608222 9.86574476 P(18) 915.240846 10.92608578 
P(16) 1015.170121 9.85056572 P(16) 916.814581 10.90733089 
P(14) 1016.711082 9.83563588 P(M) 918.365769 10.88890760 
P(12) 1018.231034 9.82095385 P(12) 919.894435 10.87081258 
P(10) 1019.729916 9.80651821 P(10) 921.400597 10.85304268 
P{ 8) 1021.207672 9.79232753 P( 8) 922.884266 10.83559484 
P( 6) 1022.664250 9.77838035 P< 6) 924.345450 10.81846619 
P( 4) 1024.099607 9.76467517 P( 4) 925.784150 10.80165393 
P( 2) 1025.513706 9.75121048 P( 2) 927.200360 10.78515543 
v(0) 1026.906516 9.73798476 v(0) 928.594071 10.76896817 

R( 0) 1027.594930 9.73146102 R( 0) 929.282485 10.76099051 
R( 2) 1028.955761 9.71859080 M 2) 930.642416 10.74526567 
R( 4) 1030.295254 9.70595561 R( 4) 931.979797 10.72984633 
R( 6) 1031.613398 9.69355383 R( 6) 933.294599 10.71473039 
R( 8) 1032.910191 9.68138381 R( 8) 934.586786 10.69991589 
R(10) 1034.185637 9.66944390 R(10) 935.856318 10.68540097 
R(12) 1035.439746 9.65773242 R(12) 937.103147 10.67118389 
R(14 
R(16) 

1036.672534 9.64624766 R(14) 938.327221 10.65726303 R(14 
R(16) 1037.884023 9.63498789 R(16) 939.528483 10.64363687 
R(18) 1039.074243 9.62395138 R(18! 940.706868 10.63030402 
R(20) 1040.243229 9.61313635 R(20) 941.862308 10.61726318 
R(22) 1041.391022 9.60254101 R(22) 942.994728 10.60451316 
R(24) 1042.517671 9.59216355 R(24) 944.104748 10.59205288 
R(26) 1043.623229 9.58200213 R(26) 945.190181 10.57988138 
R(28) 1044.707757 9.57205489 R(28) 946.253036 10.56799780 
R(30) 1045.771322 9.56231997 R(30) 947.292516 10.55640135 
R(32) 1046.813998 9.55279546 R(32) 948.308518 10.54509140 
R(34) 1047.835862 9.54347943 R(34) 949.300914 10.51406738 
R(36) 1048.837002 9.53436995 R(36) 950.269649 10.52332834 
R(38) 1049.817510 9.52546505 R(38) 951.214544 10.51287542 
R(40) 1050.777483 9.51676274 R(40) 952.135494 10.50270688 

Taken from [Fr74], These values are good to * 3 MHz. 
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Process Rate Reference 
Spontaneous radiat ive rate 
Of |00°1 > at 4.3 ym 

10"3sec St66 

Spontaneous radiative rate 
of lOCl > - ( ), or ( ) n 

5 sec implying a t ransi t ion 
dipole moment of .020 Debye 

III 

Doppler width (AvD) 50 MHz To55 

Vibrational relaxation of 
the )00 o n > states as a 
col lect ion due to col l is ions 

3 -1 -1 10 sec to r r Ho66 

Vibrational relaxation 
between Fermi coupled levels 

( ) n + |oo°o > •*• |oo°o> + 

( ) j - 102.8 cm"1 

KC0 2 - C02 = 3x l0 5 sec" 1 to r r " 1 

KC0, - H = 0.8 x 10 5 sec" 1 t o r r " 1 

2 e 

KC0 2 - N2 = 3 x 10 5 sec" 1 to r r " 1 

Ja75b 

Rotational relaxation in 
the |00°1 > level 

KC0 2 - C02 = 1.3 x 107 sec" 1 to r r " 1 

KC0 2 - He =0.6 x 107 sec" 1 t o r r " 1 

KC0 2 - N2 = 1.2 x 107 sec" 1 to r r " 1 

Ja74 

Inverse of dephasing time as 
measured by Lamb dip spectro
scopy (1 /TTT2 ) 

8.5 HHz/torr Me74a 

Gas kinet ic co l l i s ion rate 8.3 x 10 6 {sec t o r r ) " 1 Ju75 

Table 2.5 Collisional and Radiative Processes in CO, 
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2.3 Basic Lxperimental Apparatus 

The basic apparatus used to perform the experiments described in 
this thesis is shown in fig. 2.3. Our laboratory includes two of these 
basic units mounted on a 5' x 24' granite table. Each unit consists 
of two stable CW CO, oscillators with all the electronic equipment 
necessary to stablize these oscillators to a specific frequency within 
their gain profile. To perform a specific measurement, one laser is 
used as a probe beam while another laser, which is locked to the center 
of the narrow saturated 4.3-u fluorescence in C0 2 (00°1 - 00°0 transi
tion), is used as a local oscillator. Part of the probe beam is 
combined with that of the reference oscillator in a square law detector. 
The resulting heterdyne signal observed on a counter gives an accurate 
frequency measurement of the probe. 

A detailed account of this experimental apparatus was given by 
T. Meyer [Me74a] and hence will not be repeated here. What we propose 
to present in this chapter is a review of the system as a whole and 
detail sections not presented in pte74a]. 
2.3,1 Stable C0 2 Oscillator 

A detailed description of the construction and operation of 
these stable CO, oscillators given in [He74a]. A descriptive review 
is in order to familiarize the reader with the "work horse" of the 
laboratory. Basically, these lasers are a modified version of the 
design evolved by Charles Freed [Fr68, Fr70] at HIT Lincoln Laboratory. 
If one calculates the limiting value of the laser iinewidth from the 
Schawlow-Townes [Sc58] formula: 

ocs P ° l cav 
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where Av is the cavity bandwidth (~ 3 MHz) and P is the laser power, 

Av = 10" Hz for laser output power of P = 1 HI So far gas lasers 

have not reached this theoretical l i m i t . The main l im i t i ng factors are 

thermal f luctuations in the cavity length and acoustical f luctuations 

in the mirrors. S tab i l i t y of our lasers is achieved primari ly by 

maintaining the optical cavity at a constant length through the use 

of four super-invar rods (coeff ic ient of expansion is 2 x 10" 6 i n . at 

25°C. 

A diagram of the laser cavity is given in f i g . 2.4. I t is com

posed of a germanium lens output mirror, two mode-limiting apertures, 

a water cooled discharge tube and a 2 degree-of-freedom grating mount. 

This diagram should be compared to the actual hardware photographed 

in f i g . 2.5. The c. at ing (80«./mm blazed at 23°35' with an eff iciency 

of ~ 92!S) is the primary tuning device which selects an individual 

v ibrat ional-rotat ional l ine from those l i s ted in tables 2.2 - 2.5. 

The osc i l l a to r is operated in the TEM cavity mode whose 

parameters are determined from [Ko66]. Typical operating parameters 

for the four lasers are given in table 2.6. More detailed descrip

tions are given in [Me74a]. 

The cavity is actually tuned across i t s given pro f i le (- ? 25 MHz) 

by applying a voltage to the piezoelectric translator to which the 

f ront mirror is mounted. This changes the length o f the cavity and 

hence the cavity resonance frequency which is determined by n(c/2d). 

Here n is an integer, c is the speed of l i gh t and d is the cavity 

lengti:. 

Since the absolute centers of the C02 lines have been measured 

with great accuracy [Pe73, Fr74] as indicated in section 2.2, the C0? 
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— 4Fluke410B 
power supplies 

Probe oscillator IPZT 
5 watts 

2 Lauda 
chillers 

Experimental 
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Kepco 
OPS2000 

Integrating 
circuit 

Integrating 
circuit 

Ithaco T91 
lock-in amp. 

Exact 126 
signal 

generator 

Kepco 
OPS2000 

local oscillator / " " ' " X \ f . 
l n : S b V — J — a 

S/D D to A 
converter 

Systion Oonner 6^51 
frequency counter 

200 
mW 

^7* 
Cu:Ge 
dect. 

HP 461A Wide 
band amplifier 

2 Fluke 4I0B 
power supplies 

1 Lauda 
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Spectrum analyzer 
HP 8552B 
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Frequency 

input 
HP 5210A 
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Ffg. 2.3 Stable C0 2 Oscillator System 
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Water-cooled 
discharge tube 

Germanium meniscus 
i lens output mirror 

Mode limiting apertures 

-Piezoelectric 
translator 

"NaCI output 
window 

Grating controls 

Horizontal 

Vertical 

Grating 

F1g. 2.4 Stable CO, oscillator design. This should be compared to 
the actual hardware depicted in fig. 2.5. 
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Fig. 2.5 Photograph of the stable CO, oscillator. 
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Table 2.6 Typical C02 Laser Operating Parameters 

Gas F i l l 
Discharge 

Mode Parameters 

Mirror Cavity w(cn) 
Laser [kV,mAj CO, "5 He H, He Total radius length iu(cm) ( f ront Formula IK066) 

' c c (R) (d) mirror] 
% % % % Itorr) ( to r r ) (meters)(ineters)(gratinq) 

1 G.7 kV 
7 raA 17.5 17.7 63.3 1.7 — 12.7 6.0 1.40 0.293 0.334 V4V d c R - d > 

2 8 kV 
13 raA 17.5 17.7 63.3 1.7 0.5 10.0 5.0 2.13 0.288 0.382 

3 8 kV 
13 111A 

17.5 17.7 63.3 1.7 0.5 10.0 5.0 2.13 0.288 0.382 " = - * - (dR)*5 

4 7.2 kV 
7 mA 17.5 17.7 63.3 1.7 -- 9.7 3.0 1.40 0.225 0.307 • 

Note these parameters vary s l igh t l y according to the part icular laser l ine used. 



laser provides an excellent secondary frequency standard for spectro
scopic measurements. To achieve the necessary stability [stable to 
± 10 kHz ] these lasers are locked to the center of the C0 2 line via an 
internal reference cell system developed by Freed and Javan [Fr70]. 
Basically, the 4.3u spontaneous emission from the ] 00°1> state (see 
fig. 2.2) is monitored by a In:Sb detector which is positioned over 
an internal absorption cell containing a low pressure (~30mt) of 
( > 99.9995%) COp gas. Since these molecules experience a saturating 
standing wave in the cavity, a "dip" in the fluorescence intensity 
will occur when the laser cavity is tuned into resonance with those 
molecules having zero velocity along the laser axis (this corresponds 
to the center of the CO, transition). We actually observe the derivative 
of this "dip" by applying a small sinusodial modulation voltage to 
the piezo electric crystal. The signal from the liquid nitrogen 
cooled In:Sb detector is detected synchronously at the modulation 
frequency in an Ithaco 391 lock in amplifier (see fig. 2.3). The 
zero crossing of this signal provides a reference for the feed back 
system. An error voltage is generated by the integrating circuit 
which is amplified by a Kepco OPS 2000 operational amplifier and 
applied to the piezo electric crystal forcing the signal toward zero. 

A detailed account of this stabilization scheme is given in [He74a]. 
Measurements performed on the system indicated that these C0 2 

stabilized oscillators provide an absolute frequency standard good to 
+ 10 kHzor about 3 parts in 10 . Although Barger and Hall [Ba69] 
have demonstrated better stabilities for the Ne-He system, these 
stabilities are more than adaquate for the experiments performed in 
this thesis. 
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2.3.2 General Laboratory Set-Up 
An overview of the laboratory table is given in fig. 2.6. All 

lasers and optics are mounted on a 5 ft. by 24 ft. granite optical 
bench which is supported on air suspension mounts. The air suspension 
combined with the massive table helps to damp o»it low frequency vibra
tions which can seriously degrade the stabilities of the lasers. The 
table has a square array of 1/4 in. x 20 holes in 2 inch centers to 
which optical mounts of LLL design are attached. Included in 
fig. 2.6 are three C0 2 lasers along with the associated optics necessary 
to propagate the C0 2 laser radiation to the opposite er,d of the table 
where the actual experiments are performed. Since we use a number of 
highly toxic gases in our experiments, It is necessary to have the 
absorption cells and gas handling apparatus in a chemical hood. This 
hood is shown in fig. 2.7. It includes both a high vacuum (provided 
by Welsch 250 H/s turbomolecular pump) and roughing pump system. This 
hood contains anumber of "U" tubes which provide the possibility 
purifying gases through fractional distillation. All gas pressure 
are monitored by a Baracel capacitive manometer. 

The main experimental cell used in this thesis is a Stark cell 
and is shown in fig. 2.8, This cell is formed by two 20 cm diameter 
silvered optical flats seperated by four ground quartz spaces. The 
plate spacing used in the experiments was either ~ 5mm or ~ 2.2mm 
depending on the specific experimental conditions. The lower plate of 
the Stark cell has a guard ring to prevent fringing electric fields 
from affecting the results. All electrical leads are attached to tabs 
that are deposited on the side of the plates, A detailed diagram of the 
biasing scheme Is glvjn in fig. 2.9. The main power source is a 0-10KV 
floating Fluke 410B supply which can be ramped by programming a Kepco 
OPS 2000 operational amplifier. The high voltage is monitored by Fluke 

-26-



Fig. 2.6 Overview of the Stable C0 2 Laser Laboratory 
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BOB voltage divider and H> 3420B differential voltmeter system. The 
Fluke voltage is stable to within t .001S and can be reset to this 
accuracy by our system. A small modulation voltage is applied to the 
bottom plate by an Exact 126 signal generator which also provides the 
reference for the lock-in amplifier signal detection system. 

This cell has a number of design problems. 
1) All edges of the optical flats should be rounded to prevent 

electrical breakdown. 
2) The gas should be confined to the space between the plates to 

avoid corona problems. For the 5mm plate spacing, we now run 
into corona problems at approximately 40 millitorr of NH, with an 
electric field of 5200 V/cm. 

If these improvements could be made, the pressure range over 
which the measurements reported in this thesis could be extended 
by factors of 2 or more. 

2.4 Data Acquisition and Analysis 
A block diagram of the data acquisition and processing system is 

given in fig. 2.10. Up to 14 channels of data can be simultaneously 
recorded on an Ampex CP100 analog tape deck. Each channel is indivi
dually calibrated with step dc voltages before and after the experiment, 
This tape is subsequently digitized, calibrated and processed on an 
EMR 6130 computor at the LLL "L" Division data center. This digital 
tape is finally processed by curve fitting theoretical and numerical 
functions to the data on a CDC 7600 computor. These curve fitting 
routines are described in appendix E, This step wise method of data 
reduction is time consuming but permits the observation of details not 
detectable in strip chart traces. 
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We FM record the signals with a ntazimum input voltage of 1.4 V. 
The measured tape/electronic noise is about 10 mV. The frequency 
channel is the most important one as far as errors are concerned. 
To estimate this error, we note that normally we sweep ± 10 MHz (~ 1.4 V) 
which corresponds to approximately ± 8000 bits when digitized. The 
difference in calibration signals between the beginning and end of the 
tape is approximately 30 bits. The absolute error in the frequency 
is then (30/8000) 10 MHz a 40 kHz. Therefore, the data acquisition 
system must be improved before more accurate measurements can be taken. 

A description of the fitting codes are given in Appendix E. We 
have the option of fitting analytic expressions to our line widths 
(such as those described in [Sm71a]) or numerical expressions (such as 
the Voigt profile). These codes will be discussed in the chapters 
dealing with each experiment. 
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CHAPTER 3 

OBSERVATION OF MOMENTUM TRANSFER IN ROTATIONALLY INELASTIC 
COLLISIONS OF C0 2 WITH FOREIGN GAS PERTURBERS 

3.1 Introduction 
Laser saturation spectroscopy has been one of the tools available 

for the examination of molecular collisional processes through the 
determination of pressure broadening coefficients (for example see 
[Me74a]). Although these broadening coefficients provide some infor
mation on the collisional processes talcing place, the measured quantities 
contain a large number of averages and hence cannot be easily related 
to the intermolecular potential. What we are really measuring in these 
experiments is a v . where the bar denotes the average over the 
relative velccity and all molecular orientations. To understand these 
collisional processes in more detail, we desire less averaged information. 
Ideally, we would like to measure the differential scattering cross 
section Sa(0,E)/3S2 directly. These types of results are typical of 
molecular beam experiments [Fa73] but have yet to be obtained in laser 
experiments. It might, however, be possible to apply the powerful 
techniques of laser saturation spectroscopy to simulate molecular beam 
experiments. The results reported in this Chapter comprise one small 
step toward this goal. 

Using the new techniques of double resonance spectroscopy (see for 
example [0k73]), it is now possible to eliminate some of these averages 
by monitoring both the initial and final states of a collision-induced 
transition in a radiating molecule. These double resonance experiments 
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can y ie ld a surprising amount of information about molecular co l l is ional 

processes. A par t ia l l i s t includes (1) co l l i s ion rates between rotat ional 

levels (e.g. [Ja74] )o r vibrational levels (e.g. [Ho73]), (2) selection 

rules for various state changing co l l i s iona l processes (e.g. [0k73] and [Ja75a]), 

(3) reorientational co l l i s ion rates (e.g. [Sh74] and [Jo75]) and (4) 

molecular veloci ty changes associated with specif ic colHsional process 

(e.g. [Me74b]) . 

In this Chapter we apply these techniques to the investigation of 
velocity changes which occur during a rotationally inelastic collision. 
It is known [Fr73a] that the change of molecular velocity gives information 
on the magnitude of the intermolecular interaction V(r), whereas the 
change of the rotational state gives information on the angular depen
dence of the intermolecular interaction V(0,4>). The experiments describe 
herein provide the possibility that both measurements can be made 
simultaneously. 

The general process under examination is 

C0 2(j,v) + MJ c o ^ j ' . v ' ) + M, 

where the pair (j,v) labels respectively the rotational quantum number 
and velocity of the (XL molecule, and H represents the appropriate collision 
partner. The amplitude of reaction (1 ) can generally be related to the 
collision matrix K.,..,(v,v' ) which for rotationally inelastic events (j f j')> 
is directly associated with the anisotropic contribution of the intermolecular 
potential. Central forces cannot develop the torque required to cause a 
rotational transition [Go64]. The measurements described herein enable 
an evaluation of the mean change of one component (2th component) of the 
molecular velocity, viz., (v - v' ) z j a v e

 s Sv_. in a rotationally inelastic 
collision. These data provide direct information on the characteristics 

-35-



of the intermolecular forces and supplement the find'ngs of alternate 
methods, such as pressure broadening and kinetic studies. 

Previous studies examing the velocity dependence of collisions 
of atomic and molecular systems include molecular beam experiments 
([T066] and [Be67]), coherent spectroscopy [Se73], determinations of infrared 
pressure broadening coefficients [Ma73], and the role of velocity cross 
relaxation on the Lamb dip [Fr73b]. 

The results reported in this Chapter are both a theoretical and 
experimental extension of the preliminary observations given in 
[Ks74a,b]. We will begin by describing the history of the double resonance 
technique and its application to the study of velocity changing collisions 
in section 3.2. A simple theoretical model will be derived in section 
3,3 followed by the experimental results in section 3.4. The Chapter 
will end with the discussion and conclusions of section 3.5. 

3.2 History of Collision-Induced Double Resonance 
Although double resonance experiments have been used to measure 

vibrational relaxation rates in the infrared, (see for example [Ja75b] and 
[Ho73]), we will not attempt to review any of this work. We will instead 
try to give the reader a flavor for the work which has been done on 
collision-induced rotational transitions using the techniques of double 
resonance spectroscopy. 

Historically, Oka [0k73] awards Cox, Flynn, and Wilson [Co65] the 
distinction of having been the first to try observing collision-induced 
rotational transitions from a microwave double resonance experiment which 
they performed in OCS in 1965. Unfortunately, they tried to observe a 
parity forbidden transition and saw no signal. The first successful 
observation of such an effect was made a year later by Oka [0k66] in the 
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rotational level system of ethylene oxide. This experiment was the first 
to show that collision-induced transitions obeying dipole selection rules 
are preferred; a conclusion which was expected from Anderson's theory 
(see Chapter 7) but had not been confirmed experimentally. This refuted 
the often used assumption that rotational energy transfer occurs randomly 
and demonstrated the fact that molecular collision-induced transitions 
can have as detailed "selection" rules as radiative transitions. This 
experiment opened a new field which was quickly filled by a number of 
groups. These groups examined collisional selection rules for a number of 
different molecular systems and some also determined transition rate 
ratios. The most active group in this area was one lead by T. Oka 
from the National Research Council of Canada. He has recently published 
an excellent review article [0k73] on collision-induced rotational 
transitions and the reader is referred to the references in this paper 
for further details. 

Double resonance experiments moved out of the microwave and into 
the infrared in 1973 with the work of Freund et al. [Fr73a]. They 
were the first to see weak infrared signals from collision-induced 
transitions between the inversion doublets of NH,. They were also the 
first to suggest that velocity changes due to the collision-induced 
transitions could be monitored by observing the width of the double 
resonance signal. Unfortunately, their signal was too weak to obtain 
any quantitative results but they provided the groundwork for future 
experiments. The experiment which really demonstrated that useful 
information can be obtained about velocity changing collisions was the 
one performed by Meyer and Rhodes [Me74b,c]. This experiment monitored 
the velocity change due to a rotationally inelastic collision in CO, 
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using the techniques of double resonance spectroscopy. This Chapter 

is an extension both experimentally and theoretically of their ini t ial 

results. Concurrently with this experiment, two nearly identical 

experiments were being performed which observed reorientational collisions 

between Stark split H levels. Shoemaker et a l . [Sh74] observed anomalous 

dips In the Stark "Lamb dip" spectrum of CHjF and interpreted them as dips 

from collision-Induced transitions between the now non-degenerate M levels 

of a rotational transition. Johns et a l . [Jo75] also observed these 

anomalous dips in CH3F but went on to extend their investigation to 

the molecules of NH3 and H2C0. The main results of these experiments 

were ratios of the collision-induced rate to the total inelastic collision 

rate. For example, one of these ratios indicated that the rate of 

AM = ± 1 reorientation collisions relative to al l inelastic collisions 

for the J = K levels in CH3F could be as high as 70*. No velocity 

effects were observed in al l of these experiments confirming the hypothesis 

that collision-induced transitions between two closely spaced levels 

with a large dipole transition moment can occur without much affecting 

the molecular velocity (see [Fr73a]). This fact has also been verified 
13 In recent photon echo experiments [Sc73] on CHjF which revealed that 

the average velocity jump per collisions was only 85 cm/sec. However, 

velocity changes for collisional fields of shorter range than dipole-

dipole forces (e.g. CO2-CO2 collisions) could be appreciable. In fact, 

i t is shown in this Chapter that velocity changes of up to 50 times 

greater than those observed in CH3F have been measured. 

Advances on the theoretical modeling of these processes have 

kept pace with the experimental advances. Since the Doppler width is 

negligible for microwave transitions, the theoretical treatment of the 

double resonance was relatively simple. Some of this theory is reviewed 
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in [Ok73]. The Doppler is appreciable for infrared transitions, however, 
and one now needs to consider velocity changing collisions in the theory. 
This has been done both 1n [Sh74] and [Jo75] and has been extended to 
include foreign gas perturbers in this Chapter. Details of the theoretical 
treatment can be found 1n the following section. 

3.3 Theory of Collision-Induced Double Resonance 
3.3.1 Introduction 

Theoretical models for collisionally induced double resonance 
problems can be found in [0c75] and [Sh74] for the case of a Stark 
tuned system. [Me74a] also outlines a method to calculate the fluores-
cense intensity for the specific system discussed in this Chapter. All 
of these theories start with the Boltzmanr> equation and include the effect 
of the saturating laser field as a perturbation en the system. The 
theory presented in [Sh74] is probably the most rigorous and solves the 
problem using a density matrix formalism. This theory is an extension 
of the three level double resonance theory developed by [Fe69] and 
[Sc66]. The den ity matrix formalism, however, tends to obscure the 
physics of the problem and hence will not be used here. What we propose 
to present in this Chapter is an approximate model based on the Boltzmann 
equation utilizing as much physical intuition as possible. A similiar 
approach was used in [Jo75], 

3.3.2 Basic Theory 
Fig, 3.1 illustrates the theoretical model which will be considered 

in this section. The problem will be formulated in terms of a strong 
saturating field (n x) and a weak signal field [Q2 ) as depicted this 
figure. The saturating field creates a perturbation in its population 
distribution which is then transferred by collisions to the levels 
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by a weak laser (labeled by Q 2). Similar effects occur for 
levels 3 anci 4. 
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probed by the signal laser. Generalizations to the case of two strong 
fields can easily follow. 

As will be explained in section 3.4, our experiment actually 
observes the fluorescence intensity of the lOtTI > state in C0 2 (see 
fig. 2.2). Our signal is thus a probe of the population distribution 
in velocity space of this level. Because we are modulating the two 
lasers at different frequencies and looking for a signal at the sum 
frequency, we will only observe perturbations due to the effect of 
both lasers. The theory which follows will try to reflect these experi
mental conditions as closely as possible. 

To begin,we define the two laser electric fields polarized in the 
X direction as 

E x(z,t) = Ej cos (2nfl,t - k,z) +E, cos(2ir£22t - k,,z). 

Note here that we define f! in terms of hertz and not radians/sec. Since 
the randomness of collision processes interrupts the coherence of 
states, the problem can be dealt with by just considering population 
changes in the levels. 

In discussing the four level problem, we will denote the population 
in the i th level (n.,) as a sum of the equilibrium population, n c, and 
its deviation from it, 5n. (i.e. n. = 6n^ + n?). We also consider the 
velocity dependence of the population distribution by denoting nA6) 

where s = v/c such that n^(6) de is the number of molecules in the i th 
level with velocity between 3 and S+dB, We then can calculate the change 
of molecular population <Sn brought about by the intense saturating field 
from the Karplus-Schwinger formula [Ka4B]: 

«n,(S) in (a) 1 (v,E./h)2 

— f = . _ J = _ U . (3.1 

» > ) n > ) 2 [ ^ ( l - S j - v ^ P + U v ^ J M u . E . / h ) 2 
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Here u, is the transition dipole moment (̂ .02 D for CO-) and 4\>( Is 
the full width at half maximum collision broadened width (~ 85kHz for 
C0 2 at 100 millitorr). Under our experimental conditions ( p ^ / h ) 
~0.7 MHz indicating that an appreciable number of molecules with velocity 
such that n,{l-B) = \>,, are pumped from the ground level (1) to the 
excited level (3) leaving a "hole" in the velocity profile in the 
ground state and a "spike" in the upper state. This situation is 
illustrated 1n fig. 3,1 . This steady-state distribution is then 
coiimunicated to other levels by collisions. We present here an extremely 
simple model for these collisional processes. The collision-induced 
transition rate from levels 1 ** 2 and 3 «-* 4 is indicated by k. and 
assumed to be equal. All other collision-induced transitions which connect 
levels 1, 2, 3 and 4 to the thermal bath are indicated by k». In this 
model we will neglect elastic collisions since they add nothing to the 
qualitative understanding of the solution. We also must consider the 
velocity changes accompanying collision-induced transitions. We 
describe the collision rate from 1 +* 2 and 3 •*-* 4 with the molecules 
changing their velocity from 6 •* B' by k.p(8.&') where p(B.B') is 
normalized such that 

CO 

/ POMS')d&' * 1 

Using the Boltzmann equation presented in [He74b] and detailed in 
[Me74a], we have the equation for the steady state population distri
bution of the 1 th state 

d n,(B) °jr 
• » / d&'Ck^B') ptB.B'Jnj'B*) - tyB) n.<8) p(B.B')] [3-2) 

+ 11,(6) - k 5 n,(B) = 0 
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where R.(p) 1s the term which describes the thermal pumping of the i th 
level. Here (i,.i) = (1,2) or (3,4). Using the principle of detailed balance 
(see for example [Fr73b]) at equilibrium (i.e. n. = n?) we find the relation
ship for the pump term 

»,(6) • k c n° . 

In eqn. (3-2), we have left out the perturbation in the i th level 
(assuming i = 2 or 4) generated by the £2, radiation field since its 
intensity is initially assumed to be weak. 

Since we are only interested in the change in the i th level 
from equilibrium, we subtract out the equilibrium contribution to 
(3-2) leaving 

00 

T«nj (e') ye') p(e.e') ap - «ni (ye) + ye)) = o. (3-3) 
-co 

Here we have neglected the small change in the pump term Rj(P) due to 
the non-equilibrium distribution. The derivaiton presented in [Sh74] 
explicitly keeps the contributions but they do not add to the under
standing of the problem. 

From eqn. (3-3), we see that the population difference transferred 
from level 1 ->• 2 or 3 •* 4 is given by 

«n.(e) = rye) + y e ) r l fsn.jtB') y e ) p(B;e)de' . (3-4) 

By conservation of energy, the intensity of the fluorescence 
signal is proportional to the amount of energy absorbed from the two 
laser fields. Assuming that the absorption coefficient can be written 
as 

AI, 
- T a « 2 L , (3-5) 
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we see that the total energy absorbed from the signal beam is 

AW = I2ajL/c . (3-6) 

Our signal, however, is only due to the change in the absorption 
coefficient (a,) due to the colltsionally transferred populations 
Snz and 5n 4. Therefore, using eqn. (3-6) and the usual equations for 
the absorption coefficient, we obtain the contribution to the change in 
the total energy absorbed 

-8n 2 v 2 ^^ (Av 2 /Z ) [6n j (B) -6 iv (g) ] I 2 L/c 
AW(6) = i - - i i - - - . (3-7) 

Ch{[f i 2( l - |5)- v 2 J 2 + [Av 2 / 2 ] 2 + [ n 2 , E 2 / h ] 2 t 

Substituting in eqn. (3-4) for 6n 2 and Sn^ and using the MaxweUian 

velocity d is t r ibut ion 

n°((S) = n° (mc 2/2irkT)"%xp (-mc 2B 2/2kT), 

we calculate the tota l signal by integrating over B leading t o : 

AWT = J AW(g) dB = 

. m'*v**v>>-z > i (mc 2/2TrkT)' /MAM 2/2)(L/c) (3-8) 

x j [ n l ( l - B ' ) - v l 3 ] 2 + [ A M J / 2 ] 2 + [ u i 3 E , / h ] 2 r ' dfJdfS' . 
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Note this equation assumes both the probe and pump lasers are 
traveling in the same direction (indicated by the 1-B term). This should 
be interpreted as the variation in the energy absorbed from the probe 
beam (E 2) due to the perturbation caused by the pump beam (E, ) and nojt the 
total energy absorbed. Remember that this expression was derived for a 
weak probe beam (i.e. E 2 •+ 0) such that it did not affect the 
populations of levels Z and 4. However, note from (3-8) that if this 
were the case, we would have no signal! Normally, Ej ~ E 2 and this 
is included to first order in eqn. (3-8) by inserting a power broadening 
term [(uZI|E,,/h)2] in the linewidth function in eqn. (3-7). Since this 
effect can be observed for either beam, a term identical to eqn. (3-8) 
with all subscripts interchanged (i.e. 1 ** 2 and 3 +-• 4) must be 
added to AW,-

We now assume that k(g) and exp[-mc 2B z/2kT] are slowly varying 
functions of B compared to the Lorentzian expressions in eqn. (3-8). 
These functions can then be treated as constants with B=g where 6 
is determined by the position of the pump laser (i.e. QjO-Bg) = v 1 3 ) . 
Hence eqn. (3-8) can be written as 

DO CO 

AWT = - C ( g 0 ) / y p(BlB) {[fi,(l-B) - v 2 J 2 + [ a v 2 / 2 ] 2 + [ y 2 4 E 2 / h ] 2 | -
—CD — 0 0 

* { [ n ,0 -B ' ) - v 1 3 ] 2 +[Av 1 /2] 2 +[u l 3 E 1 /h] 2 } - ' dBdfS' 

with 

C(So) = (TrhL/2c)(v2,avznJ + u^A^np exp(-mc230/2kT) 

x ( p . ^ / h ) 2 (n2„E2/h)* (mc*/2i*T) 
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3.3.3 Limiting Cases 
The integration in eqn. 3-9 cannot be done analytically without 

assuming a general form for the velocity part of the collision kernal 
p(P,B'). We can, however, gain some physical insight Into the problem 
by considering two limiting cases. 

Case 1 
If the molecules change their rotational state without changing 

their velocity, we can approximate 

p(B.B') = 6(3,3'). 

This reduces eqn. (3-9) to 
(3-10) 

iw T = -C(6 0)y* {[n 2(i-B)-v 2j a+r 2
z[" {[n 2(i-e)-v 1 3] 2+r^" dp 

where r, is defined as r? = (A\),/2)2 + (viE./h)2 . 

Defining As = (ft]-v
13) and A 2 - (ft2-\>2») and assuming that Qi = a2=a 

(an appr-oximation gocd to about 1 part in 300 for our case), we can 
evaluate the integral in eqn. (3-10) using contour methods to be 
[see Jo75 and Sh74]: 

-C(fl0) (r +r ) ir 
AWT = — F T 2 - — (3-11) 

T B r1r,[(A,-A1)»+{rI+rf)'] ' 
Thus the total double resonance signal can be written assuming 
n° = n° = n° , vl} = v ^ * 0 , v}3 = v^ « y , and Av, = Av., = Av as: 

AW T = - (2ithL/c) n 0 (Av/2)<V»Vh)2 (pE 2/h) 2 (mc2/2irkT),n 

(3-12) 
,,Aj . x exp <- mc 23 2/2kT) (,^£-) ^f- G(A„ 
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Here the normalized lineshape function G(a >,a i L) i J a Lorentzian and is 

wr i t ten as 

G(v,,v ) - 1 ^ ^ (3-13) 

There are several interesting points to be made about eqn. (3-12). 
First, the signal goes as the product of the two laser intensities 
Ij and I 2. This has been verified in ISh74] and in our experiment. 
Secondly, eqn. (3-12) exhibits a sharp Lorentzian sharp resonance when 
A,= A 2 with a width [T1+V2). Note by observing fig. 3,6. this is 
qualitatively what we see from our signal, where the curved background 
comes from terms not included in eqn. (3-12). Thirdly, the intensity 
of this collision induced resonance is governed by the factor 
(ki/k.+k,) which is the ratio of the rate of dip transferring collisions 
* * £ 

<t> to the total inelastic collision rate. Hence, one can 'btain information 
about specific rate coefficients by monitoring relative intensities. This 
has been done in [Jo75] for the case of NH-, H.C0, and CH,F. 
Case 2 

If the velocities of the molecules change very much during a 
collision which results in changes of rotational state [i.e. the 
change in p(B,B') is much slower than in the Lorentzian function 
in eqn. (3-9)] we can approximate p(B.e') =p(3 ,8 ) and remove 

01 02 
it from the integral. Eqn. (3-9) then becomes 

A W T = -C(6 0) p(6 c l.B 0 1) j j j ^ r - (3-14) 

where the shape of the line is now contained in p(e ,8 ) c-.id the 
01 02 

sharp Lorentzian feature in eqn. (3-13) is lost. 
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3.3 A Intermediate Case 
For most cases of interest, there is some velocity change associated 

with a molecular collision. Hence, we cannot approximate the collision 
kernal p ( M ' ) by a delta function. This problem can be handled in 
several different ways but here we will follow the treatment 
outlined in [Sh74]. 

To begin, one roust assume some form of p(g,g'). Keilson and 
Storer [Ke54] first addressed this problem when solving the Boltzmann 
equation for Brownian motion. We will use here the collision kernal 
which bears their name. 

We begin by choosing the kernal p(B,8) to be a symmetric function 
of an arbitrary linear combination of velocities 

p(S,S'! = p(3-«B') . (3-15) 

From this we find that 

,(?') de / B p(8,B 

which shows that the center of gravity of the velocity distribution 
after the collision is aB'. If a = 0, we have complete randomization 
and if a = 1 the distribution is symmetric around the velocity before 
the collision. Following [Sh74] and [Ke52], we define 

o(e.e') = — - — exp [ - ie-as.'V/z&e2! (3-16) 
W'*ts 

where &3 is the RMS velocity jump per collision and is related to the 
— I by 

(AB) 2 = 0 - « 2 ) 3 j n l s . (3-17) 
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It has been shown [Ke52] that this value for (AB) 2 leads to the proper 
thermal equilibrium conditions. Note that for a=0, we have the random 
collision kernal used in [Fr73b] in their study of the "Lamb dip" in 
CO lasers. Taking the limit as a •* 1 , (Ag + 0) we obtain a very narrow 
velocity distribution for the collision kernal which becomes the delta 
function 6(f3,e' ) used in Case 1. 

Inserting eqn. (3-16) into (3-9), we obtain 
CO 

AW T = -C(&o)j dB {[Aj-!22g]2+r^j"' (3-18) 
—00 

* ? f dB' exp [-(B-c")2/2AB2] j[A -n.B'] 2+r 2 } " 
(2it) , / 2A0^ I > » 'I 

Unfortunately, there is no closed form solution for this integral and 
it must be evaluated numerically. Our data, however, is not of sufficient 
accuracy to warrent such drastic measures. We can arrive at an approxi
mate solution which is accurate enough to analyze the qualitative 
features of our data. One can put the B' integral into the form of 
the Voigt profile. The resulting lineshape (discussed in appendix F) 
has enough Lorentzian character for Tl > a AB to justify the approximation 

- J f dB'exp[-(B-aB')72AB 2] {[A -n.B'P+r? 1 " (3-19) 
!n)" "AS J I » ' ij (2*)"'AB J, 

a {(A-ns)2+r; i-r 
where r i 2 ~ r2. 

' l ' l •(nig)2 . 

Note this approximation has the right limiting value for a •» -\ 

(i.e. AB -f 0) and is probably good to ±(20-30)%. rj can be interpreted 
as the width of the transfered population perturbation due to the 8, 
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laser. This is then convoluted with another Lorentzian to determine 
the Uneshape. This leads to an integral similiar to that discussed 
in Case 1 of section 3.4.1 (eqn. 3-11) except that now r ; is replaced 
by r|. The total lineshape function is now the same as eqn. (3-13) 
and 1s given below as 

-£- G(A 1,AJ = -2 i (3-20) 

r;r2 r2r; (vV+rf 
where we have defined 

rT= r2+r;= r^T^im)2)"1. ( 3. 2 0 a ) 

For case of r > I2AB (i.e. small velocity jumps), eqn. (3-21) can be 
rewritten as 

r2 _ r ^ r ^ + r ^ n A g ) 2 

a ( r , * ^ ) 2 + (fiAB)2 . (3-2%) 

This is the "addition" formula suggested in [Sh74] and will be used in 
the subsequent analysis to evaluate the velocity changes that occur during 
a r&tationally inelastic molecular collision. Contrary to the assump
tions used in deriving eqn. (3-20b), our experimental velocity jumps are 
of the order of or larger than r. We still, however, will use eqn. 
(3-Z0h) as our "addition" formula since 1) 1t simplifies the theory 
immensely (see appendix B) and 2) our theory 1s so approximate that 
almost any reasonable "addition" formula (e.g. T\ - r 5 +S2AB) will serve 
the purpose of obtaining order of magnitude estimates of these velocity 
jumps. 
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Note that eqn. (3-20) does not include any effects from foreign 
gas perturbers. The generalization of these effects to include two 
types of collisional processes is the subject of the next section. 

3.3.5 generalization of Theory to Include Foreign Gas Perturbers 

One can easily generalize eqn. (3-9) to include the effects of 
foreign gas perturbers. We rewrite eqn. (3-2) to be 

dnj(6) °r , , 

- W n i ( B ) + R i ( 6 ) - ( W n i ( e ) • ° 

Here x refers to the radiating molecule and m refers to the perturbing 
molecule. Note the collision rates K. - now depends on the partial 
pressure of the i th gas and mt_ on the total pressure as before. 
Carrying this notation through, we modify eqn. (3-9) using the 
approximations indicated in eqn. (3-12) to be 

AWT £ ^ f f Px(B.e')D10sd3dB' 

where 

A = -(2irhL/c) nQ (Av/2)v(yE1/h)2( )iE2/h)2 

I / 2 
x (mc 2/2itkT) exp(-mc 2 e 2 /2kT) 

<J)X £x v <fm ?m' 

- 5 1 -

(3-22) 



and 
D, = {[^(l-eJ-v^+Uv/ZJMyE/h)*}. 

Here (Av/2) is to be the homogeneous pressure broadened line width 
defined by the FWHM expression 

where P and P are the partial pressures of the radiating molecule 
(x) and the perturbing molecule (m) respectively. The primes in eqn. 
(3-22a) indicate a pressure independent constant. Note that in the 
limit that the partial pressure of the perturbing molecule m goes 
to zero (i.e. k_ =0). we recover eqn. (3-9). 

There are two limiting cases which can be handled using the 
Kielson and Storer collision kernal presented in section 3.3.4 These 
are the cases (1) JIABJ < T\ the velocity change is less than the power 
broadened width and (2) SIAR. > p, the velocity change is larger than 
the power broadened width. 

Case 1 
For Qh$ < r, we evaluate the integrals in (3-22) using the expressions 
developed in the previous section. Defining V^. as in eqn. (3-20b) 

rfi = (rj+rJ'+CttUj)* (3-23) 

where A8* with i » x,m is defined as the RMS velocity change associated 
with the x-x and x-m collisions, we have that 

ATT 2 

AW T = 
or, 

52 
T ix *T i"l 

(3-24) 



where r^. is defined as in eqn. (3-19) with the appropriate collision 
partner and 

G.(A ,&,) = - - . 

If we now define the ratio of the partial pressures as R = P /P , 
then eqn. (3-24) can be rewritten by taking the pressure dependence 
out of k. and defining a new pressure independent collision rate k!. 
This gives 

Air 2 

aw T = — 
nr. 

k' G (A ,AJ k' R G m(& 
PX x i' t' + flu m • 

Lkx + k m R r u K + W rlm J (3-25) 

Note this gives us the right limiting values as R •* 0 and R -* ». 
When R •* 0, eqn. (3-25) reduces to the pure gas case of eqn. (3-"2). 
When R* «•, the lineshape 1s just results from x-m collisions assuming 
there is still some x around to absorb the radiation (i.e. n_ in 

o 
eqn. (3-22) / 0 ) . 

Note that the lineshape function of (3-25) is the sum of two 
Lorentzians with different heights and different widths. Since our 
experiments measure the height and width of the total distribution, it 
is necessary that we obtain an expression for this width in terms of 
meaningful parameters. This is done in appendix B and just the result 
will be quoted here. From eqn. (B-12), the linewidth of our collisionally 
induced double resonance signal is 

A vFWHM = 2 {< ri + r*> 2 + f- C^xH+C) + Ae m(l-0]}" 2 (3-26) 
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where C is a function of the ratio of the partial pressures defined 
by eqn. (R-7) to be 

1 - R' 
1 + R' 

(3-27) 

where 
K„ r. Tx 'ix 
k' r r1 

V 'Tm 'im 

and has a value which ranges from -1 < C < 1. Note that eqn. (3-26) 
has the correct limiting values for C = + 1. 

Case 2 
For Avp > S2AB > r (where Av- is the Doppler width), we 

can use the formalism developed in section 3.3.3 to evaluate eqn. 
(3-22). For this limiting case, we can write AW T as in eqn. (3-14) 

AW T = 
-An 2 kl„ k' R 

k'+k'R x 0 1 k'+k'R m " o z x m x tit 
(3-28) 

where p {8,6') is defined by eqn. (3-16). Since the velocity changes 
1n this experiment are typically of the ordar of (1/10) the thermal 
velocity or less, we can safely approximate a = 1 in eqn. (3-16) 
leading to 

-Air2 1 
AW T - ar.r, 

k;x expE^-A,,) 2,^^)'] 
k'-Rk* 
X IT) 

Rk. $m_ 
kx + R k'm 

(2-T)"1 

exp^-A,)'/?^)'] 

(RA6 X) 
(3-29) 
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To find the experimental width of this lineshape, we must again 
solve the equation 

y6(0) - S ( A M ) 

for (&,,2 ). where 

G (A) = A exp-(A/« x) 2 + B exp-(&/« m) 2 . 

Unfortunately, this leads to a transcendental equation which must Se 
solved numerically. Hence, there is no easy formula to use to fit the 
experimental widths. Eqn. (3-26) can be used, however, with reasonable 
accuracy since it does give the correct limiting values. 

3.3.6 Relative Intensities 
To obtain an order of magnitude estimate of the collision induced 

transition rate k., we must first estimate the signal intensity for 
the case of both the pump and probe lasers on the same line. This 
also gives a measure of the power broadened linewidth (r,+r2) which 
is necessary in the determination of the velocity jump per collision 
[A3 in eqn. (3-26)]. Using an analysis similiar to that presented in 
section 3.3.3 we calculate the normal "Lamb dip" signal to be 

i W T L = fFT G ( V A 2 > I 3 " 3 0 ' 

where 

G(A,A) = i L W 
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These equations were derived assuming no cross relaxation. For a 
general derivation of the "Lamb dip", see [La64], [Ha69], [Fr73b], 
[Se66], [Me74a], and references therein. All quantaties in eqn. (3-27) 
are assumed to be evaluated for the same line. This expression is also 
valid for the case of foreign gas broadening if the (Av/2) term in 
r and T 2 is interpreted to be proportional to the total collision 
rate as in eqn. (3-22a). We will now compare this intensity to the 
intensities of the collisionally induced double resonance signals for 
the two limiting cases considered in section 3.3.5 

Case l (nae<r) 
Taking the ratio of eqn. (3-25) to eqn. (3-27) at line center 

(i.e. a, = a 2 ) , we have that 

i W m , W!i!/'Jk_ + R J&u ) (3-3D 
T W * ) \rTxrw Vim/ 

For the case of R •* «, this easily leads to the evaluation of the ratio 
of the collisionally induced rotational transition rate (k' ) to the 

(3-32) 

For this case, we take the ratio of eqn. (3-29) to eqn. (3-30) 

at line center resulting in: 

' W L = J_ J W ( i k + 2k.\ . (3-33) 

total rate (k^) as 

r ( r +r ) 

JTmJTm \ K m , 

Case 2 (M>Q > nae > f) 

< 2 *>" 8 k ; + % \°% mm 
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Taking the limit as R •> •» , we again have for the relative intensities 

This is the formula used in this thesis to estimate the AJ = 2 
collision-induced transition rate for CO -H collisions. 

3.3.7 Simple Relation Between Intermolecular Forces and the Velocity Change 

We start by expanding the intermolecular potential in terras of a 
multipole expansion as done in section 7.3. If we assume one dominant 
term in this expansion, we can write the interaction potential as 

V(r)=-C n r " n (3-35) 

where the C 's are constants which contain the multipole moments and n 
geometrical factors. The first few terms in our expansion can be found 
in section 7.3. The n appearing in eqn. (3-35) is a numerical constant 
whose value is determined by the particular term used in this expansion. 
A partial list of the interaction types for different values of n is given 
in table 7.2. The corresponding (central) force will be given by 

F ( r h | = - » C n r - W ) . (3-36) 

For this simple calculation, we will use Anderson's approximation of 
straight-line trajectories for the collision partners. This is entirely 
adaquate for the longer range potential n = 3,4 but breaks down for the 
shorter range potentials. See Chapter 7 for a discussion of this point. 
Symmetry of tie collision geometry before and after the point of closest 
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approach results in zero net transfer of momentum in the direction of 
motion. The transverse force component, F, is 

F . Fpco*. Fr i ( 3" 3 7 ) 

where b is the distance of closest approach, and x is the distance 
along the trajectory measured from the plane of symmetry. This collision 
geometry is illustrated in fig. 3.2. The total transverse momentum, 
P, obtained during the collision is then 

»• I F|«- I ' , 1 * ~ • (1-MI f^.J 
Substituting (3-3b) into (3 ""8) and integrating results in a 

value for the momentum transfer of 

P = K/bJJ (3-39) 

where K is a constant determined by the integration and b is the 
average distance of closest approach similiar to b defined in Chapter 7. 
From this elementary result, we draw the conclusion that the longer range 
forces (large bo) are less effective in transfering linear momentum. 
We will see in section 3.4 that just the opposite holds for transferring 
angular momentum. 
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Fig. 3.2. Geometry for momentum transfer during a collision. 
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3.4 The Four Level Experiment 
3.4.1 Apparatus 

The experimental method used for these experiments is basically 
the one presented in [Me74b] when the initial results of this experiment 
were published. This technique will be reviewed here for completeness. 

The experimental technique involved in the generation of a perturbed 
velocity distribution of a particular rotational level and the detection 
of the collisional transfer of this perturbation to a near-by rotational 
state is illustrated in fig. 3.3. A saturating electric field from a 
CO, source, operating at a fixed frequency on a given 10.6 u P(0) 
transition (in our case P20 at +12 MHz) is used to generate a non-
equilibrium distribution in the |10°0, J > level of the CO, absorber gas. 
Inelastic rotational collisions transfer this perturbed distribution to 
other rotational states in this manifold. Similiar processes occur in the 
upper 00°1 level. If one now uses another CO, source to frequency scan 
the Doppler profile of one of these nearby rotational states, the perturbed 
velocity distribution of this level can be detected. 

A diagram of the exoerimental apparatus necessary to perform these 
double resonance experiments is given in fig. 3.4. Four stable CO, 
sources are necessary and are operated in two probe/local oscillator 
pairs (1,2) and (3,4). The two labeled 1 and 4 serve as local oscillators: 
by heterdyning them with their respective probes in helium cooled Cu:Ge 
detectors, the frequency measurements It̂  - <u2] and |ws - u j are esta
blished. The two beams originating from oscillators 2 and 3 are collinearly 
combined with a beam splitter and passed through an absorption cell which 
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-T-*, 

10°0 

$P oo° 1 " 3 <i> 

w 2 = « 0 

4.3 ju fluorescence 
to C 0 2 ground Q0°0 
state 

Fig. 3.3 Population distributions demonstrating the effects of the two 
electric fields (W 2.OJ 3) and collisions in the four level 
saturated resonance effect. 
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Local 
Oscillator 
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Saturating 
Laser Chopper-^ . 

1 CO, Absorption Cell 

Probe 
Laser 

p-v 
#4 
Local 
Oscillator 

-k 
°2 + w3 In:Sb 

Detector 

Reference 

J_ 

(u„+0). 
^m. 

Phase Sensitive 
Amplifier 

I 
C u : G e * Co u n t e r - X _ Y Detector c o u n t e r * Recorded 

Fig. 3.4 A schematic diagram of the experimental apparatus illustratinn 
the two pairs (1,2) and (3,4) of stable probes and local C0 2 oscillators operating on P(j) and P(j') transitions, respec
tively. The probe beams Uj and u, are combined by a mean 
splitter (B) and pass in spatial coincidence through the 
absorption cell. Modulation of the two probe beams is provided 
by the chopper. The oscillator frequencies are established 
by heterodyne techniques. 
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contains a gaseous mixture of CO, and the collision partner M. The 
pressures of the gases in the absorption cell are accurately measured 
with a capacitive manometer. Under typical experimental conditions, 
oscillator 2 is locked to a specified frequency within its gain profile 

by a frequency counter feedback system. The intensity of both beams 
2 

ui2 and uij enterinq the cell is approximately 20 W/cm . A large mirror 
at the bottom of the absorption cell collects the 4.3 |i fluorescence 
arising from the CO, (00°1 - 00°0) transition and focuses it through a 
sapphire window at the top of the cell into a liquid nitrogen cooled 
InSb detector. The 4.3 u fluorescence is observed by mechanically 
chopping the iu? beam at 780 Hz, the UJ3 beam at 54 Hz, and detecting 
synchronously at the sum frequency of 1320 Hz. At the same time oscilla
tor 3 is scanned in frequency by applying a dc ramp voltage to the piezo 
electric translator locatinq its output mirror. This technique ensures 
that only the component of the fluorescence due to the combined interaction 
of both radiation fields is detected. Both the fluorescent intensity 
and the frequency of oscillator 3 are simultaneously recorded on magnetic 
tape for subsequent numberical data reduction. 
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3.4.2 Experimental Results 
This experimental arrangement was used to examine the velocity changes 

in collisions of CO- with itself and the foreign gas perturbers of 
tU. Ne, NH-, and CH,F. An analysis of the dominant term in the inter-
molecular potential indicates that these collision partners will provide 
a wide range of interactions from which some general conclusions can be 
drawn as to the effectiveness of certain types of intermolecular forces 
1n causing velocity changing collisions. 

Figures 3.5 and 3.6 Illustrate typical data obtained with this 
experimental method for pure CO, at a pressure of 40 millitorr. In fig. 
3.5 a narrow, two level resonance is exhibited when both lasers 2 and 3 
are operated on the 10.6-n P(20) transition. Laser 2 is locked +12 MHz 
above the P20 linecenter on this data. The FWHH of this resonance is 
2.1 ±0.1 Mlfe and is primarily determined by power broadening. This 
resonance is the one which corresponds to eqn. (3-30) in section 3.3.6 
with its width giving a measure of the velocity spread of the radiatively 
produced perturbation of the molecular population. 

Fig. 3.6 exhibits the nature of the four level signal when source 
2 is set to a specified frequency on the 10.6->J P(20) transition while 
source 3 is scanned across the 10.6-u P{18) transition. Included in 
this figure are data taken at three different pressures illustrating the 
effect of pressure on the four level resonance signal. Note that the 
fitted widths for these resonances are approximately three times as broad 
as the width of the resonance in fig. 3.5 indicating that the molecular 
velocity has changed appreciably during the rotationally inelastic collision. 
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Frequency (MHz) 

Fit. 3.5 Saturated resonance observed in 4.3 um CO? fluorescence 
(40 mllHtorr of C0 2) using the apparatus of fig. 3.4. Both oscillators were set on the 10.6 um P(20) transition 
Oscillator 2 is locked +12 MHz above line center while 
oscillator 1 is swept through the resonance. The fitted 
width (indicated by the dotted line) is approximately 
2 MHz, 
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-20 -12 -4 4 12 20 
Frequency (MHz) 

Fig. 3.6 Comparison of data taken for the four level double resonance 
experiment in pure CO? at three different pressures, Hera the 
dotted line is a Gaussian pljs Lorentzian (centered at +12 MHz) 
fit to the total signal. The dashed line is the computer 
determined Gaussian background contribution to the total signal. 
All fitted widths are ~ 6 MHz 
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Both of these resonances were fit usinq a numerical computor code similiar 
to that used in [Me74a]. In both of these fiqures, the dotted line is a 
best fit to a Gaussian centered at line center to determine the backtiround 
contribution to the total signal plus a Lorentzian centered at +12 MHz 
to determine the collision-induced contribution to the total signal. The 
height and width of this Lorentzian are then recorded for subsequent 
data analysis. Note that the problem of the background signal which 
limited the accuracy of the results in [Me74a] has been solved by taking 
the data 3t a laser frequency which does not correspond to line center thus 
creating an asymmetric total signal. The numerical methods used in reducing 
this data are similiar to those used in reducing the two-photon absorption 
data (see appendix £ ) and will not be discussed further here. The 
reader is also referred to [Me74a] for additional details. 

In figures 3.5 and 3.6, the signal was determined by contributions 
from both the upper and lower states. We report additional measurements 
isolating the contribution of the rotational levels in the upper (00°1 ) 
state, an effect which was below the detectable limit in the earlier 
studies of [Me74a]. This refinement was obtained through improvenents 
in the experimental conditions which resulted in a substantially 
increased signal to noise. 

For the experimental configuration illustrated in fig. 3.4, the 
influence of the 00 1 level is isolated when oscillator Z is operated on 
the 10.6-um P(20) transition and oscillator 3 is operated on the 9.6-pm 
P918) transition. No contribution from the lower I0°0 and 0Z°O levels is 
expected under these conditions, since the 10°0 «-* 0Z°0 collisional 
rate is much less than that associated with rotational transfer and essen
tially complete velocity redistribution will be generated in collitionally 
induced transitions between these two states. Data demonstrating this 
effect are shown in fig. 3.7 which corresponds to a gas mixture composed 
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(a) (b) 

F1g. 3.7 Comparison of four level resonance in COo-H, mixtures with 
partial pressure ratios of (H^/CO,) = 2 for the case (a) 
oscillator 2 on the 10.6 um P(20) line and oscillator 3 on 
the 10.6 um P(18) line, and (b) isolates the contribution to 
the collision-induced signal from the upper state. Note that 
1n this case both widths are the same indicating that the 
velocity changes are not sensitive to the particular CO, 
excited state. 
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of a 2:1 ratio of H, to C0 2 at a total pressure of 30 mlllitorr. Here 
case (a) is the contribution from both upper and lower levels while 
case (b) isolates the contribution from just the upper |0D°1 > state. 
Note that both widths are the same indicating that the velocity change 
does not depend to first order on the vibrational state of the radiating 
molecule. 

Tf we compare the ratio of the heights of the two signals (Ru) as 
shown in table 3.1, we should expect from our simple theory that this 
ratio should be 1/2 since we have assumed that the collision induced 
transition rate for the upper state k. equals the rate for the lower 
state k... Using a modified version of eqn. (3-33) applied to this 
case, we see that 

k' k' 
n&B. &iB m 

n - X "I 
k' +k" k' +k' 
!MB„ flag A m 

Note if k'j • k ' ^ this ratio equals .5. However, we see from table 3.1 
that R H = .39 leading to the conclusion that 

k;iu - •« %u 

for both COj-CO, and C02-H„ collisions. This means that the lower 
vibrational level (10°0 - 02°0), (see fig. 2.2) is approximately 
1.6 times more effective in transferring the population perturbation 
1s the |00°1 > state. 

Since we extensively studied the COp-hL collislonal system, we will 
use this data to compare to our theoretical model developed in section 3.3. 
As is the unfortunate case with most problems in physics, it takes new 
experimental results to motivate extensions in the theory, fence, the 
theoretical model described In section 3.3 was not developed until long 
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TABLE 3.1 

Ratio of Signal ffeights for COj-f^ Mixtures for Case 

Illustrated in Fig. 3.6 

Total 
Pressure 
(millitorr) 

Ratio 
P u /P , CO, 

ffeight Ratio 
R H 

30 2 .39 

40 3 .39 

50 4 .37 

70 6 .39 
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after the experimental work was completed. With the hindsight gained by 
an understanding of these processes, we could now design experiments 
which could check specific points of the theory. Although our data 
is not as complete as would be desired, it does reflect the qualitative 
features of the model and in several specific cases (such as C0 2-H 2) 
enough data was taken to develop reasonably accurate numbers for 
velocity jumps and collision rate ratios. 

We begin by comparing the ratio dependence predicted by eqn. (3-26) 
to our experimental results. This is done in table 3.2 and the results 
are plotted in fig. 3.8. Here the circles are the experimental points 
and the solid line is the theoretical prediction of eqn. (3-26) using 
the parameters listed in table 3.2. Note that the data is fitted extremely 
i.ell and is a very sensitive function of the ratio of the partial pressures 
of two gases. Here the pressure dependence is neglected since this 
comprises a very small portion of the total linewidth. If, on the 
other hand, we keep the ratio of the partial pressures constant and vary 
the pressure, eqn. (3-26) predicts that the linewidth will remain approxi
mately constant- only slightly varying due to the pressure broadening 
contribution to r as shown in eqn. (3-10). This data is shown in fig. 3.9 
for the two different ratios (Pu/Ppn ) o f 7 a n d '• H e r e t n e slope of 
the line agrees with the slope measured from the power broadening measure
ments (both lasers on the same line) and is approximately 10-12 MHr/torr 
Care must be taken not to interpret this slope as the "pressure broadening 
coefficient" since our simple model indicates (see eqn. 3-1) that 
broadened width (Av) and the power broadened width (uE/h) add as the 
sum of the squares. The interested reader is referred to [He74a] for 
detailed methods of deconvolving the pressure broadened slope from power 
broadened liiswidths. 
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Table 3.2 

CO,-H? Data Dependence on the Ratio of the Partial Pressures 

Ratio C Theory Experiment Parameters 
V P C 0 2 fT-Rk A vFWHM a vFWHH u s e d f o r t h e o r* 

0 1.0 6.0 6.0±1 

.5 +0.43 8.9 9.3±1 Refer to eqn. (3-26) 

1 +0.16 10.0 10.3±1 r ,+r 2 = 1.4 MHz 

2 -0.23 11.5 11,3±1 nABx = 2.6 MHz 

4 -0.52 12.5 12.4±1 QABm = 6.8 MHz 

6 -0.66 12.9 12.7±1 k = .80 

7 -0.70 13.0 13.4+1 

11 -0.80 13.3 13.241 

m -1.0 13.9 — 
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Fi;. 3.8 

4 6 8 
Ratio P H 2 / P c o 2 

Ratio dependence of C0?-H 2 data for the four level resonance. The sclie line is the theoretical Dredlctlon of eon. (3-26) 
using the listed oarameters. "he ex->e-i-?ental "oints indi
cated by the circles are taken from table 3.2. 

-73-



M 

13 

X 1: 

I « -

20 40 60 
Total prttsurt (mTorr) 

80 

F1g. 3 9 Comparison of the pressure dependence of C0,-H, collision induced 
linewidths for two different ratios of the partial pressures. 
The fitted slope for the two cases is rouqhly 10-12 MHz/torr •ihich 
is what one would expect from the linear pressure broadening 
coefficient. 
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We have also taken data for the foreign gas perturbers of He, NH,, 
and CH,F. Fig. 3.10 compares the signals obtained using these three 
collision partners at roughly the same CO«-M collision frequency. A 
comparison of the signal heights and widths indicated in this figure affords 
a particularly graphic demonstration of the fact that longer range 
intermolecular force fields can be extremely efficient in transferring 
angular momentum (i.e. causing a rotational state change} and yet 
transfer very little linear momentum in the process. The fact that 
long range forces easily transfer angular momentum can be understood 
using a classical model slmiliar to one proposed in [Ho73]. Since the 
change in the angular momentum is equal to the torque applied during a 
collision, we see that for a given force field, the longer the lever 
arm (effective interaction radius), the larger the torque. This leads 
to the anticipated result that long-range intermolecular forces are the 
most effective in transferring angular momentum. This, coupled with the 
results of section 3.7 which indicate that long range forces will cause 
little velocity change, explains the qualitative features shown in fig. 
3.10 since the dispersion forces for C0«-Ne collision are of much shorter 
range than the dipole-quadrapole forces of C0»-NH, and CO.-CK, collisions. 

CO, velocity changes for these collision partners were obtained 
by taking data at two different ratios ar. solving eqn. (3-26) for the 
values of nfl8 and k. These values are listed in table 3,3. Unfortunately, 
data was taken at only one ratio for CO.-Ne collisions and hence a value of 
k had to be assumed in eqn. (3-26). Since the value of k seems to lie 
between 0.8 and 0.9. we arbitrarily choose the value of k = 0.85 to 
determine :h order of magnitude value for this velocity change. Althouqh 
we feel that the error in the velocity changes is smaller than the limits 
set in table 3.3, these error bars are necessary because of the approxi
mate nature of our theory. 
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Width-8.6 MHz 
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a C O t - C M / 

Fig. 3.10 Comparison of signals obtained for the three collision partners 

of Ne, NH3, and CHjF. Note that the velocity change associated 

with the short range forces of C0--Ne collisions give 

appreciably larger velocity changes that the longer range 

d1pole»quadrapole forces of COg-NH, and CO.-CrLF collisions. 
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Table 3.3 

RHS Velocity Changes for C0,-M Collisions 

Collision Velocity Jump per 
Partner (M) Collision (xlO3 ~) 

co3 2.6 t 0.6 

h 6.8 ± 1.0 .80 

He 5.5 *- 2.0 assumed .35 

NH3 3.8 * 0.8 .85 

CH 3F 1.5 * 0-4 .94 
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A brief investigation has also been made of the dependence of 
the four level collision induced resonance on the value of |j - J'|. 
For the case of CO- in collision with H- , the velocity selective resonance 
has been observed for |J - J'| = 2, 4, 6 but was not detected for 
|J - J'| >6. The signal intensities, however, are extremely small for 
AJ > i. This observation is related to data obtained from the line 
broadening studies which can be used to estimate the maximum orbital 
angular momentum 4 operative in the collision. This is accomplished 
by relating the change in angular momentum to the product of the reduced 
mass of the collision partners, their relative velocities, and their 
interaction cross section determined from line broadening studies. For 
the C0--H, cross section of 7.4 x 1 0 " 1 5 cm 2 we find that £ = 14. Thus, c £ max 
for C 0 2 - ^ collisions at 300°K, H m a x = 6 is a value which is consistant 
with our observations. In all the other cases investigated, the resonant 

was only observed for |J - J'| - 2. 

3.5 Discussion and Conclusions 
3.5.1 Transition Rates and Selection Rules 

Calculations of collision-induced transition rates are very 
slmiUar to calculations Involved in the determination of pressure broadened 
linewldths. Anderson's theory [An49] has had the most impact in this 
area and is discussed in Chapter 7. however, Oka [0k67, 0k68] attempted 
theoretical calculations using Anderson's theory for modeling collision-
induced transitions for his microwave double resonance experiments. The 
results of this calculation were in marked disagreement with his measui> 
ments. Clearly new theoretical advances had to be made. Rabitz and 
Gordan lRa70], using an approach simlliar to Anderson's but using the 
transition probabilities as calculated by a semiclassical perturbation 
theory carried to second order, calculated the transition rates for 
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E-type doublets in HCN with good agreement with his measurements. Other 
attempts include one by Prakash and Bogtjs [Pr72] who tried modeling the 
experiments of Oka using an approached based on a recent theory for 
pressure broadening proposed by Murphy and Boggs [Mu67a]. They obtained 
reasonable agreement with Oka's measurements considering the experimental 
error in his results. All of these theoretical approaches expand the 
intermolecular poteitial in a multipole expansion keeping only the first 
few terms at most. These theories obtain the best agreement with experi
ment when considering the long range forces (such as dipole-dipole forces 
but deviate significantly for the shorter range forces. Chapter 7 reviews 
these results in the context of pressure broadening studies. 

Although the experiments described in this Chapter could provide 
new information on ratios of these collision-induced transition-, rate 
(see section 3.3), the relative intensities of the data reported here 
are not of sufficient accuracy to allow a determination of these ratios. 
Only the CO,-H 2 system has enough data to estimate the ratio of AJ = ± 2 
collision rate to the total inelastic collision by rate using eqn. (3-34). 
These estimates indicate that approximately 90% of all the COg-H- inelastic 
collisions change the CO, angular momentum by J 2 units. This fact is also 
supported by the observations reported in the previous sc.tion of extremely 
weak signal intensity for A0>2 and no signal for AJ > 6 -

These results tend to confirm the proposal that AJ = I is the 
"preferred selection rule" for these collisions. This quadrupole "selection 
rule" is the one which would be derived if it is assumed that the first 
term in the multipole expansion for the C0,-H„ collision system dominates 
the series. This is exactly what we expect from physical intuition. 
A general discussion of the "selection rules" for these collision-induced 
rotational transtlons can be found in the review article by Oka [Ok73] and 
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will not be presented here. 
3.5.2 Velocity Changes 

The velocity changes reported in section 3.4 are the most 
important result of this chapter. As suggested in that section, the 
changes seem to follow the general "rule" that the shorter range the 
intermolecular force, the larger the velocity change. One notable counter 
example of this "rule" 1s the case of C0p-C0 2 collisions. Note from 
table 3.3 that these velocity changes are smaller than every other case 
investigated other than CCL-ChLF. This anomalous bahavior exhibited 
by CO, indicates that a simple multipole expansion cannot adequately 
explain the velocity changes and one must now allow for exchange 
processes not present for foreign gas perturbers. Very little theoretical 
work has been done in this area because the collision process is extremely 
complex. It is the authors'hoM that some of these experimental results 
will stimulate new theoretical interest in this area. 

3.5.3 Evaluation of Theoretical Model 
The simple theory presented in section 3.3 appears to predict 

the qualitative features extremely well. It has also been very useful 
in providing a method by which the velocity change per collision can be 
deduced from the Unewldth of the double resonance signal. There are, 
however, several improvements that should be made 1f more accurate 
data warranted the additional effort. First, the theory should be 
reformulated in terms of the density matrix formalism including different 
types of relaxation rates in an improved version of the Boltzmann 
equation, Secondly, the radiation field should not be considered as a 
perturbation on the equilibrium population distribution since a saturating 
laser field can change the populations of these levels by a factor of two. 
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And thirdly, integrals such as eqn. (3-18) should be evaluated numerically 
in order to obtain the correct velocity changes and relative intensities. 
It would also be of interest to relate these velocity changes to the 
intermolecular forces though the use of ab initio calculations such as 
those which have been tried for pressure broadening coefficients. 

It is our opinion that new experimental techniques such as those 
described in this chapter will provide accurate experimental data from 
which it is hoped will spring a new theoretical interest in these types 
of molecular collisional processes. 
3.6 Summary 

In summary, a new experimental technique has been developed enabling 
a direct observation of the momentum-transfer distribution 'i rotationally 
inelastic molecular collisions. With this method, velocity-selective 
rotational transfer has been detected for C0 2 in collision with C0 2, H 2, 
N e, NH 3 and CHjF. Specifically, for H 2 and C0 2 the data indicate values 
of (/W 1 .,„ for J = 20 -- J 1 = 18 transitions at 300°K which are far 

Z aVc 

less than the mean thermal speed. These data provide direct information 
on the anisotropic component of the Intermolecular interaction and also 
demonstrate that collision-induced transitions between closely spaced 
levels can occur with * email effect on the molecular velocity for 
states that have no transition dipole moment. This is an extension of 
thp conclusion reached by Anderson [An49] for cases involving a transition 
dipole moment. 
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CHAPTER 4 

SPECTROSCOPY OF SYMMETRIC TOP MOLECULES 

4.1 Symmetric Top Molecules 

The second part of this thesis concerns the investigation of 
Ooppler-free two-photon (DFTPA) effects 1n CH3F and NH,. Since 
both of these molecules are of the symmetric top type, a discussion 
of the general features of symmetric top molecules is provided in 
order that one may more fully understand the various effects 
described 1n subsequent chapters. 
4.1.1 Semiclassical Description of Rotation 

A molecule in which two of the principal moments of inertia 
are equal 1s a symmetric-top molecule. This condition 1s generally 
met when the molecule has an axis of symmetry which is trigonal or 
greater. Classically, the molecule rotates about the molecular axis 
with an angular momentum P J while this axis in turn precesses about 
a fixed direction in space corresponding to the direction of the total 
angular momentum P. This motion 1s Illustrated by fig. 4.1. 

In a symmetric top, one of the principal axis of inertia must 
lie along the axis of symmetry. The principal moments of inertia 
which nave their axis perpendicular to this axis are equal. If z, the 
axis of least moment of intertia (I < I„ = I„), lies along the symmetry 

£ x y 
axis, the molecule is a prolate symmetric top as is the case for CHjF 
and NH,. With the z axis chosen along the symmetry axis, and with 
1 = 1 , the rotational energy is given by 
x y 
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F1«i. 4.1 Classical motion of a symmetric top. 
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[n; • *t] w = 2T̂  + p z 2 1ST " Tf-I • H-i) 

From the correspondence principle, the square of the total angular 
2 2 2 

momentum P is quantized and must equal J(J + 1) h/4ir where J is an 

integer. Similarly, the component of the angular momentum along some 

direction, say the axis of symmetry (z axis), is quantized so that 
2 2 2 2 

P," • K h /4ir , where K is also an integer. Hence (4-1) becomes 

With the designation A = h/(8ir2 I 2 ) and B =h/(8ir2 I x ) , Wj R can be 

written as 

Hj K « h[BJ(J + 1) + (A - B) K Z ] . (4-3) 

Since P, is a component of P, the values of K cannot exceed those of J in 

magnitude. Although K can have both negative and positive values, the + 

and - values do not lead to separate sets of enery levels because K appears 

only as a squared term in expression (4-3). This K degeneracy cannot be 

removed by either external or interna] fields [ W O ] , In addition to the 

K degeneracy, there 1s a (2J + 1) H degeneracy, where H is the component of 

0 along a space fixed axis. M can have the values H = 0, ± 2 , .... ± J. 

Unlike the K degeneracy, the H degeneracy can be l i f ted completely by an 

external electric or maqnetic f ield [GoTO], 
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4.1.2 Centrifugal Distort ion 

The discussion so far has assumed a r i g i d symmetric top, with no 

effects of vibration or centrifugal d is to r t ion . Because of the cen t r i 

fugal force produced by ro ta t ion, the rotat ing molecule w i l l not be in 

an equil ibrium configurat ion, but rather w i l l assume some distorted 

configuration. This can easi ly be visualized in CH3F (see f i g . 4.4) . 

Rotation about the symmetry axis would lead to a spreading of the 

hydrogens and a lenghtening of the C-H bond, while end-over-end rotation 

would produce a closing of the methyl group and a stretching of the C-F 

bond. As a consequence of th is d is to r t ion , the moments of iner t ia can 

no longer be considered constant and independent of the rotat ional s tate, 

and therefore, the rotat ional spectrum w i l l no longer be simply that of 

a r i g id rotor . 

Centrifugal d is tor t ion of symmetric tops is quite complicated be

cause i t involves the angular momentum quantum numbers J and K as well 

as the par t icu lar vibrat ional mode and state in which the rotat ional 

spectrum is observed. An excellent treatment of this ef fect is dis

cussed by Gordy and Cook (Go70). From f i r s t order pert ivbation theory, 

they have shown that the rotational energy (4-3) may be wr i t ten as 

Wj K » h[BJ(J+l) + (A-B) K2 - Dj J 2 (J+1) 2 

- Dj K J(J+1)K2 - D RK 4] (4-4) 

where D J t Dj K , and t>K are centrifugal d istor t ion constants. These 

constants are very small compared with the rotational constants B and 

A as they ere of the order of B A>v [To55], where a>v is the molecular 

vibrational frequency (see table 4.3 for CH,F and table 4.5 for NH,). 
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In pure rotational spectra without centrifugal distortion, the 

rotational tn-s i t ions for a symmetric top are al l equally spaced, and 

for a given transition of J , the various possible values of K all give 

identical frequencies. Take for example the transition J -«• J +1, 

K * K which involves only rotation perpendicular to symmetry axis. 

From (4-4) the rotational frequency is given as 

v = 2(J+1)(B-Dj K K 2 ) - 4Dj(J+l) 3 . (4-5) 

From (4-5) i t is seen that centrifugal distortion destroys the simple 

relation derived from eqn. (4-3). Because of the term Dj K , different 

values of K modify the rotational constant B, so that the corresponding 

rotational transitions are not the same [To55J. 

4.1.3 Symmetry 

CH3F and NH, are members of the C, y symmetry point group. This 

means that the molecular (figure) axis is a 3-fold axis of symmetry 

(a rotation of 36073 about the figure axis produces the original 

configuration) and that there are 3 planes of symmetry wv through the 

figure axis (a reflection of the molecule at the plane transforms the 

molecule into i t se l f ) . This Is shown in f ig . 4.2, using CH,F as an 

example. In conside. Ing the symmetry of a molecule, i t 1s always 

assumed that an axis of symmetry is oriented vertically. Therefore, 

the planes through the axis are "vertical" planes and are labeled ay[He45]. 

The rotational elgenfunctlons of the symmetric top may be written 

as (see expression (4-29), section 4.1.7) 
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Fi«l. «.2-
mustration of the point group C 3 v using CH3F 

as an example. 
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*r = S J K H ' 8 ' e * P ( i M x ) exptIK*) (4-6) 

where <f> is the angle of rotation about the f igure axis (see f i g . 4.3). 

I t is immediately clear that i f q> changes by 2ir/3, the rotational wave-

function w i l l remain unchanged i f K is a mult iple of 3. In accordance 

with the standard notation [He45], the rotational wavefunctions for 

K = 3n(n + 0 ,1 ,2 . . . ) are designated as species A, while those rotational 

wavefunctions for which K is not a multiple of 3 are designated as species 

E. As in the case of diatomic molecules with identical nuc le i , i t can 

be shown that pure rotat ion transit ions do not occur between d i f ferent 

species, i . e . , A •<-/->• E [He45]. This rule holds s t r i c t l y even for co l l is ions. 

For v ibrat ional-rotat ional t rans i t ions, the above selection rule is more 

subtle and one must consider whether the product wavefunction ij; it is of 

species A or E with respect to the rotational point group C, . 

4.1.4 Inversion 

I f the coordinates of a l l the part ic les of the molecule whose 

or ig in is at the center of mass are changed in sign, the total wave-

function remains ei ther unchanged (symmetric) or changed in sign 

(antisymmetric). The c lass i f icat ion of the total wavefunction on 

the basis of such symmetry operations (exchange of identical nuclei 

is another) is indicated by par i ty . In the determination of par i ty , 

one must consider the tota l wavefunction which in the Born-Oppenheimer 

approximation can be represented as 

•>tot = W r * n ( 4 " 7 ) 
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Fig. 4.3. Euler's angles defining the orientat ion of the body-fixed 

(x,y,z) axes re lat ive to the space-fixed (X,Y,Z) axes. The l ine N 

represents the intersection of the xy plane with the XY plane and is 

called the l ine of modes. Figure was taken from [Go70]. 
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where ty , * , I|I , and tp represent the electronic, v ib ra t iona l , 

ro ta t iona l , and nuclear (spin) wave functions. The electronic 

wave functions for almost a l l polyatomic molecules in the ground 

state are symmetric, so they may be neglected in considering the 

symmetry for * t 0 ( ; . 

For a non-planar molecule, ref lect ion of the nuclei at the 

or ig in produces a configuration that cannot be obtained by ro ta t ion, 

and consequently the rotational wavefunction is unaffected by in 

version. The nuclear spin function may also be neglected as i n 

version of the coordinates does not ef fect i t s par i ty . Therefore, 

the par i ty of tN> total wavefunction i|*t t under inversion is 

governed solely by the vibrational wavefunction t|j . This is best 

i l l us t ra ted in NH, where the N atom can have an equivalent position 

on ei ther side of the plane of the hydrogens. I f the potential 

energy is plotted as a function of the distance of the N atom from 

the H 3 plane, a curve of the form shown in f i g . 4.8 is obtained. 

The two inverted configurations for non planar molecules leads to 

a doubling of a l l vibrational levels, called inversion doubling. 

Classical ly, i t is not possible for the molecule to invert for 

those vibrational states ly ing below the potential barr ier . Quantum 

mechanically though i t is possible for the molecule to achieve in 

version through "barrier tunneling". For CHjF, the barr ier to 

inversion is so high that th is doubling is not resolvable, and the 

vibrational levels are in effect doubly degenerate. For NH3, the 

barr ier to inversion is su f f ic ient ly low so that the molecule 
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osci l lates back and for th between the two equil ibrium configurations 

giving r ise to a measurable separation o* the inversion doublet. This 

separation increases rapidly with increasing vibrat ional quantum 

number v [He45]. 

Because of the symmetry of the potential f i e l d , the vibrational 

wavefunctions of the molecule can be expressed as l inear combinations 

( i ^ v L and I| I V R) of the equivalent r ight and l e f t configurations. These 

functions 

K = vf (*vL + *vR> 

*- = vr (*VL - "W ( 4 - 8 ) 

have opposite symmetry. I t can be shown that the symmetric function 

always corresponds tc the lower level of the pair [He45]. For dipole 

induced t rans i t ions, the selection rules for inversion may easi ly be 

derived. The dipole moment matrix element betwtan the states i- and 

i|jj can be expressed as (see section 3.1.7) 

MJJ = 2 , / <!,, u k -t, d - . (4-9) 
1 J k=x,y,x J 7 K J 

For a ref lect ion of the coordinates of a l l the part ic les at the 

o r ig in , the comporents y^ change sign, and unless the wavefunctions 

i|ij and i|ij have opposite pari ty with respect to th is operation, the 
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integrals will change signs. Since these are definite 
integrals, they cannot change sign unless they are identically zero. 
Thus for dipole induced transitions under inversion, the parity 
selection rules are 

+ < - • - , + k-fr- + , - +++ - . (4-10) 

4.1.5 Effects of Nuclear Spin 
In addition to inversion about the center of mass, we must 

consider the exchange of identical nuclei. Again the total wave-
function expressed by (4-7) must remain unchanged or change in sign 
only. It is found that for particles having spins of half integers 
(Fermi particles) the total wavefunction iK t must remain antisymmetric 
with regard to any operation which exchanges the identical particles [Go70]. 
Since the H atoms in NH, and CH,F have a nuclear spin of 1/2, both of 
these molecules must obey Fermi statistics. 

The presence of identical nuclei in the molecule influences 
the determination of the statistical weight of a given rotational 
energy level. When there is no symmetry and no nuclear hyperfine 
splitting, each rotational level will have a degeneracy 

gN = (2i + yf ( i - i i ) 

where gN is the total nuclear spin degeneracy and n is the number of 

identical nuclei. Because of the symmetry associated with a Zt\/3 
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rotation of the molecule which was described in section 4.1.3, q„ 
* 

should be rewritten as 

a - (2I + l ) n 

9N 3 
(4-12) 

in order to correctly reflect the number of indistinguishable positions. 
As we will see later in section 4.1.6, g,, is the factor that must be 
put into the rotational partition function. 

It turns out that for molecules of point group C, , the rota
tional symmetry operation gives rise to different nuclear statistics, 
S(I,K), for different rotational levels depending on whether the 
quantum number K = 0, is not 0 but a multiple of 3, or is not 0 and 
not a multiple of 3. These statistics have been worked out and are 

listed in table 4.1. If we sum over all K for a give:] rotational 
I 

level, i.e., X S(I,K), then this sum should equal the total nuclear 
K=0 

spin degeneracy as given in (4-12). 

4.1.6 Population of Energy States. 

As will be discussed in some detail in Chapter 5, the two 
photon cross section includes a factor N which represents the number 
of particles per unit volume in the lower state involved in the 
transition. In thermal equilibrium the number of molecules N in 
a state of total energy W and of total statistical weight g is 
given by 

Nqn e " V k T 

\ - —nj < 4 - , 3 » 
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Table 4.1 Nuclear Stat is t ica l Weights for Symmetric-Top 

Molecules Having C 3 y Symmetry and Obeying Fermi S t a t i s t i c s ' 4 ' 

Inversion Sta t is t ica l weight 
J K Level S(I,K) 

(When inversion levels are seperatedx ' 

Even Not 0 but Either k2 I+ l ) (4 I 2 +4I+3) 
or Odd mult iple of 3 J 

Even Not 0 and not Either 1(21+1)(4I2+4I) 
or Odd mult ip le of 3 

Even 0 Lower 
Odd 0 Upper 

1(2I+1)(2I-1)I 

Even 0 Upper ~(2I+1)(2I+3)(I+1) 
Odd 0 Lower J 

(When inversion levels are not separated)'0' 

Even 0 or multiple 1(21+1)(4I2+4I+3) 
of 3 J 

Even Not multiple 1(21+1)(4I2+4I) 
or Odd of 3 -1 

These statistical weights are for rotational lines of symmetric-
top molecules with three off-axis atoms having nuclear spin I when 
the molecule is in a nondegenerate vibrational level and in a 
]Z electronic state. 

' b'ln Eqn. (4-20), g K = 1 for all K. 
( c^In Eqn. (4-20), g K = 1 for K = 0 and g K = 2 for K t 0. 

Table taken from [Go70]. 
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where N is the total number of molecules and 

Q =£9, e " V k T (4-14) 
1 

is the total partition function. For gaseous molecules, Q is a 
function of the electronic, vibrational, rotational, and the nuclear 
spin states. If interactions between these various states are neg
lected, it can be written as the product 

Q ' % % % % • ( 4 " , 5 > 

Since most molecules at ordinary temperatures are in ground electronic 
singlet states (CH,F and NH, are both X lAi), we can set Q = 1 and concern 
ourselves main'y with the last three factors. 

If anharmonicities are neglected, the vibrational partition 
function, with the energy levels measured with respect to the ground 
vibrational state, can be expressed as 

Q = | 2 exp( -v ihv ̂ K O U ^ e x p { " V z h u 2 / k l J l l S a x p { " v » h v 3/kT)J (4-16) 

where V1.V2.V3 = 0, 1, 2, 3, . . . are the vibrational quantum 
numbers ano vi,v 2,v 3 . . . are the frequencies of the fundamental 
vibrational modes. This product can be expressed in a more convenient 
form 

n , M „-hVj/l(T>-dj 
q v » u (l - e 1' ) 1 w . 1 7 ) 

from the elementary formula 

£ expfv^/kT) = r , . e x p ( . h v / i k T ) ] . ( 4 . , e ) 

v i 
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In expression (4-17), dj is the degeneracy of the fundamental 

frequency v. . 

The fraction of molecules in a given vibrational state specified 

by the quantum number v. = v and fundamental frequency v. = \> is given 

by 

f = a e - v h v / k T n (1 - e - h v i / k T ) ' d l . (4-19) 
i 

The fraction of molecules in the rotation state J, K is 
similarly given as 

9 i n v 9 j 9 K S < I - K > e * ° < - | W k T ) 

(4-20) 

where m a 

V l I 9inv 9J 9K S(0,K)exp(-W J j K /kT) . ( 4. 2 ) ) 

J=0 K=0 

Since the term g. = 2 for CH,F and 1 for NH,, and occurs 
in both the numerator and denominator of (4-20), it has no effect 
on f, „ and will henceforth be neglected. The rotational degeneracy 
g, = 2J + 1 when no external fields are applied corresponds to the 
different orientations of J associated with the quantum number H. 
The K degeneracy g„ is given by footnotes b and c in table 4.1. The 
nuclear spin degeneracy S(I.K) is listed in table 4.1. If we neglect 
centrifugal distortion, the energy of the rotational state J,K is 
given by (4-3). Therefore, (4-21) becomes 

I 
Qr ̂  £ S ( I , K ) 9k < 2 J + 1 > e x P ( - [ B J < J + 1 ) + (A-B)K21h/kT). (4-22) 

J=0 K=0 
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Assuming B and A to be much smaller than kT, the sums in (4-22) 

may he changed to integrals, so that one obtains [He45]: 

Substituting (4-23) into (4-20) yields 

3g„ g, S(I,K) [ \ R 2 / h \ - ] l / 2 , 
L" 1*7.1 e X p f t B J { J + 1 ) + W- B)K 2 lh/kT) .(4-24) ' 1 •J.K (21 + , ) 3 

Therefore, the number density of molecules in the state given by the 
quantum number v, J, K is 

Nv,J,K * N fv f0,K < 4 - 2 5 ) 

where f and f, „ are given by expressions (4-19) and (4-24) respective (. 

4.1.7 Vibrational Dipole Moment and Direction Cosine Matrix Elements 
In order to calculate either the radiative transition probability 

induced by an optical field or the Stark effect caused by a static or 
alternating electric field, one needs to calculate the transition dipole 
moment and direction cosine matrix elements. The total wavcfunction \\> 

that we will need is of the form given by (4-7) where we will neglect 
the nuclear spin and electronic wave functions as the interaction is diagonal 
in these quantities. Therefore, we are interested in the matrix element 

Up ™ ! = < * „ <l'rlwFIV *r, > (4-26) 

between the states denoted by unprimed and primes, where y^ is thr 
molecular electric dipole moment operator as specified in a space-fixed 
coordinate system. 
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To separate the effects due to ij> and >j> it .i.11 be necessary to 
introduce a rotating coordinate system. For a symmetric top it is 
convenient to express this system in terms of Euler1s angles, which are 
illustrated in fig. 4.3. The angles 8 and x are equivalent to the 
usual polar angles between an axis fixed in space and some axis fixed 
in the molecule, and <j> is the angle of rotation around the z axis fixed 
in the molecule. For a symmetric top, this axis is chosen to be the 
molecular or figure axis. We designate the space-fixed axis t~v F = X. 
Y, Z, and choose the body fixed axis along the principal axis of inertia 
as g = x, y, z. The cosine of the angle between F and g is labeled as 
*, . A molecule with constant dipole moment components in the body 
fixed principal axis of \i , u , v woulo have components along the x y z 
spaced-fixed axis of 

vi- Vzx+Vzy + , Iz*zz, e t c- (4-z-, 

The integral in (4-26) becomes 

< t,» rln zIV V > ' < * rl*zxlV > < V"xlV > 

+ <* rl*Zyl*r' > " "VlVV > + <<,rl*Zzl','r' > < * v l l ' z l * v ' > H-28) 

with slmiliar expressions for u y and JJ... We t.re able to separate out 
the rotational wavefunctions as they are only angular dependent. The 
matrix element < ,l'rl*pq|i|'ri > will be termed the direction cosine 
matrix element. 

A solution of the Schroedinger equation for the symmetric top 
molecule using the above described Euler's angles gives the rotational 

wavefunctions of the form TTo55] 
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, , - 0(6) iK* iMx 
*r " *J,K,H " J.K.H e e (4-29) 

where 0(9) is a somewhat complicated function of the angle 9 
J.K.M 

containing the Jacobi (hypergeometric) polynomials. uith 
these wavefunctor.s, the integrals < * |*F |ii , > can be evaluated 
and are listed in table 4.2. These matrix elements are separated 
into factors which depend on the different quantum numbers as follows 

< J.K.MI^IJ'.K'.H 1 > = <,l|« F g|J'>< 0,K|*F J J ' . K ' X J,M|*F |J',M'> (4-30) 

From the nonvanishing matrix elements as obtained in table 4.2., the 
selection rules for the symmetric top, where v is along the figure 
axis x, are found to be 

AJ = 0,t 1, AK - 0, AM = 0,i 1 (4-51) 

To evaluate the dipole moment matrix element U' \u |i!> ,) in 
v g v 

(4-28), we will assume that the permanent dipole movement of the molecule 
lies along the figure axis, i.e. y = p . This is certainly true in 
CH,F and NH^. If the molecule in its equilibrium position has a dipole 
moment, this moment will in general chanqe if the internolecular 
distance changes. If we assume a linear change, the dipole moment 
can be expanded in a power series in the \iormal coordinate associated 
with the particular vibrational mode being excited CWi55]. 

o 3 y z 
"i '*z *W Qk ( 4" 3 2 ) 
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Table 4.2. Vactors of direction cosine matrix elements of symmetric top rotors. ' 

VALUE OF J' 

MATRIX ELEMENT FACTOR J + 1 J a - i 
< J l * F q | J ' > {4(J+l ) [ (2J+l ) (2J+3) l1 / 2 } - 1 [ ^ ( J + l ) ] - 1 [4J(«Z-1)V2] -1 

< J ,K |$ F z [ J ' ,K > 2 [ (0+ l ) 2 - K 2 ] 1 / 2 2K - 2 ( J 2 - K 2 ) 1 / 2 

< J , K | « F J J ' . K i l > +[(J±K+?)(J±*;+2)] 1 / 2 CJ(J+T) - K ( K ± T ) ] V 2 +[(J+K)(J+K-1)J , ' / 2 

= + i < 0,K|» F |J ' ,K ± 1 > 

< J,H|« Z |J",H > Z[(J+1) Z - H 2 ] 1 / 2 2M - 2 ( J Z - H V ' Z 

< J.M|*YqlJ'>H -* ] ' +[J+M+1)(J+H+2)]1 / 2 

[J(J+1) - M(M+1)] 1 / 2 +[(J+H)(J+H-1)] 1 / Z 

= ± 1 < J ,H ! * X |0',M ± 1 > 

The matrix elements are obtained from the factors with the re la t ion: 

< J ,K,M|* F g |J ' ,K ' ,W > = < J | * F a | 0 ' > < 0 ,K | * F q | 0 ' ,K"> < J ,M|* F | J ' ,M ' > ; F = X.Y.2 and g = x ,y ,z . 

Expressions are taken from [Go70]. 



where u ° is the dipole moment in its equilibrium position and Q. 
is the change of internuciear distance for the kth normal mode coordinate. 

The solutions of the Schroedinqer equation for the harmonic 
oscillator are available in any standard quantum mechanics textbook [Me70] 
and are of the form 

*v l Q k ) = Nv kexp(-a kQ k
2/2) Hvfc (V^q,,) (4-33) 

where K is a normalization constant, a. = 4nzrovk/h and H (V3T Q k) 

is a Hermite polynomial of degree v k in Q.. The quantity m in the 
expression for a. is the reduced mass of the vibrating molecule. If 
we substitute (4-32) and (4-33) into the dipole matrix element 
< •JvU*.,! >, we obtain 

v l v k 

u V V = u ° < ill lib , > + < ill |Q, lili , > _ £ . ( 4 - 3 4 ) 
M z HZ V v k v k k ^\ 

The first term on the right vanishes for v k t v'k by the orthogonlity 
of the wavefunctions [Hi 55]. Therefore, the dipole matrix element is 
given by 

It is then clear that for the case of dipole radiation, a vibrational 
transition will only occu,- if the rate of change of the dipole 
moment, Uf with respect to the normal coordinate Q k is different from 
zero. 
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I f we actually evaluate the matrix element in (4-35) using the 

harmonic oscillator approximation for the vibrational wave functions 

[Wi55], we find that 

^ V ' = ^ ^ ^ + l ) ] ^ (4-36) 

for V , = vfc ± 1 and is zero otherwise. This constitutes the selection 
rule for vibrational transitions in the harmonic oscillator approximation. 
If we consider anharmonicity and also include higher order terms in the 
expansion of the dipole moment (4-32), then it is possible to observe 
transitions with Av = ± 2, ± 3, . . . . as well as transitions between 
different modes [He45]. In general, however, these transitions are 
much weaker. It is important to distinguish between transitions that 
are harmonic oscillator forbidden as opposed to those that are forbidden 
by symmetry [Wi55]. 

4.2 Methyl Flouride (CHjF) and Ammonia (NH 3) 

The previous section described symmetric top molecules in 
general. This section extends this description to the particular 
molecules CH,F and NH,. Each molecule has its own particular 
properties and spectroscopic information. 
4.2.1 Methyl Flouride (CHjF) 

CH 3F consists of a carbon atom lying within a tetrahedron, with 
the three hydrogen atoms and the flourine atom at the four corners. 
As it has a three-fold axis of symmetry it belongs to point group C, . 
It has six fundamental vibrational modes of which three are symmetric 
(vi, \>2, V3) and three are doubly digenerate (vi,, v s, v 6 ) . These 
are pictorially represented in fiq. 4.4. The totally symmetric 
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H J—* *F 
T ., 

•* <° 

"Ad) v s(d) 

-* 
v 6(d) 

Fig. 4.4. Normal vibrational nodes of CH,F. The v., v s, and v- modes 
are labeled by (d). Figures are taken from [He45]. 
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vibrations give rise to parallel bands (the dipole moment vibrates 
parallel to the symmetry or molecular axis) whereas the degenerate 
vibrations give rise to perpendicular bands (the transition dipole moment 
has a component perpendicular to the nolecular axis). An energy level 
diagram of the fundamental and combination bands of CH,F is shown 
in fig. 4.5. 

We are mainly concerned with the v s vibrational mode which 
results primarily from the stretching of the C-F band. The most 

recent spectroscopic constants for the first three vibrational states 
12 

of the v 3 mode in the species CH,F are listed in table 4.3. A cursory 
examination of fig. 4.5 reveals a close coincidence of the v 3 band 
frequencies to the frequencies of the C0„ laser in the 9.4 urn 
By making use of this fact, Freund et.al. Or74a] recently employed high 
resolution laser Stark spectroscopy to measure some 25 lines in the 

12 
0 + \>3 fundamental band and 11 lines in the v 3 •* 2v 3 hot band of CHjF. 
These lines are tabulated in table 4.4 together with the associated CO, 
laser lines. 
4.2.2 Ammonia (NHj) 

NH, is a pyramidal molecule with the N atom approximately 0.38 
A above the plane of the three hydrogens and the N-H distance approxi-

o 

mately 1.02 A in the ground state [Be58]. Because of its three fold 
axis if symmetry, it also belongs to point group C 3 v . It has four 
vibrational fundamentals, two symmetric (vi and vz) and two doubly 
degenerate (v3 and v*} as shown in fig. 4.6. The energy level diagram 
for the various fundamental and combination bands are shown in fig. 
4.7. it might be noted that the 2\>2 and v* levels are nearly in 
resonance, and this resonance is known to induce strong perturbations 
between the two vibrations [Wa70,Jo75a], 
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Fly. 1.5. Enerj;- levet diagram of CH.F fundamental and combination 

b.inds. Figure was taken from L'te73]. Most of these 

bands are summarized in [Sm63], 
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Table 4.3. Spectroscopic constants for the v, bands of CH.F ' 

Constant 0 u 3 " 3 

j 
(cm" ) 0 1048.611 2081.380 

B (cm" ) 0.8512 0.8399 0.8290 

A (cm* ) 5 . 0 8 1 ( b ) 5.071W 5.06Z ( b ) 

D J (cm" ) 1.99 x 10" 6 1.85 x 10" 6 

(c) 

DJK (era" ) 14.68 x 10" 6 19.17 x 10" 6 (e) 

DK-DK0 (cm ) 0 4.833 x 10" 6 (c) 

V (debye) 1.8585 1.9054 1.9519 

(a) Unless otherwise indicated, all spectroscopic constants were taken from [Fr74a]. 
(b; [Sm63J 
(c) The values of D,, D, K, and DK in the 2\>3 state are assumed to be equal to the \>3 values. 



Table 4.4 Laser Stark spectroscopy of the v 3 and 2v 3 bands in 
1 ? CH 3 F < a><b) 

The v 3 •<- 0 band of 1 2 CH 3 F 

Transition v (cm" ) v - v 8 ( M H z ) ( c ) Laser l i n vm v l ( 

P(6,5) 1038.09343 19766.0 P(30) 
P(5,3) 103S.88227 15378.1 P(28) 
P(5,4) 1039.89390 15726.6 P(28) 
P(4,2) 1041.66770 11650.5 P(26) 
P(4,3) 1 Oil.67574 11891.7 P(26) 
P(3,l) 1043.43401 8117.6 !>{24) 
P(3,2) 1043.43872 8258.7 P(24) 
P(2,0) 1045.18107 4778.7 P(22) 
P(2,D 1045.18261 4824.8 P(22) 
Q 12,2) 1046.85571 44.2 P(20) 
P(1,0) 1046.90719 1587.5 P(20) 
Q 4,4) 
Q(3,3) 

1048.40849 -9564.3 P(18) Q 4,4) 
Q(3,3) 1048.48852 -5165.0 P(18) 
Q(2,2) 1048.54892 -3354.5 P(18) 
Q(l.l) 1048.58966 -2133.0 P(18) 
P(0,0) 1050.29176 -4482.5 P(16) 
R(1,0) 1051.95013 -7357.5 P(14) 
R(l,l) 1051.95153 -7315.5 P(14) 

R(2,l) 1053.58717 -10083.2 P02) 
R(2.2) 1053.59126 -9960.4 P(12) 
R(3,2) 1055.20382 -12623.8 P(10) 
R(3,3) 1055.21068 -12423.1 P(10) 
R(4,3) 1056.80025 -149P7.0 P(8) 
R4,4) 
R(5,5) 

1056.80951 -14709.5 P{8) R4,4) 
R(5,5) 1058.38749 -16825.2 P(6) 

The 2 v 3 *• \J 3 band of 1 ZCH 3F 
P(4,3) 1025.92789 18887.7 P(42) 
P(3,l) 1027.66266 8408.7 P(40) 
P(3,2) 1027.66680 8532.9 P(40) 
P(2,0) 1029.38576 -1688.8 P(38) 
P(Z,D 1029.38710 -1648.6 P(38) 
Q l.D 
R{2,1) 

1032.74897 -22155.5 P(34) Q l.D 
R{2,1) 1037.68260 7449.5 P(30) 

R(2,2) 1037.68605 7553.0 P(30) 
R(3,l) 1039.27604 -2796.3 P(28) 
R(3,2 
R(3,3) 

1039.27938 -2696.2 P(28) 
P(28) 

R(3,2 
R(3,3) 1039.28494 -2529.6 

P(28) 
P(28) 

(a) Data is taken from [Fr74a], 
(b) Underlined transitions are the ones used in the two photon absortion. 
(c) Numbers in this column give the frequency difference between the 

laser line (v.,) and the molecular transition (v ) . 
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As discussed earlier in section 4.1.4, each vibrational level is 
split into a symmetric (s or +) and an antisymmetric (a or -) state. The 
inversion frequency increases with vibrational quantum number v and is 
largest for the \>„ mode. In fiq. 4.8, we show the inversion separations 
for this mode in a potential curve where the abscissa denotes the perpen
dicular distance of the N atom from the plane of the hydrogens. 

The v, mode is a parallel band and involves the symmetric deformation 
of the N-H bonds {see fiq. 4.6) . The spectroscopic constants for this 
band are listed in table 4.5. This mode has been extensively studied in 
both the infrared and microwave regions. The most recent and comprehen
sive spectroscopy of the 0 -* u, and v» •* 2v„ transitions was wade by 
Garing, Neil sen, and Rao [Ga59] with frequency assignments given to 
±0.03 cm* . More accurate data (±25 MHz) may be obtained for the 
0 •• v, band from laser Stark spectroscopy measurements using both CO, 
and N„0 lasers [Sh70]. 
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^ 

Fig. 4.6. Normal vibrational modes of NH-. The v, and v. modes are 
doubly degenerate and are labeled by (d). Figures are 
taken from [He45]. 
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Table 4.5 Spectroscopic constants fo r the v? bands of i"m,{a) 

CONSTANT 

0 
s 

... ., 5 

s a 
2\ 

s 
2 

a 

v 0 (cm" ) - - 932.436 968.076 1597.494 1882.194 

B (cm" 1 ) 9.9463^' 9 .9412 ( b ) 10.0696 9.8944 10.1879 9.6929 

A (cm" 1 ) 6-196 - 6.0562 6.1270 5.9194 6.135xl0" 4 

n, (cm" ) 8.19x10 * 
.4(0) 

8.07x10 * 10.602x10"" 7.344xl0" 4 

t 1.24xl0" 5 

/ 
27.345x10"4 

3.550xl0" 4 

D J (, (cm"1) -16.<v 10 * 
-4<») 

-14.8x10 -22.059x10"4 -12.825xl0" 4 

t 1.24xl0" 5 

/ 
27.345x10"4 -4.872xl0" 4 

\ (cm"1) 23.1IxlO" 4 - 13.570x10"4 7.099xl0" 4 -28.059xl0" 4 2.185xl0" 4 

v (debye) 1.475 • .006<d> 1.25 t 5.01<d» 0.83 t D.lflW 

' Unless otherwise noted, a l l constants are taken from [Ta74]. 

( b ) F«o593 

{ c ) [Ga59] 

( d ) [Sh69l 
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Fig. 4.;!. Potential energy diagram of the \J„ mode of NH, showing 

the inversion levels for the f i r s t three vibrational states. 

The abcissa denotes the perpendicular distance of the H atom 

from the plane of the hydrogens. 
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4.3 Applications of the Stark Effect 

4.3.1 Introduction 

The Stark effect is particularly useful in this experiment as it 
permits us to tune the molecular states of CH,F and NH, into resonance 
with various CO, laser lines to observe DFTPA effects. In addition, 
it has enabled us to measure the transition dipole matrix elements of 
the 1 •* 2" and Z" •* 2 transitions for the first time in the v 2 mode 
of NH,. For these reasons, it is necessary to briefly review the 
theory of the Stark effect as caused by both a constant and an alternating 
electric field. The review will be necessarily restricted to symmetric-
top molecules and will neglect the effects of nuclear quadrupole coupling. 
4.3.2 Stark Effect in a Constant Field 

Classically, the interaction energy of a dipole moment u in an 
electric field £ is -u-E*. This interaction perturbs the rotational 
levels of a molecule since the field exerts torques on the dipole 
moment and thereby changes its rotational motion. If £ is assured 
to be constant in magnitude and to have the fixed direction I in space, 
and u is assumed to be constant in the molecule-fixed reference system 
(see fig. 4.3), then the Stark effect Hamiltonian operator can be 
expressed as 

H' = -E 2 u 4>, (4-37) 
g=x,y,z v y 

where t, are the direction cosines between the space-fixed axis Z 
and the x, y, z axes. A small effect caused by anisotropic polariza-
bility of the molecule is usually neglected in expression (4-37). For 
a symmetric-top molecule, the dipole moment u points along the figure 
axis z, and then (4-37) becomes simply 
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H' = -uE* Z z • (4-38) 

The effect of the f i e l d on the rotational motion can be treated 

quantum-mechanically by perturbation theory. The f i r s t order perturbation 

is simply the average of the interaction energy over the unperturbed 

rotat ional state, or 

i t / 1 ' = < J,K,M|H'|J,K,M > = -uE < J,K,M|* 7 JJ ,K ,M > Zz' 

-uEKM 
" J(J+1) (4-39) 

where the direction cosine matrix elements are evaluated from table 4.2. 
When K = 0, it is seen from (4-39) that AH* ' = 0. Thus there is no 
first order Stark effect for a linear molecule nor for the K = 0 levels 
of a symmetric-top molecule. The first order Stark effect in symmetric 
tops is characteristic of a system with degenerate energy levels. In 
the absence of an external field no system can have a dipole moment 
fixed in direction unless it is in a deqenerate energy level [To55]. 
Symmetric tops like CH,F have a dipole moment of this type because of 
the inversion degeneracy. In NH, this inversion degeneracy is broken 
and a first order Stark effect does not occur. 

The second order term of the Stark perturbation is given by 

w(2) . y ' M H M n 1 >|2
 ( 4. 4 0 ) 

where W is the energy of the unperturbed state, W , is the energy of 
any other state unperturbed by the field, and the prime on the sum means 
that there is no term with n = n 1. For a symmetric-ton molecule, 
(4-40) becomes 
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1 - u E Z — H — n v < 4 - 4 1 > ;'J,K " W J ' ,K 

where the direct ion cosine matrix element is zero except for J ' = J + 1 

[To 55]. The second order energy is therefore only affected by the 

two neighboring states J ' = 0 t 1. The direct ion cosine matrix elements 

are found in table 4.2. and the energy differences 

W J , K - ' W = - 2 h B ( J + 1 ! ( 4 " 4 2 ) 

Wj K - W j _ ] j K = 2hBJ (4-43) 

are evaluated from (4-43). Substitution of these values into (4-41) yields 

• 2 r 2 (J 2 -K 2 ) (J 2 - I1 2 ) _ L(J t l ) g -K 2 - l [ (J4- l ) g -M 3 

J 3(2J-1)(2J+1) (J+l) 3(2J+l)(2J+3) 
A W ( 2 ) . H E j j l - K ' H J ' - n ' ) . [ [ J > D ^ i [ ( w ) ^ i ( 4 . 4 4 ) 

26h i3/oi_i \roij.i ̂  /IJ_I\3/- ---

Second order Stark energies as seen from (4-44) are independent 
of the sign of M. Normally, there are 2J + 1 different degenerate levels 
for each value of J corresponding to the different values of N. First 

order Stark effect removes this degeneracy completely. Second order Stark 
2 effects depend on M , so that the levels are separated into pairs of 

degenerate levels (± M) except for M = 0, which is nondeaenerate [To 55]. 
In discussing the Stark effect in NH,, we must take into account 

that each vibrational level of the v 2 mode is split by inversion as shown 
in fig. 4.8. Therefore, we must treat this as a special case of two 
"interacting" levels whose energy separation is much less than between 
either one and any third level. For two such close levels, the enemy 
due to the field cannot be considered a small perturbation, so an exact 
solution is necessary. The result of this calculation as outlined in 
Appendix D is expressed as 
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AW ( , ) = t I ( [ ( ! * , „ / + ( h x ) 2 ] 1 / 2 - h« 1 n y ) (4-45) 

* = ! & • «-«> 

v. is the inversion frequency, and the * sign corresponds to the upper 

or lower of the inversion levels respectively. Expression (4-45) is an 

exact expression for the Stark ef fect arising from the two inversion states. 

The interaction of the nearby rotat ional states (0' = J ± 1) produces 

additional shi f ts that can be calculated from (4-40). These are given 

by [Sh70, We74] as 

w ( 2 ) = J E £ I" (J2-K2)(J2-M2) 
h L(2BJ • v. n v) J2(2J-I)(2J+1) 

+ r ( j+n 2 -K 2 i rw) 2 -H 2 i 1 ( 4 . 4 7 ) 

[-2B(J+1) ± v i n v ] [ ( J + l ) 2 ( 2 J + l ) ( 2 J + 3 ) ] J 

4.3.3 Stark Effect in an Alternating Field 

The wave function of a molecule in an alternating e lect r ic f i e l d 

must sat is fy the Schroedinger equation 

Iff » = [H Q + H ' { t ) ] f (4-48) 

where H Q is the Hamiltonian operator without the varying field and H'(t) 
represents the time-dependent perturbation produced by the field. For 
a harmonically varying field of frequency u it has the form 

H'(t} = -p.£ o cos ut . (1-49) 

The solution of (4-4R) takes the form 
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* = S a n ( t ) "'n ( 4 " 5 0 > 

where f° are the wave functions of the time-independent operator H . 
Substitutions of (4-49) and (4-50) into (4-48) leads to the following 
system of linear differential equations for the coefficients a (t): 

i , r ^ = W n a n + S H , n m ' C 0 5 ^ a m t 4 " 5 1 ' 

where H' is the matrix element of the operator H' = y-f between the 
unperturbed states m and n, and H° are the unperturbed energy eigen
values. It is possible to calculate the exact value of the shift AW 
wnich the level n undergoes under the action of the varying field by 
solvinq (4-50) in only a limited number of cases. This problem has been 
considered theoretically by [Au55], [M167], [Bo68], [G172], and [Ma72]. 
As shown by Bonch-Bruevich and Khodovoi [Bo68], it facilitates the 
solution of finding AW if we regard the combination (molecule + 
electromagnetic field) as a single quantum system. The energy of this 
system is composed of the energy of the field, the energy of the molecule, 
and the energy of their interaction, whose operator H' = y-E does not 
depend on time. If we regard H' as a perturbation, the corrections to 
the energy of the system as caused by the interaction of the molecule 
and the field can be calculated by the methods of time-independent 
perturbation theory discussed in the previous section. If the electric 
field is linearly polarized and of the form 

E'= Re s £ 0 e i ( k - r " u t ) , (4-52) 
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and if we assume a nonresonance situation between the state n and any 
other state m(hai t W° - W°), then the shift of a nondeaenerate molecular n m 
level n is given by (4-40) as [B068] 

The resonance denominators in (4-53) follow directly fron (4-40) when 
we use the fact that there are two types of intermediate combination 
states, one with an absorption of a photon (-flu) and one with the 
emission of a photon (+ts»>). This stems from the consideration of the 
molecule plus electromaqnetic field as a quantum mechanical entity. 
It can be seen from (4-53) that if the frequency u of the linearly 
polarized electric field approaches zero, i.e., f!u> < \\P - H*|, the 
shift of the level n is the same as in a constant field with amplitude 
Eo/2. The sign of the level shift is determined by the sign of the 
difference (W° - W° + tlu). When u approaches the transition frequency 
(rf° - W°), the shift in AW n as caused by the level m becomes infinitely 
large indicating that perturbation theory is no lonoer valid. As in 
the case of two closely spaced levels in a constant electric field, the 
correct result can be obtained by exact diagonalization of the operator 
H 0 + H ' . 
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CHAPTER 5 

HISTORICAL AND THEORETICAL DEVELOPMENT 

OF DOPFLER-FREE THO-PHOTON ABSORPTION 

5.1 Introduction 

The general theory of two-photon absorption was first worked out by 
Goppert-Hayer [Go31] in i931. The effect, however, was extremely difficult 
to observe since the transition probabilities were orders of magnitude ('•• 10 8) 
times smaller than single photon processes and were dependent on the intensity 
of the incident radiation. It wasn't until lasers were developed in the 
I960's that interest in these processes was revived. Two photon absorption 
in a gaseous system was first observed by Abella [Ab62] who illuminated 
Cs vapor with an intense ruby laser. Since that time, two-photo.i absorption 
has been observed in many different systems. Some of these are reviewed in 
[Bo65], [Go69], [Ko72] and [Br73] and will not be further discussed here. 
It wasn't until 1970, however, that it was suggested that two-photon absorp
tion could be used as a high resolution tool to study the spectroscopic 
properties of atomic and molecular systems [Va70]. It is this application 
of two-photon absorption that is studied in this thesis and has since become 
known as Doppler-free two-photon absorption (DFTPA). 

The historical development of DFTPA since 1970 is discussed in 
section 5.2. Following i..'" -Mscussion, section 5.3 and 5.4 detail the 
theoretical development of theory of two-ohoton absorption as given in 
[Go69] and its extension to the Ooppler-free case. 

5.2 Historical Development of DFTPA 
The first mention of DFTPA was made by Vasilenko et al. [Va70] in 

1970. They analyzed the interaction of an atomic system in a single 
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frequency standing wave f i e l d and astutely predicted tha t , at resonance, 

the l inear Ooppler sh i f t for the absorption of a photon from the f i e l d 

in one direct ion is exactly compensated by the opposite l inear Doppler 

sh i f t for a photon absorbed from the f i e l d in the other d i rect ion. Thus, 

a l l the atoms, irrespective o f the i r ve loc i t ies, would part ic ipate in the 

two photon process and the width of the resonance would be reduced to the 

homogeneous l inewidth. A further elaboration of this e f fect was treated 

by Cagnac et a l . [Ca73j. Then, as so often happens in physics, there 

appeared two simultaneous but independent experimental ver i f icat ions of 

the Doppler-free two-photon ef fect in Na vapor by Levenson and Bloembergen 

[Le74] and by Biraben et a l . [Bi74]. Interest ingly enough, they both 

appeared in the same issue of Physical Review Letters. The experiments 

were identical as they both used the same t ransi t ion (3S - JS) in Na 

which absorbed two photons of the same frequency from two counter-propa

gating dye laser beams. With the result ing increased resolut ion, they 

measured the hyperfine sp l i t t i ng in the 5S state. Following these two 

papers there appeared a f l u r r y of a r t i c les . Kelley et a l . [Ke74] 

discussed in general terms the Doppler-free two-photon effect as well as 

stimulated Raman scattering where the absorbed and emitted photon travel 

in the same di rect ion. Estimates were made of the degree of l ine narrow

ing obtainable and the enhancement in the two-photon cross section together 

with the required power levels. Hansch et a l . [Ha74, 75a] used the technique 

to measure the 4D f ine structure sp l i t t i ng in the 3S-4D transit ion in Na 

vapor and the Lamb sh i f t of the IS ground state in the transi t ion 1S-2S 

of atomic hydrogen and deuterium. In the same time frame, there appeared 
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three successive and very important papers by Bjorkholm and Liao 

[Bi74a,b, and Li75] describing various effects of the Doppler-free 

two-photon technique. In their f i r s t experiment [Bj74a], they used 

two d i f ferent frequency dye lasers in the 3S-4D t ransi t ion in Na, and by 

tuning one of the lasers near the intermediate 3P s ta te , they were able 

to observe a resonant enhancement of nearly seven orders of magnitude in 

the two-photon absorption cross section. In a follow-up experiment [L i75 ] , 

and using the same Na t rans i t i on , they observed energy level sh i f ts in 

ei ther the 3S or 4D state depending on the intensi ty of the resonant laser 

frequency. These sh i f ts were clear demonstrations of the optical Stark 

ef fect . The th i rd paper [Bj74b] dealt with the Doppler-free two-photon 

lineshape and atomic eff ic iency [the fract ion of atoms (molecules) in a 

Doppler-broadened l ine that can simultaneously interact with two counter-

propagating laser beams]. Again, at about th is same time, Bischel, Kel ly, 

and Rhodes [Bi75] reported the observation of the technique for the f i r s t 

time in a molecular species (CHjF) using two di f ferent infrared (C02) laser 

frequencies. Instead of tuning the lasers, the molecule was tuned into 

resonance by the application of a s ta t ic Stark f i e l d , (Measurements and 

observations result ing from this experiment are to be found in th is thesis). 

Harvey et a l . [Ha75b], using a Stark ef fect technique similar to ours, was 

able to measure the hyperfine sp l i t t i ngs in the 5S-4D t ransi t ion of Na 

together with the scalar and tensor po lar izab i l i t ies of each of the s p l i t 

levels. And f i n a l l y , a recent a r t i c le by Chebotaev et a l . [Ch75] describes 

the use of DFTPA techniques to increase infrared excitat ion se lec t iv i ty of 

molecules with overlapping absorption l ines. Al l of these demonstrations 

of DFTPA have shown the extreme ve rsa t i l i t y of th is technique for the study 

of atomic and molecular properties. 
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5.3 Theoretical Development of Two-Photon Absorption 

G'oppert-Mayer f i r s t work out this theory using second order 

perturbation theory. We w i l l fol low a modified version of th is a 

approach as presented by Gold [Go69]. A di f ferent treatment using the 

density matrix formalism can be found in [Ya67]. 

To understand the interaction between weak radiation f ie lds ( i . e . 

small compared to the electronic binding f ie lds) and an absorbing medium, 

a semi-classical treatment (where the f ie lds are treated classical ly and 

the response of the medium is treated quantum mechanically) is usually 

su f f ic ient . This is the approach which w i l l be followed in th is section. 

The Hamiltonian for the molecular system can ba wr i t ten as 

H = H 0 + h" (5-1) 

where HQ is the unperturbed Hamiltonlan of the molecule with a complete 

set of eigenstates In > having energies E n , and H' is the interaction 

Hamiltonlan, assumed to be weak enough so that the temporal behavior of 

the system can be calculated by perturbation theory. 

With the energy levels of the molecule as shown in f i g . 5 . 1 , i t is 

assumed that no single photon t ransi t ion 1s possible from either radiation 

f i e l d , and that there are no states either Zhou, or Zftoj above the ground 

state. The absorption of two photons, one coming from each of the two 

radiation f i e l ds , raises the system from i t s ground state Ig > to a f inal 

state I f > of energy E f q = T)(ui, + w s) above ground state. 
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Fig. 5 .1 . Energy level diagram for two-photon absorption theory 

in section 5.3. 
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From a solution of the Schrodinger equation 

" • " H l T ^ [H0 + H ' ( t ) ] l ¥ > , (5-2) 

the probability amplitude for finding the system in state I k> at time t 

subject to the perturbation H'(t! is given by 

a k ( t ) = ( 1 H ) " ' E <kl H' ln> a n ( t ) exp r > k n t ] (5-3) 

where a n ( t ) is defined by 

I -i> = £ a

n

( t > expf-iEnt/h] I n>, (5-1) 
n 

and y, = (e k - E,.)/". Following the customary procedure for time-

dependent perturbation theory, a power series expansion is made for a n : 

a„ = a^ 0 > + \ a ' 1 ' + \2 a n

f e l + . . . (5-5) 

Substitution of (5-5) in (5-3) and equating powers of the small parameter 

x gives the well known result 

a k

( s ) = ( I n ) ' ' £ < k|H'|n > a ^ ' ^ e x P O k n t ] . 
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Since an absorption process is being discussed, it may be assumed that 
the system is initially known to be in its ground state |g >, such that 
at t ' 0 

ak(0) = ak(°>(0) - 6 k g # 

The first order term for (5-6) is then 

a R
( 1 ) = (ffiJ'^klH'ig-' exp[1u.kgt]. 

The time dependent part of the interaction Hamiltonian for absorption 
of the two radiation fields is of the form 

(5-7) 

(5-8) 

H 1 / -ito-it . «iwit\ 2 /„-iw 9t , rtiu3ot\ H'(t) = y {e"mV * e ' V ) + -£ (e- l l J2 l + e ' V ) 

H'(t) = 0 t < 0 . 

(5-9) 

The result of substituting (5-9) into (5-8) and performing the time 
integration is 

(0 1 
211 

exp[ i (u k -ui , ) t ] -1 
<MH;|g> — \ p * -"kg X T 

expClU -u ) t ] -1 
+ < k | H ' | g > • k 9 2 

W\ kg T (5-10) 

where we have neglected terms with energy denominators of (u. + u>.). 

Since we have assumed no single photon resonances, (i.e. neither 
UJ, or u)j near u. in fig. 5.1) a' 1' will not produce any transitions. 

Proceeding now to second order, we have from (5-6) 

a f
('> = (iTi)"15< f|H'|k > a k

( l )exp[iu) f kt] . (5-11) 
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Substitution of (5-10) into (5-11) followed by integration yields 

l?\ i e xP[iU>f„- <V" 2)t]-l , , 
a f ( ^ =" w (^-VU) M ( 5' , 2 ) 

where 
M V < f | H ; | k > < k | H ; | g > < f | H i | k > < k | H ' | g > 

W = ^ E re + T? K l (5-13) 
k Ekg • *», Ekg " ""i 

and terms involving (m- - 2u> ) and (<uf - 2u>2) have been neglected in 
consonance with the original assumption of no states having energies 
2huj or 2h«)2 above the ground state. 

The transition probability for the system in going from the ground 
state |g > to the final state |f > is 

t,\ 1 sin 2n/2(u f - U l)t] , 2 ) a < 2'{tM 2 = - V 1 £ 2 — T Z - M • (5-14) 

Since |f > has a finite energy width and thus lives in a continuum 
of states clusturd about |f >, the appropriate density of states p(u f a) 
must be inserted into (5-14). 
Therefore the transition probability from |g > to a group of states 
near If > is 

1,1 , i,\ /• sin (xt/2)dx p(u;f ) U f
( 2 ,(t)| 2=-L|M ( 2V J j f-2- (5-15) n ^ 

4n 4 -» x' 

where x = (u f - u, - u 2 ) . 

For times large enough so that the width of the function sin2 (xt/2)/x2 

is much smaller than the width of p{o>fQ)< then the function sin2 (xt/2)/x2 

may be treated as a narrow sampling function such that 
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(xt/2) nt sin' •••''; ' * Y Sfuj^-uij-iOj) . (5-16) 

Substitution of (5-16) into (5-15) yields 

| a f
( 2 ) ( t ) | 2 = - ^ ' l 2 p ( W f = w ^ t (5-17) 

The transition probability rate from the ground state |g > to the 
continuum of states near |f > is thus 

(5-18) "fg - It I*/ 0' 

W f s % 1 ? | M < 2 ) | 2 ^ f g " " ^ 

The interaction Hamiltonian is given by 

" ' - - - i d * • * • ! « > * • * < 5- 1 9> 

in which P is the momentum operation for all the electrons of the 
system (P = 'i. P-) and A is the total vector potential for both radiation 
fields. As shown in appendix G, (5-19 ) can be transformed into tne 
form 

H' = -v • I (5-20) 

where u is the electric dipole moment operator for all the electrons 

(u = -I e r j and E is the total electric field for two plane wave beams 
i 

with polarizations denoted by 

f = '?, E, exp [i(k.-r - us,t)] + ?.E2 exp[i(kV'r-u2t)] (5-Zla) 
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(5-23) 

where only the terms exhibiting absorption processes have been written. 
The spectral intensity 1̂  is related to the electric field strength by 

|E f| 2 • ^ I,( U 1). (5-Zla) 

Using the dipole approximation (exp [ilc-r]) * 1, and substituting 
(5-20), (5-21a),and (5-21b)into (5-16) yields 

W f g • $ £ IilalPfgl2 9 K ^ } (5-22) 

where ^ 
V < f|6 «er|k > < k|e2.er|g> |p | = 2 *-; = 

fg K E k g - in, 

< f|£ r|k > < kj£1-er|g> 
Ekg " ^i 

and p(i")k„ = U, +ID 2) is just the lineshape function gji^+aij). 

As expected, the probability for two photon absorption is 
proportional to the intensities of both laser fields. Since experi
mentally, we detect two photon a&sorption by monitoring only one 
of the laser frequencies, it will be convenient to calculate the 
absorption cross section of a molecule for light at frequen y v, induced 
by light at v> is given by 

H i ' K ) = " «, «fg < N f - V - IaO^MNf-Ng) (5-24) 

where (N.-N ) is the population density difference between the states 
jf > and |g >. The absorption cross section o(v.) can then be calculated 
as 
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w f hv2 

"(v 2) = -^ . (5-25) 

Substituting of (5-22) into (5-25) and converting the line shape 
function 9(0^+01 ) to g (\)t+ v 2 ) where 

g(u),+w2) = \ v g(M,+v2) (5-26) 

yields 

giving an absorption coefficient from eqn. (5-2*) of 

«(v 2) = o(v 2)(N f-N g) . 

A close examination of the composite matrix element P- (eqn. 5-23) 
provides much information about the processes taking place. The sum 
is taken over all intermediate states |k >, although as will be shown 
later for CH,F and NH,, only one intermediate state provides a signifi
cant contribution because of the resonance denominator. The intermediate 
state |k > is required to have dipole matrix elements to both the ground 
and final states which implies that both of the latter states must be 
of the same parity. Since in the absorption process we are unable to 
distinguish experimentally between absorption of «, + \>2 or its reverse, 
the amplitudes for both these processes must be added with the result 
of both terms in expression (5-23). It is also obvious that the 
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absorption process can be significantly enhanced if one of the 
frequencies is made close to the transition frequency v.. Bjorkholm 
and Liao in their excellent paper [Bj74a] on resonant enhancement of 
two-photon absorption showed that in the case of sodium vapor, over 
seven orders of magnitude increase in the two-photon absorption cross 
section was achieved by just such a technique. Finally, the matrix 
elements in eqn. (5-23) depend on the polarization of the laser fields. 
These polarization effects can be taken advantage of to eliminate 
background effects (see LLe74]) or to observe different two-photon 
transitions as described in Chapter 7. 
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5.4 Extension of Two-Photon Theory to the Doppler-Free Case 
It has been pointed out [Va70] that the effects of Doppler 

broadening can be eliminated in two-photon transitions if the two 
photons have the same energy and are propagating in opposite directions. 
This effect not only gives narrow linewidths but also enhances the two-
photon cross section (eqn. (5-27) by a factor (av D/Av H) where Av D 

is the Doppler width defined by (FWHM) 

A\>D = 2 £ V 2 InZ kT/m (5-28) 

and Av„ is the homogeneous width. This factor could be as large as 
100 for molecular systems at low pressures. 

To physically understand these processes, we first review the 
concept of the Doppler width for a single photon resonance. If we 
trai.iform into the rest frame of the molecule, it sees a radiation 
field with a frequency defined by 

v'= v (l±vz/c) (5-29) 

where v is the molecular velocity along the direction of propagation 
of the radiation field. Suppose now that the molecule is subjected to 
radiation at frequencies v, and v 2 traveling in the +z and -z 
directions as illustrated in fig. 5.2. The molecule now sees two 
apparent frequencies, one shifted up and one shifted down. The resonance 
condition is satisfied if vj and \>j determined by eqn. 5-29 add to give 
the molecular transition frequency v (see fig. 5.1). 
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1. Doppler shift (rest frame of molecule) 

v' = v W*f 

2. Resonance condition 

"o -V + 'a' 

" 0 = l ' l + ' ' 2 +

 c

i < » ' 2 - ' ' l > 

3. Residual doppler linewidth 

Ai>0 (FWHM) = 2 [2 In 2 ] " 2 I v2 - vy I ^ 

J 
Fig. 5.2 Schematic diagram of an atom or molecule having a z-component 
of velocity v interacting with oppositely propagating light beams 
having the frequencies v-| and v 2 . Equations 1 ,2, and 3 give the physical 
model for the Ooppler-free effect described in the text. 
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The sum of these two apparent frequencies is 

v o = ui + v l " vi + v-' + v z ' vi " v ^ / c • (5-30) 

Note that if v = v 2, all velocity groups see the same apparent sum 
frequency and all participate in the absorption process giving the 
homogeneous value for the linewidth. However, if the two frequencies 
are not the same, the Doppier width is still reduced by a factor of 
(v, - yz)/(\>j + v 2 ) . This leads to what is known as the residual 
Doppier width whose value is (FWHM): 

Av D = 2 | — j |y2 *n» kT/m . (5-31) 

This value is on the order of 1 MHz for the cases studied in this 
thesis. These values are detailed in table 5.1 for the two experi
mental observations in CH,F and NH, described in Chapter 6. 

To describe these effects in a more quantative manner, we 
follow the treatment in [Bj74b]. Note that all linewidth effects 
are contained in g(v, + v ) of eqn. (5-27). This function can be 
calculated using techniques similiar to those developed by Voigt [Vol2] 
when he investigated the Hneshape due to combined Doppier and 
homogeneous broadening. 

We start by using eqn. (5-27) to calculate the velocity dependent 
transition probability 

W f = B ( V v . ) 1,1, g(v, + v 2 ) . (5-32) 
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Table 5.1 Values of the Residual Doppler Width for the Two-Photon 
Transitions Described in Chapter 6. 

MOLECULE V j Vj, v rv 2(cm"') Avp(MHz) 

CH3F 

NH3 

P(14) P(30) 

P(18) P(34) 

14.76 

14.98 

.94 

1.35 
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Here ! (Ay?) 
C'(v.(v) + v,(v) - M n ) 2 + (Av H/2) 2] 

is the normalized lineshape function for the two-photon transition 
where Av,, = 1/wT, is the homogeneous full width at half maximum (FWHM) 
including collisions! effects. B(\),.,v2) is defined by eqn. (5-27) 
and Vj and v 2 have the velocity dependence described by eqn. (5-29). 

In order to simplify the calculation, we will assume that the 
homogeneous width (Av H) does not depend on the velocity (an assumption 
not held for the case of NH,-Ne collisions described in section 7.7) 
and the energy denominators in B(v j fv ) are large compared to both 
the Doppler and homogeneous widths making B(" ,v 2) essentially 
velocity independent. 

The density, n(v), of molecules belonging to the vth velocity 
group is given by the Maxwellian thermal distribution. The number 
of g •» f transitions made by these molecules per unit time and volume 
is 

^ = W( Vv 2,v)n(v) . (5-33) 

Substituting eqns. (5-32a) and (5-32) into (5-33), we have 

^W1 ' BW^vJI.Ij 2 , ? .(5-34) 
d t ' nt(v, + v 2 + ^ (v, - v.) - v / + (A^/2) 2] 

The Gaussian thermal distribution of n(v) for molecules with velocity 
in the z direction v (molecules with v andv are always in resonance 
with the radiation field) is: 
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, v "o 
"(v z) = ^-TT^-exp [-(v,/^)'] 

where v is an average thermal velocity in the z direction (i.e. 
v" = V2kT/m )and n is MIF total number of molecules in thi- lev 

z * - • • . • • /•• - 0 

of interest and is defined by 

"o = / " ' " z ' d v z 

The total transition rate per unit volume is obtained by tomhirii 
eqns. (5-34) and (5-35) and integrating over all velocity groups. 
Defining Sv = v - (v, + v ) and iv = |v( - v I, we have ttwt 

(5-36) 
/ dn(v ) f n0 exp[-(v /v )'][•"»J?) dv, 
-- d t 2 ' 2 - » ir"--v [(Su - - ViAv) Z + U« H/?)'] 

This can be rewritten as 

dn 0 

g j - = B(v,,vJ I,JS n 0 g(vJ + V,) (5-37i 

where the 1ineshape function is now defined hy 

s2n ( W 2 ) / a p [ - ( v _ / i r H dv 

Z2) 7 ] 
(5-38) 

I f we define 

t • Y ^ 

„ . 26vVIn2 
* " S ^ (5-39) 
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and 

with 

2 T Z r — 
t v o ' - r >F"Z ! v « - v - - i 

(where Ay- is known as the residual Doppler width), we can rewrite 

eqn. (5-38) as: 

g ( + , . _?_x_ f ijdL" . 
1 Av H *'"_•'„ (x-t) 2+y 2 

This lineshape has the fonn of the well known Vnigt profile 
and is discussed in detail in appendix F. The integral in eqn. (5-40) 
cannot be evaluated by contour metiods on account of the essential 
simiiilnrity arising from the Caussian. Other net hods fail as well, 
so no known closed form result is available. There are tabulated 
wilues of this function in [Frf>l] and [Ga65]. The fitting routine-; 
described in appendix E use a code to numerically calculate thi<. 
function. There are, however, limiting cases of eqn. (5-40) whii n are 

of interest. For y •.- 1, the lineshape function g(v, + v,) has ' 
familiar form of a Gaussian line. This would fit the data nt v- , :.-.• 
pressures and is illustrated in the case of NH, in fig. 6.15. F< • 
y » 1, the line is completely pressure broadened and has the u" .: 
Lorentzian shape. This case is illustrated in Chapter 6 for the i.r-
photon absorption spectra in CH,F for pressures abovU 30 milliU 
For the cases in between, one must use a numerical evaluation of eq» 
5-40 for accurate fits to the experimental lineshape. 
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CHAPTER 6 

EXPERIMENTAL OBSERVATION OF DFTPA IN CHjF AND NH $ 

6.1 Introduction 
Although Doppler-free two-photon absorption (DFTPA) was theore

tically predicted in 1970 by a Russian group headed by Vasilenko 
[Va71], it was only first demonstrated experimentally in 1974 (see 
section 5.2). All of the experimental demonstrations were in the 
visible in an atomic system using tunable dye lasers. Although 
there is no theoretical reason why OFTPA can not be observed in 
molecular systems, it is not a trivial exercise to extend the tech
niques used in the visible to infrared resonances. There are a 
number of experimental difficulties which make these resonances 
hard to observe. Included among these are: 1) small IR transition 
dipole moments, 2) low detector sensitivities, 3) lack of tunable 
sources, and 4) insufficient "hot band" spectroscopy to predict 
two-photon coincidences. 

There are, however, several reasons why it is of interest to 
look for DFTPA in molecular systems. First, there are existing 
stable infrared lasers with accurate absolute frequency callibration 
which could be used in experiments of this type if the molecular 
resonance could be tuned instead of the laser. Secondly, high powered 
versions of these Users exist today thus eliminating the need for 
expensive new laser development when pursuing applications of DFTPA 
to laser isotope seperation or frequency conversion schemes. Finally 
a reasonable class of molecules has been identified for the initial 
observation of these effects. 
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Symmetric top molecules provide a resonable system for DFTPA 
since they can have large static dipole moments leading to a large 
first order Stark effect (see section 4.3). This eliminates the 
need for tunable lasers. They also generally possess relatively 
large transition dipole moments leading to enhanced TPA cross 
sections (see section 5.1). Finally, the spectroscopy of some 
well known symmetric top molecules (e.g. CH,F and NH,) is sufficiently 
accurate to predict two-photon coincidences. 

In this chapter we report the first observation of Doppler-
free two-photon absorption in the infrared using the symmetric-top 
molecular systems of CH,F and NH,. Since the investigation of 
these systems required the same experimental arrangement, we will 
discuss the general setup in section 6.2 leaving the discussion 
of specific observations to sections 6.3 and 6.4. 

6.2 Experimental Apparatus 
A block diagram of the experiment is given in fig. 6.1. Two 

stable CO, lasers (labeled pump and probe oscillators) are locked 
to a specific frequency within their gain profile on their respective 
lines (set by experimental conditions) via a local oscillator hetero
dyning feedback system (see section 2.3). The output beams are then 
propagated through the Stark cell in opposite directions. Care is 
taken to maximize the overlap region in the Stark cell and yet ensure 
sufficient exit offset to separate the two beams. Both laser radiation 
fields are linearly polarized parallel to the dc Stark field and 
focused to a beam waist of 0.63 mm at the center of the cell. A 
typical length averaged pump beam intensity was approximately 375 w/cm . 
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Fig. 6.1 Schematic diagram of the experimental apparatus. 
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The experiment consists of introducing a quantity of gas 
(approximately 5-150 millitorr of CHjF or NKj) into the Stark cell 
and detecting the small amount of absorption of the probe beam by 
observing the output of a helium cooled Cu:Ge detector and lock-in 
amplifier system. The resonance can be swept through by either 
applying a ramp voltage to the top plate of the cell via a biased 
0-2000 V KEPC0 operational amplifier and a signal generator (see 
detailed electrical diagram of Stark cell in fig, 2.9), or by 
tuning the laser transition by applying a voltage to the piezo elec
tric crystal. A small sinusoidal modulating electric field of 
approximately w = 6 KHz is applied to the bottom plate of the cell. 
After passing through the cell, the probe beam is detected synchron
ously at the modulation frequency UJ by an ITHAC0 Model 391 lock-
in amplifier. The resulting signal is then recorded on magnetic 
tape for subsequent numerical reduction. 

A sample of the data taken using this experimental arrangement 
is given in fig. 6.2 for the case of 20 nillitorr of CH,F in the Stark cell. 
The dark line is the actual data taken during the experiment. Note 
that there is no Doppler background due to seperate beam two-photon 
absorption since the frequencies 2v, and 2v 2 are several hundred 
Doppler widths off the two-photon resonance. 

The dotted line is the computer fit to the data. As shown in 
section 5.4 the lineshape function for the two-photon absorption 
signal is a convolution of the residual Doppler width and the pressure 
broadened width. This profile is the well known Voigt profile which 
is discussed in appendix F. The details of the general fitting 
procedure can be found in appendix E. There were, however, slight 
difference;, in the numerical handling of the data for the two cases 
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132. 135. 141. 144. 13B. 
Frequency (MHz) 

Fig. 6.2 Two-photon absorption observed for the selected transition of 
fig. 6.3 using the apparatus of fig. 6.1. The probe oscillator 
(P30, 9.4 urn) and the pump oscillator (P14, 9.4 \m) were locked 

12 
1 Ml* below and above Hne center respectively. C\UF pressure 
was 20 millitorr. Modulation voltage was 2V peak to peak. 
Trace sweep time was 1.5 Htts/min. Data shown is a computer 
average of two consecutive runs. 
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of CH.F and NH,. These differences will be discussed in detail 
in the following sections. 

6.3 Observation of DFTPA in CHjF 

Doppler-free two-photon resonances in molecular systems were 

seen for the first time in September of 1974 in the symmetric top 

system of CH,F. This observation was motivated by new laser Stark 
12 spectroscopic measurements [Fr74a]on the v 3 bands of CHjF. It 

was found (see table 4.4) that there were several near coincidences 

of the P-branch lines of the 9.4 urn band of the CO, laser with the 
12 v 3 (C-F stretching vibration) bands of CH,F. In particular as 

shown in fig. 6.3,we selected the coincidences of the P14 line with 

the R(l,l) transition of the 0-m5 fundamental band and the P30 line 
with the R(2,l) transition of the v3-«-2\)3 hot band. The frequency 
difference between the sum of the two laser lines and the selected 
two-photon transition is ~ 139 MHz. This transition can easily 
be tuned into resonance by applying a dc Stark field. 

The allowed transitions for this parallel band are governed 
by the selection rules AJ = ± 1, AK = 0, and AM = 0, ± 1, depending 
on the polarization of the laser radiation field and the dc Stark 
field. Also note that the P14 line is only 7.3 GHz away from the 
intermediate state. This near resonance condition greatly inhances 
the TPA cross section. 
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« = 139 MHz 

A = 7315 MHz 

(E<Je = 0 ) ( E d c = 3 6 0 V / c m ) 

12 Fig. 6.3 Two-photon absorption t rans i t ion in the v 3 bands of CHjF. 

The case i l lus t ra ted is for the two laser photons polarized 

paral le l to the Stark f i e l d . This t ransi t ion can be tuned 

into resonance using a Stark f i e l d of 360 V/cm. 
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6.3.1 Stark Tuning of CH^F 

Fig. 6.4 details the Stark effect in CHjF. Here the Stark effect 
is predominantly first order resulting from the inversion degeneracy 
(i.e. the vibrational level is not split as in the case of NK,). For 
two-photon absorption, we are only concerned with the tuning of the 
upper (f) and lower (g) states since the overall tuning of the transi
tion is the determined by difference in these two Stark shifted levels. 

The Stark shift of a given level to second order is given by 
[T055]: 

AW = AW*1' * At/ 2' • (6-1) 

Substitution of (4-39) for AW* 1' and (4-44) for AW^'yields 

AW(MHz) = AuE + Cu 2E 2 (6-2) 

* • & > ' ( 6 - 3 ) 

where 

r - a ; J S-K 2)(J 2-M 2) [(.HI) 2 -K 2][(Jfl) 2-H 2] ,, ., 
c " 2B J3r(iS-n{2J+1) " \ M ) (2J+l5(2J+3) J (6"4) 

and a = 0.50348 such that 

u-E (MH )= 0.50348 u (debye) E (volts/cm). (6-5) 

If the energy is measured as positive in the vertical direction, 
then the magnitude of the Stark shift (5W) necessary to tune the two 
frequencies (vi and v 2 ) Into resonance with the two piioton transition 

fi b y 

iW(MHz) = [A qu g - Af u f ] E + [ C g M q

2 - C f M f

2 ]E 2 (6-6) 
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6W 

(2,3,l,M f) 

(I.2.I.M.) 

("3,J,K,M) 

r * ( 2 » pv 

rAW W 

AW (1) 

Fig. 6.4 Stark tuning of CHjF. Included in th is diagram are both 
f i r s t order ( W^ 1 ' ) and second order ( w ' 2 ' ) effects not drawn 
to scale. The total tuning necessary to obtain resonance 
is 6W = 138.8 MHz. 
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where the subscripts g and f refer to the qround and final states 
respectively. Since the ground and final state dipole moments are 
known (see table 4.3), expression (6-6) can be reduced to 

SW (MHz) = D,E + D 2 E 2 (6-7) 

where 

Dl = ^Vg " Vf 3' and ( 6 _ 8 > 
D 2 - [C gv g

2 - C f p f
2 ] . (6-3) 

These coefficients are evaluated i'i table 6.1 for the CH,F two 
photon transitions shown in fig. 6.3. As can be seen from eqn. 
6-3, the largest tuning results when M=J. For the case 
in fig. 6.3 and 6.4, the sum of the two CO, photons is below the 
upper state leading to H= -1 for the lower state. Since the laser 
fields are polarized parallel to the dc Stark field, we have flM=0 
for the selection rule. Refering to eqn. 6-3 and table 6.1, we find 
the tuning in the lower state is 6 times larger than in the upper 
state. Note that the second order corrections indicated in fig. 6.4 
can be either positive or negative depending on the H quantum number of the 
level. These can be accurately calculated from eqn. ('-4). The 
overall tuning is the difference in the tuning between the lower and 
upper state and is calculated from eqn. 6-6. The tuning is about 
385 MHz/(volt/cm) for the parallel-parallel case (A H=0) depicted 
in fig. 6.3. 
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Table 6.1 Evaluation of Resonant Stark Shif ts in CH,F 

Transition 

<g H i " f D^HHz/tV/cm)] D 2xl0 6[HHz/(V/cm) 2] 

•1 0 0 0.46786 -1.60938 

• l - i -1 0.38596 -1.51724 

-1 -2 -1 0.38596 -1.51724 

-1 -2 -2 0.30407 -1.24084 

•1 -2 -3 0.22217 -0.78015 

0 1 1 0.09189 -1.94583 

0 1 2 0.16379 -1.66942 

(a) Taken with 20 raillitorr of CHjF. 

(b) Plate spacing of 0.49648 ± .00010 cm 

E ( V / c m ) ( a ' b ) 

297.05 

360.28 

360.28 

457.70 

626.61 

1770.08 

855.02 

SW (MHz) 

13B.84 

138.86 

138.86 

138.91 

138.91 

138.86 

138.82 

138.87 



Other Stark transitions are possible for two-photon transitions 
with A M= il,±2. A list of all the possible Stark resonances along 
with the polarizations between the laser and Stark fields for the 
transition (J,K) = (1,1 ) ->• (3,1 ) is given in table 6.2. Also included 
in this table are the experimentally determined electric field values 
ne ossary to tune the specific two-photon transition into resonance. 

To obtain an accurate value of this Stark shift, four quantities 
must be known: the upper and lower state dipole moments, the voltage 
across the plates and the plate spacing. The upper and lower state 
dipole moments were determined with high accuracy by [Fr74a] and are 

5 given in table 4.3. The voltage is read to 1 part in 10 by a HP 
differential voltmeter (see fig. 2.9). The only unknown quantity is 
the plate spacing. Our plate spacing was calibrated by varying the 
locked offset frequencies of both the pump and probe lasers from 
their respective line centers and observing the Stark voltage required 
to shift the transition into resonance. Differences in these energy 
shifts are then calculated using values for the dipole moments taken 
from [Fr74a]. This gave us a plate spacing of 0.49648 ± 0.00010 which 
is within the experimental error of the measured value. 

Once this plate spacing is known, accurate values for the transi
tion frequencies for the various transitions can be calculated 
from eqn. 6-7. These determinations are listed in table 6.1. Since 
all the H levels are degenerate at zero Stark field, these transition 
frequencies should all be the same. Note that the maximum deviation 
from the average is only 40 kHz giving an average transition frequency 
at 20 millitorr CHjF pressure of Sw = 138.87 MHz (see fig. 6.4). To 
obtain the actual transition frequency, this value must be corrected 
for the pressure shift discussed in section 6.3.4. Making this correc
tion, we obtain a final value for £ W - 138.83 MHz. Using the values 
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Transition Polarization Resonant 
magnetic between laser Relative Stark field 
quantum no. and Stark fields coupling* (volts/cm) 

\ H 1 H f Yi V 2 

50 0 0 1 II J. 50 1770.08 

0 1 1 i II SO 1770.08 <-

0 1 2 i i 33 855.02 •• 

-1 -1 -1 II II 100 360.28 + 

-1 -1 -2 II 1 63 457.70 

-1 -1 0 II i 20 297.05 

-1 0 0 i II 20 297.05 + 

_T| 0 
-2 -1 i 1 28 360.28 1-

- l 0 +1 1 1 7 360.28 

- i -2 -2 i II 63 457.70 -

-1 -2 -3 l 1 97 626.61 -

•These numbers are relative to best case transition (-1, -1, -1 ) which 
is given arbitrary value of 100. Coupling is determined by direction 
cosine matrix elements. 
"Includes Two Intermediate states. 
*- Indicates transitions experimentally observed. 

Table 6.2 Parameters for the CHjF Two-Photon Transition of 
(J=l, K=l - J=3, K-l). 
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for the frequencies of the two CO- laser photons determined by 
[Pe73] (see table 2.2), we determine a transition frequency for the 
CH 3F two-photon transition (v3,J,K) = (0,1,1 ) - (2,3,1) of 2089.634298 
± 3 x 10"" cm"1 giving a 6v/vQ = 1.6 x 10" 9. 

6.3.2 Estimate of TPA cross-section in CH,F 

The general theory of TPA was presented in section 5.1. We can 
estimate the amount of absorption of the probe beam from equation 
(5-27). This equation is given below for reference 

o t ^ / I , = (2n) 3 v 2 |P f g| 2 g(v, + \>2)/1Ic2 . (6-9a) 

Here I. is the intensity of the pump radiation field, g(v. + v,) is 
the normalized lineshape function for the transition (see section 5.3), 
and P. = < f \t-\i\ n > < n \i-v\ g > /(E -h\>,) for one dominant inter
mediate state. 

Polarization effects between the radiation fields and the Stark 
field (AM = 0, or ± 1) play an important role in the direction-cosine 
matrix elements of P. . From tabulated expressions for the matrix 
elements of symmetric top molecules (s>ee table 4.2), it is found that 
the best enhancement occurs for the parallel-parallel case of 
(0.K,M)=(1,1-1) •» (3,1-1) with (2,1-1 ) constituting the intermediate 
state. Giving this case the arbitrary value of 100, the relative 
coupling factor for the other AH transitions can be calculated by taking 
the ratio of the squares of the direction cosine matrix elements. 
These relative values are given in table 6.2. Note that in some cases 
the signal/noise ratio as shown in fig. 6.2 can be reduced by a factor 
of 14 just by changing the laser polarization. 
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Also note that P. has a resonant energy denominator. This 
term can become quite large as shown by [Bj74a]. In our case we are 
only .25 cm (see fig. 6.3) off the intermediate state leading to 
a large enhancement of the TPA cross section. 

Using the experimental parameters tabulated in table 6.3, 
we calculate a value of o/I from eqn. (6-9a) of 

o/I] = 3.52 x 10" 2 1 cm 2/(watt/cm 2). 
2 For a pump beam intensity I] = 375 watts/cm , an absorption 

length of L = 17.5 cm and a population difference at 10 millitorr 
pressure of (N f - N ) = 1.22 X 10 1 1 c m - 3 (see section 4.1.6), we 
calculate an absorption of 

£|i = aL = o I 2 (N f - N g) = 2.8 x 10" 6 

or about 3 parts in 10 .* 
It is extremely hard to experimentally measure absolute values 

for the absorption coefficient using our detection techniques. Not 
only does the amplitude of the absorption signal depend on the amplitude 
of the modulation voltage applied to the Stark cell, but it also 
depends on the amount of overlap of the two beams in the cell. If 
one includes best estimates for these correction factors, we obtain 
order of magnitude agreement with the estimates presented in table 
6.3. We can, however, obtain experimental relative values for the 

*The assumed value of gfvi+Vj) was the line center value of the 
residual Ooppler profile or .939/Av0 where Av n is the FWffl residual 
Doppler width discussed in Chapter 5. 
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Table 6.3 Comparison of TPA Parameters For the Case of CH,F and NH. 

Molecule 
(Transition) <w * 
(-VgV * 
( J f K g H f ) 

(debye)2 

l " i f l 2 

(debye)2 (MHz) 

g ( ^ + v 2 ) ( a l 

= -94Mv 0 

(x 10" 6sec) 

a / I 2 

2 2 cm /(watt/cm ) 

N g - N f 
(cm"3) 
at 
10 mtoi-i" 

(watts/ 
ci»2) 

L 

(cm) 

a i 2 

aL 

;H3F 
[ I , I , - D -
( 2 , 1 , - 1 ) * 
[3,1,-1) 

6.86 
x 10" 3 0.015 

7426 
1.0 3.52 

x lO" 2 1 

1.22 
x 10 

375 17.5. 2.8x10" 6 

W 3 
15,4,5) * 
:5,4,5) * 
:5,4,5) 

0.026) 0.030) 4950 0.701 
3.78 
x I D " 2 0 

4.80 
x l O 1 1 375 17.5 1.2xl0~4 

a) Residual Ooppler width Av D is calculated in Chapter 5 



absorption coefficient for the different AM transition and these 
follow the ratios predicted in table 6.1 quite accurately. 

6.3.3 Data Analysis Procedure 
As stated in section 6.2, the dotted line in fig. 6.2 is the 

computer fit to the experimental data. Although the theoretical 
linewidth is a Voigt profile, the lineshapes for the case of CH,F 
are primarily Lorentzian at pressures greater than 20 millitorr. 
There is a correction that must be applied to the measured value of the 
linewidth. This correction results from the large modulation voltage 
applied to the lower plate of the Stark cell which was necessary for 
good signal to noise. The "modulation broadening" of a Lorentzian line 
has been treated theoretically by Mahlquist [Wa61] and more recently 
by Snith [Sn71]. One can obtain a feeling for the value of the correc
tion from fig. 6.5. In this figure, the observed width (indicated by 
Av ) is defined as the distance between the peak of the derivative curve 
and the zero crossing shown in fig. 6.2. Note that this distance is 
related to the full width at half maximum definition by i v

D/Avpnu H - 1/2/3-
This point is indicated by the dot on curve (a) in fig. 6.5. The observed 
width (A«_) is plotted against the peak-to-peak modulation amplitude 
(M) in this figure. Note that maximum signal-to-noise occurs when 
(M/AVp W [ H) » 2 as indicated by the curve (b). At this modulation amplitude, 
the observed resonance has broadened by a factor of 3. For our experi
mental conditions, however, we have used a much smaller modulation 
amplitude. For all cases in CHj M/A\ip w m < 1. In our analysis, this 
modulation broadening was taken into account by fitting the observed 
data to theoretical expressions given in [Sm71c]. These expressions can 
be found in appendix E. As one can see from fig. 6.3, the fit is quite 

accurate indicating that the Lorentzian linewidth approximation is a valid 
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.5 Modulation broadening of a Lorentzian from [Wa61J. M is the 
peak to peak modulation amplitude. A v p W H H is the true full 
width at half maximum, and Au is the distance between the 
peak of the derivative curve to the zero crossing. Note that 
&\). = 1/2/3 (indicated by the dot on curve (a)) for an unmodu-
lation broadened Lorentzian line. Curve (a) 1s the observed 
width as a function of modulation amplitude while curve (b) 
is proportional to the signal Intensity. 
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one. The fitting code was further checked by taking data at the same 
pressure but varying the modulation amplitude. All true widths derived 
from the code were with 80 kHz of the average value. Additional broaden
ing mechanisms such as those discussed in [Ke74] were estimated to 
contribute less than 100 kHz to the linewidth and were neglected in 
this analysis. 

The widths derived from this code are still a convolution of 
the residual Doppler width and the pressure broadened width. The 
homogeneous contribution to these widths was deconvolued by assuming 
a residual Doppler width of .94 MHz (see table 5.1). Plots of the 
homogeneous contribution versus pressure were then fitted with a straight 
to determine the pressure broadening coefficient. This step wise 
procedure of data analysis was necessary because there are no general 
theoretical expressions for a lineshspe which is the modulation broadened 
derivative of a Voigt profile. The simplification obtained by assuming 
the limiting case of a modulation broadened Lorentzian is justified by 
the results of the analysis. Details of this fitting procedure are 
given appendix E. 

6.3.4 Presentation of CHjF Data 

The general experimental procedure for taking the data was given 
in section 6.2, For the case of CK,F, the data was taken by locking the 
P30 laser 500 kHz below line center and the P14 laser 500 kHz above and 
sweeping the Stark voltage. This meant that the sum of the two C0 2 photons 
could be calculated from the values given in table 2.2. The peak-to-peak 
sinusodial Stark modulation voltage was ~ 4 volts/cm which, using Stark 
shift formulas of section 6.3,1, converted to a value of 1.6 MHz. 

An example of signals obtained in CH^F at different pressures is 
given in fig. 6.5a. here the peak-to-peak modulation amplitude is 
1.6 Khz in all cases. The fitted line widths are indicated by A w . 
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Note that for 5 millitorr pressure, the observed width indicated by 
Av_ is 2.2 times the true width whereas for 150 millitorr there is m 
essentially no modulation broadening. Also, not that there is a change 
in the center frequency of the resonance. This pressure shift is 
plotted in fig. 6.11. 

The following figures are plots of pressure broadening data 
in C1LF. As indicated in section 6.2, we plot the observed full width 
at half maximum (shown by squares) along with deconvolued homogeneous 
component (shown by X's). Figures 6.6 and 6.7 give the pressure broaden
ing coefficient for the case of self-broadening for two different AM 
transitions. Note that the pressure broadening coefficient is smaller 
for the case of the two laser fields polarized perpendicular to the Stark 
field. Two foreign gas perturbers were used to probe the different 
colllslonal interactions. These were CF,I (which has a static dipole 
moment) and he (which has a polarizability). The Ve data is given in 
figures 6.8 and 6.9, again for two different AM transitions. Figure 
6.10 shows data CrLF perturbed by CF-I. Note this coefficient is larger 
than the self-broadening case even though it has a smaller dipole moment 
(see table 7.4). Section 7.4 gives a discussion of these various 
widths and their interpertation in terms of the various interactions 
that occur during a collision. These pressure broadening coefficients 
are summarized in table 7.5 along with the estimated errors. 

We also observe a "blue" pressure shift of Av » 2.1 ± .1 MHz/torr 
in the center frequency of the resonance as seen in fig. 6.11. This same 
shift was observed for both cases of laser radiation polarized parallel 
(AM = 0) and polarized perpendicular (m = -2) to the Stark field. 
The collisional implications of this shift are given in section 7.6. 
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Pressure = 5.3mt 
1.0(—i—I—I—I 1—I—r 

Pressure = 50 mr 
T — i — i — r 

Pressure = 150 mr 

135 138 141 
Frequency, MHz 

Center Freq = 138.80 
Ar, 
Av_ 

= 1.0? MHz 
»2.2 X Av.. 

135 138 141 
Frequency, MHz 

Center freq = 138.91 
Av, 
Av_ 

= 2.68 MHz 
' 1 . 5XAv 

135 138 141 
Frequency, MHz 

Center freq « 139.11 
Av, 
Av 
Av t »6.57MHz 

= Av 

Fig. 6.5a Examples of pressure broadening data in CHjF for the transition (J.K.M) = (1,1,-1)-* (3,1,-1). 
M l data was taken with a peak-to-peak modulation amplitude of 1.60 HHz. rfere M> t is the true FWVM 
calculated from our fitting codes while Av is the observed modulation broadened width. Note that there 
is a "blue" shift in the center frequency of the line as the pressure is increased. This shift is plotted 
in fig. 6.11. The plot determining the pressure broadening coefficient from this data is fig. 6.6. 
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Fig. 6.6 CH.F self broadening data for the two-photon transition 

(J.K.H) = ( 1 , 1 , - 1 ) * (3 ,1 , -1) . In this case the two laser fields 

were polarized parallel to the Stark f ie ld . 
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Fig. 6.7 Ct^F self broadening data for the two-photon transition (J,K,M) 
* (1,1.-1) + (3,1,-3). The polarizations of the two laser fields were 
perpendicular to the Stark field. Note that the pressure broadening 
coefficient is smaller than the parallel-parallel case shown in fig. 6.5. 
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Fig. 6.8 CHjF-Hs foreign gas broadening of the two-photon transition 

(J.K.M) = ( 1 , 1 , - 1 ) * (3 ,1 . -3) . 
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F1g. 6.9 CHjF-Hs foreign gas broadening of the two-photon transition 

<J,K,M)= (1 ,1 . -1) •* (3 ,1, -3) . 
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Fig. 6.10 CRF-CF I foreign gas broadening of the two-photon transition 

(J.K.M) = (1 ,1 , -1) * (3 ,1 , -1) . There was no pressure shift observed for 

this case. 
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Fig. 6.11 CH,F pressure shift In the center frequency of the two-photon 
transition (J.K.H) * (1,1,-1) * (3,1,-1). The two dots indicate data points 
which are unreliable due to poor signal-to-no1se. 
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6.4 Observation of DFTPA in NH. 

NH, was the next logical candidate for which OFTPA might be 
possible. Not only are there accurate spectroscopic studies on the 
10 \m bands [Ga59 and Sh70], but it has large transition dipole 
moments [Sh71] as well. It also has vibrational pertubations and 
transition selection rules not found in CH,F making it an interesting 
system to study. 

As indicated in section 4.2.2, the vibrational v- mode of NH, 
is a parallel band which involves the symmetric deformation of the 
N-H bonds. This band has a Q branch at 10.6 pm making it a likely 
system for the observation of DFTPA. From a detailed search for the 
available spectroscopic data of the fundamental and first overtone 
bands of this mode [Ga59 and Sh70], we were able to find close 
coincidences of the P34 and P18 10.6 urn laser lines with two conse
cutive Q transitions with J=5, K=4. This search was facilitated by 
the excellent Stark spectroscopy of Shimizu [Sh70] on the 0" •* 1 
vibrational band. The second transition, 1 + 2", was much less 
accurately known (* 1GI6). Since the inversion splitting is very 
small for the ground state, almost all the Stark tuning originated from 
these levels. From section 6.4.2, we see that the 0" vibrational level 
only increases in energy with increasing Stark field. This means 
that if the sum of the tv/o COn photons is above the upper 2" vibrational 
level, the two-photon transition would never be tuned Into resonance! 
Luckily, the opposite situation occurred and a two-photon transition 
in NH, was found. A detailed diagram of the levels involved in 
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14 Fig. 6.12 Two-photon absorption t ransi t ion in the v 2 bands of N ^ for 

the case of AM = 0, This t ransi t ion can be tuned into resonance with a 

Stark f i e l d of 5253 V/cm. 
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transition is given in fig. 6.12. 

It was found that this transition was 294 MHz off resonance 
and could be Stark tuned into resonance with a field of 5253 V/cm. 
6.4.1 Stark Tuning of NH, 

As stated in section 4.3.2, NH, must be handled somewhat differ
ently because of the large inversion frequencies present in the 
v, mode. The first order term in the antisymmetric state of the 
general vibrational level is given exactly by (4-45) with the plus 
sign. For the upper vibrational level, v = 2, one may use an 
approximation since K < v. In this case, the first order term 
becomes 

A W f
( l ) (MHz) = \ £_ (6-10) 

vinv 
Since this terra is generally small, we will combine it with the 
other second order terms for the upper state given by (4-47). Using 
fig. 6.13 and following the treatment given in section 4.3.2, the 
Stark shift required to tune the two-photon transition v into resonance 
with the two laser frequencies (vi and v 2 ) is given by 

«W = A W < ! > + W < 2 ) - u\l) (6-11) 

Substituting (4-45) for AW*'' , (4-47) for AWg^', and 6-10 and 

(4-47) for AW f' 2', we have 

6W(MHz) = \ £(v* n v • X 2 ) " " . . v i n v ] g • <C l g • C 2 g ) ^E» (6-,2) 

- (C, + C, + C. ) u J E 2 

Jf 'f £f f 
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F1g. 6.13 Stark Tuning of Nf^. 
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where 

Cl = (v. + ?"., v inv ' 

°2 = (v1nv-2B(J+l» 

r a 2 K2 M2 

C3 v i n v J 2( J +1) 2 

(J2-K2)(J2-M:) 
J (20-l)(2J+2) 

[W)'-K 2][(JfD 
(J+i)M2J+l)(2J+3) U ] 

Expression (6-12) can be simplified to 

6W (MHz) = flWg
(1) + D 3p 2E 2 - D 4p 2E 2 

where AW * 1' is expression (4-45), 

(6-13) 

(6-14) 

(6-15) 

(6-16) 

D3 = Clg + C29 > a n d 

D 4 - C 3 f + C,f t C 2 f 

(6-17) 

(6-18) 

To expression (6-11 ) we must also add in two more correction terms. 
The first correction is experimental. In determining a particular 
resonance we set the di Stark field at a constant value, offset one of 
the lasers (tne P34 line) 500 kHz below its center frequency, and swept 
the other laser (P18) line through the TP resonance. These frequency 
offsets corresponding to the center of tde two-photon resonance are 
tabulated in table 6.4. 
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Table 6.4 Laser frequency offsets corresponding to the two-photon 
resonance for Stark fields given in table 6.S 

Transition 
M g H f P18(kHz) P34 (kHz) SW L(MHz) 

5 5 +479 -500 -0.021 
4 4 -493 -500 -0.993 
3 3 - 17 -500 -0.517 

The other correction involves the level shifts (power shifts) induced 
by the optical fields of the lasers. This term (5W E) is calculated 
in section 8.2 and tabulated in table 8.2. Expression (6-11) may now 
be written as 

6w = Sw£'' + SW* 2' - Sw£'' + 6W L + <SWE , (6-19) 

where 6W is now referenced to the center of the CO, laser lines given in 
table 2.2. Tabulated values for 6W may be found in table 6.5. Note that 
our calculated values for the three independently measured transitions 
(6W) differ from the average value of 6W = 294.37 MHj by a maximum of 
only 20 kHz! This phenomenial agreement indicates that our values for 
the power shift and upper state dipole moment must be extremely accurate 
even though there could be appreciable error associated with the experimental 
determination of these values. This gives a value for the frequency of 
the two-photon transition (v 2J,K) = (0",5,4) * (2",5,4) of 1876.991493 
± 3 x 10" 6. 
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Table 6.5 Evaluation Of Resonant Stark Shift in NH. 

Transition 

M H. 
9 r 

E(b) 

(V/cm) 

A H ( 0 
g 
(MHz) 

, 9(0 DjM^xlO* 
(MHz/(V/cm)2) (MHz) 

8(d) 

(MHz/(V/cm)2(D)2) 

(,l(e> 

(MHz) 

1 

(MHz) 
«w E 

(MHz) 
6W 

(MHz) 

5 5 5253.40 294.786 -6.62749 -0.183 1.56110 0.297 -0.021 .071 294.356 

4 4 6580.43 295.999 -6.04364 -0.2 1.-3944 0.400 -0.993 .045 294.339 

3 3 
r 

8772.34 295.895 -5.58*-; -0.430 1.16703 0.619 -0.517 

Avg » 

.026 

294.367 

294.355 8772.34 295.895 -5.58*-; -0.430 1.16703 0.619 -0.517 

Avg » 
(a) See expression (6-19) for definition of column symbols. 

(b) Plate spacing of 0.49648 en. 

(c) B (v 2 = 0 + ) = 9.9412cm"1 (table 4 .5 ) , v ^ V j , J.K = 0,5,4) = 0.7551 cm'1 [To55], u L = 1.4750(table 4.5) 

(d) (v 2 = 2 + ) = 10.261 cm*1 (table 4 .5) , u 1 n y (v.,, J,K = 2,5,4) = 281.66 cm"1 [Ga59]. 

(e) v u = 0.83D (See Chapter 8 ) . 



6.4.2 Estimate of TPA Cross Section in Nit 

We again use eqn. (6-1} to estimate the two-photon absorption 
coefficient for Nt^. The appropriate parameters are listed in table 6.3 
and the direction cosine matrix elements for the Q(5,4) transition 
are listed in table 6.6. From table 6.3, we see that 

o/I 2 = 3.78 x 10" Z O (cm"Z/watt/cmZ). 

This gives an absorption y ^ = 1 . 2 x 10" 4 for 10 millitorr N ^ 
pressure. Comparing the two values for CH.F and NH,, it is interesting 
to note that for the same pressure the two-photon absorption coeffi
cient Is 40 times larger for the case of NH,. This fact is verified 
experimentally by the relative signal intensities. 

This results essentially from three factors. 1) The energy 
difference between the first CO, photon and the intermediate state 
is smaller resulting in a resonant enhancement. 2) The transi
tion dipole matrix elements are higher because we are dealing with a 
Q transition in NH, versa a R transition in CH,F, and 3) the 
population of a given rotatlonal-vlbrational level In NH, is 
larger because of the larger rotational spacing. 

To verify the state Jependence of the two-photon cross section 
(eqn. 6-1), we have taken relative Intensity data for the three 
a H«0 transitions observed in NH, (see table 6.5). The pressure 
and modulation amplitude were kept constant so that the signal 
Intensity would only reflect the difference in the direction cosine 
matrix elements. The data taken 1n this experiment is shown in fig. 
6.14 along with the theoretical relative intensities calculated using 
eqn. 6-1 and table 6.6. For this comparison, the 5-5 transition has 
been normalized to 100. Note that the experimental measurements 
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Table 6.6 Direction-Cosine Matrix Elements* for the Transition 

(J,K,M) = (5.4.M ) - (5,4, H ) 
9 f 

H 9 "f <v 2 " 
5 5 .444 

5 4 .044 

4 4 .284 

4 3 .080 

3 3 .160 

3 2 .107 

2 2 .071 

2 1 .124 

1 1 .018 

1 0 .133 

*Two-photon transition matrix elements are proportional to 
I* j l M * i f l 2 "te™ 1 Indicates the intermediate state. 
** These matrix elements are symtietric in H , M f (e.g. I * ^ ! 2 = 1*4.-51'). 
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Experimental parameters 
Pressure = 3 millitorr 

A v m o d = 1 .5MH 2 

5 - 5 

Trans! Hon 
( M g - M f ) 

Relative line 
intensity Trans! Hon 

( M g - M f ) 
Exp Theo 

5 - 5 
4 - 4 
3 - 3 

100 
37 
11 

100 
41 
13 

F1g. 6.14 Relative line Intensities for two-photon absorption in 
NrU. The theoretical relative Intensities are calculated from the 
direction cosine matrix elements (see table 6.6) which determine the 
state dependence of the TPA cross section. 
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agree quite well with the predicted values. This verifies that 
the TPA intensities can be accurately predicted for different transi
tions and/or different polarizations of the laser fields with the 
Stark field. It is interesting to note that the data displayed in 
fig. 6.14 is drawn as close to the act 1 data as possible. Comparing 
this data to that shown in fig. 6.2 demonstrates the signal-to-noise 
enhancement factor of 40 times for the case of NH,. 
6.4.3 Data Analysis for NH 3 

The analysis procedure used to reduce the N4, data varies 
somewhat from the one use for CH,F. Since the signal-to-noise is 
extremely good for NH,, the data could be taken using a very small 
modulation amplitude. (In all cases H / A v ^ ^ < 0.12 [see fig. 6.5].) 
Thus there were no modulation broadening effects to complicate „he data re
duction. This allowed the experimental linewidths to be fit with the deriva
tive of Voigt profile directly. The code which numerically calculated 
this derivative was originally used to calculate the plasma 
dispersion function [Fr61] and was kindly provided by Bruce Langdon 
of Lawrence Livermore Laboratory. The computor code automatically 
stored the fitted homogeneous widths for the various pressures and 
fit a straight line to them thus determining the pressure broadening 
coefficient. This fitting procedure is described in more detail 
in appendix £ . As described in section 5.4, the low pressure 
limiting value of the Voigt profile is the Gaussian whereas the high 
pressure limiting lineshape is that of a Lorentzian. Shown in fig. 
6.15 is a comparison of the fits of these two limiting cases to data 
taken in NH, at 3 milMtorr. Comparing the two cases , the Gaussian 
fit is clearly the best at these low pressures. As 
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+1,0 
Gaussian fit 

-1.0 
•2.0 0 2.0 

Frequoncy {MHz) 

+1.0 
Lor«ntzian fit 

-2.0 0 2.0 
Frequency (MHi ) 

F1g. 6.15 Comparison of LorenUian to Gaussian f i t of NB, TPA 
data taken a 3 mllHtorr pressure. For this case we expect the 
Vofgt profile to have primarily Gaussian character. 
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expected, the Lorentzian does not fit either in the tail or at the 
points of inflection. The exceeding good signal-to-noise allows the 
observation of lineshape differences unobservable for the CH,F data. 

An example of data where neither limiting case would apply is 
given 1n fig. 6.16. This was taken at the intermediate pressure of 
42 millitorr with a modulation amplitude of .293 MHz. The dotted 
line is the computer fit to thr derivative of the Voigt profile as 
outlined In the previous section. Note that there 1s generally 
excellent agreement between the theoretical lineshape and the data. 
There 1s, however, a slight asymmetry to the lineshape. This could be 
attributed to the fact that there is unresolved hyperfine splitting 
of this two-photon resonance due to the fact that the nuclear spin 

14 of the N nucleus is I = 1. The reader can investigate this possible 
quadrapole hyperfine splitting and the effects of the Stark field on 
it in [To55] and [Go70J. 

6.4.4 NH 3 Data Presentation 

The general experimental setup was again that described In 
section 6.2. Throughout the NH, experiments however, there were some 
problems not present for the case of CH,F. Since the Stark voltage 
was much higher to obtain resonance, the problem of gas breakdown was 
constantly being fought. The highest pressure obtainable in the cell 
at these high voltages for the plate spacing of 5 urn was only 40 
millitorr. This pressure was unacceptable for pressure broadening 
studies. This problem was partially alliviated by going to a smaller 
plate spacing of 2.2 mm. With this spacing we were able to obtain 
pressures of 80-100 millitorr for the self broadeni ; case. 
He also added a small amount of (2-3 mniitorr) of SF- (a material 
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-6.0 -2.0 0 2.0 
PIS Frequency — M H z 

6.16 Two photon absorption signal from NH, using the transition in 
fig. 6.12. The probe oscillator (P34) was locked 500 kHz below 
line center while the pump oscillator (P18) was swept through 
the line. The NHj pressure was 42 nUorr and the peak-to-peak 
modulation amplitude was .293 MH*. Note the slight asymmetry 
in the line shape. The dotted line is the best fit to the 
derivative of the Volgt profile giving a total "/idth of 3.14 
(IH? and a homogeneous contribution of 2.52 I'iHz. 
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with a known high electron affinity) which seemed to stop the 
breakdown completely. It caused an alternate problem however. The 
threshold voltage for corona was substantially reduced by the SF,. 
Once again we were limited to total pressures in the cell which were 
lower than optimum conditions. The combination of the lower plate 
spacing and the SF, allowed, however, enough data points to be obtained 
before breakdown or corona to determine both self broadening and 
foreign gas broadening coefficients for the two-photon transition. 
The new plate spacing was calibrated by taking the ratios of the 
new voltages determined for tr. « 4 H = 0 transitions to the 
old voltages times the old plate spacing which was calibrated from 
the CH-F data. This determined a new value for the plate spacing 
of d = 0.21974 t .00010 cm. 

An additional problem encountered is that the NH, was very 
adhesive to the interior walls of the absorption cell. This created 
problems when trying to measure accurate partial pressures of 
foreign gas pertubers. This problem was solved by first flushing 
the cell with high pressure NH 3 (several torr) and then filling the 
cell to the appropriate pressure and waiting at least 30 minutes for 
the pressure to reach equilibrium. Although this was a tedious process, 
it insured accurate NH, partial pressures. 

Pressure broadening coefficients were obtained for the cases of 
self broadening and broadening by the foreign gas pertubers H„, D,. 
He, Ne, and Xe. Plots of these data are given in figs. 6.17-6.23 and 
a tabulation of the experimentally determined linewidths 1s given 
in table 7.5. A general interpetation of these data in terms f the 
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molecular collisional process is left to Chapter 7. It is interesting 
to note that there are some anomalous effects for the NH, -rare gas 
broadening data. The most pronounced effects are seen in fig. 6.22 
for the case of NH,-Ne collisions. Note that here the low pressure 
linewidth actually narrows (line S 2) while the higher pressure points 
broaden at a very low rate (line S-j). Similiar effects can also be 
seen in the low pressure NH,-He data plotted in fig. 6.21 where a very 
low broadening coefficient is observed. These effects can be inter-
perted in a manner after Dicke [Di53] and are discussed in section 7.7. 
One final comment on this data for the case of NH,-Xe is in order. 
Pressures higher than 50 millitorr were unobtainable because of 
breakdown and corona problems. The data obtained for the lower 
pressures is presented in fig. 6.23 and gives a low broadening coefficient. 
The error bars on this coefficient are fairly large and the reported 
value should only be taken as correct within a factor of two. 

A pressure shift in the ce.iter frequency of the two-photon 
transition was only observed for the case of NH,-Ne broadening. This 
data is presented in fig, 6.24 giving a value for the shift of .38 
MHi/torr. This shift turns out to be 2/3 of the broadening coefficient 
(line S, in fig. 6.22). These observations coupled with the pressure 
narrowing observed in fig. 6.22 make the NH,-Ne molecular system the 
most interesting one observed in this thesis. Details of these 
collisional processes are left to Chapter 7. 

The final experiment to be reported in this chapter is the 
observation of a shift in the center frequency of the two-photon 
transition as a function of the intensity of the pump laser (P18 
in fig. 6.12). This data is presented in fig, 6.25 and was taken to 
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provide a correction factor for the exact value of the two-photon 
transition frequency. The experimental procedure entailed placing an 
aperture in the probe beam (see fig. 6.1) such that the only intensity 
reaching the detector was the uniform center portion of the mode. 
This prevented the Gaussian intensity distribution from affecting 
the overall observed shift. Using the measured beam diameters from 
appendix C, we determine a power shift for the (v2,J,K,M) = (2",5,4,5) 
level of 320 Hz/(W/cm ). The errors in this measurement result mainly 
from the inaccuracy in the actual beam intensities in the cell. These 
errors are estimated to be ± 20». 

This is the first observation of these types of shifts in the 
infrared although a similar experiment was performed in the visible in 
an excellent paper by Liao and Bjorkholm [Li75], We, however, have 
taken a step farther than [Li75] and used this shift to measure the 
1 •» 2* transition dipole moment in NH,. These calculations are 
presented in Chapter 8 and provide the first demonstration that 
these shifts can be a powerful tool in the determination of molecular 
transition dipole moments. 
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Homogeneous width: A^p = 28.8 MHz/torr 
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Trifil pressure (millitorr) 
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Fig, 6.17 NH 3 self broadening data for the two-photon transition 
(J,K,M) = (5,4,5) -• (5,4,5). The two laser fields were 
polarized parallel to the Stark field. The lines were 
fit with the derivative of the Voigt profile as described 
in section 6.4.4. 
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Fig. 6.1b NHj-Hj, foreign gas broadening of the TPA transition 
U.K.M) = (5,4,5) - (5,4,5). 

280 
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x 
5 
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Residual Dopper width: Av„ = 1.35 MHz 

Homogeneous width: <iv = 4.32 MHz/rorr 
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0« pressure (miliitorr) 

Fig. 6.19 NH3-l)2 foreign gas broadening of the TPA t ransi t ion 

(J.K.M) = (5,4,5) •<• (5,4,5) . This should be compared 

to the H2 broadening of f i g . 6.13 and section 7.5.2. 
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Fig. 6.20 NH-j-He foreign gas broadening of the TPA transition 

(J.K.Il) = (5,4,5) •*• (5,4,5) for the case of pressures 

greater than 80 millitorr. 
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Fii j . u.ill NH,-He foreign gas broadening for pressures less than 

100 n n l l i t o r r . Note the anomalously low broadening 

coel'ficent when compared to the coeff ic ient determined in 

f i y . 6.20. This leads to the poss ib i l i ty of observing 

col l is ional narrowing e'r'ects (s«e section 7.7). 
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Fig. 6.22 F i rs t observation of co l l i s iona l narrowing effects in two-

photon absorption spectra. Line S>j Is the straight l ine f i t 

to the high pressure points (> 100 m i l l i t o r r ) and vivei, .in 

.inomalously small broadening coef f ic ient . The slope of l ine 

-2 is actually negative indicating col l is ional narrowing is 

occurring. The to ta l narrowing observed is i< 70 KHz. 
-187-



2.4 

2.2 

— 1.8 
N X 

2 

S 1.4 

1.0 

0 . 6 -

0 . 2 -

o Meosured FWHM 

x Homogeneous FWHM 

Parameters: 
Residual Dopper width: Av~ = 1.35 MHz 

Homogeneous width: Av. = 1.80 MHz/torr 

_L _L 
10 15 20 25 30 

Xe pressure (millitorr) 
35 40 

Fig. 6.23 NH,-Xe foreign gas broadening. The breakdown properties 
of Xe were such that we were not able to go over 50 millitorr 
total pressure in the Stark cell. Hence this broadening 
coefficient has large error bars but could not be as large 
as that given in [Ma73]. 
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Fig. 6.24 NrU-ile pressure sh i f t in the center frequency of the 

two [ihoton t ransi t ion (J,K,I') = (5,4,5) -» (5,4,5) . The 

indicated error bars are 20 kHz. The slope of th is l ine 

was, 0.3k) 1-iHz/torr. 
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Fig. 6.25 Shift of the two-photon transition frequency in NH, as a 
function of the P18 laser power. As explained in Charter 8, 
the level that is shifted is the upper state of (v2,J,K,M) = 
(2",5,4,5), This enables the calculation of the 1 + + 2" 
transition dipole moment. For these calculations, the 
laser was focused to a beam waist of .81 mm giving a line 

2 
center Intensity of 389 W/cm . 

-190-



CHAPTER 7 

COLLISIONAL CONTRIBUTIONS TO THE TWO-PHOTON LINEWIDTHS 

7.1 Introduction 
Ever since the early 1950's when coherent microwave sources became 

available, it has been possible to make accurate measurements on the 
shape and widths of atomic and molecular lines. With the advent of 
coherent sources in the infrared and optical regions in 1961, there 
has been an increasing interest in studying line broadening processes 
over a wide range of frequencies. There are a number of processes 
which can contribute to the width of a special line and are sumiiarized 
below: 

1) Natural radiative linewidth 
2} Doppier width • 
3) Pressure broadening (collisional effects) 
4) Saturation broadening 
5} Wall collisions 

Processes 4 and 5 can be made suitably small under the proper 
experimental conditions (for TPA in NH,, saturation broadening is 
< 200kHz; for 2.2mm Stark cell, wall collisions are < 200kHz) and will 
not be considered here. For molecular IR transitions, the radiative 
lifetime of a strong transition is approximately 10 seconds giving a 
broadening of < 1 kHz, and hence, will be neglected. The Doppier width 
tFWHM) is given by uv D = ^ VzinZ {-• [ref. To55, pg. 337] and is 
typically less than 100 kHz for microwave transitions. For optical 
and IR transitions the Doppier width is appreciable. However, there are 
non-linear optical processes which can be used to eliminate it. Hence, 
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one can experimentally limit the linewidth properties to collision..! 
effects and the discussion of these processes will occupy the reminder 
of this chapter. Generally, theoretical treatments of these coliisional 
processes can be formulated in such a way as to provide some information 
on the intermolecular forces which occur during a collision. This is 
the context in which the discussion will proceed throughout this chapter. 

It is not the purpose of this section to provide an extensive 
review of pressure broadening theories. There are a large number of 
good review articles which serve this purpose.* We rather attempt 
to provide the reader with some historical insight to the problem witn 
some detail included in areas which directly relate to our experimental 
observations. 

Section 7.2 discusses the problem in historical perspective and 
details a brief literature survey. Section 7.3 gives a brief treatment 
of Anderson's pressure broadening theory with application to symmetric-
top molecules. Sections 7.4 and 7.5 discuss the experimental pressure 
Droadening results in CH,F and NH- respectively with a qualitative 
comparison to some theoretical results. Section 7.6 discusses the 
pressure shift observations in CH,F and NH,. The chapter concludes 
with a brief discussion of collisional narrowing observations in 
HH,-Ne collisions in section 7.7. 

*See for example [Va45], [To55], [Ch57], [Br57], [Ts62], [Bi67b] 
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7.2 History 

Line broadening mechanisms have been theoretically and experi
mentally considered by physicists for over 80 years. In 1895 Michelson 
presented a summary of line broadening hypotheses made up to that 
time. These causes remain as valid today as they were at the turn 
of the century. It may be of interest to quote verbatium three such 
hypothesis which are under consideration in this chapter: 

"2. The direct modification of the period of vibration 
atoms in consequence of presence (sic) of the neighboring 
molecules. 

3. The exponential diminution in amplitude of the vibrations 
due to communication of energy to the surrounding medium 
or to other causes." 

"5. The limitation of the number of regular vibrations oy 
more or less abrupt changes of phase amplitude or plane 
of vibration caused by collisions." 

Here Cause 3 leads to the radiative or natural linewidths, Cause 
2 provides the basis of the statistical theory and cause 5 results in 
what has been called impact broadening or collisional broadening. 

As indicated by Causes 2 and 5, the pressure broadening of spectral 
lines can be regarded physically in two different ways, leaoing to two 
different theoretical approaches. These are the l)staiistical theory 
of Hargeneau and 2) the impact theory of l.orent2 and Weisskopf. Each 
of these can be considered a limiting case of the actual situation. 
Statistical theories assume that molecules are ,'lways under the influence 
of molecular interactions even though these may be weak, and that the 
energy levels (and hence the radiation frequency) of the radiating 
molecule just depend on the average interaction. Impact theories, on 
the other hand, consider that most of the molecular motion is free, 
only being perturbed for a short time during a collision. These 
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pertubatlons either interrupt the phase (adiaba*ic collisions) of the 
radiation or terminate it altogether by a state change (non-adiabatic 
collisions). !n either case a Fourier analysis of the resulting radiation 
from a collection of molecules results in the familiar Lorentzian profile 
with a half width of approximately the collision frequency. Both 
theories can adequately account for collision processes if they are 
sufficiently well developed. However, impact theories usually neglect 
radiation during a collision and hence are poor approximation at 
pressures of a few atmospheres. Statistical theories suffer from the 
fact that they cannot handle changes of interactions with time due to 
molecular motion and hence are good only when molecular velocities are 
low. (Corresponding to small changes in the intermolecular potential 
with time). This limitation usually prohibits the amplication of statis
tical theories in the microwave and infrared regions. Hence, we will 
devote the major portion of this review to the discussion of the impact 
theories which have been used with some success in the above regions. 

In an early review article, Van Vleck and Weisskopf synthesized 
the impact theories of Oebye and Lorentz. The results of this early 
treatirent for the absorption coefficient are [To55]: 

(7-1) 
„ - §ll l„ I* O i l f 1/2m: . 1/2TTT 1 

3h " M j 1 v 0 I (v-v 0) 2 + (I/ZTTT) 2 ( V + V 0 ) 2 + (l/2itT*2Jem"1 

where v is the center frequency of the transition, — is the collision 
frequency, u,. is the dipole matrix element and AN is the population 
difference between the upper and lower states. This can be shown to 
reduce to the Oebye case when v is 0, for then a becomes: 
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n = . 'J, with u = 2itv. (7-2) 
3c 1+w2 ' 

This absorption efficient (eqn. 7-1) is shown plotted in fig. 
7.1 for various vo'.ues of the collision frequency (1/2 irx = Av). This 
theory fits low pressure data (see fig. 7.1) fairly well but failed to 
quantatively fit the high pressure data (a one parameter fit in Av). 
However, even wi^h a good high pressure fit this approach would still 
not be completely satisfactory because one would want to evaluate the 
quantity Av in terms of the intennolecular forces which occur during 
a collision. Foley and Lindholm were the first who gave the width 
and shift or spectral lines in terms of a generalized perturbation 
C/R n(t). It is interesting to note that the strong collision model 
of Lcrentz gave no shift in the center frequency of the line. When 
Foley took into account the phase shifts produced by all types of 
collisions, including the weaker ones, an appreciable shift in the center 
frequency of the absorption was predicted which was proportional to the 
width of the line (to" su« t = aAv). Table 7-1 gives this shift coeffi
cient in terns of the R dependence of the interraolecular potential. 
Note that this treatment gives no line shift for n=3 (dipole-dipole 
forces). 

Table 7.1 Ratio (a.' of Shift in Frequency To Line Breadth Av 
for Phase-shift Theory (Avr = aAv) 

Potential of interaction of two molecules is assumed to be of the form 

0.866 0.500 0.363 0.289 
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Fig. 7.1 (a) Theoretical shape of the Van Vleck-V!eisskopf pressure-
broadened line for different values of fiv [To55]. 

(b) Effect of pressure broadening on the NH, (3,3) .•\bscrptior> 
line. Note that the Van Vleck-Weisskopf lineshape does 
not fit the wings of the line at high pressure. 
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The theory which has had the most impact on line broadening 
theories in the microwave and IR is the theory which Anderson presented 
in 1949. This theory, which was later expanded and improved by Tsao 
and Curnutt, has enjoyed wide application with reasonable success in 
both the microwave and IR regions of the spectrum. Infact, it has been 
used as one of the methods of determining quadrapole moments of foreign 
g>"3 perturbers [St66, Kr66]. A brief discussion of this theory will be 
given in section 7.3. Baranger has extended Anderson's treatment by 
treating the translational coordinates as well as the internal coordinates 
quantum mechanically. Some of the more recent theoretical contributions 
include the works of: Fano, who developed statistical mechanical methods 
to present pressure broadening as a relaxation process; Ben-Reuven 
[Be66], who included both resonant and nonresonant absorption in a 
unified way using an impact approximation theory; Murphy and Boggs who 
developed a theory similiar to that of Anderson's, but using a density 
matrix formalism; and Gordon (1965) and Cross (1966) who have presented 
a semi-classical theory in which both the rotational and translational 
motion has been treated semi-classically with the specific inclusion 
of reorientational collisions. 

There has also been a large proliferation of theories which descr- -
the combined effects of Doppler broadening and pressure broadening, iume 
of the more important contributions in this field have been made by 
Galatry, Rautian and Sobel'man, Gersten and Foley, Ward, and Smith 
et al. [Sm71a,b]. 
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7.3 Anderson's Pressure Broadening Theory 
There is a large number of good reviews [To55, Bi67b] of Anderson's 

pressure broadening theory. This section will follow the basic formulation 
given to [To55]. Anderson's theory contains a number of assumptions 
which are typical of most impact collision theories: 

1) Colliding molecules follow classical paths. The usual approxi
mation is to assume straight line paths for the long range potentials. 
This is usually a reasonable assumption except for those collisions occur 
near the limit of the effective collision radius. 

2) The dur/Hon of a collision is small compared with the time 
between colli. • .s and that only binary collisions are considered. 

A linewidth function similiar to that expressed in equation 7.1 is 
obtained except that there is now a provision for the shift of the center 
frequency of the line as found by Foley. Hence, Anderson's formula may 
be obtained if all terms containing (v±v Q) are replaced by (vf\>0+a/to). 
If we write the collision cross section as a sum of the real and 
imaginary parts a=a' + i a" we obtain expressions for the linewidth 
(half width at half maximum) 

2"%= N' V»°'> + H* y»°t» ( 7" 3 a ) 

and line shift 
2 l r i v s = N . v ^ o ^ + N 2v 1 2a'; 2 

Here the subscripts 1 and 2 refer , respectively, to the absorber and 

perturber molecule, N is the number of molecules per cubic centimeter 

(N 2 = 0 for sel f broadening), and v^. is the mean re lat ive velocity given 

°y v t j =l/8kT/trp 1 j (where u is the reduced mass, k is Boltzmanr.'s 

constant, T is the absolute temperature). The tota l cross-section is 
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a =j 2irb S(b) db (7-4) 

where b is the impact parameter (distance of closest approach), and 
S(b) is a weight factor which indicates whether or not a collision is 
effective in disturbing the molecular radiation. If one expands S(b) 
using perturbation theory [An49], [Ts67], the first order contribution 
is completely imaginary and only contributes to the line shift: 

S,(b) £ < J i V A l p l ' W 2 » 
H jH 2 (20i+l)(2J2+l) 

^ (2Jf+l)(2J2+l) J 

(7-5) 

The second-order terms in the expansion are real and contribute to the 
width: 

1 M">o " 2" 
?i H* 

E | < O ; M ; J ^ I P | J . M . J 2 M 2 > | 2 

?i H* 
E 

(2J i +l ) (2J 2 +l ) 

m 
E 

M f M 2 

E 
|< J 'M 'J 'M 2 |P | J f M f J 2 M 2 > | 2 

E 
M f M 2 

E 
(2J f +l ) (2J 2 +l ) 

"f*i 

(7-6a) 

S 2 ( b ) m = - E E 

HiHi 

C(0 f 1 J,- ;W^ )C(J fU i sH'MH!) 
(2J i +l)(2J 2 +l) 

(7-6b) 

H, H f x < o fH fJ 2H 2|p|j f M|o 2H 2 > < J 1MJJ;H;|P|J 1H 1J,H, > 
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Here the subscripts i,f label the radiating molecule's initial and final 
states, the label subscript 2 indicates the perturbing molecule, and the 
C's are the appropriate Clebsch-Gordon coefficients. The interaction 
potential appears in the matrix elements < a|P|b > of eqn.(7-5,6) as 

<a\P\b> = p - / dt <a|V(t)|b> exp(2nivabt) (7-7) 

where v . is the frequency of the transition a+-*b. These matrix 
elements form the basis for the velocity and impact parameter (b) 
dependence of the cross section. If we write the matrix elements of 
the interaction potential 

<a|V(t)|b>= C/rn(t) 

and use the straight line approximation for the collision trajectory 

v(t) 2 = b 2 + v 2
e 1 t 2 , 

equation (7-7) can be written as 

<a|P|b>* „ 2 f f e ' ""* (7-7a) 
h b \ e l I < , + x > 

where x = v r e lt/b and k = b(Eg-E a)/hv r e l . 

here k is the resonance factor and will be fully defined in section 
7.3.1. Note here that the velocity dependence of S 2(b) a l/v2,^. 

The first term in eqn. (7-5) (S 2(b) Q) may be interpreted as the contri
butions to the cross section from the interruption of the radiation process 
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by inelastic collisions as well as elastic collisions which just 
tip the angular momentum (reorientational collisions). The so-called 
mixed term S 2(b) , is negative and occurs for all collisions which are 
elastic for the radiating molecule. It has been shown that except 
for the first few J states, the effect on the linewidth for this term 
is negligible in the microwave region [B167a]. 

There is a problem which arises in the evaluation of eqn. (7-4) 
in that as b goes to zero, S(b) increases without bound. Anderson 
circumvented this by setting S 2(b) = 1 for b < b giving a cross section 
that is evaluated as shown below: 

a = TTD* +y27ibS 2!b)db . (7-8) 
bo 

Hence the divergence is eliminated at the expense of an additional 
parameter in the formulation. 

We now wish to evaluate the potential energy function V in eqn. 
(7-7) in a "two-center" multipole expansion [Hi54], This provides a 
convenient formalism to classify different types of intermolecular 
forces, since one term often dominates this expansion. In this 
section, we will present results for a few of the more important 
terms. Expressions for other terms can be found in [St66], [Ts62], and 
[Bi67b]. Basically, the electrostatic contributions to the intermo
lecular potential result from the Interactions of the various multipole 
moments. A summary of the long range asymptotic dependence of a number 
of important terms is given 1n table 7.2. Below we detail the angular 
dependence of four terms which we will be considering the remainder of 
this chapter. 
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(1) Dipole-dipole interaction 

where Hj and JJ2 are the dipole moments and n , ii represent unit 
vectors along the respective dipole moment. The intermolecular distance 
is r and n is a unit vector along r. 

This is the expected dominant term in the intermolecular potential 
describing collisions between CH,F-CH,F, NH,-NH, (self-broadening) and 
CH,F-CF,I because each of these molecules possess a large dipole moment. 
(2) Oipole-quadrupole interaction 

3|V,2 

4r" 
3u q r 

5(n, • n 0)(n 2 • n Q) 2J 
(7-10) 

n 2 is now a unit vector along the quadrupole moment q , which is 
defined as 

q = i-/p(3z z - r z)dr, 

where p is the charge density and z is the symmetry axis. This is the 
expected dominant interaction present in collisions such as NH,-H,, and 
NH 3-D ?. As we shall see in section 7.5.2 this term provides a good 
explanation for the velocity dependence of the observed collision 
frequencies. 

In addition to the multipole interactons, there are induction 
contribui u is to the intermolecular potential in which a molecule with 
a muitipole moment induces a dipole moment in a spherically symmetric 
molecule. 
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Table 7.2 

Variations of intermolecular potentials with r. 

Type of interaction R n Dependence Abbreviation 

1) Dipole-dipole r"3 DD 
2) Quadmpole-dipole r"4 OQ 
3} Quadrupole-quadrupole r"5 QQ 
4) Dipole-induced-dipole r"6 

5) London dispersion r"6 DISP 
6) Quadrupole-induced-dipole r'7 

7) Exchange forces Exponential or I/rn, 
n a large number 
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These are of the form: 
(3) Dipole-lnduced-dlpole 

VDID = - ̂ T tl-3(n, • n^^] (7-11) 

Molecule I has the permanent dipole moment u,f and a 2 is the 
isotropic polarizabllity of molecule 2. 
(4) quadrupole-induced dipole 

Here the quadrupole moment of molecule 1 interacts with a 2q,. the 
dipole Induced in 2 by u, and iit interacts with a q , the dipole induced 
in 2 by q^ These interactions are expected to contribute to the line-
width in NH, rare gas collisions and will be discussed 1n section 
7.5.2. Notice that they have a relatively short range. 

7.3.1 Line Broadening In Symmetric Top Molecules 
(tost of the pressure broadening theories use the basic ideas 

discussed in the last section as their starting point and develop the 
theory for specific cases of interest. Birnbaum has developed the theory 
with application to symmetric top molecules for microwave transitions. 
In his paper [1967a] he develops approximate expressions giving the 
linewidth for different intermolecular potential terms. These expres
sions can be used In a preliminary survey to determine the relative 
importance of various Interactions in causing broadening of the line 
being investigated. 

For symmetric top molecules, the dipole-dipole interaction is the 
dominant one in most cases and will be assumed for the approximate 
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l inewidth expression we derive here. There are a number of approxi

mations which can reduce eqns. (7-5, 7-6) to a useable form. These 

are l i s ted below: 

1) The col l is ions are completely resonant. S 2(b) depends on functions 

f (k) (see eqn. 7-7a and [Ts62], [Bi67b]) in which 

k = W V l h <Ef5 - Ea> ( 7 " 1 3 > 

[where E„ - E is the total change in the rotational energy of the 
radiating and colliding molecules] is called the resonance factor. 
This factor determines whether the collisional field has enough fourier 
components to cause an appreciable transition rate. Noting eqn. (7-13). 
k is roughly the ratio of the time (b/v) required for a collision to 
be completed to the time (l/a)0-u ) for the molecular wave functions to 

p a 

change phase. If k < 1, collisions are said to be "resonant" and the 
factors f (k) * 1. 
2) All molecules are assumed to have the seme velocity-" the relative 
mean velocity defined as 

V r./if Vel y mi 

where (i is the reduced mass of the two collision partners. S (b) 
eqn. (7-6) is now written as a sum of terms 

M " > • Se) + S1nel < 7-' 4> 

which contain contributions from elastic collision ( S ) and inelastic 
collisions ( S < n e ] ) . Note that the term S 2(b) r o eqn. (7-5) only contributes 
to elastic collisional processes. The elastic contribution also includes 
reorientational collisions which tip the angular momentum (J) without 
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changing the internal energy. Because of the resonance factor, 
eqn. (7-13), the only appreciable contributions to linewidth from 
inelastic collision occur for rotation transitions of 

J 1 i f - ± 1 . ^ - 0 . 

Keeping these terms in eqn. (7-6a), Birnbaum derives the inelastic 
contribution to S 2(b) assuming J, = J. + 1 as: 

Sinel < A J i,f " * • i J , • °> = (ff)(v^pr) ' P W V U 

(Ji+1)2-Ki» + J, 2-K, 2 | ( J r ^ ) 2 - ^ 2 , (Ji+1)2-K,2 

(2Ji+l)(Ji+l) Ji(2Ji+l) (2Ji+3)(Ji+2) (Ji+l)(2J,+3) 

The elastic contribution is a sum of S (b) and S (b) and was 
given by Birnbaum to be: 

8 / u 2 \ 2 1 1 K z K 2 

sei = T {^} v (J1+i)(o1+2) j^iT JTtvry * <7" 
he states that because of the factor [(Jj+IKV 2]"'" Sel 1 s n e 9 l i b l e 

for all except the first J, states. 
The cross section is then calculated from eqn. (7-8). This can be 

put into the general form [To55] 

° = «(&) A" n-' 
where A is defined by 

S 2(b) = A/ b2n.2. 

These eqns. were derived using S(b Q) = 1 as the eqn. to determine b Q. 
Here n Is the exponent 1n the R" n dependence as shown in table 7.2. 
Hence, for dlpole-dipole collisions, n=3 and o' reduces to c' = 2irA"3. 
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The linewidtti is then calculated from (7-16) by 

% = Kvrel a ' h ( 7" 1 7 ) 

where Av is given in terms of the full width at half maximum 
(FWHH). Note that Av scales linearly with pressure (N) since 
o' is pressure independent (for two bodied collisions). One addi
tional detail to be included in the calculation of the optical broad
ening cross section eqn. (7-16) is that it must be averaged all the 
rotational states of the perturbing molecule using the Boltzmann 
distribution as the weighting function. 

Using all of these approximations, Birnbaum (1967a) obtains 
a line-broadening parameter (ref. 11 eqn. 12) for the microwave 
transition J. = J. + 1 of: 

(7-18) 
A V j K = (8/9)" J N(u2/1i){l - KVtOj+l) 2}"' < K 2/[J 2(J 2+1)]"*> 

where the < > indicate the average over the thermal distribution of 
perturbing molecules. Birnbaum has tabulated these averages for a 
number of symmetric top molecules. There are several points to note 
about this line width function: , 
1) It Is independent of the relative velocity. This is a result of 
the dipole-dipole forces and will not be true for shorter range forces. 
2) It decreases with increasing K for the same 1. This is a consequence 
of including rotational transitions (&L . = ± 1) .weighted equally with 
AJ = 0 transitions. This prediction has not yet been verified experi
mentally. 
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The predictions giver, by eqn. (7-18) tend to overestimate the 
linewidth because all collisions are assumed to be resonant (i.e. 
k = 0 in eqn. 7-13). However, this approximation is not unreasonable 
for heavy molecules where rotational energy levels are closely spaced. 
Birnbaum [Bi67a] obtains fair agreement using this formula eqn. (7-18) 
for molecules in this class (e.g. PF,). 
7.3.2 Comment On The fldditivity Of Intermolecular Forces 

The effect on the linewidth due to the consideration of combined 
interactions (i.e. more than one term in the intermolecular potential) 
has not been considered extensively in the literature. The various 
contributions to transition probability [S,(b)] add linearly: 

S 2(b) = S 2 ( b ) D D + S 2 ( b ) D Q + S 2 ( b ) Q Q + 

however, they do not contribute equally to the broadening cross section 
as one might first deduce from eqn. 7-4. The basic reason for this is that 
b in equation 7-8 is determined from the condition S 2(b ) = 1 where 
S 2 ( b ) is the total transition probability. Since S 2(b ) can never be 
larger than one, the longest range term in the potential will give such a 
large impact to parameter (b ) that the shorter range terms will have 
negligible effect at these large distances. This can be illustrated by 
noting that the cross section (eqn 7-16) can be written as 

% » l b j ; n - z s ( b 0 ) ] , / n - 1 (7-19) 

1f one considers only one term in the expansion. Hence, one can see that 
if there were two terms that contributed equally to the transition proba
bility with the same R dependence, the linewidth would only increase by 

-208-



1 i • i 

^-DD-DQ-QD-QQ-DSP 

-
Q D ~ \ V 

>^--DQ 
-

-
DSP ~\ 

D ° J ^^^ -

-

1 vS 
^ ^ 

5.0 10.0 15.0 
b ( A ) 

Fig. 7.2 Plot of the average transition probability per collision 
against impact parameter for the (J,K) = (0,0) level of 
CH,C1. Note that the sum of the five terms considered 
is not much different from the dipole-dipole term taken 
by itself. This illustrates that one term in the inter-
molecular potential can be used with good accuracy to 
predict transition probabilities (taken from [Mu67]). 
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a factor of (2) ' . For combining interactions with difference R 
dependencies, the equation S{b ) = 1 must be solved directly for b 
with the usual effect that the longer range interaction completely 
swamps the shorter range one. This has been worked out for the case 
of combining dipole-quadrapole (r ) and -uadrapole-induced-dipole 
(r" 7) interactions [Sm56]. 

A particularly good illustration of this point [Mu67b] is given 
in figure 7.Z. This figure gives the relative importance of the 
various types of intermolecular forces for the symmetric top molecule 
CH-Cl. These curves are labeled with specific interaction which represent 
the value of the average transition probability P~ (aSz(b)) which would 
result if those interactions were the only ones existing between the 
colliding molecules. Note that the sum is not much different from the 
curve considering only dipole-dipole type forces. This is why it is 
a particularly good approximation to consider only one term (the 
longest range) in the intermolecular potential. 

This argument can alsc be used when the cross-section is hroken 
up into contr"bution from elastic and inelastic collisions. It can 
be seen from eqn. (7-19) that these contributions do not add but combine 
as 

Av p [b 0
2 n" 2< s

2( b>el + V b > i n e l » V ( n ' ' > (7-20) 

There have been some simplified treatments [Se71] which obscure 
the literature by implying that elastic and inelastic collisional pro
cesses add to give the final linewidth when in fact they cannot be 
seperated and "add" according to the specific type of intermolecular 
forces which occur during collision. 
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7.4 Line Broadening in CH,F 

Line broadening in symmetric top molecules (other than NH,) 
has been largely neglected because of the lack of microwave line 
broadening data available. There are only two determinations made 
for CH-F self broadening and these are listed in table 7.3 . 
Note that our broadening coefficient is very close to the experimen
tal microwave values as we expect, since collisional processes in both 
the v, = 0 and \>, = 2 vibrational bands should be dominated by 
rotational collisional processes. Also included in the table are 
Hnewidth calculations using Anderson's theory and the theory 
developed by Murphy and Boggs lMu67a,b] when numbers are available. All 
of these theoretical determinations assume dipole-dipole forces as the 
dominating collisional mechanism. 

One can estimate the linewidth for our two-photon transition 
from the approximate theory presented in section 7.3.1 with a few 
modifications. First our initial and final states are not connected 
by a dipole-matrix element. This means that the Clebsch-Gordon 
coefficient in eqn. 7-6 C (J flJ^MfMN^} = 0 which gives S 2 ( b ) m = 0. 
Secondly, eqn. 10 of [Bi67a] must be modified slightly since now 
J f f J. + 1 . Using these modifications, 

V b> = Sel + Sinel 
where , 

sel * C J 2(J 2+1) T^+l) dfTVfTT (7 
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Table 7.3 Comparison Of CH,F Microwave Data To TPA Data 

Molecule 
(Transition) Interactions 

Measured 
fiv FHHM HHz/torr 

Computed'"1' 
Anderson's Murphy-Boggs 

CH3F 

( J = 0 - M ) ( b ) Dipole-Dipole 

(J=2 * 3 ) ( a ) 

K=0 Dipole-Dipole 

K=l Dipole-Dipole 

K=2 Dipole-Dipole 

(v 3 ,J,K) = 

(0,1,1) - ( 2 , 3 , 1 ) 

M=l - -1 Dipole-Dipole 

M= - I * -3 Dipole-Dipole 

40.0 

34.4 

34.4 

34.4 

42.1 

40.7 

55.0 

42.2 

40.8 

35.0 

[57.0] (c) 

44.2 

a) [Bi67b] 

b) [6i49] 

c) Calculated in th is section 

d) see for example [Bi67a] 



and 
S inel <*J,, f " i l . A J 2 - 0 ) 

J . -V 

CWz^ 
(y -n 2 - K.2 

(2J i+l)t01+-

K) 
+ JTT^TI) + 

(J f) - V (j£M) - r>. 
J f ( 2 J f + D _ + T2J f+l)(J f+1) (7-22) 

For J i = 1 , K, = 1, J f = 3, we have that 

S e l = C -m^T) { - C 6 7 ) 

and 

S inel " C J H W { 1 - 4 1 7 1 

where 
r . 8 / u 2 \2 1 

The cross section is then calculated from eqn. 7-16 with n = 3 

a1 = 2T T A ] / Z (7-23) 
where 

A = b* S 2(b). S 2(b) is averaged over the thermal 
population of the perturbing molecule (Jj,K 2). Birnbaum'(1967a) has tabulated 
these values for a number of molecules. He gives the value 

< i j ( j ^ y r 1/2 > = 0.2921 for the case of CHjF where the < > denotes the 

thermal average. 
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Hence, using eqns. (7-22), (7-23) and (7-17) and the molecular 
parameter in table 7.4, the line broadening parameter for the CH,F 
two-photon transition (v3,J,K) = (0,1,1) •» (2,3,1) is evaluated to 
be 

iv = 57 MHz/torr. 

This value is about 36* larger than the experimental value. However, 
we have overestimated the effect of Inelastic collisions because we 
assumed they were completely resonant. If one calculates the line-
width without the inelastic contribution, flv = 32 MHz/torr. Hence, 
the experimental number seems reasonable, since it is bracketed by 
two limiting approximations. 

Note that some slight modification in the theory is necessary 
since we are actually dealing with non-degenerate M levels. As can 
be seen from table 7.5 differences at the 3* level are observable in 
the line-broadening coefficient depending on the initial and final 
M values of the radiating molecule. However, pressure broadening 
theories are not well enough developed to predict these small differences 
in the broadening coefficient. 

7.4.1 Foreign Gas Broadening of CH-F 

In addition to the self broadening data, we have also observed 
the broadening of CH,F by foreign gas perturbers of He and CF-I. The 
values obtained are given in table 7.5. 

Also included in this table are conversions of the line broadening 
parameter to effective cross sections (a) and effective collision 
diameters. Note that in most cases the optical broadening cross section 
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Table 7.4 
Physical Constants of Various Collision Partners 

Molecule 
Molecular 
Height 
(AMI)) 

Hi Quadru
p l e 
Moment 
(o-*)W ah 

B 0 

(cm" 1 ) 

A 
o 

(cm"') 

CH3F 34 1.86 ( a ) 20.0 .. . 8 5 1 2 ( a ) 5.081 ( a ) 

NH3 17 !.475<b> - 1.0 2.20 9.946 ( f ) 6.196 < f> 

CFjI 196 1.010* c* — — . O S 0 8 { 9 ) . 1 9 1 0 ( 9 ) 

H 2 2 -- .662 0.79 60.80 ( 9 ) -

h 4 -- .644 0.79 30.43 ( 9 ) --
He 4 •- - .200 - --
Ne 20 -- ... .400 -- --
Xe 131 -- -- 3.98 -- --

(a) |Fr74a) (e) (Hi54J 

(b) |Sh70 ( f ) [Mo59] 

(c) (StS4 (9) |He66] 

(d) (St66l and [Kr66l 

-215-



Table 7.5 Comparison of Experimental Linewldths and Parameters 

Molecule 
J,K-*0,K Perturber 

Radiative 
Transition 

(fT*M ) 

Experimental 
Linewidth (Av„) 

(FKHM) p 

MHz/torr 

Experimental 
Optical Broadening 

Cross Section 
be(A) o"(A2) 

Gas Kinetic* 
Cross Section 
be(A) o'(A 2) 

Relative 
Velocity 

Reduced ( v „ , ) 
" " s ^ 5 ' c m , A.H.U. (X10 | f - c ] 

Conversion 
Formulas 

CW3F CH3F 

1 ,1-3 ,1 CHjF 

He 

He 

CF 3 I 

- 1 - -1 

- 1 - -3 

- 1 * -1 

- 1 - -3 

- 1 * -1 

42.1H.0 

40.7±1.0 

6.3±0.3 

6.040.3 

46.H2.0 

16.4 845 

16.1 830 

3.83 46.2 

3.74 44.0 

17.5 961 

4 .0 a 50.3 

4.0 50.3 

3.29 34.0 

3.29 34.0 

17.0 

17.0 

3.58 

3.58 

29.0 

0.485 

0.485 

1.33 

1.33 

0.468 

"rel JTTUJ 

" m1-hnJ 

At 30D°K; 

b, (A«) -

N K 3 N J 3 5+ 5 

5- 5 

5+ 5 

5 - 5 

5 - 5 

5 - 5 

28.8±1.0 

4.74±.25 

4.321.25 

1.44±.15 

0.57± ? 

1.8 ± ? 

10.2 325 

2.80 24.6 

3.10 30.1 

1.79 10.0 

1.46 6.70 

2.93 27.1 

4.43 61.7 

3.68 42.5 

3.68 42.5 

3.50 38.4 

3.61 40.9 

4.24 56.5 

8.50 

1.789 

3.24 

3.24 

9.189 

15.04 

0.864 

1.88 

1.40 

1.40 

0.830 

0.649 

I" &\J (MHz) I J 

5,4^5,4 H 2 

D 2 

He 

Ne 

Xe 

5+ 5 

5- 5 

5+ 5 

5 - 5 

5 - 5 

5 - 5 

28.8±1.0 

4.74±.25 

4.321.25 

1.44±.15 

0.57± ? 

1.8 ± ? 

10.2 325 

2.80 24.6 

3.10 30.1 

1.79 10.0 

1.46 6.70 

2.93 27.1 

4.43 61.7 

3.68 42.5 

3.68 42.5 

3.50 38.4 

3.61 40.9 

4.24 56.5 

8.50 

1.789 

3.24 

3.24 

9.189 

15.04 

0.864 

1.88 

1.40 

1.40 

0.830 

0.649 

[o.322xv r e 1(xlO- 5)J 

rf(A) = * * * (A) 

Unless otherwise indicated, the kinetic diameters are those obtained from [Hi64] and [Ke38]. The kinetic diameters 
for mixtures are obtained from the usual combination rule, b = (b, + b,)/2. 

a) [Fo53] 



is larger than that obtained from gas kinetic theory. This can be 
understood by noting that gas kinetic measurements (i.e. viscosity 
measurements) require a large transfer of linear momentum during a 
collision. This only happens when the molecules get close enough 
for the short range repulsive forces to become large. This should 
be compared to the case of the long range dipole-dipole forces which 
can transfer angular momentum (rotational state transitions) [Ho73] 
without transfering much linear momentum.* These argueraents immediately 
lead to the conclusion that the optical broadening cross sections should 
be larger than the gas kinetic cross sections. This is not necessarily 
true for interactions of shorter range. We see from table 7.5 that 
for CH,F-He collisions, the value of the two cross sections close. 
This can be explained by noting that a short range interaction with 
relatively light particle cannot easily transfer angular momentum and 
cause rotational transitions. Under these conditions, the two cross 
sections should be approximately the same. 

It is interesting to note that both the self-broadening and the 
helium broadening coefficient are approximately 3% smaller for the case 
of the upper state H = -3. Since the lower state (M = -1) is the same 
for both cases, this difference is due to differences in the colHsional 
interaction in the upper state. The estimated error in the absolute 
value of these broadening parameters is on the order of this difference. 
However, the relative error 1s probably much smaller. Although large 
modifications to existing theories would have to be made to account for 
this observation, we speculate that one cause might be the fact that 

*See for example [Sh73] where it 1s estimated that the velocity jump 
per collision is 200 cro/sec or .5% of the thermal velocity. See also 
Chapter 3 for case of C0,-CH,F collisions. 
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3 collision channels exist for the upper state of (J,K,M) = (3,1,-1) 
(i.e. AM = 0, ± 1) whereas only 2 channels exist for (J.K.M) = (3,1,-3) 
(i.e. AM = 0, + 1). This reduction in the number of collisional 
processes that occur could account for the observed decrease in the 
linewidth. 

One final observation that is unexplained at the present time 
is that the linewidth parameter for CH-F - CF-I collisions is larger 
than the self-broadening even though CH,I has a smaller dipole moment 
(approximately ID). Perhaps in this case the approximation AJ, = 0 
is no longer valid since CF,I has very closely spaced rotational energy 
levels (B Q ~ 0.05 cm"'). However, a detailed calculation with the 
inclusion of all the collisional process would have to be performed 
to determined the relative contribution of any one term, 

7.5 Line Broadening in NH 3 

Over the past thirty years, NH, has been the molecule most studied 
(both theoretically and experimentally) in the microwave region. Anderson 
was the first to get fairly good agreement between his theoretical 
treatment and the data of Bleaney and Penrose. A good review of this 
earlier work is given by Townes and Schawlow [To55]. Assuming the 
dominant collisional processes in NH, are transitions between the inversion 
doublet, Anderson predicts a linewidth dependence on rotational state 
(J,K): 

IKI 
"TTJ A\>„ a lKl- in (7-24) 

Note the Unewidth in this model increases with increasing K for fixed 
J, This dependence is opposite that predicted by eqn. (7-18). This is 
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because Anderson only includes inelastic collisions between the two 
inversion levels with A J = 0. Bleaney and Penrose, however, obtain 
the closest fit to their experimental data by using the formula 

A v 3 0 tw?V3 • 
This expression was derived under the assumption that a collision occurs 
when two molecules approach closely enough for the interaction energy 
of their dipoles to reach some critical value W. However, since the 
effect of any perturbation depends on its duration, the criterion should 
be that the product of the time duration and the interaction energy (W) 
reaches some critical value. Using these assumptions, Bleaney's (J,K) 
dependence reduce to those indicated in eqn. (7-24) leading Anderson to 
state: "The fortuitous agreement of Bleaney's formula with experiment 
is interesting, but not, apparently, significant." 

Table 7.5 has a listing of all the experimentally determined TPA 
linewldths along with a comparison with determinations from gas experi
ments. As in the case of CH,F (section 7.4), the optical broadening 
cross sections are larger than the gas kinetic for the self broadening 
case. These determinations will be discussed in detail in the next 
section. 

7.5.1 A qualitative Understanding of NH, Self Broadening 

We begin by comparing our widths to other published data of 
transitions in the microwave and infrared. A summary of a few selected 
microwave transitions are given in table 7.6. These data are compiled 
from work done by Bleaney and Penrose [B147], Legan et al, [Le65], and 
Kakar and Poynter [Ka75]. The values given by Legan are the result of 
a careful and systematic investigation with corrections included for 
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Table 7.6 

Selected Microwave Pressure Broadening Coefficients for NH. 
Line width 

Transition (J,K) ( F H H M H H z / t o r r ) 
0 » 0 " Legan Kakar Bleaney 

(3,3) 48,0 43.9 54.0 
(4.3) 44.2 
(4.4) 48.8 43.8 S4.0 
(5.5) 49.2 46.6 56.0 
(6.5) 44.0 
(6.6) 48.0 43.6 56.0 
(8.7) 43.8 - 52.0 
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modulation broadening, cell-length, and even Doppler broadening at 
low pressures. Although these values are consistantly lower than those 
given by Bleaney and Penrose, we will assume these are the correct values 
and will rely heavily on them throughout the remainder of this section. 
Kakar and Poynter just give value: for the J = K lines. These values 
have been corrected for the quadrupole hyperfine structure of the line 
and are in general 3-10% lower than the values of Legan et al. We will 
use Legan's values however to compare to the infrared data, since the 
hyperfine structure was not taken into account when these measurements 
were taken. 

Since the broadening coefficient can vary by as much as 50% [To55], 
depending on the rotational state (J,K), it is necessary to compare our 
transition [Q(5,4)] to other determinations using the same rotational 
states. Unfortunately, there is little data for a direct comparison. 
However, assuming a linewidth dependence on J,K as in eqn. (7-24), one 
can extrapolate the microwave data from table 7.6 with reasonable accuracy 
to obtain a broadening coefficient of about 44.0 MHz/torr for the Q{5,4) 
transition. 

The data for infrared transitions is even more sparse. Selected 
transitions for the v 2 band are given in table 7.7. These can be compared 
to the microwave data by assuming that the pressure broadened linewidth 
can be approximated by a sum of the collision frequencies of the upper 
and lower states [Sh71] as shown in eqn. (7-25)'* 

*Note that Anderson's theory (combining eqn. 7-6 & 7-16) predicts that 
upper state and lower state effects "add" like Av a[P1 + P,,]" 1 where 
P, are the transition probabilities. However, in the case that the 
levels are completely life-time broadened, the contribution to the line-
width from the two levels should be statistically independent and should 
add as in eqn. (7-25). Hence, eqn. (7-25) is the model we will use to 
illustrate the collisional processes for infrared transitions. 
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Table 7.7 

Infrared Pressure Broadening of NK, 

° b — - E3S5S P e'c e n t 

Rotational State (J,K) Broadening from Microwave (Deviation 
Transition Upper Lower (MHz/torr) MJ= i-(i + =-) from Microwave 

O - v ^ 
aQ(J,K) (J.K) (J.K) 32. -
SQ(J,N, (J.K) (J.K) 32. -
aR{5,4) (6,4) (5,4) 39. 41.6 

aR(4,4) (4,4) (5,4) 43. 46.4 

sR(S,K) (5,K) (6,K) 32. -
aR(5,5) (5,5) (6,5) 43. 46.6 

0 ^ 2
+ 

aR(0,0) ( b ) (1,0) (0,0) 26.6 -
aQ(8,7) ( c ) (8,7) (8,7) 46. 44.0 

0" - 2v2" 
aaQ(5,4)(d) (5,4) (5,4) 28.6 44.0 

0 + * 3v2~ 
sR(5,4)(e) (5,4) 

(a) 
(b) 
(c) 
(d) 
(e) 

(6,4) 

[Va72] 
[Sh71] 
[Ma73] 
this work 
[Be58] 

31.6 41.6 

-6% 

•8% 

-35% 

-24X 
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% = h (T L
 + T 7 >' (7-25) 

Normally, it is assumed that T, = T . Since this assumption should 
be reasonably accurate for microwave broadening in NH,, we can predict 
what the broadening should be if the collision process in the upper 
level of the infrared transition were the same as in the ground state. 
The values are given in table 7.7 along with the percent difference 
between the measured and predicted values. Although the data seem 
scattered, we can obtain a general trend from this data: as the v 2 

vibrational quantum number increases, the linewidth narrows. 
To understand this narrowing, one must first look at the basic 

collisional processes allowed in NH,. In general, the linewidth is 
a combination of contributions from different types of collisional 
process which: 

a) perturb the phase, but do not change the state 
b) reorient the angular momentum vector 
c) actually change the rotational state. 
The general selection rules for dipole-dipole type transit ions 

(expected for CH,F and NH, self broadening) are: 

+ ++ - , AJ = 0, ± 1 and AH = 0, ± 1. 

These selection rules have been verified for NH, in an excellent paper 
by T. Oka [0k68], If we assume a linewidth model as in eqn. (7-25), the 
variances in the linewidth could be explained by a reduced collision 
frequency in the upper state. To illustrate this point, we compare the 
collisional processes for CH,F and NH,, 
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In the case of CH,F, the vibrational states are docbly degenerate 
(±). Hence, collisional processes which require little or no energy 
change (types a and b) can occur and contribute to a substantial portion 
of the linewidth. This has been verified by J. H. C. Johns et.al. [Jo75], 
who estimate that reorientation collisions (AH = ± 1) can make up to 
363 of the linewidth. Also, since the B constants are almost the same 
for upper and lower states, the contribution from rotationally inelastic 
collisions should be the same. This means that we would expect linewidth 
comparable to the microwave data and this seems to be the case as explained 
in section 7-4. 

NH-, however, is a completely different case. Here the vibrational 
levels have an inversion splitting which rapidly increases with the Vz 
quantum number. Since the dipole selection rule is + •** - [0k68], the only 
allowed dipole type collisions must occur between the inversion doublets. 
For the ground state, the splitting is only 0.8 c m , and hence, these 
states can easily exchange energy and nearly resonant dipolar transitions 
cart occur. However, for u 2 = 1 level, the splitting are 35 cm" and so 
there is a much larger energy deficit to be converted into translational 
energy. Moreover, these transitions are only partially resonant givinn 
TL < ^u a n d a s m a 1 1 e r Hicwidth. For the v 2 = 2 mode, the splitting is 
280 cm" which is much larger than the avwage thermal energy (kT a 200 cm ). 
Alsr, fn* J = 5, the rotational line spacing is 2BJ =• 100 an" ) which means 
that a rotational transition J * (J+l), is still - 180 cm off resonance. 
Hence, any dipole collisiona) process would be completely non-resonant 
and would have a very small transition probability. To first order we 
could assume the upper state contribution to be zero and hence expect a 
50* reduction if! width. Qualitatively, we do see dramatic reductions in 
the widths, which in this model can be attributed directly to the dipole-
dipole selection rules. Note that in the dipole approximation, there is 
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no contribution from reorientational collisions. The residual broadening 
from the upper state appears to be approximately 7 HHz/torr. We can expect 
some contribution from inversion state changes, but the major effect is 
probably due to reorientation collisions from the quadrupole-quadrupole 
interaction term in the intermolecular potential since the vibrational 
selection rules for these types of collisions are + «->• + and -<-•-. 
However, NH, has a relatively small quadrupole moment (1.3D-A") [An50] 
and a detailed calculation would have to be performed to extract the 
relative contribution. J. W. C. Johns [Jo75] has demonstrated that 
reorientational collisions do occur in NH, and make up approximately 7% 

of the li'newidth. Benedict et al. [Be58,59] propose a similiar explana
tion for decreases in the widths of lines in combination band spectra. 

It is interesting to note that the application of a large Stark 
field breaks the rigorous + •*-*- selection rule and thus might cause 
some difference in the pressure broadened width over the zero field 
case. The inversion doublet wave functions for the ground state are 
completely mixed if =^=- » &v.. In this case reorientational collisions 
in the ground state would be allowed. However, this is not the case for 
our system (2uE/h = 5000, Av, =• 22,000 MHz). We can obtain an order of 
magnitude estimate for this effect by estimating the coefficients for the 
perturbed wave functions. If we write the wave functions for the 
perturbed states * , *" as « = a* + bij>~ and ijT = -bifi + a* 0 where 
(j and (ij| are the unperturbed states, the coefficients a,b using eqn. 
(10-16) of [To55] are: 

V 2 (7-26a) 1: tofn * ^ f » * » < n 

'K + 4 ( ^ ) 2 
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and 

The transition probability P for reorientation collisions will be 
proportion to | < ijr |y12|i|'~ > \'• Substituting in the expression 
for tr we have that P a 4(ab) 2. From eqns. (7-26a,b) we have that 

4|ab|a = ^ = ^1 » o.05 
*>?„ + «'•-?, i22V + (5)! 

h a 

This means'that approximately S", of the dipole allowed collisions could 
be reorientational collisions. However, we do not expect the linewidth 
to increase appreciably because the difference in energy exchange between 
the completely resonant (i.e. no energy exchange) reorientation collisions 
and the dipole allowed inversion changing collisions (AE ~ 0.8 cm ) is 
very small. 

To summarize, the proposed qualitative model seems to explain the 
linewidth dependence on the v 2 quantum number. This is a consequence of 
the dipole selection rule, and the increased inversion splitting as the 
Uj quantum is increased. Detailed calculations have not been performed 
using a theory based on that of Anderson because of the extremely complex 
nature of the collision process in the upper state. 

1/2 
(7-26b) 
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7.5.2 Foreign Gas Broadening in NH, 

Foreign gas broadening in NH, has been as extensively studied as 
self broadening. One reason for the large interest in NH- is that 
Smith [Sm56] concludes that the NH, inversion spectrum is the most 
satisfactory one to use in measuring the quadrapole moments of the 
foreign gas perturber. This conclusion results from the fact that 
interactions involving the polarizability of colliding molecules are 
less effective in causing an inversion transition than in causing a 
rotational transition, A large number of quadrupole moments have 
been determined from NH, line broadening data [Kr66], [St66], [Sm56]. 

A comparison of our data for a number of perturbing molecules with 
other determinations is given in table 7.8. Note that there seems to 
be little li\iewidth dependence on the particular inversion transition 
observed in NH,. This can be understood by applying Anderson's theory 
to the shorter range forces. For example, using eqn. (7-16) and (7-17) 
for dipole-quadrapole forces (n = 4) it can be shown that the linewidth 
has the dependence on rotational state of 

Av a [ K 2/ J(J+1) ] 1 / 3 . 

The 1/3 exponent greatly decreases the linewidth variation as a function 
of rotational state. We can see from eqn. (7-16) that the linewidth in 
general depends on A ' where A is a function of the rotational quantum 
numbers. Hence, the linewidth has little rotational state dependence 
range shorter than n = 4. 

It is interesting to note the velocity dependence of the linewidths 
for quadropole-dipole forces. Following the treatment in Townes and 
Schawlow [To65], we see from eqn. (7-7a ) that 
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TA pLE 7.8 
Foreign Gas Broadening of NH, 

Linewidth (Fwm) MHz/torr 

Transition 
(0,K) % D 2 He Ar 

0 + -» 0" 

(3,3) 6 . 1 a 2.08 a 3.42 a 

6.56 b 

5.27 e 

1.80e 3.20 e 

(4,4) 6.12 a I .88 a 3.50 a 

(6,6) 6.06 a 1.82a 3.18 a 

o - ~ i + 

Q(3.7) 

Q(J.K) 
f 

5.92 1 

0" + 2" 

Q(5,4) d 4.74 4.32 1.44 

a) [Le65 d) This work 

p ) [Fe57] e) [Sn50] 
e) [Ma ] f ) [Va72] 

Ne Xe 

16 .8 C 

.57 1.8 



< a|P|b> = < C o n s t )-

For a collision to be just strong enough to be effective in line 
broadening (give a critical value of < a|P|b > ), the impact parameter 
b is the effective collision diameter b . Hence, we have that 

1 
° e a Vv r e,iCT . (7-28) 

The line broadening parameter is 

2* &v p = Nv r e, a' = Nv r e, irb* a N v 1 ^ 1 " " 1 5 (7-29) 

For dipole-quadropole forces n = 4. Hence 

% « vrel 

Note that there is no velocity deiendence of the linewidth for dipole-
dipole forces (n=3). This has tee. beautifully demonstrated by Hattick 
et al. [Ma73] for the case of self broadening in NH,. 

It is interesting to compare the velocity dependence of the line-
width for the case of broadening of NH, by H, and D,. Since both the 
molecules have the same quadrapole moment (see table 7.4), we would 
expect from the previous discussion that the ratio of the linewidths 
would go as 

^(\y3j\y6 

(7-31) 
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since the relative velocity is related to the reduced mass by 
"rel a T • W 1 t h p n = 3 - 2 4 A M U a n d W H ° 1 - 7 9 A M U' 

Taking the appropriate measured linewidths from table 7.5, we see that 

^ - 4- 7 4 - l in 

This provides very strong support to the assumption that the main 
interaction in NH, - H- collision is the dipole-quadrapole term. 
Anderson [An50] suggested that the main part of the linewidth for NH,-
H, collisions could be accounted for by the quadrapole-induced dipole 
term (n = 7). The polarizabilities of H-, and D, are the same so we again 
tan compare the velocity dependence of this term. Using eqn. (7-29), 
we have that 

A v a vrel ' 
giving 

Since our relative error is estimated to be of the order of t 22, the 
experimental value is clearly not accounted for by quadrapole induced 
dipole forces. 
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Foreign gas broadening by rare gases is expected to be ominated 
by quadrapole-induced dipole forces [An50], [Sm56], It is surprising 
that this force should dominate over the longer range interaction of 
dipole-induced dipole. It can be shown, however, that the symmetry 
of the dipole-induced dipole terra is such that it provides no inversion 
transitions, and hence, a small contribution to the linewidth [An50]. 
Anderson has used this term to obtain fairly good argument for NH, 
linewidth broadened by argon and helium. 

Finally, note from table 7.5 that all the foreign gas optical 
broadening cross sections are less than the gas kinetic cross sections. 
This has two implications. 1) The approximation of straight line 
trajectories used by Anderson is no longer valid. One must treat this 
coordinate quantum mechanically to obtain accurate results. 2) The 
collisional processes involved do not significantly perturb the internal 
coordinates leading to the possibility of observing collisional narrowing of 
the residual Doppler width. This is discussed in further detail in 
section 7.7. 

7.6 Pressure Shift Observations in CH,F and HH, 

Although a pressure shift of the center frequency of the line is 
a natural consequence of Anderson's theory (see eqn. 7-5), it has not 
received as much attention as line broadening studies because these 
shifts are very difficult to observe in the microwave region. There 
have, however, been several observations of the pressure shifts in 
vibrational rotational lines in the infrared [Ki59], [Ja64], which have 
stimulated theoretical work in this area [Be61], [Be64]. 
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The main reason for studying these pressure shifts is that they 
provide information about the intermolecular forces which is different 
from the information obtained from line broadening studies. Referring 
to eqn. (7-5), we see that the average resonance frequency is determined 
by the difference in the collisional perturbations in the initial and 
final state [G066]. Also note that we are probing only those collisional 
processes which are diagonal in the initial and final states (I.e. no 
state changes). Those processes which are inelastic and cause state 
changes will contribute to the broadening of the line but not the 
shift. Hence, line shift data provides new information on the elastic 
scattering processes. 

In Chapter 6 we presented experimental shifts for two types of 
collisional processes: 

1) CHjF - CR.F with dipole-dipole forces and 
2) NHj - Ne with induction forces [eqn. (7-11,12)]. 

ta<-h of these casea must be discussed individually, since the collisional 
processes are drastically different. 

7.6.1 Pressure Shift in CH3F 

As shown in fig. 6.11, we observed a "blue" pressure shift of 
2.1 MHz/torr. This shift is approximately 5% of the linewldth parameter. 
He would expect a shift from eqn. (7-5) since in this case the lower 
state dipole moment 1s fixed 1n space (J=K=1) whereas the upper state 
dipole moment 1s rapidly spinning (J=3, K=l). Consequently, the difference 
in the interaction between the perturbing molecule and these internal 
motions should lead to a shift as 1s experimentally observed. However, 
this shift cannot be accounted by a simple consideration of dlpole-
dipole forces. Foley [Fo46] has shown that in this case (see table 7.1 
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with n=3) there should be no shift of the line. This can be understood 
physically by modeling the collisional field of the perturbing molecule 
as a time dependent Stark perturbation (see section 4.3). In this 
case those states with +M are shifted to lower energies while the 
state with -H are shifted to higher energies giving no net shift in the 
center frequency of the line. For our case, additional considerations 
show that when we are only dealing with a non-degenerate H level the 
average over all field orientations of the perturbing molecule will also 
lead to a zero shift. This fact was confirmed experimentally in CH-F 
by observing no pressure shift when using a foreign gas perturber 
(CF,I) with a reasonable dipole moment (~1D). This leads us to conclude 
that the pressure shift must be caused by a resonance contribution 
to the collisional process which can only occur for the self-broadening 
case. These resonance contributions have been used to explain the J 
dependence of the line shifts in HCl [Be61], [Ki59]. Recently, Pasmanter 
and Ben-Reuven have theoretically obtained "blue" pressure shifts of 
approximately 10% of the linewidth by considering resonant processes 
involving the transfer of radiation (exchange collisions) where the 
excitation begins at one molecule and ends on another. Unfortunately, 
their treatment is not directly applicable to our case, since our initial 
and final states are not connected by a transition dipole moment. These 
treatments point out, however, that the process is extremely complicated 
and our experimental observations are not easily related to any currently 
existing theory. 

7,6.2 Pressure Shifts in NHj 

For the case of NH,, we would expect no pressure shift in first order 
for splf broadening. The reasons are twofold: 1 ) The matrix elements 
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are not diagonal in the inversion quantum number, and hence, dipole-
dipole forces cause state changes and 2) both our upper and lower rota
tional states are the same since we are dealing with a Q transition. 
The second reason is valid in the microwave region but is considered 
inapplicable for our case since the inversion splitting 1s much larger 
in the upper state than in the lower state. For broadening by foreign 
gas perturbers, the only case of resolvable pressure shift was the case 
of NHj - Ne collisions in which 6 v s 3 0.38 MHz/torr (see fig. 6.24). As 
explained previously, the pressure shift only samples collisional processes 
which are elastic. Since the quadrapole-induced dipole force accounts 
for the broadening of NK,-rare gas by causing transitions between the 
Inversion doubtlet [An50], we are led to postulate that the dominant 
force involving elastic collisions is the dipole-induced dipole force 
(see eqn. 7-11). Since this is a longer range force than the quadrapole-
induced dipole force, it could account for the observed pressure shift. 

7.7 Collisional Narrowing in NH-

One final observation to be included in this chapter on collisional 
effects is the observation of collisional narrowing of the residual 
Doppler width 1n NH,. The most pronounced observation Is given in fig. 
6.22 for NH--Ne collisions. Note that a straight-line fit through low 
pressure points (S 2 in fig. 6.21) actually give a negative slope for 
the pressure broadening coefficient. The actual narrowing that occurs 
Is 70kHz. This 1s significant when one considers that the total line-
width is a convolution of a Doppler width (~ 1.35Mlt) and a homogeneous 
width (~1.6Mlfe). An anomalously low broadening coefficient was also 
observed for the low pressure points of NK,-H? collisions; however, a 
narrowing was not observed in this case. 
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Collisional narrowiny which was first predicted by Dicke [D153], 
[W156], has since been included in a large number of theories of combined 
Doppler and pressure broadening. Dicke's basic assumption is that the 
total effect of a collision is to change the radiator's velocity 
without a perturbation of the internal coordinates. Under these conditions 
a Doppler broadened line can show considerable narrowing as the pressure 
is increased. This can be understood by noting that quantum mechanically, 
the Doppler effect is due to the recoil of the emitting particle. If 
the mean free path of the radiator is less than 1/flk where 4k is the 
momentum transferred from the electromagnetic field, an appreciable 
fraction of the recoil momentum will be imparted to the perturbers 
resulting in a narrowing of the line profile. This effect has been 
experimentally demonstrated in water vapor [En72] and in vibrational 
Raman lines of Hg [Hu72]. 

For the case of NH,-Ne collisions, we see that the straight line 
fit to the high pressure points (S, in fig. 6.22) gives a very low 
broadening coefficient. This indicates that collisions do not perturb 
the internal motions, and hence, would be a good system for the 
observation of collisional narrowing. Also note that the normal pressure 
range where these effects can be seen is in the region of 10 - 100 ton-
[En72]. However, since Ak is reduced by the two photon effect (~15 cm }, 
we can observe this effect at much lower pressures. Hence, it is reason
able that we see some narrowing effect. Since our linewidth is not a 
purely Doppler broadened line, we can extract no information as to the 
value of the particle diffusion coefficient for NH^-N collisions 
[see for example En72]. However, this is the first observation of 
collisional narrowing effects in two-photon absorption spectra. 
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7.8 Summary 

At this point we summarize a few of the more important factors 
that should be included when considering the effect of collisions on the 
spectral linewidth: 

1) Resonant collisions (k=0 in eqn. 7-13) are the most important 
ones to consider. This normally leads to the selection rules 
for dipole-dipole collisions of AJ. f = 0, ± 1 and AJ„ = 0. 

2) Reorientational collisions (J,M + J,H') contribute to the linewidth 
for symmetric top molecules without inversion splitting. To 
first order, there is no appreciable contribution to the NH, 
linewidth from reorientational collisions. 

3) Resonant state changing collisions have been shown to be more 
effective in line broadening than reorientational collisions 
because the radiation process is interrupted completely. 

4) More terms must be used in multipole expansion for short range 
forces (n > 4) to model the linewidth accurately. 

5) Linewidths from shorter range forces are less sensitive on the 
radiator rotational state (Av a A ' where A is defined in eqn. 
7-16). 

6) The transition probability [S-(b)] can in general be broken down 

into contributions from the upper and lower states which add. 

It is only when the mixed term So(b) eqn. (7-5) is appreciable 

that this approximation breaks down. The linewidth, however, H 

not a sum of these transition probabilities. These terms combine 

to give the linewidth according to eqn. (7-20). 

As one can see, these collisional process are extremely complicated 

and will require new theoretical advances to describe them fully. To 

stimulate this theoretical development, a large body of experimental data 

must be available rendering experiments such as those described in 

Chapter 6 extremely important. 
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CHAPTER 8 

MEASUREMENTS OF VIBRATIONAL TRANSITION DIPOLE MATRIX ELEMENTS IN NH 3 

8.1 Introduction 
In addition to the collisional effects observed in Chapter 6 

and discussed in Chapter 7, the DFTPA experiment also provided the 
necessary experimental data to determine two different vibrational 
transition dipole matrix elements in the v- mode of NH,, heretofore, 
never previously measured. The transition dipole matrix elements 
measured were for the v, = 1 <-+ 2" and 2 *-» 2" vibrational transitions 
(see fig. 6.12). These values are listed in table 8.1. As explained 
in the subsequent sections, each matrix element was determined by a 
different method. 

H.Z 1 + *-* 2" Transition 
To determine the transition dipole matrix element of the 

1 •> 2" transition, we utilized the measurement of the optically 
induced shift of the v, = 2" l e v e' resulting from the ac Stark effect 
of one of the laser radiation fields. This effect, commonly known 
as an "optical power shift", was discussed in section 4.3.3 and 
observed in section 6.4.5. The expression for this shift is given 
by eqn. (4-53), which if only one dominant intermediate state is 
included, can be rewritten as 

1 n m v n m 
ln|m>-E0|* 1 tr-w"+hv) J 
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Table 8.1. Vibrational Transition Dipole Matrix Elements Measured 
for the v 2 Mode in NH, 

Transition 5u (debye) Reference 

0 " - l + 0.23 ± 0.02 Sh71b 

l +~2" 0.27 ± 0.05 This work 

0 + -> 0" 1.475 ± 0.006 Sh70 

1 4~2- 1.2b ± 0.01 Sh69 

2 +~2" 0-83 ± 0.08 This work 
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where the state n corresponds to (v,, J, K, H) = (2", 5, 4, 5), the 
state in to (1 , 5, 4, 5), and the laser radiation field E to 
the P18 COg laser line as shown in fig. 8.1. Since |W? 2-. - W°(,+,| 
< hv(P18), we need only take the first term of (8-1). Therefore, 
(8-1) reduces 

, |<2-M1+>.U' (8 
1 ' M(2-)" W(l +)- h V 

We do not consider the power shift of the lower state (\>2 = 0") because 
only the power of the P18 line was varied (see section 6.4.5). From 
fig. 6.25 the power shift of the 2" level [AW,,-.] level was measured 
to be 124 kHz at 4 watts of P18 laser power. The intensity of the 
laser field for a fundamental transverse mode is given by 

I • | ^ r (* 

TT ur 

where P is the laser power and u is the average beam radius within 
the Stark cell which was calculated to be 0.809 mm for the F18 line 
(see appendix C ). At a power of 4 watts this corresponds to an 
intensity of 390 W/cm with an electric field amplitude E of 
540 v/cm. The resonance denominator W ? - \ - w n + \ " nv) ' s 

calculated to be ~ 4950 MHz when the dc Stark field is present. 
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The transition dipole matrix element < 2"|)i|l+> of (8-2) is com
posed of two parts; the vibrational transition dipole matrix element 
6p, (that which we are calculating) and the direction cosine matrix 
element *, v u i.e. 

<2"|u|l +> = « U * J ) K I H (8-4) 

For the t ransi t ion (J.K.M) = (5,4,5)- f (5,4,5) , t j K M - 0.666 as taken 

from table 6.6. Therefore, we may solve (8-2) for 6jj y ie lding 

6u (1 *•» 2") r 4 A W ( 2 - ) < H ( 2 - ) - " ( ^ 

[ a 2 ^ J , K , H » 2 E 0 2 

) - hv 1/2 
(8-5) 

where a = 0.50348 is the conversion constant previously mentioned in 
section 6.3.1. Substitution of the above described values in 
(8-5) gives 

Sv (1 + + 2") = 0.27 ± 0.05 debye (8-6) 

As seen in table 8-1, this transition dipole moment is larger than 
that of the lower state[6p(0" * 1 +) =0.23] [Sh71b] but less than 
the value calculated by a harmonic oscillator model [Wi55] which is 
proportional to the square root of the vibrational quantum numberu 

i.e., 
6u(1 * Z ) = 6u(0 + l) M 1 / 2 

= (.23)(2)1/2 

= 0.330 . (8-7) 
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Therefore, a value of 0.27 D for the 1 <-* 2" transition seems 
quite reasonable in view of the fact that the v 2 mode is quite 
anharmonic. 

8.3 2 *+ 2" Transition 
In measuring the vibrational transition dipole moment 

of this transition we used a method similiar to that used to calculate 
the resonant frequency of the (v2,J,K) = (0", 5, 4) -* (2", 5, 4) transition 
as discussed in section 6.4.2. Let us examine fig. 8.1. The center 
frequency of the two photon transition is given by 

v 0 = v, + \ ) 2 + Av 2 + AW g - AW £ g - D 5 ( u f ) 2 + Al^ f (8-8) 

where Aw_ is the sum of the first (AW.'1') and second (AW g^ 2') order 
dc Stark shifts of the lower level, D g ( w f ) 2 is the dc Stark shift 
of the upper level containing the dipole moment we wish to calculate, 
AW E is the power shift correction, and Av 2 is the resonance frequency 
offset of one of the lasers (P18 Line) from its line center. Since 
all of the W -»• H f transitions yeild the same two photon absorption 
frequency, v , (8-8) can be equated for different M. + M f transitions. 
Solving for u , we have 

1/2 
W, = 

(AWg-AWg H(Av 2-Av 2 )+(AHk-AH E g)+(AW E f-/% ) (8-9) 

,. ere the prime and unprime denote different H. * Hf transitions. 
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r AWC 

(2",5,4,M f) ^ ^ ^ 

v 2 (P18) + Av2 

V 

o ^r\ ", (P34) 

(0",5,4,Mg) ^ ^ ^ 

", (P34) 

(v2,J,K,M) 

Fig. 8.1 Schematic of two-photon absorption transition in NHj 
with the various dc Stark and power shift corrections 
used to calculate the vibrational transition dipole 
matrix element of the v = 2 + *+ 2" transition. 
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All of the expressions in (8-9) have been previously calculated (see 
table 6.4) except the power shift terms (AwV and AW- ). 

To calculate the power shifts of the 0" and 2" levels we will 
use expression (8-1) with only one dominant intermediate state 
corresponding to the vibrational level v, = 1 . The 0" level is 
effected primarily by the interaction of the P34 line which has a 
power of 2 watts with an average heam radius of 0.757 mm in the Stark 
cell (see a.ppendix C ). Employing (8-3), we find the P34 laser 

p line intensity to be 220 W/cm corresponding to an electric field 
amplitude of 410 V/cm. The vibrational transition dipole matrix 
element between the 0" and 1 intermediate is 6u = 0.23 debye 
[Sh71b]- The resonance denominator remains 4950 MHz. The direction 
cosine matrix elements may be found in table 6.6. To calculate 
the power shift of the 2" level associated with the interaction of 
the P18 line, we will use the experimental parameters previously 
mentioned in section 8.2 including our calculated value of Su = 0.27 
debye for the 1 + 2" vibrational transition dipole moment. The 
results of these calculations may be found in Table 8.2. Having 
determined the appropriate optical power shifts of thev 2= 0",2" 
levels, we are now in a position to evaluate (8-9). This calculation 
is tabulated in table 8.3 for various permutations of the M + ff = 5 •» 5, 
4 •* 4, and 3 •* 3 transitions. The average value of u as taken from 
table 8.3 is 0.83 ± 0.08 Debye, where we have statistically weighted 
the permutations (M.M'J = (5,3):(5,4):(4,3) as 3:1:2 commensurate 
with the experimental accuracy. This value is measured as static dipole 
moment of the v 2 = 2 level but because of the rapid inversion of the 

19 

\jj mode in this level (v. = 8.44 x 10 Hz), it also represents the 
vibrational transition dipole matrix element between the v 2 = 2" +•» 2 
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Table 8.2. Optical 
v 2 Mode 
0" level 

Hg H1 

5 5 

4 4 

3 3 

Power Shifts for the 
in NH 3 

W £ (kHz) H 1 

-50 5 

-32 4 

-18 3 

and 2" Levels of the 

2" level 

H u W £ f(kHz) 

5 -121 

4 - 77 

3 - 44 
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_, A. 

Table 8,3. Evaluation of (2 «-*• 2 ) vibrational transition dipole matrix element of the v 2 mode in NH. 

Trans itions AW g-AW g- l a ) a v 2 - A V ( b ) 
A W E g - i W E g ( C ) A - W E f - A V ,(c) V°'5 ( d ) u 

"g Hf V V (kHz) (kHz) (kHz) (kHz) (kHz(D)2) (D) 

5 5 3 3 -862 496 -32 77 -466 0.830 
5 5 4 4 -1134 972 -18 44 -149 0.955 
4 4 3 3 272 -476 -14 33 -317 0.764 

(e) flvgv='0.83 ±0.08 Debye 

(a) See table 6.5, (b) See table 6.4, (c) See table 8.1, (d) D g = 0 4E 2, where D 4 and E are 
given in table 6.5. 

(e) This average is weighted according to experimental error by the following formula (H,M') = 
(5,3); (5,4):(4,3) = 3:1:2. 



levels, and thus has the value 

fin (2" *- 2 +) = 0.83 ± 0.08 debye. !8-in) 

Since this transition dipole matrix element has never been measured 
before, we have no other experimental measurements to compare it with. 
However, Gille and Lee iGi69l used an estimate of 8u (2" "-* 2 )-- 1.0 debye-
in calculating line intensities for this transition. Shown in table 8.1 
is the vibrational transition dipole matrix elemerts measured for the 
>;, mode in NH, with a comparison to the work in i Sh70] . It is interesting 
to note the dependence of these transition moments with the ^~ quantum 
number. As the quantum number becomes larger, the dipole moment is reduced 
approaching values similar to the infrared momenta transition. 

S.4 Discussion of the Optical Power Shift 
Although the optical power shift was used to determine the vibra

tional transition dipole matrix element for the 1 •*-• 2" transition, it 
contains some interesting features that require further discussion. It 
may be noted that the optical power shift terms (Aw ) listed in table 8.2 
are negative for both the >>, = 0" and 2" levels. The negative value of 
the shift is associated with the fact that the intermediate state, v = l , 
lies at a higher energy than the first laser photon (P34 line) (see fly. 
8.2). If the energies of the intermediate state and the first laser photon 
were reversed, then the optical power shifes would be positive. Seen also 
in table 8.2 is the fact that the optical power shift of the upper level, 
v, = 2", is greater than that of the lower level, v, = 0". The reason for 
this is twofold; 1) we are operating the P18 laser line at a higher power 
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. - (5, 4, 5) 

.+ ( 5 , 4 , 5 ) 

. - ( 5 , 4 , 5) 
(J , K, M) Static field 

" 2 (P18) 

«, (P34) 

. 1 . 

r AM = 4950 MHz 

Stark shift 

Optical field 

Stark shift 

-AW, 
Eg 

Fig. 8.2 Optical Stark shift (power shift) of the \>2 mode 
of NH, superimposed on the dc Stark shift. 
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(4 watts) than the P34 laser line (2 watts) and thus E in expression 
(8-1) is larger, and 2) the vibrational transition dipole matrix element, 
•5u = 0.27D, for the transition 1 •* 2" is larger than the corresponding 
matrix element, <$w = 0.230, for the 0" •+ 1 transition. 

These particular features point to an interesting technique for 
tuning a molecular transition into or out of resonance using these 
multiphoton processes. From fig. 8.2 and expression (8-1), one can 
easily visualize that if the laser intensities of one or both of the 
y, and y

z radiation fields are of sufficient intensity, it could be 
feasible to tune the two-photon transition into resonance using only 
the optical power shift.' This technique would be particularly advan
tageous in NH, and other molecular gases which have a low dc electric 
field breakdown threshold. Elimination of the dc Stark tuning would 
facilitate working at higher gas pressures; a situation very favorable 
for two-photon excitation schemes. A calculation of the power necessary 
to tune the two-photon transition into resonance indicates that only 
~ 10 W/cm would be necessary. These powers are relatively easy to 
attain by combining stable laser systems with multi-pass TEA laser 
amplifiers [Ko67]. Use of this technique would have direct application 
to laser photochemistry and laser induced isotope separation. 
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CHAPTER 9 
SUMMARY AND CONCLUSIONS 

This f ina l chapter w i l l summarize only the work done on Doppler-

free two-photon absorption since the work presented in Chapters 1-3 is 

somewhat d is t inc t and has i t s own conclusion section. 

In th is thesis, we report the f i r s t observation of Doppler-free 

two-photon absorption in the molecular systems of CH,F and NH,. Using 

the two-photon techniques described in Chapter 5, we have accumulated a 

large amount of spectroscopic and colHsional information about these 

molecular systems. This information f a l l s into f i ve basic categories. 

1) Accurate measurement of two-photc,i t ransi t ion frequencies. 

a) The CH3F t rans i t ion of (Vj.J.K.) = (0,1,1) » (2,3,1) 

has been measured to be 2089.634298 ± 3 x 10" 6 cm" 1. 

b) The NH3 t ransi t ion of (v 2 ,J ,K) = (0",5,4) + (2",5,4) 

has been measured to be 1876.991493 ± 3 x 10 c m . 

Both of these transit ions are now known to about 3 parts in 

10 (the accuracy of the speed of l i gh t ) and could themselves 

now be used as secondary frequency standards. 

2) Determination of pressure br.idening coeff icients for the 

two-photon transit ions described in (1) for the cases of: 

a) CH3F broadened hy CHjF, He, and CF3I and 

b) NH3 broadened by NH3, H j , D 2 > He, Ne, and Xe. 

These values can be found in table 7.5. 

3) Observation of a pressure sh i f t in the center frequency of the 

two-photon t ransi t ion for CH3F broadened by CH,F and NH, broaden

ed by Ne. These measurements are discussed in section 7.6. 
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4) Measurement of two vibrational t ransi t ion dipole moments in NH,: 

a) 1 + -• 2" was measured to be 0.27 D and was obtained from 2nd 

order Stark tuning of the various AM = 0 two-photon t ransi t ions. 

b) 2 •* 2" was measured to be .83 D and was obtained from the 

power sh i f t data in f i g . 6.25. 

Both of these calculations are given in Chapter 8. 

5) Observation of the col l is ional narrowing of the residual Ooppler 

p ro f i le for NHj-Ne co l l is ions. This is shown in f i g . 6.22 and 

discussed in section 7.7. 

We would l i ke to point out that a l l of these measurements required 

the complete specif icat ion of a l l the degrees of freedom of the radiation 

f i e l d . These included 1) stable COg frequencies for spectroscopic measure

ments, 2) u t i l i za t i on of the wave /ector (direct ion of propagation) for the 

Ooppler-free e f fec t , 3) u t i l i za t i on of the polarization to observe the 

di f ferent AM two-photon t ransi t ions, and 4) u t i l i za t i on of the intensi ty 

and mode quali ty for the power sh i f t measurements. The COg osc i l la to r is 

one of the few laser systems which has a l l of these properties su f f i c ien t ly 

well characterized to be able to make measurements of th is type. 

As a f ina l note, we feel that the techniques of Doppler-free two 

photon absorption can be applied to a large number of systems and that th is 

thesis has only scratched the surface. Not only have we demonstrated that 

a new and powerful tool has been added to complement experimental spectro

scopy, but that major contributions to experimental co l l i s ion physics can 

be made as wel l . We also believe that Doppler-free two photon excitation 

schemes may have a major impact on laser isotope separation where the 

isotopic transit ions of interest are masked by the Doppler width. Appli

cations of this type could be demonstrated within the next year. 
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APPENDIX A 

TABLE OF SYMBOLS 

Roman Alphabet 

A vector potential 
A moment of inertia around molecular symmetry axis 
b impact parameter 
B rotational constant around axis perpendicular to molecular 

symmetry axis 
c velocity of light - 299792456.2 m/sec 
D centrifugal distortion rotational constant 
e electron charge 
E electric field 
f focal length 
g„ nuclear spin degeneracy 
G(A) line width function for collision-induced resonance 

-27 h Planck's constant = 6.625 x 10 ergs - s 
H Hamiltonian operator 
I laser intensity 
I nuclear spin of identical nuclei 
J rotational quantum number 
k Boltzmann's constant = 1.38 x 10 erg/deg 
K projection of rotational angular momentum (J) on the molecular 

symmetry axis 
- * • k wave vector 
k, collision-induced transition rate 
k, collision-induced transition rate to thermal bath 
k R'/R function of the colli si on-induced transition rates 
K. vibrational angular momentum 
L absorption length 
m mass 
M magnetic quantum number 
n(Bj vriocity dependent population distribution of a rotational level 
P momentum operator 
Q total partition function 
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R ratio of partial pressures 
Rj thermal pumping of the i t h level 
S(b) Anderson's collision efficiency function 
T temperature in ke lv in 
v velocity in the z direct ion 
V(r) intermolecular potential 
7 most probable speed in the z direct ion 
W vibrat ional-rotat ional level energy 
W- t ransi t ion probabi l i ty between states f and g 
Z plasma dispersion function 

Greek Alphabet 

o absorption coeff ic ient 
B normalized velocity = V/C 
I"., power broadened half width of the i t h level 
r T to ta l resonant hal f width including velocity changing co l l i s ion 
A, S. - v. 
Av Q residual Ooppler width (FWHM) 
Av H homogeneous width (FWHH) 
^ wave length 
u reduced mass 
y^j t ransi t ion dipole moment between levels i and j 
v molecular t ransi t ion frequency 
n 3.1416 
p(S,B') normalized collision kernel 
o optical cross section 
uQ laser mode radius to the 1/e point 
Si laser frequency in hertz 
f wave function 
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APPENDIX B 

WIDTH FOR THE SI 1MATI0N OF TWO LORENTZIAN LINES 

Starting from eqn. (3-25), we have for our collisionally induced 
double resonance lineshape function 

" "x "m 

where we have defined 

A = • ( V * a > 2 

«1 = rf, = (r,+r 2) 2 + (nas,) 

and 

A = 
k i x W x 

and 

A = 
r T x r ; x ( k x + k

m

R ) 

B = %» Wm B = 
W k x + k m R > 

Here R Is defined as the retio of the partial pressures R = ==- . The 
x 

other constants have been defined in section 3.4. 
The halfwidth at half maximum of any distribution function is 

defined by 

<H\/}) = G(0)/2 (B-2 

Solving this equation for G(A ) defined in eqn. (B-1), we have that 

< & , „ + H J f l + ( & , „ + " x > B . 1 ^ x (B-3 
<A...+W..+«U ' W m W x 
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This equation can be put into normal quadratic form leading to 

111 1/1 

where 

and 
E = -W vW m x m 

Substituting in for A and B, D can be rewritten as 

D • VWm " l V lV R'V (B"5) 

where R' is a function of the ratio of partial pressures defined as 

"•-"'&)(»£) (B-6) 

Now breaking W, up into its components by using eqn. (B-l).Ke have that 

W i = r + 6 2 where r = (r,+r a) 2 and 6 = (Qfig.)s . 

Substituting these into eqn. (e-5) we have 

D • 2 r + V 6 m * & • ( r + V R r + R M 

leading to 

° = F̂ <VV«W- ( B"7 ) 
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Here C is a convenient constant whose values range from -1 < C < 1 
and contains the total ratio dependence of linewidth. Vfe now calculate 
A from eqn. (B-4) 

A = 5-(-D± [D 2+4E 2]" 2) (B-H) 

where we have chosen the + sign because the value of eqn. (B-8) must 
always be positive to give a real linewidth. Eqn. (A-8) can be rewritten 
as 

Note that this expr<"='ion has the correct limiting values for C = t 1. 
If C = 1, there is no fore'- n»s pertuber and the linewidth is 
A = r+6 which agrees v ' ' .» eqn. (3-22). For C »-1, the system is 
very dilute with only x-m collisions. Here aqn. (6-9) predicts the 
linewidth to be A » r+5„ which is exactly what we ev.pect! If we 

in m 
assume the last term in eqn. (B-9) is "ti.il compared to 2F+S + 4 ^ 
A can be written as m 

A = 1 
in 2 

O-CHVO* C(6 -S ) + 2r+4 +<S + — , 2 - — (B-10) 
K x V x m 2 (2r+6 ** » ' • l "" 

This is the correct expression for the linewidth to first order. 
Assuming the last term in (B-10) is negligible, we have the value 
for the linewidth reducing to 

\ t l ' r + j £ s
x < 1 + c > * fim(1-CH ( B- U ) 
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This gives a value for the full width at half maximum of the experi
mentally observed linewidth to be 

A vFHHH = 2 { ( V r > > * * i~ [^O+CJ + Ag m(l-C)]}'" (B-12) 

From this expression, one can deduce A6 m if flBx and (rj+ra) are known. 
An alternate approach 1s to go to high ratios (C * -1) and then the 
linewidth will relfect flB directly. 
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APPENDIX C 

BEAM DIAMETER DETERMINATIONS 

As indicated in Chapter 8, it is necessary to know the exact size 
of the beam in the Stark cell in order to determine dlpole moments from 
the power shift data. Unfortunately, the mode quality of the early 
versions of the C0~ Users with which these experiments were done was 
very poor making it Impossible to predict Gaussian mode parameters 
using calculations similar to those in [K066], This problem was solved 
in a satisfactory way by allowing both lasers to propagate several 
meters before attempting to focus the beam into the experimental 
absorption cell thus eliminating the non-Gaussian contribution to the 
mode pattern through diffraction losses. This meant, however, that we 
had to determine an effective beam waist and it's position relative 
to the laser which could then be used to predict the beam parameters 
at points further down the table. 

The experiment which was done to determine these effective para
meters 1s illustrates in fig. C.l. The beam was first allowed to 
propagate several meters down the table to position A in the figure. 
The mode size (ID.) was then measured by placing a small aperture 
(0.5 mm 1n diameter) in the beam with a power meter behind it. This 
aperture was then scanned across the laser beam in both the vertical 
and horizontal directions and both the aperture position and the power 
reading were recorded. This data was then computer fit to a Gaussian 
mode profile thus determining the beam radius at that bean position. 
This procedure was then repeated at a distance x further down the 
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CO, >:-

- jRr~ <», 

L H M 
X V R d, " 0 

(cm) (cm) (cm) (cm) (mm) 
P18 260.4 82.6 75 406 2.84 

P34 146.1 S6.6 106 418 3.60 

Focuiing 
mirror 

(f = 1 m\y 

- I 

Fig. C.I Illustration of beam characterization experiment and its results. 
The values of R. d,, and a are the average of the values obtained 
from the vertics1 and horizontal scans. 



table (position B 1n fig. C.l). The mode radius and distance between 
the two aperture positions determined from this procedure are given in 
the table in fig. C.l. 

The effective mode radius (u ) and it's position were then deter
mined from tre Gaussian propagation formula given in [K066]. We give 
this expression below for reference. 

«-*i, E 1 + ( * T > 2 3 1 / 2. (c-i) 
iru0 

Here w is the mode radius at the position z away from the beam waist 
u . Since we have two sets of data at positions A and B, we have using 
eqn. (C-l) two simultaneous equations with two unknowns which can be 
solved for u . This result is given below. Defining 

A = 1 + ( u\ - u>\ ) 2/4kx 2 

B = ( j| + a| )/2 

C = kx 2/4 
with k = ( V T ) 2 , we have that 

•j| - |jf C B + (8 2 - 4 A C ) 1 / 2 1. (C-2) 

Using this formula and eqn. (C-l), we have determined the effective 
beam radius (w.) and the effective distance to the focusing mirror 
Ua * y - d.). These are given in table in fig- C.l. 

He can now calculate the mode radius (u 2) in the Stark cell by using 
[K066] 
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b,/f 
b ? / f ' '• * 7 (C-3) 

2 (1 - d ^ f ) Z + ( 0 l/2f) Z 

where b. = (2it u^/X). Here f Is the focal length of the mirror, b, 
is called the confocal beam parameter, and d. Is the effective distance 
illustrated In fig. C.l. The values of this determination are 
given in table C.l. We feel confident that the values determined in 
this manner give the correct mode size to within i }Q%, The maximum 
laser Intensities are then calculated from the formula 

'max " 2 ? ' * 4 «-V 
where P 1s the laser power In watts. These maximum intensities are 
also listed in table C.l for laser powers of 2 watts for the P34 line 
and 4 watts for the P18 line. However, since the observed signal results 
from the average Intensity over the absorption cell, we have used this 
value for our calculations. The final values used In the numerical 
calculations of Chapter 8 are listed In this table along with the 
corresponding electric field amplitudes which we calculated from the 
formula 

E fV/cm] . [ .8nl(watts/cm2) x 10 7 jl/2 x m B ( M ) 

0 3 x 1 0 1 0 

Thf> values in this table should be taken to have errors of approximately 
i 10SS. These large error bars are a combination of the daily variation in the 
laser output powers and the errors associated in estimating the beam dia
meter 1n the cell. 
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Table C.l 

Effective Mode Radii and Intensities for the 
Two Lasers in the Stark Cell* 

,.„-_ Power ""2 max, ave, o 
L a s e r (watts) (mm) (W/CT/) (W/CI/) (V/cm) 

PI 8 4 .733 474 390 541 
P34 2 .675 279 222 409 

*Tnese values should only be considered correct to within ± 10%. 

* 
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APPENDIX D 

STARK EFFECT FOR TWO NEARBY LEVELS 
An important and interesting special rase of the Stark effect 

occurs when two quantum states with an allowed dipole transition lie 
close together, i.e., closer than the energy separation between either 
one and any third level. Such an example occurs in NH, between the two 
inversion states. In this case the interaction action energy due to 
the Stark field cannot be considered a small perturbation, and therefore 
one must seek an exact solution by diagonalfzing the liamiltonian 
operator [To55]. 

Assuming the unperturbed wave functions for the two levels are 
U/i0 and <//o° with corresponding energies W. 0 and W, 0, the perturbed 
energies W are found by solving a determinant of the form [To55] 

-I, - U V) 2, 

W12 
= 0 (P-l) 

where 

N 1 2 - <* 1°|H ,|* 2° > (0-2) 

and 

H' • -uE* 2 i ! (0-3) 

is the interaction Ham1Itonian operator as discussed in section 4.3.2 
of Chapter 4. 

The solution of (D-l) can easily be reduced to 
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w = 
W,0 + W2° i (<52 * 4 l W 1 2 | 2 ) 1 / 2 

(0-4) 

where 6 = W,° - W, 0 is the energy a'ft'erence between the unperturbed 
levels, and the t sign corresponds to the upper and lower level 
respectively. 

The perturbed wave functions <i. and ty„ are linear combinations of 
the unperturbed wave functions *,° and t|i2° [To55] 

* , = at^ 0 + b* 2° 

* 2 = -bi^ 0 + a*2° 
(0-5) 

where 

« 2 * ' i",/?"'» «T / 2 

2 ( « 2

+ 4 | U , 2 | 2 ) 1 / 2 J 

_w(6 2

 + 4 | W 1 2 | Z ) 1 / 2 J 

(0-6) 

If we define the energy of the lower inversion level, corresponding 
to the (s or t) symmetric state, to be 2ero, I.e., W 2 ° » 0, and let 
& = hv. where v, is the inversion frequency, then (D-4) becomes 

1/2 • • 3 W - W 1 " (0-7) 

where 
2W. 12 (0-8) 
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The Stark shift is given by 

& W ( 1 ) = W - W (° . (D-9) 

Substitution of (0-7) into (0-9) and letting W, 0 = h v i n v and H, 2 = 
-pE MK/J(J+1) [see (4-38) of Chapter 4], then (D-9) becomes 

" , l , 1 - *Hh m

| 2 | W f i -%) (0-10) 

where 

and the t signs denote the antisymmetric or symmetric inversion levels. 
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APPENDIX E 

NUMERICAL EVALUATION OF DATA 

It was indicated in Chapter 6 that the data from the two-photon 
absorption experiments was taken on magnetic tape for numerical 
reduction. We describe in this appendix the general method of data 
reduction and the types of functions which were used in the fitting 
routines. We will not, however, list the individual codes since they 
have been written specifically for the I.LL computer system. The 
interested reader can obtain copies of these codes from the author if 
the need arises. 

C.l General Data Reduction 
The data is first converted from analog form to digital form using 

the procedures outlined 1n Chapter 2 and [Me74a]. This procedure 
resulted in two files for each data set; a frequency file and a signal 
file. These two files were then combined in the computer to form a 
(2x1000) word matrix using a routine simulating a multi-channel analyzer. 
The frequency channel covered the spectrum of t 10 MHz around the zero 
crossing of the signal using bin widths of 20 ftHz while the data 
channel averaged all points which had a corresponding frequency within 
that 20 kHz bin. This put the data in a iorm which permitted easy 
numerical fitting procedures. 

The data is then fit using a code called "Stepit" which was 
developed at the Indiana University and provided to the author by 
Walter Stevens. This code allowed both analytic and numerical functions 
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to be fit *o the data, thus increasing the versatility of our data 
analysis system. This code can be obtained from the author upon request. 
Since the fitting functions were distinctly different for the cases of < 
DFTPA In CH,F and NH,, we will discuss each of these cases separately. 

C.2 Fitting Functions for TPA in CHjF 
As Indicated in Chapters 5 and 6, the lineshape function for the 

OFTPA signal is Voigt profile. We cannot directly fit this function to 
our data , however, since there is a large amount of modulation broadened 
due to the large modulation amplitude necessary for good signal to noise. 
We therefore approximated the lineshape function as a modulation broaden 
lorentzlan and fit our data to analytic functions found in [Sm71c]. This 
fitting function 1s given below and was used to fit the signals illustrated 
in figs. 6.2 and 6.6. Defining L as a function which has the general 
shape of the derivative of a Lorentzlan, we have that 

L = -4aB/[(u2-2u)1/Z<5] (E-l) 
where we have defined 

a - 2{(n0+st) - v 0)/H, 
e ' w/M, 

P 2 <E-2) 
Y - l • <r * r, 
« ' (Y 2 - 4 4 2 ) V 2 

and u = Y + 5-
Here we have deflifd W as tho true full width at half maximum, ind M 
is the peafc-to-peai modulation amplitude. The first equation in the 
set of fE-?) s.-.Dlicity inllcates the slow linear time dependence of the 
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laser field (or Stark field) r: = Q + st where v is the center 
frequency of the resonance and s is the sweep rate. 

As can be seen from fig. 6.6, this function fits the data very 

well even at low pressures. Values of B in eqn. (E-2) were recorded at 
different pressures. These values are still a convolution of the 
homogeneous width and the residual Doppler width. The homogeneous con
tribution was then deconvolved using a code called "Voigt" which uses 
the measured full width at half maximum, the residual Doppler width 
and the numerical code used in calculating the Voigt profile (see 
appendix F). These .alues were then fit to a straight line giving the 
pressure broadening coefficient. Plots of these determinations ave 
given in Chapter 6. 

C.3 Fitting Functions for TPA in NA, 
Since the TPA signal in NA 3 was 50 times larger than that in CH,F 

(see Chapter 6), we were able to take the data with negligible modula
tion broadening. Hence we could fit the data directly to the derivative 
of the Voigt profile. This function Is discussed in appendix F and 
was numerically calculated using a code provided by Bruce Langdon of 
Lawrence Livermore Laboratory which originally calculated the plasma 
dispersion function [Fr61j. As explained in appendix F, the derivative 
of the Voigt profile is proportional to the Imaginary part of the 
complex derivative of the plasma dispersion function. The code which 
calculates these values is called "Zeta", a copy of which can be 
obtained from the author upon request. 
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APPENDIX F 
THE VOIGT PROFILE 

The calculation of the lineshape function g(v - \> ) due to the combined 
influence of collision broadening and Doppier broadening is very difficult 
since these two processes are in general not completely independent. General 
treatments hav; been rendered in detail by a number of workers (see foi 
example [Wa71] and [Ra67]). These formulations are hard to apply to sprc. tic 
cases and generally depend on the type of collision process. By far the 
simplest model to choose is to consider that the two processes are statistically 
independent. Using these assumptions, Voigt [Vol?] developed a lineshape 
function in 1912 which still bears his name. This is the profile which 
will be developed in this section. Discussions of the Voigt profile can 
be found in numerous books, notably ones by Mitchell and Zemansky [Mi34] 
and S. S. Penner [Pe59]. 

It is of interest here to note that deviations from the Voigt profile 
can take place depending on the type of collisional processes occurring. 
This is graphically demonstrated in Chapter 6 for the case of NH,-Ne 
collisions. Dicke [Di53] was the first to point out that actual narrowing 
of the line profile could occur if the collisional process changed the 
molecular velocity without perturbing the internal coordinates. His analysis 
was extended by Galatry [Ga61] v/ho developed a lineshape function which 
quantitatively described the collisional narrowing predicted in [Di53]. 
Berman [Be72a] has also discussed deviations from the Vcigt profile in a 
recent paper. He has analyzed the speed-dependent contribution to the width 
and shift parameters for an interaction V = CR" n. He has found large 
corrections to the linewidth and lineshift parameters for certain cases. 
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The two parameters which govern whether these effects will be important 

are 

n_-_l 
•' ' n - 1 

and 

r = m /m 

where m is the perturber mass and r is the active atom mass. The effects 
are most readily apparent when r -•» 1 or j is large (i.e., n •-> 6). For the 
case of dipole-dipole self-broadening, these effects are entirely absent 
where as for the case of foreign gas perturbers H_> D,, and He, these effects 

will be small since n * 6 and r <-• 1. Hence we will assume that the Voigt 
profile fits to the data and should be reasonable. 

The Voigt profile was derived for the two photon lineshape in Chapter 5. 
We now continue with some of the mathematical details and specific applications 
of this function. Starting from eqn.(5-40) we have found that 

2 

a

H » 3 / 2 j (x-t!2

 + y 2 ( 

2(v-v )V«nT 
i . ihcve v fr — - .,—- — i 

and y = ^ • v / j n 2 ~ 

where in our case ivp is the 'esidual floppier width (FWHM) and A ,„ is the 

pressure broadened width (FWHM). This function is the same as given by 

Penner's Pj-. This class of integrals is dealt with in the section on 
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complex error functions by Gautschin in the Handbook of Mathematical 

Functions [Ga65]. In part icular 

i - f y e - t d t 

* J ( x - t ) 2 + y 
Re[w(x + i y ) ] (F-2) 

where 

w = e" e r fc ( - i z ) for complex z. 

The Integral representation is given by 

dt 
t 

. r -t 2 

and there are some tabulated values. The most extensive tables however, 
are given by Fried and Conte in their book The Plasma Dispersion Function 
[Fr61]. Here they define a function 

Z(C) , ,fV2 fdte'f 
J T^TT 

1 T T 1 / 2 w(c) (F-3) 

where r is complex. Taking the real part, we have that 

1 . t - (x-i.y) . t-x + i.y 
t - ;x+iy) " t - (x- iy " ( t - x ) 2 +• y 2 

Z = u + iv = fikxle^dt + 1 f ye'* dt (F-4) 

Hence we have that referring to eqn.(F-l) 

9<v-V - s v I m ( z ) (F-5) 
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where Z is the plasma dispersion function. A plot of th is function is 

given in f i g . F.l for various values of y. 

However, in the absence of modulation broadening, we would l i ke to 

f i t our data to the derivative of the Voigt p ro f i l e . This function was 

discussed in a paper by S. S. Penner et a l . [Pe7.1], Tho discussion below 

is easier to apply i f one has a code to calculate Z( fJ. This derivative 

can be calculated from the recursion relat ion given in [Fr61]: 

V = -2(1 + :X) 

defining 

71 3Z 3(u + iy i 
" >. " 3(x + iy) 

Since 7(-) is an analytic funct ion, i t s derivative can be wr i t ten using 

the Cauchy-Reiman conditions: 

3- 3x ' 3x ~ 3y "ay 

We want 

: a , u _ , » . J JL iViDl^v (v - , ) = AvjT Avp 3x 

lm(7.) = 4VHn2 y 
' • V D - ! U H -W u T 

Using eqns.;F-6) and (F-7), the various general relationships between 

the par t ia l derivatives ( i . e . , eqn.12 of [Fr61]) be derived. A plot of 
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Fig. F.l Plot of the imaginary part of the plasma dispersion 

function (see eqn.F-4) for di f ferent values of y. 

This function is proportional to the Voigt p ro f i l e . 
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Im(Z') for various values of y is given in fig. F.2. Note that the 
imaginary part of the derivative is an asymmetric function in x. 

The plasma dispersion function and its derivatives are computed 
from a code called "Zeta". Me thank Bruce Langdon for providing the code 
to us. The various numerical techniques used to evaluate Z(c) are given 
in [Fr61]. 
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Fig. F.2 Plots of the imaginary part of the derivative of the 
plasma dispersion function for various values of y. 
Note that this is an asymmetric function in x. This 
function is proportional to the derivative of the Voigt 
profile. 
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APPENDIX G 
TRANSFORMATION OF THE INTERACTION HAMILTONIAN 

The interaction Hamiltonian [eqn. (5.19)] is given by 

= - I ' P » — » A-A (G-ll 
m c 2mc 2 

in which p is the momentum operator for all the electrons of tne system 
(p = £ p. and A" is the total vector potential of the radiation field. 
For the sake of simplicitv, we will consider only a single radiation field. 
Multiple radiation fields only complicate the mathematics while adding no 
additional information. 

Considering only the first term of (G-l), the transition matrix 
element between the states If > and |b > is given by 

-e < fjA-p|b > (C--2) 
mc 

The vector potential A of the laser field can be represented as 

A = A 0 8 e i ( k " r " u t ) (G-3) 

where only absorption processes are considered. Omitting the e" term and 
replacing the exponential 

e i ( S - r ) = 1 + i k'-r + I (i k'-r')2 
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by its leading term 1, (G-2) can be rewritten as 

^| A 0 E • < f|p|b> . (G-4) 

This is a very good approximation in the infrared region where 
* = J K T > > r i since * is % I.7p for CO- wavelengths whereas a molecular 

-4 radius is i- 10 u. 
From [Sa67] we have that 

p = mr = ̂ | H 0,?l (G-5) 

where H is the unperturbed Hamitonian of the system, (G-5) can be transformed 
as follows: 

^ | A o e < f | 5 | b > = m f A o g < f ^ t H 0 , ? ] | b 

= l TS A 0 { E f - Eb> £-<f ! r |b J-

e 1 |A 0 e>< f | r | b > . I (G-6) 

By Maxwell's equations 

1 3H 
c 3t ' (G-7) 

and providing that only the leading term in the plane wave expansion of •_ is 
retained, we have 

E e = i " A J . (G-8) 
0 C 0 
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Substitution of (G-8) into (G-6) yields the following transformation 

£• f |A-p|b > = -e t Q < f | £ - r | b > . ;&-?) 

Since the dipole moment operator is defined as 

•>," * -e • f | r | b > , -G-10) 

we have for the f i r s t term of (G-l) 

-%: f A.?|b > - - ; .E ! - , - lT 

Although two photon absorption can also result from the A»/f term in (li-l) 
and from higher order multipole processes in the A-p term, it can be shown 
[Gu65], [Wa66], that these contributions are all very small compared to thp 
-II'I. term of (G-ll). Therefore we will neglect these contributions in the 
analysis of the two-photon transition rate given in Chapter 5. 
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