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ABSTRACT

The infrared laser induced multiple photon reactions of olefins of
the type R2C=CHCl have been investigated. In all cases, the dominant
mode of reaction 13 elimination of HCl, although free rotation around
the double bond may precede elimination. Clear evidence for the
formation of the vinylidene carbene F3C=C: from F3C=CHCl vas shown
although the case for the corresponding dimethyl species (CHj)oC=C:

18 not as convincing. The experimental results for the vinyl chloride
system can be represented with a kinetic model with rates calculated
from RRKM theory, which assumes an unhindered flow of energy amongst
the vibrational modes prior to reaction,

Spectroscopic studies of species undergoing mult’ole infrared
photon absorption was begun with infrared laser double resonance
spectroscopy in the V3 band of SFg, using a CO2 laser pump and a
tunable diode laser probe., Effects of saturation and dynamic Stark
shifting are clearly seen in 2-level and folded 3-level spectra.

No mixings via the molecular vibration-rotation Hamiltonian sufficiently
strong to influence the spectra were found, K=-changing collisions

were invoked to explain the apparent disparity between the observ~d
spectra and the spectra predicted from lineshape theories derived

from 2-level and 3-level Bloch equations. From the decay of the

double resonance signals, we measured relaxation times PT = 2433
nsec*Torr for 2-level signals and PT = 43211 nsec-Torr for 3-level
Bimla .

Thesis Supervisor: Dr, Jeffrey I. Steinfeld

Title: Professor of Chemistry



To my family and to Libby



PREFACE

Since most of this work has been word-processed on a MINC computer,
some stylistic conventions have been adopted to accomodate the LA34
DECWRITER 1V printer. This device is not capable of typing subscripts,
superscripts or Greek symbols; where appropriate, these symbols have
been inserted after the printing of the manuscript by the computer.
References have been denoted in the text not as superscripts but as
a number enclosed in square brackets, e. g. [(X.Y], where X 1s the
Chapter {or Appendix) identifier and Y indexes references within
each chapter. In all other matters, the guidlines outlined in the
MIT Archives booklet, "Specifications for Thesis Preparation” (1979)

have been observed.
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Crizpter 1. Background 12

Although photochemistry has been actively studied for
many decades, the advent of continuously improving laser
technology has caused a renaissance of interest in the use of
light in chemistry. A particular laser induced process may
take advantage of any of the various properties unique to
laser radiation, such as high spectral intensity., narrow
linewidth: short pulse duration or facile beam directability.
Applications have ranged from gross laser heating and
pyrolysis, such as in thermal diffusion coluans {1.1] or the
production of sinterable powders [1.21, to state-selective
excitations, such as vibrational energy enhancement of the

bDimolecular HCl + K reaction rate [(1.31.

Laser induced and laser enhanced chemistry has blossomed
in the past several years into a full-scale discipline whose
central theae is influencing chemical events by coupling
energy, via laser radiation, into the various molecular
degrees of freedom. The discipline is so broad that we must
restrict our scrutiny from the start to a small subset of
laser induced chemical processes. In this thesis, this
subtopic involves the intimate chemical and physical processes
fncurred in the amegawatt infrared laser induced dissociation

of small molecules.
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Multipie infrared photon abserption (MIRPA) is a

relaltively new area of research. The first observation of
HIRFA may be ascribeg tc Isenor et. al. (31.43, who employed
& CO, TZA laser to irrcdiate ivw pressure samples of SiFa, NH3
e other molecu'les at intensities of up to 1879 K- -cm" 2.
Vizible fluorescente emitied drom the saaples was attributed
te eaission from highly excited pirent molecules or
photefragaments. The authors’® interpretation stated that
gufficient energy wag adbsorbed into the near resonant
aclecular vidrations to cause direct tollisionless
diszociation, since the zaission {ollowed the 208 ns iaser
rulse in Tewporal and geoseiric shape. Absorption of Aultiple
protons presumably occured through 3 series of discrete
cvertone vibrational states until the density of vibrational
gstates, or nuaber of vibrational states per unit energy.
became : "quasi-continuua™, thus providing a facile patheay
for the absorpticn of energy froe the iaser field. In this

sanner, the absorption of 20-40 photons was envisioned.

Mithin the next several years, Ambartzuaian et. al.
£1.%] and Lyman et. al). (1.6} reported isotopically
seleciive laser induced dissociations of SFg;. In these
experiments, gas samples of SF, with a natural abundance of
sulfur isotopes were enriched in either 325 or 345, The
enriched i{sotope could be chosen by tuning the CO TEA laser
used to irradiate the samples to the Q; band frequency of the
unsanted isotope, thereby preferentially dissociating unwanted

isotopic molecules. The large \% dipole moment., high
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isutopic shift of the Js fundamental frequency. coincidence

with CO2 laser frequencies and spectroscopic similarity to UFg
nad2» SFg an "ideal” cancdidate for studying MIRPA and laser

induced dissociation (LID).

In his dissertation, Jensen [1.7)] gives a sweeping tour
of the experiments and interpretations of the MIRPA process in
SFg. This process is not restricted to hexaflucrides, but in
fact has become a general process occurring in a wide range of
molecular sizes and types (1.8], Several recent review
articles attest to the popularity of the field (1.92 and

provide specific details for the interested reader.

Usually LID experiments are carried out at pressures
ranging from a few microns to tens of Torrs of parent
Molecules. 1In some cases, inert or scavenger buffer gas may
be added. 70 achieve the intensities required to force MIRPA
to occur, the TEA laser output is focused into the samplie ceil
so that peak intensities fall in the 1046 to 18~9 H-/ca~2
range., The net chemistry is inferred, after a suitable number
of laser pulses, by IR spectrophotometry. gas chromatography,
mass spsctrometry and other means. In some cases £1.10) in
situ analysis techniques have been employed to determine the
identity of the primary photofragments. For the most part,
however, the photochemsist has been left the often tedious
chore of deteraining the primary photochesistry from the net

chemical products.



The value of the MIRPA approach to photochemical
reactions lies ultimately in the ability to chocse what the
primary fragments will be. Initially it was hopecd [1.11] that
sode specific chemistry could be achieved, wherein reactions
involving specific bonds could be forced by exciting
appropriate vibrational modes. This would be a “chemist’s
dream”, that is, to obtain the ability to perform a specific
reaction seemingly at will. As we shail! see in Chapters 2 and
3, however, the criteria necessary to achieve mode selective

behavior zopear to be particularly elusive in the laboratory.

Lack of mode selectivity or specificity does not imply
yuselessness, however. As mentioned above, isotopic enrichment
continues to be a major application of megavatt infrared
photolysis; isotopes of C, M, S, Cl, and B have been -
separated, just to name a few. Creation by LID of high local
densities of exotic species has been used by King and
Stephenson (1.12) in thair spectroscopic studies of CF;. In a
similar manner, Steinfeld et. al. (£1.13] used high local
concentrations of reactive radicals produced by LID to etch an
8i02 surface placed close to (but not in) the TEA laser beam.
Although no LID process has actually been applied in a
commercial enterprise, the projected cost of some LID
processes, such as deuteriua enrichaent, have begun to
approach the cost sffectiveness of currently used techniques

£1.14].

Perhaps the greatast stuabling block to further
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applications of LID is a lack of understanaing of the rates

and mechanisms of fundamental physical processes which
contribute in concert tc the observed net chemistry. Only a
limited understanding of the intimate detail!s of the dynamical
process can be had from analysis of chewical evidence after
the event is campleted, Despite a growing mass of elegant
experimental evidence., large gaps in our understanding still
exist. Specifically, experimental efforts shoulc be aimed at

four interleaved questions:

1) How does a molecule absorb multiple photons? This
question cannot be answered by bulk chemicil methods. It
requires : detailed understanding of the interaction of very
intense infrared fields with molecules having near resonant
vibrational modes. Spectroscopic parameters specific to each
example molecule must play an important rcle, sc that effects
of sample pressure, laser frequency and laser intensity (or

fluence) are adequately describable.

2) How does the vibrational energy distribute in the
aclecule? Once energy has been absorbed, collisional or
spontaneous intramolecular energy rclaxatioﬁ will tend to
distribute energy in modes other than the mode which was
originally resonant. The speed of intramolecular vibrational
relaxation (JVUR) is evidenced in many LID experiments, for

example (1.15) in the LID of CF3Br.,

CP,Br —“—h‘-)—) CF, + Br (1-1)
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energy is pilaced initially in CF stretches although it is the

bromine bond which breaks. Presumably the speed and extent of
IVUR influences the cnhances of observing mcde specific chemical
behavior and of using models of unimolecular reaction rates
based on a statistical distribution of energy amongst the

vibrational modes, such as the RRKM method (1.161.

3) What kinds of exotic reactions can be expected? To
answer this question we aust understand how laser excitation
differs from simple heating (which is the key to question (2))
and shat unimolecular kinetics the molecules follow given that
excitation. Since using & laser to produce chemistry that can
be done by more conventiondl techniques is at best
uneconomical [1.14), reaction mechanisas unigque to this form
of excitation must be elucidated before LID can find
signifticant applications in experimental and commercia!

technology.

4) Can a simple model be used to predict LID phenomena?
Presumably once a resonably complete set of absorption.
relaxation and reaction rates are knoen for a particular
system, a sufficiently large computer code could model the
system behavior. In many cases, however. the ability to
predict chemical behavior with a simpler, analytical model
would be of greater use in applying MIRPA to a particular

cheaical problee.

The experimental approach we have used over the past

several years has been designed to illuminate various portions
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of the complex set of problems cutlined above. In many cases

the work done in our laboratory has complemented that done
eisevhere, and the combination of experimental results has
greatly improved the scope of our understanding. Thus our
work, and the work reported in this thesis, does not comprise
an exhaustive series of experiments on the subjects involved
in MIRPA, but has been chosen as our knowledge progressed to
attack a few key points where our undeistanding aof the LID

process was particularly thin.

Originally the data collected were chemical in nature.,
aimed &t answering question (3) above. F, M, Lussier [(1.17]
initiated work on the infrared photolysis of vinyl chloride.,
shich was considerably extended to include a host of
halogenated olefins. This work is contained in Chapters 2 and

3 ard in Appendices A, B and C.

Net LID chemistry of the type described in Appendix A
showed what experimental parameters play significant roles in
influencing various stages of the LID process. Sample
pressure, laser beam gecmetry., pulse intensity or fluence andg
other more subtle factors were found to influence greatly the
total amount of energy depositecd in the moiecules. The simple
kinetic schemes we used to model our LID results in the vinyl
chloride systea showed that the average energy absorbed per
solecule (E) is strongly dependent on experimental
conditions such as initial gas sample pressure, the presence

of cold diluents ehich tend to deactivate excited aolecules.,
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and beam gecmetry (which we review in Chapter 4 and Apgpendix

D).

when a model for a LID process is constructed, a reliable
estimate of the internal energy-dependent reaction rates much
be obtined. In all kinetic models of LID with which the
author is familiar, RRXM unimolecular reaction rate theory
(1.162 has been used to describe the microscopic rates o+
reaction quantitatively. The success o0f the RRKM method in
modeling cissociation rates over a wide variety of LID
conditicns and reactions (such as isaomerization, cyclic
mclecular elimination and simpie bond scission) has been
remarkable. The implications of the success of RRKM rates for
answering question (2) above will be discussed in Chapters 3

and 7.

One question which has not been resolved experimentally
involves the quantitative observation of the distribution of
molecules over esnergy creattd by MIRPA. Theoretical [1.18)
and semji-emapirical [1.19,1.20] models have “predicted” various
distributions which in turn "predict” a variety of
experimental data, but to date no direct measurement of a
MIRPA distribution has been made. As Jensen (1.7] pointed
out, a distribution is not uniquely determined by chemical
evidence alone. Direct observation., involving interrogation
of individual species undergoing MIRPA, is necessary for

direct comparison with existing dynamical theories.
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Spectroscopic investigations of this nature have proven

to be difficult to carry 2ut. In molecules possessing no
easily accessable cxcited electronic state, the lack of
resonant excitation makes the usefulness of visible probe
radiation very limitet!, He have chosen to use a tunable
infrared diode laser to probe the vibrational bands themselves
as they are being pumped by intense CO; laser fields. This
work, Diode Infrared Laser DOuble Resonance (DILDOR}, was
hegun by Jensen several years ago; in his thesis [(1.7] he
reparted preliminary results in SFg. Since that time our
2f¢0rts at answering guestion (1), how SFg molecules interact
eith very intense resonant infrared fields, have been
considerabiy extended., being included in Chapters S and 6 and

in mppendix E.

In the DILDOR experiments accosplished thus far, the
effects of power broadening., saturation., dynamic Stark
shifting and collisional rotational relaxation have been
studied in SFg for pump intensities up to 11 kkWscm*2. The
1imit of pump laser intensity and temporal resolution of the
observed signals has been reached for the Q-switched laser
pulses used in the currently existing apparatus. HMoulton and
Mooradian [1.212 have extended this work in SF¢ to higher
pulse intensities but not to other molecules. A high
repetition rate CO, TEA laser currently being constructed by
Dave Harradine will enable these experiments to be sxtended to
the intensities generally required for LID. The shorter

length of the TEA laser pulse may also be valuabie in studies



of colltsional deactivation. Further

existing apparatus will pbe discussed

improvements

in Chapter 6.

in the

21
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Chapter 2. Laser Induced Chemistry: Results

2.1 Introductian

AS was pointed out in Chapter 1, a detailed understanding
of the multiple infrared photon absorption (MIRPA) process
necessitates interrogation of individual molecules. The gross
behavior of an ensemble of molecules can then be “predicted”
by a suitable average cover the microscopic behavior odtained
by these interrogations. Often., however, the experimentaiist
is faced with the reverse problem, that is, having information
about an ensemble without knowing micrascopic details. This
is currently the case in the understanding o! HIRPA and the

chemistry it produces,

The clever chemist can, however, recover certain details
of the microscopic dynamics of multiple infrared photon laser
induced dissociations (LID) by using the chemical behavior of
eolecules as his method of interrogation. In chemical systems
whose internal energy dependent reaction rates are well
characterized, the known aicroscopic rates of dissociation
become a valuable internal “yardstick® of internal energy
content. By comparing the observed rates of reaction to the
microscopic rates of reaction, the chemist can begin tc make

quantitative statements about the MIRPA process.

We have used this technique to study the LID of

halogenated ethylenes, X..-Yf . X=8H, H D, H Cl, Cl
H-"“°~CL * Y=H, D, H, C1, H, C1
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The report 0f these experiments has been published (J. Am.

Chem. Soc. 181, 3%8 (1979})) and is included in this thesis
4s Appendix A. The reader is encouraged to peruse RAppendix A
before reading this chapter, so that he may be famaliarized
mith the experimental methecd and results of the photolyses
reported therein. The remainder of this chapter is devoted to
experimentai results not specifically reported in Appendix A
but which nevertheless have aided our understanding of the

MIRPA procesz and laser induced chemical reactions,

Some of the chemistry noted below has been published in a
short note, included as Appendix B. The abbreviated account
cf the method of synthesizing the isotopically labelled
solecules CHDCHCl and CH,CDCI found in Appendix A has been

expanded into much greater detail in Appendix C.

2.2 Kinetic model for CH,CDCI

In Appendix é4, the LID of CH;CDC] was reported. The
percent of &,d elimination of JCl1 versus d.,p elimination
of MCl was determined by GC/MS analysis of the acetylenes C,HD

and CoH,; produced. These data are reproducea in Fig. 2-1b.

Although it was claimed in Appendix A that these data are
consistent with tre RRKM picture presented for the more
complicated system CHDCHCl, the details were not presented.

For completeness, they will be included here,.

The kinetic aodel for CHZCDCI is similar to that used for
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CHDCHC! and is consirained by the same assumptions as those

put forth in Appendix A to qQualify the use of this approach.
In this case, the model is somewhat simpler. b2cause

isomerization need riot be considered. Only two reactions

ocecur,
k1
C32CDC1 - CZHZ + DCL (782)
(2-1)
k2
—— - =—-— C,HD + HCl (32%)
shere
k1 - kgem
. (2-2)
k2 B kcis trans kcia

In this model., trans elimination hagz besn neglected, as in the

mode]l for CHDCHCL.

Using Eqns. (2-1), one can write immediately

dA/de - -{ki + ki]A (2-3)
d{C,H,]/dt =« k! A
272
: (2-4)
d[CZHD]/dt - kz A
where A is convenient notation for [(CH,CDCl1] ang
k! = fk, 3 f£=15zx10°° (2-5)
i 1’ -

The con3tant £ is the approximate ratio of the volume
interacting with the laser to the total volume of the reaction
cell. Variations of ~58X of ¢# change the net results by only

1 or 2X.
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Equations (2-3) and (2-4) can be integrated, using the

boundary conditions of unit concentration of A and null

concentration of acetylenes at t:=0:

A(t) A(0) exp(~[k; + kjlt) (2-6)

[CZHZ](t) klA(O)[l - exp(—[ki + ké]t)]/klﬂcz

(2-7)

{C,HD])(t) = Kk, (CH,1(e) /K,

To find XC,HD, Equations (2-7) need be evaluated at some
appropriate time, taken to be 18~-7 reaction-seconds-spulse x

15@0 pulses = 150 microseconds., 2as is done in Appendix A,

The constants ki aust be calculated from the RRKM

kRRKH (E), by the same formula as

microscepit reaction rates,
prescribed in Equations (16)-(21) of Appendix A. These
equations calculate the easemble-averaged dissociation rates
for tuwo ensemables of molecules, one having a Poisson
distribution f(£) of molecules over erergy and the other
having a maximum entropy dietribution. Constants used in the

calculation of the kRRKH (E) are listed in Table 2-1.

The results of using Equations (2-7) are shown in Fig.
2-1 for energies of activation E, identical to those which
produced best results for the CHDCHCl systes. For the maximum
entropy distribution, a slightly different set of E, ronders
& far superior fit. These adjustments are not much larger
than the 1-2 Kcals/mole uncertainties of the values for the

€, - This point will be Ziscussed in the next chapter;: for



Table 2-1, Vibrational frequencies of CH_CLGCl g}d
transition state configurations (cm 7).

mode molecule & —elim, 4-elim,
(a') 1 2305 2250 2200
2 3125 3100 3100
3 3030 2500 2500
4 1595 1800 1800
5 1355 1340 1350
6 911 900 860
7 1110 750 L.C.
8 710 | AL 590
9 394 290 280
(a") 10 805 1500 1500
11 895 850 820
12 590 590 590

a, listed in accordance with standard assignment;
see Ref, [2.1] and (2.2]

L.C. = reaction coordinate



Figure 2-1, Effeciive branching ratios for EC1/DCl
elimination in the LID of CHZCDCI. a) observed; @ =
P(38) laser line, 4 = P(32). b) calculated; O =

Poisson distribution with Ea a 70 and 69; & =

maximum entropy distribution with E = 69 and 73; + =
maximum entropy distribution with E = 70 and 69 Kcal/mole
for cis- and gem—elimination reaspectively, Sclid curve

drawn in a) has been included in b) for comparison.

27
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Table 2-2,

Supmary of LID experiments on isocrotyl chloride,

Date notebook

11 page
10/10/78 sw
" SY
10/11 6Y
10/12 ™
n 1]
10/13 7Y
;0/16 8w
n ”
10/18 "
10/30 9Y
11/5 11w
11/7 11Y
3/8/79 25Y

p(I) p(buffer)

Torr Torrx
0 4.8 MeOH
4,2 0
1l 10 MeOH
1.25 10.6 MeOH
0 11 MeOH
5 22,1 H20
0 32,3 NH3
10? ” "
9.4 0
3.2 29,8 st
4.9 48,3 st
8.6 13,9 525
4.25 14,4 DZS
4.45 t]
4,2 14.1 st

# shots

line
9,6 p

Remarks

1500

1300
1500
1500

500
1000

2500
1500
1500

121

1500

P(16)

P(18)

only product in IR spectrum = C

many peakb-—gome impurities

acetylenes formed

no reaction

no changes

white soot; great attenuation;
very slight fluorescence

submitted for GCMS analysis

2H

2

IR weak; GC looks like blast of I1II alone

same as last entry

brilliant flashes; white scot; new

peaks in IR plainly seen

no fluorescence; for GCHMS analysis

"

no soot

6



Table 2-3, Summary of products seen in the infrared photolysis of isocrotyl chloride,

GC rel, ident.

peak # strength

1 3 allene

2 10 1, 3-butadiene

3 2 butadiyne

plus

1-butyne or
1,2-butadiene

4 3 2=butyne

Reasoning

boiling point is lowest; mass peak 19.5 is unique to allene*
mass peak 39 is very strongk
butadiyne is indicated by strong mass peak at 50; others

must be included to account for a large mass peak at 54;
bp'e are very close for all three

bp 18 highest of those listed here; MS agrees with library

#librarv MS dats have heen taken from "Eight Peak Index of Mass Spectra" lst ed,,
Vol, 1 cud 2 (Mass Specirometry Data Centre, Reading, 1970)

0¢
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ncw we need to conclude only that the agreement between the

cbserved and calculated points can be very good for either
distribution f(E). As was found in the CHDCHC] system., the
aean energy <E> required to fit the data with the Poisson
distribution is considerabkly higher than the (&> needed for

the maximum entropy distribution,

2.2 LID of other halogenated olefins

2.3.2 Isocrotyl chloride, (CH3)2C=CiHCl

The large fraction of gem elimination seen in the vinyl
chloride system suggests that a radical of the type R,C=C: may
be formed. In the vinyl chloride system, reaction products
that one would expect from this species sere never detected.
presumably because hydrogen migration occurs much tco quickly.
If the groups on the F: carbon were inhibited from migrating.,
however, the proposed intermediate might possess a
sufficiently long lifetime to form bimolecular reaction
products with addecd buffer gases. For this reason, the
infrared photolysis of two additional molecules:
i-chloro-2-aethyl propene (isocroty!l chloride, I) and
1,1-difluoro-2~-chloroethene (II) was investigated.

CH H F p:

c
CH cl X1
I II

For the photolysis of I, a single Ge 11.1" (28 cm) focal

length lense was used to focus the TEA laser beam into a 50 cas
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Pjrex cell. The cel]l was fitted with a removable co:2 finger

with a stopcock, a sidearm for cooling with LN, an¢ a gas
inlet for in situ evacuation and filling. For a typical run,
the cell was filled to the desired pressure of I, which was
then frozen into the removable cold finger and the stopcock
closed. A known pressure of buffer gas was then admitted to
the cell. The buffer gas and isocrotyl chloride was
cryopumped into the sidearm. In this manner, mixing of the
teo gases was assured upon sublimation from the sidearm into

the cell.

A summary of infrared photolyses done on the isocrotyl
chloride system is shown in Table 2-2. Some difficulty was
encountered during GC analysis of the reaction products’
apparently certain GC columns reacted with the starting
materials. From the IR spectra and GCMS resuits, however, it
®as determined that the reaction products of photolyses with
added buffer gases did not differ significantly from
photolyses with no buffer gas. Particularly significant is
the lack 0f deuterium in the MS of products formed in

phoctolyses with Dzs as the buffer gas.

Products that were fcrmed comprise a host of C4
hydrocarbons. Although the cracking patterns of many of these
olefins and alkynes are very similar, the GC peaks can be
ordered by boiling point and elemental composition assigned by
the mass of the most intense MS peaks. In this asanner., the

products are assigned according to Table 2-3. By far the most
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abundant praoguct is i,3-butadiene, the mosi stable hydrocarbon

with composition C4Hg. This is the expeci.ed composition of
the organic fragmznt arising from the dehydirohalogenation of

I.

2.3.2 1,1t-difluoro-2-chloroethene (lII1)

Photolyses of 1I were performed with the <ame technique
used for I. Various pressures of IT1 with a variety of buffer
gases were photolyzed by focussing the approximately 6.4 J
laserpuise with the 11.1" (28 ca) Ge lens. A summary of

experiments on Il is tabulated in Table 2-4.

One interesting feature of this system is the blue
flucrescence observed around the focus of the beam. We have
observed this effect in other vinyl halide systeams) it has
also been reported [2.31 in the MIRPA of chromyl chloride. 1In
the latter system, the observed luminescence was attributed to
gxcitation of a low—-lying excited singlet state followed by
fluorescence back to the ground state. In the olefin systems
studied here, the lowest excited singlet states lie in the UV,
The observed luminescence may come from highly excited

fragaents., but this conjecture has not been tested.

From the GCMS of several reaction mixtures, the productc
of the photolysis of 1II were identified. When II1 was
pnotolyzed at 4.@ Torr with no added gas. the principal
products were C,F, (67X) and C,F H (33X). A small amount of

C2F2H; was also detected. but no C,F, was found. HWhen 14 Yorr



Table 2-4,

Susmary of LID experiments on difluorovinyl chloride, All experiments were
performed with the R(18) 10,6

laser line, 28 cm f.1. lens.

bright flashes; soot; HCl formed, other products
IR 3how products; no flashes
no flashes; GC taken, ambiguous results

slight luminescence; white soot
blue fluorescence; problems with GC
very slight powder; large energy deposition

tremendous attenuation of beam; fluorescence;
GC eghows massive peak in Rxn mixture

same massive peak here too
white powder; GCMS done
intense fluorescence; visible brown powder; GCMS

very slight powder; GCMS dcne

Date notebook p(II) p(buffer) # shots Observations
fI1 page Torr Torr
11/22/78 13w 10 0 1000
11/24 " 1.8 0 1000
11/27 13y 1.95 16.1 HZS 1000
12/4 14Y 2.15 9.0 " 1500 very slight powder
" " 2.25 6.2 NH3 500
" " 2.2 4,1 MeOH 1500
" 15w 5.1 15.1 st "
" " 5.05 14,3 MeOH 2000
12/6 15Y 5.1 0 1000
12/20 16Y 4,15 13,1 st 1500
" " 4.0 0 1000
" " 4,0 14.0 MeOH 1500
3/8/719 25w 4.25 14,35 D,8 1500

thin blue fluorescence; audible signal; GCMS done

A?



35
0f methanol was added, however. the products C,FHMHy» CyF,H and

CoF; were observed in ratios of 1:0.15:0.07 respectively. A
very similar product mixture was cbserved when i3 Torr of HyS

Was used as a buffer.

The abundance of C,F,H,; suggests that CF,C: formed in the
dehydronalogenation of II leaches hydrogen from the buffer
gas. As a test of this hypoihesis., 0,5 was used as the buffer
gas. Amongst the reaction producis was seen undeniable
evidence of C,F,D,. The mass spectrum did not reveal which
isomer of C,F,D, was detected, but it is believed to be CF,CD,

from the seight of previous evidence.

2.3.3 1,1s1-trifluoro-2-iodaoethane (III)

A few experiments on III were performed at pressures of 4
to 6 Torr with @.4 J puilses of the 9.6 micrometer P(18) laser
l1ine. The experimental apparatus was the same as used above.
In all experiments., copious amounts of iodine were foraed. as
evidenced by dark crystals which formed near the center of the
cell, where the beam waist occurs. No products were observed

shen the beam was not focussed,

Unlike other systeas we studied, the primary species
formed, presumed to be CF36H2. undergoes considerable
bimolecular addition to other fragaents. The GC spectrum
showed two close peaks, which, froe MS analysis were shown to

be CF3CHCH2CF3 and CF3CH2CF2CFH or CF3CH7;CFHCFH

respectively. The unambiguous identity of the coaponent or
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matxture in the second GC peak could not be determined because

the cracking patterns of the twd candidates listed above are
dlmost indistinguishable. A possible mechanism which accounts
for the observed products includes hydrogen and fluorine

migration following the initial loss of iodine:

nhy .
CF,CH,1 — —"p> CF,CH, + I
Iv
IV+ IV —_— CF3(CH2)2(ZF'3 (first gc peak)
v —_— érzcmz )
V+V ———&> CF,CHCF,CFH,
v _— crzném (VI)

Ivs+ VvVl _— CF3C112CFHCFZH

While it is possible to account for all the possible products
in this way., further experiments would be necessary to verify

the varjous steps of this mechanism.

Loss of MI following MIRPA would lead to the stable
product CF,CFH, which say undergo further LID during
subsequent laser shots. No C2 species other than ths parent
molecule were detected in these experiments, but an analysis

sith greater sensitivity say detect thea.

2.3.4 chlorocyclobutane (V11)

Under essentially the same conditions as used for III.
V1I was photolyzed with the P(18) 9.6 M laser line. IR and

OC spectra revealed four products: ethylene, acetylene, vinyl
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chiloride anc 1,3-butadiene., These products are in concert

mith the results of King et al. ([2.4] who odbserved two
reaction channels in Very Low Pressure Pyrolysis (VULPP) of
YII. One channei produces vinyl chloride and ethylene., and
the other HC! 2and hutadiens., The acetylene piroduced here
presumably arises from photolys:is of the primary
photoproducts. Joseph S, Francisco is currently

investigating this system in detail [(2-5].
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Chapter 3. Laser Intuced Cheaistry: Discussion

3.1 Chemical mechanisms

In the previous chapter and in Appendix A, the mechanisms
by which vinyl chloride reacts were elucidated in fine detail.
The principal mode of dissociation was faund to be three
centered molecular elimination of HCl. The data for
¥, -0;-vinyl chloride are unambiguous on this point. The
results ot trans-d,; -vinyl chloride photolyses are discussed in

detail in Appendix A,

In all of the systems studied, by far the greatest amount
of reaction was seen to occur through the reaction channel
having the lowest activation znergy Ea . For the vinyl
chloride system, isomerization was seen to be many times
faster than the elimination channels at all <E». Molecular
elimination of HCl was preferred over the higher energy Cl!
bond scission channel in the pnotolysis of CF,CHCI.
Elimination of iodine from CF4CH,I occurs with such great
efficiency that products which would result from the higher
energy molecular elimination of HI were not seen at ail. All
evideénce points to the conclusion that a reaction mechanism
having lower activation energy barrier is favored over a

mechanism having a higher energy barrier.

This. of course, is in concert with unimolecular reaction

rate theory. As is evident from Fig. 3a in Appendix A, the
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microscopic unimolecular reaction rates are very sensitive to

their E5 » and only at extremely high internal energies E, do
the rates converge. To accept that this behavior will be
follcwed is tantamount to admitting that for this type of
lagser induced chenistry, mode specific reactions may never be
possible. By this method of excitation, a low activation
energy reaction channel cannot be bypassed in favor of another
at higher activation energy merely because the initial
vibrational excitation began in a particular set of
vibrational modes. “his point will be discussed further in

the next section.

Evidence for the formation of the long-lived intermediate
F,C=C: is clear-cut, and is reviewed in Appendix B. A3 was
shosn there, evidence for the existence of its dimethyl
counterpart (CH3),C=C: is not as convincing. Use of the
cyclopropeny! intermediate seems to be necessary. especially

since it leads to many of the cbserved products:

N
N/ > —=— (3-la)
\V4
o Cﬂaabu-cuz-; Hzc-cncu-cnz (3-1b)
(3-1c)
—_— /n=

In (3-1c), H migration across the double bond is required. and
can be expected to occur readily. as seen in the photolysis of

vinyl chloride to make acetylene.
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It must also be stressed here that al]l of the laser

induced reactians reported in this thesis have beenrn induced by
cther methods as weil. Acetyiene is formed in shock tube
dissociation [3.12 of vinyl chloride; vinylidene carbene
chemistry is well known in the liquid phase [3.2] and so on.
NO entirely new and exotic reactions have been performed using
HIRPA. Tre reaction product mixtures may be different from
those induced by other methods (such as by direct heating):

this point wil! also be discussed in the next section.

3.2 Kinetic effects

3.2.1 Effects of the internal energy distribution

AS Craig Jensen made clear in his thesis (3.3]), first
soments of a distribution do not uniquely determine that
distribution. Specifically, the cheaistry induced by a
digtribution of moiecules over energy P(E) produced in a MIRPA
experiment is, in itself, insufficient to specify P(E)

uniquely. If the microscopic rates k :RKH

(E) are well
characterized for a system having i channels of reaction, then

4 LID experiment may render as many as i first moments:

o
K'e - f P(E) ky T (e) dE (3-2)
E
]
In the trans-g; ~vinyl chloride system, for exaaple, three

_ AVG
moments are determined, those being the average rates k i for

isomerization, cis-elimination and gem-elimination.

However, auch of the information gained by these i
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aoments of P(E) is recundant. Since only “hot” molecules

react, the average rates kiVG determined by the net chemistry
actually sample only the high energy portion of the
gistribution P(E). No information is gaineg¢ for energies

RRKM
loger than the louest Ea + because the k; (E) do not sample
this portion of the distribution. Mhen the E, for
simultaneous reactions are nearly equal, the k1 (E) sample
a4 nearly identical portion of P(E); in this case, knowing two

AVG
Ky gains little more information than knowing only one

AVG
Ky .

This is precisely the point of Fig. 4 of Appendix A. By
using the chemical evidence alone we are not adble to choose a
particular fore of the distribution. Both the Poisson and the
saximum entropy distributions are capable of fitting the data.
Khat is needed isS an independent measurement of P(E), such as
<E> (the average cnergy of the distribution), shich is
sensitive to the entire distribution, not aserely its high
energy shape. If <E> were known for the various conoitions
used in the photolysis of trans-d;-vinyl chloride. this
additional constraint would allow us to construct a
distribution subject only to maximum entropy and the observed
first moments <E> and kivc « In effect the energy centroid of
the distribution would be dictated by <E> while the dispersion
would be determined by the extent to which the distribution

RRKM
overlaps the k, (E).

Experimentally., the value of <E> may be very difficult to
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measure. One technique (3.4] involves addition of a

nonabsorbing “"chemical thermometer™ gas to the reaction cell.
Since a very small fraction of the total distribution P(E)
reacts, most of the energy contiined in the puaped molecules
under study thermalizes via collisional V-2U.R,T relaxation.
A seall amocunt of gas not affected by the particular laser
frequency would come to the same vibrational temperature as
the directly pumped molecules, and hopefully would react
before U T deactivation occurs. The extent of reaction of
the “thermometer™ molecules is then compared to a thermal

average rate, thus deteraining <E> for the total sample.

Since this method is inherently collisional, and occurs
over the entire volume of the cell, it renders a value of (&>
eguivaient to the gross amount of energy absorbed averaged
over the entire saaple. In a given system. however, only a
saall portion of molecules in the cell are irradiated by the
laser beam, and only a fraction of these molecules undergo
MIRPA (3.5). It is the <E> of this fraction which we would
like to measure., since these are the molecules in the
distribution prepared by the laser pulse. This aethod, if not
corrected for these effects. can be expected to give

consistently low values of <E).

There is another sethod of determining <E> which at least
in principle can deteraine <E> for an arbitrarily seall volume
of sample in the laser beaa. This method is Gaussian

deconvolution; it is discussed mathematically in Appendix D
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and is applied to this particular problem in the fellowing

chapter. It should be noted that this method was not
developed until roughly two years afier the vinyl chloride

work wsas coapleted.

3.2.2 Rates of laser pumping and intramolecular vibrational

relaxation

To model a LID kinetic system completely, one must
incorporate the full time evolution cf the system rather than
"freeze” it into a quasi-static state, as we have done with
the vinyl chloride agdel. The time dependence of the MIRPA
process during the laser pulse, energy flocw intec nonresonant
vibrational modes, collisional activationsdeactivation and
other processes sust be included in the total picture. Since
S0 many distinct processes are involved in a typical MIRPA
event, a sodel incorporating a great number of kinstic
processes explicitly would easily require more rate constants
than are available or even determinable far a given system.
This extreme complexity may be worth less than & emuch simpler

approach, such ag the one we have used for vinyl chloride,

Several authors have investigated various methods of
modelling the tiae dependence of the MIRPA-LID process. Lyman
(3.62 and others £3.7) have approximated their systeas with a
Master Equation formealisa. A haraonic energy grid is
constructed which is resonant with the laser field. The rates

of puaping population between successive levels ars determined
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by approximating the dipole matrix element in an astute

fashion, by including collisional coupling between levels by
U-U energy exchange, and by careful inclusion of the proper
degenericies of each level. Although these aodels can be
adjusted to reproduce a variety of data, such as energy
deposition as a function of pressure or laser intensity (3.61],
the distribution predicted by the Master Equaticon approach
never deviates appreciabiy from a Paisson. This may be 2
consequence of the harmonic grid necessitated by this method;
coherently pumped harmeonic oscillators produce & Poisson
distribution analytically (3.81. This model! also neglects all

rotational relaxation effects.

More cogplex models, which have included r&tational hole
burning and relaxation, have been demonstrated by Cantrell and
cowarkers (3.91 for SFg. These models utilize the eslegant
angular momertum algebri of octahedrally symmetric molecules.
and have addressed the frequency and intensity dependence of
energy deposition and dissociation effeciency. Many other
investigators have proposed models specific to SFG: Jensen

gives a sreeping review of these in his dissertation {3.3].

Khat sould be of greater vilue to our understanding of
LID as a general process is 2 model general cncuéh to be
applicable to any moiecule yet simple enough to be useful with
a minimum of spectroscopic and kinetic data. Ackerhalt and
Galbraith [(3.18) have introduced a mode! which, they claim,

acets these expectations. It includes both coherent and
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incoherent laser pumping., intramclecular vibrational

relaxation into many separate vibrational 1adders.,
unimolecular reaction kinetics and a ainimum of empirically
determinable parameters. It has been successfully applied to
SF¢ (of course!) and the authors claim that it i< flexible

enough to accommodate many different types of molecules.

The situation remains, hocwever, that for most molecules
shose LID has been studied, even the few parameters needed for
4 model such as that of Ackerhalt and Galbraith are not known.
Moreover, determining these paraseters and calculating
predictions with abandon aay not be jucrative or masaningful.
In many cases, a ''rule of thumb” would suffice toc understand
and predict the qualitative response of 2 chemical system; a
flowchart of this nature has been provided recently by Thiele.,

Goodman and Stone [3.11] and is depicted in Fig. 3-1.

The reasoning behind Fig. 2-1 is straightforward. I¢
intramoiecular vibrational relaxation (IUR) is faster than the
laser pump rate (LPR), en2rgy deposited in the molecuie
randomizes amongst all vibrational modes as quickly as it is
absorbed. No mode selective chemistry can be expected.
Similarly, if IVR is faster than the dissociation rate (DR).,
vibrational evergy will be randomsized before reaction will
occur., and no selective chemistry will occur. 1If, howesver.
IVR is slower than both LPR and DR, vibrational energy will
not be able to leak out of the set of modes directly pumped by

the laser bhefore dissociation occurs. In this case.,
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selectivity is possible (but not guaranteed) because only a

fem modes contain relatively large amounts of excitation. If
DR is faster than LPR, however., molecules wiil react as soon
4% they absorb sufficient energy to surmount the lowest E
barrier. In this case the products will be very similar to
those produced in thermal reactions. If LPR is faster than
DR, molecules may absoro much more energy than the lowest E
darriers, and higher energy channels noresally never sampled by
thermal reactions become available., R sexi-selective.,
definitely nonthermal mixture of products would be seen in

this case.

ALl of tho.lascr induced chemistry reported here is
consistent with this reasoning. The vinyl chloride work would
seem to fall in the upper left hand box of Fig. 3-1, "NO
SELECTIVITY.™ Other systeas, such as the cyclobuty! chioride
systea mentioned in Chapter 2, have desonstrated a ncnthermal
gistribution of products and thus fall irn the lcwer right hand

box. These systeas are currently under continued study.

3.3 Energy disposal in fragments

Another consequence of falling into the lower right hang
Box in Fig. 3-1 is that when the molecule dissociates, an

excess energy AE given by

AE = E - QB (3-3)

v

is partitioned amongst the degrees of freedom of the
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fragaents. In Eqn. 3-2, E, i{s the vibrational excitation

focrced into the molecuie before it undergoes a reaction having
net enthalpy AHWH. Frageents can be expected ts be born
vibrationally ""hot" even for endothermic reactions; additional
absorption of photons by these "hot'” fragments and secondary

reactions may also occur.

The precise partitioning of excess energy amongst the
dissociation progucts has been studied for a few systems, such
as for CFoHC1 [3.12]. This molecule dissociates into CF, and
HMCl) the internal energy content of the forser species was
agsasured spectroscopically by laser induced fluorescence. It
was found that a considerable amount of energy was partitioned
into translation (approximately 7 Kcalrmole) and that the
distributions of vibrational and rotational energy couid be

described by a probability p(E) of the form
p(E) = exp(-E /kT,) (3-4)

where b is V for vibration or R for rotation. Typical average
energies for this system are listed in Table 3-1. Similar

behavior eas observed for the LID of CFZBrz and CFZCl2 £3.121.

The energy partitioning into the Cf, radicals described
above suggesis that partitioning of energy into the various
degrees of freedom of the fragments of LID is statistical.,
that is, caonstrained only by the total energy available. 1If
this is the case. one @sould expect that fragments of |

coaparable vibrational and rotational complexity would be



Table 2~1, Distribution cf energy in the nascent CF2

2HCl, CFzﬂrz and CF2C12.
Data are taken from J. C. Stephenson and D, S, King,
J. Chem. Phys. 69, 148% (1978) € 1978 American

Institute of Physics

fragment formed in the LID of CF

CF_HC1 CF_Br CF,.Cl

2 o B
Tv (K) 1160 790 1050
Ev (kcal/mole) 3.6 1.8 2.9
TR (K) 2000 450 55GC
ER (kcal/mole) 6.0 1.4 1.6
T‘! (K) 2300 870 510
ET (kcal/mole) 6.9 1.7 1.5

Eavs(kcallmole) 16.5 4.9 6.0
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amarded equivalent amcunts of energy. A comparison of the

average amounts of energy partitioned into the Cf, fragments
from CF,;Br, and CF;Cl, shown in Table 3~-1 is in concert with

this assumption,

In Appendix B we comment on the effect of excess energy
partitioning on the ability of fragments R,CzC: to rearrange.
In the case of the hypothetical H,C=C:, the barrier to
rearrangement is cnly a few Kcalsmole [(3.13]). The fragment is
expected to contain a cokparable amount of vibrational! energy.
and hence the rearrangement should occur easily. If the
conjecture that energy partitiaoned into the vibrational
degress of freedom is proportional to the number of
vibrational states available, then we would expect that the
F2c=c: species would be born with a vibrJutional energy
comparible to the H,C:=C: species. Since the barrier to
rearrangement for F,CzC: has been calculated [3.14]1 t2 be much
greater than the few Kcals/mole needed for H,CzC:, we concluded
that the former species was born with a small amount of
internal energy, insufficient to surmount the barrier for

rearrangsment.

The greater vibrational complexity of (CH3)2c=c:,
compared to H2c=c: and F2C:C: should lead to a partitioning of
a much greater fraction of the excess energy into the
first-named species. This is graphically illustrated in Fig.
3-2, where the numsber of vibrational states available per

Kcalsmole is plotted as 3 function of internal energy Ev « MNe
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conclude from Fig. 3-2 that the enormous amount of

“vibrational heat capacity” of (CH3)2C=C: wili sink much more
excess energy than the other two vinylidene carbenes. What uwe
observe chemically is that the dimethyl species sSinks enough
energy to surmount the barrier to rearrangement, which we
estimate in Appendix B to be 10-15 Kcals/mole. From this we
conclude that, in the absence of quantitative data to the
contrary. energy partitioning amongst these LID products is

consistent with simple statistical behavior.



52

g 4
'r—\
[}
‘B
=]
-~
-
E{ 5
g 47
-
—r 3+
~ 2 -
K
[-
g 11
G -
-1 1 T ]
0 10 20 30

E s Kcal/mole

Fig. 3-2. Density of vibrational states per Kcal/mole as a function
of the internal energy Ev' The expression for §v used to calculate
these curves is the same as that used in Appendix A:
s-1
(Ev + aEz)

aw
v - 1-28--%1]
S’ (s-1)1 # hv, £ a

This is the Whitten-Babinovitch density of states function®; the
definitions of parameters Ez, E', a, F and W can be found in Appendix
A; 8 is the number of vibrational modes having frequencies ¥, . The
vibrationul frequencies used in these calculations are contained

in Table 3-2,

‘G. Z, Whirten and B, S, R‘binovitCh' J. Chen, Phya. _3&, 2466 (1963)
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Table 3-2, Vibrational frequencies used in the calculation

of Fiso 3-2.
HZC-C: FC=C: (CH3)2C-C: parameter
3089 1795 1650 vibrational
3037 1680 420 frequencies
1612 1495 500
1281 1410 1100
1036 1205 1200
897 840 1300
200
300
1150
1250
1450
200
1195 doubly
1475 degenerate
1471 vibrations
1430
2964
2982
1.0372 0.8753 1.2844 A
15.66 12,04 48,25 Ez » Kcal/mole
1.80 E19  6.43 EI8 1.60 E73 Tv: » (caD)®
6 6 24 8

These frequencies were obtained by reading absorption
spectra of the parent molecule from standard IR spectra
taken at MIT, Frequencies assigned to bands arising
from =CCl-H and =C-Cl stretches and bends were then
cast out,



Chapter 4, Gaussian Beam Deconvolutign 34

4.1 Basic method

In the previous chapter we concluded that chemica!l
evidence alone is insufficient tg determine uniquely the
distribution P(E) of molecules over energy produced in a MIRPA
event. Additional experimental evidence, such as a
determination of <E>, is required before quantitative
statements can be made about the shape of P(E}. In
particular., & determination of <E> accurate to within a factor
of two sould be necessary to choose between Poisson and
aaxieums 2ntropy distributions for the trans-d;-vinyl chloride

systenm.

The difficulty of measuring <E> directly can be
appreciated when one realizes where in the laser beam
@clecules that undergo transiorqation are located. In a
weakly focused beam, intensities gufficiently high to cause
MIRPA and consequent reaction are located at or near the focal
point. The actual volume insicde the beam which contains the
reacting species aay be very saall (4.1] (typically 9.01 ce~3d)
compared to the total volume swept out by the beam inside the
reaction cell (~ 180 ca~3). A asasuresent of the total energy
deposited in the entire sample wauid not render a vailue of <E>
tor that smeali volume of reacting species because auch of the

energy is deposited in molecules in the lower intensity
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portions of the beam and does nnt lead to LID.

What we seek is a method cof determining lhe response of
the system at particular fluences aithough our measuring
technique renders the response over the entire fluence range
intercepted by the sample. Since the intensity profile of a
“TEM " Gaussian laser beam is known analytically for all
points in the beam [(4.2], it might be possible to deconvolute
the data to reveal system response at discrete fluences (or
intensities). The technique, in fact, has been elucidated by
Kolodner 2t. al. [(4.3] and by Reiser and Steinfeld (Appendix
D) ang has been used by Hermar (4.4}, The reader is invited
to redd Appentix D to familiarize himself with Gaussian bheam
optics and to glean the saliant mathematical details of the

technique.

Basically, the deconvolution procedure relies on the
fortuitously simple form of a Gaussian beam profile to unfold
the response of the system analytically. Any given
measurement using a Gaussian beam, for example, a measurement
of total absorption, contains two kinds of information: wnat
shich determines the absorption at discrete fluences <n)>( ?)
and the geometry of the fluence profile in the beam ¢tx.g.z).
By doing a series of experiments in which an appropriate
parameter, such as the net e¢nergy per laser pulse, is
systematically varisd, the clever experimenter can effectively
subtract the profile information é(x.y.z) by taking the

difference between adjacent points. The fortuitous nature of
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the mathematical formalism 2allows us to use the locz2! slope

dtenergy deposited)s d(total pulse energy) and experimentally
determinable constants to effect the "subtraction”™ of the
Gaussian fluence profile. The simplicity of the procedure can
be seen in the section entitled "Treatment of Experimental

Data” in Rppendix D,

Nearly any experimental effect which is fluence or
intensity dependent can be studied with this technique.,
provided that the total response is detected over the entire
portion of the laser beam intercepted by the sample. For
determining <n>( ¢). transmission measurements may be
difficult when the beam intensity is very large and energy
deposition is small., Optoacoustic detection is a more
appropriate method of measurement in this case, and has been
used with Gaussian beam ceconvolution of experimental data by

Black et. al. (4.5).

Other effects can il1s0o be studied. The intensity
dependence Of multiple (visible) photon ionization could be
deterained by placing electrodes araund the laser beams to
sgasure net ionization current. Laser induced fluorescence or
laser induced collisions could be studied provided that
integrating optics are used to collect fluorescence from all
portions of the beam. Nonlinear optical phenosena, such as
frequency asultiplying or mixing, could be studied in fine
detail without the need to describe the input beam intensities

By cross sectional averages.



4.2 Experimental difficulties >
Since the deconvoiution technique inherently relies on
taking the slope of an experimentally determined curve. the
precision of the deconvoluted data is severly affected by the
precision of the original data. Seall differences between
large numbers can be quite noisy, and for this reason Black
4.5]) fit his experimentally determined curve with a
convenient algebraic function before taking the slope
analytically. Generally a trick of this sort is always
possible by fitting the observed data to an n-degree
polynomial [4.6] which is guaranteed to have an easily

deterainable, continuous first derivative.

When the observed data are sparse:, however, expermental
precision uitimztely 1iaits the value of the deconvoluted
data. As an example let us consider the ensrgy depostion
example used in Appendix D, i.e. @aultiple photon absorption
in SF , when sn2ll uncertainties are imposed upon the
“observed" data. In this case. a precision of a few percent
in the aeasurement of the total energy deposited in the SF
saaple implies that deviations of a few percent from the
observed value are statistically not meaningful. If a demon
eere to resocve absorbing molecules from the focal point of the
beam, where we are maost interested in the absorption function
<n)X( f). such that the net energy deposited changed by only a
faw percent., our asasureaent would not be statistically

different. In a qualitive way, then, we see that the
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precision of the experimental determination limits the

precision with which we getermine <n>C ), which we translate
into a geometrical volumse. Uncertainty in the observed
information implies uncertainty in the deconvuluted

information.

We can use the nuaerica! example of Appendix D to
illugstrate these statements graphically. Let us suppose that
we performed an experiment using a 28 cm focal length lens to
focus a pulsed CO; laser beam into a sample of SFg. whose

absorption is given by (4.5}

> (4) = 9.15 ¢ 0¢ ¢ { 2.55
(4-1)

= 14.1( 4 + 0,084)/2 ¢ £2.55

+0.51 3/cn?

Using a simple convolution equation.,

¥
ey € )y (oY €4) v($) 49 (4-2)

shere *“ is a convenient lower bound of the fluence (taken to
be 8.81 Jsce~2), ¢, is the peak fluence (9.42 J/cm~2 for a
pulse energy of 10 maJ) and v( ¢) is given by Eqn. (24) of
Appendix D appropriate for a 28 cm focal length lens, we can
nuaerically compute the total energy deposited in the sample
Ep - We then change the upper bound of Eqn. (4-2) S0
that the calculated gnergy deposited E6 is, for example, 95X
of E, . This means that we hive calculated the energy

deposited throughout the beas except in the last sazl]l volumse

near the focal point. This voluae 0(4’) is easily calculated

by Eqn. {16) of Appendix D) the energy deposited in this
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volume U(f’) is esqual to the precision of the determination of

E V($’) is plotted against the precision in Fig. 4-1.

D -

AS we see in Fig. 4-1, (¥ our "“measurement" of ED were
infinitely precise, we could determine the <n>( $) for a
vanishingly small volume of sample. As the precision
degrades, howewver, the corresponding uncertainty in the
geometrical information increases. so that the deconvoluted
data will give the response <n>C §) averaged over the interval
¢'£ ) ‘40 . Evantually this imprecision becomes unacceptable,
for intance., when é‘ reaches the threshhold fluence for
dissociation, which is approximately i J-ce~2 for SF [4.7).
This point is marked with an arrow in Fig. 4-1. We conclude
that only for highly precise aszsurements of Ep can the

deconvolution technique be of value.

As is clearly stated in the "Treatment of Experimental
Data" section of Appendix D, Gaussian bezam deconvolution
renders the average response <n>( é) over whatever
distribution of molecules over absorbed energy P(E} ) is
formed when an ensemble of molecules is subjected to a uniforam
fluence ¢ . This technique can never give information about
the shape of P(Es 4). The information obtained, such as
<n>( Q). must be combined with other data, such as data from
LID experiments discussed in the previous two chapters. to
obtain a clear understanding of the distribution P(E).
lIdeally one would like to measure P(E) directly, and for this

w¢ aust turn tc mora elagant spectroscopic techniques, which
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V(@'), cm3 x 102

V(1 J/cm?)

T T T
0 2 4 6 8 10 12
Precision, %X

Fig. 4-1. Minimum volumes Vﬁﬁ’) discernable by deconvolution
of a Gaussian beam for experiments of finite
precision. Detalls of the calculation are
given ia the text,

we begin to discuss in the following chapter.
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Chapter 5. Diode-Infrared Laser DOuble Resonance

.1 Introduction

Thus far in this thesis we have investigated MIRPA by
studying net chemistry or net absorption in typical systems.
The information obtained is necessarily an average over the
range of fluence, intensity and time dependent processes which
contribute to the net LID results. As we concluded in Chapter
3, chemical evidence alone is insufficient to elucidate the
fine details of the dynamics of MIRPA events, even when aided

by techniques such 23 Gaus«<ian beam deconvolution.

Tdeally we would like to unserstand the nature of the
MIRPA 2henomenon on a fundamental tevel. Ypecifically, uwe
wouls lik: to answer such questions as by what route do the
molecuies absorb the f. .t few photons, what roles are played
by vibrational anharmonicity and by rotational compensation.
hoe fast does rotational hole filling occur, at what energies
does intramolecular vibrational relaxation become fast. and is
there a good method of predicting pressure effects.

Ultimately our goal would be the ability to predict the types
of chemistry we expect from a particular system from
fundamental spectraoscopic evidence, given a reasonably general

framework such as Fig. 3-1.

To answer the questions raised 3bove one must directly

interrogate molecules which are being subjected to the very
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intense infrared laser fields used in MIRPA and LLID

experiments. This implies the use of a spectroscopic probe to
monitor the molecular behavior aduring excitation by an intense
pump field. Since in many systems used in LID experiments no
easily accessible electrsosnic states exist, visible probe
radiation is of only limited usefulness. The technique of
choice is infrared-infrared double resonance, wherein the
infrared spectroscopic probe monitors vibrational paopulations

atfected by the application of the infrared pump field.

This technique was first used by Steinfeld and coworkers
£5.1), who used two CO; lasers as pump and probe beams in SFfg.
This work and that of others (5.2] was restricted to probing
at the small number of discrete frequencies to which COj
lasers can be tuned. The use of a tunable narrow linewidth
diode laser has vastly increased the spectroscopic informatian
gained by the double resonance technique, as has been
demonstrated by Moulton and Mooradian [S5.3]). Our own work on
diode~-infrared laser double resonance (DILDOR) in SFg., begun
by Jensen {5.4], has been reported and is inciuded in this

th2sis as Appendix E, which the reader is urged to peruse.

The present DILDOR experiments are designed tc probe the
absorption dynamics of the first one or two photons. The
interaction cf the pump field with individual absorption
features can be erasily monitored, and a wealth of dynamical
information has been recovered. The salient features of the

experimental apparatus., procedure, results and discussion are
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contained in ARppendix E. To avoid repetition, experimental

details not mentioned :in Appendix E, results on DILDOR in
ammonia, and further discussion of a few details of data

interpretation will form the bulk of this chapter.

S.2 Experimental details

Morking with a diode laser can be a very tedious and
aggravating experience. AS iS mentioned in Appendix E, diodes
must be kept cold to insure their survival, although they must
be warmed to-room temper ature periodically. As air leaks into
the coid head vacuue jacket, a gradual temperature rise can be
noticed over a period of weeks. When the temperature reaches
15-20 °K. the cold head must be warmed (to insure that
moisture will be removed)., evacuated and rechilled. Care must

be taken to avoid backstreaming pump 0il into the cold head.

Occasionally the cold head will "ratchet" upan startup.,
producing a grunting noise. This is an indication that a
foreign substance, such as dust or moisture, has found its way
into the helium flow and is lodged in the cold head.

Replacing the helium in the cold head after disconnecting it
from the refrigerator is the only known cure, short of having

the cold head rebuilt.

Yo date no means of detecting the diode beam other than
with a cryogenically cooled semiconductor detector has been
found. If the dicde beam is found, it must be traced around

the table using apertures to reveal the beam position. A HeNe
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laser beam can be superimposed on the diode beam to act as a

tracer, But usuvally the diode beam must be traced with an iris
after the first two mirror reflections. The HeNe beam can
then be used to trace a path to the remaining mirrors, through

the monochromator and onto the detector.

Once the diode beam is rcuted through the monochromator.
a series of scans must be made to dcetermine the frequencies
over which the diode lases. This is a rather tedious
aperation;j it involves systematically changing the diode
temperature, while making 2 current scan with the
monochromator slits wide (about 2 mm), moving to a different
monochromator setting., scanning again, etc., for each
temperature. A range of currents and temperatures can then be

selected to determine if the laser has a mode at the precise

frequency desired.

An important diagnostic at this point cannot be
overlooked. It is mandatory that an etalon scan must be made
when & acde is located at the correct frequency. Many times
the mode is not “pure'”, that is, it contains two modes at
nearly the same frequency which tune in unison. Often a mode
may “hap’, or jump to another frequency, so that a continuous
current scan is not continucus in frequency. The etalon
fringes are currently the ecnly sethod we have to interpolate

between reference frequency absorption lines,

A disturbing feature in the present system is the current

ripple in the scanning current power supply, an Arthur D.



Little TDLS-II. This ripple was measured to be approximatg?g
@.15 mA peak to peak. A typical diode mode tuning rate of
8.12 etalon fringes- mA (one fringe equalis 8.65 cm~-1), the
measured ripple implies a peak to peak frequency jitter in the
diode mode of 26 MHz. This will be an important consideration

in the following chapter.

Care must be taken to avoid grounding either of the
recorder output jacks on the TDLS-II. For this reason, the
variable dc offset voltage supply has been floated from
ground. This supply is placed in series with the recorder
output voltage. In this way., tuning ranges of a few hundred
A can be recorded using the entire useful X-scale range of
the X-Y recorder. The var.able dc voltage supply effectively

extends the range of the “zero™ knob an the recorder.

Several features of the Q-switched CO, laser must be
noted. The optimum mixture of gases is approximately 4:1:1
for He. CO; and N; respectively., at a total pressure of 8
Torr. Dirt which collects on the ZnSe windows is most easily
removed by applying water and Pex detergent with cotton.
Effective c.w. power at a repetition rate of 125 Mz is
typically 308 md for the 10.6 eicron P(18) line’ we have

atisured a c.w. cutput on this line in excess of 38 Watts.

The diameter of the Q-switched beam is easily measured
with a variable aperture. A pouer ameter is placed behind an
iris diaphragm aounted on an X-Y translation stage. The iris

is placed over the center of the beam. The power transmitted
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through the iris is then measured by the pcwer meter as a

function of the iris diameter. This function can be compared
to the kriown £35.5) transmittance of a Gaussian beam of

spotsize (y through an aperture of diameter d,

fraction transmitted = 1 - exp(—d2/2 uJZ) (5-1)

In this manner., the spotsize of the Q-switched beam was found

to be 2.5 mm for the work reported in Appendix E.

It is pessible to align the pump and probe beams S0 well
that they cannot be separated at the cold head (see Fig. 1 of
Appendix E>. A 1° misaligneent is sufficient to effect the
required separation. A gold coated mirror is necessary to
eject the QG-switched beam from the apparatus; mirrors of lower
quality cause unwanted scattering. Stray reflections of the
pump beam have caused serious frequency and intensity
fluctuations in the diode beam; the amount of care required to
minimize stray reflections cannot be overstressed. Ffor
example., the pump beamr must strike mirrors in the center
(which necessitates, in some cases, placing the probe beam
near the airror edges) to avoid reflections from the mirror

edges and mounts,

Synchronization of the boxcar integrator with the laser
pulse is accomplished wmith the circuit shown in Fig. S-1.
Trigger jitter is minimized when the negative-going trigger
pulse occurs 15-30 psec before the laser pulse. Generally it

is impossible to keep this interval ccnstant before 7 PM on
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weekdays. Apparently the speed of the mirror motor changes

slightly with changes in wall socket voltage even though a
massive voltage regulator is used to power the motor.
Tweaking the grating alignment and minimizing the delay

between trigger and laser pulses may help.

Brewster windows and grating lines insure that the pump
field is horizontally polarized. Although polarization may
not be the same for all diode lasers, diode beams are usually
sell polarized in the plane of the junction (5.61. or
vertically polarized in the lab frame. This is not mentioned
tn Appendix E, and may have considerable impact on DILDOR
signals. It will be discussed further in the following

chapter.

5.3 Additional discussion

All of the SFg DILDOR spectra worthy of note are
contained in the various figures of Appendix E. &4All spectra
sere taken with the same diode laser (now dead) in the same
mode. This mode, the SFfg spectrum inside it., and the
assignments of the lines (courtesy of Dr. R. S. McDowell of
the Los Alamos Scientific Laboratory) are exhibited in Fig.

s-2.

Hith the aid of hindsight after completing the
calculations to be presented in the following chapter, a few
of the finer points of discussion in Appendix E should be

reviewed. One o+ these points pertains to the ticld-induced
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Abgsorption spectrum of 0,08 Torr SF_ in a 30 cm long

cell, Top trace shows dliode laser gode tuning curve
(no cell in beam path). Lower trace shows etalon scan
for a 1" Ge etalon (f.s.r. = 00,0499 cm-l). Assiguments
courtesy of R, S. McDowell of Los Alamos. Frequency

markers in c:u:-'l are shown at the bottom of the graph.
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mixings which supposed!y were respaonsible for the sateilite

structure around the main feature of the 2-level double
resonance (2LDR) and 3-level double rescnance (3LDR) spectra
{see Figs. 2 and 7 respectively in Appendix E). As we will
show in Chapter 6 and Appendix H., these mixings do not explain
the satellite structure. The matrix elements which are
responsible for the "weak transitions™ in SF6 {5.7) do not
play the significant role originally believed in Appendix E.
This will be placed on more quantitative footing in the

following chapter.

Up to now, collisions were not thought to be important
within the 8.5 Fsec time scale of these experiments. This may
not be entirely correct, given that tha rotational relaxation

time of the 3LDR signal., ¥ » was measured to be 8.54 Usec.

3° Laval
Since this represents the time required for 2 1/¢ refiliing of
the population of a single rotational state, collisions
effecting rotational relaxation are seen to operate on
precisely the time scale of the experiment. Hence. a

detectable amount of rotational relaxation should occur within

the time of the boxcar gate.

This onjecture is born out by the 4-level double
resonance (4LDR) recorded by JYensen., which appears in Fig. 9
of Appendix E£. In these spectra, SFg; was pumped in the P(33)
and P(32) manifold while the probe interrogates the
R(4S)-R(32) manifolds. Extensive signal is seen even at

"zero"” delay with respect to the laser nwlie; one microsecond



tater, rotational relaxation has depleted the entire J=45 to
J=52 region. Thus, collisions are seen to change J by 18 to
iS5 quanta at a very rapid rate. One must assume that
relaxation within a single J manifcld in the ground state,
shere all K are nearly degenerate, occurs on a simila~ time

scale, if not faster.

One must be clever enough, however, to aveid the
implication that relaxation out of or into levels directly
pumped by the laser occurs exclusively to the nearly
isocenergetic ievels which are also probed. It seems more
likely that relaxation occurs by exchange of enerqgy with a
retational "heat Dath” in a process like that depicted in Fig.
i@ of Appendix E. This "heat bath" is composed of molecules
not pumped by the laser, including the ~6@X%X of the total room
temperature population lying in hot bands, and ground state
a3lecules having J far from the J’s resonant with the pump
laser. When a depleted ground state rotational level is
¢iiled, the population comes largely from the "“heat bath" and
rot froa nearby levels exclusively. Steinfeld and coworkers

£3.11 used this mode) to explain their early work in SFg .

A stringent test of the collisional nature of this
relaxation process would be to repeat the experiments at lower
temperatures, ehere collision rates are lower. A
corresponding increase in '53_1eve1 should be observed, as well
48 an avsolute decrease in 4LDR activity in J manifolds far

from resonance. These experiaents are currently under oay.
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3.4 DILDOR attempts in NHj

Microwave-infrared laser double resonance (5.81 has been
coserved in NH3 using the N;0 P(13) laser line at 927.739
cm~-1, which is nearly resonant with the l4NH3; V0 %Q_ (8,7)1
transition and the H,0 P(15) line at 925.979 ca”-1, which is
332 MHz lower than the 15HH3 v,t 'a_ ta,4>1 transition. This
suggests that a 2-level DILDOR might be observable as well.
This system has the advantage that the lineshape of a single

absorption feature may be recovered without the forest of

intarfering structure seen in SFG.

A Q-switched N,O laser was resurrected with the help of

2
Tom Ancderson and pressed into service. Its configuration is
nearly identical to that of the Q-switched CO2 laser.
excepting that a 4.25 @ radius rotating eirror is used
(instead of 10 m radius). Details of its operation have been
placed in Appendix I. Since this laser operated at 350 Hz and
has less gain that the Co2 laser, the usual power meter could
not be eaployed to measure the average pulse power, Using a
Gen Tec joulemeter, the total pulse energy was estimated to be
2.1 mJ; a typical c.w. output is 2-3 W (as caompared with 39 K
for the CO2 laser). From this we estimate that the average

pulse intensity is about a factor of ten lower than its co2

counterpart.

The experimental schematic is shown in Fig. 5-3. Aside

from using the N, laser as a pump source, all other features

2
of the apparatus are essentially the same as for DILDOR in
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Fig. 5-3. Schematic of the apparatus used for N20 laser-diode laser double resonance

in NH3. SCPS - pcanning current power supply ; DL ~ diode laser; I - irises;

Ll - 5 com f.1, collimating lens; M ~ flat gold coated mirrors; ML - spinning
4,25 m radius mirror; M3 - paraboloid collecting mirror; MONG - monochromator;
D - HgiCd/Te detector; AM ~ amplifier; BC ~ boxcar integrator; Y - X denotes
axes of the x-y recorder; GT - 1,5 m gain tube; GR - grating; LB - light bulb;
PD ~ photodiode. Electrical signals: A - diode laser current supply; B -
trigger pulse; C - detector output,

LA
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SFg- Adaition of collimating lenses was necessitated by the

greater divergence of the N30 laser beam. Intensities in the

siaple cell reached ~ i kW/ca~2.

That the H20 P(13) line is very nearly resonant with the
NH; (8,7) feature is clearly evident in Fig S-4; Shimizu and
Oka [5.8]1 estimate that the line centers are 18 MHZ apart.
Records of DILDOR in 1 Torr of NH4, however., were
disappointingly blank and showed no apparent signal above the
noise level, as can be seen in Fig. S-S. Several attempts

sere made and all met with a similar degree of success.

One may wonder why DILDOR was not successful when the
microwave experiment was. A few calculations and the
hindsight gained from the lineshape analysis presented in
Chapter 6 can show that the DILDOR signal may be smaller than
the noise recorded in Fig. 5~-S. Since the digole moment
for NH; is @.2 Debye (5.8) and the pump laser power is one
tenth of that used for the SF experiments, we can estimate

that the Rabi frequency J\ »

-

>
J'L - # * E_ (5-2)
2 {3 n

-
where E ic the electric field vector, was at least a factor of

six smaller than in the Sfe, experiments. From the lineshape
modeling of the SF spectra (detatizd in Chapter 63, JSL for

the NH3 experiment should be 18-135 MHZ.

An estimate of the homogeneous linewidth can be had by

considering the hird-sphere collision rate (5.9] for NH; at 1
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Fig. 5-4. Absorption (downward deflection) of 40 Tbrr
Nzﬂ in a hot cell in the region of the P(13)
laser line (lower trace). Also shown is the feature
92[qQ_(8,7)] in 1 Torr of NH., (upper trace).,

Diode current and frequency increase to the

r:!.ght.
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Fig . 5"5 [

DILDOR attempts in NH, using an N_O laser.

Absorption trace (a) wis taken ia i Torr of
N33 over the same transition as shown in

Fig. 5-4., Two DILDOR scans were then made,
traces (b) and (c). Finally, trace (d) was
recorded (absorption again) to indicate the
amount of drift in the diode laser tuning
curve., In (a) and {(d), absorption is a
dowvnward deflection; in (b) and (c), downward
deflections would correspond to tramnsient

transparency, or saturated absorptions.
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Terr,

2 kT N (5-3)
m v

ehich renders, for diameter g4 - 4 Rngstroms at roocm

temperature,

n

z 15 MHz

For coaparison, the Doppler wicth of the transition is 48 MHZz
FHHM (5.8). From these estimates, we conclude that the pump
laser intensity in this case is sufficient to saturate only &
single velocity group of the entire Daoppler contour. This
velacity component is 18 MHZ from line center, where the
Doppler profile is down to ~ 68X of its peak value.
Furthermore, the effective linewidth of the probe laser will
be estimated in Chapter 6 to be greater than 30 IMHz in some
cases. It can be assumed., then. that at best znly a small
fraction of the entire Doppler contour was saturated and that
the probe laser resolution was probably not great enough to
resolve the “hole"” burned intoc the Doppler contour. Higher
pusp laser power and greater probe resolution are necessary

for the success of this experimsent.

The microwave experiment, on the other huind, does not
suffer from wide probe frequency jitter or siue Doppler
contours. Since the Doppler width co¢ the p.obud 3LDR
transition in this case is much smaller thaii the pressure

broadening, any saturation of the infrared transition will



Appear as 2 decrease in the total intensity aof the microuagg
feature being probed. The experiment was also accomplished
wmith a c.w. laser, thus making the experimental duty cycle
auch maore efficient and signal tao noise much greater thin in

the DILDOR experiment,

5.5 Improvements for future experiments

Several improvements in the existing apparatus could bhe
made 2t minimal cost and effort., Firstly, a new grating for
the monochrometer., one blazed for 19 /‘operation; would boost
the throughput of the device by a factor of 2 or 3. The
grating currently in use is blazed at 3 Land is working in

thira order.

Determination of the polarization of the diaode beam can
be easily done with a pile of plates polarizer., These plates
can be Brewster angle salt windows., which are inexpensive and

easy to handle.

Copropagating instead of counterpropagating bheams might
be a preferable geometric arrangement. Using copropagating
beams, the pump laser is not aimed directly into the diode
laser, and the effects of the puep laser on the probe laser
eentioned in section 5.2 would be minimized. This arrangement

will be discussed further in the following chapter.

Gross vibration of the diode laser itself can be

#inimized by using a very rigid mount instead of the rotatable
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mount currently in use. UVibrations of the cold head caused by

the 3 Mz motion of the displacer assembly it contains cause
intensity (and probably frequency) fluctuations at the

getector easily seen with lock-in detection.

Major improvements in design would require a larger
investment. Specifically, a fraction of the probe beam should
be split off for use as a measure of incident intensity for
absorption spectra. In DILDOR scans this beam could be used
to monitor the frequency of the praobe by recording an
appropriate reference spectrum simultaneously with the DILDOR
spectrum. This would minimize the effects of scan-to-scan
drift in the current tuning curve of the diode laser. This
configuration, of course., necessitates the use of 2 second
detector and phase sensitive detection electronics, as well as
4 good quality beam splitter. A amultipen recorder would be

necessary 0 record the detectors’ responses simultaneously.

An electro-optic Q-ssitch for the pump laser would
decrease pulse-to-pulse intensity variations and trigger
Jitter for the boxcar integrator. Electrical pickup from the
high voltage puises necessary to drive the device might be a
major problem, however. Additional optical elements may be
necessary to squeeze the resonator mode through the relatively
small aperture of a currently available device. Pulse rates
dpproaching a KHz could be realized, however, thus reducing
the clock time required to recover a DILDOR spectrum by a

factor of 3 or so.
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The TDLS-I1 scanning current power supply should be

replaced with a unit having much less hum in the diode laser

current supply., if available,.
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Chapter 6. ANAalysis of SF6 Double Resonance specti,a

€.1 Introduction

In the last chapier, the experimental results of two
types of double resonance (DR), 2-level and 3-ilevel, were
reported. Spectra were recorded for pump powers ranging from
0.8 to 1.2 kMWr/ecm~2, and, at the highest pump pouwer., at
different times during the 788 nsec long pump pulse., The
spectra exhibited structure thousands of MMZ from the COZ
laser puap frequency., and the central feature grew broader
with increasing pump power. From this, a rough estimate of
the dipole matrix element wmwas made;) it was fcund to be in
reasonable agreement with the theoretical estimate of Fox

(6-11.

In both the 2-level and 3-level spectra, the satellite
structure appeared to be asyemetrical arcund the pump
frequency. showing more activity tu the red of the pump. In
fact, all absorption features within the J manifold of the
MO0St nearly resonant line showed activity. Since this
activity appeared within the first 200 ns of the pump pulse.
collisional reiaxation was ruled out as the cause. Instead.
an unspecified off-diagonal matrix element in the full SF
vibration-rotation Hamiltonian was invoked, which mixes the
hearly degenerate ground state K levels (clusters) [(6-81. In
this manner an entire J manifold could exhibit DR structure

shen only a few lines are directiy pumped.
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In this chapter, the assertions and conclusions mentioned

above will be subjected to quantitative test. In particular,
we will explore all terms in the molecular Hamiltonian capable
of producing K state mixing, contemplate the effects of laser
polarization, utilize the lineshape expressions of Mollouw
£6-2, 6-31 and of Hansch and Toschek [6-41, include double
resonance of the backgrocund hotband continuum, and reconsider
the effects of collisions on the lineshapes reported in

appendix E.

6.2 Lineshape expressions

6.2.1 2-leve] spectra

For the moment we will ignore possillle mixings between
SFg Cluster states and consider what lineshapes we would
axpect if the observed signals were mereliy a series of
individual 2-ievel systems. The theory for these lineshapes
is well understood; vwe will use the formalism of Mollow (6-2]
which has been tested experimentally [6-3] by using a sodium

beam as an snsemble of 2-leve]l atoms.

Using the same notation of [6-2], the absorption

lineshape K’ of probe beam is given by
I x(k'? + Aw?) AC + BD
2 k0% + k(x'“+ Aw®) c*+ p°?

(6-1)

WQE) -

shere
A= kk' + AvAw - Av? + AvAwR®/2(k'* + Aw?)

B = x(Aw - AV) = Avk' + Q2Avk'/2(x'?2 + Aw?)
C = kx'? + k(Aw?- AvY) + k' (% - 24vY)

D = Av(Av? - Aw? - 2k'k - «'? - QY
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In t6-1), Q and Q~ are the Rabi frequencies for the pump and

probe beams rezpectively, x and «k” are the longitudinal and
transverse relaxation rates respectively. The Doppler
correction of (6-1) can be made by simply replacing the pump

detuning 4w and the probe detuning AV with

St

Av + Av(l -
(6-2)

nld 0|

o’

Aw » Aw(l +

and numerically integrating over an appropriate distribution

of aoclecular velocities:
b ]
W' - f W'(8v,8w ; v) exp(-mv“ /2kT) dv (6-3)

Hote that only a one-dimensional representation of the
molecular velocities need be considered, that being along the
axis of prcpagation common to both laser beams. 1In (6-2) the
Doppler contributions are opposite in sign due to the

counterpropagating geometry of the experiment.

Since the boxcar integrator is AC coupled, it actually
integrates any difference in diode beam transmittance when the
gate is open. That is, the signal is proportional te the
amount of change in probe beam transmittance when the pump
laser fires. Hence. to aodel our spectra, we must subtract
from (6-3) the probe transaittence lineshape with no pump

tield present, which is simply a series of Voigt profiles.
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Many authors ([(6-5]1 have studied three-level systems
Simiiar to ours. Because of its facile adaptation to this
particular case, we will follow the methocd of Mansch and

Toschek [6-43].

We start frem Eqn. (30) of [(6-4] (which contains a

typographical error not preserved here).,

2 - - v i 2 - - 2
.- lope|® (oypmp (8,8, ~18" %) (b, a-0..0 18]
- < _ Z
1 AabAbcﬁac Abc:lB ' !‘\‘ab]Bl
where pjk is the dipole matrix element between states b

and k 'pkk is the diagonal Bloch matrix element for level k ,
and X is the susceptibility. The remaining variables will be
explained below. We can quickly make a few simplifying
assumptions appLopriatc to our system: 1) all Yog * ®hich are
the relaxation rzies of optical coherence, analogous to
Mollow’s k', are equal: 2) all Ya » the spontaneaus decay rate
of level G , are equal; 3) the probe is weak and strictly
counterpropagating to the pump. Using these approximations,

the probe absorption coefficient a , analagous to Mollow’s W’.

can be expressed as

o = Tl e, [? AR(S+0w)Y'-B(R{AwE-Y'?}-B7{1-2R} (6-4)

x A? + p?

shere in this case A = -§(AwAs+2y'2) - AwB?: W = B2(2y'/Awi+y' ?)
B = v'(62-B%-Awls-Y’? ) ;6 = Aw - As
R=1 -~ Hly+2W
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It eay be useful to make the foliowing correlations between

Mollow’s notation and that of (6-4)

Aw +«+ Aw B <« Q
Ag +—+ AV Y ** K
a «+ W' y'oes <]

Doppler broadening can be included by use of (6-3).

6.2.3 Broadening Mechanisas

Equations (6-4) and (6-1) give theoretical lineshapes for
perfect beams. In practice, many dynamic imperfections are
encountered, such as variation of probe intensity with
#requency (PI), “instrumental'" broadening (IB) of probe
linewidth and frequency jitter caused by current supply hum
and temperature wiggie., pump frequency jitter (FJ), and pump
power variations during the boxcar gate (PP). PJ is at most
the approximately 30 MHZ width of the CO, laser gain profile,
and will not drastically affect lineshapes hundreds of MHZ
away. Lines close to the pump will be totally saturated at

the Rabi frequencies used, hence we will disregard PJ.

Since the absolute amount of DR signal is proportional to
the incggont probe intensity, the probe intensity profile was
fitted to a convenient function of frequency. The shape of
our diode laser mode peaked in the SF¢ P(29) manifald, which

tended to accentuate lines to the blue of the pump fregquency.
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This function was included in the integration of (6-3). The

apparent asymmetry of the 3LDR spectra (s caused by the shape
Of the mode which drops severely in intensity tc the blue of

the @main feature.

IB contributed by far the greatest scurce of broadening.
atthough none of the factors contributing to this ad hoc
effect were quantitatively known. It was assumed that the
“perfect” spectra, including the absorption spectrum itself.,
could be averaged about a particular frequency V to find the
observed signal at v . The average was taken to be Gaussian
apbout ¥ with a variable width. The need for this broadening
is apparent in Fig. 3 of Appendix E, wherein the abserved
linewidths are much broader than the Dappler width (28 MHz
FWMH) at room temperature. For comparison to spectra shoun

below, an unbroadened 2-level spectrum is shown in Fig. 6-1.

Pump power fluctuations during the @.5 usec gate can be
estimated from the contour of the laserpulse, which is shown
in Fig. 6 of Appendix E. Spectra were calculated for the
appropriate Rabi frequencies. and added together as an
approximation to the integrating effect of the boxcar. As

will be seen, PP proved to be a small]l effect.

€.2.4 Method of calculation

Each spectrum was calculated in a three step process.
First, the absorption features in the diode laser mode were

catalogued, and a single resonance spectrum calculated.
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Absorption features near the CO2 P(14) laser line were

similarly catalcgued from published spectra [6-7]. Next,
tineshapes (6-3) were calculated using the Rab: frequency

4s a parameter. Finally, the difference or AC spectrum was
Broadened according to the methods ocutlined above. For the
2-level case, appropriately weighted hotband lines spaced
every 19 MHZz were included as an approximation to the
continuous background adsorption. The weighting of these
lines was chosen so as to predict most closeiy the absorption
spectrum at room temperature. A portion of the caiculated
absorption spectrum, wnich includes background lines and probe

intensity correction, is shown in Fig. 6-2.

Calculations were acccmplished in BASIC on a DEC MINC
(LSI 11-2) computer at MIT (by CR), which required large
stretches of calendar time, and independently in FORTRAN at
Los Alamos (by Hal Galbraith). After a spectrum was
calculated, it was scaled and compared to the digitized
observed spectrum. In this manner a "best"” set of parameters
was found for both 2-level and 3-level calculations. Finally,
worthy spectra were plotted on a Houston Instruments HIPLOT
digital plotter. A typical MINC run required 14 hours to

compute ten spectra.

The constants ¢ and x~ were taken to be equal in the
strong collision limit., Patel and Slusher [6-6]1 have found

that
Ti = 22 nsec « Torr = 1/c? (6-5)
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6-2. Calculated SFg adbscorertion spectrum near the COZ P(18) laser line at
945.9802 ce"-1. Backaround absorption has been included and IB FRHM = 38

MHz.
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from photon echo experiments in SF6. This agrees very well

with the observed time constant of the relaxation of the 2LDR
signal found in Appendix £, viZz.:

T = 23 nsec + Torr = 1/k = Tl (6-5)
in the strong collision limit. At 8.88 Torr, we have

K = ' = 3.6 MHz (6~-7)

€.3 Results

6.3.1 General festures

Querall the DR lineshapes are dominated by two
conceptually different processes: ARC Stark shifting and
saturation. Hhen the pump laser is on:; the spparsnt center of
4 line not resonant with the pump is shifted away from the
pump frequency. This appears tc be a ''new'resonance, Or an
upward deflection. The “oild" resonance seems to disappear.,
and hence produces a downward deflection. Nhen added
together, the combination produces the derivative-like signals

apparent in Figs. 6-4 and 6-6.

Saturation occurs for lines relatively close to the pump
frequency. Since the Rabi frequency is much greater than the
Doppler width, entire lines can be saturated. The width of
the hole burned in the spectrum, however, is a complex
function of saturation and Stark shifting, so that the HWHM of

the hole is much larger than the Rabi frequency.
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E6-3. 2Z-level DR lineshapes fer backaround haotband lines spaced 10 MHz
arart. Outer curve, 0 = 1407 middle curve. 0 = 100! inner curve, & =
95 MHz. FWHM are 4B5, 2BS and 235 MHz respectively. The sliaht baseline

tilt reflects the observed hotbhand contour in this resion.

E-4. Calculated 2LDR sisnal in SF6 usina I = 100 MHz and IB FWHM = 78

MMz (%0lid) and observed (dashed) for 11.7 kW/ca”*2 at 0.08 Torr.



FOR BACKGROUND (ARB UNITS)

Ul‘l

—

-

~-1059
PROBE

1

—
~-3359 359
DETUNING FROM PUNP,

MHZ

103539

c6



1 1

0e81
(SLINN

N 0097 -
‘gdd) TYUNSIS ¥a

022t -

800 2408

-800
DETUNING FROM PUMP,

-24900

96

MHZ



97

a_.
a
7 - ® O
A O
6 A o
a
©®
!E 5 - a
5 ®
§ ° 2
®
o 4 ¢
v
/——‘*
L ]
Rt 1
3...
¥

— | . |

60 100 140
1B FWHM, MH:

6-3. Averaas swuare deviation of calculated 2-leve] sPrectrum From
observed. Rabi Freaquencies ! are © = 80; 4 =857 + = 1007 @ = 105,
PI corrsctions and backaround absorstion are included in thess

cemPytations.



b N
This is demonstrated in Fig. 6-3 for the '"continugus”

background lines. Since the lines are very dense., there is no
structure far from the pump frequency where 2 Stark shifted
resanance conceals the disappearance of a "no field"”
resonance, Only the saturated "hole'" appears, which is

symmetrical around the pump frequency.

6.29.2 Specific spectra

The closest fit to the observed 2LDR spectrum taken at
11.7 kH7cm~2 is shown in Fig. 6-4. Parameters used in its
computaticn are (} =100 MHZz and IB FWHM = 76 MHz. The average
square difference (SS) between the scaled calculated spectra
and the observed spectrum are shown in Fig. 6-5; the SS
minimized slow!y around the values quoted above. PP
broadening was not included due tc its high computational

overhead.

Similar plots for the 3LDR experiment are shown in Figs.
6-6 and 6-7. The ¢tit of 3-leve)l spectra is more strong:y
dependent on IB, and less on B than for the 2-level fit. 1In
this case, best values correspond to B =65 MHz and IB FWHM =
120 MHz. When PP broadening was included., the SS was not
improved but a slightly lower IB (110 MHZ) was needed for best
¢#it. Values of SS for the PP broadening are nearly identical
to those for B =565 MHz. Rabi frequencies were mixed according
to the profile of the average pump laser profile,

5$1:65:71:78::0.3:0.3:09.2:0.2.
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6-6. Calculated JLDR signal in S5F; usina B = B5 MHz and I8 FWHM = 120

MHz (salid) and observed (dashed) at 0.08 Torr.
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€.4 Discussion

5§.4.1 Parameters

As$ can be seen in Figs. 6-4 and 6-6, the fit is
surprisingly good for a two parameter calculation. All
deflections are iccounted for, excepting baseline drift of the
boxcar. Deflections are caused primarily by Stark shifted
resonances. The main features in both spectra, caused by

saturation of a few transitions, are fit very well.

The parameter (=8 (Rabi frequency) can be calculated
from theoretical estimates (6-1) of y,;, and the measured
dverage intensity of the pump laser. It is important to
correct the dipole moment of (6-12 far interaction with a

polarized beam in a rotating-wave formalism, so that

Q=B L E ; W = 0,388 x 10-18 esu+cm (6-8)

Using aeasured values of the average pump power, beam
diameter: repetition rate and pulse width, we can estimate (}
to be 81 MHZ for the 2LDR experiment and 72 MHZz for the 3LDR
case (a slightly lower pump pulse power was used for 3LDR).
The value for the 3LDR experiment is within 18X of the value
used in the “"best"” computation; the error in its calculation
from four experimentally determined quaitities certainly
exceeds this figure. Furthermore, since the minimue of SS :s

S0 shallow, the difference in SS for g = 65 and g = 72 is
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rerely a2 few percent. The error in digitization of the

observed spectrum is certainly of comparable size. Hence, it
can be confidentiy concluded that the two estimates of B are

not significantly different in this case.

The Rabi frequency calculated for the 2LDR experiment is
decidediy low. perhaps as a result of the method used to
choose which <alculated spectrum represents the best fit or
shot to shot variations in the pump laser intensity. AS was
saentioned above. PP broadening was not extensively studied for
the 2-level system. It does not, however, mitigate the
conclusion that the theoretical estimate of u is accurate

to within 23X,

The values of IB required ta fit the spectra exceed the
apparent IB in the absorption spectra taken with this
apparatus, which in turn is larger than thait of other
experiments [(6-7]). It must be ascribed to electronics and
technique unique to this experiment. For instance, scattered
Pump laser light may cause temperature fluctuations or optical
pumping in the diode laser. Crossed laser beams would
alleviate this problem, but the added effort in analyzing a
two dimensional Doppler profile would be considergble. It may
be noted that copropagating beams would produce somewhat

narrower features [6-3]1 than counterpropagating beams.

The apparent need for different values of IB is also
somewhat puzzling., although aany possible zxplanations exist.

Since the two experiments were performed in different regions
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0f the dicde laser mode. one would expect aifferent tuning

rates per unit current dv sdl and per degree dv /dK. The
probe frequency jitter would not be equal at different
frequencies in the same mode if hum and temperature jitter
remain constant. Furthermore, there is no guarantee that on a
particular day the diode laser was completely occluded from
the pump beam, since the alignment of the pump beam was
constantly tweaked. Small amounts of pump light leaking into
the diode laser assembly would contribute to an apparent
frequency jitter, A copropagating geometry would be less
prone to these effects. Again, since the minimum in SS for
2-level fit is so shallow, the vilue of SS for the 2-level fit
for {1 z10@ at IB = 120 (the same as for minimum SS for the
3-level fit) is only 4X larger than for IB = 76. Digitization

errors may well account for this difference.

6.4.2 Off-resonant pumping

A loock at features to the red of the main 2LDR signal
shows that the observed signals are considerably larger than
those calculated here. It is teapting to ascribe this
discrepancy to mixings via the molecular V-R Hamiltonian, but
45 is shown in Appendix H, there are no mixings sufficient to
cause the added signal intensities. By default the only other
processes capable of causing the effect are experimental
artifacys (such as v ~dependent IB) and collisions. The
repeatability and exceilent signal to noise of the experiments

tends to deny the importance of the former process.
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In Appendix £ i*% was concluded that since the satellite

structure in the 2LDR spectra was fully developed within the
first 2808 ns of the pump pulse, the structure was not caused
by collisicnal relaxation. This conclusion may have been
fasty, expecially in light of the apparent lack of mixings via
the molecular Hamiltonian. A collisional process operative on
such a short time sca:e implies & cross section of about 500
fA~2, which is at least three times larger than that for
longitudinal (and transverse) relaxation. This is certainly a
large figure., especially for a collisional process such as

H-changing collisions [6.8a].

Changing the orientation of the lab-fixed component of
the average dipole moment during a polarized pump laser pulse
would tend to increase the unsaturated DR signals if the
polarization of the probe were at right angles [6-81. Since
the polarization of the (now dead) particular diocde was not
deterained, and in general is not known for these devices, a
definitive statement cannot be made on the effects of relative
polarization in this case. Double resonance experiments
currently underway using lower temperatures and different
geometries with a new diode laser may shed some light on this

problem.
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In this chapter, the results and conclusions obtained in

Chapters 2 through 6 are summarized.

7.1 Laser induced chemistry

1) No entirely new reactions were observed; all LID
reactions reported here have been accomplished oy other
agsthods. No mode-specific or mode-selective reactions were
seen, ajthough efforts to find reactions and conditions which

might lead to mode selectivity are continuing.

2) RRKM unimplecular reaction rate theory has been used
to describe the observed data quantitatively. Since the RRKM
formalism is based on the assumption that energy within the
molecule is distributed statistically amongst all the
vibrational modes, the success of RRKM theory implies that for
the conditions of these experiments (and those of aany other
experiments), energy absorbed from the laser field is
randomized before a molecule dissociates. Thus we have an
indirect answer to Question (2) of Chapter 1 (How does the
energy distribute?), at least in part; apparently energy flouws

into all molecular modes.

More precise details, such as the role of collisions.,

intrasolecular anharsonic. Coriolis and Fermi cauplings o+
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modes., and field-induced effects are not elucicated by

chemical evidence. The ability to perform LID in 2 molecular
ceam implies that collisions are not necessary for the
absorption of an amount of energy sufficient for reaction. It
must be stressed, however, that the distribution ¢f absorbed
energy amongst vibrational modes in a MIRPA experiment has not
been directly probed experimentally in beam or in bdbulk
conditions. Although research interest in this area
continues, more direct answers tu Question (2) than the above
statement cannot be made before new spectroscopic evidence is

obtained.

3) The distribution of molecules over energy has not been
determined. To ascertain the true shape of the distribution
of molecular energies, an appropriate spectroscopic technique
is required which interrogates individual molecules undergoing
MIRPA. Projects such as that bequn by Burak and Quelly (7.1]
and currently being extended by Mark Spencer aay provide some

insignt.

4) Other important dynamical effects, such as the effect
of the laser pulse shape on cnergy deposition and the effects
of collisiocnal deactivation, have not been explored in great
detail. Some evidence of the time scale over which
deactivation can becoae significant has been obtained by LID
experiments done with buffer gases. In the LID of
trans-dichloroethylene, for example. the presence of a few

percent of the nonabsorbing “cold” cis isomer was sufficient



108
to quench the absorbing “hot" trans isomer before dissociation

could gccur. Since the TEA laser pulse has a nominai FWHM of
70 ns, the deactivetion rate must be a very fast process in
this example. Data of a more quantitative nature would be

'ifficult to obtiin by oulk chemistry experiments.

5) Despite the lack of aynamical information, we have
shown that the chemistry produced by MIRPA can be cont-olled
by various experimental parameters, such as pressure. focal
geometry and choice of buffer gas. Proper choice can produce
very selective results; for example, in the LID of CF,CHCI,
CF,CH, was produced in prefzrence to other products when
hydrogen-cuntairing buffer gs was added. By choosing &
guita2ble parent molecule, & particulariy valuable radgical can
be produced in large local concentrations. The astute
selection of parent molecule together with appropriate
experimeéntal conditions has illowed a degree of control over
the production of many transient species which cannot be had

by other means [(1.131.

6) Evidence reported in Chapters 2 and 3 and in Appendix
B shows that the vinylidene carbene F)C=C: has been produced
by LID. Evidence for the farmation of the dimethyl analogy.
(CH3),C=C:, is not as convincing. This may be a suitable
aethod of producing vinylidene carbenes for spectroscopic

‘nvestigation of their electronic structure.

7) Radicals produced by LID are born with some

vibrational energy. ehich in the cases of (CH;),C=C: and
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H2C=C: is sufficient to overcome the energy barrier to

rearrangement. The observation of "hot" fragments is {n

concert with the data of other investigators (1.12,7.2].

7.2 Gaussian beam optics

8) It is possible tc determine the average of an
intensity- dependent effect, such as the average energy
absorbed per molecule <E>, for a small volume of species at
the center of a Gaussian laser beam. This technique, Gaussian
beam deconvolution, may be valuable in determining the energy
centroid of the dgistribution discussed in (3) above. The
effectiveness of the method is limited ultimately by the
precision of the experimental measurements., as was shown in

Chapter 4.

9) Sut jecting a sample to the very wide range of fluences
incurred in a focused Gaussian beam geomeilry tends toc make the
dispersion of any observed quantity look Gaussian also, This
is demonstrated graphically in Fig. 3 of Appendix D.
Mechanistically this effect is essily understccd; the
@ffective "dispersion" of fluences experienced by molecules in
the focused beam is so0 much wider than the dispersion of the
energy atbsorption function incurred at 2ach point in the bheam
(that is, the width of the distribution of molecules over
absorbed energy at a given fluence P(E; ¢)), that the
geometric beam “"dispersion” gswamps the effect of distributions

PCES ?). This implies that observed quantities which are
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averaged over the entire beam will be more sensitive to

macroscopic beam shiape than the microscopic dynamics of the
physical process. The chemical data on the LID of

trans-d; -vinyl chioride versus focal length, depicted in Fig.
2 of Appendix A, are a striking example of this effect. 1In
this case., the total molecular behavior was seen to be
strongly dependent on beam geometry and independent of the

form of distribution P(E: ¢) used to model the data.

7.3 Double resonance experiments

From the madeling of 2LDR and 3LDR spectra in SF ,

several conclusions can be made.

19) The value of the dipole matrix element /A has been

estimated accurately.

11) It was convincingly shown in Appendix H that mixings
brvtween cluster states within the same J level caused by the
full vibration-rotation maolecular Hamiltonian do not play a

significant role in the observed 2LDR and 3LDR spectra.

12) Lineshape equations derived froa two and three level
Bloch squations describe individual features very accurately.
An excellent fit for all features is precluded by the

exclusion of collisional effects.

13) To & first zpproximation., however, the ocbserved
spectra can be modeled as a set of independent 2-level and

3-level 3ystems. The dynamics of collisional coupling between
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states in the same J manifold is currently under consideration

by Harold Galbraith at Los Alamos. Collisions may cause
population to be transferred to or from K states within the J
manifold being directly pumped. and would be observed as a
corresponding increase or decrease in the double resonance
signals detected for these K states. This effect may be
difficult to separate from the effects of AC Stark shifting.,
instrumental broadening and observation times long compared to

the rate of collisional relexation.

14) As a test of the hypothesis that collisions are
plaging a role in the observed spectra, the double rescnance
experiments should be repeated in SFg at low temperatures. At
148 K, the lowest temperature practical with SFg, collisional
relaxation rates wouid be decreased by a factor of ~ 12 from
their rooa temperature values, Since a greater fraction of
the aolecules are in the ground vibraticnal state at 140 K., 1
decrease in number density might be affordable with no loss of
gignal, further decreasing the collision rate. Alsc, other
apparent anomilies, such as the instrumental broadening. could

be investigated.

13) The use of a tunable diode laser as a probe source
has been an invaluakble tool. enabling us to record
spectroscopic details not observable by using fixed frequency
prodbe radiation. Improvements in diode laser stability and
effective linewidth must be made so that the observed

instrumental broadening ceases to be the limiting factor in
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the resolution of the double resgnance spectra, Some

suggestions to this end were put forth in Chapter S,
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Abstart: The infrared lascr induced mu'icphotan reactroms of mono-. di-, and trchloro-substituted ethylenes have been in-
vesugated (o ali cases. the gominanl muic of reacnion s ehiminason of HC Frec rotation around Lthe double bond precedey
chenigateon Lsding to onervabig amrznizzner a1 2-dchloraethylene and 3-8 -vinsl chiozide The experimenial resalts ¢can
b represented 1n Lerms of 3 4 1aciic moded w LA races calzulated From RR KM theors. which prascppuses unhindered redinznbue
twm of wibrabonal crergy @l ke mnlccule prior o reactwon Comparisan of HCI/DCL eliminanan ranus berween
CHD=CHC) ard CH.=CDCI vhows thit 1he preferred mode of chmination is a ta 1he chloroe atom. The pretsure depen-
deacx of thu produc: ranio i aod the me toe different CQs laser hiney. however, thos ability to infleenne the ouicome of the re-
sctiom by changing 1he Ja-cr hine 13 & comequence of dil ferences in energy deponituon between one Line and anuther. and not of
niry mode.siective process The preference for aceliminabiaa suggests that the reacuon may proceed by formation of »inyhi-

denecarbene. (ollow ¢d by rearrangemcent 1o form scetylene.

Stmcx the first published report of 1he dissociation of SF,
by infrared muluphoton absorpuion,' chemical reactions in-
deced by high-intensily infrared radiation have caprured the
wnaginaton of a large number of both chemusts and physicsts.
A principal reason for thus interest is the appurently subsiantal
difTerence betwesn the conditions under which such reactions
cocar and thase of normal thermal-equrlibnium condinons. in
the latter, molecnlar internal (vibrzuonal) and extcrnal
(tramslation/roritional) degrees of freedom are in mutual
sguilibrium, or very close to it while in reactions resutung from
mmltiple inflrared photon absacption, the energy required to
activate the reactive chanac! s, at least initvally, deposited
exclusively in the vibrational modes. There has even been
specutation that encrgy could be prefercnually localized 1n one
or a few vibrationz]l modes. 1herchby leading to chemical
vumaformatiom which are quahtatively different from these
obwerved under conventronal conditions. In the eaperiments
reporied in Lthis paper, we have studied a series of maono-, di-,
and wrichloro-sutaiituted cthylencs in order 1o shed some hight
on the extent W » hich nonequilibnum cffects may be reflected
i gvenall chemical behavior,

Al extensive literatyre has developed on these reactions in
the past 2 yzars, which is summarized in several reviews.? Most
of the reactions studied involve homolytic bond cleavage. as
i SFy. SiFo NH;, BCl;, CFCly. CFYCly, and similar system.
Mare recently, interest has turned incrcasingly o Lthe 1ypes of
reactions familiar from conventional thermal chemistry. but
cxrried cut wnder noacquilibrium excitation conditions. Typecal
aamples include climination of hydrogen halides:}-3

CF, " ")F + abs =~ CHy=~CH; + HF (12}

(CH )0 HOCMBr + by — (CH))yC=CH, + HBr
(1b)
€ pCH Y + mhs — HCsCH + HCI (2)
e Aoy R 1 (em Y
S F»F,
rur.‘.“'_. r(r, h
condensation to form atomatic rings” (eq 4),
a

TL, + ake aoaulu. {
Qa Q '

and cychic eser pyrolysis? (g 5).
CH;COOCH CH; + abs = CH;COOH + CH~CH,
(5

More complex dissociation/isomernzatian pathways have
also beenideatified as kaving an origin in specific vibrational
exciation.® such as eq 6. Reactions 1a ard 5.0 particular. have

AN Ak — N\ CGHL N and S (6

been shown Lo be nonthermal in origin'® by the addition cf a
“chemical thermometer™ 1a the system. w» hich did not absorb
infrarcd energy dircctly, but which underwent a resction when
the encrgy abooebed by a secoad component of the systom was
thermalized ** However, no evidence has been brought for-
ward 1a date which implics the existence of “mode-speeific”
reactiors, i€, a chemical 1ransformation resulttaz from lo-
alizztion of the vibraiional energy in somie part of the molocule
which can be specilied by the excitation precedure.’!

W have carmied out a study of reacuons ieduced b multiphe
mfrared photoa absorption in a series of cHorine-substituted
clhylency, in order 1o gain information of use in elucidating the
dynamics and detathed mechani<ms o this process. The speaific
systemns which have been studied can be represented by the
generzl lormala below.

X Y
e
W a

XeH YeH 1
H D i
D H o
H a n
a H m
a a v

The attractive featuie of this series of molecules is that. while
the peimary laser-induced process is a simple HCl elimination,*
there are also competitive channels present (such as isomer-
ization or C—C1 bood clcavage) which provide quantitative tests
of mode!s for the dynamics of the process, The formaticn of
suable molecular (ragments, rather than reactive radicals or
atoma, atsn simplilves the overall kinelics by avoiding secondary
resctions. The reactions of the different members of the series
prowide information on the mechanism and stereochemistry
invalved., and a sufficient buckground on conventional thermal
reactions of these specics exists so that a meaningiul compar-
mon may be made between faser- and thermally induced pro-
otmes. Furthermore, the vibrational speciroscopy of the parent
molecules s well characterized. so that quantitative estimates
may be made of encrgy deposition. densilics of states. and other
parameiers required tn a detailed theoretical treaiment,

Experimental Sectinn

brradiaden System. The infrarcd source was 3 Tochinty 215G CO»
Jaser furmething 0.1 -1.0 ) pelss on hines of the P R branches of

m%illd from the Journal of Lhe American Chemical Saciety, 101, 130 1(97%1 )
Copoyright © 1579 by the Anerican Chemical Society and repnnted by permusasion uf the copvright .aner
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the 96 and 10 &um tands Each puisc ovnnied of 2 80 S0-m aprke
@marming over 0% of the crcegy (aliowd By 1 much kower interaty
il Tramsete mode opcration was comiraoned 10 TEML by anon-
tracanity duphragm The beam »as locu~cd 1n e roacinon minture
byaall = 29em AR coared Ueiera =iy Ine o For some capen-
ments, a collimanieg telestom was u-ed, consistiag of 2 par of AR-
conted Ge lensoy, piving e1fectve aperturs Setsesn t 20 and 1070
Re.ctiom wmere carried oul in clesn Purer cetis with Nadl end wens
dows Care was taken 1o focus the beam far irom cither celi walhy or
windows, 10 order 10 avand the prod ¢ ol Molcf o Erd0us FEACHIONSY
taking place at hacally Beated surisng siiey

Asadydoal Procedures Mont sstimoe o of e cuiont of meacion were
made by messurement of Band iRicas Loy ol CRaradiar st parent of
product molecu'e infrared abarptioneun o Poriim-brmer $87 apec-
trophotometcr. Thewe measurements were cheched 2pamsl gas-
chromatographi: analv~es un 3 Carbomat co'emn for the very b
presurs mampio The HCand DCbonds were o usad for quant-
wiive analyua, snce 1he inzrsbies of theve festures 2re prosurede-
peadent and are not incarhs progortionul (g comceatriinn ander our
apernimental conditrons Meusurcmert of C-Hy CHHD rathn was
camed out on 2 Hitachi RMU-6L GC.MS an the Mawachuselns
leatitute of Technology Maa Spevtremetry Faqilis

Seartag Matevials \invIchioride w2y udtanal from a Mathaon
cyhader, staied purity 39 9™, and transferred to the reaction vessel
bry 8 uingh et be- pump-thaw cwoie

o Vieyl chloride (121 w2y yvniheurad by the method of Francs
and Lench 't 11 2-Tichiorocthane was treated with CatOH L) inan
oQecout swspciyion 18 sickd vinvhdene chiorde (1) Deuterum
bromide was added ta 1hus matertal at =77 *C inthe presence of ul-
truvioler {ight {rom phoiarescior Hg lampm 10 produce |-bromo-
2.2dichlorocthane-2-d. the compunion of the fatcr product was
verified by s NMR spovirum. Acciiwn of the deutcrated hakocthane
10 a suspention of Finc dust i boning ctbanol resulted ia the evaluton
aof a-d+vinyl chbonde (13). Deuteration a1 the a puoslion was greater
thas 9&%. tasod on companon of the infrured spectrum of the product
witk pablished spectra of deuterat=d vinyl chlondes '

wems-d,- Viayl chboride 1101 wat orcpured by 2 method similar 1o
that of Neumcyanor et al.'™'* A iaratcd solution of aceivicne in 16%
agquooms HC reacied wah HyCl: to foein rrans - 2-chihoronins Imerounc
chlonde [venficd by N MR). Treaument of this specics with DBrn
dicxance (or DBr alonc) produced 2 gavoou: product mhich, afier
treatment with AgND) to remave acetylene, was greater than 6%
CHOD=CHCI. Inlrared speairmncopy showed that the (trams-d, }f
{an-4,) ratio was approuinuiely 9 1: tha ratio degraded on siorage
ower aa extended penod of time, or oo aitempts al further purifica-
on.

VierBdene chiocide (111 » a3 cither syatheured 23 described above
or purchasod from Aldrich Chemical Co (staled punty, 99%)

rams- Dichlaroctin beoe ([T was uvbuincd (rom Culembia Qrgama.
Mo indicatson of the prasence of c1s somer was foend e the infrared
spacirem.

Trichlersethy bene (1Y) wai Mallinckrodt AR grade.

Results

A. Vimyl Coride (1) The infrared laser induced chemistry
of vinyl chloride was reported in our preliminary communi-
cation.? The only products observed are HCI and acetylenc.
indicaling a concerted climination mechamism. The nct con-
version per lascr pulse (CPF) increaser somewhat over the
pressure range 0.5- 20 Torr: 1his is a consequence of increased
ab:yeprion of infrared energy per molecule in the higher
pressure gas. Further details, including optoacousuc mea-
surements of encrgy depusition, are given elsewhere. !’

When the infrared beam is focusad to a sulMciently small
dizmeter (V). of Ge lens € 3 emY to cause breakdawn 10 occur
in the vinyl chloride sample. additional products arc seen,
These arc principally diacetylene {butadiync).'* carbon soat.
znd a noncondcnsable pas presumed 1o be H;. The formation
of such products under fucused conditions has been noted by
Yogev ard co-workers® and most prubably involves reactions'”
of cthynyl radicals with 1be acctylene formed in the ehimination
siep. i

Cafl 4+ CH; = Cill; + H- (Ta)

CiH-+ CiH; — C,H; + H- {7b)

gL,
Thermal pyrolysis of vinyl chloride leads to a quite dilTerent
st of products fram thatl abserved fullowing infrared laser
phatolvsis. In a Now sysiem a1 300-600 *C, dimerization to
chloropreng is obscrved™

2CH =CHCl — CH=C{CHCH=CH, + HC1 (8)

while under staix conditicns at similar temperature a minture
of products is obtained=' which includes. tn addition 10 HCL.
mcthane and cihylene in amounts comparable 1o acetylenc,
aswell as a polymer with C/H > | Cleariy, these results in-
dicare the predominance of (rec-radical reactions. presumably
inttiated by C-Cl bund scission. w hich appear to be absentin
the infrered laser induced process Dircct dehydrohalogenation
15 obnerved ™ bohind shock waves at 1 306G- 2000 K. These ev-
perniments™® pravide 2 valug af the activation crergy for the
chmination reactien, £ o = (693 2 2.9} keal/mol.

B._ Viaylidewe Chloride ill) and Trichioroethyvlene ilV) V-
nylidene chloride and trichlorocthylene atue undergo elimi-
nation of HC| when subjected Lo intense infearsd radiation at
~10 Tarr, to form chlonnated acetylenes:

CHy==CCl; + nhr — HC=CCI + HCI 9
CHCI=CCly + rhs — CICaCCl + HCl (10}

Some HCe=CCl is also found in the latier svstem. Conven-
uonal preparatons ol these chlonnaled acelylenes are re-
ported* to have low yickis. and the resulting products iend 10
be unswable. By contrast. the mivture containing C-Cl: farmed
in reaction 10 appears 10 be stable over an exvtended period: the
C;Cl; did finally expbode after repeated transier. presumabiy
becanse of ieakage of O: into the ¢l

The C:HC! observed in the tnfrared photalysis of 1V may
have been (ormed by a.a<limirauon or a.Jd-elimination of
Cl;:

‘ CHCl=C:
or
CHOP=CCh 4+ mhr = L —ec 1€
CiCwCH

Qur experiments cannot distinguish betwcen these two chan-
nels for this molecule. The lack of C:H: among the infrared
photolyss products of 1l indicaies that an-elimination has nol
occurred for that system. Furthermore. the abaence of thermal
addition products, sich as CHCCHACLL in the reaction minture
indicates that Clx eiimination is ot a magor athway.

Sudbo et al. 2% report that 1V fragments 10 C-HCl.and CI
atoms in a beam of the parent molecules intersected by CO.
laser pulses focused with a 25<m focal Iength Jens. Laing
simiiar opticy and moderate prasuecs. we hiad ao evidence for
Cl atom production, such a1 the dimer C _H.Cl; ur other re-
combination products. Usiag 2 5-cm fucal ivngeh fens and low
sample pressures { 0.1 Torr). Gandini et a1.7* find producis
resulting from C-Cl cleavage in the infrared photolyais of
C:H,CI/CaH:DCl mixtures. Again, cur ¢xvperiments do not
show products other thun thase ol malecular eliminanion
Presumably, at high Nuences and low pressures used by Gan-
dini or Sudbo. the mibrational energy conient of the molecule
15 driven 1o much higher levels than in our expenments. w here
the rate of C-Ci boad scission (£, ~ bund enthalpy ~ 0
kcal/mol™®) may bocome faster than the lower encrgy mio-
tecular climination ratc (£, = &9 keat nmiy =70

We note that the therma!' prralssis o IV berween 388 and
445 *C results in condensation W hevachtorobenzene. ™ a re-
sction reminiscent of the luser-induced process n tetrachlo-
rocthyfene - BCHL mixtores
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C. rams-Dichloroetbylene (AL When & Torr of s irra-
duted with the P(30) [10 6 am| line of the CO- laser, the
princinal reaction graduct s as-dichioroethviene. Yery hittle
diminauon product tHC=CClar HCIY s obnerved. This re-
sult 5 tn agreemsat with Lhat found by Ambartzumyan ¢
al. ™% Nagaiand Katayama ™ ard atso Karny and Zare,'?
wha report hat trans — €18 1somenzation s the principal
laser-induced reaction pathway 1o 1his sastem This process
s abo the principa! therma! reaction in the system, with an
activation erergy of $5 keal mal “7 2 smatl amount of con-
densatvon o .2 4-trichlorobonrene 1s 2lso reported ! which
o not found i the laser-arrzdaated samples

In interpreting this result, it s important 1o remember 1hat
masyremenl of product formstion are rade following a large
aumber {200-2000) of infrared pulses. Inmalls, both 1som-
erization and dizsoc:atien may take place (e following sec-
on}, but as the irradianen provecds, an arpreciable concen-
tratwon of cis-dichlorocthylene accumulates in the cell This
species does Aot absorb CO, laser radiation, thus the vibra-
bonally excited trans spevies s progressivels diluted by cold
o molecules. Under the condinions of the expenment. this
leads 1o rapsd deactivation of the trans motecules, so that the
higher 2nergy HCl ehmination channel (£, = 70 kal/
mot)*™ s quenched while 1he lower energy somenzation
chaanel (£, = 55 kcal/ mol™) 15 sul' able o proceed. This
poirt i3 discussed in more detail in the fullow ng section.

D. o4 and frams-dy-Vinyt Chtoride (la, IEL dn order o
imvestigate the laser-induced elimination reachion in more
detail, a-dy- and trans-d,-viny | chierids were synthesized as
doscnibed above and subjected 10 infrared photolyzing condi-
tioma. The resulting reactions were, for the a-d, speties,

CH, + DO fiv- T3
CH,=CDCY + nhe
C,HD + HO t12b)
while the vans-d, imtially somenzed (eq 13}

D H H H
>C—C< + Ak 3= >C—C< tLh
H a D a
and subsequently climinated to form acctylene (oq 14).
CH, + DO )
CHD==CHQ? + ks
CHD + HQ 1140}

The product mixtures frum all reactions were carclully ex-
amined for evidence of deuterium rmigration. but nonc was
found: thai is. no cis or trans g-d, species was formed when
starting with the a-d,. and no a-d) was formed when starung
with trans-d,

A dilytion experimeni was also &arricd out on a 1:1 minture
of a-d - and hj-vinvi chloride. The Yaiter component was cx-
cited by infrared radiation from the ¢ 6-um band of the CO:
taser. which it not adserbed by and hay no effect on, 1he singly
deuterated species. The divsonianion vield was conviderably
v luced from that expected from pure vinyf chloride at 1he
same pressure. This is auribuied w rapd vibrational deact-
vation bry the uncraied trans-d,; speoies prosent in the mivlere:
similar bchavior was scon in the trams -dichlovocthyiene system,
which isomerizes to the nonabsorbine ¢is forni. In a mixture
in which both apeciey arc caciled by a given infrarcd laser
frequency, such as the rrans- and ofc-d ) -vinvl chlonde dis-
cussed below, there was au appreciable diminution of the re-
action vicld.

Braochiag Ratio fur H(1/NC) Flimimation. Onc quesiwon
we wrhed 1o cyphore was whether there was any preforence lor
climination fran o purticvular posabion m the parean molecule.
1. the branching ratwn for reactmns P2 apd 13 This wasin-

a-P{30)
a=F(32]
o-P30)

W

ac
CHD s CHC4

» 100
-
[«]

H
= 80
al>
: E -~
b o
-4
240 chzecoct
sob W’—r—)—*
1 1 L 1 1 1
) . . 12 T z0
Puitiayg - Tors

Fogwry 1. EMMecrive branching s for HC1; DCT elirirateon in infrared
Liser pumped o iyl chlonde The CO laswer PLI0). PLI21 2nd Pr 1Y)
{10.6 am} s were ey od. as idicaied iathe Nigure. The precaun
of cach determanalsom o 2 MR 2 showa,

vestigated by measunng [C:HD]/{C:H;] rauos in the prod-
ucts of these reactions, using GCy MS. 1n order 1o make wure
that the mcusured totope ranos indeed reflected the ininal
branching ranwos. and were not affected by subsequent H-atom
exchange. a miztare of C:D. (Merck Shirpe and Dohme;
stated dewtcrium punty >99%%) and HCI was analyred over
a }day penod. This experiment demonstrated two points (1)
The absence of d—vinyl chioride in Lhe infrared spevtrum of
the mitture showed that back-reacton between acetvienc and
HQC1 was negligible under our conditions. {2) The infrared
spectrum of the acctylene™ showed that CiHD made up less
than Y9 of the total, verifying that H/ D exchange ziso did not
occur.

The results of the cxperiment are shown in Figure 1. As =il
be discussed shortly. cis-trans isomeeization precedes HC)
chirmination in CHD==CHCI. Thus. the preponderance of HCI
(v3. DCI) climination in that system could be consistent nith
either cis, trans, or gesr elimination. But the opposite result
in CH y=CDCl, coupled with the fack of H migration across
the double bond. can be explained only by strongly favored gent
or aa-chmination.

The HCL/DCI climination branching ratio atso displavs an
interesting dependence on reactant pressure and laser line.
shown in Figure |. For irradiation by the P32} line. this raw
is nearly constant with pressure (~802% HCl elimination Imom
CHD=CHCI, ~X0% from CH -=CDC1). With the P(38) hine,
however. the HCI climination ratio from CHD=CHCl drops
from ~80°6 to ~85% uver the pressurc range |- 1 5 Tusr. Scev-
cral possible explanations for this behavior may be conid-
ered.

(1) The climination of HC1 or DCI from a particular ste
may be apecific W the mode crcited iy the faser, with the inode
specificity relaxed by collisions. This s conudored particulariy
wnlikely for several reasons. First, the two Laser fimes [P132)}
and P{38) excite different roustional ~tates ol the tanre mode
of vibeation in the CHD=C HC) molccule Furthermore, all
wther behavior of this and muany other systems s best entee-
proted i terms of rapid redistribulion ol siboatsnal encroy
within the molecule, rathzr than by modeapeafic exats-
thn,

12) Some bimolecular provess, such as Fl-atom abseractn oo,
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®ay 1end to make difTerent sites equivalent Since no radical
chain products are found 1n any uof the reacthion muztures.
bowever. this is also conudered urlikely Furthermore, such
a mechansm would ot be sensitivz to which laser liae was used
o e te the system.

(3) The mast probeble enplanavon v in terms of compeung
warnotecular ehmiration pethwavs for o.a- and a d-cims-
catior, with very simitar threshold enere.cs far Lhe two msdes
of drsociation, as tn the case of HX clrminanion from haleal
kames ! Energy deposition studicy show that more crerzy 1§
coupled into the virsi chionide fus 2t Migher prewures. icading
10 higher average vidratoral excitations ' The encrgs dipo-
RUOE o strongly dependent oo whics wser nac used Thes el
be discussed i greater detail inthe fuilowing section

Ceomnpetition beincen Reaction Parhiwasy. lsomerization vs.
Fhaimation. As noted zbove, :ntrared irradiation of rrans.
dy-vimyl chlorde aiways produced subsrznnial quantives of the
<y womer along with dissociation products In crder to gan
mdfarmzhon about the compciion between 1he 1somenzanon
pathway {reaction 13} and the chim:nauoa (reiclion 14). 2
sere of cxperiments was carrred out al varying energy fluencos
throwgh the sample. This was done by condenuing the CO:
laser beam with the two-Gie-lens telescope, which had an f/
number variabic between /720 and £7/70. A simple ireatment
of ibe geometrical optics of the lens system?? gives, asa first
approximaltion io the peak intensity at the focal point of the
beam,

Pr
-l
{pma 7 (s

where P o the peak power of 1he laser pulse (6.7 X 108 W)and
A the wavelength (10.3 um). Thus the intensiy at the focal
pount varied between 3.3 X 107 W/ cm? (at f/70) and 4 X 1019
W/iem? {at f/20).

The results are shown in Figure 2. At large f/numbers (weak
focusing). no HC! or acctylene is produced, and the {cis-d, |/
{uams-d, | ratio remaens 2t its inttial vaiue. As the focusing is
increased, isomenzation s seen (o Lake place while retatively
firtle dissociation occyry. At the lowest f/number optcs used,
the Bomerigation appears 1o level ofT at a |cis]/ (tram) ratio
of aboyl 1.2, while extcnsive dnsociation octurs. The egui-
libriwm ratio of tnc 1wo 1somers, calculated as the ratio of vi-
brational panition functions. was compuled 10 be 0.92 a1 300
K and 0.95 for temperatures exceeding 600 K. The somew hat
larger experimental value may reflect preferental abscrption
of the infrarcd radiation by 1he trans somer retative to the cis,
leading o a greater degree of dissociation.

The basis of this behavior is the lower activation cnergy lor
Bomertzation relasive to HCI climination .’ This Jcuds to the
postibility of the former reaction Laking place al lower vibra-
tiomal cnergy content in the viayl chicnde molecule than is
required for dissoctation.

Comparison with RRAM Theory. A, Kinetic Model Mou
detailed treaiments of multiphoton induced reactions?** have
relied on the solution of a master oqualion incOrporaling cx-
it «on, relasation. and reaction terms. From these studics we
atwerve several dynamic features of the populaton distnbution
over encrgy. f1E): (a) The average encrgy (&) of 1he distri-
butian increases only during the laser pulsc. (b) A maximum
{E) i reachad duning the puke where up-pumping is lkalinced
by popalation loss via resction of hot molecules. (€) Yery hitle
reaction occurs alter the pulse because molecules enreacted
by the end of the pulsc arc collisionally deacuvaied. (d) The
shape of the population distribulron is ncarly entical with a
Poiseon for (&) bekow the cribea! energy vl reaction. To avodd
the lengihy computation and 1he numenical approximations
med 1o obtain the individual raie cocllicients coupling the
vanom cnergy levels. e huve used thow obaervations as the
bt of J stmiphified binctic model.
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Figere L Compenition bevween in{mared laser induced somernization and
HC L DCl elsmiaation in trgnaad v chlande Ard experrments at an
el pressure of ) 2 Torr 1300 pulwes 3t 108 um with 3 3 J incident
encegy. The £/ number s oqusl Lo the focal length of ihe lens comiination
divided by the dumcter of ihe Gaussian beam.

Our modet v based on several assertions. (a) The population
dutributions ate characicrized by the average vibrational ex-
alation {£) and can be expressed 2nalytically for {( £) above
a [ew kikoxcalorics per mole. The form of the distribution mas
be a5 narrow as a Potsson,

flm)=

with £ = nAw and (£} = {(a)hw. Although the master equa-
uon ireaiments predict a Poisson. this may be z2n artifact of
using 3 barmonic encrgy gnd. thus producing the same dis-
tribution as for coherently pumped harmanic ascitlators.?? The
broadest disiribution possible is the maximal entropy or
Boltzmann-like distribution’®

- N{E)e ¥

Q

where AM(E) is the Whitten-Rabinavitch expression for the
density of states ’*

e () ({m})*
a’

(16}

NE) (7

Q= §." MEre-eaE (18)
and 7 is a temperature-like parametcr determined from
J:' EN(E}e~EdE
(E)= ) 19

{b) When reaction occurs. the form of the disinbution is not
greatly affected. For the 3.2 Torr a-d)-vinyl chlonide system
used in this modcel, very little reaction occurs for cach pulse
Only the highest encrgy molecules. comprising a smalf fraction
of the towl distribution. react.

{c] ln the (- interval borwcen laser shots, the products from
the reaction ronc mix, by daffusion. nto the rest of the un-
reacted cell volume.

(d) Using assertions {a)-(«). the nct reaction can be ap-
proximated by a continuuus provess analogous to placing all
the bricl intcrvals of reaction buck 1 back. The total rme of
reaction s then the total number of laser puiscs tinges the re-
action time per pulse. This time was chasen as 1077+, pulse,
tu include the Full laser pubsw and (o allow fur 1w or three
collisions {at 3.2 Tore) during cach pulse.

tc) Since the (£) of the population distribution s bl
{obrnervation (b)) duning this inlenal, a constant reactnon raty
for g particular reaction f can be calcalated using RRRA
unimwdevular reactwon rates® aneraged over the proaper pops
uialion distribution:



124
354 Journal of the American Chemicel Socirty | 101:2 [ Jamuary 17, 1979

Toble L Vibrational Frequencies of Deuterated ¥inyt Chilenides and Transdion-State Configurations {(cm™')

Irany -8y -rinv] chlorude car-d) -vinyl chlande

mam d<hm a~chm: Bom D-¢lim a-tlim

e mokecube 13 ta 1.3 molecule ts Ls ta
(a) 1 114 3000 3000 1200 390 3000 2200 2200
1 366 3000 2300 3300 Jok7 300 3000 3000
3 Pyl 2200 2200 2030 nie 1200 2500 2200
4 1604 1 300 1 800 1800 1580 1 300 1800 1800
5 302 ! 300 1308 1300 1315 1300 1315 1300
L 1237 1237 240 1130 1328 1328 120 1250
7 908 700 150 re. 903 00 150 rc
1 678 650 re 490 i {1] 530 rec 490
L] k2 ] 150 30 30 368 150 0 180
{eM) 10 47 re? 1500 i 500 m re 1500 1500
1t 198 100 300 150 7190 120 800 150
12 i 51% 515 515 54) 54) 440 340

 Mamber of aarmal modes an acrordance wilh standard 2ssgnment. soe refl 292 and 18, * r.c. = rescton coordinale.

k! = J:: k’lllH(EmE)dE

Ti cnergy-dependent rates k, ** XM (F) incorporating the
We.iten- Rabinavitch density of siates function, are given

by
tnxu(f) - f-i

(20)

_‘_’_'_ (E _ E° + alE'T)l-l
R (E +aE,)y!

L al
ﬁ." 1o déﬂn
% ‘.' ] dW({E") @
T owt | —ag37(E)
'gm 1-8 T
with
aw=l-8WE)
e
d s (w)?

W(E') = cxp[~-24191(£Y° B

and £’ » EfE. The w's ar the acrmal-mode vibrational
frequencics, and £, is the zero-poent vibrational encrgy. (or
the perent molecule or the rranution stile (denoted by 1),
Therc are s = 12 normal modes for the vinyl chloride molecule,
and Lhe rotational symmetry numbers o, = ¢,' = . The vi-
brationat frequencies for the parent cis- and trans-d,-vinyl
chloride were taken from published analyses of the infrared
spectrum, !’ and those for the Lransition slates estimaled by
standard methods *! These frequencics are listed in Table |,

Using these usscrtions, we can approximate the reaction
kinetics of the a-d-vinyl chlonde system as a sci of parallel
Mrst-oeder reactions:

(trans-d)) 2+ (cis-4)) )
(trans-d3) - C3H, + DC (220)
{mu—d.)-fi'-C;HD + HCI (22¢)

d .
' (cis-dy) = (1rans-4,) (230)
(cis-d)) —th:[l'h + DCI {23b)
{cisd}) —+ C;HD + HC) (2%)

where the k; arc determined only by (£) and the ghoice of

distribution in eq 20. In thiy system, &, and kare the rates for
cis ~= rans somerizauon. The trars-elimination rate from the
tram isomer 8 ka; this s sct equal to 2ero, since it is equivalent
1o isomenzation lollawed by c1s elimination. Both dicis) and
a{gem) ehimination can contribute 1o &y Similarly, &y is the
rate for 8(cis) elimination from the cis isomer, and &, is the
rate for (grm) climination. Equations 22 and 23 lead, in turn,
to 3 set of coupled equations for the concenirations of cis- and
trans-d, -vinyl chloride:

%[lﬂﬂ!‘dd - "("| + .I + k;lf[lrxns—d.}

+ kflas4,] (24a)

£ lead) = kfltransdy)

= (ke + kg + k)fcis-dy] (24b)

The factor f is the fraction of molccules in the cell which are
pumped o high vibrational excitation by the focused laser
beam. We estimate f 1o be ~5 X 10~% which s the approni-
mate volume encompassing the reacung molecules® divided
by the total cell volume (214 cm?). Variations of / by £50%
afTected the calculzted results by only |- 2%,

We find the cigenrvalucs of eq 24, from the usual determu-

nantal procedure, a3
r a1 4 q) £ 10 ~ PP+ SKeIV (29)
with
. gubk +ih;+ k) {26a)
and
LI RIRTA (26b)
The concenurations afler an irradiation time 7 are given by

ez -olidersol e o
Tneq23 |
ot kS (28)

kef pftrx
The witsl resction time was 1.5 X 10~* s, 35 mentioned
above
The cociTicients ¢, and cp are found from the inttial condi-
tions, [trans~dy | a0 = ¢y + c2 = Q.78 for the sumple we used,
and

[co-d\ lmo = eyt + 9~ = 0.22 (29)
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Figwre 3 (3} Cakculated RRKM r3tes for (i} ra-tram isomenrarwn. (i)
Hon)-chiminatean. and (i) pchimupaton, wsang 1he froyuenc:os Tnicd 10
Tubde 1] for tmovs -y - vinyl chhorade Activation cnerge were o host 7ol
for momcrimion. 69 haal/mal for dehminanon. and 73 keal mal fur
& damination. (B) A-crageot of thaw rata over Ponson (o 3 1} amd man-
mal-cntropy (eq 1) energy diainbutions, as 3 lunctiua of mein energy
(E) = fEMEVIE.
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The rates of formation of the 1wo isaropic varictics of acxet-
ylene are

:—J[CzHﬂ = fkiftrans-d,] + fks|cis-d,] (30a)

%[C2HD| = fk[trans-d,} + [ Jcis-dy]  (JOb)

{raerting 1he precursor concenteation (27) in g 30 leads 10 1he
solutioms

[CiH:) = wie™™ ~ 1)+ x(er ' = 1) (3a)
and
L IC-HD] @ vfer™ = 1)+ e = 1) (R11.}]
with
I-Lg[‘jf‘\",” 1120
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Figere 4 Dusocation (righi-hand scalel and iomerizavon (lefhand
scale) yickds as 2 funciaon ol f 'number und mean cacrgy The solid Cun o
are aaperimontal data. taken from Figure 2 The dasbod cunes are the
resnity of the cuboylatesm CoaTibed n thie swoctive Omen ssmbala (£ 1y
= () solid symbob, (2),,,a® (£, + 1Ll ool 12y Calculnien
with Pormon datribution, cq J1. The saiues of £ 2rc 61, 70, 4nd o¥
boal/mal Tor imsecrization, oy climanstion, and gem: chm:nahian, re-
specuwely. (b) Caleubatron with Boligmacn-Likc mavmaei-entropy doster
bution, & 12. The corresponding values of Eyarc 61, 6% and 7Y keal
mal.

x-?_f(kzﬂn‘} (12m)

yo L+ k0 (32
and

t-?_[(k,-rkn') [RRNTS

B. Competition between Isomerization and Dissociation.
Figurc 3 shows a sct of calculated RRKM rates for the iso-
merization. a.o-elimination and o J-climination channets,
along with averaged rutey using both Poosan and manimi
entropy distribution functions. For a4 ¢iven mean ewwitatien
kevel (), the value of the averayed rate constant for tne
Pocsson distribution can b many arders of mugnitude louwer
than for (the Boltzmann-like distnbution. This is 1 conseyuencs
of the muee extended “13il " of the Laer distribuetton which
cven for low valucs o (£, extunds w cnergics where 1he
&RRAKM becomic bvrgn we rel 380 Vs noted By Granteral
approciable redctnm oovurs aith . nerrow Pessen disenbution
only st {£) closc 10 the £, ol reaction.

In Figurc 4 we sbauw 1he comparon of cebaive ssomens. -
thon fdisuncttmn vichls. caloulated rony the hipcoomedc!
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the RRKM rate theory dewnbed in the preced ng section, with
the cxpernmentziduis Forcoon lmitng toers ol t5e vibranional
energy isinbulions, ol at wovordi vaiues O NCGeNL erer gy
flua 4 (derermined from the focsi ferngih af tac beam con-
densingopticeby e 150 we S ndaulie sl akilhgae
e proper perctri dinociatin of 1he vinsl CRlande Into
acerybene and HCL Thivsvaluc was ther used o calcutate the
expected [as]/[trans] rato stk encres diuy

As an be seen from Fugure 4 cother form of the doansbanon
o apablc of reproducing the obwived viods The ¢ Teresce
othatatany given dus dotheviuc el (L whechas meguizad
s 2boxt 1mice as high Tur the nerrower Posan coindbenn A oy
16) than for the mevimul-entrers oz Boszmian-hike, o sta-
bution (eq 7). This oy gust wht w o0t be svpested from the
behawior of the enerer-avercecd RRRA rar shownin Frgure
3b. Wealsa tosiod theellect ol smuai v ana oy e the actng.
von encrgics, £y for the emerizaiina 4nd two dissociation
chanmebls, within Lhe stated expernimentel urvertanie for these
Quaniities {£1-2 keal; moi). the salues Iinted for the curves n
Figures 3 and 4 gave Lhe bost agrcement with the data. The
edect of allowing 2 smuli amount of ditferental exciialign
between a3 and trans motecutes (3 also shown in Figure 4+
reasing (E)yum = (£, from zervtoonh | hcal, mol caves
the imiting (cnn)/[1runs] ratio at high energy Mutes 19 increase
from 1.05 10 1 25, Since the abvorption coctfic ents for the
parucular laser fire empluyed are ceregandy dillerent for the
two Bomers, such a small amouri of differentat cacitaiton is
quite freasonable, and satnlacionly secounts for the observed
Lo,

The principal conclusion lrom these resuits is that a statis-
tical, non-modc-3pecific mode] provides an eaceilent descrip-
tion of the laser-induced chemistrs taking place in this system,
The internal energy distrnibutions are charactenzed anly by a
mean energy (£).and RRK M rates, which presuppose 3 {ree
fNow of encrgy throughoul the malecule, 1re employed 1t s ot
possable. hawever, to specify a vmique foem of the disirbution
function without an indeperdent measurement of the abwolute
amounl of energy deposiie d by the laser ficld

C. Stereachemintry of the Elimination Reaction. The pre-
ceding calculation 1o gives o, 3 climimation ratios which are
in agreement with the experimentai revulls shown an Figure
I. namely. 80-90% (,HD (HCi eliminaniany from
CHD=CHC! and 3G-4m C-HD fram CH.=CDC}. The
former ratro decreases. and the latter increases, as the mean
excitation (£} in the sysiem s rased. This (£) dependence
ol explain the prasure dependence found for the P(38) line:
increasing viny! chloride pressure often has the effect of n-
crrazing the meza cacitation of the malecules, since pressure
brosdening of the abuirplion lines helps Lo overcome bl
satgration effccts.!” The magnitude of this effect would. of
course, vary from one linc to anviher, thus accounting for the
dilferent behavior following cxcitation with the P(323 und the
P(38) lincs. We have. in this case, the ability to influence the
oculcome of a reaction by sclective cxaitation with unc or an-
other laser linc. This is not a result of any mode-specific ¢ wi-
tatica, however: in fact, it 18 just the oppusite. since the rosult
is predicied by a statisucal (RRK M) mudel. The effect of
changing laser lines s, instead. a4 more subtle one of varving
Lhe amount of cnergy deposited in Lhe ssstem. which in turn
depends on such fucton as saturauon, freyuency matching. and
pressure braadening. Clearky, any relationship betseen eve-
ation frequency and reaction product distribution. which is
laken 10 be evidence for 3 mode-speaific process. must be
carclully evatuiied in Lermn of cacegy deponition in the ssatemn
before such evidence can be acecpied

The peedominant monde of climonaion v these systems is
oo W0 be aar- of gem-cluninution Procedents i (e luerature
for this 1 pe of reaction are sparse: a general comnment that
“chiminutam rerctions of Kihealelins moagens enes proveed

best with the elements to be climinated are located traas™ ¥
s Buved on 3 smudl aumber of cxamptes. nune tnvalving by -
drogen hahde ¢hmination Halaaikanes dehsvdrohatosenate
w12 @ and e J channels ! but their siereochemistry need not
resvrible that of the haloolelins Leg and co-workers=? have
obsctved caeelimunaton from COxlusercsated CF,=CHCI
1n 3 malecular beam. and find no energy barrier in the et
channel for thes react on,

The laree fraciom  f a.ercliminauon found in these svatems
raises the question of whether products charactensuc of the
pnible carbene intermediate could be nolated. Alkyhdene
Cirbenes are known n soluticn.*™ 1" but valy the diilywro
specics has been obnerved 1n the 225 phase = Tt s posable.
though, that with 2 parent molecule in which the rearrunee-
ment ta the aceislene were inhibited, the gas-phase carbene
could be produved by laseraadused dehvdrohulogenanion, and
that iy products could be sulated.

Steaur and co-warkers** have sinawa that the mercurs-
photosensitize reactions of substituted cthslenes procecd with
free rotaien about the C-C bund and a-chiminaan to produce
the carbene. Rocent obaervations of intersystem crovsing in-
duced by muluple infrared phaton absorpuion,*? along with 1he
urmulanty of the mercury-photosensiized and infrared-multipic
photon pathways in this casc. suggest that, when the energy
cantent of the molecule is of the arder af 100 keai, mol. vi-
branically induced singlet-triplet miving may occur. Thes
sugeesis not only that the vibrational encegy 15 frechs reds-
tributed among all available modes. but that even the dis-
tinction betwexn electronic and vibrational energy may break
down.

Achnowledgavents. This work was supported by the Office
of Advanced 1solope Semaratron, Department of Enerey. under
Contract EY-76-S.02-2793. We uls3 thank Professars klaus
Bicmann and Geurge Whiciides for providing GC, M5
analyses.
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APPENDIN 8, "fForzarion of Vinvlidenecarbene Intercediates
in Multiple Infrared Photen Elimination

Reaccions”

C. Reiser and J.

84, 680 (1930)

. Steinfeld, J, Phvs Chen.

@ 1380 A=erican Chemical Society

IReprinted fnm the Leurnal o Phavcal Chemain, 84, 680 (1901 |
Copyright € 1370 by the Aimez can Uhemical Sucirty and reprinted by prrramaton of L cupn nght vwnes

Pormation of Yinyfidenecarbene [ntennediales in
Mudtipie [ndrared Pholon Efmination Reaclions
Ayticason Coply saswi) Oy e i 3 Orpascirwnt of Urergy

Sir. Multiple infrared photon excitation {MIRPE) of
a-chloro olefina (R.C=CHCH by intense CO, laser pulses
haa been found 1o 'ead ta elimination of HCL' ¢ Deuternum
Laheling studies’ have shown that (he reaction proceeds
mainly via & Jcenter elimnation. This resull suggests that
vinylidenecarbene {R,C=C:) may be (vrmed duning the
dehydrohalogenation.  Such species are well-known in
solution.® however, the oniy other gas-phase reaction «n
which they are f[urmed appears 1o be mercury-
phototensitued 1.1 elirinations ** Carbenes, such as CF:,
have often been observed in laser-induord muluple-photon
dissociation *

In the MIRPE of vinyl chloride (R = H, D1, _acriylene
is the sole hydrocarbon product. suggesting thst rear-
rangement of the carbene is extremely rapid. if not con-
certed with the eliminatiun. Thia behavior 1s consistent
:th expectations® that the barrier to the rearrangement

H,Ca=C: — HCmCH m

in extremely low. We have ertended our previous work’
on these systems (o substituted vinyl chlondes (R = CH,,

F) in order Lo see whether the rearrangement could be
slewed down safficiently to permit the vinylidenecarbene
to exist as a long-lived intermediate.

1-Chloro-2-methylpropene (Aldrich) and 2-chlore-1.1-
difluarethylene (PCR) were used as received except for
tranafer under reduced pressure to the reaction cell. In-
{rared spectra prior 10 MIRPE showed no mayr impunties
to be present. The compaunds were photolvzed with the
9.6-um P(16) or P(18) and 10.6-um R{18) CO; laser lines,
respe lively, either alone st pressures of 4-5 torr or in ihe
presence of wdded ga~es. The gaseous product mixtures
were collected and analyzed by GC/MS (H; P 5950 A or
Hitachi RMU-61).

The MIRPE of {CH ) .C=CHCI leads to HCl (ubserved
in the product infrared specttumi and butadiene as major
products, with smaller amounts of atlene. 2-butyme, and
diacetylene. Photulysis in the presence of CH,GH, H.O.
NH.. HS. or D3 vapor yvielded no additionsl products,
These results suggest that the (CH ) .C=~C: formed by loss
of HC1 rearranges extremely rapidly, either by methyl
migration scrots the double bond (eq 24 or by intramo-
lecuylar insertion teq Jd).

Since the acetylenic form s ~0-40 kcal/mol more
stable than the carbene.’ the resulting 2-butvne, if formed,
would tontain a large amaunt of excess vibrational enerzy.
Sume of this could be stabilized by cullinional relaxation,
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but the prrss . pal route et Do Comther rearrancement

to the stitl more steb e hutalene  Tre same prsducts
could e derved from the metRuo it pene silve the
rg CAn open Lo form the bt e dire i o the butadiene
by wav of the Zcarbene * A prac:ble test o thus pripered
meckannm woeuld e 1o cesctinate cuicsionaih these 1n-
terrnediates and quench turther rearrangement by aading
an wmert butfer gas, il must be recrembered. howener, that
iocressed collita:ns can Aso inflaence the MIRPE process
itpeli and thus the mran e1cnetienn the products, n
may be noted that aliene 14 aluwo tourd when CF.Cly 1
photolyzed 1n the presence of tCH )V .C=CH. and resuits
from secondany malupheton exaitation of CHICH iC=
CH,* Duacetylene appesss 1o be a ubiquutous side product
in resctions of this type.' =°

The tehaviur of CF.=CHC) under Lthe same conditions
s quite dferent Aside from HCL the ponopai products
are CF, (67 iand C.F H133% . No C.F, o obsenved.
Ln t'e presence of sdded H S or UCH ,OH. the products are
CF H 182%), " C.F H 127, and C.F, (6% It seemy
clenr that, in tha svstem. the F.C=C. species o long-Lived,
with essentially no rearrangernent taking place tw the
acetylene. In the presence of labiie hydroges, the dom-
inant resction path seems Lo be H abstraction to form
stable olefins. A possible mechanism to furm the C.F,
would be secondan MIRPE of the v:nvlidenscarbene 1o
torm CF, plus {ree carbon. a amatl amount of soot for-
mation in the pure CF~CHCI 13 conyistent wath this
porarbality. \When the photolssis 3 carmed out in the
preience of DS the prinopal product s C.F.HD. with a
lesser amount of C F.D, and small amounts of the pre
vwously meationed products. The presence of C.F,D,
confirms the cautence of F.C=C: the large amount of
CFHD suggests rhat 8 C-Cl homelysis channel. 1o {orm
C.F,H. 1 also important in this system ¥ The chemistry
of this system 13, 1ndeed. quite compler. mnce several
dizsociation channels following MIRPE wre availeble.

These results demonstrate that. not surprisicgly, di-
fhuorovinyldene does not underge rearrangement and can
readily be trapped by hrdrogen do rra, whervas iso-
butylidene undergoes rearrangemer:t more rapidiy than
it can be trapped. Since (CH VL =" can be trapped in
solution.® the activation barrier to rearrar rement must be
no Jeaa than 10-15 keal, ool orso. In the car- of HC=~=C:,
Schaefer and co-worken'' have predicied a Lorrier o e
arrangemen: 1 of 8.6 kcal/mol. For the rearrangement

FL=C. — FC=F L]

bowyver, 2 semiquantitative MO calculation'* gives an
activation barrier ~ 50-60 kca)/ mo! higher than that for

The Kurna! of Physcal Zhwrmory, Yol 84 50 5 1580 B

react'on | The greater vibrational compleritv of
WCHOL =", as compared sith HL = or F.Cm= wnl!
lead to 4 partit:omung af ahsorbed infrared energy 1nto
ieternal mudes of the (irst named species, thus providing
sufficent enenay to swmoeunt the barmer. - For the parent
or difluorg species. the jomer Jegree of vibrational exci-
tation (s sullivient (o permul reacton | 1o occur, but not
reaction 4. w:th it appreciabiy Fogher basrier.

Thus work tllustrares how the MIRPE process may be
of value in chemical investatwns by permatuing the
preparation of pamary Jdisswiabion produts or unstable
intermeduates at a high instantaneous concenitation in the
presence of culd diluen Speciroscopic characterizaton
of species such as vinylidenecarbenes, which have hitherto
not been directly observed, may be pussible in this way.

Acknouledgment. This aurk was supported by the
Office of Advanced [sotope Separation Technolory, U5,
Department of Energy «Contract EY.76-5-02.2793, and
the Air Force Otfice ol Scientific Research 1Grant 7557230
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Appendix C. Synthesis of CypH; DCI 130

Two i1somers of di-vinyl chloride were prepared,

trans-d, -vinyl chloride [C.1] and g -d;~vinyl chloride (C.2).

c.1 trans-d; -vinyl chloride

HgCl

C.H 2 e NH3 Hg\ H

22 WL B M1 E— c=c_ |
H C1

I I 2.
DO + PBr, —» B ! D\ A
—_——— =
2 3 DBr dioxane H/C Cl\Cl

A BN HCl solution was prepared by adding 68 ml conc. HCI
to 42 m] boiled distilled mater in a 250 ml flask. 96 g HgC1,
were added and dissolved with ease. HWelding grade acetylene
was bubbled into the solution with a sintered glass bubbler;
the excess gas was bubbled through water to prevent
backstreaming of air. After 2 hours a white sgapy precipitate

began to forn.

The precipitate was filtered off every 20 min or so to
avoid clogging the bubbler, and continued to form for several
hours. It was difficult to dry even in a vacuum desiccator.
The precipitate can be recrystallized to fluffy white needles
from benzene and showed an NMR doublet at 4&66.28, §6.34,
affirming its identity as trans-chlorovinyl mercury chloride

(1) £C.31.
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Attempis at synthesizing trans-dichlorovinyl mercury ¢(II)

trom [ feiled. A 48 m]) sample of benzene saturated with I wase
pieced in a dropping funnel. Upon addition of 40 ml ammonia a
sticky dense white precipitate formed. The precipitate was
difficult to collect and dissclved when washed with water.

The remainder dried to a hard white solid which resisted

attempts at dissoluticn.

DB was synthesized ty adding fresh D0 dropwise to fresh
boiling PBr4y. The gas was collected through a water condenser
and zn ice-cooled trap into 2 LN, cooled flask. 1Its IR
spectrum showed at least 95X isotopic purity. The DBr was
adaitied to a 238 =1 Erlenmeyer flask containing 25 m! of
dioxane; the flask was shaiken for one hour. The dicxane was
then added to 26 g of I ir 2 3-necked RB {lask sitting in a
sa°c 2il hath. @Gas ras collected by slouwiy flowing dry Ny
over the dioxane with continuous stirring. The N stream
passed through an ice cooled trap anad two LN, traps. After
one hour the contents of the two LN, traps were coilected
through a KOHs/CaCl, filled tube into a gas flask, Its IR
spectrum compared favorzbly with that published [C,.3) for
trans-dy —vinyl chloride, showing about 96X isotopic purity
#ith traces of mojzture and acetylene. The ratio of trans to

cis isomers was about 9:%.

fcetylene was cleaned from the mixture with a simple
procadgure. A solution ¥ 12 m)l water and 5 al conc. nitric

acid was saturated mith silver niirate. This salution was
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Jrozen in & small flask with a Qround glass neck. The gas

mixture was then frozen into the flask. The contents were
2l1lowed to thaw, then were shaken for 38 minutes, during which
a small amount of a white precipitate (presumably silver
acetylide) formed. The gas in the flask was then frozen into
4 second flask containing loose P90g as a drying agent.
Finally, the gas was frozen into a storage bulb. 1Its spectrum

Showed no trace of acetylene or moisture.

C.2 a -dy-viny!l chloride

Cao DBr
— P 1
CzﬂCI3 —_— CHZCCI2 CHzﬂrCDC 2
uzo uv
III (cold) iv
Zn H\ /D
wv —b ‘p -C\
EtOH H Cl

$,1-dichloroethene (vinylidene chloride, III) was
prepared from 1,1.2-trichloroethane by refluxing 32 ml in 120
Al water and 18 g Ca0 for 4 hours. The alkene was distilled
off at 1 atm (bp = 329 and redistilled using a Vigreaux
column. The yield was 17 mls or 66%3 the product was
identified by IR and NMR and stored over hydroquinone to

prevent polymerization. III is also commercially available.

DBr was synthesized as described in the preceeding

section.

1,1-dichloroc-2-bromoethane-1-d; (IV) was synthesized in a

quartz flask fitted with a dry ice and acetone cooling collar.
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1% mls of I1X were distilled into the flask in vacuo, follouwed

by 2@ ml1 of DBr, using LK, cooling. The contents melted upon
r&houal of the LN, and refluxed fraom the dry ice-sacetone
cooled porticn of the flask. A UV photoreactor (courtesy of
the undergraduate laboratory) utilizing 15 Hg lamps was then
employed to irradiate the reactants for 2 hours, The coolant
was removed from the collar and excess reactant pumped off.
The product (IV) was washed from the quartz flask with
methylene chloride, treated with a saturated sclution of
sodium bicarbonate, dried over CaCl, and distilled (bp = 9@°
at 148 Torr). NMR revealed a broad peak at &4.2. Recovery

was 12 mis, or about 46X yield.

Six ml of IV was added over a 58 min. period tc a
refluxing suspension of Zn dust in 4@ ml of ethanol. The
svolued gas passed through two ice traps and was collected in
a LN& cooled trap. The gas was passed four times oaver dary
CaCl, in bulb to bulb distillations, after which no trace of
EtOH was seen in the IR gpectrum., The spectrus agreed uwell
with that of (C.4] with excellent isotopic purity. About 2.6

g were recovered.
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APPENDIX D, "Energy deposition in molecules resulting from

multiple infrared photon absorption"

C. Reiser and J, I, Steinfeld, Opt. Eng. 19,
002 (1980)
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Energy deposition in molecules resulting from
multiple infrared photon absorption

Chriatooher Reiser
Jetfrey §. Stwintaid

Depariment of Chemistry
Maszachuserts Institute of Technology
Cambnage, Massachusens 02139

Abstract The most important factor determining the response of sys-
temns w high-intensity infrared radiation is the quantity of wibrational
energy deposited in tha absorbing malecules. Detsrmination aof this
quantity is complicared by spanal nonunifarmines in the infrared radia-
tion fiuence and By distributions over enecgy in the system. In this paper,
wa obtain expressions for the infrared fluence distnbution in & focused
Gaussian beam. This is combined with &n empirical model for the excita-
tion funcoon <rCr{®} ta calculats energy depasition for a range of
parameters. Thesa resutts are compared with availabls expenmental data
on Gssociation yields for sulfur hexztiuoride, and also 1o varnous approa-
imate results. Finally, wa consider the advantages and iimitations of
ssveral possible experimantal approaches o determining the absoluta
axcitstion level of molecules and microscopic enargy distnbutions n the
focsl voluma of the leser beam.

Koy Words: lnesr/ chormistry, multiphotor: effects, dyculer eCOmpoO.NTK G
prrey.
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INTRODUCTION

lo any experiment which measures the overa!l reporse of & 5yst=m
eanptd by Irradiation of a tample. such a5 energy deposition, ab-
sorption cross section st the urradistion wavelength, or et
dimocistion yield, determination of the tntemsity distribution of
the radistion is of fuadamentai importance. Phyucal theonies
which explein the dfect mut asccount for the intensty
of iz magnitude or extent. [n principle, parameters
characteristic of the radlation freld. sach a3 intenmty or fluence
{istegreted intensity), shouid be precuely determinable with the
wm of an sppropristely calibrated transducer. However, vana-
tooe in inteasity throughout the sample may make it difficult to
relate & meamired effect to a particular value of the intennty.
Whils tha necemsary procedures may be relatively sraightforward
fior well-collimated beamsz, it is often necesiary to employ stroagly
forwsed beama, especially for the dimocistion of small molecubes.
Thas, some procedures must be used to link the measured effect.
the overall beam intermaty. and the focusing optics uied in the ex-
. In this papet, we will cormider tiw technrique for dealing

with beams of Caussian crom section appropriate for leser ap-
plications, such s the problem of muliiple infrared photon ab-

in gae.

-::-l suthon'™ hsve used variows spprozimations to model
thely perticular optical gromernias. In most multiple photon ex-
-riments, the exact beam crom-section function is not known,

ty if the experiments utilire & focused beam. It b therefore

t to separste those effects which are coused by the wide
range of Intensities intercepted by the sample lrom those which
wre caused by the fuadamental microwopic dvaamics. The data
must be corrected for the grometrical form of the beam before the
ampirical results can be comparcd with a physical maodel. Since
the grometry of Caumian beams is well characterized, "' extrac:
thon of purely dynamical ciferts becomes fortuitously analytic, as
has besn demonstrated.!' We wish to present a consistent ap-

Ovigomal wd Angast 3, 1978
.w&pﬂﬂ_h. 13. 197® !
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prosch here, to consider the implications of the beam geometry
for various types of Causuan besms. snd to illustrate the short-
comings of “deccavoluted” data.

DEFINITIONS

Whenever possibie, we will adhere to the notation found in
Yariv.” including the following definitions:
0) - location of focal plane on propagation (Z) mais
wy, - spotsiza at focal point: redius to e point of field
wi{z) - spotsize at axial point z
R(z) - radius of curvature at z
I - wp/h
®- ;unﬂuna; for pulsed beams, # = [ (Intensity)

Y(®) - voluma in beam experiencing fluemce @ or greater
vi®) - change in V(®) per unit fluence

@ - molecular demity

i - wavslength of radistion

PROPERTIES OF THE BEAM

We will consider “TEMgy" Gaumian beams, for which the inten-
sity 1 follows:

“ 3
Ira) = €°€ = 1g——2 o
r Ly pevn exp{ por7e ) t1]
whers
“d) = wgfl *—%l“- @

The Bwsoce #{rz), which is of great importance in multiple
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photoa chemistry,'™'* has the wame form as the intemity; Eq. (1)
therefore describes ®ir.2) as well Subnenpt 1 and v will be used
to denate orthogonal tramaere directions To avoud confusinn,
we will define circular brama as thme fur which w, B w ;= we
occuring at 20), elliptic beams those for which w2 = g
coostant P owq, occurnng at 2:6:°, and hinal!s efliphic confocal
beams as thove havingw,, # w., butz,, = ¢, . The genencrerm
elliptica] refers to elliptic or eiliptic confocai beams

One can charactenize the licht bear by spexify ing the complen
beam radius q(z} at some pornt z,

1 1 i :
- -1 m
qlz) H(z) wa(t)
where

2

NH-JI*T)- «

For our purposes it will be of greater se to know the spotsize w',
and ity location z'(0). such us the war® inside a stable resonator,
tnrough distancer and optics w hose ~ombined ray tramfer matric
slement ere [abxd|, and finaliv a distence ¢ Lo 2(0). The totsl ray
transher matriz M for propagation from z = 0o 740) is

1 1 o A B
!- ] - (5,
0 1 c d cC D

Using the ABCD law of Caussian beam propagation,” we find
Q{=(0)) From q(2'(0)) and matria _'ﬂ

2'(0; B
Cqz'ety » D

At 20). R(x{0)) = 0. Coenbining Eqs. (4} and (8), u¥ can expren
", o

-’
7
Thae distance £ at which the spotsize reaches w_, can alwo be found

from the condition that R(z(0}) = 0; m;hﬂwwrndly one ob-
talm

1= (db + caz)l(c'zy, + & . ®

Thus, by knowing the location and size of & beam waist. and all
optics from that point w the region of interest, one can easily com-
pute the location and aize of the secrnd waist

In practice, however, a pure “TEMey" mode may be difficult to
obtain from a pulsed leser and some spatial liltering' may be
wecemary to esciude unwanted beam components. For such
syvtascs the location ai.d size of the beam waist cen be determined
empirically, wing simple measuremnent and tools. such as & scan-
sing pinhole or variable aperture. Since the beam o most intense
ot 3{0) and ay causc a plasma at obstructing surfaces. direct
meamyrement of the beam watst may be difficult. Sufficient!y far
frox #{0), hawever, the beam ezpands asymptotically to the cooe
whow balf apex angle is

m

a2, ™
%

LF the spotsize of the beam is measured st two points z, and 24, we
have

- J
NLUECS w

Furh & beam waid b presbuscad. fur

pla, by & oviindrical o < lom.

Equeticn (10) combined with Eq. (5} yiclds

1 -3
wp g ——— (a
w(ly - wiz))
Since the apex of the cone defines 2(08). we fiod 2(0) simply:

) = x ~aiy) ot = z, - wizyd cotl . (12

Thut from two measurements cof the beam cross section one can

eatily find the locativn and size of the beam focus.
Equations {4)-(12) are vahid for circular as well as alliptical
bearmi, and allow the relatine magritede of the Nuence to be
ified in the region of intesest. The absolute magnitude of the
<an be found using a joulemeter, w hich measures the torai

pubse energy Ev
Et - Io ®(r.2)2xrdr 1y

where it b assumed that the dimension of the joulemeter face is
much larger than wiz). For convenience. we evaluste Eq. (13) atz
= z{0), so that for ciecular beams

mI.
2 (14a)

-
ET~- _fo @, exp{-2rtiwl)2xe dr = 6

For elliptical beam, Cartesian coordinates are suitable varisbles
of totegration:

- o
Er =4 J ®ry.20) dsdy e %.oumuo_\.. L4k}

The correspondence in Eqs. (L4at, (14b) between E1 and totai
power, and between @, and peak intensity. can be seen eanly.

DETERMINATION OF CRITICAL VOLUMES

Of critical Interest in our analysis Is the number of particles in-
twroepted by the beams. I the particie densits g is iven. a suitable
volume inside the beam can be found which contsins the partictes
under study. Many euthors'® have derived expressions for
volurmem pertinent to their respective applications: Kevier et al.*
cbtained ao mxpresion for the volume enclosed by an isointensity
(iwo-Huence) merface in & Caussian beam,

[ o)
=257 {1+ UM 1e{K(t + UM (%)

V(@) = -

where
K- oo,
U - (VK -1l
U = @-2{0))a,,
Eqg. (19) can be evaluated exactly, ylelding

Vi® = 1A (U-taC - ) 18)

where U = U, Equation (16} reduces to Keefer's result when all
terma are dropped but the last. proportional to L. A similar ex.
premion can be obtained for the corresponding volume in an ellip-
tic beum,

V(o) = 8 f[f dxchdz (17)

where each integral cxtends between zero and the appropriate up-
por bound:

OPTICAL EMGINERRING / Janusry/Fetwuory 1990 / Vo, 19 No. 1/ 00
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wy't2) ~ 2y
- Ho(—= - it {18a)
3 Kiayi) ;...Q,)'
o ! -
y = In(—— = )t (188)
2 K p(T)
. LN ] -
-t (- 0P (18c)
After two integrations of Eq (17), we obtain
s w
Vi) = mugymgy | : Inf— s (19
e Kw,(r)
e o
- T“ﬂ'w {m-tan™' m) [¢-)]

where m is analogous to U in the circular beam case,

--(;"-1)”‘.

For the elliptic coniocal case, evaluation of Eq. (17} i mare duf-

Beoh. The upper boundch are given by

2 1) oy &
o B VPR . SV SO
] Kou, (2)ca, (1) ~(2)
yit) “og ¥
Y| hea In( T pn 2lh
4 l.-'{ﬂ.r(:)
L - n;l_(-‘oy > u:.) z (.:” * u:“ -loy |lm-2]
+ upg)Vh. (2lc-
Afer two intagrations, we obtaln
VO = rf gttty I — )
-ar —_—_— a2
° Bt Ky (2)wy (2) (

which mast be evaluated numerically. Vaiues of V(#! for & range
af K and (wg,/w,,) are given in an Appendia.

For values of © small with respeet to _. K 4 L. [n this Lim::,
fre= Eq. (16), V(®) = ! for circular beams. From Eq 120 |
V(o) ® © for elliptic beams. Figure | shows the dependence -
¥(®) on K, whecre the quantity V' plotted Is the dimensior;e-
quantity in parentheses in Eq. (16) or (20).*

The differental volume, or change 1n volume per unit char ;-
in®,

dv(e)
Vi) - L3
de

“Swnte rivut thr apprensi e wed i Rl 4 @ salid onls e K -e® L0

94 - vo 19 No. Jatvapry (Fapryaery 1980 / OPTICAL ENGI. 22 *

lng ¥}

Figrw 1. Sahavior of ¥Vi#) with parnmeter K = &3, ¥ b glven by
the axgcesslon in perenthasss in (a) Eq. L) {eltiptict Ibl Eq. 118} leir-
culart Curve (c) retains only the last term of Eq. (16L validtar 8 4 @

ac in R, 4. °

can be found essily from Eqs. (16) and (20). They are, for circular
beams,

UK + 1)
e) - - % —) (24)
3 'S
and for elliptic beams,
e - -{...:_uo,.(;} )

Equation {24) is equivalent to Eq. (18) of Rel. 3. We will use
these formulas in the following section for the decenvolution of ex-
erimental data.
Usually the spotsize of the beam can be chosen by proper selection
abd placemnent of optics. In some situstions one may wish to max-
mum V(®} for some particular value of @, for instance the
thrachold fluence ®p for dissociation in multiple phaton chemistry
ts.* It would be valusble, therefore, to know at what
mg It Is that V(®g) masimirss. or for what w,

aviey)
—_— i
2w,

(28)

Seraightforwardly diffeventiating Eq. (13) with respect to w,,, one

btains
avo)
dw,

Bt ?
o ISU- 2 U e 1y 2n

~hichvenbshes at U= 1323406 . . . | implying 8, = 2.731401 &y,
Thus, for given parsmeters ET and #g. V(#p) marimizes when

E E
wo® 1\ Txgamr (= Ty 1 26)
255140 op
T or elliptic beams, we have
Ve . . ) .
——— = — W gy (2M - Jtan™ m} mn
dw,, :



138

ENERGY DEPOSITIIN IN MOLECULES RESULTING FROM MULTIPLE INFRARED PHOTOMN ABSORFTION

which vanishes at m = ] 451104
and thax for ET' Oamdwo__.

ET
g ¥ ———————— . (30
1768 ﬁw.n
V(®p) incresses monotonicaily with decreaning a,,. in ths case.
Al it can be thown that there 13 no eiliptic confizuration which
renders & larger Vigg) than the circular case when Eq . 25) holds.
with cosstant E1 and @g

. tmplying @, = | 762 9,

TREATMENT OF EXPERIMENTAL DATA

la an experiment i which a net quanuty 1s measured from the
irradiation of & sample with & Cuassian beam, s anows portions of
the samnple experrence sastly d.ifercnt flucnces untenvittesy The
ot quantity o thus the sum of the resporuse of the istem cver all
portons of the beam used. [nteresting physical theone. howaver,
dmeribe & nstem’s response at g particular value of the fiuence,
and oot over the whole beam umuitaneously. Therdfore, it wauld
b of vaiue to extract the nvsten's response at particular fusnces
from expertmental data (deccnvolution) and to describe an ex-
reult uyung a physical theory (convelution). For enl-

Caussien besrny, Kolodner et al'' have aireads
dampoestrated the technique ot deconvolution. Briefly. the total

repOne per unit length of boam used 6 expressea as the
wuighted average of the rystem’s response (unction i) over the
beam srea
Cr -1/ geoLadr (31e)
ET o
® -
[ | L] (]
o] ) ——de. R1b)
Ty t
Takiog the derivstive of Eq. (31) »ith respect to @ at &, and
vecalling Eq. (i4a), we have
Er dGr
ey - o oy an
Equation (34} holds for circular beams s well & ellipeical un-
focused beams

For other beam shapes, howrver, the change of vanables be-
twess Eq. (Jla} end {(31b) canmet be made, but the general
xheme can gil] be applied For o geoeral beam type we use at &
marting poirt,

®_ % ogie) vio) o0 o

o),

whare By is the total response. Taking the derivative of Eq. (33)
with respect to & and evaluating at some fluence ®,, we obtain

anv(e) CJET

v{®,) diverges 10 that & convenient ©, :nust be chosen. wuch & '

& = ko, k<. (%)
For Socused circular and elliptic beams respectiveiv. Eq. (M)
1wy

- { " ) (0a)
%) 2k 4Ex

"3

1 Wior Boy ,  dBy
o) - { e ). (38b)
o) 2k dEp

In Eqs. {36) the derivatives are merely the local slope of the By v1
Eq graph. Taking small differences between lurge numbens of
finite precision produces a nousy derivative; smoothung' mav be

Coaavolution of the empirically or theoretically denved ¢ @)
function csn be accumplished by fiumerical evaluation of an -
tegral equation such as Eq () Asanexample. let @@ be the ab.
soeption cross-sectton function. The enerqy absorbed Ey 1p o cuil
of length 2f and radius r much greater than the beam racu.
centered at 2(0). could be modsled via

¢t ot
Ep=%/J | [ at®i®xyndedydr !
a ‘0o

The szlue of such & convolution lies in the freedom to choose the
limits of invegration to conform ta the physicel volume of mterost
in the experimental apparatus. A serious shortcoming of the
technique lies in the nature of its formulation &nd in the ex-
perumental method. Wien a s alue for gi®) is found. 1t must pe the
average response function for all molecules experiencing fluence
®_ 1t u tirerefore a it moraent of the microscopic ditnbution of
malecula over response, and mav not lead diractly to descriptions
of other retponses which are sensitine te the shape or temiporal
behavior of the microscopic distribution.

Teking energy depotition again as an example. the response
fanction g(®) is actually the average cross section for absorpuion
over whatever dustribution of molecules over absorbed enern
P(E:®) bs formed when an ensemble of malecules is subjected to
Busnce &:

J: EP(E:®)dE
glo) m <gle)> = — {38a}
.fo PE .o} dE
<E>
- P . (m’

The dictribution function P(E; @ reflects the dynamical phyics of
the absorption process. but is not decermined by measurements
which detect only averages over P(E:®), such as absorption.

Exsmple: multiple pheton shsorption

To t such difficulties. and to illustrate the effects of the
range of flucnces In & focused circular Caussian beam, we con-
sider the problem of multiple inirared photon absorption and con-
meuent dimocistion of SFs. Although much data has been pub-
lished for this molecule.”” the data taken using beams of well-
characterized Caumian cross sectwn are scarce. Dissociation ex-
pntmalu typically utilize TEA lasers operating in a2 multimode or

anstable remaator configuration: the actuaf fluences st all points
o theme beams are not known easctly. The convolution of a
dissociation crom-sx:tion function with some model of the Nuence
distribution becomes at best only approzimate.

For energy absorption. many carefui measurements heve been
made. * The data of Ambartzumian et &l .** and of Black vt al.®
axtend to ~ 10)/cm' and are depicted in Figure 2 along with an
arbitrary fit used for ease 1n computation. For Ref. 22, the {it uwed
)

<ne) = 81338 01<o<LS
10.475(% + 0,161 £ + 0.23 15<e Y
and for Ael. 23,
<n{®) = 9.150 0< <255

OPTICAL ENGINEERING ! Jonusry/February 1980/ Vo! 19 No 1 003
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s 4

<h>

N

oY

1

#. Jrem?

FHgurs L Mean CO, lossr phaton absorpoon w 5F, <n>le) mhen
trom lad Re! 12 snd (B! Ret 2] Linea comsspond o arbitrery fim
ghven by Eqa (391 end (0L

4.1 + 0.080)!'T « 0.5] 255<e (40

where <n>{®} s the trerage number of photon erermies (4 = {0.7
um, v = 940 o'} absorbed per SF, molecule at lluence @, for
pulse length of approz. 107" sec. The livin Eq  (410) is made to the
docoavolyted data of [led. 23 in Ref 22, onlv a rough estimate of
the Aurnce was made for fiuences between | and 10 Jiem'. Using
thewe dats, en extimate of the total enengy abaorbed 1n 2 beam of
arbitrary shape can be computed.

To model disociation of SF, molecules. however. more
dynamical information must be obtsined. The shape of the
distribution of moletula aver absorbed energy at a parucular
average abaorbance P(E:<E>) must be wpecified. This shape of
P{E<E>) has not bren determined, but may be narmower! ™ g
broader® than a thermal dotribution at the same <£> There s
some evidence™ ' that a Boltzmann-like dutnibution itself con
model muluple photon sbsorption fairly well. The shape of the
mooequilibrium distnbution may sl depend on <E>." for in-
gance, being propontionately brosder at high <E> than at low
<E>. For lack of dymiamica) information, however, and becawse
we wish to avoid the dynamcal details of the multcple photon ab-

procem, we will amume that the diwribution b
Boltimann-like,

N{E)expl-r(<E>)E)
PEIKE>) = — (4D

f, N(F)exp{-s(<E>)ME

where P{ECE>) is the particular lorm of PIE:<E>} comespon-
ding to the maximal-entropy agumption.” In Eq. (A7), N(E) s
thr density of vibeational states per unit energy at vibrational
om.gy E. snd rI<E>) 11 & parameter analngous to (kT)*. Details
ol the computation of the Whitten. Rabinovitch function® for
N(E) and of the NRKM rarea™ used buduw can be found in Rel . 23;
a description if p(<E>) v in Red. 31,

Computationa!ly  the (afluence of PIE.<E>) on the total
distribution p{E) of ull molcenle in the besm can be vasily wen.
When PIE.<E>) is wummed onver all calues o €E> pesnlting from
the Cauyuan dependencr of the fluence. the spatialls aseruped
distribution p{E) cun be cxproued as

.D
mE) = ¢ f. PIE:<E>) (@)d® AR

m

[+ 4] v 19 e 1

Javuars Fabwuary YORL NTTIZAL €0 WFLFIT]

where @ i 4 onvenient low er bound. which110.5 J/em® in thee
computations, and <E> is iven as & function of ® by Eq. 119) or
(40). Figure 3 shows piEj when P(E_<E >} (s a defta functivn at E
= <E>and when it u exprevsed by Eq. (425, Over alarge runge of

log (o lE1/pg!

i
1
-6 1 1

o]

40 a0 120 60 200 243 249G
E. ®cqt/mow

Figure 1 MNormalired dutnbutions plE) for 8 crrcular Gaussian basm
g wo =003 2107 e £ ~ 0 1J and Eq 1291 tor <E{2). The expras
slonn for PE<E>] usad are (4] (deanad), & deita function a1 E = - E>,
and (b & Bohumann biig detribution, PE<EDL given by Eq. 142

vibrational energics, the tw 0 curves are determined largely by the
team shape. At high eneriies. the thermal ~tals™ of distribution
Eq. (42) are manifest as that part of p(E) extending bevond E =
he <n>(@,).

Decreasing the spotuze of the beam increases the peak fluence
and hence the number of molecules resching very high enerqim.
Using Eq. (39) a3 a model of absorption [even though the er-

F !

-

log iplElsp,la))
o

¢ i
B :
\
<
4 L)
-9l . " i -
Q 40 A0 20 G 200 240 23C NC

E wcar/rane

Fgats 4 Owutributions plfl normaiized 10 datnbution () usirg iy .
0.1J end s, (I8 and 421 whils verying _jlincmi 0102101015 o
OOR 41008 (&) 032 {HOOVE. Curve (gi i & plot af £g.*12) scaleo by
10" with <E> = B3 hcalimole whic™ 2 1%g - £ ¥or cyurgg 147
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perimectal poinh 4o not extend besnad ~ 10)iem?| and
dizregarding dosocistion, we whow in Ficure 4 the effect on piE}
of decreasing w,, while keeping E4 and @, minstant Even though
tee average number of photors sbsworbed per mokecute does not
change greatly. thc fraction extending beyornd ~ 1&* Kcal mcle in-
crexsy dramatscalls with @, For cnmparsos, cune (3 o
MEKE>) 1 [0 for <c> = 23 5 Kcal muic. the sverage eoergy 1o
distribeoton (d)

1n the absence of a detaiied dynamical moda whuch describes
sunultyneons sbac rphon and disociation, uang datnbutiom wch
& thoae 1n Figure 4 to raodel disnciatiun by 4 crude approrimanon
to the actual dinanncal pracess. I two conditiom are met,
bowevet. the mode! locomes more tcnabie Thew are that (L1 the
pamping be much faster than the ¥V = T relaratoa rate and that
(T} at Ruences mear the threshold Nuence for reaction Bn (see
below) the values 0i <n> (9) be well known. Coodinon: (1} & met
aming v, 4, = 107 sec and ko, = 0% sec”'. which are
remcaalie parametery.® Condition (2} specifres that for thase
valom of <F> where ugnificant portioss of the mrcroscopic
distnibution P(F. <E>) contrbyte to dissociation, the function
bvCa>{®) = <E> shculd be accurate. For sificiently hugh
Busaces, <E> appruachey and caceeds the actis sbon energy of Uve
maction £ and the e1act magrutuce of <E> nesd not be Inawn
L Y-

We will use & mrthod umdar to that of Black et ol .®* for com-
puting the fracticn of molecules §(E) dinociated st iwterral encrgy
3

ERnEa(®
KE) = . (+9
tarau(E) ¢ BRELAXIEY

Ia q. (-H)l will be held constant at 0% wc™ end kg,

(E}, the Wmmpu: rate at enerqy £, are computed
‘-Esyulnhd.ﬂ The total sumber of molecules diwociated
divided by the molacular denaty vieds the equiralent volume ¥V
of particla dimocisted,

v.--. KE) p(E) <E (€Se)

-I mr ® HEKE>)v#)de JE ]
E, o,

whure the lotegral over E oved not be evaluated below E
KE) 2 2210, or above a convenient E', -hcreﬂbktmtewmu
vary small. The order of Integration can be reversd in Eq. (43b),

o 2
Vg - .l'. vi®) J'! {(E) MEKE>WE de ("

02 that the integrals over E noed to be evalusted only sace for each
, <E>. The volume Vg it anslogous to the reaction volume of

Ke for ot al*

rigure 5{b} shows the dependence of , u computed
hom Eq. (45b}, for both functions of <n>s') l.e. Fgu. (39) and
{41). The resrublance to Figure 3{a) is undeniable, indicating
that the dissociation follows the gromctry of the beam even when
the dupersion P(EICE>) is Included. In othet words, the net
discxciation is determined largely in the cegion of E where the two
curves of Figurs 2 are very close. Moreovet, the curves in Figure
%b) madmize st the o, predicted by Eq. (2%) (iadicated by an a7-
row) when &g is taken from Flpue 8 (see below). Thi indicates
that the Muence threshold model of Kecfer et ol.* ey be & valid
dmeription of the rystern for valucs of K Larger thea ortginally sup-
prowmd.

a
8'-—
. 7+
=
(-
s
&
{in
3 (2}
i i 1 1
B | 4 8 2.2 26
logle,/2}
b
Ov-—
.
E-i'— /"'L"\
.
-
o 27 7 N W@
Q - A
- (4} \
\ 1
-3|- 1 ]
]
1 i J !
-22 -.8 -t 4 -L0 -06 -Q2
tog (= ,)

Mgurs & ia) Reduced volumes Vel for @ = 1 tiem®, £y =00, 4 =
WY pom. fur (1] circuder basma. V' B lw HF (U - @n™ U + UM end )
oliptic bowsra. V™ 2 (u, ,{u'h., A - AT mi using w = i0" I}
Samivelemt vohswe ¥V disvociated 3F, a1 8 function of w in a ¢ir
mu—-nmmfmn:uumumu(mmhmw
- W oau™.

Using Eq. (lmmmyﬂadd\eﬂmonforwhlchvn -

Vi®p). Thas are plotted in Figure 6. At large w, -0ue
= @. At smaller w,, however, aﬂumthmglol is rescl
which depends greatly on the model of <a>(®) and weakly on
k . Using Eq. (38), the threshold G attained at ®g =
Ih.;w-hﬂe the data become least accurate. The data of
Black ot al.™ are lem uncertain in the region of @p = 6)/cm?, but
w with the empirically determinet’* @g = 1}iem! &s not

The hi.lm of these culculations to replicate the NMuence
threshodd can be attributed to several sourcer. The main weaknesn
in the cvode] lies 10 condition (21, that is. in the rewion of Muence of
the amumed #p and somewhat abnve. the calculation of @,
very gosmitive to <n>{®) for <n> up to ~ 30 = E_.hy. Further.
move, the original data for <n>(#} have 4 finite Incertainty.
within whuch the extrapolated function <n>(®} und hence @y
aay fluctuste consdersbly. Also, the form of the distribution
NEXE>) may scrually be broader than the Boltzmann-iike
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Fgoe 4 NMvwadold Auercy S vi w, for the dats of Figurs Bbi
(Jhuﬂnnmhvwhch'ﬂw-v.mlq N Cuorvea (1)
Mot By LD snd (D uaa Eq 0L Curves lal vas gy o = 10

", gl Ol ube hgy, 4y = 10" sect

distribution used. in which case molecules erperrercing lower
Buence contnbute to dmoriation snd therebs lower 8. Thus may
oot be unsremsorable if. as suggested 1n Rel 22, a fracton of
molaxubs tn volume element + (8} do not partiipate in the ab-
sorptico procen, leaving the remuning partscles to abmorb more
anwrgy apicce. Cverall, the need 13 1een for 8 dypamacal model o
describe the time e olutivn of the absorption and disscistion pro-
crm ot & particular fluence, rather than the omple kinetics cor-
ventiooally used.

The experioental determination ol the divnbution PIE <E>)
require ioterrogation of individual molecules rather than
mensurement of & fully aseraged effect. We harve seen that
mesasurement of any one weh oinenable, such 8 net enerny
depasition, net disocistion vield or vingle- frequency cross saction,
i not msfiicient to unijuely 1pecify the distnbuticn. Parsmeten
woch a effective threshold Muence, @, are themaelves functiom
of the focusing geometnes, Spectrowopic methods will be re-
quired to r at this m!orml:m in detatl. When applicable, laser.

will be s viable technique for thew
n-—nmnh. In othu cass, double-resonance absoeption can
be wed to probe wch distributions **:™ The problem is that the
dr . Jled spectroscopy of any polyatomc molecule lor vibrational
stgtes much sbiove the find fow keveis o restly not well known.
While snalvwes of sch highlyv evoited nstems have begun to ap-
=.= much more spectroscopy wall have to br camed out
m! thewe methods can be used tu provide unambugiouw infor-
mation shuut the multiple photon absorption procou.
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APPENDIX: EVALUATION OF CRITICAL VOLUMES
FOR ELLIPTIC CONFOCAL BEAMS

Equation (22}, w hich erpresus the volume V{#) for elliptic con-
focal beams a1 & function of K.w,,,. and woy cm be recast a1 a
function of & dimemsionless vanable § = Lt.m

LN i | '
Vie) = -¢.a_) ua;‘.,o_\ Io (1.5-,1: x
(E+dSOMIIn KL + S0 + ASH)]dS T {AD

where

d= oy l'

“ay

and

FRECIE A} T

The two parametern d and K in Eq. Al rangefrom O to + 1. Eqs.
(15) and (19) are specaal caves of Eq. (Al for which d = ] (cir-
cular} aad d = 0 1elliptic), respectivels We have evaludied the in-
tegral in EEAI] nymenticaliy for vanousvalues of d ard k; the
rasults are thown in Figure 7. w here the quantty plotied i

Vo= V(&) v%ou;wo);, (AD)

Ll_l_.__J_AL e
E)

L
¥ 8 % 10

o + 2 3 4 &

]
Figure 7. Bedwvier of ¥ with parematers K and ¢ {or aliptic con
foosl baoms. i ¢ = 49BB (Bl d ~§ = 107 (ci g = 10,

o Figure 7, curve (a) corresponds to a ey nearly circular beam.,
je.d = 0999, and cune 1« curretponds to a nestls elliptic or
cylindrically focused beam. i.e d = 107*. Note that the behavior
remains very simllar to the circular case unil quite small s aluey of
d are resched.
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Infrared double resonance of SF, with a tunable diode

laser

C.C. Jerwen® T, G. Anderson, C. Reisar, and J. L. Steinfasd

Duymrimerss of Chemmurry., Mensach ety fagnruse of Tecknolegy, Combrulge. Maxmchuseres G2139
(MRacsived 14 June 1979; scorpend 17 July 1979)

Diochle reacaance specuoscopy bas bees carmed out om the v, beed of SF, mung 3 OO, laner pamp =nd s
tonivle dsade laser probe Power brondenung of the purped trasssion © dtwerved. and a valoe for the
trassition moaxnt k., =03 < 107" asco o obtamed. O pempmg of 2l wrmmeTy ponentL

i B J manfold coupiod 10 Ihe pump luer 1 obwerved; tha B enbuted o fekd wdaced miamg of
smrly degencrate fnestructure levels 1n the nbranonal prowsd e of the molecule From the decay of
e dowble reaonance pgnaly. we meature relacaton woe From (24435 eanc Torr for 2-evel uprabs asd
Pr = (434 11) nsec Torr for }level signals, comesponding to aa effactrve cross sxctson of 17+ Aé. Excrted-
Max raaubows correspanding 10 v, —v; with J = 12 are obwtrend The ooplcaboes e owiuple nfrared

photon, mcitarion models wre conadered,

L INTRODUCTION

Ourq the calligionless, multiple [nfrared photon in-
duced dissoclation of molecules such as 5F; by intense
OOy laser pulses was tound to be »oth an efficient and
&n isolope-selective procesa, - 2 great deal of atten-
tion was directed toward underitanding thus phenome-
aca.’ Of a oumber of questions which have been raised
sbhout the nrture of this process, one which is not yet
settlad concerns the nature of the lnitial excitation steps,
Gl ls, the route by which a2 motecuje ahsorbs the first
two to five photone, prior to reaching its vibrational
“quasicoatinuum,”* This problem arises because the
sabsrmanicity of the vibratica will tend to displace
{n + 1wy~ wv, hands ts successively loager wavelengths,
aad thas out of resonance with the gingle-frequency
pnp laser,

Sevaral suggestions have been put forward for achiev-
Ixg the required anharmonjc compensation, tut each has
been found untenable in the light of subsequent expert -
meaisl developments. Bloembergen ef al.* Initially
showed that a classical, driven anharmonic oscillator
cogld be cobarently pumped, via multiphoton absorption,
0 the required mibrationa] excitation levei. However,
the chserved threshold for dissoclation (~ 50 kW/em’)*
is oo low for the classical approximation to be valld,
Ambaritzumizn ef al.’ suggested 2 “P-Q-R" compenaa-
ton scheme, Lo which a single laser line pumps first a
PUN) line in the 5F; v~ 0 band, then a Q(/ - 1) line in the
vy, = r; band (which happens to occur 2t just the same
frequancy), followed by an R(S - 1) line o the Jvy— vy
btand, at which point the molecule L8 presumed to have
reached the quasicontinuum_ Clearly, suchacolncidence
af fraquencies would be highly fortuitous at any one
laser iine, let aloae 2ppiying to all the CO, laser lines
(P12} to beyond P(30)] which can be used for dissociat-
ing §F,. Further consideration of the SF, », mode led
to the reallzation that for m2 2, the degenerite mv,
Levels will be aplit by anharmonic coupling. Thess
splittiogs were calculated, ! and appeared to offar a
Bearly resonant pathway for COy laser photon absorption

Upresent address: Joiat lnstitate for Laboratory Astrophyaics,
Souider, CO.

k] 4. Chawn Phopn. T1(DA, 1 Now. 1979
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wp thromgh x=5. However, the calculated splittings

Are not consistent with recent abservations an the 3v,

- 0 overione absorption spectra.! Recently, Ackerhalt
and Galbraith® have suggested that Corialls interactlons
in the excited vibrational levels of S5, produce a dis-
Lridotion of transition {requencies adequate to account
for the cbaserved multiple infrared photon excitation be-
havior. We will return (o this model Later in this paper.

To declde among theae various models, we need some
deflnite information on the location of levels in 2v,, such
as frequencles of assigned transitiona ia 2wy —v,.'* Ome
way of obialning such Information Is by means of infra-~
red double-resounance (TRDR) spectroscopy, in which the
sample is pumped by a high-inteasity CO, {or other)
leser, and probed with a lower-intenslty beam at another
IR frequancy. A variety of informatlon can be obtained
from such experiments, !! (ncluding:

() 2-level IRDR, 12 which the pump and probe beams
are at the same oominal frequency. Power broadening
of the sxturated transitions is observed, and a T, -type
decsy time can be datermined.

() 3devel IRDR. Ground -state depletion (GSD) can be
observed at frequescies remote from the pump line,

" providieg verificaion of the assiguments of the pumped

levels. Excited-state absorption (ESA) provides direct
information on the (requencies of transitions originating
in the vibrationally excited state (v,, Lo this case).

{¢) 4-level IRDR, in which signals are observed at
transitions not dlrectly coupled to the pumping field,
provides information ¢a collisienal relaxation pathwaya
amang the levels,

IRDR wasa first carried out on S¥, using two CQ,
Lesers (Q switched and cw}.'? A "red”-shifted transient
absarption was obgerved, which was attributed to a
superpoaition of absorptions from vibrationally exrited
levels following V-V relazation out of the initiaily
pumped v, level. Ambartzumian ef of.' have supported
their P—Q-R andarmonic compensation modsl with the
ocboervation that the absorption curve measured in Ref.
11 is moarly coincident with the curve of SF, dissocia-
ton efficlancy ve COy laser line frequency. ! Howsver,
the traasierdi aheorption observed in IRDR corresponds

© 187D Arpasticn Ingtityte of Prrysica
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W much lower level of excitation then in the collision-
fzee multiple -photon excitation experiments; the ab-
worption profile can be weli represented by that of shock-
heated SF, ™ at 550K, while various models [of the
maltple-photon excitation requre elfective tempera-
tmres of 170C ta 2200°K .4

Tha IRDR method has been extended to lower sample
temperatures, '* 10 shorter (- psecs time scales with the
wo¢ of mode-locked CO; lasers, ' and also to higher ex-
citation levels (v, ~5) by means of pump pulse. probe
polse experiments.'’ Recent experiments' ysing a CO,
TEA laser pump/cw CO, [aser probe have extended this
Tange to r;~ 19, In all of these experiments, however,
e system could be probed 2t only 2 limited rumber of
discrete frequencies, dictated by the available CO, laser
lines. To cbserve finer detaila of the transient [RDR
spactrum, i Is necessary to use a tunable probe source,
88 in tha work reported here, tn which the probe is 2
tmmable dlode laser.'! Similar expertments, employing
& CO, lager pump source and a tuhable diode laser
probe source in a coxfiguration somewhat different (rom
that deseribed here, have 1130 been carried out by
Mioslton and Mooradian at the M_[.T. Lincoln Labora-
ory. ™8

L EXPERIMENTAL
A, lnstrumenixtion

Ths geoeral scheme of the apparatus used In these
@&xperiments i3 simllar to that described 1o Refs. 12 or
19, camely, a Ligh-intensity @-switched CO, lager beam
is mady o gverlap with 4 low-intensity, tynable, cw
laser beam in a aampls of 5F,. We measure changes
La the transmittance of the cw beam which are corra-
lated with the pump beam pulases,

The pulsed CO, laser is a epinning-mirror (150 He)
Q-rwitched continuous discharge with a dispersive
carvity. The 2 mJ pulses, collected from a higher
arder diffraction of the intracavity grating, are 400
atec Jong (FWHM) with a low-intenzity tail extending to
1 msec. The beam wavefront was messured with a var-
iable aperture and found to have a Gaussian profile with
a radies of 0.233 cm, corresponding to an ef{active
ares of 0.2 em’. The pulse is collected by threw gold
coated flat mirrors which direct it to a fourth mirror
lacated just in frout of the gas sample cell. The pulse
is reflected at an angls such that the CQ, laser pulae
and the diode laser probe beam overlap throughout the
rogior of the call, The pump beam, which is counter-
paropagating relative Lo the probe beam, ¢xits the gas
sample cell at 2 small angle (~1°) with respect to the
probe beam and intersects a mirror which finally di-
tects the pump bezm away {rom the apparatus to reduce
scattsred Light.

The diods Lansr is 2 Laser Analytics Model SDL-30
Putale eloment mounted in 2 Model TCR closed-cycle
refrigerator, which s temperature atabilized to
49,001 °C over the operating range 14—-100°K. Current
o the diods is provided by an Arthur D. Little TDLS-I
power supply, which is current atabilized to 40, 0001 A
over the range 0.3-2.0 A. This combination provides
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tunabie Infrared output orer tha range 930-960 cm™ {a
& series of modes from 0.2to 1.0 cm™ 1 width, with
1-2 cma™ gaps between tnodes. The modes can be
shifted in frequency to a limited extert by varying the
temperature gel point of the closed-cycle cooler.
Multimode power output 15 0.1 to 1.0 mW,. The line-
width was not measured directly, but is czrtainly far
less than the Doppler width of individual SF, lines,
which i5 ~ 30 MMz, or 0.001 ca”™, The diode laser
maode profiles are reproducibie as long as the diode ia
maintained at a suitably low temperature (tygpically 15—
23"K). Sioce the diode power i3 vary low, there are no
samration effects produced by the probe beam,

The diode lager radiation is colllmated by a S ecm £, 1.
RTRANE lens and reflected through the sampte cell
by a gold coated mirror. Two additional mirrors di-
rect the beam to a 25 cm £.1. paraboloidal locusing
mirrer and thence to the entrance slit of a Bausch and
Lomb 0. 25 m monochromator equipped with a 303 L'mm
grating blazed a2 3 um and operated in thirg order. The
monochromator is used to separate the longitudinal
modes of the diode laser bearn, as well ag to aitenuate
scattered radlation {rom the Q-switched CO, laser., An
Arthur D. Little Hg:Cd/Te Lnirared detector in a home-
bailt liquid nitrogen dewar 18 mounted at the exit slit of
the mooochromator. The signal s preamplifted, 2c
couplad to a Tektronix 1121 amplifier {gain variable
from 1 to 100), zod sent to 2 PAR Rodal 160 Boxcar In-
tegrator. The Baxcar Integrator is triggered 10 usec
before the Q-gwitched laser emils a pulss. This 13 ac-
complished by an amplified signal from a photoediode
positioned near the rotating mirror of the Q-switched
Laser such that the rotatlng mirror reflects the light
e 2 amall white light lamp onto the diode befare
achleving maximum Q for the laser cavity during its ro-
tation. The eignal is sampled with a 0.5 usec gate either
colncildent withthe @-switched laser pulse or at 2 select-
ed delay iollowing the puise. The output of the Boxcar
Integrator is coupled to the y axis of an x~y recorder
(MFE Corporation, Model 815 M). The r scale signal
is provided by an output voltage of the diode laser power
supply which is proportional to the current output to the
diode laser elemeat. For the relaxation time measure-
ments, the Boxcar [ategrator Is replaced by 2 Biomation
820 Transient Recorder. The entire apparatus is dia-
grammed in Fig. 1.

B, Calitration

In working with the tunahle diode laser, It is cecessary
to bave a frequency caliobration accurate to £0.0001 em™!
within each lodividual mode. This is accomplished by
measuring reference spectra along with each double
resonance spectrum. To record these spectra, the di-
ode laser beam L chopped at 100 Hz and the signal from
the detector ts coupled to a PAR Aodel 120 lock-in
amplifler, and thence to the x~y recorder. Scans of
3F, absorption prafiles, recorded in this way, are in-
cluded In the double resonance spectra shown in the fol-
lowing sections,

The primary frequency markers are the P-branch
lizes themealves of the 00°1 — 100 tranaition of “hot”

4. O, Pivys, Vol. 71, No. 8, | Nowamnber 1879
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FIG. 1. Double rescaance ex-
perimonl with closed cycle
rT ooled tusable diode laser.
===y Siode lagar beam .
Q-¢witched COy laser beam.

t -a-.... l:i_}_‘ 8c

S TOL TDL. ¢loead cyclo cooled tun-
able semtconducilor diode lasar.
[ =T— M1, fist gold coated mitrror.
1 A 3C, gus sample cell (VaC! win-

; dovs, Pyrex walls, 1.2 cm

' od ) M iml1l gold conted
mirror. MONO, {m mooo-
chromator. D, Hg:Cd¢/Te IR
détactor., AMP, x 100 ampli-
fOer. BG, Boxcyr lategrator.
R, 5=y recorder. PS, TDL
powar eopply. PT. pretrigger
sssambdly. M), rotation {Q
switohing) gold coated (10

mf. L) mlrror. G, grating,
blagsd at 10um. L, Sem L1
looe {collimating). AC, attenua-
toun cull. 1, iris diaphragm.

™I . ——— e —— oI

CO,. The S5F, absorplicn features Ln the neiglborhood
of these lines hava all been asaigned by McDowell and
co-workers, for the CO, P{14), P(ld), and P(20) ltnes, ™
the P(13) and P{22) tines, ™ and in the congested region

. around the P(18) line.** In other regions of the spec-
trura, wa could use lines of the 001 = 10°0 transition

s NO, B or ammonla lines measured between 942 and
958 ¢m™ by Nereson.® To interpolate between thesa
discrale frequencies, we used a 1 in. solid Ge etalon
with a free spectral range of 0.0499 cm™'. Interference
fringes, recordad In the same masner as an shsorption
Gpecurum, wers counted to provide the frequency dif-
fersnce from a standard feature and a desired spec-
troscopic feature at an uRknOWn frequency. Finally, a
fairly extensive “map™ of the 5F, 10 um absorption spec-
‘rum was made avcilable to us by Los Alamos Scleatific
Laboratory, ™ from which most of the absorption fea-
beres could be readily ldentifled.

€. Anitecu

Ia carrying out these sxperiments, It 1s essential to
k»wp scaltered pump-beam light from interfering with
the desired signals. The Q-awitched CO, laser inten-
slty Ls ~ 10 kW/cm?, while that of the dioda laser Ly
=9.)1 mW/cm!; thus, a rejection ratioc of 10° between
the .20 bearms 19 requirad. This is accomplished by
extensive spatial filtering, using iris—dlapbragm aper-
tures, alcng the beam path, by angling the cell windows
0 avoid direct backward reflections, and ¢specially by
wsing the monochromator as a very narrow-band filter
to Leolate the dicde mode from the CO, pump line, If
sach precautions are not taken, a portion of the CO,
lassr pulse reaches the diode (tself, Inducing severs
frequancy and amplitude fAuctuations \n the diode Laser
output. Since this outpul passes through the SF, ab-
sorbor before being detected, the reslting signal will

display all of the structure of the ariginal absorption
Spectrum, and can easily mask the deslred double-
resonance signals.

{ll, RESULTS
A, 2dewl {RDR

Tha line ahape of a saturated transition may de atud-
ied by tuning a probe fleld across a transition which ia
simultabecualy irradiated by a pump field and moni-
toring the signal change of the probe, We have carried
<t such messurements at the CO, P(18) and P{22) lines,
which pump Ia the P(33) and P{84) mani{olds of SF,, re-
spectively. % In both cases. thers is a strong “hale
turning, ” or induced traospareacy, in the absarption
spectrum at the frequency of the pumped transition,

The douhle resomance signal at the P{18) pump line is
shown i Fig. 1. Oue sses, in addition to the expected
salursied line, a saries of weaker satellite signals to
the “red” of that iine, The strongest fectures can be
identified with the other symmetry components of the
P(33) manifold, which are not directly pumped by the
CO, P18} line; the reascn for thelr appearince will be
cousidered shortly, The addition of a foreign gas,

such as Ar [Fig. 20)], results io enhancement of the
Inteanity of these satellite lines, and appearance of
additional, weaker gignals |o the P(32) manifold, corre-
spoudicg to a change tn /' of one quantum of rotational
wngular momentum. Further additlon of foreign gas, or
obssrvation af the spectrum after 2 ~1 usec delay,
shows a residual populaticn deplation at the pumped
trangition, while the reat of the rotational fioe structure
ippears to ahow a nonspecific, overall decrease in in-
tensity [Fig. 2{e)].

In Fig. 3, we show the appearanca of the two-lavel
double resonance spactrum at pump laser intensities
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batween 0.8 2nd 11.2 kW/cin’. Two chservetions are
aspecially noteworthy: first, th: “satellite structure™
appears rather abruptly between -1 and -3 kW, cm’
applied intensity; second, the sirorz central feature
2ppears to broadsen as the (ntensity is increased. We
shall retarn o the first point (o the ensuing discussion.

The linewidth at half-helght of & power-broadened
transition Ls glven by'?

=ty [1o1s(28) ) m

whare uy; is the transition dipole moment and & i3 the
siectric field associated with 2 beam of intensity 1,1
I the Rabl frequency {x,,5,'8) is much larger than
{(T,T'%, Eq. (1) may e simplified to

wn=()" &5)

¥ we maks the further reasanable™ assumption that
Ty= T}, weobtaln

}

{c)
+10

| psec detoy " -..::.(W]
Torr Ar

"Zero delgy” T, WV

IF.SQC deloy MH(‘.-_:‘»-—— (bl’
+
*Zero deloy” et Ll aepe——~ | Tore A¢

| psec deloy ————— {a)
‘Zer delay” -—-w-aﬂ‘},.F 0.08 Torr SFg

T ot A UL L b T

MM .
T

t
00, Pl18)

FIG. 2. Two-lawl Infrared double resonance tn SF,. The bot-
tom trace Ls the pormal absorpticn specirum of SF, i the vicin-
ity of 34598 cm ™ [CO. P18} line], with the P{31) — P135} transi-
Hons identifllad. Success've scans show the double resomance
olfact In 0. 08 Tore 5F, with 0, 1.0, and 10.0 Tore Ar added.

In the “zaro delay ' trace, the 0.5 usec gate is sct coimcident
with the COy laser pulse; the delayed trace corresponds to ~ 1
usec lollowing the pulse  Note thu absorption (s “down™ oa

the sormal spectrum, whils induced transparcocy is down oo

the doubis rescosnce spoctrum.
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FiG. 3. Power brosdening of the two—level inirnred double
resonance (o 0.9 Torr 3F,. The bottom trace (s an eapansed
vorsion of the absorption spectrum shown s Fig. 2, mear the
PO oaaifold. Succeasive scans shows the double resonance

" allect ot peak Iaser Inzepsities of 0.8 to 11 kW /cm’.

thua, the metsured half -width should be proportional

o the square root of the inteasity. A piot of these
quantities s shown in Fig. 4; the expected relatlcnship
Eppears to be reasonably well fulfilled. A theoretical
estimats of the proportionality factor, obtained by using
the value of iy =0.388% 107! esu cm, ¥ is 8v, /' /?
=117 MHs/(kW/em?)'’?, which compares favorably

with the measured slope of 74 MHz/{(kW, cmi)l/2,
Eimilar vaives are also obtained in the two-level double
rescuance experiments at the CO, P{12)° and P(22)
lines. At an applled intensity of 23 MW cm®, at which
single-frequency multlphotor dissociation becomes
appreclable'™, Eq. (3} would predict a power-broad-
eoed “bole” width of 11 GKz or ~0.35cm™; at 1 GW.em?®
which L3 attainable with focused TEA laser beams, Uie
width would Increase to ~2.3 cm™, which is an appre-
clable fraction of the ithomoyeneousiy broadened infra-
red band.

Figure § shows the tHme development of the double
resonance signa! during and iinmediatelv follawiny the
pump laser pulse. For this experiment, the boxcar
imiegralion gute was set at 100 neec; the “zerc delay”
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;. 4. Plot of power-brotdened line sidth (FWHM) of two-
lovel double-rescnance sigmil Yo squars root of purnp laser Lo-
teamity .

scan \s coincldent with the leading edge of the pump
lasar puise, and succesgive scans ars incremented by
100 poec sach. Note that the satellite structure ap-
PpoArs 48 3000 as the pump pulse reaches an appreciable
fraction of its peak intensity. The time development of
the sirong saturation signal is shown in Fig, §. From
four separate detarminations at 0.0%5 to ¢, 12 Torr SF,,
we gbtain a value for the relazation Hme pr = (2423)
asec Torr.

Double resonance specira ware also recorded in ths
presence of He, Ar, and CH;F aa added bufler gases;
the results are diccussed below, tn Sec, [IC.

& 3ewsl IRDR

Three-level double resonance sigmils ware obsarved
wpon mping 3F, with the CO, P(14), P(186), and P(18)
laser unes. The A(18) line pumps in the dense @
kranch of the molecuwls, and produces a complex IRDR
specirum covering the R(4%5) through R(32) lines (this
s shown in Ng. 8); ¢-branch lines corresponding to
these J values may be [ound within x 260 MHz of the
COQ, pump line, ** In agreement with the power-broaden-
iag argumenta preserted earlier. A much simplar DR
spectrum |s obtained on pumping with either the P{14)
ar P(18) CO, lines; an exarnple of the forner is shown
Is Fig. 7. The stroncest [eature corresponds to the
AY+ F' s Fi + A? symmetry componedts of the P(28)

manifold 2t 946,308 cm™', ! resulting from ground-
state depletian of the A! + A} + F + F! symmetry feature
of the R(28) manifold, which is pumped by the CO, laser
P(14) line at 843,479 cm™ *¥ A3 in the case of the two
level doubie resonance, the other symmetry compo-
beats of the P(28) manifold appear as satellite structure
around the main [ine. Conspicuously absen!, however,
is an IRDR slgnal corcesponding to the A} « 7+ Fl + 4!
components of the P{10) manifold, The reason for this
ia quite straightforward: the R branch transit:ons cou-
ple caly to the 57! levels, while the P branch transitions
couple only to the F*"' levels. ™ Thus. the R(28} and
P30} manifolds possess wmo upper level in common. and
o0 3-level IRDR signal of this type should be expected.

The relaxation time of the 3-level RDR signal was
measured in & manner similar to that described in the
pravious gection, The measured value of pr was
(43 £11) nsec Torr; this |3 significantly longer than that
massured for the 2-level RDR signal. The reason for
this difference will be discussed shortly.

*Zero deldy' T a———
100 nsec "Hf{'\-(\Wk-‘..‘-,h q'f A’-‘.,..-_.*- e
(

200 nsec —'r",'.'k_\l} '/K'In.fh . ,_w-uﬂa:.‘. ‘

300 nsec A .W/lvv.‘h']r/ﬁw,..
I

/
{

LI Y
500 nsec ".M\'-,-‘r.'A. v ff. At

—'—-5

400 nsec J'..l.-‘” ﬂ"-
(]

!

GOOMMWNVV | ——

0 T

800 nmc

—
o g\’n ) mﬂ} "'“' Y

[ awc

FIG 5. Developmcet of the two-level Infrared double resontce
styral 1a 0.08 Torvr 5F; as 8 function of time . In the " zoeru-de-
lay” acan, the 100 asec sampling ate I3 5ot (o the leading edge
of the COy laser pulse. The gute e then acremented 5 10
odec IMCCTRLS 1A Lw SUCCESALY? scans Lol - uvn ot 1 dad | W asee.
T smull arrew in the lower rhsocpion T ndicaies T
position of the CO, PU13) line, as 1a Flu. 4
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TIo. & Relampilon of two-level doubls resonsnce signal Ln

©. 083 Toar BF;. Upper traes; COy lzser pulss proflle. Lowwr
traos: diods tracamission sigual. The relaxasion vme (470
soan) 18 chiained by firtlag to the signal ot times blanger than
9.9 paec, Leo., altar the ond of the pump pulse
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FID. 7. Three-leve] Infrared double resonance in 0. 08 Torr
BFy+1.0 Torr Ar. The diode lclm acrows the P(27) - P(33)
maxifolds In the $448. 0-946. 4 cm cogion; the laser purap Line
s O COy PiL4}, at 349 43 cm™, which coincides with the A
+Ay+F(+F, canpoaent o thw 3F, R(28) manifold. * Top trace
s bicigrouad slgnul with bowb beams present butl oo SF, ln he
ol

'hﬂ

Mo nae

.'\..._,....
O BAANCH

_H‘: J,.‘\ LM..

. If ‘ "'
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FO. 8. Thres- sad four-level Inlrared double resodmace spec-
tra. The boattom curve is a diode laser absorpicn apectrum ol
0.00 Torr 3F In the {43} ~&(32) region. Above this (s an
IRDE scan i the game spectral region, pumping with the CO-
PI8) Uas al M47. T3 cn™. Tha top thres (races are the pame
rogion, pumnplng with the COy P19} line at $45.930 cm™.  Mid-
dleto g 008 Torr SF; alone; | Torr CH,F sdded; and 1
Tory He added. All spectra takep with 0. Suuc‘meotnﬂdeu
with the pump lussr pulse.

In addition to ground -state-depletioa signals, excited-
state-absorption algnals may be seen arising from
pumped levels Lo v, corresponding to 2v,+ v, transi-
thiana.™ An example of such signals, cbserved In this
work, may be seea In the third trace Io Fig, 8. Two
aew absorption features are observed at 350, 300 and
930,508 cm™, om pumping with tae CO; P(18) line at
1. 980 cm™,

G &l [ROR

Whea caollisions transfer populations from rotationat
levels directly pumped by the CO, laser to cthers, not
directly coupled to the pump (leld, four-level double
resonance spectra may be obaerved. In general, these
Spacira are more coroplex than the 2- and J-level [RDR
sigmals, Fxampies of colllsion-induced structure mav
be seen in Figa. 2 and 7; a clearer example is shown in
Fig. 4, 1o which we observe In the R{45)-R(52) region,
while pummplnag with the CO, laser P{18) line. This line
pumpe &** = 33 {and some 32) in 5F,;, and no 3-level
DR signals are cbserved in a low-pressure SF, sam-
ple. Addition of He produces little additional signal.
but addition of a similar amount of CH,F produces nu-
rmarcus IRDR signals, bath ground -state depletion anc
excitad-stale absorption. This Implies collision:)
changes in J of 10 to 13 quantum units o! ansular mo-
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FEG. 0. Timae depamdance of {our-leve]l double resooance spec-
tra. Lowar curve la dicde laser spectrum (950, 211-350 580
am™) of an & -Branch region of 0 08 Torr SF, plut 1 Tocr He.
Uppsr curvas are double rescaance specira | PL18) CO: laser
tne pump Deld] at successive 0.5 uaac LLme gata delays lubeled
n meec.

mentum. From analysis of these and other™ 4-level
[ADR signals, we conclude that there is apparently no
restriction oo changes o aymmelry quantum number in
4 rotationally inelastic colllsion. It should be noted that
la & dipole transition, these symmetry species are un-
tharged,

The long-time relaxation belavior In this region is
shown in Fig. 9. After zeveral usec, Lhe specifle DR
transitions are smeared out into an overill depletion
of rotational state populauon, with the profile being
wlmply a reflection of the diode mode shape. A simi-
lar, though less pronounced, population depletion may
be seea in curve (¢) of Fig. 2. The decay of this de-
pletion is uniform across its [requency proflle, and
slmply corresponds (o the V-T relaxation process
originally mesasured in Ref. 12,

V. DISCUSSION

The principal sbssrvations (rom this work are: Qff-
rpanant gymmetry compocents of a given J level are
pamped, at least 1o some extent, Dy & laser line reso-
Bant with only a singls component, the spectroscopic
Assignmacls in the SF, v.~ 0 band are confirmed in da-
tall, and several lines {rem the 2w,y = v, band are ob-
served; and collislonal relaxztion timen for the laser-
pumpn-] lgvels ace determined, with oo apparent re-
strictions ca symmetry changes in such collialons, We
will discrss each of these points briefly, and conclude
by conaideriag the implications for our understanding
of multipls infrared photon dissocistioa processes.

A. Coupling of ground-stxta manifoids: Collision or
flald induced?
As can be seen in Figs. 2, 3, and 5, the 2-level IRDR

bole -burning signal s accompanied by satellitc siruc-
tore corresponding tc the eotire symmaetry manifold of
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agiver Jlevel. This structure is essertially fully de-
reloped aftar 100 nsec, at an SF,; pressure of 0.08 Torr
{see Fig. 3). U collisional relaxation within the J
maniiold were responsible, the cross section for such
collisions would have Lo be in excess of 1100 AL Thia
i & sltustios reminiscent of that in Ref, 16, in which
collizionless relaxalion processes had to be invoked to
accomn! for the rapid (~nsec) decay of the pumped levels.
Unllke Ref_ 18, however, we are not 10 a regime of a
digh denalty of states, so that a purely intramolecular
mechanism can be ruled out, Instead, we cozsider the
maixing of near-degenerate symmetry components in the
ground vibrational state, brought about by field-induced
pertarhations associated with the pump laser field.

Tha spiittiogs in the ground -state J manifold are of
the ordar of a few MHz, ' while the power broadening at
1 W/cm’ and above is several hundred MHz {see Fig.
3). Thus we expect these components o be strongly
mixad by second-order Stack eifects, The dominant
mirxing will be between gublevels of the same symmetry
designation {A4,, ..., F}). From Fig. ¥, we see that the
satgllite structure appears rather sharply between 0.8
and 3.7 kW/cm?, a range over which the Rabl frequency
increases from ~100 to - 200 AfHz (see Fig. 4]}, Al the
lower end of this range, the pump laser field (nteracts
acly with the P{33) A} line, while at Rabt widths af 220
MHzx and above, P(33) F}, Fi, F}, Fl, and E'. in addi-
tioa to P(32) F{ + F] teatures, become involved,? Thus,
all symmetry components of the J = 33 manifold {and
some tn J = 12) becomae acceasible via the mixng pro-
cass, The A; component is ol Lupled in this mech-
asism. but this would not be noticed, since a pure A,
line does not appear in the spectrum.

The matrix elements appearing in the mixing coef-
ficients are off -dlagoaal in the pure rotational angular
momantiim operator R by & one quantum unit. These
matrix elements are also responsible for the “weak
(R monconserving} tranuitions” ln SF,, * which have been
sugrestied a3 sn important part of the multipls photon
absorption procesa. ™ Calculatlons of the mixing coef-
ficisots, snd comparison with these experimental re-
Selta, which are currently in progress, shou!d provide
talormation on both the centrifugal splittings in the
grommd -gtate rotatiomal manifold and on the strengtha
of the weak transitions, More exact calculations of the
datails of the powar-broadened oft-resonant line shapes
will require the methods developed by Mollow™ snd by
Weod "

8. 3F, », spectroscopy

In the case of 3F,, a thorough analyels of the vibra-
tioa -rotation spectrum is available, ™% 30 that the 2-
md 3-level IRDR spectra serve merely to confirny the
thase aasignments, zs well as to validata the method
itagll. From the amcited-state-absorption transitions
(Sec, II B, Fig. 8) we may oblain at least an estimate
of the 3w~ v, band profile. Pumping at P{18) produced
& appareat R-branch line at - 930.5 cm™; the 2-level
IRDR (Sec. I A) conlirmed that we are pumping Ia the
J7 = 3] level. We consider a highly simplified approxu-
mation ia which we treat the 2v, - v, band as having a
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aingly origin at 945.% cm™', an eflective Coriclis cco-

stact {, and 3 rolaticaal conatant identical o that of the
fundamental. Coasidering the line position of the R(32)
trassition &t 950.% cm™, we oblaia [rcm Lhe Line posi-
tion equatioo for a sphenical wop, ™

K-+ {1~ I=ar, (€

Uhare Ar=3 cm™ |3 the displacement ol the &{I2) Lliae
from the azsumed band center for the 24,— vy trans:tion,
J =312 13 the rotationat quantum nemder, {, 20.67 15 the
Corialis esastant for »;, and 8 20.039 cm™' 18 the rota-
Uoeal coastart of »,. Subsuituting these vaiues 1nto Eq.
(U wo obtais {y=~0.41.% Since 8,,28(1 -{), e
2w~ », band would be much wider than the fundamental.
Clsarily, & much larger pumber of excited-state transi-
Goos will have to be 1dentified before any more decadled
antiysls can be attempled.

€ Collision-induced relaxstion

Thane sxperiments represent the first direct ohserva-
ton of relaxation from inaividual rotational levels in a
spharical top, The standard technique of microwave
double - resonance spectroscopy™ cannot be apphed to
such molecules, 3ince Lhey Ao not po3sess a permanent
dipols momaent''; laser-excited infrared flugrescence®
L8 also oot applicable, stace the intensity-limued reso-
Istian L Losuificient to resolve rotational leatures.

The axpoosatial decay constand for the double reso-
mAnce sigrals was found to be (241 3} nsec Torr for the
2-lavel ROR (Sec. IIIA), Dut (43¢ 1)) asec Torr for the
3-lavel TRDR (Sec. I B). The reasan for thiy differ-
enty may be understood by reference ta Fig. 10. Fimsg,
it is owcessary to note that the observed double reso-
samce signal ls proportional to the diilersace beteeen
the transmitted diode intensity at cthe observatlon ume
# and that At 3 tirme 7 when the latenaity s no longer
¢hanging. The former ls proportionst’® 1o the lastun-
tansous population difference (my - n,) batween ground
uard excited vibrational states, respactively, whila the
lattar is proporticaal io the equilihrium valus of this
diffarencs, ®, —&,;. Thus, the cbaerved sigml
Sal(ng—m) - Wy —%)]. The relaxalion behavior will be

givos by
O =) - =)
o Tmp -y Ay -%))
4t 7]
= rybuy =iy} —7,[n; - 5,) {0a)}
1
-5, (5b)

whare vy, Ls the relaxation ratd in the ground vibrational
stata, 7, that in the sxcitad vibrationi) state, and 7 i3
the cbastved phenomenological relaxation time. U the
2-ievel system we are cbserving [case (a)] s tully
saterated, then (my - 7y), 4= — v, ~ ¥)),4 and

T4 PSR PEL LR (8)

if we take 7y~ 7, *7,,, 25 Moulion's experiments indl-
cate.™ Qa the other hand, In the 3-level sysiem {case

i

~ B

T, 1/
@
[ 1] sl o

FEi. 10. Relsxaiion pathways in (@) two- and (b) thres-level .
toirared double-resonance axperimests,

(b)l, the upper level of the probed transition does nal
guffer a change in population, 30 (m; —#,), 4~ 0, and

Vit Ye™ Y n

Thia simple coasideration predicts that the relaxation
time for the 2-level IRDR should be kalf that for the
3-level [RDR, which is essentiaily what is obsarved.
The measured pry .., |9 2al350 in good agreement with
the valuss reported by Moulton*® aod Fuss, ' both of
whom obdain (38 x I} nsec Torr. The effective cross
sectlon for the rotational relaxation process, o,

Y/ nT, 18 170 A}, in reasonably good agreement with
a theoretical estimate of 230 A based ¢a a cipoie-dipoie
Inieraction model, !

Thare appesar to be no restrictions oa which symmetry
components may be coupled 1o a rotationaliy inelastic
colllzion, for all the collision partners studied. This
Is in marked cootrast w dipale selection rules for pho-
ton ahsorption or emission, ia which the pure rotauonal
apgular moment R, the "cluster momentum™ K,, and the
symeetry dealgnation {A,, A,, E, F,, or F,} are un-
changed while & =0 or £ 1. [ndeed, even with the lim-
ited tundog raoges avallable from most diode lasers,
far too many dats can be geneated than can be sendibly
dealt with on a " state-to-state” level. It i3 preferabls
to employ & grouping procedure for the molecular rota-
tional levels which will parmit the siguificant [eatures
of the ecargy tracsfer process 1o be recognized, such
as the “clustar analysis™ developed by Harter ef al. """

During the 0.3 psec time gate widkh, the SF, mole-
cules, st 0,08 Torr, have axpenenced approximatsiy
oss collision. Littls rotational relaxation appears to
oecur oo this time scale. Alter 1 usec (an average of
39 collisions par molecule), AS =21 1 transfer may be
oota. Whan rotational state changes do occur, all sym-
melry compoostts are accessible. Physically this is
reasonsbla when one considers the SF, molecule ta be a
“soft,* spherically symmetric particle. Collisions
Ao Such particles would not be expected to result in
much torque compared with perturbations of a soft body
fixed frame.

Addition of a spharically symmetric collisicn partner,
such as He or Ar, results initially in populition of
oslghboring J levels (see Figs. 2 and 7). but rnof Ln larpe
J changes {e.g., from J=232 10 ~ 50, ee Fig. 8}
Addition of a polar collision paitner, such as CH,F, on
the other hand, leads to the extensive J chantes ob-
served in Fig, 8. Thu4, even though the rate of pas-
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Tiosthc SP,~CH,F coil:szons € 1x10" sec™ at 300°K,

1 Tory) la hal’ mxm of 5F,~He coll.sions (2.2« 10"
poc®),™ energy traosfer 10 tne 37,-He cuxure Ly coo-
slde rably less eflicient toan 1o the SF -CH,F cucure.
Tow SF,—SF, or Be-5F, colli=ion interaction can be
characterived by a dispersion force with a 1/r* depen-
drnce, where v is the distance between collusion part-
mers. The collisiom icteraction for CH.F-5F 18 ex-
pectad to be domisated by & dipole-induced dipole force
witk a L/¥* dependrace. The loager racge tnteraction of
the CH,F-SF, collicion interact:on 1s expected to be
mars efficezd in eonrpy transfer than the He-5F, col-
Latos istaraction, a8 13 evidenred by hese results.

At loager times (Fig. #), puch of the detailed spec-
tral stroctore is bme, wabicating that 3il probed levels
ars sparfy squally mwalved in the relaxation procesas.

0. haglfcations {or sxadtiphe infrered photon
Sorption procaes

The results obtaixed ic this work can help to clarity
Ot mechariam cf the initial absorpuon steps io the
multiple infrared phaton induced dissociation process.
The modsl which udwres moyt clossly Lo our observa-
thon is that of Ackerhalr and Gathruth,” 1n which rota-
ool compeniaiion i the dotunant method of overcom-
lng asarmonicity. Fleld-induced mixing of symmetry
componssly withis a J manuold appears to make an im-
portast contribations to toitiating multiple absorxion
ladders, al least ia sphencal-top molecules. (1 is warth
aotiag that we did sot observe a7y “weak (4R » 0} transi-
tions, ” which kave been proposed by Knyazev of al. ™ as
a way of ablaloing asharmcnic compensatina.

Power broadeaing of the ahsorption Usa shape can be
very lmportant in mmitiple (n{rared photon excitation of
Light malaculsx, is shich the absorption spectrum 1S
Sparss relative to the CO, laser Line spacing. This will
Lead tp the moclinear inteasity dependerce of energy
desposiiion and dissociation yield observed in such ays-
wms as vinyl chloride. ™ This effect may combine with
preamre brosdeaing to canse a significant increase o
yald with adied bufter gas pressure, . ., ln vinyl
Omoride™ pod CDY, " We plan to expiors these effects
In grester detail, wsing diods -infrared laser double
resgomaece. At highsr pressures, the rotational relaxs-
thon affects obeerved ia this work will also contribute
Importastly to cultiple-photoa absorption via paraliel
axcitatien ladders.

The DK spectry confirm In detail the assignmects
mady for the well-studied™ " v, tundamental of 5F,.
¥Yor ectra which sre not as well interpreted, how-
wver, ™ this method will be 2 useful technique in carry-
ing out the aralysis. For axample, [rom the 3-level
DR sigasl (Sec. M1B), we cbtain 3 messurement of the
7«2l combinniion Afferencs, av (R - P)=849.479
- 944,200 = 1. 071 cm™, Irom which a value for B(, could
be cbiaimed directly. For measurements in excited
vibraliesal stazes, the OLOR technique iy sssential. In
this cousactiona, use of a tznable lnlrared pump, in-
stead of & COy laser at {ixad [requencias, would ba par-
ticularty desirshls,
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APPENDIX F. Biomation 820 interfaces 154

F.1 Introcuction

In recent years, the low cost of laboratory
microprocessors and minicomputers has enabled many
laboratories to obtain digital processors for signal recowvery
and Jnalysis and for computation. Concurrently, transient
digitizers have become popular, but leave the experimenter the
task of linking the digitizer to his processer. Aithough
successful interfacing designs have been reported [F-1., F=-21
they are not straightforwardly adaptable to other processors
or digitizers, In this paper we report interface designs
suitable for linking many different Biomation transient
recaorder models to the Digital Equipment Corporation PDP 8 and
LSI 11 families. Specifically., our devices have linked a
Biomation Model 828 to a MINC (LSI 11-2) and a PDP B-/L

processer.

A block diagram for the interfaces is shown in Fig. F-1.
In both cases., most of the interface is contained on a single
general-purpose interface card availadble from DEC. A few
extra gates are necessary to adapt the general interfaces to
the 828. 1In both cases a multiconductor ribbon cable connects
the 822 to the interface, which is located in the processer

cabinet,
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Since the 828 and other Biomation models use only two

dctive "nandshaking” signals, COM and FLG, to gate the
transfer of digitized records to the computer, these
interfaces should be useful for a variety of transient
recorder models, The present systems also provide for
computer control of the transient recorder, or computer-to-6820
datum transfer, although maximum transfer rates are attained

shen the digitizer runs in AUTO DIGITAL, or automatic transfer

so0de .

F.2 MINC Interface

The DRV11-B DMA interface used for the Biomation-MINC
link required three extra TTL chips to be mounted on the
interface card itself. One., a 74121 monostable, was placed in
convenient predrilled holes. The other two, a 7418 NAND
buffer and a 74367 tri-state dbuffer, were glued to the back
side of the interface card., The only other modification of
the DRV11-B board was to remove the copper artwork connectiﬁg
pins K and L of connecter J2 (output connecter) so that pin K
could be used to route the signal COM from the extra 74367
chip to the 820. The schematic for the entire interface is

shewn in Fig. F-2.

Comamunication between the DRU11-B and the 620 is
accomplished via a 49-conductor 26 AWG ribbon cable approx.

26 meters in length. Every other wire in the cable is ground
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to minimize crosstalk. Voltages necessary to specify constant

lagic levels at the DRUi1-B were routed from the 820 connecter
through the cadbile to the DRU11-B connecters. Specifically.
the DMA interface was wired for burst mode or synchronous
transfer to insure maximum transfer rates, although single
cycle or asynchronous transfer was alsoc used successfully.
Thus. once the 820 intitiates transfer, all data are
transfered at the maximum rate, which is determined by the
MINC bus cycle time. Also, logic specifying DATO or DRV1IL-B
to 828 transfers was hard wired, even though some exchanges
may actualiliy pass Input Control data to the 820, as explained

below.

Operation of the interface is straightforward. First,
under software control, the word count register (WCR) in the
DRVU11-8B is loaded for the desired number of data words to be
transfered. For Input Control! or Qutput Status transfers.,
only one word is transfered. For transfer of a digitized
record, any number up to 2K words can be chosen. Next the bus
address register (BAR) is loaded with the location to which
transfer is desired in MINC memory. The bit pattern
corresponding to the desired Biomation 820 operater- operand
command is then placed in the DRV11-B output data buffer
register (ODBR), where it will stay throughout the data
transfer. Note that {f Bit 12 is hi in the ODBR, the B20 will
interpret the command as an Input Control command even though
the DRV11-B has been wired for B820-to-DRU11-B data transfers.

Finally, the GO bit in the controls/status register (CSR) is



eritten hi, activating tne interface. 153

As shown in the timing diagram, Fig. F-3. when the GO
bit turns hi, the READY line goes lo., asserting COM (loj). The
828 interprets this as a command transition and interprets the
command word in the ODBR. FLG gra2s lo while the 828 is busy.
and when it rises the monostable (121} is triggered. On the
rising edge of the monostable CYCLE REGQ pulse, the DRVU1li-B
latches data from the 620 into the input data buffer register
(IDBR). Busy goes hi. forcing COM hi., and a DMA cycle is
performed to pass the data word to MINC memory. If more than
one word is toc be transfered, BUSY goes lo at the end of the
DMA cycle while READY stays lo, thus causing another COM pulse
and subsequent data transfer. After the required number of
words are transfered, READY goes hi, BUSY remains hi., and the
DRV11-B makes an interrupt request if the interrupt enable bit
in the CSR is on. Using a program similar tc the one below.
data transfer rates of qreatgr than 5@ full 2K records/sec was
accompiished with an 82@ recording timebase of 0.05

microseconds:

MOV BINTH, 124 3 LOAD INT VECTOR HANDLER
MOV #-4020., WCR 3 LOAD WCR FOR FULL REC XFER
HOUV #BUF : BAR 3 DATA STASHED IN BUF BUFFER
MOV CDAT.,ODBR 3 LOAD DATA OUT COM INTO ODBR
MOV GO, CSR ; TURN DRV11-B ON
HAIT 5 WAIT FOR INTERRUPT=DONE
3 INTERRUPT QOCCURS
RTS PC } EXIT FROM SUBROUTINE
INTH: RTI 3 NO ’HANDLING’ NECESSARY
CDAT: . WORD 4000 3} CATA OUT COMMAND
GO: « HORD 181 3} DRVU11-B GO COM KW INTERRUPT
BUF : « BLKKW 4000 3 RESERVE 2K WORD BUFFER
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No errers in cata transfer were detected even though the

ribbon cable exceeds the recommended maximum length of 58 feet
(17 meters). Programs similar to the one above have been

written as generalized FORTRAN-~callable subroutines,

Although it was not impiemented in our interface, the
highest three bits 0of the ODBR may be used to address more
than one 828 unit. In this manner a single DRVLIi-B could
transfer data from several units, one at a time., via a

parallel bus cable connecting them.

F.3 PDP B/L Interface

Unlike the MINC interface, the device chosen to effect
transfer from the 820 to our PDP B/L was a program data
transfer module M735. This device is considerably slower than
a DMA interface, but for the PDP B family, a DMA interface is
not available on a single card. Thus, for simplicity in
circuit design and ease in programaing., a wordwise program

transfer module was chosen.

The schematic for the 822 to 8/L link is shown in Fig.
F-4. Data ¢#rom the M735 output data buffer (ODB) is routed
through OC inverters with resistive pullup to a cable
identical to the one used for the MINC link. The lowest eight
bits of the ODP are connected in parallel with the
corresponding bits in the input data buffer (IDB) for

half-duplex operation. Other extra logic elements create
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command pulses and provide for sensing FLG. Constant logic

levels are impliemented by daisy-~chain wiring in the 828
connector plug and at the wire-wrappable connecter block in

the B/L cabinet where the M735 and other modules are inserted.

Three events., ingependently specifiable by the lowest
three bits in the IOQOT microinstruction, can occur in one
program data transfer cycle, as shown in Fig. F-5. At IOP1,
the ODB is loaded from the accumulater (AC). IOP2 triggers 2
74121 monostable, which is sent to the 828 as a command pulse.
The aonostablie®* times out after IOP4, when data can be strobed

through the input data buffer (IDB) into the RARC.

Any combination of IOPn events can be chosen toc occur in
the same instruction. Ffor Output Status operations. all three
events are choseni at the end of the IOT cycle the AC contains
the eight bit status word from the 828. For Input Command

operations, only IOP1 and IOPZ are chosen.

Because the operator-soperand structure of the 820
requires 13 bits and the B-L is a 12-bit processer, an extra
bit is needed to specify whether Input Control or Output
Status is desired. This bit is Bit 9 in the IOT instruction.,
which specifies whether or not an IOP4 transfer will occur.

It is available on the PDP B8 bus as BMB9(1). Thus Bit 9 in
the IOT microinstruction is set for Output Status., an left off

for Input Control.

This arrangement works well for all operations except
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DATA OUT, for which some additional software scale timing must

be considered. Once the B2€ has been placed in Digital Output
mode by the B8-/L and the first DATA CUYT operater applied, a
pericd of time passes befcre the 820 produces the first datum.
The program can sample FLG until it goes hi, signaling the
readiness 9f the 828. Data can then be strobed out of the 820
under program control without further delay at maximum rate.,
which is determined chiefly by the software routine execution
time. Using a program similar to the one below. data transfer
rates of about 10 full 2K records/sec was effected using a

recording timebase of @2.83 microseconds on the 8280:

TAD TRDATC -~ GET DIGITAL OUT COMMAND
6373 /s GIVE 7O 8283 M735 IN LOC 37
TAD NZK
s/ GET NUMBER -2K FOR FULL RECORD XFER
DCA TRCNTR ~ DEPOSIT IN COUNTER
DCR 198 # CLEAR AUTOINCREMENT REG 10;
7/ DATA BEGIN IN LOC @. DATA FIELD 1
TAD TRDOUT ~ GET DATA OUT COMMAND
6373 /s GIVE FIRST DATA QUT TO 028
6371 /7 IS 828 READY?
Ime .~1 s NO =~ ASK AGAIN
CDF1} s YES ~ CHANGE TO DATA FIELD 1
FTRSA, 6376 s TAKE THIS DATA WORD
DCA 1 10 s DEP IN CURRENT LOC, INC 1@
182 TRCNTR - TAKEN ENOUGH MWORDS?
JHMP FTR3A 7/ NO -- GO BACK FOR ANOTHER
CDFe s YES - RETURN TO DATA FIELD ©
TAD TRDAT2 7 GET TRUNCATE DIGITAL OUT COH
6373 s GIVE T0 620
JMP 1 EFUN3I s SUBROUTINE EXIT
TRDATC, 3420 7 CONSTANTS IN OCTAL: DIG OUT
N2K. ~4080880 s/ =-2048 DECIMAL
TRCNTR, © 7 HWORD TRANSFER COUNTER
TRDOUT., 4000 s DATA OUT COMMAND
TRDAT2. 3481 7/ TRUNCATE DIGITAL OUT COM

F.4 IMPLEMENTATION
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Successful implementatic, of this digital signal recovery

system has been reported in double resonance spectroscopy
experiments. The curious experimenter is invited to read

references [(F—-3] and [F-4) for further details.
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Appendix G. Program Listings

In this Appendix., programs in machine language (PAL-III
for the PDP-3-L and MACRO-11 for the MINC) for use with the
Biomation B20 interfaces described in Appendix F are listed.

Also included are two files used to prepare this thesis.

FORTRAN callable FR&CRO subroutines are simple to
cons uct. Arguments areé passed from the MAIN program to the
subroutine using RS. When csntrol reaches the subroutine, RS
peints to a list in cere. The first sord on the list is the
nusber of arguments in the subroutine CALL statement. The
next ward in the list is the address of the first argument:
*he next word is the adadress of the second argument, etc.
once the MACRO subrautine fas been typed in, it is compiled
mizh the RT-i1i MACRO command. The OBJect file created can be

directly iinked to a compiled FORTRAN program.

In FOCAL the arrangement is more complex. A version of
4K fOcaL cdlled “"FOKAL for YR" has been produced which
inciudes a PAL-III1 function FCOM for communication with the
828. To loxd the entire package, one must first lcad the
FOCAL and FOCAL modifications paortion of the FOKAL for TR
zape, then start at address 288. Aftzr the initial dialogue
the = appears. Loading the FCOM function can then be done in
the same manner as loading FOCAL. Routines for running the

ARDS can be loaded optionally. Finally, FOCAL must be
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Since the FCOM function accepts only one record from the
820, recovery of many records may be slow. Another function.,
FLOG for TR, was written to maximize the transfer rate between
the B8-L and the 828. This function can be overlaid into FOKAL
for TR; it uses the space normally occupied hy the FLOG
function. Several features available using FCOM are not
available using FLOG, so that it is recommended that if FLOG

faor TR is needed, FCOM shguld also be loaded.

FOKAL reserves the higher 4K of the 8K 8/L memory for
storing data from the 828. Two words are used fcr one ‘“cell",
or 24 bits per cell. Since the precision of the 820 is eight
bits, 2716 or 64K records can be accumulated with no loss of
precision. The 4K words of memory used for storing the 2K
data cells are unavailable for use as program space, s0 that
program space is considerably smaller than for 8K FOCAL. When
the ARDS routines are loaded., program space becomes very

small.

The following are brief descriptions of the programs

listed in this Appendix:

TR1.MAC - MACRO subroutine for taking one variable length
record from the 820. CALL TR1(NCELLS:NREC(I),ISTAT) performs
4 one record transfer from the 820 to the MINC. The transfer
occurs when the status of the 820 equals ISTAT. The transfer

of NCELLS individual points is made into consecutive words in
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core starting with NREC(I). NREC should be a regular FORTRAN

integer vector.

STATUS.MAC - MACRO subroutine for recovering the status

of the B820.

USETR1.FOR - FORTRAN example of the use of STATUS and

TRL.

QUTPUT.BARS - pgrogram used under MINCSYS to print this

thesis ON the LA34 DECWRITER 1Iv,

RUNCOM.TXT - commanad file for RT11 RUNOFF praogram
provided by DEC. RUNOFF is a text formatting program which
reads a text file which contains original text and commands.,
and outputs a finished documént. A typical command to RUNOFF
would be:

#8Y1:CHAP3.DOCCRUNCOM, TXT,CHAP31 . TXT, CHARP32. TXT-F

FCOM - function for transient recorder communication to

the 87L. FCOM us called from a FOCAL program as follows:

FCOMCL,X3 returns value of cell X
FCOM(2,X,Y) sets cell X to the value Y
FCOMCI, X) sends a COMmand the 828 whose Input

Control Command decimal value is X
FCOM(4,X) returns status of 828 as requested by

the Output Status Command whose

decimal

value is X

FCOM(S, X, Y) takes X data points from the 820 and
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adds then into consecutive dells

starting with ceil v

FLOG - fast 828 interface function.
FLOG(A,B.C,D) takes C records with A data points
per record from the 828. Each record
is added into consecutive cells
starting

with cell B. D is the "ready"” status

of the B20.

PEAKAVUG - FOCAL program illustrating the use of FCOM.
This program takes 4@®-cell records from the 828. In each
record, the peak of the signal is found. If the peak value
exceeds a minimum Value M, it i averaged until C peaks above

the minimum are recorded.



TITLE

TR1:Z:

TRY.

TR1

DIDBR= 172416

TR1.MAC
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QUICKIE 820 RECORD TAKER
TAKES VARIABLE LENGTH RECORD ONCE
WKHEN 820 IS ‘READY’

172410
172412
172414

s wWe WY wa us

DJDBR= 172416
Dlv = 124 H
ACD #6.RS H
Mav CSTAT,DODBR '
LY #INTH, DIV ’
CLR DIv+2 r
CLR Rl
CLR BUF2 '
Moy #8UF 2., DBAR :
MOV -1, DRCR '
MoV GO.DCSR '
NOP
NOP
NOP
NOP
NOP H
TST Rl '
BEG N3 '
cnes @(R5) .BUFZ '
BNE TRY ’
suB #4.R5 :
Hov @(R3)+:R1 :
NEG R H
nov R1,DHCR ’
CLR Rl ;
MOV (R3).DBAR H
v CDAT,DODBR H
nov GO, DCSR ’
TST R
BEG N2 ’
INTERRUPT OCCURS
RTS PC ’
INC R1
RTI '
JORD O
LNORD O

JHORD 3400 ;

HORD COUNT REGISTER

BUS ADDRESS REG
CONTROL/STATUS REG

INPUT DATA BUFFER READ ONLY
OQuUTPUT * - WRITE CNLY

INTERRUPT VECTOR

HOVE TO 3RD ARG
LOAD STATUS COMMAND
SET INT ADDRESS
NEH PSH = 0

CLEAR PREVIOUS TRY
LOAD BUS ADDR

1 WORD TRANSFER
LET‘'S HAVE IT

TREAD WATER

STATUS IN YET?

IF RO. KASTE TINME

SAME AS WANTED STATUS?
ASK AGAIN IF NO

RESTORE POINTER TD 1 ARG

GET RECORD LENGTH

FORM NEGATIVE

LOAD WORD COUNTER

CLEAR SHITCH

MOVE LOCATION TO BUS ADDR
LOAD DATA OUT Con

LET IT RIP

BACK IF NOT

GO HOME AFTER SHORT HAIT

POP PSH., PC

STATUS COMMAND



CDAT:  .KORD 4000 v DATA DUT COMMAND
CSTOP: JHWORD 13401 i STOP DATA
GO. +HORD 101 7 DRV11-B GO COMMAND MO INT
.END
STATUS.MAC
LTITLE STATUS FOR GEYTING BICMATION STATUS
HCR = 172410
BAR = 172412
CSR = 172414
DBR = 172416
DIV = 124
STATUS. .
18T @(RS)+ + MOVE OVER OARG
nov CSTAT.DBR
MoV #INTH.DIV
nov #6UF 2, BAR
MoV #~1,HCR
nov GO.CSR
TST RS
TST RS
TST R3
TST RS
1124 R3
TST RS
v BUFZ:B(R3)
RTS PC
’
INTH; RTI
?
BUF2. HORD O
CSTAT. .WORD 3400
. +WORD 101
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s EeReNp)

USETR1.FOR
USETR1 -- PROCRAM TO USE MACRO ROUTIKE TRi

30 JAN 80 BY CHRIS REISER
INTEGER NEWREC{2048)
RERYEC FOR NEW RECURDS., ACCUMULATED INTQ IACC
CALL STATUS(ISTAT)
TYPE 102, ISTAT
ACCEPT 102,NSHOTS
102 FORMAT (I18)
ACCEPT 10 RECORDS

DO 10 NSHOT=1,NSHOTS
CALL TR1(2048,NEWREC(1),ISTAT)

TAKE 2046 CELLS FROM 820 (THE WHOLE RECORD), PUT THEX
IN CONSECUTIVE MEMBERS OF NEWREC STATRING WITH
NEHREC(1), WHEN 820 MAS STATUS OF ISTAT

10 CONTIMUE

USER CAN DO ANYTHING WITH DATA HERE
OR GO BACK FDR HORE

G010 &
101 FORMAT (1019)
END
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FLpe &~ TR i74

5040

FLOZ, N3P /NAST TRANSIENT RECIRDER NINCTIIN
/10.78 BY C REISER
INT /# DATA
Cla
DCA NDATA
PIISHJ
EVAL-1
INT JCELL #
CLL RAL /X2
TaD N3 /ADD JINFSET
DCA FCELL
PIHISHJ
EvaL=~-1
INT /# RECJIRDS
ClAa
DCA RCNTR /REC3RD CJ2'INTER
BUSHJ
zval -}
INT /TR READY STATE
Ciha
DCAa NRDY

SETUP, TAD NDATA
0Oca OCNTR sDATA CAMNTER
TA&D FCzZLL
DCaA 10
TAD 10
DCA 1%

ASK, TAD ETaSK
6377
TAD NRDY
53ZA CLa
JMP nsy
TAD TRDATC /HERE WHEN READY
63173 /START DATA2UT
TAD TRD3IHUT
6375 /LAAD BUFFER
6371
JHMP =1 /TREAD TILL FLAG
CLA CLL
CDF}

REC., 6376 /TAKE DATUM
TAD 1 10
DCA 1 1t 7ADD IN
TAD | 10 /H3RD
SZL
IAC CLL /INC IF ONL2
DCA 1 i
182 DCNTR

JMP REC /BACK TILL E3ZR



7/

/7
NDATA.,
N3,
FCELL.
NRDY »
RCNTR.,
DCNTR.,
STASK.,
TRODATC.,
TROONUT .,
DAFF.,
/7

/

CDFO
TAD
6373
I1s2
JMP
JMP 1

2400
3420
4000
3401

EFUN3I=01236
CDFO=6201
CDFl1=6211
PYSHJ=4540

INTegMS 1 0053

EVAL=1613

/

D3FF

/TIIRN 3FF DATA

RCNTR
SETHP
ZFIIN3I

/BACK F3R MJIRE RECIRDS
/8YE
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xFNTABF+ 15
XFTR

=0035
XFTR~-1
24400-2]
FNTARBF=0374

Feom

INT=JMS 1 0053

PIISHA=4542
GETC="545
EvAL=1613
P3PA=1413
EFN3l=0136
L3RD=0046
HORD=0045
EXPa0044a
PrISHJ= 4540
XFTR,

ZFUNCTI2ZN F3R TRANSIENT REC3RDER
/10.?7 BY CHRIS REISER

INT /MAKE 1ST ARG INT

PIISHA /ST2RE

PUSHJ

EVAL-1 /GET NEXT AR2J

CLa

P3PA /REC3VER FCN »

TAD FTRA 7ADD JMP 1

DCA 2l /SET UP J#MP

0 /THIS WILL BE A JMP |
FTRA, JMP 1 " /JMP T3 LIST

FTRI

FTR2

FTR3

FTRA

*TRS5
FTR3., INT /GET DATUM

6373 /73IVE TO TRANSIENT REC

JMP 1 EFN31 /AND THATS ALL
FTRI., JMS FTRADD /RETHRNS CELL X ADD

CDFO=6201

CDFl=é211

CDF1 /CHANGE DF

DCA YRCNRAD

TAD 1 TRCYRAD /PUT CUR ADD & TAKE L3IRD

CDFO

DCA I.dRD /PIIT IN L3RD

CDF!}

TAD 1 TRCURAD /PICK UP +13RD

CDFO

DCA HIRD /PHT 1IN H3RD

JMS TRFLOT /CHNMG T@ FLTING PT

JHp 1 EFYNIL /7 DINE
TRBEG, -3 /8TARTS DATA AT LOC O

TRCURAD=DO010

TRFL3T, O

JCHNG 2W3RD INT T3 FLT PT
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TR2F,

TR2FL,

TR24 .,
TR2FLA,

FTRADD.

FTRa,

FTRS.,

DCA
TAD
SZA CLA
Jmp
TAD
SNA CLA
JMP 1
TAD
CLL RAL
DCA
TAD
RAL
SZL
JMP
DCA
152
JMpP
JMS
TAD
JMS
TAD
Cla
TAD
DCa
JMP 1
0030
0

RAR
DCA
TAD
RAR
DCA
JMP 1
0

INT
CLL RAL
TAD
JMP I
INT
6377
DCA
DCA
JMS
JMP 1
TAD
6373
INT
Cla
DCA
PUSHJ
EVAL-1
JMS
DCA

EXP
H3RD

TR2F
LARD

TRFLAT
L2RD

LJ3RD
H3RD

TR2FL
H3RD
EXP
TR2F
TR2FLA
H3RD
TR2FLA
EXP

TR24
EXP
TRFL3T

HARD
L3RD

L3RrRD
TR2FLA

TRBEG
FTRADD

L2RD
H2RD
TRFLOT
EFUNJL
TRDATC

TRCNTR

FTRADD
TRCURAD

fCLEAR EXP
/H3RD N3T O

/NIIMBER=D

/BEGIN SHIFT

/PUT SACK FJ2R N2V
/GET HJ3RD W3RD
/RITATE, LINK IN
/DINE RITATING IF L=|
/FINISH

/PHIT BACK L3ARD

/WILL NEVER BE O

#WHICH RAITATES RLIGAT
/READY F3R ANITHER

/GET EXP

/ADD 24 DEC
/THE REAL EXP
/RETHRN

/724 DECIMAL

/PHT 1T BACK
/PICK UP L32RD
/RETATE LINK IN

/RETURN

/CELL # AND INT

/ML BY 2

/ADD JFFSET

/RRETURN

/GET DATIIM

/GIVE, RECE1VE DATA

/LD INT? LJRD

/FAKE LIKE ITS 2VZRD INT

/DENE
/START DATAJUT
/FORM -# @F CELLS

ZCIVNTER

/GET CELL ADD
/CURRENT ADD
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TAD TRC!IRAD
DCA TRC'JIR2
TAD TRDAUT
6375
CLa CLL
CDFI
TRCUIR2=0011
TRCNTR=20004
FTRSA, 6376
TAD 1 TRCIIRAD
pDCa I TRCIR?2
TAD 1 TRCIRAD
SZL
IaC CLL
DCA 1 TRCIHIR2
6371
JMP o=1
[S2 TRCNTR
JMP FTR5A
CDFO
TAD TRDT2
6372
JMP 1 EFtJN31
TRDA''T, 4000
TRDATC2M.,
TRDTEZ,
FTR2, JMS FTRADD
DCA TRCURAD
PUSHJ
EVAL-1
—MS TRINT
ZDF1}
DA 1 TRCHIRAD
CDED
TAD HGORD
GCDF1
DCA ! TRCHRAD
CDFO
JMPp | EFUN3I
TRINT, O
CLA
TAD H3RD
RTL
SNL
JMP 1 TRINT
CLA
TAD EXP
TAD TR23
SNA
S = | THINT
DCA EXP
TRINT1, TAD H3RD

CLL

RAR
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/F33M IDENTICAL PNTR

ZSET P DAT2UT
/CLEAR ~’

/GET A DATIM

/ADD T3 CiIR L3IRD

/REPLACE IT

/GET HIRD

/D3NT INC FINLESS JFL3
/ADD 2NE T3 HARD

/REPLACE H3RD

/TREAD WATER TILL READY
/DIANZ YET?

/N2

/YES

/TURN 3FF DATAJUT
/FINISH

/CM F3R DATA
3420 /DAT3UT START

340t /DAT3UT ST3P

/GET ADRESS 2F CELL
/L3AD IT

/GET Y
/CHNG TO 2W2RD INT

/LD LORD

/LD HORD

/D3ANE
ZFLT PT T3 2WD INT

/FIND A 1?
/CHECK F2R 1S
/7#=0

/ADD ~-23 DEC

/N2 SH1FT CASE

/START SHIFT



TR23,»

DCA
TA&D
RAR
DCA
152
JMP
TAD
JMP |
7751

C-FIKAL, 1977

01.01
0l.10
cl.20
01.30
01.50
01.60
01.70

03.10
03.15
03.2%
05.22
0J3.:

"l'l 2 \'1
Sl

D=7 uNno

naANnAWn

i

H3RD
L3RD

L3RrD
EXP
TRINT1
LaRrRD
TRINT

PEAK AvG-

/R@T L IN

/D3NE YET?

/==23 DECIMAL

AVG PIILSE HEIGHTS FR3M T.R.
C=20;5S H=03A "# PILSES",N,"
1=2200,3003S Z=FCAM(2,1.,0)

(1434-FCAM(A,1792))1:351:551.3
L=FCBM(5,400,1)3D 331 (C=-N}1.2
*MAX = "H' AFTER

ZaQ:F I=2250,30031 (Z-FCIM(1,5,1))3.2553.1553.15

SHITMQIISE

Z2Z-FCOMC1,201)31 (Z-M;3.223S HaH+Z3S C=C+ |

Z=FCIM(1.,1)

"C'" PULSES:

MIN HEIGHT

H/C = "H/C

LZ»TNEW(2)3S5S Z=FNEW(3,40)3V¥W AT “%%,1
L=FNEW(3,200:"S Z=FNEW(1)

I.M
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OUTPUT., BAS
1 REM -- DUTFUT ~ TEXT SPITTER FOR ALLIGNING LP. PAPER
2 REM 14 MAR 80 BY C REISER
10 PRINT ‘Source File’s \ INPUT S%
Z20 OPEN S% FOR INPUT AS FILE #1
30 DPEN ‘LP.' FOR DUTPUT AS FILE #2
40 LZ=0X \ P%=1X
50 IF END #] THENM CLOSE #1.#2 \ STOP
&0 LINPUT #1.,L3 \ LX=L¥+1¥
70 PRINT #2.L$
80 IF L%=B6X THEN Li=0% \ PiL=Pi+lX
85 IF PZ=2% THEN P%Z=1Z \ GOSUB 95
90 GO 10 S0
95 CLOSE #2 \ OPEN ‘LP.' FOR QUTPUT AS FILE #2
98 PRINT ‘OK Far wmorae‘s \ INPUT A% \ RETURN
100 END

RUNCOM.TXT

.PS GO

.SP 2

. uUc

«NJ

LM i3

«RM 75

« ND

- NNM

.TS 21 29 37 45 53 61 €9 77
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Appendix H, Consideration of some aspects of the SF6

Hamiltonian

In this appendix we will consider tensor terms in the Sf6
vibration- rotation Hamiltonian which are capable nf mixing
clusters. If such mixing exists, intensity of strongly pumped
transitiaons may be borrowed by clusters mixed to them, giving
rise tc anomalously large DR signals. These considerations
have been provided by Dr., Harold W. Galbraith of the Los

Alamos Scientific Laboratory.

H.1 Hyperfine interactions

Although the resoiution of our experiment was not
sufficient to resolve individual symmetry components of a
cluster, the splittings within a cluster and between clusters
in the ground vibrational state can be calculated C(H-1].
Specifically, the matrix elements for the inter- cluster

splitting in the ground state is given by

| ) |
Touy o d)gq = (27375)7(23+1) KT (O] - || T, ()] .H 2
114
H-1
x -1) Fi:;i)otoaa (1)
- y? FOID 3 o5 3y (20-2) (23-1) 23 (2J41)

Ajoa V28

><(2J+2)(2J+3)(2J+4)<2J+5)};i °t044 (H-2)
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Recentiy Borde et. al. C[H-21 have estimated thatotoaaﬂ 6 Hz

from very high resolution saturation spectroscopy. Using this

value, calculation of (H-2) for J = 33 renders

_p(4:33,33) 322 MHz (H-3)
Afm
USing the exprESSions 0¢ Krohn (H-1b1 for the FA coefficients

Toag 09 oy =

in (H-3), the ground state cluster spacing is approximately
.7 MH2z for 4-fold axis clusters and 4.8 MHz for 3-fold axis

Clusters.

AS Borde et. al. point out [H-21, symmetry states
within a cluster are mixed by spin-rotation and spin-spin

interactions. Spectroscopically, they have shown mixing of

0 and F 0 states of Q(38) as "crossover peaks'" occuring

1
between the EO and Fg peaks. These transitions violate the

the E

AC = 8 selecticn rule by virtue of tensor spin-spin
interactions which are off-diagonal in the cluster
approximation. The crossover peak intensities, which are

proportional to the square of the mixing, are at best 10%.

The ground state splitting between these two symmetry
components can be calculated from {(H-3) to be ~ 4 kHz. Since,
in our case, the intercluster splitting is about S MHz, the
intercluster mixing will be down by a factor of 18~3. Hence
hyperfine interactions are far too weak to perturts DR
intensities between clusters, and may be eliminated as a

aschanism for transferring intensity.

H.2 Centrifugal distortion
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The ocnly other ground state molecular mixing process to

be considered is due to the Sixth rank tensor centrifugal
distortion operator, given for 4-fold axis clusters by

1

——

1 .6 1.2 6 6
g - Otoaa g Vo 2 YV + V] (H-4)

This cperator mixes states of AK:= @8, 4 cand AK:= 8, 3 for
3-fold axis clusters). Ewvaluation of this expression

provides, for J = 33,

g = 066 14-4 1 1/2(3 6 J
( (2J41) T (2I+7)(2346) " " (23-5) , { }
64 11-9 27 4 =31} (H-5)
~ a o
1.3 x 10 to66 (H-6)
%
for togg expressed in Hz.
In the 2-level experiment, the sixth-rank tensor
interaction couples the Fi + Fg » K = 27 cluster, which is

nearly resonant with the pump fieid, with the Fi + Fé » K =

31 cluster. Evaluating the appropriate F4 coefficients to
find the splitting between these <20 ciusters in the ground
state, we find via (H-3) that tiifs splitting § is

5= (3.5- (-1.8) ) x 10°% 322 MHz (H-7)

17 MHz

This is the energy difference over which the perturbation

interaction of (H-6) must apply. The extent of mixing is
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given, in a ctmple psrturbative approach, hy

a8 0
1 - & _ 1.3 xiC t
1.7= 19’7
= 0
7.6 t066
bt for 18x mixing we require that °t066> 10~-2 Hz.

~ithough a measurement of °t066 has not been made, ii5
$.Ze can be obtained by standard vibration-rotation ordering.
We assert that
faan . _fose (1-9)
B "tous
where B is the rotation constant, since both ratios are taken

between parameters which differ by two orders in J. Using

best vaiues [H~31 for the known constants in (H-9), we find

that
-5
0 -~ 0 -~ - 0 H"IO
toe6 - 044224 6 x 3.8.% 1 (H-10)
B 10

2 x 10-3 HZ

Me conclude that although this is a possible source of mixing.
it would take an unusually large molecular constant ot066 to
give appreciadble mixing of ground state clusters and hence is

unlikely.

H.3 “"Weak" transitions

In the excited vibrational state mixings must occur over
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sven larger detunings than for ground state misings. The

pridary such mixing is due to the second order Coriolis tensor
‘224 , which mixes different R (pure rotation) vaiues of the
same J. This mixing leads to the “weak transitions" of
Galbraith et. al. [H-4], which have been suggested [H-5] to
be important in the multiphoton absorption process. Accarding
to [H-41, weak transitions to the same upper state belong to

lower states having different J values. The energy difference

§ between the ground states can be simply estimated by

5= BI(+1) - B (J+1)(342) = 6 cu | (R-11)

The very large size of § in this case indicates that mixings

of this type would not be observable in this experiment.

H.4 Optical mixing

The final class of possible mixings are optical, or
molecule-pump field coupling. MWe will consider only dipolar

and ignore higher n-pole and magnetic interactions.

In the standard treatment [H-6] the molecular dipole is
expanded in normal coordinates in a Taylor’s series. In the
lab frame it is a permutationally invariant vector. and hence
is a double tensor of indices (1..1&1_s ). The molecule-fixed
components are related to the ltaboratory- fixed components by

a D(l'l) rotation matrix. We can write (H-7]

l’A ] L
u I(.AB 17 = (oD X(uoq_.(,'o Dy {q3xq3*q3}(°’l) u;

(R-12)
}(0'3) b .o n )}(I’AIB)

+ {q;%q4%q, My *
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From (H-12) two kinds of terms arise, T 110 and T 114 * which

are scalars and fourth rank tensors of ﬁs symmetry.
respectively. Since the T 314 tensor has a vibrational rank
of 3 it cannot connect @ v,states with 1 vjystates, hence no
mixing via this operater occurs. Furthermore, T 110 is
scalar in R and cannot mix clusters to any order. Hence.
mixing by optical dipole interactions can be ruled out aiso.

leaving no terms in the dressed molecular Hamiltonian which

appreciably mix clusters in a given J level.
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Appendix 1. Gizmaos

I.1 TAC II CO) TEA laser

Aligning the optical cavity of the TAC II laser follouws a
procedure similar tc that used faor aligning other infrared
lasers in the laboratory. The output coupler must be removed
by unbolting its gimbal mount and removing the entire mount,.
Next, the brewster angle ZnSe windows must be replaced by
pinholes marhined into round aluminum stock. made specially
for this job. A HeNe laser can then be directed by means of a
micrometer—-mounted mirror through the two pinhnles. The beam

should strike the grating in the center.

Alignment of the grating can be checked by turning the
“tuning” micrometer handle to insure that successive
diffraction orders of the HeNe beam fold back into the
pinholes. The vertical tilt microneter can be tweaked
accordingly. Once the HeNe beam and grating are aligned, the
windows and output coupler can be replaced. The ocutput
coupler is then adjusted until the reflection of the HeNe beam
from the outside surface of the coupler folds back into the
HeNe laser itself. 1In this manner one is assured that the
output coupler is perpendicular to the optical axis of the TEA

laser cavity.

Final teeaking of the grating may be tedious. The best

chance for lasing occurs when the front surface of the grating
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is parallel to the back plate of its gimbal mount. KHhen the

laser is finally turned on. the grating must be slowly tuned
until lasing occurs on some random line. The front mirror can
then be tweaked. The catibration of the tuning thumbscrew on
the grating can be checked against thz CO2 laser spectrum
analyzer. Adjustment of the tuning calibration can be done by
temporarily looserning the set screws on the tuning micrometer
sleeve, turning the outside thumbscrew to the desired digit
while holding the micrometer handles still, then tightening

the sleeve set sScrews.

The calibration of the Optical Engineering CO, laser
spectrum analyzer can also be checked with a HeNe laser. By
shining the HeNe directly into the analyzer, three diffraction
orders should be visible on the analyzer screen. The middle
spot, the sixteenth order spot. is very nearly coincident with
the R(48) 18.6 micron laser line; the calibrated screen can be

adjusted accordingly.

1.2 Nzo lazer secrets

Much useful information on the¢ nperation of the
Q-switched Nzo laser was found in Joel Levy’s research
notebooks. The comments beiow may u41so0 be of use in its

operation.

1) The 1.5 ca bore G-switched c02 taser will not lase
with Nzo presumably because of the large bore (poor coocling)

and long residence time of the gas in the tube.
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2) In the N0 laser, cischarge is difficult tu sustain

with no CO (carton monoxide) in the mixture. CO turns the
discharge blue. The three lead power supply having i@8K
resistive ballasts in the high voltage leads is necessary to

maintain discharge in both arms of the tube.

3) The Ny0 laser lases well using CO, as a gain medium.
Thus CO,; can be used to align the optics with ease, then

replaced with N,0.

4) Best lasing with N,O was had with a mixture of
NyO:CO:N,:He of 1:8.5:1:3.5 Torr, with minimum current
necessary to sustain discharge. It was necessary to reduce
the total pressure in the tube to below one Torr to ignite the
discharge., after which the pressure was increased slowly to an

operating pressure of about 6 Torr.

3) Q-switched lasing is impossible in the L cm bore tube
with a 10 or 20 meter radius mirror. Q-switched lasing was
obtained using a flat mirror at one end, and a rotating Z2©
meter radius mirror and & 4.25 e radius stationary mirror at
the other end. The current configuration utilizes a 4.5 meter

radius rotating mirror and a plane grating.

€) Maximum repetition rate for the N,0 laser is about 59
Mz. Care must be taken to avoid frequencies close ta line
current, lest the beat note between the laser repetition
frequency and line frequency be detected by sophisticated

electronics.
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1.2 Baxcar szttings fcor DILEOR

Typical =ettings cf the PAR Model 189 boxcar integrator

for DILDCR experiments are as follows (7?7 means does not

aatter;:

Trig moge - EXT Time base - .1 msec
.7T.D. - 72 S/D - as needed
Slope -~ negative Scan rate - 1 min
Throshhold —-as needed DELAY

D.0. = DELAY Ap. Time - .1 sec, min dial
Repeat - ? bBlue TC - ?

Input - 123€K reg TC -.1 msec
Prefilter - .805 MHZ Zero - as needed
Coupling - AC Memory - OFF

In. sens., - 5@ mV In. offset - OFF

rear panel: ext. gate - OUT

1.4 PDP-B/L to MINC link

Characters can be transfered from the PDP-8/L to the MINC
with the cable diagramed in Fig. I-%i., This cable plugs into
an SLU port on the MINC. 7o effect itransfer, output from the
8/L is transferred to the ARDS by executing an FNEW(S)
function. A program such as PDPBIN (listed below) must be
runt.ing an the MINC. This program accepts any characters
typed on the ARDS, line by line, as input and stores them on
diskettes. In this fashion a FOCAL program can write data on
the ARDS and effect data transfer; FOCAL programs can be

transferred with a4 HRITE ALL command.

Hith 2 minor modification to the FOCAL operating system,
the PDP-8/L can be used as a paper tape reader for the MINC.
In this mode, 2 tape is not read into H/L meamory., but is

asrely transfered to the MINC as it is read. The instructions
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hi
H2 to ARDS
V2
N2 g%NC connector
pin 7
v2 4
2 o °
All
Fig., I-1, PDP-8/L to MINC link. A three conductor

ribbon cable was connected to the existing
board in the 8/L which is used for
communication to the ARDS,
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1. Load FOCAL
2. Execute FNEW(S) so0 that output goes to ARDS
3. RUN PDPBIN on MINC
4. STOP the 8/L

5. Loag these two locations with instructions:

location instruction
2030 4355 READC = JMS 2155
2031 5238 JMP . -1

6. Place tape in LSR

7. Start B8-/L at location 2038

8. Start LSR

9. That’s atll
When the entire tape is read, stop the LSR. PDPBIN can be
stopped with two CTRL/C’S.

PDPSIN.BAS

1 REM -- siop pare with “C*C then tyes ‘CLOSE #1°

4 PRINT °Filename For dats"7 \ INPUT F$

3 OPEN F$ FOR OUTPUT AS FILE 81

10 CIN('retrieve’,S$)

20 IF ASC(SEGS(S%,1,1))=138 THEN S$=SEG$(S$,2.100)
30 PRINT #1.5% \ GO T0 10

50 OGPEN F$ FOR INPUT AS FILE M

60 FOR Isf TO 3 \ INPUT #1.5% \ PRINT S8 \ NEXT I
70 CLOSE @1

.00 END

1.5 TEA laser pulse counter

A small digital pulse counter was built in 1977. The
wiring for this counter is shown in Fig. 1I-2. Separate

switches control power., reset and count direction (up-sdown).
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Connection is made by gimple BNC cable to the SYNC OUT

connector on the TAC Il laser, although the counter may work

in other applications as well.
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APPENDIX J, Laboratory Report: Studies of SiHA using CO2 lasers

In 1978, J. Haggerty and R. Cannon (and coworkers)
discovered that sinterable pcwders of sf{licon nitride (Si3N4) could be
produced in an atmospheric pressure flow of silane and ammonia when
irradiated with approximately 100 W/em? of c.w. CO2 laser radiation
[1.2]. Many details of the process were unknown, such as the detailed
gas phase chemical mechanisms, absorption cross sections as a function
of temperature and pressure, rhe pnssibility of multiple photon
absorption, etc. A collaboration between that Energy Laboratory group
and Prof. Steinfeld's group was initiated with the hopes of investigating
the possibility of multiple photon heating of silane and silane/ammonia
mixtures, and of obtaining accurate values of the absorption coefficients
of those gases for the various CO2 lagser frequencies. The absorption
coefficients were needed for modeling the energy deposition in the c.w.
experiments, and to ascertain which laser line would be most efficient
in heating the mixtures. It was hcped that multiple photon induced
dissociation of silane would help to unravel the complex gas phrze
chemical mechanisms by which the powders were formed, but these
experiments proved to be disappointing. This Appendix was submitted
to Haggerty and Cannon at the conclusion of geveral months of work, and

is contained in their final program report, Reference 1.2,
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Experimenta)l

Two types of experiments were performed: low pressure, high
intensity frradiation with a pulsed COz laser, and simple measurement
of the attenuation of c.w. €07 laser lines. In both sets of experiments,
s{lane was used from the tank after many freeze-pump-thaw cycles; NHq
was treated similarly. ()1, used in one experiment was obtained from
an ultra high purity lecture bottle.

Typical pulses from the Tachisto Mode! 215G CO; TEA laser contain
0.3] with & FWHM of about 50 ns. Usually 1500 pulses were used for
each sample at a rate of 1 Hz. Figure 1 shows the apparatus used for
the {rradiation; joulemeters (9 and 11 1in diagram) allow the percent
transmittance of the sample to be measured to * 5%. Two lenses
were employed to vary the focal geometry of the beam and thereby to
control the peak fluences at the focal point of the beam. For an effective
focal length for the telescope of 67 cm, the beam radius at the focus
s 0.66 ma; with .3J/pulse, the fluence at the focus would be 22 J/cn’.
Similarly. with & focal length of 28 cm, the fluence would be increased
to 1.5 x 103 ch-z. In this manner the peak fluence could be adjusted
from 2 relatively weak value to the point where diejectric breakdown
occured in the sample,

Reagent pressures were read fram an MXS 2000A pressure transducer
with a 0.1-1000 torr stated range although the head was found to be

-2 torr. The response of the transducer was checked

sensitive to 10
agatnst & dibutylphthalate manometer. Mixtures of gases were prepared
by successively freezing known quantities of gas into a cold finger in

the cell. After irradiation, the products were characterized by their
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infrared spectrum, taken on a Perkin-Elmer 567 IR spectrophotometer.
A variety of Taser lines, sample pressures, and sample mixtures were
fnvestigated, as can be seen in Table]l.

Two methods were used to obtain the absorption coefficients of
S1Hy and NH4, differing slightly in technique as dictated by the avail-
abtlity of equipment. The apparatus in FigureXa was employed for
all but a few data points; it employs twdo choppers to modulate the
sample and reference beams at different frequencies, allowing two
lock-ins to detect the sample and reference intensities independently
while uysing the same detector. When only one chopper was available, it
wds positioned to modulate the two beams at a relative phase of 90°,
again allowing independent measurement with one detector.

The laser {tself consists of a Im gain cell with 2 poratable
grating and a 5m radius mirror forming the cavity; the beam emeryes
via a mm2ll hole in the mirror, which is mounted on a2 piezoelectric
crystal. The stabllization network depicted in Figureld minimizes
output Intensity drift caused by thermal expansion of the aluminum
girder supporting the optical elements. By modulating the mirror position
by 4 0.5 micrometers, the frequency of the cavity resonance is modulated
under the (0, gain curve. A lock-1n detects the slope of the gain
curve at the cavity mode frequency by demodulating tha very slight
ripple in the laser output and applies an error voltage to the pzt to
bring the cavity mode to the peak of the gain profile.

Two cells were enmployed with 1.73 cm and 9.97 om lengths fitted
with perpendicular NaCl windows. When possfble, sample pressures of
about 130 torr were used; for very strongly attenuated lines, it was

necessary to employ lower pressures. Again, the MKS 2000A pressure
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Fig.qN. Apparatus for TEA laser experiments. 1, Tachisto Model 215G laser;
2,6 - friges; 3 - attenuation cell; 4 - beamspiitter; 5,7 - telescope lenses;
8 - sampie cell with pressure head; 9,11 - joulemeters; 10 - inverting differential
amplifier; 12 - stgnal alternater; 13 - Bilomation digital scope.
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Fig.J2. Apparatus for absorption measurements. a) two
chapper method. 1 - laser; 2,3,6,7 - mirrors; 4,10 - InSe
beamsplitters; 5,8 - choppers; 9 - sample cell; 11 - pyroelectric
detector; 12 - reference channe] lock-in; 13 - sample channel
lock-in; 14 - PDP 8/L computer. b»} single chopper method;
lockin 13 fs set to 909 relative phase,
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Fig.J3. Stabilized laser ysed in absorption measurements. 1 - rotatable
grating; 2 - detector; 3 - [m gain tube; 4 - pzt mounted mirror; 5 - lock-tn;
6 - manual dc offset; 7 - high voltage op amp. Depiction of cavity resonances
undar a Doppler-broadened gain profile is shown at right.
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Mead was used after calibreation against a mercury manometer,

The procedure for measuring the attenuation of a sample ts straight-
forward. The laser was tuned to the desired line, and the stabilization
network activated. Mith the sample frozen into a cold finger in the cell,
the ratio of the sanple and reference lockins' signals was averaged
for approximately one minute {about 400 samples) by a PDP 8/L computer.
The serple was then thawed and the ratio again averaged for one minute.
The laser was then tuned to the next line, etc. The transmittance, T,

13 given by

171y (sample unfrozen)
Ta tI-1)
I/1, (sampie frozen)

where | and I, are actually the viltages from the semple and reference
Tock-1ns respectively. Typically the 671 confidence limits of T were
¢ 3X. The extinction coefficient a can be calculated from T and the known

smple pressure p and cell length t via
«s et (72)
pL

All msasurements were taken at room tempersture. During the course
aof a spaswresent the somples did not absord enowgh power to ratse the
tampersture of the cell moticeably.

Toble! contains a sumary of results for the TEA Taser experiments.
%o reaction waz motad fur conditions which did met produce dietectric
Sresham fastde the Cell, which is evidesced by 8 Dlue—vhite spark. The



breakdown threshhoid is sensitive to sample pressure and peak intensity;
for silane pressures above 2 torr, breakdown always occurred for
fluences of 1.5 x 103 J/cmz. For fluences below 100 J/cmz. however,
breakdown did not occur for pressures up to approximately S5 torr. For
conditions where no breakdown sccurred, no incondensible gas (i.e. hz)
was observed in the cell after jrradiation and no change in the reagent
IR spectrum occurred. One attempt was made to trap any H2 which may be
produced by adding C17; even a mixture of one torr each was sufficient
to cause breakdown using the 28 om focal length optics. Lower pressures
in this case would produce quantities of products too smail to detect
with our zpparatus, hence this experiment was abandoned.

Several attempts were made to induce reaction in mixtures of silane
and ammonfa. These experiments were marked by difficulty similar to the si-
lane-only experiments. For a given pressure of aas a long focal length
produced no reaction but a short focal length caused breakdown.

Tablel2 exhibits the extinction coefficients o for NH3 and SiHg
for laser for laser lines in the 10.6 micrometer CO laser band. Good
agreement with the results of Patty et 21. {Appl. Opt. 13, 2850 (1974))
1s seen for the ammonia ahsorpt1qns. For very strong attenuations,
1t was necessary to decrease the sample pressure; values for o are
noted in parentheses where the uncertainty in I/I, (with sampie) exceeded

25%, due to the opacity of the gas at the particular laser tine.
Discussion

Fatlure of the TEA laser experiments 1s disappointing. Since
pyrolysis of silane can be sccomplished with long puises or c.w. radiation
at a few tenths of an atmosphere, we know that a dissocfation channel

is available to sufficiently hot molecules. Apparently for these

202
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Table]l. TEA Laser Experiments Performed on Si1ane

Silane only:

Tine p(torr) lens f.1. # of shots results
{(cm)
P{20) 4.6 89 2000 no change in p or spectrum; no powder
1.21 28 2200 s1ight brown powder
5.4 28 400 heavy powder; ¢ increase; breakdown
2.2 28 500 Hght powder; p increase
2.4 66 1000 no changes
2.4 28 1500 breakdown on first pulses
p(24) 2.0 28 2200 slight powder, p increase; breakdown
3.57 28 700 powder, breakdown
0.54 28 2000 no change
1:1 torr C1, 28 1500 breakdown on first 250 shots
Silane/
asmonia
0.6/1.2 67 2300 no changes
0.6/1.2 28 1000 no changes
1.4/3.7 &7 1000 no changes
1.4/3.7 28 1000 breakdown: slight power, p increase




TableJ2. Absorption coefficients (an‘.m—a:m)'1 for the 10.6’u\band of

the CO; laser. ¢ = -1/pt tnT,
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HH3 StH

(4) R P R p

40 1.0

38 .044 1.02 1.68 1.05

k] .01 (not measured) 1.8 .27 1801

kT .0072 3.5 (small}) 5.01

x .0065 13.6 .19 3.79

k 1} .047 .87 .96 6.45

28 .057 .35 2.68 {24.4) 8.94
26 .059 .42 .70 7.42

24 .056 .16 )| {34.5) 10.7
bz .0n .13 1.36 (28.9) 8.17
20 12 .22 .30 1.61 (43.0) 12.9
18 7.25 .18 .87 11.8

16 .24 A 1.14 .96

14 .47 .50 .83 N 1.94

12 21.5 .65 .23 3.95

10 ' .16 .34 .50

8 .35 .007 2.70

corditions: E A B A E c c D

A: 136 + 2 torr 10 cm cell
B: 1 =17 "
€: 83+1 “ 1.7 * ; a > 20 untrustworthy
p: N =17 "
E: 25 = 1.7 " single chopper methad
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conditions, individual silane molecules do n9t absarb sufficient photons
to overcome the dissociation reaction energy barrier. If we assume
this barrier is the Si-H bond enthalpy (approx 70 kcal/mole) 2 molecule
must absorb at least 26 photons with A = 10.6 micrometers before dissocia-
tion could occur. Presumably silane molecules absorb on the average for
fewer than 26 photons, even at the focal point of the beam.

The possibility of a multiple photon dissociation of silane
cannot be precluded, however, for fluences much higher than those used

3 chmz. sample pressures

here. To utilize fluences greater than 2 x 10
must be much below a torr. OQur methods of analysis require more product
than this would afford; typically these experiments are performed with an

in s1tu mass spectrometer. Also, production of powder at such low

o

pressure seems implausible.

Agreement between the data of Patty et al. and this work is not
surprising. Patty and co-workers prepared ammonia samples in parts-per-
ai1l1on concentrations in one atmosphere of air; one would expect a somewhat
larger pressure broadening than for these conditions. This pressure
broadening causes NH4 absorption features to overlap the spectral bandwidth
of the C0, laser employed; greater pressure or laser bandwidth will
cause greater absorption. It should be noted that for neither Patty's
measurements nor these is the laser bandwidth accurately known, aithough
the lasers are of similar construction.

A dramatic effect on the absorptivities is seen for very strongl-
attenvated 1ines for both ammonia and silane: 1in all cases a decrease
in o is observed for a decrease in pressure. Presumably this reflects
the broadened nature of the individual absorption features, which are notl
in exact resonance with the laser lines until pressure broadening causes

some spectral overlap between the molecular absarption and laser emission



1ineshapes. Since the exact positions of the absorption features, their
relative intensities, and pressure-broadening pirameters are not kngwn

for silane, it would be impossible to calculate the extinction coefficients
fcr this molecule at a given pressure, [f these parameters were known,

the cualitative behavior of the absorptionties may be predicted for
particular laser 1ines, but a more lucrative approach would be direct

measurement of the attenuations at the pressures of fnterest.
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BIOGRAPHICAL NOTE

Chris Relser was born to Dr. Howard G. and Joanne E. Reiser at
10:17 P.M. on June 1, 1954, whereupon he was heard to say, "It was
cooler in heaven.”" A life of academics was forecast for him at the
age of seven, when his teacher at the St. Paul the Apostle Elementary
School predicted that his handwriting would never be legible. Forsakin
a career as a Latin linguist, he eantered the arena of college science
at the College of St. Francis in Joliet, IL, before graduating at
the top of his class from Joliet Catholic High School in 1972.

Shortly after matriculation into Lawrence University in Appleton, WI,
he disappeared into Science Hall and is rumored to have lived from
vending machine food alone until graduating magna cum laude in honors
and in course in 1976 with a B.A. in chemistry-physics. Despite his
shortcomings (he was a computer programmer), he was elected to Phi
Beta Kappa.

Some say that Reiser's life really began in the fall of 1976
when he entered the Chemistry graduate program at MIT. His liveliness
wag recognized when he received the Graham S, Arnold Most-living-places-
in-shortest-time Traveling Trophy, having had five separate addresses
in a three year span. After dissertating under Jeff Steinfeld, he
recelved his Ph.D. 1in chemical physics in the spring of 1980; his
degree did not seem to improve his squash game, quarter-mile race time,
or archery score. He maintains that the only academic award he has
received is the American Legion Good Citizenship Medal for his

outatanding performance as an eighth grader.





