
MECHANISMS OF MULTIPLE INFRARED PHOTON 

ABSORPTION AND DISSOCI.'\TION 

by 

CHRISTOPHER REISER 

B.A., Lawrence University 
(J.976) 

SUBMITTED IN P1L'R.TIAL FULFILLMENT 
QF THE REQUIREMENTS FOR THE 

DEGREE OF 

DOCTOR OF PHILOSOPHY 

at the 

t,·.ASSACHUSETTS INSTITUTE OF TECHNOLOGY 

~Tune 1960 

@ Massachu8~tts Institate of Technology 1980 

- I ~ /] 

Signature of Author 
Signature redacted 

bl, - 1c,zre::: r~ ~ ____, 

/) 

V Department of Chemistry 
May 23, 1980 

Signature redacted 
Certified by - _ _ • -

---------/-...--4N~------J-e_f __ f_r_e,..y...__I_._S_t_e_1_n_f,....e~la 

Accepted by 

Thesis Supervisor 

Signature redacted 
---------e::;_...v_,_ ....... y_,_-_,: ~"·---G-t,_e_n_n_A_._B_e_r_c_h_t_o_l_d 

Chairman, Departmental Graduate Committee 

ARCHIVES 
MASSACHUSEns INSTITUTE 

OF TECH'IO~OCY 

llJN 11 1980 



This doctoral thesis has been examined by a Committee of the
2 

Department of Chemistry as follovs: 

~. r.A.~ ' 

Professor F. Read McFeely Signature redacted 
-----.,,_ ....... /J ............... ~v-:-----t-\;:-----J--,,.:, _:.C.:_h~..:.__-n 

Sig natu reredaCted 
Professor Jeffrey I. Steinfeld 

' I tr/ 
Professor James L. Kinsey I Signature -redacted - , \ 

f 
Thesis Supervisor 



3

MECHANISMS OF MULTIPLE INFREARED PHOTON

ABSORPTION AND DISSOCIATION

by

Christopher Reiser

Submitted to the Department of Chemistry

on May 23, 1980 in partial fulfillment of the
requirements for the Degree of Doctor of Philosophy

ABSTRACT

The infrared laser induced multiple photon reactions of olefins of

the type R2CSCHCl have been investigated. In all cases, the dominant

mode of reaction is elimination of HC, although free rotation around

the double bond may precede elimination. Clear evidence for the
formation of the vinylidene carbene F20=C: from F2 C=CHCl vas shown
although the case for the corresponding dimethyl species (CH 3 ) 2 C-C:
is not as convincing. The experimental results for the vinyl chloride
system can be represented with a kinetic model with rates calculated

from RRK2 theory, which assumes an unhindered flow of energy amongst
the vibrational modes prior to reaction.

Spectroscopic studies of species undergoing mult'nle infrared

photon absorption was begun with infrared laser double resonance
spectroscopy in the V 3 band of SF6, 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 observd
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 - 24 3
nsec*Torr for 2-level signals and PT a 43 11 nsec-Torr for 3-level
signals.

Thesis Supervisor: Dr. Jeffrey I. Steinfeld

Title: Professor of Chemistry
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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 IV 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. L [X.Y], where X is 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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Chapter 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

linesidth, short pulse duration or facile beam directability.

Applications have ranged from gross laser heating and

pyrolysis, such as in thermal diffusion columns (1.13 or the

production of sinterable powders (1.23, to state-selective

excitations, such as vibrational energy enhancement of the

bimolecular HCl + K reaction rate [1.33.

Laser induced and laser enhanced chemistry has blossomed

in the past several years into a full-scale discipline whose

central theme is influencing chemical events by coupling

energy, via laser radiatior, 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

incurred in the megawatt infrared laser induced dissociation

of small molecules.



Multiple infrared photon absorption (MIRPA) is a 13

relatively new area of research. The first observation of

MIRPA may be ascribed to Isenor et. al. E1.43, who employed

& CO2 TEA laser to irr&diate law pressure samples of SiF4 , NH3

and other molecules at intensities of up to 10^9 /cm^2.

Visible fluorescence emitted -rom the samples was attributed

to emission from highly excited parent molecules or

phutefragments. The authors' interpretation stated that

sufficient energy was absorbed into the near resonant

molecular vibrations to c&use direct collisionless

dissociation, since the emisnion follo'wed the 200 ns laser

pulse in temporal and geometric shape. Absorption of multiple

photons presumably occured through a series of discrete

overtone vibrational states until the density of vibrational

states, or number of vibrational states per unit energy.

became a "quasi-continuum", thus providing a facile pathway

for the absorption of energy from the laser field. In this

mannerD the absorption of 29-40 photons was envisioned.

Within the next several years. Ambartzumian et. al.

1.52 and Lyman et. al. C1.63 reported isotopically

selective laser induced dissociations of SF6 . In these

experiments, gas samples of SF6 with a natural abundance of

sulfur isotopes were enriched in either 32S or 34S. The

enriched isotope could be chosen by tuning the CO TEA laser

used to irradiate the samples to the band frequency of the

unwanted isotope, thereby preferentially dissociating unwanted

isotopic molecules. The large mdipole moment. high
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isotopic shift of the V. fundamental frequency9 coincidence

witi C02 laser frequencies and spectroscopic similarity to UF6

made SF6 an "ideal" candidate for studying MIRPA and laser

induced dissociation (LID).

In his dissertation1 Jensen 1.73 gives a sweeping tour

of the experiments and interpretations of the MIRPA process in

SF6 . This process is not restricted to hexafluorides, but in

fact has become a general process occurring in a wide range of

molecular sizes and types C1.83. Several recent review

articles attest to the popularity of the field 1.93 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. In some cases, inert or scavenger buffer gas may

be added. to achieve the intensities required to force MIRPA

to occur, the TEA laser output is focused into the sample cell

so that peak intensities fall in the 10^6 to 10^9 W/cmA2

range. The net chemistry is inferred, after a suitable number

of laser pulses- by IR spectrophotometry, gas chromatography.

mass spectrometry and other means. In some cases 1.103 in

situ analysis techniques have been employed to determine the

identity of the primary photofragments. For the most part.

however, the photochemist has been left the often tedious

chore of determining the primary photochemistry from the net

chemical products.
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The value of the MIRPA approach to photochemical

reactions lies ultimately in the ability to choose what the

primary fragments will be. Initially it was hoped [1.113 that

mode 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 shall see in Chapters 2 and

3, however, the criteria necessary to achieve mode selective

behavior appear to be particularly elusive in the laboratory.

Lack of mode selectivity or specificity does not imply

uselessness, however. As mentioned above, isotopic enrichment

continues to be a major application of megawatt infrared

photolysis; isotopes of C, H, 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 1.123 in their spectroscopic studies of CF2. In a

similar manner, Steinfeld et. al. C1.133 used high local

concentrations of reactive radicals produced by LID to etch an

S10 2 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 deuterium enrichment, have begun to

approach the cost effectiveness of currently used techniques

El. 143.

Perhaps the greatest stumbling block to further
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applications of LID is a lack of understanding of the rates

and mechanisms of fundamental physical processes which

contribute in concert to the observed net chemistry. Only a

limited understanding of the intimate details of the dynamical

process can be had from analysis of chemical evidence after

the event is completed. Despite a growing mass of elegant

experimental evidence, large gaps in our understanding still

exist. Specifically, experimental efforts should be aimed at

four interleaved questions:

1) How does a molecule absorb multiple photons? This

question cannot be answered by bulk chemical methods. It

requires a 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 role, so that effects

of sample pressure, laser frequency and laser intensity (or

fluence) are adequately describable.

2) How does the vibrational energy distribute in the

molecule? Once energy has been absorbed, collisional or

spontaneous intramolecular energy relaxation will tend to

distribute energy in modes other than the mode which was

originally resonant. The speed of intramolecular vibrational

relaxation (IUR) is evidenced in many LID experiments, for

example 1.153 in the LID of CF3rv

CF3Br nh3 -I CF3 + Br (1-1)
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energy is placed initially in CF stretches although it is the

bromine bond which breaks. Presumably the speed and extent of

IIR influences the cnances of observing made 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 E1.163.

3) What kinds of exotic reactions can be expected? To

answer this question we must understand how laser excitation

differs from simple heating (which is the key to question (2))

and what unimolecular kinetics the molecules follow given that

excitation. Since using a laser to produce chemistry that can

be done by more conventional techniques is at best

uneconomical (1.143, reaction mechanisms unique to this form

of excitation must be elucidated before LID can find

significant applications in experimental and commercial

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 known for a particular

system. a sufficiently large computer code could model the

system behavior. In many cases. howeverD the ability to

predict chemical behavior with a simplir, analytical model

mould be of greater use in applying MIRPA to a particular

chemical problem.

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 outlined above. In many cases

the mork done in our laboratory has complemented that done

elsewhere, 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 understanding of the LID

process was particularly thin.

Originally the data collected were chemical in nature,

aimed at answering question (3) above. F. M. Lussier t1.173

initiated work on the infrared photolysis of vinyl chloride,

which was considerably extended to include a host of

halogenated olefins. This work is contained in Chapters 2 and

3 and in Appendices AD 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 geometry, pulse intensity or fluence and

other more subtle factors were found to influence greatly the

total amount of energy deposited in the molecules. The simple

kinetic schemes we used to model our LID results in the vinyl

chloride system showed that the average energy absorbed per

molecule (C) is strongly dependent on experimental

conditions such as initial gas sample pressure, the presence

of cold diluents which tend to deactivate excited molecules,
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and beam geometry (which we review in Chapter 4 and Appendix

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, RRKM unimolecular reaction rate theory

C1.162 has been used to aescribe the microscopic rates of

reaction quantitatively. The success of the RRKM method in

modeling dissociation rates over a wide variety of LID

conditions and reactions (such as isomerization, cyclic

molecular elimination and simple 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 energy created by MIRPA. Theoretical 1.183

and semi-empirical C1.19,1.283 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 E1.73 pointed

outD 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 investigatiors of this nature have proven

to be difficult to carry out. In molecules possessing no

easily accessable excited electronic state, the lack of

resonant excitation makes the usefulness of visible probe

radiation very limite 4. We have chosen to use a tunable

infrared diode laser to probe the vibrational bands themselves

as they are being pumped by intense CO2 laser fields. This

work. Diode Infrared Laser DOuble Resonance (DILDOR). was

begun by Jensen several years ago; in his thesis C1.73 he

reported preliminary results in SF6 . Since that time our

efforts at answering question (1), how SF6 molecules interact

with very intense resonant infrared fields, have been

considerably extended, being included in Chapters 5 and 6 and

in Appendix E.

In the DILDOR experiments accomplished thus far, the

effects of power broadening. saturation. dynamic Stark

shifting and collisional rotational relaxation have been

studied in SF6 for pump intensities up to 11 kW/cmA2. The

limit 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. Moulton and

Mooradian 11.213 have extended this work in SF6 to higher

pulse intensities but not to other molecules. A high

repetition rate C02 TEA laser currently being constructed by

Dave Harradine will enable these experiments to be extended to

the intensities generallU required for LID. The shorter

length of the TEA laser pulse may also be valuable in studies
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of collisional deactivation. Further improvements in the

existing apparatus will be discussed in Chapter 8.
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Chapter 2. Laser Induced Chemistry: Results

2.1 Introduction

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 over the microscopic behavior obtained

by these interrogations. Often, however, the experimentalist

is faced with the reverse problems that is, having information

about an ensemble without knowing microscopic details. This

is currently the case in the understanding of MIRPA 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

molecules as his method of interrogation. In chemical systems

wnose internal energy dependent reaction rates are well

characterized, the known microscopic 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 to make

quantitative statements about the MIRPA process.

Me have used this technique to study the LID of

halogenated ethylenes, %CMC - 1wH, H, 3D, H, Cl, C1
B' 'C1' Y-H,D,H,C,H,C1
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The report of these experiments has been published (J. Am.

Chem. Soc. 181, 350 (1979)) and is included in this thesis

as Appendix A. The reader is encouraged to peruse Appendix A

before reading this chapter, so that he may be famaliarized

with the experimental method and results of the photolyses

reported therein. The remainder of this chapter is devoted to

experimental results not specifically reported in Appendix A

but which nevertheless have aided our understanding of the

MIRPA process 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

of the method of synthesizing the isotopically labelled

molecules CHDCHCI and CH2 CDCl found in Appendix A has been

expanded into much greater detail in Appendix C.

2.2 Kinetic model for CH 2CDCl

In Appendix A, the LID of CH 2CDCl was reported. The

percent of d,4 elimination o JCl versus 4,p elimination

of HCl was determined by GC/MS analysis of the acetylenes C2 HD

and C2H2 produced. These data are reproduced in Fig. 2-lb.

Although it was claimed in Appendix A that these data are

consistent with tte RRKM picture presented for the more

complicated system CHDCHCl, the details were not presented.

For completeness, they will be included here.

The kinetic model for CH2CDCl is similar to that used for
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CHDCHCI and is constrained by the same assumptions as those

put forth in Appendix A to qualify the use of this approach.

In this case# the model is somewhat simpler, because

isomerization need not be considered. Only two reactions

occur.
k

CH CDC1 1H CH2 + DC1 (78%)
2 22 (2-1)

2~----= C ED + ECI (32%)
2

where

k , gem

(2-2)
k - k + k - k
2 cis trans cis

In this model. trans elimination has been neglected, as in the

model for CHDCHC1.

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

dA/dt - -k + k JA (2-3)

d(C 2H2 ]/dt - k' A
1 

(2-4)
d[C2HD]/dt - k' A2 2

where A is convenient notation for CCH2 CDCI3 and

kifkf ; M-5 X 10-5 (2-5)

The conztant f is the approximate ratio of the volume

interacting with the laser to the total volume of the reaction

cell. Variations of -59% of f change the net results by only

1 or 2.
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Equations (2-3) and (2-4) can be integratedD using the

boundary conditions of unit concentration of A and null

concentration of acetylenes at t=S:

A(t) - A(O) exp(-[k{ + k']t) (2-6)

[C 2H2 ](t) - k A(O)[1 - exp(-[k' + k ]t)]/k 1 +k 2
2 2 1 21 2 (2-7)

(C 2 HD](t) - k2 [C 2H 2 1(t)/k1

To find XC2 HD, Equations (2-7) need be evaluated at some

appropriate times taken to be 18^-7 reaction-seconds/pulse x

150 pulses = 150 microsecondsD as is done in Appendix A.

The constants k' must be calculated from the RRKM

microscopic reaction rates, kRRKM (E)D by the same formula as

prescribed in Equations (16)-(21) of Appendix A. These

equations calculate the easemble-averaged dissociation rates

for two ensembles of molecules, one having a Poisson

distribution fCE) of molecules over energy and the other

having a maximum entropy dietribution. Constants used in the

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

The results of using Equations (2-7) are shown in Fig.

2-1 for energies of activation Ea identical to those which

produced best results for the CHDCHCI system. For the maximum

entropy distributions a slightly different set of Ea renders

a far superior fit. These adjustments are not much larger

than the 1-2 Kcal/mole uncertainties of the values for the

Ea - This point will be discussed in the next chapters for



Table 2-1.

imode5

2
3
4
5
6
7
8
9

(a") 10
11
12

Vibrational frequencies of CH 2CDC1 ayrd
transition state configurations (cm ).

molecule

2305
3125
3030
1595
1355

911
U110

710
394
805
895
590

t -elim.

2250
3100

2500
1800
1340
900
7.50

r.c.
290

1500
850
590

4 -elim.

2200
3100
2500
1800
1350

860
r.c.
590
280
1500

820
590

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

r.c. - reaction coordinate

26
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Figure 2-1. Effective branching ratios for HCl/DCl

elimination in the LID of CH CDCl. a) observed; A -
'2

P(38) laser line, A - P(32). b) calculated; 0 -

Poisson distribution with E a 70 and 69; A -

maximum entropy distribution with Ea = 69 and 73; + -

maximum entropy distribution with Ea - 70 and 69 Kcal/mole

for cis- and gem-elimination respectively. Solid curve

drawn in a) has been included in b) for comparison.
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Table 2-2. Sunary of LID experints on isocrotyl chloride.

Date notebook
_ II page

10/10/78
"o

10/11

10/12
'o

10/13

10/16
"'

10/18

10/30

11/6

11/7

3/8/79

"o

5W

5Y

6Y

7W
"f

7Y

8W
i

'3

9y

11W

ily

p (I)
Torr

0

4.2

1

1625

0

5

0

10?

9.4

3.2

4.9

8.6

25Y 4.25

"o 4.45

"f 4.2

p(buffer)
Torr

4.8 MeOH

0

10

10.6

11

22.1

3263
"o

0

2968

4863

1369

MeOH

MeOH

MeOH

H20

NH
3

" 2

il2S

H2

H2

14.4 D2S2

0

14.1 H2S

* shots

1500
"f

i

1300

1500

1500

500

1000

2500

1500

1500

121

1500
i"

line
9.6 p

P

Remarks

(16) only product in IR spectrum - C2H2
many peab--some impurities

acetylenes formed
",

"f

I

"t

"f

"o no reaction

P(18) no changes

"f white soot; great attenuation;
very slight fluorescence

"t submitted for CCtS analysis

"o IR weak; GC looks like blast of II

"s same as last entry

"t brilliant flashes; white soot; new
peaks in IR plainly seen

"t no fluorescence; for GCMS analysis
"'

"f

"'

"'

"o

"f

alone

; no soot



Table 2-3. Sumary of products seen in the infrared photolysis of isocrotyl chloride.

rel. ident.
streagth

3 allene

Reasoning

boiling point is lowest; mass peak 19.5 is unique to allene*

10 1,3-butadiene mass peak 39 is very strong*

2 butadiyne
plus

1-butyne or
1,2-butadiene

3 2-butyne

butadiyne is indicated by strong mass peak at 50; others
must be included to account for a large mass peak at 54;
bp's are very close for all three

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

*library MS data have been taken from "Eight Peak Index of Mass Spectra" 1st ed.,
VA3. I and 2 (Mass Spec.rOmetry Data Centre, Reading, 1970)

La)
ci

GC
peak 0

1

2

3

4
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now we need to conclude only that the agreement between the

observed and calculated points can be very good for either

distribution f(E). As was found in the CHDCHC1 system. the

mean energy <E> required to fit the data with the Poisson

distribution is considerably higher than the <E> needed for

the maximum entropy distribution.

2.3 LID of other halogenated olefins

2.3.2 Isocrotyl chloride. (CH3 2 C=CHCI

The large fraction of gem elimination seen in the vinyl

chloride system suggests that a radical of the type R2C=C: may

be formed. In the vinyl chloride system. reaction products

that one would expect from this species were never detected.

presumably because hydrogen migration occurs much too quickly.

If the groups on the A carbon were inhibited from migrating.

however, the proposed intermediate might possess a

sufficiently long lifetime to fore bimolecular reaction

products with added buffer gases. For this reason, the

infrared photolysis of two additional- molecules,

1-chloro-2-methyl propene (isocrotyl chloride. I) and

1,1-difluoro-2-chloroethene (II) was investigated.

CH3 A F, ,i
c-. C c-FC

CCi F' ,1

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 59 cm
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Pjrex cell. The cell was fitted with a removable coid finger

with a stopcock, a sidearm for cooling with LN2 and a gas

inlet for in situ evacuation and filling. For a typical run,

the cell was filled to the desired pressure of Ih 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

two 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 results. however, it

was 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 of deuterium in the MS of products formed in

photolyses with D2S as the buffer gas.

Products that were formed 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 manner, the

products are assigned according to Table 2-3. By far the most
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abundant product is 1,3-butadiene, the mouv% stable nydrocarbon

mith composition C4H6. This is the expecied composition of

the organic fragmint arising from the dehydrhalogenation of

I.

2.3.2 1,1-difluoro-2-chloroethene (II)

Photolyses of II were performed with thE Name technique

used for I. Various pressures of TT ith a variety of buffer

gases were photolyzed by focussing the approximately 9.4 J

laserpulse with the 11.1' (28 cm) Ge lens. A summary of

experiments on II is tabulated in Table 2-4.

One interesting feature of this system is the blue

fluorescence observed around the focus of the beam. We have

observed this effect in other vinyl halide systems; it has

also been reported C2.32 in the MIRPA of chromyl chloride. In

the latter system. the observed luminescence was attributed to

excitation 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

fragments. but this conjecture has not been tested.

From the GCMS of several reaction mixtures. the products

of the photolysis of II were identified. When II was

photolyzed at 4.8 Torr with no added gas. the principal

products were C2F4 (67t) and C2F 3 H (33t). A small amount of

C2F2H2 was also detected. but no C2F2 was found. When 14 Torr



Table 2-4. Su mary of LID experiments on difluorovinyl chloride. All experiments were
performed with the R(18) 10.6 laser line, 28 cm f.1. lens.

Date notebook
011 page

11/22/78 13W
11/24 ",
11/27 13Y

12/4 14Y

", 15W

12/6 15Y

12/20 16Y
"f "f

"o "f

3/8/79 25W

p(II)
Torr

10
1.8
1.95

2.15

2*25

2.2

5.1

5.*05

5.1

4*15

4.0

4.0

4.25

p(buffer)
Torr

0
0
16.1 H2s

9.0 "

6.2 NH13

4.1 MeOH

15.1 H2S

14.3 MeOHl

0

13.1 H2s

0

14.0 MeOH

1435 D2S

* shots Observations

1000 bright flashes; soot; HCi formed, other products
1000 IR :how products; no flashes
1000 no flashes; GC taken, ambiguous results

1500 very slight powder

500 slight luminescence; white soot

1500 blue fluorescence; problems with GC

"s very slight powder; large energy deposition

2000 tremendous attenuation of beam; fluorescence;
GC shows massive peak in Rxn mixture

1000 same massive peak here too

1500 white powder; GCMS done

1000 intense fluorescence; visible brown powder; GCMS

1500 very slight powder; GCMS done

1500 thin blue fluorescence; audible signal; GCMS done
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of methanol was added, however, the products C2 F2 H2 ' C2 F3 H and

C2F4 ere observed in ratios of 1:0.15:0.07 respectively. A

very similar product mixture was observed when 13 Torr of H2S

was used as a buffer.

The abundance of C2 F2 H2 suggests that CF 2 C: formed in the

dehydrohalogenation of II leaches hydrogen from the buffer

gas. As a test of this hypothesis, D2S was used as the buffer

gas. Amongst the reaction products was seen undeniable

evidence of C2 F2 D2 . The mass spectrum did not reveal which

isomer of C2 F2D2 was detected, but it is believed to be CF 2 CD2

from the weight of previous evidence.

2.3.3 IDIDI-trifluoro-2-iodoethane (III)

A few experiments on III were performed at pressures of 4

to 6 Torr with 8.4 3 pulses of the 9.6 micrometer P(18) laser

line. The experimental apparatus was the same as used above.

In all experiments, copious amounts of iodine were formed, as

evidenced by dark crystals which formed near the center of the

Call, where the beam waist occurs. No products were observed

when the beam was not focussed.

Unlike other systems we studied, the primary species

formedD presumed to be CF3 CH2D undergoes considerable

bimolecular addition to other fragments. The GC spectrum

showed two close peaks, which, from MS analysis were shown to

be CF3 CH2CH2CF3 and CF3CH2CF2CFH 2 or CF 3 CH2 CFHCF2H

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

the cracking patterns of the two candidates listed above are

almost indistinguishable. A possible mechanism which accounts

for the observed products includes hydrogen and fluorine

migration following the initial loss of iodine:

CF3CH2I -ECF3H2 + I

IV

IV + IV - C> CF3(CH2 )2CF3  (first gc peak)

IV ------ > 2CFH22

IV + V CF3CH2CF2CFH2

V - CF2HCF (VI)

IV + VI -> CF3 C2CFHCF2H

While it is possible to account for all the possible products

in this way, further experiments would be necessary to verify

the various steps of this mechanism.

Loss of HI following MIRPA would lead to the stable

product CF2CFH, which may undergo further LID during

subsequent laser shots. No C2 species other than the parent

molecule were detected in these experimentsD but an analysis

with greater sensitivity may detect them.

2.3.4 chlorocyclobutane (VII)

Under essentially the same conditions as used for III,

VII 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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chloride and 1,3-butadiene. These products are in concert

with the results of King et al. E2.43 who observed two

reaction channels in Very Lou Pressure Pyrolysis (VLPP) of

VII. One channel produces vinyl chloride and ethy;ene, and

the other HCI and butadiene. The acetylene produced here

presumably arises-from photolysis of the primary

photoproducts. Joseph S. Francisco is currently

investigating this system in detail (2-53.
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Chapter 3. Laser Induced Chemistry: Discussion

3.1 Chemical mechanisms

In the previous chapter and in Appendix A, the mechanisms

by which vinyl chloride reacts mere elucidated in fine detail.

The principal mode of dissociation was found to be three

centered molecular elimination of HCl. The data for

C-d1 -vinyl chloride are unambiguous on this point. The

results of trans-d1-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 energy 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 photolysis of CF2 CHCl.

Elimination of iodine from CF3CI21 occurs with such great

efficiency that products which would result from the higher

energy molecular elimination of HI were not seen at all. All

evidence points to the conclusion that a reaction mechanism

having lower activation energy barrier is favored over a

meclanism 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



39
microscopic unimolecular reaction rates are very sensitive to

their Ea , and only at extremely high internal energies Ev do

the rates converge. To accept that this behavior will be

followed is tantamount to admitting that for this type of

laser induced chemistry, 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

F2C=C: is clear-cut, and is reviewed in Appendix B. As was

shown there, evidence for the existence of its dimethyl

counterpart (CH3) 2C=C: is not as convincing. Use of the

cyclopropenyl intermediate seems to be necessary. especially

since it leads to many of the observed products:

-- -(3-la)

-4 C COKCH2- 4 H2C-CHCHRCH2  (3-ib)

(3-ic)

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 all of the laser

induced reactions reported in this thesis have been induced by

other methods as well. Acetylene is formed in shock tube

dissociation 3.13 of vinyl chloride; vinylidene carbene

chemistry is well known in the liquid phase (3.23 and so on.

No entirely new and exotic reactions have been performed using

MIRPA. Tre reaction product mixtures may be different from

those induced by other methods (such as by direct heating);

this point will also be discussed in the ntxt section.

3.2 Kinetic effects

3.2.1 Effects of the internal energy distribution

As Craig Jensen made clear in his thesis C3.33, first

moments of a distribution do not uniquely determine that

distribution. Specifically, the chemistry induced by a

distribution of molecules over energy P(E) produced in a MIRPA

experiment is, in itself, insufficient to specify P(E)

uniquely. If the microscopic rates k RRKM (E) are well

characterized for a system having i channels of reactions then

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

kJAVGE P(E) kRRKM(e) dE (3-2)
f Ea 1

In the trans-d1 -vinyl chloride systemD for example, three

AVG
moments are determinedD those being the average rates k AVfor

isomerization, cis-elimination and gem-elimination.

However& much of the information gained by these i
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moments of P(E) is redundant. Since only "hot" molecules

react, the average rates kAVG determined by the net chemistry
i

actually sample only the high energy portion of the

distribution P(E). No information is gained for energies

RRKM
lower than the lowest E , because the ki (E) do not sample

this portion of the distribution. When the Ea for

RRKM
simultaneous reactions are nearly equal, the k (E) sample

a nearly identical portion of P(E); in this case, knowing two

AVG
ki gains little more information than knowing only one
AVG

ki.

This is precisely the point of Fig. 4 of Appendix A. By

using the chemical evidence alone we are not able to choose a

particular form of the distribution. Both the Poisson and the

maximum entropy distributions are capable of fitting the data.

What is needed is an independent measurement of P(E)D such as

<E> (the average onergy of the distribution), which is

sensitive to the entire distributions not merely its high

energy shape. If <E> were known for the various conditions

used in the photolysis of trans-d1 -vinyl chloride, this

additional constraint would allow us to construct a

distribution subject only to maximum entropy and the observed

AVG
first moments <E> and ki . 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 k1 (C).

Experimentally, the value of CE> may be very difficult to
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measure. One technique (3.43 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 contained in the pumped molecules

under study thermalizes via collisional V-+V,R,T relaxation.

A small amount 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 V4T deactivation occurs. The extent of reaction of

the "thermometer" molecules is then compared to a thermal

average rateD thus determining (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 CE>

equivalent to the gross amount of energy absorbed averaged

over the entire sample. In a given system, howeverD only a

small portion of molecules in the cell are irradiated by the

laser beam, and only a fraction of these molecules undergo

MIRPA 3.53. 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 method, if not

corrected for these effectsD can be expected to give

consistently low values of (E>.

There is another method of determining (E> which at least

in principle can determine <E> for an arbitrarily small volume

of sample in the, laser beam. 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 following

chapter. It should be noted that this method was not

developed until roughly two years after the vinyl chloride

work was completed.

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 of the system rather than

"freeze" it into a quasi-static state, as we have done with

the vinyl chloride model. The time dependence of the MIRPA

process during the laser pulse, energy flow into nonresonant

vibrational modes. collisional activation/deactivation and

other processes must be included in the total picture. Since

so many distinct processes are involved in a typical MIRPA

event, a model incorporating a great number of kinetic

processes explicitly would easily require more rate constants

than are available or even determinable for a given system.

This extreme complexity may be worth less than a much simpler

approach. such as the one we have used for vinyl chloride.

Several authors have investigated various methods of

modelling the time dependence of the MIRPA-LID process. Lyman

C3.62 and others C3.73 have approximated their systems with a

Master Equation formalism. A harmonic energy grid is

constructed Which is resonant with the laser field. The rates

of pumping population between successive levels are determined
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cy approximating the dipole matrix element in an astute

fashion, by including collisional coupling between levels by

V-V energy exchange, and by careful inclusion of the proper

degeneracies of each level. Although these models can oe

adjusted to reproduce a variety of data, such as energy

deposition as a function of pressure or laser intensity 3.63,

the distribution predicted by the Master Equation approach

never deviates appreciably from a Poisson. This may be a

consequence of the harmonic grid necessitated by this method;

coherently pumped harmonic oscillators produce a Poisson

distribution analytically (3.83. This model also neglects all

rotational relaxation effects.

More complex models, which have included rotational hole

burning and relaxation, have been demonstrated by Cantrell and

coworkers (3.93 for SF6 . These models utilize the elegant

angular momentum algebra 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 SF6i Jensen

gives a sreeping review of these in his dissertation (3.33.

What would be of greater value to our understanding of

LID as a general process is a model general enough to be

applicable to any molecule yet simple enough to be useful with

a minimum of spectroscopic and kinetic data. Ackerhalt and

Galbraith E3.113 have introduced a model which, they claim.

meets these expectations. It includes both coherent and
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incoherent laser pumping. intramolecular vibrational

relaxation into many separate vibrational ladders,

unimolecular reaction kinetics and a minimum of empirically

determinable parameters. It has been successfully applied to

SF6 (of course!) and the authors claim that it is flexible

enough to accommodate many different types of molecules.

The situation remains. however. that for most molecules

whose LID has been studied. even the few parameters needed for

a model such as that of Ackerhalt and Galbraith are not known.

Moreover, determining these parameters and calculating

predictions with abandon may not be lucrative or meaningful.

In many cases. a "rule of thumb" would suffice to understand

and predict the qualitative response of a chemical system; a

flowchart of this nature has been provided recently by Thiele,

Goodman and Stone (3.113 and is depicted in Fig. 3-1.

The reasoning behind Fig. 3-1 is straightforward. If

intramolecular vibrational relaxation (IVR) is faster than the

laser pump rate (LPR), energy deposited in the molecule

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 randomized before reaction will

occur. and no selective chemistry will occur. If. however.

I1R 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 before dissociation occurs. In this case.
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selectivity is possible (but not guaranteed) because only a

fer modes contain relatively large amounts of excitation. If

DR is faster than LPR, however, molecules will react as soon

as 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

barriers, and higher energy channels normally never sampled by

thermal reactions become available. A semi-selective,

definitely nonthermal mixture of products would be seen in

this case.

All of the laser 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 systems, such as the cyclobutyl chloride

system mentioned in Chapter 2. have demonstrated a nonthermal

distribution of products and thus fall in the lower right hand

box. These systems are currently under continued study.

3.3 Energy disposal in fragments

Another consequence of falling into the lower right hand

box in Fig. 3-1 is that when the molecule dissociates, an

excess energy AE given by

AE = EV -6H (3-3)

is partitioned amongst the degrees of freedom of the
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distribution fast IVR/LPRI
of states for -7- L
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intrinsically
non-RKKM

THERMAL

RECTO

excitation of
states with
energy high
above E& is
impossible

fast ?U
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PSEUDO-SELECTIVITY,
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IVR - Intramolecular Vibrational Relaxation
DR - Decay Rate (reaction rate)
LPR - Laser Pump Rate

FROH: E. Thiele, M. F. Goodman and J. Stone, Opt. Eng. 19, 10 (1980)

Fig. 3-1. Flowchart for determining the roles played by various kinetic processes in determining

the produ'ts seen in an LID experiment.
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fragments. In Eqn. 3-3', E is the vibrational excitation

forced into the molecule beforq it undergoes a reaction having

net enthalpy AH. Fragments can be expected to 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 products has been studied for a few systems, such

as for CF2 HCI [3.123. This molecule dissociates into CF2 and

MCI; the internal energy content of the former species was

measured spectroscopically by laser induced fluorescence. It

was found that a considerable amount of energy was partitioned

into translation (approximately 7 Kcal/mole) and that the

distributions of vibrational and rotational energy could be

described by a probability p(E) of the form

p(E) Z exp(-Eb/kTb 0(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 was observed for the LID of CF2Br2 and CF 2C1 2 C3.123.

The energy partitioning into the CF2 radicals described

above suggests that partitioning of energy into the various

degrees of freedom of the fragments of LID is statistical.

that is. constrained only by the total energy available. If

this is the case, one would expect that fragments of

comparable vibrational and rotational complexity would be
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Table 2-1. Distribution of energy in the nascent CF 2
fragment formed in the LID of CF2l2d, CF2Br2 and CF2C12
Data are taken from J. C. Stephenson and D. S. King,

J. Chem. Phys. 69, 1485 (1978) 1978 American

Institute of Physics

CF2HC1 CF7Br2 CF2Cl2

T (K) 1160 790 1050

Ev (kcal/mole) 3.6 1.8 2.9

T (K) 2000 450 550

ER (kcal/mole) 6.0 1.4 1.6

TT (K) 2300 570 510

.r (kcal/mole) 6.9 1.7 1.5

E avg (kcal/mole) 16.5 4.9 6.0
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awarded equivalent amounts of energy. A comparison of the

average amounts of energy partitioned into the CF2 fragments

from CF2 Br2 and CF 2 Ci2 shown in Table 3-1 is in concert with

tris assumption.

In Appendix B we comment on the effect of excess energy

partitioning on the ability of fragments R2 C=C: to rearrange.

In the case of the hypothetical H 2C=C:, the barrier to

rearrangement is only a few Kcal/mole E3.133. The fragment is

expected to contain a comparable amount of vibrational energy,

and hence the rearrangement should occur easily. If the

conjecture that energy partitioned into the vibrational

degrees of freedom is proportional to the number of

vibrational states available, then we would expect that the

F2 C=C: species would be born with a vibrstional energy

comparable to the H2C=C: species. Since the barrier to

rearrangement for F2C=C: has been calculated C3.143 to be much

greater than the few Kcal/mole needed for H2C=C:, we concluded

that the former species was born with a small amount of

internal energyD insufficient to surmount the barrier for

rearrangement.

The greater vibrational complexity of (CH 3 )2 C: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 number of vibrational states available per

Kcal/mole is plotted as a function of internal energy EV . We
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conclude from Fig. 3-2 that the enormous amount of

"vibrational heat capacity" of (CH3)2C=C: will sink much more

excess energy than the other two vinylidene carbenes. What we

observe chemically is that the dimethyl species sinks enough

energy to surmount the barrier to rearrangement, which we

estimate in Appendix B to be 10-15 Kcal/mole. From this we

conclude tfat, in the absence of quantitative data to the

contrary, energy partitioning amongst these LID products is

consistent with simple statistical behavior.
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Fig. 3-2. Density of vibrational states per Kcal/mole as a function

of the internal energy Ev. The expression for g used to calculate

these curves is the same as that used in Appendix A:

(E + aE )-1l

(8-1)14 h9 dE

This is the Whitten-Rabinovitch density of states function*; the

definitions of parameters Ez, E', a, (3and W can be found in Appendix

A; s is the number of vibrational modes having frequencies Vi. The

vibrationLil frequencies used in these calculations are contained

in Table 3-2.

* Z. Whitten and B. S. Rabinovitch, J. Chem. Phys. 38, 2466 (1963)



Table 3-2. Vibrational frequencies used in the calculation
of Fig. 3-2.

(CH3)2C=C:

1650
420
500

1100
1200
1300

200
300

1150
1250
1450

200

1195
1475
1471
1430
2964
2982

1.2844

48.25

1.60 E73

24

E
z

irt
a

parameter

vibrational

frequencies

doubly
degenerate
vibrations

, Kcal/mole

,(cml)

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-B and -C-Cl stretches and bends were then
cast out.

53

H 2C-C: F2 C-:

3089
3037
1612
1281
1036
897

1795
1680
1495
1410
1205

840

1.0372

15.66

1.80 E19

6

0.8753

12.04

6.43 E18

6



54Chapter 4. Gaussian Beam Deconvolution

4.1 Basic method

In the previous chapter we concluded that chemical

evidence alone is insufficient to determine uniquely the

distribution P(E) of molecules over energy produced in a MIRPA

event. Additional experimental evidence, such as a

determination of <E>D is required before quantitative

statements can be made about the shape of P(E). In

particular, a determination of <E> accurate to within a factor

of two would be necessary to choose between Poisson and

maximum entropy distributions for the trans-d1 -vinyl chloride

system.

The difficulty of measuring <E> directly can be

appreciated when one realizes where in the laser beam

molecules that undergo transformation are located. In a

weakly focused beamD intensities sufficiently hig to cause

MIRPA and consequent reaction are located at or near the focal

point. The actual volume inside the beam which contains the

reacting species may be very small C4.13 (typically 0.91 cr^3)

compared to the total volume swept out by the beam inside the

reaction cell (~10 cm3). A measurement of the total energy

deposited in the entire sample would not render a value of <E>

for that small volume of reacting species because much of the

energy is deposited in molecules in the lower intensity
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portions of the beam and does not lead to LID.

What we seek is a method of determining the response of

the system at particular fluences although our measuring

technique renders the response over the entire fluence range

intercepted by the sample. Since the intensity profile of a

"TEMo"' Gaussian laser beam is known analytically for all

points in the beam (4.23, it might be possible to deconvolute

tht data to reveal system response at discrete fluences (or

intensities). The technique, in fact, has been elucidated by

Kolodner et. al. (4.33 and by Reiser and Steinfeld CAppendix

D) and has been used by Herman (4.43. The reader is invited

to read Appenlix D to familiarize himself with Gaussian beam

optics and to glean the salimnt 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: tnat

which determines the absorption at discrete fluences <n>( I)

and the geometry of the fluence profile in the beam j(xy.z).

By doing a series of experiments in which an appropriate

parameter, such as the net energy per laser pulse, is

systematically varied, the clever experimenter can effectively

subtract the profile information (xysz) by taking the

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

btenergy deposited)/ (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 Appendix D.

Nearly any experimental effect which is fluence or

intensity dependent can be studied with this techniques

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

appropriatw method of measurement in this case, and has been

used with Gaussian beam deconvolution of experimental data by

Black et. al. (4.53.

Other effects can also be studied. The intensity

dependence of multiple (visible) photon ionization could be

determined by placing electrodes around the laser beam to

measure 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 phenomena, such as

frequency multiplying or mixing, could be studied in fine

detail without the need to describe the input beam intensities

by cross sectional averages.
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4.2 Experimental difficulties

Since the deconvolution 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. Small differences between

large numbers can be quite noisy, and for this reason Black

C4.53 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 t4.63 which is guaranteed to have an easily

determinable, continuous first derivative.

When the observed data are sparse, however, expermental

precision ultimately liaits the value of the deconvoluted

data. As an example let us consider the energy depostion

example used in Appendix D, i.e. multiple photon absorption

in SF D when small uncertainties are imposed upon the

"observed" data. In this cases a precision of a few percent

in the seasurement of the total energy deposited in the SF

sample implies that deviations of a few percent from the

observed value are statistically not meaningful. If a demon

were to remove absorbing molecules from the focal point of the

beam where we are most interested in the absorption function

(n)( Psuch that the net energy deposited changed by only a

few percent, our measurement 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 aetermine <n>(V), which we translate

into a geometrical volume. Uncertainty in the observed

information implies uncertainty in the deconvuluted

informat ion.

We can use the numerical example of Appendix D to

illustrate these statements graphically. Let us suppose that

me performed an experiment using a 28 cm focal length lens to

focus a pulsed CO2 laser beam into a sample of SF6' whose

absorption is given by t4.53

(a> (Q - 9.15 4 0 4) Z 2.55

- 14.1( 4+ 0.084)1/2 (2.55

+ 0.51 J/cm 2

Using a simple convolution equation,

ED (a) (cjL) v(t) di

snheref. is a convenient lower bound of the fluence (taken to

be 8.01 J/cr^2), 44 is the peak f luence (9.42 3/cm^2 for a

pulse energy of 10 mJ) and v( 4) is given by Eqn. (24) of

Appendix D appropriate for a 28 cm focal length lens, we can

numerically compute the total energy deposited in the sample

ED . We then change the upper bound of Eqn. (4-2) so

that the calculated energy deposited C' is, for example, 95%
D

of ED . This means that we have calculated the energy

deposited throughout the beac except in the last small volume

near the focal point. This volume U 4) is easily calculated

by Eqn. (16) of Appendix DI the energy deposited in this

(4-2)
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volume V(t) is equal to the precision of the determination of

ED V(4') is plotted against the precision in Fig. 4-1.

As we see in Fig. 4-1, if our "measurement" of ED were

infinitely preciseD we could determine the (n>( P) for a

vanishingly small volume of sample. As the precision

degrades. however, the corresponding uncertainty in the

geometrical information increases, so that the deconvoluted

data mill give the response (n>( 4) averaged over the interval

# * C 4. Eventually this imprecision becomes unacceptable.

for intance, when41 reaches the threshhold fluence for

dissociation. which is approximately 1 J/cm^2 for SF E4.73.

This point is marked with an arrow in Fig. 4-1. We conclude

that only for highly precise measurements of ED can the

deconvolution technique be of value.

As is clearly stated in the "Treatment of Experimental

Data" section of Appendix D. Gaussian beam deconvolution

renders the average response <n>( 4) over whatever

distribution of molecules over absorbed energy P(E; ) is

formed when an ensemble of molecules is subjected to a uniform

fluence 4 . This technique can never give information about

the shape of P(EJ 4). The information obtained, such as

(n>( 4). 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).

Ideally one would like to measure P(E) directly. and for this

se must turn to more elegant spectroscopic techniques. which
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Fig. 4-1. Minimum volumes V(') discernable by deconvolution
of a Gaussian beam for experiments of finite
precision. Details of the calculation are
given in the text.

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

5.1 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 As Gauzsian beam deconvolution.

ITeally we would like to understand the nature of the

MIRPA fhenomenon on a fundamental level. Specifically, we

woulh ik2e to answer such questions as by what route do the

molecuses absorb the f aA few photons, what roles are played

by vibrational anharmonicity and by rotational compensation,

how fast does rotational hole filling occurD 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 spectroscopic evidence, given a reasonably general

framework such as Fig. 3-1.

To answer the questions raised above one must directly

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

experiments. This implies the use of a spectroscopic probe to

monitor the molecular behavior during excitation by an intense

pump field. Since in many systems used in LID experiments no

easily accessible electronic states existD visible probe

radiation is of only limited usefulness. The technique of

choice is infrared-infrared double resonance, wherein the

infrared spectroscopic probe monitors vibrational populations

affected by the application of the infrared pump field.

This technique was first used by Steinfeld and coworkers

15.13, who used two C02 lasers as pump and probe beams in SF6 -

This work and that of others (5.23 was restricted to probing

at the small number of discrete frequencies to which CO2

lasers can be tuned. The use of a tunable narrow linewidth

diode laser has vastly increased the spectroscopic informati'n

gained by the double resonance technique, as has been

demonstrated by Moulton and Mooradian E5.33. Our own work on

diode-infrared laser double resonance (DILDOR) in SF61 begun

by .ensen E5.43, has been reported and is included in this

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

The present DILDOR experiments are designed to probe the

absorption dynamics of the first one or two photons. The

interaction of the pump field with individual absorption

features can be easily 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 Appendix E. To avoid repetition, experimental

details not mentioned in Appendix E, results on DILDOR in

ammonia1 and further discussion of a few details of data

interpretation will form the bulk of this chapter.

5.2 Experimental details

Working 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 temperature periodically. As air leaks into

the coid head vacuum jackets a gradual temperature rise can be

noticed over a period of weeks. When the temperature reaches

15-20 OK, the cold head must be warmed (to insure that

moisture will be removed), evacuated and rechilled. Care must

be taken to avoid backstreaming pump oil into the cold head.

Occasionally the cold head will "ratchet" upon 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 heium in the cold head after disconnecting it

from the refrigerator is the only known cure, short of having

the cold head rebuilt.

To date no means of detecting the diode beam other than

with a cryogenically cooled semiconductor detector has been

found. If the diode 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 usually 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 routed through the monochromator,

a series of scans must be made to determine the frequencies

over which the diode lases. This is a rather tedious

operations it involves systematically changing the diode

temperature. while making a 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 a mode 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 "hop", or jump to another frequency. so that a continuous

current scan is not continuous in frequency. The etalon

fringes are currently the only method 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.
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Little TDLS-II. This ripple was measured to be approximately

0.15 mA peak to peak. A typical diode mode tuning rate of

8.12 etalon fringes/mA (one fringe equals 0.65 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

mA can be recorded using the entire useful X-scale range of

the X-Y recorder. The variable dc voltage supply effectively

extends the range of the "zero" knob on the recorder.

Several features of the Q-switched CO2 laser must be

noted. The optimum mixture of gases is approximately 4:1:1

for He, CO2 and N2 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 Hz is

typically 30 mW for the 10.6 micron P(18) line) we have

measured a c.w. output on this line in excess of 30 Watts.

The diameter of the G-switched beam is easily measured

with a variable aperture. A power meter is placed behind an

iris diaphragm mounted 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 power meter as a

function of the iris diameter. This function can be compared

to the known t5.53 transmittance of a Gaussian beam of

spotsize tW through an aperture of diameter d,

fraction transmitted = 1 - exp(-d2/2 2) ) (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 possible to align the pump and probe beams so well

that they cannot be separated at the cold head (see Fig. 1 of

Appendix E). A 1 misalignment is sufficient to effect the

required separation. A gold coated mirror is necessary to

eject the Q-suitched 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. For

example, the pump beam must strike mirrors in the center

(which necessitates# in some cases, placing the probe beam

near the mirror edges) to avoid reflections from the mirror

edges and mounts.

Synchronization of the boxcar integrator with the laser

pulse is accomplished with the circuit shown in Fig. 5-1.

Trigger jitter is minimized when the negative-going trigger

pulse occurs 15-38 psec before the laser pulse. Generally it

is impossible to keep this interval constant 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

well polarized in the plane of the junction t5.63, or

vertically polarized in the lab frame. This is not mentioned

in 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 SF6 DILDOR spectra worthy of note are

contained in the various figures of Appendix E. ;l9 spectra

were taken with the same diode laser (now dead) in the same

mode. This mode, the SF6 spectrum inside itD and the

assignments of the lines (courtesy of Dr. R. S. McDowell of

the Los Alamos Scientific Laboratory) are exhibited in Fig.

5-2.

With 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 of these points pertains to the field-induced



69

Fig. 5-2. Absorption spectrum of 0.08 Torr SF6 in a 30 cm long

cell. Top trace shows diode laser mode tuning curve

(no cell in beam path). Lower trace shows etalon scan
-l

for a 1" Ge etalon (f.s.r. - 0.0499 cm ). Assignments

courtesy of R. S. McDowell of Los Alamos. Frequency

markers in cm 1 are shown at the bottom of the graph.
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mixings which supposedly were responsible for the satellite

structure around the main feature of the 2-level double

resonance (2LDR) and 3-level double resonance (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 SF 5.73 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 0.5 rsec time scale of these experiments. This may

not be entirely correct, given that the rotational relaxation

time of the 3LDR signal, t3-, 41 D was measured to be 0.54 / Msec.

Since this represents the time required for a 1/e refilling of

the population of a single rotational states collisions

effecting rotational relaxation are seen to operate on

precisely the time scale of the experiment. Hence, a

detectable amount uf rotational relaxation should occur within

the time of the boxcar gate.

This aonjecture is born out by the 4-level double

resonance (4LDR) recorded by Xensen, which appears in Fig. 9

of Appendix E. In these spectra, SF6 was pumped in the P(33)

and P(32) manifold while the probe interrogates the

R(45)-R(52) manifolds. Extensive signal is seen even at

"zero" delay with respect to the laser pulse; one microsecond
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3=52 region. Thus, collisions are seen to change 3 by 16 to

15 quanta at a very rapid rate. One must assume that

relaxation within a single J manifold in the ground state,

where all K are nearly degenerate, occurs on a similar time

scale, if not faster.

One must be clever enough, however, to avoid the

implication that relaxation out of or into levels directly

pumpea by the laser occurs exclusively to the nearly

isoenergetic levels which are also probed. It seems more

likely that relaxation occurs by exchange of energy with a

rotational "heat bath" in a process like that depicted in Fig.

18 of Appendix E. This "heat bath" is composed of molecules

not pumped by the lasers including the 069% of the total room

temperature population lying in hot bands, and ground state

molecules having 3 far from the 3's resonant with the pump

laser. When a depleted ground state rotational level is

filled, the population comes largely from the "heat bath" and

not from nearby levels exclusively. Steinfeld and coworkers

C5.1J used this model to explain their early work in SF6 .

A stringent test of the collisional nature of this

relaxation process would be to repeat the experiments at lower

temperatures, where collision rates are lower. A

corresponding increase in V3-level should be observed, as well

as an asolute decrease in 4LDR activity in 3 manifolds far

from resonance. These experiments are currently under way.
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5.4 DILDOR attempts in NH3

Microwave-infrared laser double resonance E5.83 has been

observed in NH3 using the N2 0 P(13) laser line at 927.739

cm^-I, which is nearly resonant with the 1 4 NH3  )2C qQ- (8,7)]

transition and the H 0 P(15) line at 925.979 cm^-1, which is

332 MHz lower than the 15NH3  V2 ( -t (4,4)3 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

interfering structure seen in SF 6 .

A Q-switched N2 0 laser was resurrected with the help of

Tom Anderson and pressed into service. Its configuration is

nearly identical to that of the Q-switched CO2 laser,

excepting that a 4.25 m radius rotating mirror is used

(instead of 10 m radius). Details of its operation have been

placed in Appendix I. Since this laser operated at 58 HZ and

has less gain that the CO2 laser, the usual power meter could

not be employed to measure the average pulse power. Using a

Sen Tec joulemeter, the total pulse energy was estimated to be

0.1 mJ; a typical c.w. output is 2-3 W (as compared with 30 W

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 N20 laser as a pump source, all other features

of the apparatus are essentially the same as for DILDOR in
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SF 6 . Addition of collimating lenses was necessitated by the

greater divergence of the N20 laser beam. Intensities in the

sample cell reached r-1 kW/cm^2.

That the H20 P(13) line is very nearly resonant with the

NH 3 (8'7) feature is clearly evident in Fig 5-4; Shimizu and

Oka 5.83 estimate that the line centers are 10 MHz apart.

Records of DILDOR in I Torr of NH3 , however, were

disappointingly blank and showed no apparent signal above the

noise level, as can be seen in Fig. 5-5. Several attempts

were 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. 5-5. Since the dipole moment

for NH3 is 9.2 Debye E5.63 and the pump laser power is one

tenth of that used for the SF experiments, we can estimate

that the Rabi frequency S,
A
E 

*E (5-2)

2 TY h

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

six smaller than in the SF6 experiments. From the lineshape

modeling of the SF spectra (detaild in Chapter 6), vL for

the NH3 experiment should be 10-15 MHz.

An estimate of the homogeneous linewidth can be had by

considering the hird-sphere collision rate 5.93 for NH3 at 1
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Fig. 5-4. Absorption (downward deflection) of 40 Torr

N 2 in a hot cell in the region of the P(13)

laser line (lower trace). Also shown is the feature

S2 - (8,7)] in 1 Torr of NH3 (upper trace).

Diode current and frequency increase to the

right.
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Fig. 5-5. DILDOR attempts in NH3 using an N20 laser.

Absorption trace (a) was taken in I Torr of

NH3 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

downward deflection; in (b) and (c), downward

deflections would correspond to transient

transparency, or saturated absorptions.
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Torrn

z - 4d2  kT N (5-3)
m V

which rendersD for diameter d = 4 &ngstroms at room

temper ature,

z ~ 15 MHz

For comparison, the Doppler width of the transition is 40 MHz

FWHM (5.83. From these estimates, we conclude that the pump

laser intensity in this case is sufficient to saturate only a

single velocity group of the entire Doppler contour. This

velocity component is 19 MHz from line center, where the

Doppler profile is down to "68% of its peak value.

Furthermore, the effective linewidth of the probe laser will

be estimated in Chapter 6 to be greater than 58 1Hz in some

cases. It can be assumed, then, that at best snly 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 into the Doppler contour. Higher

pump laser power and greater probe resolution are necessary

for the success of this experiment.

The microwave experiment, on the other hand, does not

suffer from wide probe frequency jitter or oiuv Doppler

contours. Since the Doppler width of the p.-oburd 3LDR

transition in this case is much smaller thaai the pressure

broadening, any saturation of the infrared transition will
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appear as a decrease in the total intensity of the microwave

feature being probed. The experiment was also accomplished

with a c.w. laser, thus making the experimental duty cycle

much more efficient and signal to noise much greater than in

the DILDOR experiment.

5.5 Improvements for future experiments

Several improvements in the existing apparatus could be

made at minimal cost and effort. Firstly, a new grating for

the monochrometer, one blazed for 10 roperation, would boost

the throughput of the device by a factor of 2 or 3. The

grating currently in use is blazed at 3 Pand is working in

third order.

Determination of the polarization of the diode 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 beams 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 pump laser on the probe laser

mentioned 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

minimized by using a very rigid mount instead of the rotatable
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mount currently in use. Vibrations of the cold head caused by

the 3 Hz motion of the displacer assembly it contains cause

intensity (and probably frequency) fluctuations at the

detector easily seen with lock-in detection.

Major improvements in design would require a larger

investment. Specifically1 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 probe 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

configuration1 of course, necessitates the use of a second

detector and phase sensitive detection electronics, as well as

a good quality beam splitter. A multipen recorder would be

necessary to record the detectors' responses simultaneously.

An electro-optic Q-switch for the pump laser would

decrease pulse-to-pulse intensity variations and trigger

jitter for the boxcar integrator. Electrical pickup from the

high voltage pulses necessary to drive the device might be a

major problem1 however. Additional optical elements may be

necessary to squeeze the resonator mode through the relatively

small aperture of a currently available device. Pulse rates

approaching 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-II scanning current power supply should be

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

current supply, if available.



Chapter 6. Analysis of SF6 Double Resonance spectra

6.1 Introduction

In the last chapter# the experimental results of two

types of double resonance (DR), 2-level and 3-level, were

reported. Spectra were recorded for pump powers ranging from

8.8 to 11.2 kW/cm^*2, ana, at the highest pump power, at

different times during the 700 nsec long pump pulse. The

spectra exhibited structure thousands of MHz from the CO2

laser pump frequency, and the central feature grew broader

with increasing pump power. From this, a rough estimate of

the dipole matrix element was made; it was found to be in

reasonable agreement with the theoretical estimate of Fox

[6-13.

In both the 2-level and 3-level spectra, the satellite

structure appeared to be asymmetrical around the pump

frequency, showing more activity to the red of the pump. In

fact, all absorption features within the 3 manifold of the

most nearly resonant line showed activity. Since this

activity appeared within the first 208 ns of the pump pulse,

collisional relaxation was ruled out as the cause. Instead,

an unspecified off-diagonal matrix element in the full SF6
vibration-rotation Hamiltonian was invoked, which mixes the

nearly degenerate ground state K levels (clusters) 16-03. In

this manner an entire 3 manifold could exhibit DR structure

when only a few lines are directly pumped.

83AM
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In this chapter, the assertions and conclusions mentioned

above will be subjected to quantitative test. In particular,

me 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 Mollow

C6-2, 6-33 and of Hansch and Toschek C6-43, include double

resonance of the background hotband continuum, and reconsider

the effects of collisions on the lineshapes reported in

Appendix E.

6.2 Lineshape expressions

6.2.1 2-level spectra

For the moment we will ignore possible mixings between

SF6 cluster states and consider what lineshapes we would

expect if the observed signals were merely a series of

individual 2-level systems. The theory for these lineshapes

is well understood; e will use the formalism of Mollow C6-23

which has been tested experimentally C6-33 by using a sodium

beam as an ensemble of 2-level atoms.

Using the same notation of C6-23, the absorption

lineshape M' of probe beam is given by

-,2(K' 2 + Aw 2 ) AC + BD (6-1)
2i l2r'Q+ K(K' 2+ Aw) C+ D

where
A - K' + AvAw - Av2 + AvAof2 /2(K' 2 + AW2)

B -K( - Av) - Avc' + 12AVK'/2(K,2 + AW 2 )

c - CKv 2 + K(Aw2 - AV2 ) + c'(f 2 - 2AV 2 )

D - Av(Av 2 - Aw 2 - 2K'K - K, 2
-2)
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In (6-1), S and i' are the Rabi frequencies for the pump and

probe beams respectively. r 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 Lw and the probe detuning Av with

Av + Av(1 -
C (6-2)

A + Aw(1 + V)
C

and numerically integrating over an appropriate distribution

of molecular velocities:

w"g-a W'(AvSAti; v) exp(-mv2/2kT) dv (6-3)

Note that only a one-dimensional representation of the

molecular velocities need be considered, that being along the

axis of propagation common to both laser beams. In (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 to the

amount of change in probe beam transmittance when the pump

laser fires. Hence* to model our spectra, we must subtract

from (6-3) the probe transmittence lineshape with no pump

field present. which is simply a series of Voigt profiles.
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Many authors 16-53 have studied three-level systems

similar to ours. Because of its facile adaptation to this

particular cases we will follow the method of Hansch and

Toschek E6-43.

We start from Eqn. (30) of E6-43 (which contains a

typographical error not preserved here),

X Ipbc 1 0bb-IDcc )Aab Aac- Bj2_Oaa-Pcc)a1

abbcAac-Abc -ab

where pjk is the dipole matrix element between states j

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 appropriate to our system: 1) all ya which are

the relaxation rates of optical coherence, analogous to

Hollow's K', are equals 2) all Y the spontaneous decay rate

of level c , are equals 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

a - rrk'I|p4b 2  AR(6+Aw)y'-B(R{Aw6-y'2 1_ 2{1-2R} (6-4)

A2 + B 2

where in this case A - -6(AwAs+2y' 2) - w 2 .W - 82 (2y'fnw 2 +y' 2

B - y'(6 2 _8 2 -AWAs-y, 2 ) ;6 - Aw - As

R - 1 - W/Y+2W
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It may be useful to make the following correlations between

Mollow's notation and that of (6-4)

A ++ V -Y -* K

C ++W* ' y' * K

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

6.2.3 Broadening Mechanisms

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

frequency (PX), "instrumental" broadening (IB) of probe

linewidth and frequency jitter caused by current supply hum

and temperature wiggles pump frequency jitter (PJ), and pump

power variations during the boxcar gate (PP). PJ is at most

the approximately 30 MHz width of the CO2 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 incident probe intensity, the probe intensity profile was

fitted to a convenient function of frequency. The shape of

our diode laser mode peaked in the SF6 P(29) manifold, which

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

apparent asymmetry of the 3LDR spectra is caused by the shape

of the mode which drops severely in intensity to the blue of

the main feature.

IB contributed by far the greatest source of broadening,

although 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

about 4 with a variable width. The need for this broadening

is apparent in Fig. 3 of Appendix E, wherein the observed

linewidths are much broader than the Doppler width (26 MHz

FWHM) at room temperature. For comparison to spectra shown

below1 an unbroadened 2-level spectrum is shown in Fig. 6-1.

Pump power fluctuations during the 0.5 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 effect.

6.2.4 Method of calculation

Each spectrum wan 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 catalogued from published spectra E6-73. Next,

lineshapes (6-3) were calculated using the Rabi frequency

as a parameter. Finally, the difference or AC spectrum was

broadened according to the methods outlined above. For the

2-level case, appropriately weighted hotband lines spaced

every 10 MHz were included as an approximation to the

continuous background absorption. The weighting of these

lines was chosen so as to predict most closely the absorption

spectrum at room temperature. A portion of the calculated

absorption spectrum, wnich includes background lines and probe

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

Calculations were accomplished in BASIC on a DEC MINC

CLSI 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 K and K' were taken to be equal in the

strong collision limit. Patel and Slusher E6-63 have found

that
T - 22 usec - Torr = 1 / (62 (6-5)
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6-2. Calculated SF6 absorption spectrum near the C02 P(18) laser line at

945.9802 cm^-. Backaround absorption has been included and 1B FWHM = 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 E, viz.:

T - 23 nsec - Torr 1/K 2 T1 (6-5)

in the strong collision limit. At e.e8 Torr, we have

C - I' - 3.6 MHz (6-7)

6.3 Results

6.3.1 General features

Overall the DR lineshapes are dominated by two

conceptually different processes: AC Stark shifting and

saturation. When the pump laser is on, the apparent center of

a line not resonant with the pump is shifted away from the

pump frequency. This appears to be a "neweresonance, or an

upward deflection. The "old" resonance seems to disappear,

and hence produces a downward deflection. When added

togetherD 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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6-3. 2-level DR lineshapes Far backaround hotband lines spaced 10 MHz

aPart. Outer curve1 = 140; middle curves = 100; inner curves 2=

95 MHz. FWHM are 465, 285 and 235 MHz respectively. The slisht baseline

tilt reflects the observed hotband contour in this resion.

6-4. Calculated 2LDR simnal in SF6 usins = 100 MHz and 18 FWHM = 76

MHz (solid) and observed (dashed) for 11.7 KW/c^2 at 0.08 Torr.
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PI corrections and backaround absorption are included in these

compstations.



70

This is demonstrated in Fig. 6-3 for the "continuous"

background lines. Since the lines are very dense, there is no

structure far from the pump frequency where a Stark shifted

resonance conceals the disappearance of a "no field"

resonance. Only the saturated "hole" appearsD which is

symmetrical around the pump frequency.

6.3.2 Specific spectra

The closest fit to the observed 2LDR spectrum taken at

11.7 kW/cm^2 is shown in Fig. 6-4. Parameters used in its

computation are Q =100 MHz 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 slowly around the values quoted above. PP

broadening was not included due to its high computational

overhead.

Similar plots for the 3LDR experiment are shown in Figs.

6-6 and 6-7. The fit of 3-level spectra is more strongly

dependent on IB, and less on 8 than for the 2-level fit. In

this case, best values correspond to 8 :65 MHz and IB FWHM

120 MHz. When PP broadening was included, the SS was not

improved but a slightly lower IB (118 MHz) was needed for best

fit. Values of SS for the PP broadening are nearly identical

to those for 8 =65 MHz. Rabi frequencies were mixed according

to the profile of the average pump laser profile,

51:65:71:78: :8.3:8.3:8.2:8.2.
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6-6. Calculated 3LDR sisnal in SF6 usins B = 65 MHz and 18 FWHM = 120

MHz (solid) and observed (dashed) at 0.08 Torr.
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8-

7-

46-

AA5-

60 100 140

IS FWHM, MHz

6-7. Average square deviation of calculated 3-level spectra

from observed. Rabi frequencies are o = 51 + = 65;
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2



102
6.4 Discussion

6.4.1 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 accounted for, excepting baseline drift of the

boxcar. Deflections are caused primarily by Stark shifted

resonances. The main features in both spectra1 caused by

saturation of a few transitions1 are fit very well.

The parameter 2=8 (Rabi frequency) can be calculated

from theoretical estimates (6-1J of pa and the measured

average intensity of the pump laser. It is important to

correct the dipole moment of [6-13 for interaction with a

polarized beam in a rotating-wave formalism1 so that

P E ; Uy - 0.388 x 10-18 esu-cm (6-8)
2h/3

Using measured values of the average pump power, beam

diameter, repetition rate and pulse width, we can estimate 2

to be 81 MHz for the 2LDR experiment and 72 MHz for the 3LDR

case (a slightly lower pump pulse power was used for 3LDR).

The value for the 3LDR experiment is within 10% of the value

used in the "best" computation; the error in its calculation

from four experimentally determined quatities certainly

exceeds this figure. Furthermore, since the minimum of SS Is

so shallow, the difference in SS for o = 65 and aB= 72 is
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merely a few percent. The error in digitization of the

observed spectrum is certainly of comparable size. Hence, it

can be confidently concluded that the two estimates of S are

not significantly different in this case.

The Rabi frequency calculated for the 2LDR experiment is

decidedly 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

mentioned abovep PP broadening was not extensively studied for

the 2-level system. It does not, however, mitigate the

conclusion that the theoretical estimate of j is accurate

to within 25%.

The values of IB required to fit the spectra exceed the

apparent IB in the absorption spectra taken with this

apparatus, which in turn is larger than that of other

experiments 16-73. 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 problems but the added effort in analyzing a

two dimensional Doppler profile would be considerable. It may

be noted that copropagating beams would produce somewhat

narrower features (6-33 than counterpropagating beams.

The apparent need for different values of IB is also

somewhat puzzling, although many possible axplanations exist.

Since the two experiments were performed in different regions
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of the diode laser mode, one would expect aifferent tuning

rates per unit current dv /dI 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 shallows the value of SS for the 2-level fit

for =100 at IB : 2 (the same as for minimum SS for the

3-level fit) is only 4% larger than for IB = 76. Digitization

errors may well account for this difference.

6.4.2 Off-resonant pumping

A look at features to the red of the main 2LDR signal

shows that the observed signals are considerably larger than

those calculated here. It is tempting to ascribe this

discrepancy to mixings via the molecular V-R Hamiltonian, but

as 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

artifacts (such as v-dependent IB) and collisions. The

repeatability and excellent signal to noise of the experiments

tends to deny the importance of the former process.



In Appendix E it was concluded that since the satellite

structure in the 2LDR spectra was fully developed within the

first 200 ns of the pump pulse, the structure was not caused

by collisional relaxation. This conclusion may have been

hasty, 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 a cross section of about 600

A^2, which is at least three times larger than that for

longitudinal (and transverse) relaxation. This is certainly a

large figures especially for a collisional process such as

M-changing collisions t6.8aJ.

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 C6-83. Since

the polarization of the (now dead) particular diode was not

determined, 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.



Chapter 7. Conclusions

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

methods. No mode-specific or mode-selective reactions were

seen, although efforts to find reactions and conditions which

might lead to mode selectivity are continuing.

2) RRKM unimolecular 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 many 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 flows

into all molecular modes.

More precise details, such as the role of collisions,

intramolecular anharsonic, Coriolis and Fermi couplings of
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modes, and field-induced effects are not elucidated by

chemical evidence. The ability to perform LID in a molecular

beam 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 of absorbed

energy amongst vibrational modes in a MIRPA experiment has not

been directly probed experimentally in beam or in bulk

conditions. Although research interest in this area

continues, more direct answers tj 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 begun by Burak and Quelly C7.13

and currently being extended by Mark Spencer may provide some

insight.

4) Other important dynamical effects, such as the effect

of the laser pulse shape on energy deposition and the effects

of collisional deactivation, have not been explored in great

detail. Some evidence of the time scale over which

deactivation can become 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
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to quench the absorbing "hot" trans isomer before dissociation

could occur. Since the TEA laser pulse has a nominal FWHM of

70 ns, thr deactivation rate must be a very fast process in

this example. Data of a more quantitative nature would be

ifficult to obtain by bulk chemistry experiments.

5) Despite the lack of dynamical 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 CF2 CHCl,

CF2 CH 2 was produced in preference to other products when

hydrogen-containing buffer gas was added. By choosing a

suit.'ble parent molecules a particularly valuable radical can

be produced in large local concentrations. The astute

selection of parent molecule together with appropriate

experimental conditions has illowed a degree of control over

the production of many transient species which cannot be had

by other means C1.133.

6) Evidence reported in Chapters 2 and 3 and in Appendix

B shows that the vinylidene carbene F 2 C=C: has been produced

by LID. Evidence for the formation of the dimethyl analog,

(CH3) 2C=C:, is not as convincing. This may be a suitable

method of producing vinylidene carbenes for spectroscopic

Investigation of their electronic structure.

7) Radicals produced by LID Art born with some

vibrational energyD which in the cases of (CH3) 2 C:C: and
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H2 C=C: is sufficient to overcome the energy barrier to

rearrangement. The observation of "hot" fragments is in

concert with the data of other investigators 1.12,7.23.

7.2 Gaussian beam optics

6) It is possible to determine the average of an

intensity- dependent effect, such as the average energy

absorbed per molecule <E>D 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 distribution 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) Subjecting a sample to the very wide range of fluences

incurred in a focused Gaussian beam geometry tends to make the

dispersion of any observed quantity look Gaussian also. This

is demonstrated graphically in Fig. 3 of Appendix D.

Mechanistically this effect is easily understood; the

effective "dispersion" of fluences experienced by molecules in

the focused beam is so much wider than the dispersion of the

energy absorption function incurred at each point in the beam

(that is# the width of the distribution of molecules over

absorbed energy at a given fluence P(E; 4)), that the

geometric beam "dispersion" swamps the effect of distributions

PCE; f This implies that observed quantities which are
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averaged over the entire beam will be more sensitive to

macroscopic beam shape than the microscopic dynamics of the

physical process. The chemical data on the LID of

trans-d -vinyl chloride versus focal length, depicted in Fig.

2 of Appendix A, are a striking example of this effect. In

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.

1S) The value of the dipole matrix element p has been

estimated accurately.

11) It was convincingly shown in Appendix H that mixings

between cluster states within the same J level caused by the

full vibration-rotation molecular Hamiltonian do not play a

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

12) Lineshape equations derived from two and three level

Bloch equations describe individual features very accurately.

An excellent fit far all features is precluded by the

exclusion of collisional effects.

13) To a first approximation, however, the observed

spectra can be modeled as a set of independent 2-level and

S-level systems. The dynamics of collisional coupling between
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states in the same 3 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 3

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 relzxation.

14) As a test of the hypothesis that collisions are

playing a role in the observed spectra, the double resonance

experiments should be repeated in SF 6 at low temperatures. At

140 K, the lowest temperature practical with SF6 , collisional

relaxation rates would be decreased by a factor of '-2 from

their room temperature values. Since a greater fraction of

the molecules are in the ground vibratienal state at 140 K, I

decrease in number density might be affordable with no loss of

signal, further decreasing the collision rate. AlsoD other

apparent anomalies, such as the instrumental broadening, could

be investigated.

15) The use of a tunable diode laser as a probe source

has been an invaluable tool, enabling us to record

spectroscopic details not observable by using fixed frequency

probe radiation. Improvements in diode laser stability and

effective lineuidth 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 resonance spectra. Some

suggestions to this end were put forth in Chapter 5.
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Sn the first published report of the disciciation of SF6
by infrared multiphoton absorption.' chemical reactions in-

by high-intensity infrared radiation have captured the
isagmmawon ata large number of both chemusts and physicists-
A pripcipl reason for this interest is the apparently substantial
differercx between the conditions under %%hich iuch reactions
w=Lr andw those of normal thermal-cquilibrium conditions. In
the Latter. molecniar internal (vibrational) and external
(trnslation/routional) degrees of freedom are in mutual
equilbium.or very clove to it.while in reactions resuling from
mhipl infrared photon absorption. the energy required to
acivuate the reactive channel is, at least initially, deposited
excsively in the vibrational modes. There has even been
qulation that energy could be preferentially localized in Oeri
wr a few vibrational modes. thereby leading to chemical
urarsfwrmations which are qualitatively different from those
obsered under conventional condit:ons. In the experiments
repented in this paper, we have studied a series of mono-. di-.
and trchlo-substituted ethylenes in order to shed some light
- ik extent to which nontcqwlibriumn effects may be reflected
in overall chemical behavior.

An extensive literature has developed on these reactions in
& past 2 years, which is summarized in several revws.2 Most
of the reactions tudied involve homolytic bond cleavage, as
inSF6.,SiF4. NH, 8C13. CFCI,. CFC 2. and similar systems.
Mae recently, interest has turned increasingly to the types of
rcactions familiar from conventional thermal chemistry. but
ca t order wnoequilibrium excitation onditiors. Typial
apics include elimination of hydrogen halides:3

CP'4aF + Ah.--CHr-CHz+ HF (Ia)

(CHI)fHCH1 Br + ahe - (CH,)2C-CH3 + HBr
(lb)

(' p C +ahu--HC H + HCl (2)

p p1 ( a*
+ MA-

dati to rn aromatic inp' (eq 4),

a a

a
aWl Cy " str pyys (eq 5).
CHACOCHzCH, + Aki -a CHCOOH + CH r-CHz

More complex dissociation/isomerization pathways have
a&o been identified as having an origin in specific vibrational
excitation.'such as eq6. Reactions I a and 5. in particular, have

/' + nlr -- f"l\ CH., . . and Nr (6j

been shown to be nonthermal in ori2in' 0 by the addition of a
"chemical thermometer" to the system. which did not absorb
infrared energy directly. but which underwent a reaction when
the energy absorbed by a second component of the ststem was
thermalized. 4 ' However, no evidence has been brought for-
ward to date which implics the existence of "mode-specific'"
reactions, i.e.. a chemical transformition re-ulting from lo-
calization of the vibrational energy in snmc part of the molocule
which can be specified by the excitation precedurc.I

We have carried out a study of reactons irduced b. multiple
infrared photon absorption in a series ofc alorine-subsritutcd
ethylenes, in order to gain information of use in elucidating the
dynamics and detaik-d mnechanicm of this process. The specific
systems which have been studied can be represented by the
general formula below.

X_ -y

X-H4
H
D
H
al
a

v-H
D
H

H
al

I

lb
u
Ui
lv

The attractive feattue oflthis series of molecules is that. while
the primary las-induccd process is a simple HC elimination. 5

there are also competitive channels present (such as isomer-
miti or C-Cl bond cleavage) which provide quantitative tests

of mode'.s for the dynamics of the process. The formaticn of
stable molecular fragments, rather than reactive radicals or
aoms, also simplifia the overall kinetics by avoiding secondary
renctions. The reactions of the different members of the series
provide information on the mechanism and stereochemistry
iwwlved, and a sufficient background on conventional thermal
resesions V these species exists so that a meaningful compar-
is=s may be made between laser- and thermally induced pro-
=a . Furthermor, the vibrational spectroscopy of the parent

mclecals is well charactenred. so that quantitative estimates
may be made of energy deposition. densilies of siates. and other
parameters required in a detailed thcoretical trcatment.

E -eimm~ Seten
1 r-111do System. The nfrired source a a TchrAvia 21 5G CO:
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Infrared Photochemistry of Halogenated Ethylenes

Chrisiopher Reiser. Frances M. Lnssier. Craig C. Jensen, and Jeffrey I. Steinfeld

Coswnburionfromn the Derartment of Chrwsziry. Mausachiurs lastinute of Technology.
Cambridge. Aasiachuser: 02139 RecewedJur 12. 1978

AhsteT The infrared laser induced mulitphouon rctions of mono-. di-. and trchloro-substituted ethytenes have been in-
vtipted. In all cases, the dominani mite of rcactmon is cmination of NC Free rotation around the double bond precedes
cinimats, leading to ob'srst. c r orrrriatin .n I 2-dichloocthylcnc and J-4,-vinsl chloride The experimentil results cin
bW repsctiedin Lterrnhsofk tnc;c m doei th rates calculatedfrom RRKM ihcorv. which prcwpposes unhindered rcdistribu-
tim of vibratwisonal crcrgy aitrin the onlccule pnor to reaction Comparison of HCI(DCI eliminaran raias between
CH"C-<HCI and CH:-CDCI srh., thai inc [referred mode of elimination is a to the chionne atorn The presiure depen-

Sdm oftLhis product uairo As not ihe same ror different CO laser hnes. however. this abhty to influence the outcome of the re-
an by changing the la-.cr line n a consequence of ditferences in encrgy depaitan between one line and another, and not of
ay me&-wecue process The preference for a-cmnaiionv suggests ihat the rcaction may proceed by frmation of vinilt-

d, P-rbenm folloed by rearrangemcnt to form acrtylene.

120



Steinfeld et al- / Infrared Phoeoch-mistry of Halogenated Ethylenrs

the 9 6- and 10 6- m ban& Each pu<k ciormed aofa AO10-mt spke
CfiPinRg C N70%. Ci the eCncigs fo iMard b a much i lowcr int enut
tail Transvene midce operaion was i onir jincd o T- lmn b n in-
trU vity diaphragm The bcam mu slcu'.cd in Shc reacuon m ature
by me f.1 - 29cm .cAR uaied 6c ;cr., iI-is in,.i for srnic crl-pc

ments, a oiNtmaing telaccpc was u-ed. ciono!ig of a par of AR-
caed Ge lenses., giing elfecic a-criur-s ctviecn f2 and f70

Re-ctionas were carried out in clean Ps res cel wt \h al cnd win-
dotw Care w as taken to focus the tcam rfar frwil cit e:' ccl walls or
windows, in ordcr to avod ! .e ru-b c-n of cicrogcrcous reactions
caking pace at kc..Jlb haletd uur LC IiLe -:

Aatiesal Procdure% Ito-: esumn-' 4 h cnicit f rvac n& were
made b rnenuremrent of band initei-, ul .arcer :. c parent or
product moiecu'c ifrared ab.-rp.>n on a P,rkin- -ncr spec-
trophoaonmeaer. Theec mncaurern:' ac ckd J iti gas-
chromatographac ana!-c- ra a Carbias Caculfmnl fr chc cry low-
ptr-ciur iampic. Thc 11G Cand DC bn :sc ;r a-cud (fL quan'-
talive anal)sL. uncc the intertes ol thL-'e iz:urcs .re pir-surc de-

pendent and are nn mneanr propor-ionul o conrccnitraion under our
xpenrimexi.al conditions Miasureinmrt of C -Hlb C411D ra-tio was

carried out on a Hitach R\lL-6L GC, tS in the \IrsachusCas
lastitut.e of Tec hnaklg \tasu Spec remeirs Faciliti.

Starting Maerias. %iascbiro-ade w as obtained froma2 Mathcson
cylinder. siated purity 99 9%. and transferred to h: reaction vscsl
by a single frecr- pump-ihaw cYcc

e-dr-Vikl elonride( Ilai was ss nihbe:ved b he meaheud of Francs
and Lench." l..2-Trhoricthanc was trea ted aith CaqOH ) in a n
aqueous suspension to yiced vin lidenie chordc 11) Deautcrum

bromide was addedtoihis ntaenl ait -7-1Cinithe presence o ul-
traviolct light from phoaretcior Hg lamp ato prodce 1-brorno-
2.2-dichorocthane-2-d. the comp-iton of the laitter product was
verifind by rts NMR sptrum Aodis, of the deuzcrnzed halkhane
to a susponmson uf rinc du a n boiling ethanol rcsulted in the evolution
dofd-anyl chloride Ia). D-uier-ataois al 1

ten pc ason was greater
tha 9%. based on comnunon of the infrarcd s-pCtrum of the product

with published spectra of&deaeratr-d vinyI chlordes '
eli -da-%bi chk A 6 Ibi was Oreprued b a method samiar to

thwa of Nesrmyariov ci al.' A saturated solution dofacciyaen rin 16%
aqueow HO reacted with lH-gCt to form trans-2-chloriinstmercunc
chionde (vunficd by N\IR). Trcaimntm of thai spccics with DBr in
diaauc (or DBr alone) produced a gascous preduct whch. after
trmtenn with Ag NO, to reraove acetlene. was greaer than %
CHDCHCI. Infrared spectra-copy showed that the (trans-dt/f
(ci-d,) ratio was approinnitely 9 1: aOt ratio degraded on storage
___ an caLended period of time. or on attempts at fuher pariFica-
tion.

Vibwndo eMladiib was cither sintheured as described above
or purchased from Aldrich Chemical Co (sta ted punty. 99)

ewD lnwuhtbyhn lil was obtained from Columbia Organa.s
No indcaao. of the presence of cis awnier was found in the infrared

TrkM arehyhu.r (Mi was Mallinckrodt AR grade.

A. Vby Chloride IL The infrared laser induced chemistry
of vinyl chloride was reported in our preliminary communi-
cation.3 The only products observed arc HCI and acetylene.
indicating a concerted elimination mechanism. The net con-
version per laser pulse (CPF) increase somewhat over the
prssure range 0.5-20 Tort:ihis i a consequence of increased
at-aption of infrared energy per molecule in the higher
pusurc gas. Further details, including optoacoustic ma-
smrenents of cncrgy deposition. arc given elsewhere.

t

When the infrared beam is focused to a sufficiently small
diameter (.l.of Ge lens ! S5cm) to cause breakdown to occur
in the vinyl chloridc sample. additional products are seen.
These are principally diacctylcne (butadiync).'" carbon soot.
and a noncondensable gas presumed to be H. The formation
of such products under focused conditions has been noted by
Yoga ad co-works.si and nmnt probably involves reactions'9

of ethynyl radicals with the acCtylenC formed in ihc elmination

C:11. + C:H, - Call + H- (7a)

C 2H- + C4H: - CH2 + H. (7b)

etc.
Thermal pyrolysis of vinyl chloride leads to a quite different

se t of products from that obscrved follow ing infrared laser
photolysis. In a flow system at 500-600 "C. dimerzation to
chloroprene is observed-O

2CH:-CHCI - CH-C(C)CH-CH 2 + HCI (8)

while under static conditions at similar temperature a mixture
of products is obtained'' which includes. in addition to HC.
methane and ethylene in amounts comparable to acetylene.
as well as a pul' mer with CH > 1 Cleariy. these results in-
dicate the predominance of free-radical reactions. presumablh
initiated by C-Cl bond scusion. which appear to be absent in
the infrared laser induced prixess Direct deh drohalogenation
is obser-vcd2 bchind shock w ases at 1 400-2000 K. These ce-
perimentsb provide a value of the activation energy for the
elimination reaction. L.,, = (69.3* 2.9) kcal/mol.

B. Viaydn ChrIde ill) and Trichloroethbkne ilL Vi-
nyladene chloride and trichloroethylene aloa undergo elimi-
nation of HCl when subjected to intense infrared radiation at
-10 Torr, to form chlorinated acetylenes:

CHr-CCI 2 + tihr -- HCwCCI + HCI (9,

CHCl-CC 1 + ahr - CICaCCI + HCI (10)

Some HCmCCI is also found in the latter system. Conven-
tional preparatiors of these chlorinated acettlenes are re-
ported-' to have low yields. and the resulting products tend to
be unsuble. By contrast. the miature containing C:C 2 formed
in reaction 10 appears to be stable o-er an exaended period: the
C2C2 did finally explode after repeated transfer. presumably
because of leakage of O into the c-11.

The C 2HCI observed in the infrared photolysis of IV may
have been formed by an-climination or a.J-climination of
Cl2:

CHCl-C:

CHCI'-CC 1 + thio - rC +C 01)

LCICENCH
Our experiments cannot distinguish betw een these two chan-
nels for this molecule. The lack of C:H: among the in frared
phmdlysis products of 11 indicates that nn-elimination has not

drrd for that systcnt Furthermore- the a bsence of thernal
additin products, such as CICC H:C1. in the reaction mixture
indicates that Clj elimination is not a niajor pathay .

Sudbo et al.24 report that IV fragmerus to C:HCI: and Cl
atoms in a beam of the parent molecules intersected by CO2
laser pulses focused with a 25-cm focal length lens. L-ing
similar optics and mxkrate pressures. " eefind noevidence for
Cl atom production. such as the dimer C.II:Cl, or other rc-
combination products. Using a 5-cm fiscal length lens and low
sample pressures (50-1 Torr). Gandini ct al. find product.
resulting from C-Cl cleavagc in the infrared photoly-is of
C 2HCI/C 2H:DCI mixtures. Again. our cpcrimcnts do not
show products other than those of molecular elimination
Presumably. at high Iluenes and low pre'sures used by Gan-
dini or Sudbo. the vibrational energy content of the molecule
is driven to much higher levels than in our e pcrtments. where
the rate of C-Cl bond scission (E,- bond cnthalpy - -110
kcal/moAL) may e faster than the cocr enrgy flimo-

lecular elimination ratc E Li a i)kc.al niols --

We note that the itherma' ptrolsis at i% bctwcen 385 and
445 *C results in condensation to hexachlorobenrcnc.- a re-
action reminiscent of thc laser-induccd proces an tetrachlo-
roethylene -BClh mixtures
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C traoDickhloroet lenIli.L When 5 Tarr of IlIl is irra-
diated with the P(30) fI) 6 nmf linc of the CO: laser. the
princiaI reaction rrxduct is s-dich1orocthlenc. Very little
diminauion product i HCaCCIor HCI) tisobscrved Thisre-
suit is in agreemeo: lwh that found b, Ambartzuinyan e
a&t] 1 Nagai and Kata#amaPb ard a!so Karny and Zare'.
who report thai trans - cis isomcnzation is the principal
Laser-induced reaction pathua% in ihis sstem rThis prxcess
is alo the principal thermal reacnon in the nstein. with an
activation ercrgy of 55 kcal rnolk' a sm.all amount of con-
densatmon to I.2.4-trichlorobcn zene is also reported 21 wh.ch
as not found in the laser-irraated samples

In interpreting tho result. it i impiruant to remcmber that
rmasuremenu of product forrioin are made folio-sing a large

number (200-2000) of infrared pules Iniial!>, both isom-
crization and dimsciation may take place (we following sec-
tion), but as the irradaion prxceeds. an ar preciable concen-
ration ofcas-dichlorocthylcnc accumulates in the cell This

spcies does not a bsorb CO, laser radiation, thus the vibra-
tionally excited trans pecies ii progpesis el> diluted by cold
cn molecules. Under the conditons of the espenment. this
leads to rapid deactivation of the trans molecules, so thaitIhe
higher energy JICI elimination channel (E, -: 70 kcal/
ioWl)2Th is quenched Ahile ihe lov er energy isomernzacion
channel (E.i = 55 ka I/maI ) is stil! able to proceed. This
point is discussed in more detail in the fullou -ng secton.

D. &-dr and tram-d,-ViniI Chloride ia Ib lIn order to
investigate the laser-induced elimination reaction in more
detail. a-d1- and trans-d1 -vin. I cil
dcwcnbd above and subjected to in
tion. The resulting reactions were.

CH MDC +

while the trans-di initially isomeri
0 H

S+ se A
H 0 C

and subnequently eliminated to form

CHDwCHC1 + Ori

The product mixtures from all re;
amined for esidence of deuterium
(ound: that is. no cis or trans 4-4,m
starting with the a-di. and no -d, i
with trans-d,

A dilution e xperiment was also ca
o(a-di- and h,-vinyl chloride. TheI
cited by infrared rajiation from t he
laser. which is not adsor bed by. and I
deuterated species. The dissociatio
r:Juced fromn that espccted from p
same pressure. This is attributed to
ation by the unexcited trans-d, spec

similar behavior was scen in the tran
which isomerires to the nonabsorbi
in which both species arc excitedI
frequency. such as the tratu- and(
cussed below. there was no appreci;
action yicld.

BranehItg Ratio for 11(1/DC F
we wsshed to cxpkwe wa, whethcr th
elimination from A griicul.ir fn'iti
i-c the branchine ratso, fir receth!

to

so

0
00

- T
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S40

0-Pt 30)
- PC321

@-Pt(3SI

CHO CHCS

I[-

3op-

t
0

CHI-coca

4 a 2
P Tort

6 20

r.1n 1. Effccoe banching ratan for HCi/DCt elimination in infrared
tap.uermperco,-.n-l chLr-idc The CO: Lascr P1 301. Pt3E'). and Pi 38
I10. 6 iIines were empio cd. a-% indcated in the 1-igure The ptciian
of cach et cermaat inr& a i2k a shoo a.

oride ere synt hesired as vestigated by measuring IC:HD1/[C: H:1 ratios in the prod-
frared photolyzing condi- ucts of these reactions, using GC/ \%S. In order to make >ure
for the a-di species. that the measured isotope ratios indced reflected the initial
CH + D < 2a, branching ratios. and ere not affected b% subsequent H-atom

exchange. a mixture or C:D: I lerck Sharpe and Dohme:
stated deutenium punty >99*%) and HCI was analyzed aoer

CAD + HO 112b) a 3-day perod. This expenment demonstrated t wo point! I I I
md (cq 13) The absence of d-vinyl chloride in the infrared spectrum of

the mixture showed that back-reaction betwcen acct tcne and
H H H(1 was negligible under our conditions. (2) The infrared

00 spectrum of the acetylene' showed that C:H D made up le-s
D C than 3% of the total, verifying that H/D exchange also did ot

acetylene (eq 14). occur.

C ,+ Da. Tbe resultsoftheexpenimcnt are shown in Figure 1.lAs'ill
be dise.-uscd shortly. cis-trans isomerization precedes HCI
cirmination in CHD-CHCI Thus. the preponderance of HCI

CID + HC f t14bi (vs. DCI) elimination in that syitern could be conxitent n ith
either cL trans. or gene elimination. But the opposite result

actions were carefully ex- in C1H %-CDC. coupled with the lack of H migration across
migration. but none was the double bwod.can be expainedonl by strongly favored ger
species was formed when or aa-eliminatit.
was formed when staning The HCI/DCI elimination branching ratio also displays an

interesting dependence on reactant pressure and laser line.
rried out on a 1:1 mixture shown in Figure 1. For irradiation b% the P 321 line. this ratio
later component was cx- is nearly constant with pressure (-40% HCI elimination lrsmn
9 6-um band of the CO- CHD-CHCI: .-30% from CHa.CDCII. With the P(38) line.

has no effect on. the singly however. the HCl climination ratio from CHF-=CHCI drops
n yield was cn-siderably from--90% to~-45%over the pressure range 1-15 Torr. Sev-
iure vinyl chloride at the eral possible explanations for this behavior may be consid-
rapid vibrational deacti- cred.

aes prescnt in the mixture. (1) The elimination of HCI or DCI from a particular site

r-dichloroithslene sytem. may be specific to the tmmidescited b, the ltscr. stith the miAde
ne cis form. In a mixture specificity relaxed by collision,. This is considcred particularl%
b% a given infrared laser unlikely for everal rwasons. First. the twi) li'er line-% (P121
Ci-d, -vinyl chloride di- and P(38)j excite different rotaional %tates ol the rame- mode
able diminution of the re- o vibration in the CID-CICI molecule Furthcrnore. all

other behavior f this and nuny other s'%temi bct intcr.
miaminatmin- One quest ion peeted in terms of rapid r-distribution ul tb:attonal encc'

erc was any preference for within the moleculc. rath:r than b% mt'de-speeilic cxcii.-
in in the paren mroicculc. non.
n% I 2 and 14. This=w., in- 42)Sone birmilxular ptrwcw-%x such iI- mi .itirit i i
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may tend to make different .ites equivalent Since no racical
chain products are fo-and in any of the reaction mixtures.
hwever. this is also considered unlihkely Furthermore. such
a mnchanism would notb bcnitie t o ach laser LIe a2.s used
to ece Ihe system.

(3) The mraz probable explanation isn terms of competnng
uegmolecular elimiration paihwa s for ao- and aJ-thmf-
mzrm wuith vwry similar threshold enerecs for the two rtuacs
odis-seeation. as in the case ol HiX c rnmaion from halcal-
k Sei3 Energy deporition studicu sho ihat more erer2 is
coupled into the vn%1lchiordc as hiecr prevures. eiirng
lobigher average vibrational excciains Thc encrg dr-po-
sfl isstrongly decpndcnt on I te r ua ued Th.s will
be dcussed in greater detail in the fWomAir.2 section

Capetitie beteen R eaction Pihwa. lSOteriZation its.
EOminatioe. As noted above, intrared iar-diation of tra'cs-
du-vinyl chloride always produced substantial qu.antins o t he
ct isomer along with dissociation products In crder to g.,in
information about the comrctition between the isomerzation
pathway (reaction 13) and the ehmnauoa Ireaction 14). a
wrid atexperiments was carried out at vary ing energ y fluences
thragh the sarriple. This was done by condensing the CO2
kma bcarn with the two-Ge-lens telescope. which had an //
namber variabie betweenf/20 and f/70. A simple treatment
d tbe geometrical optics of the lens system) gives. as a first
approximaton to the peak intensity at the focal point of the
beam

- Pr
'iiil (15)

wkeraP is she peak power of the laser puhe (6.7 x 106 W) and
A the wavelength (10.3 ,r) Thus the intensity at the focal
point varied between 3.3 X 10' W/cm 2 (atf/70) and 4 X !01'
W/cm' (at f/20).

The resuls are shown in Figure 2. At largef/numbers(weak
focusing). no HCI or acetylene is produced. and the (cis-dIlI/
Iua-43 ratio remains at its initial value. As the focusing is
i~nesed, isomenzaion is seen to take place while relatively
Sile dissociation occurs. At the lowest f/number optics used.
she isomerization appears to levcl off at a (cisl/(transl ratio
of about 1.2. while extensive dnsociation occurs. The equi-
librium ratio of tne two isomers, calculated as the ratio of vi-
bratiomal part ition functions. was computed to be 0.92 at 300
K and 0.95 for temperatures exceeding 600 K. The somew hat
hrpr experimental value may reflect preferential absorption
of the infrared radiation by the trans irsomer relative to the cis.
kmiding to a greater degree of dissociation.

The basis of this behavior is the lower activation energy for
inwwrization relative to H1CI elimiration." This leads to the
psibility of the former reaction taking placc at lower vibra-

Ial energy content in the vinyl chloride moleculc than is
required for dissociation.

C~A sea with RRILM Theory. A. Kime %odeL Most
deailSd treatrcns of multiphoton induced reactions" 1 have
relied on the solution of a master equation incorporating cx-
iu Ie, relasation. and reaction terms. From these siudies we

rve several dynamic features of the population distnbution
over energy.fiE): (a) The average energy (E) of the distri-
bution increases only during the Laser pulsc. (b) A maximum
(E) is reached duning the pule where up-pumping is baLinced
by population loss via reaction of hot mole-cules. (c) Very little
reaction occurs after the pulkc bcause molcculcs unreacted
by the end of the pulse are collisionally dcactivated. (d) The
shape of the population distribution is nearly identical with a
Pi~mt for (E) below the critical energy of reaction. To avoid
the lengthy computation and the numenrical approximatione,
used to obtain the individual raic curfficicnts coupling the
vrions cnerg levcl. w c have used thts-e observations as the
baes of a 'isimplified kinetic mlodcl,

s5Ot inZ AT*0I Ct L.SIIIIT0

-I

0 1S- -140

~ a ,2o on 20 SC

Figww . Competition beiween nfr-ared laser induced isomenmilon and
HCil DOK cirniatiri in ru-J, 'i chloride Ail cperiments at an
ina!L praaurr of 3 2 Torr- 1500 pulses at 105 n with 0 3 J incident

enc-gv. Tbef/numbcr a equ.aI to the fcat length of ihe 1cencombmnation
dmided by the dia-ncier of the Gauasun beam.

Our modl is hsed on several assertions. (a) The population
distributions are characterized b% the averaee vibrational ex-
ciation (E) andcan be expressed analytically for (CE) above
a few kilocalories per mole. The form of the distribution may
be as narrow as a Poison,

fin- Ms ((n) ) (16)

with E - nha and (E) - (n)Aw. Although the master equa-
tion treatments predict a Poisson. this may be an artifact or
using a harmonic energy gnd. thus producing the same dis-
tribution as for coherently pumped harmonic oscillators" The
broadest distribution possible is the maximal entropy or
Boltzmann-like distribution3

f(E) - (17)

where N(E) is the Whitten-Rabinovitch expression for the
density of states'

9 V .(E)r--dE (18)

and y is a temperature-like parameter determined from

( E N (E )e r' dE

Q
(19)

(b) When reaction occurs. the form of the distnbution is not
greatly affected. For the 3.2 Torr c-di-vinyl chloride system
used in this modcl. very little reaction occurs for cach pulse
Only the highest energy molecules. comprising a small fraction
of the total distribution. react.

(c) In the I-s intemrva bet .- en lascr shots, the products from
the reaction zone mix. by diffusion. into the rest of the un-
reacted cell volume.

(d) Using assertions (a)-(c). the net reaction can be ap-
proximated by a continuous procesi analogous to placing all
the brief intervals of reaction back ta back. The total time of
reaction is thcn the total nunibcr of iLr puiscs tines the re-
action time per pulsc. This time " as chosen as 10 s pulse.
to include the full laser pulse and to allow for too or threc
collisions (at 3.2 Tarr) during each pulse.

i10 Since the (E) if the popul.ition distribution i-c ,i.i.
(observation (b)) during this interal. a constant reaction rmie
for a purticular reaction / can be calculated using RRIK \l
unimolccular reiction rate'"i' ater:tced oser ihe proper pop-
ulation distribution:
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TM L Vibrauinal Frequencuis of Deuienzed Vinyl Chlorides and Transition-Stule Configuralons (cm-')

zraaz-d, -vinyl chloride ds-dj -VIfy Ich knde
m $-dirm a-darn asi= -icm c-cam

n-ed o aa le 1Ls 3_a. t.%. molecute t.. Li. L.

(')t 3 14 3W0 30M 2200 309 30D 2200 2200
2 3)66 3 2500 3 3047 30DO 3000 3000
3 :231 22W 220D 2030 2210 2200 250D 22()
4 1 (a 130 13W 1500 1580 13 1800 1300
5 .308 13W 1308 1300 1315 1300 1315 1300
6 12.37 1237 1240 1130 132.8 1325 1320 1250
7 909 700 750 r.c. 909 700 750 r.c.

673 650 f c. 490 710 630 re. 490
9 335 350 230 250 368 350 230 280

(a')I0 9.47 r.cA b 1swI 50 927 r. W150D 15W
I 7" 700 w 750 790 720 9W 750

12 515 515 515 515 543 543 540 540

Number of normal mndcs in accordance with aandard assignmcnl. see ref 29a and 38. r c. - reacin coordinate-

kaf- k iRKM(E)f(E) dE (20)

T, energy-dependent rates k *R"'( E). incorporating the
WiLiten-Rabinovitch density of staes function, are given
by

knK (E) a -' l(E - Ea + a'E,')'-'
Or (E + aE)'-'

d W'(E *)

x - dE
a-i dW(E')

dE'

(21)

With

-I -fOW(E')

W(E') - exp[-2.4191(E')O025J

and E' E/E,. The a's are the normal-mode vibrational
frquewcies. and E, is the zero-point vibrational encrgy. for
the parent molecule or the transition state (denoted by t).
There ares - 12 normal modes for the vinyl chloride molecule.

and the rotational symmetry numbers r C' - 1. The vi-
brational frequencies for the parent cis. and trans-d,-vinyl
choride were taken from published analyscs of the infrared
spectram,'' and those for the transition states estimated by
standard methods. 4' These frequencies are listed in Table I.

Using these assertions, we can approximate the reaction
kinetca of the a-d,-vinyl chloride system as a set of parallel
first-ordu reactiow

(trand) - (cis-d1)

(trn a) -+ C2H + DO

(in-dI) -. CIH D + HCl

Aa
(cis-dI) -a-(arans-d,)

(cI) -+-o'CzH z+ DCl

(cis-d) -w C3HD + HCI

(22s)

(22b)

(22c)

(23a)

distribution in eq 20. In this systern.ki and ka are the rates for
c trans isomerinzation. The trans-elimination rate from the
tran isomer is k2: this is set equal to zero. since it is equivalent
to tsomerization followed by cis elimination. Both J cis) and
a(jem) elimination can contribute to k, Similarly. k 5 is the
rate for $(cis) elimination from the cis isomer. and k, is the
rate for (gem) elimination. Equations 22.mnd 23 lead. in turn.
to& set of coupled equetions for the concentrations ofcis- and
rraar-d'-vinyt chloride:

d
dr-an&4,] -(k I , + k O tran"-d I

+ kdfcis-dj ](24a)
d

([c"1-d1J = ntrans-dJ

- (k + ks + k6)jcis-dij (24b)
The factorf is the fraction of molecules in the cell which are
pumped to high vibrational excitation by the focused laser
bham. We estimate f to be -5 x 10-5. *hich is the approxi-
mate volume encompassing the reacting molecules5 divided
by the total cell volume (214 cm'). Variations of f by t50%
affected the calculated results by only 1-2%.

We find the cigenvalues of eq 24. from the usual determi-
nantal procedure, as

S! -- p + q) *fj(q -p) + 4kkij' (25)
2

with

and

q A, + h + k3

p = k 4 +ks + kb

(26)

(266)
The omnctatu after an irradiation time Iare given by

(Itransd;I) (,, I*l +
= c ,e'' +ca_ 'I

Im aq 23

4f pf +r

(27)

(28)

The total reaction time was 1.5 x 10-' s. as mentioned
(23b) aiv.

The coflicients cI and C are found from the initial cundi-

(23k) '. (tra ns-i ,== cI + c - 0.78 for the sample we used.

wiere the k, are determined only by (E) and he ghoice of
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and

I

[C641 low,.*= cry* + r-,- - m 0.22 ( 29)
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(E) - f Eflt) dt.

The rais of formation of the two isotopic varieties of acet-
ylenc are

- [C2H2 -nkztrans-di) +Jkcis-dij (30a)
dl

-[C2HDI - ftIrans-dI + fkbeis-d, I (30b)dt
lrncing the precursw concentration (27) in eq 30 leads to ihe
solutions

ICZH!I, - i '"' - I ) + x('' - I) (31a)
and

with

IC:llDI, yre''' - 1) + :(e'-' - 1) 431b)

~. - + Ls~ ')
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Fm 4. Disuxiatin (right-hand scle I and rsomcriatmon left-hand
scak) ycd a afcm son off number .and mcan nc rp The 1wdd curses
arm cperimmtaI daLa. taken from Figure 2The d-ished cures are :he

rtflmbdftke aitcutt LLN.Tesnbd in s h' sxt.in Or'en a mb1h. ( E s
- (E).d baddsynsbats. (Ei),... - C E.'... * t Leca) mait (a;iCalcu Lri. n

with Poison dstrbutikn. cq 31. The ,aiues of E., arc 6. 70. and 0-4
kcl/j for isainmratsun. as csmunaton. snd gen chm:nation. re-

sputivy.(b)Cakuaiura math Butzmar.n-takemairnal-entrop d.bari-
batrn. eq12. The cormponding values of Ea ire 61. 6W. and 73 Lc&at
mox.

S _(k 2 + k 5y -) (32b)

and

f ., (k3 + kgy')

r -_(k + ke--)

(32)

(32d)

. Competlkkl betwen Isomeniaslon and Dissocianon.
Figure 3 shows a st of calculated RRIK\! rates for the io-
mcriration. av-elimination and a3-climination channek.
along with averaged rates using both Poison and maxinal
entropy distribution functions. For a giaen mean excitation
level (E). the value of the averaed rate constant for ine
Poiswon distribution can be man' orders of maenitude lo%%cr
than foe the Btrrann-like distrbuton. This is a cons'quen.
of the tmor extended "tail of the Litter dostribution whih.

ev6s fo lo-y values ol (E). extends to cnercie' "-here the
LbK- kcomc larvc ,.ee ref 3x s V.noted b% Grant et al .'

app kt reactkin tcurS Aith a t.rro" P'Is,,wn destribution
only at (E) clsc to the Ei, of reaction.

In Figure 4 we 'hoa the comparirm of reic ti omcr"..
tkm/drs'oKiakm . icids.,.alculatcd r the Ku1 m Id-!.,k :

12.5
355
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the R RK M rate Iheor1 described in t he prcccd nSetion. with
tke xpenrmcntzld..a ftxrc:cn lnin t' rr M L., irbrainal
energy ditributions. .ind at -c'cr0i Su or :n :cent ercrg
flua 4 (delermined fromrthc fcu ercih of tic bcjrri co,-
densing c 'icsb, eq 1 56.: Ini co-r:) F V- .- hh!- c
the proper percert di-ocion of Oi'c in; I creridc into
acrsykne and HCI Thisa!uc . mhen usC-d tocalcuiate the
cupected [c-sj/(tran J raio at :-.2crier %' i Lx

As can be seen from Fiure 4. crher form of ihe d-tr.buion
is ca pa be of rprod u c:n Ihcb, L ed r d, Theccnffcrc-cc
is that at any gicn ilu 4. c Ce0"L hN t -- a th u tr d
is about twice as high for the n.-rrcur Pi-n ciriut1 ieq
16) than for the ma)rmiI-cn -r Kr. Bzr-in-hkc- d t-
bution (eq 17) This just A...r JJ e r-c cc rom the
behavor of the enere-asa-ragd R RK\l rc stI.nn :n Fgure
3b. We also tested ihe ceeticct sri rat- iinP ihe aera-
Lion energies, EL.. for the i:cmer/aon and iwo d% iantion
chanith. within thc sitted cxrerincrtal urcruin. for these
quantities ( 1 -2 kca!/moio. the 'iluc, lisicd tr the curs e in
Figures 3 and 4 gase the bet agreement with the datA. The
eJect of allowing a smal amount of dilfercntaal eaxcatiii n
between cis and trans noleculc, is also shown in Figure 4: in-
creasing (E) ".-- (E),,fromzero to onu' I kcal/mol causes
the limiting (casj/[transj ratio at high energ flureS to increase
fren 1.05 to 1 25 Since the aborption coc:fic:cnLs for the
perticular laser line emploed are ccrtainl different for the
two sonen. such a small amount of differential excitaion is
quite reasonable.and satisfactorily accounts for the observed
ratio

The principal conclusion from t hese results is that 3 statis-
tical. non-mode-specific model provides an ecellent descrip-
tion of the laser-induce- chemistr utaking place in this ssmem.
The internal energy distribu, tons are characterued oanl b a
mean eneryy (E). and RRK \ rates. which presuppose a free
flow of energy throughout the molecule. are employed It is not
pssible. however. to specify a unique form of the dAtribution
function without an independent nicasurement of the absolute
amount of energ' dcpoiL1 b% the laser field.

C. Saerecewmissry of the Elimination Reaction. The pre-
cding calculation also g-es a/ climination ratios Ahich are
in agreerent with the espcrimcntai re-ults shown in Figure
I, namely. 80-90% C!HD (1 HCI eliminationi from
CHID-CHCI and 30-4 % CllD from CH:=CDCl. The
frmnicr ratio dereau-a. and the latter increases, as the mean
excitation (E) in the system is raised. This (E) dependence
camo explain the pressure dependence found for the P(38) line:
increasing vinyl chloride pressure often has the effect of in-
creasing the mean ecitat ion of the mokeculcs. since pressure
b-wdening of the absorption lines helps to overcome locial
saturation effects.'7 The magnitude of this effect would. of
couru, vary from one line to anoiher, thus accounting for the
different behavior following ecitation with the P32) and the
P(36) lines. We have. in this case, the ability to influence the
outcone ofa react ion by selectise excitation ith one or an-
other Laser line. This is not a result of any mode-s pecific erci-
tatiom. however: in fact, it is just the oppusite. since the result
is predicted by a statistical (RRKI) modcl. The effect of
changing laser linen is. instead. a more subt le one of var ing
the amount of encrgy depoited in the st stem. which in turn
depends on such factor as saturation. frequenc matching. and
pressire brunbcnsng. Ckarl. an relationship bct vcen cci-
tation frequency and reaction product distribution, which is
taken to be evidcnce for a mode-specific process. must be
carefulk cvaluated in terms of energy deposition in the 'stem
before such evidence can be acccpted

The predomninant 'imc of Climnaitin in thcci sntems is
sem to be va.- or erni-climination Precedents in i. literature
fo this tspe of reaction are %juirtc: a generai conment that
chminaiien rea-lawtsriof W -alcins a .cit.nc; priceed

best with the elements to bc eliminated are located trans" 1
i, bascd on a smal' number of esamples. none insolving hy-
drogcn halide hclminacion Hiuloalanes dchsdrohalogenate
via a. and a channelsit but their stereiochemisiry need not
re-crmble that of the haliolleFns Lee and co-workers" hase
abscrved tn-eliminaton from CO-!.r-cscrted CF-CHCI
in a molecular beam. and find no energy barrier in the exit
channel for this react on.

The lurec fraction faa-elimination found in these s5stcims
raises the question of whether products characteristc0 1 the
pos-ible carbene intermediate could be isolted. Alklidene
cirbenes are kr.oewn in solution." Jbut oni the dfluuro
species has been observed in the gas phase It is po--ible.
though. that with a parent molecule in which the rearranee-
ment to the acetlene were inhibited. the gas-phase carbene
could be produced by laser-ind.ceddchvdrohalogenation, and
that its products could be isolated.

Strau? and co-workcrs" hase ,iown that the mercur-
photoscnsitizcd reactions of substituted eithlcne- prixccd -%ith
free rotation about the C-C bund and a-chtrnnition to produce
the carbene. Recent observations of intersstem crowne in-
duced by multiple infrared photon absorption." along with the
similarity of the mercur-s-phototcenstired and infrared-multipic
photon pNthoays in this care. sueecst that. "hen the energy
content of the molecule is of the order of 1)0 kcal/mol. si-
bronicallv induced singlet-triptet mixine naty ccur. This
suggests not onlh that the vibrational eners is frece reds-
tributed among all available modes,. but that esen the dis-
tinction between e!ecronic and vibrational energy may break
down.

Ackaowiedgmens. This work was supported b% the Office
of Advanced Isotope Separation. Department of Enere%. under
Contract EY-76-S.02-2793. We alsa thank Professors Klaus
Biemann and George White-sides for pros ding GC, IS
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A.PPESDIN B. "For-.ation of Vinylidenecarbene Intercediates
in Multiple Infrared Photon Elimination
Re ac ctions"

C. Reiser and J. I. Steinfeld, J. Phys Chem.

84, 680 (1980)

1980 Aimerican Chemical Society

!Rspnted In n rthe -rnaILx" Ph 'aI Chernis M.60 1 1% tI
Copyrght C 940 hb ihe Awr -an Chemci .5-wt% and reprimted b% pwrrctsan-n 4 th ow3nght nrir

Fwation of Yinyldlnecarbene Internndales in
M t"e infrared Photon ElImInation Reactlors
Aat...Cs.e"a by es US pWrw-MV -e

Sir: Multiple infrared photon excitation (MIRPE) of
a-chloro olefina (RC-CHCI) by mntense CO, laser pulses
has been found to !ead to elimmatin of HCL.'" Drutenum
labeling studiesi have shown that the reaction proceeds
mainly via a 3-center elimiation. This result suggests that
inylidenecarbene (RC-C:I may be formed during the

dehydrohalogenation. Such species are well-known in
solution.' however, the only other gas-phase reaction in
which they are formed appears to be mercury-
photisensitued 1,1 elnuinationsiS Carbenes. such as .CF.
have often been oberved in Laser-induced mutiple-photon
dissociation.'

In the MIRPE of vinyl chloride (R a H. D). acetylene
is the sole hydrocarbon product. suggesting that rear-
ranuement of the carbene is extremely rapid. if not con-
certed with the elimination. This behavior is consistent
nth ezpectations' that the barrier to tha rearrangement

H.C-C:-HC=CH ()

is extremely low. We have extended our previous work'
on ies. systems to substituted vinyl chlondes iR - CHH.

F) in order to see whether the rearrangement could be
slcmrd down sufficiently to permit the vinylidenecarbene
to euist as a long-lived intermediate.

1-Chloro-2-methylpropene (Aldrich) and 2-chloro-1.1-
difluorethylene (PCR) were used as received except for
transfer under reduced pressure to the reaction cell. In-
frared spectra pnor to MIRPE showed no major impuities
to be present- The compounds %ere photolyzed with the
9.6-Mm P16) or P(18) and 10.6-ym R(18) CO, laser lines.
respectively, either alone at pressures of 4-5 torr or in the
presence of added ga-es. The gaseous product mixtures
were collected and anal~zed by GC/MS HP 5990 A or
Hitachi RMU-6).

The MIRPE of (CH shC-CHCl leads to HCI (observed
in the product infrared spectuuml and butadiene as major
products, with smaller amounts of allene. 2-butyne. and
diacetylene. Photulysis in the presence of CH ,OH. H:O.
NH,. HS. or DS vapor yielded no additional products.
These resuita suggest that the (C HL )C-C: formed by loss
of HCl rearranges extremely rapidly, either by methyl
migration across the double bond 1eq 21 or by intramo-
lecular insertion teq 11.

Since the acetylenic form is ~30-40 kcal/mol more
stable than the atbene.~ the resulting 2-butyne. if formed.
wnuldtontam a Large amount of excess vibrational energy.
Some of this cuuld be stabilized by collisional relaxation,
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bit the pnni-cp3 r .e -- rrrs be QrMr rrsrringernent
to the sll r re staLe ha Ir Uv e same prsducts
ccould be deri'e-d 'r-n trte m rith proprne mnte '!he
ring can opento furi re W::;e Cirei&.'r ihe butadiene
by way of the 2-carene * A -'bie tst 4o this prtp'-ed
mechanim aculd te to Ceacm% ate c slionall these in-
terrnediates and qi.ench rurthereas rarrngement by aading
an inert buffer gas. it must be rrmerrbe red. Mtae- er. that
ncreased co-)hcrus can aLso infiencr the MIRPE process

itnLPf and thus the mean esiaitiun in the products. It
may be noted that aJiene o also io-rd when CF-Cl. is
photol)-zed in the presence of CH IiC-CH. and resuiLts
from secondary midLIphoton e itation of CHICH iC-
CH' Dwrcetlene appeirs to he a ubiqutotnside pruduct
in reactions of this tg.e

The behavior of CF:-C HCI under the wne condiuoes
is quite differenL Aside from HCL the pnnapal products
are CIF, (67%1i and C:F H i33'2 No C.F,nM observed.
In t he presence of added H S or C ,OH. the products are
C:F:H3(82%S)." C:FHi1127, 1. and C:Fa6 1.It seems
cka that. in thzs system. the FC-C spears a Longrued.
with esaentnaly no rearrangement taking place to the
wcetyene. In the presence uf labile hydrogns,. the dom-
inant reaction path setms to be H abstraciion to form
stable olefins. A possible mechanism to form the C.F.
wouid be secondary MIRPFE of the inylidene-carbene to
firm -CF, plus free carbon, a small amount of smt for-
mation in the pure CF,-CHCI is consisLent with this
poatibility. When the photolsia is carned out in the
pttence of DS. the pnncipal product is C2F.HD. with a
laser amount of CYFD. and small amounts of the pre-
viously mentioned products. The presence of C:FD7
confirms the existence or F .C-C:. the large amount of
C1FHD suggests 'hat a C-Cl homol sis channel, to form
CF,H. is also important in this system " The chemistry
of this system is, indeed, quite comples, since severa.
diasoetation channels follow ing MIRPE are available.

These results demonstrate that. not surprisirgly, di-
laoroiMnyadene does nfA undergo rearrangement and can
readily be trapped by h drogen do- rt, whereas iso-
butylidene undergoes rearrangemeit more ropud y than
it can be trapped Since (CH-11 1 -~: can be trapped in
acluion.' the actation bar-ier to rearr ar ement must be
no W than 10-15 kcai/mol or so In tiie cw - of H C-C.
Schaefer and co-workers" have predicted a Lrrie r to re-
arrangement I of 8.6 kcal/mol. For the rearrangement

FC-C: - F CC (4)
however, a semiquanutative MO calculaton" gives an
activation barrier -50-60 kcal/rol higber than that for

I

IsetN wit of chm"ry~aelssaC dbusk"si T T'sragy
CAWv w aa dpa w.02 139

ft si 1,30 IIPY

Csp'ssIo Rake
jarey I. sloS&WO
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reaction 1. The greater %tbrational complexity of
iCH.-C-C. as compared bit H:C-C. or F:C-C. w-iLl
lead to a partitoning of ahiorned infrared energy into
internal mode-s o the first named species. thus proViding
su.ffcient enery'- to surmount the ba-rer) For the parent
or difluoro species. the lower degree of ibrstiona exci-
tation is sufticient to permit reaction I to occur, but not
reaction 4, with ts appreciabi' higher birr.er.

This .ork dlustraes how the MIRPE process may be
of value in chemical inestigations by permitting the
preparation of pimarn diocistion products or unstable
Lntermedi.ates at a h-gh inoan-irieous concentration in the
presence at cold dituentt Spec:roscopic characterization
of species such as nylidenecarbenes. which hae hitherto
not been directly obseri ed, may be possible in this way.
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Appendix C. Synthesis of C2 H2 DCI 130

Two isomers of di-vinyl chloride were prepared,

trans-dy-vinyl chloride CC.13 and cz-d 1 -vinyl chloride [C.23.

C.1 trans-d1-vinyl chloride

C22 HgC12  ClHg\C CH NH3 Hg /H)
6N HC1 H CC

H C 1H 
C

1II

D0-1-PBr3 -- - DBr / D H
2 3 dioxant H Cl

A 6N HCl solution was prepared by adding 60 ml conc. HCI

to 40 *l boiled distilled water in a 250 ml flask. 96 g HgCI2

were added and dissolved with ease. Welding grade acetylene

was bubbled into the solution with a sintered glass bubbler;

thp excess gas was bubbled through water to prevent

backstreaming of air. After 2 hours a white soapy precipitate

began to form.

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 66.28, 66.34,

affirming its identity as trans-chlorovinyl mercury chloride

(I) EC.33.



Attempts at synthesizing trans-dichlorovinyl mercury (II)

from I failed. A 48 ml sample of benzene saturated with I was

placed in a dropping funnel. Upon addition of 40 ml ammonia a

sticky dense white precipitate formed. The precipitate was

difficult to collect and dissolved when washed with water.

The remainder dried to a hard white solid which resisted

attempts at dissolution.

D~r was synthesized by adding fresh D2 0 dropwise to fresh

boiling PBr3 . The gas was collected through a water condenser

and an ice-cooled trap into a LN2 cooled flask. Its IR

spectrum showed at least 95% isotopic purity. The DBr was

admitted to a 258 al Erlenmeger flask containing 25 m! of

dioxane; the flask was shaken ftr one hour. The dioxane was

then added to 26 g of I in a 3-necked RB ilask sitting in a

59 C oil bath. Gas ras collected by slowly flowing dry N2

over the doaxane with continuous stirring. The N2 stream

passed through an ice cooled trap and two LN2 traps. After

one hour the contents of the two LN1 traps were collected

through a KOH/CaC12 filled tube into a gas flask. Its IR

spectrum compared favorably rith that published CC.33 for

trans-d-vinyl chloride9 showing about 96% isotopic purity

with traces of noisture and acetylene. The ratio of trans to

cis isomers was about 9:1.

Acetylene was cleaned from the mtxture with a simple

procedure. A solution of 18 ml water and 5 ml cone. nitric

acid was saturated with silver nitrate. This solution was
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frozen in a small flask with a ground glass neck. The gas

mixture was then frozen into the flask. The contents were

allowed to thaws then were shaken for 30 minutes, during which

a small amount of a white precipitate (presumably silver

acetylide) formed. The gas in the flask was then frozen into

a second flask containing loose P2 05 as a drying agent.

Finally, the gas was frozen into a storage bulb. Its spectrum

showed no trace of acetylene or moisture.

C.2 a -di-vinyl chloride

CaO DBr

C2HCl3 2 CH2 2 2- -2CH2BrCDCl2

III (cold) IV

Zn H\ D

EtOB U H "Ci

IDI-dichloroethene (vinylidene chloride. III) was

prepared from 1,1,2-trichloroethane by refluxing 30 ml in 120

ml water and 16 g CaO for 4 hours. The alkene was distilled

off at I atm (bp = 320) and redistilled using a Vigreaux

column. The yield was 17 mls or 66X; 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-dichloro-2-bromoethane-1-d1 (IV) was synthesized in a

quartz flask fitted with a dry ice and acetone cooling collar.
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15 mIs of III were distilled into the flask in vacuo, followed

by 29 ml of DBr, using LN2 cooling. The contents melted upon

removal of the LN2 and refluxed from the dry ice/acetone

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 solution of

sodium bicarbonate, dried over CaCd2 and distilled (bp =900

at 140 Torr). NMR revealed a broad peak at 64.2. Recovery

was 12 mls, or about 46% yield.

Six ml of IV was added over a 50 min. period to a

refluxing suspension of Zn dust in 40 ml of ethanol. The

evolved gas passed through two ice traps and was collected in

a Li 2 cooled trap. The gas was passed four tines over dry

CaC 2 in bulb to bulb distillations, after which no trace of

EtOH was seen in the IR spectrum. The spectrum agreed well

with that of CC.43 with excellent isotopic purity. About 2.6

g were recovered.
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Energy deposition in molecules resulting from
multiple infrared photon absorption

Cirlutopher Reisw
Jeffrey I. Steirefld

Dvertrnent of Chemistry
Massachusetts Institute of Technology
Carnbridge. Massachusetts 02139

Abstract. The most inportant factor determining the response of sye-
tams to high-intensity intramsd radiation is the quantity of vibrational

srgy deposited in the absorbing molecules. Determination of this
quatity is complicated by spatial nonuniformties in the infrared radia-
tion fluence and by distributions over energy in the system. In thig paper.
we obtain expressions for the infrared fluence distnbution in a focused
Gaussia beam. This is combined with an empirical model for the excita-
tion function <n>(0 to calculate energy deposition for a range of
pmarneters. These results are compared with available experimental data
con clsociation yields for sulfur hexaftuoride. and also to various approx-
kists results. Finally, we consider the advantages and iimitations of
avra possible experimental approaches to determining the absolute
ezAitetiwn level of molecules and microscopic energy distnibutions in the
foce volurne of the laws beam.

Op WfrdL- fasr/ Wsy num OW defn m wcufa cnm Gausim

-011 &yWbwE., 9 V.=-Ml fJnn&ryieF*rMVy IM.

INTRODUCTION

In any upariment which measurs the overall reporne of a sysfem
w.jwd by irradiation of a sample. such as energy depositloc. ab-
urpIon cs ection at thei rradietuon wavelength. or 0

dbautlon yield. determination of the intensity distributoc of
the radiaton is of fundamental importarne. Phyiscal theors
w h esplain the effect must account for the Intensity
&pAmdkoto of Its magnitude or extent. In rinciple. parameters
chacterstic of the radiation fmid. such as irtemity or fluence
(langreted intewity). should be precsy determinable with the
- m an appropriately calibrated transducer. However. vans-

Um in interv throughout the sample may make at difficult to
Seis a measured effect to a particular value of the interity.
Whie the nrAary procedure may be relatively straightforward
bs well-collimated beams, it Is often necesmary to employ strongly

u eaumm , epacially for the dissociation of small moleculA.
T60. - procedure must be used to link the measured effect.
die overall beam intewaty. and the focuiing optis used in the ex-
pilrimen. In this paper. we will consider time technique for dealing
wh bam of Causian cru ctios appropriate for lawr a
piatos. sch as the problem of multiple infrared photonT

in Ps.-
authon' have usnd various apprnraatlons to maw

k particular optical geometries. In most multiple photon e.
.ae. the ezat beam cr-wction function s not known,~IaM flly if the experisents utilize a focused beam. It Is therefore

d if t to nperate those effects whwch are caused by the wide
rasp of Iitensiti intercepted by the sample from those which

e cased by the fundamental microscopic dynamics. The data
ms be ccrected for the georretrical form of the beam before the
empirical rults can be compared with a physical model. Since
Sm powmetry of Causian beams is well characteized.'s etrac-

lo of purely dynamical effc become fortuitously analytic, as
has been densonstrated." We wish to preS a consistent ap-

OrwW ol amnse LC-101 amuirwd Amews 3.3IM
Anp A~ mpusbamS ep 12. 31"

M / Vl. 19 No. 1 IJ/ ay/Peirwy I 1 OPTICAL ENOINEERINO

priech here. to comider the lmplicatios of the beam geometry
for various typs of Caussan beams. ad to illustrate the short-
coninp of -decoiviuted- data.

DEFiNITIONS

Whenever possible. we will adhere to the notation found in
Yariv.? Ilsuding the follcming definitions:

s(a) -

a00 -

v(*) -
v(e) -

S-
A -

locaton of foc-al plane on propagation (ZI axis
apowa at focal point. radius to e 1 point of field
spos at axial point z
radius of curvature at a
Mjep1A
mrp Rusea; for pulsed beaie, C - I (Intasty)
dt
volumIe In beam aperlerring fluence 0 or greater
ciengs In V(C) per unit fluence
mecwar density
wavength of radiation

PROPERTIES OF THE BEAM

We wiil der "TEM." Caussian beams, for which the inten-
sity I fllows:

-Z~) r'sIfrAew E eL3 - -- ezp (- )

where

u~z~ua~l+-

(I).

(2)

The fl 0(rza), which is of pet importance in multiple
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photon chemistry.'" has the same Form as the sntensitx. Eq. (1)
therefore dewcnbes ir.zt as well Sub:.cripts z and will he used
to drne orthogonal trarrnerc directior To avnid confuion.
we wiLl define circular brami as -hrmc fur %%h:ch wa * % -"0,rcurnng at z(.0) elliptic beamro those for %xh:ch s.JzI - -
Costant Do-w occurnr.g at z-O''. and final, efhliprc ccnfocal
beams as Lose hasingcw, 0W but zL . -. T he gernc term
ellipdcal refers to elliptic or eilliptic mi ocai beams.

One can characterize the light bean ib. sptcifing the complex
beam radius q(z) at some pont z

q - -) u((3)
q(z) R() W+(I)

-+ (4)
wherer

For our pspomait will be of greater use to know the spotn wze0
and its kcation z'(0). such as the 'tar inside a stable resonator,

roughV distances and optics %howe '-ombined ray tracnfer matru
I talents are [ad. and finaliy a distance I to z(0l. The total ray
trafme matrix M for propagation from z - 0 to z(O) n

[1 1] X b A B5

0 1 C d] C D]

Usag the ABCD law of Gaussian beam propagatlon,' &e find
q(a(0)) from q(z'(0)) and matrix M:

Aq(z'(0)) + B
Cq(x'(0)) + D

At z(0), R(z(0)) - 0. Combining Eqs. (4) and (6), we can erpre
wo Ms

o - --
-Cs (7)

The dance I at which the spatulI. reache w can also be found
fr1e the condition that R(z(0)) a 0; strnighll-rardly one ob.

Ie -(* c)/(e% +di) .(8)

Tn, by knowing the kration and me of a bem waist, and all
OPtIreF that point to the region of interest. one can easily com-
puta the location and sizeof the aeoni waisto

Is prnetk, however, a pure TEM. mode may be difficult to
abain from a pulad law and some spatial filtering" may be

say to exclude unwanted beam compomnts. For such
pnftm the mnation ai.d sin of the beam waist can be determined
mplrlally. using simple measurements and tools. such as a scan-

Sag pinhok or variable apertare. Since the beam ts most Intense
at a(0) and may cause a plasma at obstructing surfaces. direct
a reenwat of the beam waist may be difficult. Sufficientl% far

Irn.m , however, the beam upand asymptotically to the 'on
wh lf apez angle is

* - no-'( -). (9)

If dte powe of the beam Is measured at two point a, and a , W
have

w~a) - e~i)
tan -- . (10)

' a GmId be A, In w mpa, by a nli al Ind Ian.

Equaticn (10) combined with Eq. (6) yields

0 * Za-w z,) (11)

Since the apex of the cone defines z(O). we find z(O) simply:

240) a m -swza) cote - Z -cW(z. cote. (12)

Thus from two measurements of the beam cross section one can
neasly find the location and size &f the beam focus.
Equations (4)-(12) are 'alid for circular as 'well a% elliptical

beam&, and allow the relatie magnitude of the flurnce to be
.. in the region of interest. The absolute macnittide of the

Snecan be found using a ioulemeter. whi-ch measures the tonal
pul energy ET

ET f rz)2srdr
0 (13)

where it is assumed that the dimension of the joulemeter face is
much larger than cw(z) For convenience. we evaluate Eq. t13, at z
- P401, so that for circular beams

aa
ET - f 0e p(-2r'/w)2:rrdr a.00 0

o002 (14a)

For elliptical beams. Cartesian coordinates are suitable variables
of Integration:

w w
ET- 4 a f ,() dad' - .!. w

00 02
(14b)

"IU cmmrepndence in Eqs. (14al. (14b) between ET and total
pou. aid between * and peak intensity. can be seen easily.

DETERMINATION OF CRITICAL VOLUMES

Of critcal Inaterest In our anal) sts is the number of particles In-
rceptSd by the beams. If the particle densitv p is given. a suitable

volume Inside the beam can be found which contains the particles
under study. Many authors"' have derived expressions for
vokunme petnent to their respective applications: KmrIer et al.4

lbtained an apresin for the volume enclosed by an isointensity
(IWn-Ruan) mUrface in a Gaussian beam.

Y(*)-- 1 (I+U')I+ n(K(1 +U'))dU

where

U' - (Ilk -I)l'
U - (-l0))I,

Eq. (15) am be evaluated erectly, yielding

V(s)w 14(U - tan-I'U. )
3 V

(15)

(16)

whm U - U'. Equation (16) reduces to Keefer's result when all
ems are dropped but the last. proportional to L". A similar ex-

preion an be obtained for the corresponding volume in an ellip-
de bma,

V(O) m 8 f f f dadsdz (17)
whineach integral extends hetween zero and the appropriate up-
pW bouN:

OPTICAL ENGINEERI|NG /J anuary /February 1990 1 Vol. 19 No. 1 003
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- uX.1 z) 4OW 2y
[ (n( ) -

- [ ( X )

K'

After two integration of Eq (17). we obtain

V() MWOaryf In( )dz
0 KwU(Z)

-- X way (m - tam-' m)

(1&g)

(18b)

(lc)

(19)

(20)

where m is anaiogous to U in the etrcular beam cae,

m( I -1)".
rV

For the eliptic coniocal cam, evaluation of Eq. (17)is more dif-
f&e-h. The upper bound% are given b)

. .44') ma aoy I /v- t - (10( etc -ClO (21at

I Kn(r 7 4z*y() 4')

In( M CIny )12(b,

SKnasgx~yr) *

I' - -- ('4.e +w') * ('4 + n ,s'y44m-2J

Aftr two img n. we obtain

V() eIf S(a)Wy) (n(22
o Kea(4w,4()

whkb me be evaluated numerleally. Values of V(O) for a rance
of K and (um=Iw ) ariven in an Appendiz.

For valumof Vunall with respect to,. K 4 1. In thi hr.:frr, Eq. (16). V(*) - 2 for circular Lars From Eq. I
V(*) e@ for elliptic beams. Figure i shows the &p-rdencc -
V() on E. where the quantity V plotted is the dimensior:l-
quantity In parenthe s in Eq. (16) or (20)..16

The differential volune. or change in volume per unit char,:,
in 60

dV(O

0%"lb" h qri Pa L.dimM. 4 a 4a.i.d ..-. nar I - 004'0

M4 ' Va: 19 NO J arvIF-ruarv 1980 /OPrICAL ENGi'.:- -

S

-3-

2 a 3 10 a e

nwe 1. Behavior af Vt0 with parameter K - t@a. V Ia given by
Ow eapreasaon in parenthesn in lal Eq. C2) (efihpticL fbi Eq. 416 ler-
akrtf. Cirte (dretains anty the taut term of Eq. Oft valid for 0 4 00
a in1 e. .

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

aO 4 U(2K +1)

3 or
ard for liptic beams,

v(O) - - a, m)
= A e! l

(24)

(25)

Equation (24) Is equivalent to Eq. (18) of Ref. 3. We will use
thn formulas in the following section for the deconvolution of ex-
prlmental data.
Usually the spotsize of the beam can be chosen by proper selection
and placement of optics. In some situations one may wash to max-
maa V(01 for some particular value of 0, for instance the

throdbdd fluence OR for dissociation in multiple photon chemistry
apserna.' It would be valuable, therefore, to know at what
wO It b that V(%) maximizs, or for what ca

M0. (2m

* rraightforwardiy differentiating Eq. (13) with rupect to w0 , one
* btalza

IV(O) zuaw%
- {015t- 24 tan" U + U')

saoa 9A
(27)

.- h vanIsheat U a1.323406.. Implying O = 2.7514&3061.
-~hus, for given parameters Er and O- *.'(OR) maximies when

w FT ) 0.481 (- -) .28)
2.7514.Og of

-:,r elliptic beams. wr have

* V~Oi a
- -- 1w0 Ayl'2m - 3 tan' m) '

3wol A
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w vansheat ml1.451104 .. Lmpiying 00 = 1.-62 *Ft.
ad tm for ET- *e and wm.

ET -P
L7 w O . (3)
L7U8myn

V(*R) increas c monotomniallv with decreasmng w .in this
Aho, it can be shown that there is no eiliptic confi:uration i
I adersa larger Vip) than the circular caset hen Eq ;)I
with coratant ET and *R

TREATMENT OF EXPERIMENTAL DATA

[a.o experIment in %%hich a nrt quanur is measured fro
rrmadiation of a sample Aith a Guassian beam. sarious parti

the ample experience sastlW diferent fluences intensities!
=rt quantity n thus the sum of the regponse of the system c
portka i the beam used. Interetting ph sacal theones, ho,
ducribe a rystern's response at a particular Ialue of the f0L
and not over the whole beam simultanwously. Therefore, it,
be of value to extract the systerns response at particular fi%
from apertmeustal data (deuxnvolution) and to describe A

Em fult uung a physical theory (convolutbon). F<
Caussian beams. Kolodner et al." hase a

dam-trated the technique JA deconvolution. Brieflh. dth
r w CT per unit length of beam used as expreaseo
w etd average of the system's rsom function gi* Os
bDar ariw

T 2 g(*)O(r)2=r drET 0

ET *o

Taking the derivative of Eq. (31) with repect to*0 at*0
mWIling Eq. (14a), we have

ET dGT

Eqatio (14) holds for circular bears - weLl a ellipti&
f sd beams-

For other beam shapem. howevee, de change of %ariabi
to Eq. (31a) aid (31b) cannot be made, but the ,
om can till be appbed. For a general beam type we us
0f -ng -point.

Sg -.- -J e) Y(e) do

we S TI s the total rqpnsm. Taking the derivative of Eq
nft gactto * and evaluating at m fluence 01, we *I

gv(*) dET

w b a pneral'docwvolution equation. For focuscd b
(*o) &vergs so that a convenient , must be chosen. sue

- b%. I.

For 6=ed circular and elliptic bams respeively. Eq

rW(68) 2k dET

1 SiioW * __

( v a I (9) )k ET ).
ev(ol) 2k dE T

(31

In Eqs. (36) the derivatives are merels the local slope of the BT
ET graph. Taking small differences between Lrge numbers of
finite precision products a n-us derivative; smoothing" may be
neceaary.

Convolution of the empirically or theoretically dernv-d t'l
fwntion can be accomphshed b% numerical evaluation of an in-
tegralequation such as Eq .tI0 As an etample. let gil hethu ab-
sorption cross-section function. The energ' absorbed ED Ip. cdo
of length 2f and radius r much greater than the beam ridii.
centered at z(0). could be modeled via

ED - 8Ql Iff g( i%,y.z) dx dv dz.
0 0 0

(37)

The saJue of such a convolution lies in the freedom to choose the
limits of integration to conform to the physical %olume uf interest
in the experimental apparatus. A senous shortcoming of the
technique lies in the nature of its formulation and in the ex-
penmental method. When a %alue for ge) as found, it must ne the
average reponse function for all molecules experiencing fluence
0. It Ls therefore a irst mometnt of the microscopic distribution of
molecules over response, and may not lead directly to descriptions
of other responses Avhich are sensitive to the shape or temporal
behavior of the microscopic distribution.

Taking energy deposition again as an example. the response
fsntoa g(*) is actually the aserage cross section for absorption

nm whatever distrbution of molecules oser absorbed enerin
P(E;O) Is formed when an ensemble of molecules is subjected to

Buenos a

J EP(E;*)dE
(31h) g(*) u<g*)> -

*f P(E;*)dE
n and

(38&)

- . (38b)

The diltrbmti function P(E:B1 reflects the dynamical physics of
I uf- the abwrptlon process. but is not determined by measurements

which detect only averages over P(E;B), such as absorption.
s be-
nDral EsaMple: multiple photon absorption
I as a

To hghligat asch difficutltes. and to illustrate the effects of the
anga of Ausxes in a focused circular Gaussian beam, we con-

(33) dder the problem of multiple infrared photon absorption and con-
sa t disuiation of SF.. Although much data has been pub-
LWad for this molecule." the data taken using beams of well-

(33) characterlzed Gaussian cross section are scarce. Dissociation es-
Lain periments typically uti!ize TEA lasers operating in a multimode or

msda rinnator configuration. the actual fluences at all points
(34) in t barns are not known exactly. The consolution of a

dratints cros-section function with some model of the fluence
distrbutlon m nes at best only approximate.

amS. For erwgy absorption. man' carefui measurements hase been
I made- The data of Ambarizumian et al.1 and of Black et al.
(5) wtnd to %a l0J/cm, and are depicted in Figure 2 along %%ath an

arbitrary fit used for ease in computation. For Ref. 22. the fit used
rsas is

(38a)

<0(5) - 8.3330
10.475( 0+ 0.161 0.23

aM for ef. 23.

0 C B C 1.5

1.5 4 0

<as>(B) - 9.15 DC C 2.55

OPTICAL ENGINEERING ! JwauarvFebruarV 1980 / VoT, 19 No 1 005
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49,-

CA>

4. JtcrM2

ilpwe 2. Mean CO. laser photon absorpoon in SF._ Cn>( taken
trn ta Ref 2. and IbN Ref. 23 Unes correspond to arbitrary fin
qkv'' by Iqa I& and 140

14.1( + 0.084)+2 * 0.51 2.55(< (40)
wheew <>() is the aserage number of photon enerties (A - 10.7
om, v - 940 cm"') absorbed per SF. molecule at fluence 0. for
pusw length of approx. 10' wes The fit in Eq (40) is made to the
dmoavoluted data of Ref. 23 in Re. 22. onlv a rough estimate of
the Sten was made for fluences between I and 10 J.cm'. Using
h data, an estimate of the total enery absorbed in a beam of

arbitrary shape can be computed.
To model disociation of SF. molecules. however. more

dynamical informarion must be obtained. The shape of the
dasribution of molecules over abwirbed errwgy at a parti:ular
average absorbance P(E:<E>) must be specihed. This snape of
P(Er<E>) has not been determined. but may be narroweri"' or
broader" than a thermal dninbution at the same sE>. There is
me eviderre"-r that a Bnjtzmann-like dstribution irifi czn

model multiple photon absorption fairly well. The shape of the
uosqiibrium disribution may also depend on <E>." for in-

rtan, being proportionatel broader at high <E> than at low
<E>. For lack of dynamical information. however. and because
we wish to avoid the dynamical detaAis of the multiple photon ab-

rptm presw e will anume that the distribution is
Soltursann-like.

P(EK<E>) - N(E)csp-y(<E>)E}

f. N(En-pj-(<E>)}dE

(42)

where P(EKE>) is the particular form of PIE:<E>) correspon-
ding to the maxinial-entropy asumption.ii In Eq. (42). N(E) is
thr defnsty of vibrational states per unit energy at vibrationsi
wv.ry E. and y(<E>) is a parameter analnoous to (kTY'. Details
of the computation of the Whitten.Ralknositch finction" for
N(E) and of the R RP1 rer" used below can be found In Ref 25:
a &r5ption if y(<E>p is in Ref. 33.

Computationa!l' the Influence of PIECE> on the total
distribution p(E; if all molcilr, in the heam can he esmlk wen.
When PiE;<E>) is summed us er all valtis of <E> rrmilting from
t Caussian dpenle-ne of the flurnce. the spatiAlly a'eraed
distribution p(E) can be exprissed as

piE) - 1 PIE:CE>) (5)fl
em

(43)

a

a

-4

-a a

Sb

C
-I -

0 40 80 2C ICC 200 240 20 cK
E KC01 rPD I

F*"r 4. Cisrvuti~on pifEI notmafiren to distribution Iii usirg z.-
J d Eqa end 1421. while ryir n cmi is402.)iblO 15 c

LU (dGS . l C.I.S If018. Curw I gin toa plot of Eq. i21 scaled av
10' with CE' - 25S k cai'irmae whic-- , jie . E ' rcu--,a eI

00 %-I- 19 'A' I J'-6 r-r t u 1920 Li-Zl7- ' ... -.F ;:

tcrt0*M isa arnvenient loer bound. which s0.5Jicm' in these
computatiors. and <E> LI 'gen as a function of 0 by Eq. 39) or
(40). Figure 3 shows p Ei% hen P E.<E> is a delti Iunction At E
- <E> and when it uexpremsed by Eq. (42). Over a large ranoe of

0

-2
C

*a
b

-- I I
0 40 80 120 160 200 2-40 25C0

E. KC01/moV

Fgue I. rmarsed distnbutions IE) for a cwrcular Gaussian bear
Musg OW - .C3 A 10' cm. ET - 0 IJ and Eq 13S1 for <E>ba. The spres-
soes for PIE:<E>l used are (al Idaaned). a delta runction at E - -.E>.
and () a Sohsamnw-vke 4strabution. P E<E>L E n by Eq. 1421

vibrational energia. the tu o curves are determined largely b% the
beam shape. At high enerlries. the thermal -tals of distribution
Eq. (42) are manifest as that part of ptEj etending beyond E -
hv <n>(0,).

Decreasing the spottize of the beam increases the peak fluence
and hence the number of molecules reaching very high enerzars.
Using Eq. (39) as a model of absorption leven though the ex.

F -x-

I StO "l

I
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pFeWo-ral Points d not etr'd bevond 10Jicm'1 and
dimprding dnstrianon, we show in Figure 4 thm effect on p4,E)
of decreaang 1% while keepine ET and ,,, c nstant Even thouch
the average rumbec rof photorn absorhed per nolecule does not
change gread y, t e fraction extending ber ond -- Ir' KcaLmc.ie in-
crtasm drarnatiallv i rh i For cormpar., curv e g) u
P(E<E>) 10 for <r.> - 25 5 Kat muir, the average ener in
&0sibuton (d).

La tie absence of a detailed d% nantc al model which dernbes
irultamzwust abscrption and dnswiariun. LL'n dntnbutions such
at dxi In Figure 4 to r.iodel dz'wrstin u i cru* approsrnarion
to the atual d.narmicai prrcusA If t,.o conditions are mrt,
bowever. the mode! lremnei more tc-nable T.ee are that (i the
punping be much faster than the V - T rlatatwci rate and that
(M at fluences near the .reshold Cuer-cefor reaction O (se
bckyw) the values oi <t> 0) beAcil know n. Coodcan (1)Urmet
Ming r = 10- Sec and krelat - 10' Sec". which are
feaOiaCe pazarncters. Condrion 12 specifws that for those
vahms of CE> where signifcant portions of the rntoscq*
distribtion PtE.<E>) contribute to dissociation, the function
b.CO>() - CE> should be accurate. For sufficently uigh
S- n E, CE> approaches and exc ep the activatan energy of the
setb E ard the eract magrutude of <E> nmd nrf be known
- s nt y.

We wMl -s a ncthod sjmdai to that of Black et al." for com-
putag the frcm n of molecia F!E) dLuoated of icteral ewr y

9

kpjEr(E)

k() dE) - .
(4

La Eq. (44). ky will be held constant at 1lW as, an k
(E), the .N Ur roccpic rate at energy E. are computed

as LM Ref. tM. The totai number of mokl.. dimoiated
divSSd by the olnclar de y 41ds the quwval wolume VR
a# partin dbsociated.

Vlk- F (E) p(E) dE (45W

FM E)f P(EK<E>)vte"d dE (4QUO)Er *a

we the integral ovr E need not be evaluated blow E . where
I(M) bur, or abve a convenat E. where P(EICE>)

y mall. The orcid of Integratom can be em d in Eq. (45b).

Vgf1 0V(10) f(E) P(Et<E)dE fd (40)
*a Ea

S6 dute nategmab over E need to be enluatd odmy Sm e for
E. Te volume V 8 is analogo. to the am hoaIUn Of

-lW al.
rlgur. 5(b) shws the dereence of V m o computed

heP Eq. (456), For boed fuactuons of <r>O) .a. Fqs. (3) aM
(41). The rerblance to Figure 3(a) is undeniable, indicaling
that the dimcaton followi the gXemery of the bam even then
he dispernion P(EK<E>) is included. In other tort, the nt

rtinanta is determined largel in the region of E w here the two
crws of Figure 2 are very clkw. Moreover, the cun's in Figure
5(b) maaimin at the c predicted by Eq. (2b) (indated by an ar-
row) when 0 ,is taken from Figure 8 Isee below). This iardicatas
that the Rence threahold model of Keefer et al. may be a ad
d p s of the syterm for valtua of Krer thm originally sup-

2.2 2.6

b
0-

.01

. 7 -

e-2 .0

-

t.2 -.. -t4 -1.0 -0.6 -02
log (.*)

e S & a ReuSed volumes V'Ii for 0- 1 Jcm. Ey- 0.1J. 1 -
*7 oft ftu lirceLAr beac. V flies &P U - an" U +Ut and 121
am * besm. V',it (% % AP m -sn-' m ia"g wJA - JW ibM
1 i Wer a VOdisocFatedWe& as a function oY., in a cit

-am b<n glues Amy ii ft LI aMnd W EO (401. andA FAX

Wag Eq. (16) ae may tad the fluenc af for which V -
Vf). mm are plotted in Figure 6. At large w .V -Oas*
- %*. At maler o,. however, a fluence thme dolctis rece&.
which depaa gratly on the model of <n>(*) and weakly on
I. Usg Eq. (39), the threshold is attained at O =
1I , where the data become least accurate. The data of
Slack at L." are le uncertain in the region of oft = 6Jlcm, but

ag tS--! with the empirically determned' O a 1Jrcm' is not
achieved.

The faluo f thin calculations to replicate the fluenc
threhold can be attributed to several warcs. The main weakness
u tie model lies In condition (2). that Is. in the region of fluence "f
the asmd t % arid somewhat abnve. the calculation ofaO i
very wasti-e to <n>(O) for <a> up to - 30 aE, hr. Further.
more. the original data for <n>O) have a finite ncertaint.
within which the extrapolated function <n>(Ol and hence OK
say fluctuate coniderably. Ao. te form of the distribution
P(EE>) ay ectually be broader than the Boltzmann-iik

WTCAL. UFGINUERING / Javmary Fenujry m / vol. 19 No. /007
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12f

Ko

6

4

2r

(Ib)

(2a)

(2b)

I I I1
-22 -1 8 -14 -10 -0.6

10-22 ()

' 
I. Yhre*od ftnera % vS w fOm teo f Figure 3 . wh %b..he 6%ence for woach V %J - VFW ngaQ -1161 Csarvea111

uS oft Eq f3landI 4s Eq 40L CurvWe oawa use knE 10
a t. W tW 1hnu - to' UK

dtributxtsn ted. in which cmIC molecules exrwrnCing lower
Buene conttnbute to drsoenat o and therrb- loimer @yI. This may
am be unheazonable if. as suggested in Ref. 22. a fraction of
awli.ailes in volume ekeruwnt .(*) do not partaupate in the ab-
voerptio precs. lesing the remaining partacles to absorb rnoe
afrL apece. Owrall. the need as en for a dyamasic model to

dw cribe the time e o!uton of the absorptson and da iat ion pro-
es at a particulas fIerce. rather than the simple kinetics cor-
'woaIy aud.

The eWperreval determnation of the distribution PiE.-cE>)
equires ioerogation of individual molecules rather than

wnnewMent of a fully a'teraged effect. We hate men that
ienrtesnet of any one such cubsen able. auch as net enerry

pSton. e dissociain eld or single-flrequem - cross ction.
b n uffcetent to unkluely speei> the distnbution. Parareters
s -w lerfctive threshid fluRencE. *. are thesnelkes functions
of the f ming geometrn. Spectroucopic metnhis wiU be re-
quird to al this information in detail. When applicable. laser-
Ladam - r e ce" aill be a viable technique for the
magAutMant. In other cam. doub4e-resonance absoeption can

be ad to probe such ditibutorn." The problem is that the

dr. ded sptrosop% of any pol>yatomic molecule for %sbrational
sta much alse the iert few leve is really not meil krnwn.
WhI naiya of vich highit nested erstevs hate begun to ap-

."- much more spectro'wp> wll hate to bix carried out
thfer meeheds can he used to provide unambiimnu infor-

mattes abou the mu1seple-phcton abwrption prcis.
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APPENDIX: EVALUATION OF CRITICAL VOLUMES
FOR ELLITIC CONFOCAL BEAMS

Equation (22). whach expresses the volume V(61 for elliptic con-
kical bearns as a function of K.w. and w.. can be recast as a
functiov of a dimrernsionless %ana ble S - vz .

V( () "ot) of fS ,1.5)! K
41 0

( + su)1"2Ir4K'[(I+ S)(I *s Ids -(A!)

where

'soy
and

S'u - a-a.

The two paranetersndand K in Eq. I AI)rangefrnm0to -. Eqs.
(13) and (l19) an special ca&teof Eq. (A11. forwhich d - I (cir-
cular) and d -- 0 ellptic) arspectvel% .We have evaluced the in-
epral in Eq. (Al) numerical for %eanous talues oi d and L: the

remts are %%n in Figure 7. ahere the quantity plotted is

'C - V(*)/( )liamia> (A2)

-2

0 . .2 .3 .4 .3 .6 .7 .8 .9 1.0

pe 7- - weioler of V wihs pramewa K and 4 for eMptiec cors
- b ubwA. d - .& (M S m5 a 10' .IS a i d S.

In Fgure 7. curve (a) corespons to a ter' nearly circular beam.
I.e. d - 999. and cure t corresponds to.s nearly elliptic or
cylindrtcaly facused beam. i.e d - 10-' Note that the behav-or
reeeans very similar to the circular case untel quite small % alues of
d art reached.
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Infrared double resonance of SF, with a tunable diode
laser

C. C. Jensen.J T. G. Aderson, C. Rets, and J. L Steirfad
j q( Ceof xvA. Wenektm Iwmta, of T0r21" Caamfr. (A-i9

(R'Sud F4 JUM 1979; 1e7pd 1 Jim?, 1979)

Double rc-esas ee copy has bee carned owsn ah I, bwdSof F wmq a CD, li pap p a
&ansble dm taer pre. Poser brcwAdung of the pumped amunts a abured. md a raine for the

Itr moent s *a se =0K3 x 10-' e urC U CM camct xT-re=aa pn g a' all yaUmwr y scnAnc
a m oJ manafoid wupied to the pump Laser a iwrvwd ca ins rbned to fwM-eddauxas of
any degenerne fine-structure LveLs to the vibrartoeal growed usse of the MwkEal nF the dway of
thu dcub resonance agral. we rnasure relaauto une Pr . (24--3) inTrr for 2-kldr e apuk and
P = (431 I) as= Torr for 3-k-wel sgnals. corrspmndag to a C crow .of I' i'. Escw-

sunrbow cumpndig to 2v,-u, sth J = 32 are obv The omi hr In L p itemrred
pacacin Mak are a-a .

L INTRODICTION

ODCe the collisionless, multiple inrared photon in-
duced dissociation of molecules such as SF, by intense
C02 laser pulses was found to be brnh an efficient and
an Isotope-selective process,'" a great deal of atten-
Uon was directed toward understaiding this phenome-
a.' O a number of questions which have been raisd

ah "the nature of this process, one which is not yet
stUed concerns the nature of the initial excitation steps,
Mat Is, the route by which a molecule absorbs the first
two to five photons, prior to reaching its vibrational
aquaslcontinuum." This problem arises because the
ashermenicity of the vibration will tend to displace
(x +i)w.3 - v bands to successively longer wavelengths,
sod th out of resonance with the single-frequency
pep Laser.

Several swestions have been IPt forward for achlIev-
g te required anharmonic compensation, but each has

been Imi- untenable in the light of subsequent experi-
mitel developments. Bloembergen et af.' initially
sed that a classical, driven anharmonic oscillator

hd be coherently pumped, via multiphoton absorption,
bo to required vibratlonal excitation level. However.
o oserved threshold for dissociation (- 50 kW/cm')'

Is too tow for the classical approximation to be valid.
Ambartaumlan et fal. suggested a "P-Q-R" compensa-
Us scheme, In which a single laser line pumps first a
PJ) ine in the SF6 "r-0 band, then a Q(J-1) line in the
Z3- a5 band (which happens to occur at just the same
freaqency), followed by an RCJ- 1) lIne in te 3w- 2Y3
had, at which point the molecule is presumed to have
ranch 4 the quasicontinuum. Clearly, such a coincidence
o frequencies would be highly fortuitous at any one
Laser Ine, let alone applying to all Ue CO, laser lines
[fPU) to beyond P(30)j which can be used for dissociat-
bg S7. Further consideration of the SF a, mode led
to thp realization that for a & 2, the degenerate sW3
levels will be split by anharmonic coupling. These

pl~ifings were calculated,' and appeared to offer a
neary resonant pathway for CO, laser photon abrpue

0
PmneSeN address: JoLMt Insatwe tAr Ibortory Atrega,
Bm"dr, CO.

l thnrgh =S. However, the calculated splittings
are not consistent with recent observations on the 3w,
- 0 overtone absorption spectra.' Recently, Ackerhalt
and Galbralth' have suggested that Coriolis interactions
in the e=cted vibrational levels of SF, produce a dis-
tribtion of transition frequencies adequate to account
for the observed multiple infrared photon enltation be-
havior. We will return to this model later in this paper.

To decide among these various models, we need some
definite informatIon on the location of levels in 2v,, such
as frequencIes of assigned transitions in 203- v3. 1

" One
way of obtaining such information Is by means of in! ra-
red doable- 'me YRDR) spectroscopy, In which the
sample is paped by a high-intensity CO2 (or other)
laser, and probed with a lower-intensity beam at another
MR frequency. A variety of information can be obtained
from wh enmn,1" including:

(a) 2-4Scu DtDR, in which the pump and probe beams
are at to saw nominal frequency. Power broadening
of the saturated transitions is observed, and a T,-type
decay time can be determined.

Cb) 3-4et lADE. Gr d-state depletion (GSD) can be
observed at frequencies remote from the pump line,
providing verlfrslda of the assignments of the pumped
levels. Excited-state absorption (ESA) provides direct
informaionn the frequencies of transitions originating
in the vibratinally excited state (Va, In this case).

(c) 44eeS RD, in which signals are observed at
transitbas nmt directly coupled to the pumping field,
provides infornU - collisional relaxatin pathways
song tho levels.

BIDS was irst carried out on SFg using two CO,
lalrS (9 switctn ad cw)." A 'red"-shifted transient
absorption was observed, which was attributed to a
superposlton of abeorptions from ribrationally excited
levels folowing V-V relaation out of the initially
pumped 3'2 level. Amrntzumian el a. I have supported
tiir P-Q-R saharmoic compensation model with the
aemlai tit the absorption curve measured in Ref.
12 Is tadly coitcidet with the curve of SF6 dissocia-
Usm effleacy vs CO, laser line frequency.)"*1 However,
to busies rptlobserved in DMDR corresponds

35 J. Ch. aPh. 71(I, 1 N1. IV"
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W0 a much lower level of excitation than min the collision-
tr" muliple-photon excitation experiments; the ab-
arption profile can be well represented by that of shock-
bAmted SF, " at 55G-K, while various models for the
inotiple-photain excitation require eufective tempera-
bwea tf1700 to 2200"K."

The wiDt method has been extended to lower sample
tomperatures," to shorter (-cisec time scales with the
ame oft ode-Locked CO, lasers." and also to higher ex-
ctation levels (.- 5) by means of pump pulse, probe
pulse experiments." Recent experiments" using a CO,
TEA laser pump/cw CO, laser probe have extended :his
range to P%- 10. In all of these esperiments, however,
the system could be probed at only a limited rumber of
discrete frequencies, dictated by the available CC), laser
lines. To observe finer details of the transient IRDR
spectrva, it is necessary to use a tunable probe source,
as is the work reported here, in which the probe is a
ftmabe diode Laser."a Similar experiments, employing
a CO, laser pump source and a tunable diode laser
probe source in a configuration somewhat different from
Got described here, have also been carried out by
Walton and Mooradian at the M.I. T. Lincoln Labora-

9L EXPERIMENTAL

The general scheme of the apparatuz useS In these
cqprtments LL similar to that described in Refs. 12 or
19, namely, a Ligh-Intensity Q-switched CO, laser beam
is nadeto overlapwith alow-intensity, tunable, cv
laser beam in a sample of SF,. We measure changes
to the transmittance of the cv beam wich are corre-
lated with te pump beam pulses.

The pulsed CO, Laser Is a spinning-mlrror (150 Hz)
Q-witched contmawus discharge with a dispersive
cavity. The 2 mJ pulses, collected from a higher
eirder diffraction of the Intracavity grating, are 400
nOW long (FWHM) with a low-latensity tail extending to
1 asec. The beam wavef root was measured with a var-
ottbe aperture and found to have a Gaussian profile with
a radius of 0.255 cm, corresponding to an effective
arfm of0.2 em'. The pulse is collected by three gold
Ceated flat mirrors which direct it to a fourth mirror
located Just in frut of the gas sample cell. The pulse
is renected at an angle such that the C), laser pulse
ad Ow diode laser probe beam overlap throughout the
riqor of the cell. The pump beam, which is counter-
propagating relative to the probe beam, exits the gas
Sample cell at a small angle (- V) with respect to the
probe beam and Itersects a mirror which finally di-
ruste the pimp beam away from the apparatus to reduce
fcattered Light.

The diode Laser is a Laser Analytics Model SDL-30
Pale element mounted in a Model TCR closed-cycle
refrigerator, which is temperature stabilized to
aO.001C over the operating range 14-100'K. Current
to the diode is provided by an Arthur D. Little TDLS-II
power supply, which is current stabilized to *0.0001 A
ever e range 0.5-2.0 A. This combinatn provides

tunable infrared output oer the range 930-960 cm t in
a se ries of s from 0. 2 to 1. 0 e m- In width, with
1-2 cm-t gaps between modes. The modes can be
shifted in frequency to a limited extent by varying the
temperature set point of the closed-cycle cooler.
Multimode power output Is 0. 1 to 1.0 mW. The line-
width was not measured directly, but is certainly far
less than the Doppler width of individual SF, lines,
which is -30 MHz, or 0.001 c'. The diode laser
mode profiles are reproducible as long as the diode is
mamintained at a suitably low temperature (typically 15-
25K). Since the diode power is very low, there are no
samration effects produced by the probe beam.

The diode laser radiation is colUimated by a 5 cm f.l.
IRTRAN I lens and reflected through the sample cell
by a gold coated mirror. Two additional mirrors di-
rect the beam to a 25 cm f. 1. baraboloidal focusing
mirror and thence to the entrance slit of a Bausch and
Lamb 0. 25 m monochromator equipped with a 300 L/mm
grating blazed at 3 m and operated In thrd order. The
manochromator is used to separate the longitudinal
modes of the diode laser beam, as well as to attenuate
scattered radiation from the Q-switched CO, laser. An
Artlar D. Little Hg:Cd/Te Infrared detector in a home-
bilt liqid nitrogen dewar is mounted at the exit slit of
the mobcromator. The signal is preamplified, ac
coupled to a Tektronix 1121 amplifier (gain variable
from I to 100), and sent to a PAR Model 160 Boxcar In-
tegrator. The Boxcar Integrator is triggered 10 usec
before the Q-switched laser emits a pulse. This is ac-
complished by an amplified signal from a photodiode
positioned near the rotating mirror of the Q-switched
laser such that the rotating mirror reflects the light
frim a small white light lamp onto the diode before
achieving maximum Q for the laser cavity during its ro-
tation. The signal is sampled with a 0. 5 sec gate either
coincideutwiththe Q-switched laser pulse or at a select-
ed delay following the pulse. The output of the Boxcar
Integrator Is coupled to the y axis of an x-y recorder
(WiFE Corporation, Model 815 NI). The x 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 element. For the relaxation time measure-
mets, the Boxcar Integrator is replaced by a Biomation
820 Transiert Recorder. The entire apparatus is dia-
grammed in Fig. 1. .

t& Cibifrda

Is working with the tunable diode laser, it Is necessary
to have a frequency calibration accurate to *0. 0001 cm
within each Individual mode. This is accomplished by
measuring reference spectra along with each double
resonance spectrum. To record these spectra, the di-
ode laser beam is chopped at 100 Hz and the signal from
the detector is coupled to a PAR Model 120 lock-In
amplifier, and thence to the x-y recorder. Scans of
SF6 absorption profiles. recorded in this way, are In-
cLuded in the doude resonance spectra shown in the fol-
lowing sections.

The primary frequency markers are the P-branch
tines themselves S the 00*1 - 100 transition of "hot"
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CO. The SF, absorption features in the neigLborhood
f these Lines have all been assigned by McDowell and

co-workers, for the CO, P(14), P(ld), and P(20) lines, "
the P(12) and P(22) lInes, z and in the congested region
simr!d the P(I6) line. 3 In other regions of the spec-
trUM, we could use lines of the 0001- 10*0 transitIon
in NP, "nor ammocia lines measured between 942 and
ON cm 4

" by Nereson. " To interpolate between these
discrete frequencies, we used a 1 in. solid Ge etalon
with a free spectral range of 0. 0499 cm". Interference
fringes, recorded in the same manner as an absorption
spedrum, were counted to provide the frequency dif -
crece from a standard feature amd a desired spec-
ascopI feature at an unknown frequency. FInally, a

fairy extslve "map" of the SF610 urn absorption spec-
rum was made arvlLable to us by Los Alamos Scientific

Laboratory, " from which most of the absorption fea-
bres cold be resdily Identified.

C A eHon
In carrying out these e primeuts, It is essential to

keep scattered pump-beam light from Interfering with
the desired signals. The Q-sewitched CO, Laser ien-
Sty is -10 kW/cm', while that of the diode laser is
-0.1 mW/cm; thus, a rejection ratio of 10' between
he we beam is required. This is accompil shed by

exteasive spatial filtering, using Iris-diaphragm aper-
aes, along the beam path, by angling the cell windows

to avoid direct backward reflections, and especially by
sing the moewchromator as a very narrow-band filter

to tLaie the diode mode from the CO. pump line. if
eak precautions are =t taken, a portion at the CO,
laser pulse reaches the diode itself, inducing severe
frequmcy and amplitude fluctuations in the diode laser

ipSu. Since this output passes through the SF6 ab-
sorber before being detected, the resulting signal will

TM. 1. Dumbe ansn
primLen with closed cycle
patoed Uatnble diadS Laser.

- iod Laser beam. - - --

Q-ewitc ed CCh laser beam.
TOL. closed cycle cooled tuf-
ae mtconductor diode Laser.

Ml, fLat gold coaied mtrror.
9C. gas sample cell (WaCl win-
dows, Pyrex wals. 3. 2 cm
o. 4. ). M2, I= f. Igoldcoaed
m.rror. MONO. Im moo-
cromaor. D. Hg:Cd/ToeIR
detector. AMP3 x 100 ampli-
f8er. BC, Smear integrator.
i, z -yrecorder. PS. TDL
pe-er sly. PT, pretrigger
sembly. U3, ruatlion (Q

swlrtobag) gold coated (10
a fL.) mirror. 0, gratung,
btasedat10 jm. L.5cm I. I.
kms (collimating). AC, attenua-
Ca el. IL s d .

dispLay all at the structure of the original absorption
spectrum, and can easily mask the desired double-
resonance sgnals.

IMI. RESULTS
A. 24-uel IRDR

The Line shape o a saturated transition may be stud -
led by tuning a probe field across a transition which is
simultaneously irradiated by a pump field and moni-
toring the signal change of the probe. We have carried
out such measurements at the CO PU) and P(22) lines,
which pamp in the P(33) and P(84) manifolds of SF6 , re-
spectively."a* In both cases. there is a strong "hole
burning, " or induced transparency, in the absorption
spectrum at the frequency of the pumped transition.
The dooe teae signal at the P(lS) pump line is
shows In Fig. 2. On- sees, in addition to the expected
nabrated line, a series of weaker satellite signals to
o red of tat line. The strongest features can be

tIenfled with the other symmetry components of the
P(33) manifold, which are not directly pumped by the
CO P(1) line; the reason for their appearance will be
considered shortly. The addition St a foreign gas,
such as Ar [Pig. 2b)1, results in enhancement of the
Intensity S these satellite lines, and appearance of
addltionaL, weaker signals In the P(32) manifold, corre-
spaing to a change in J" of one quantum of rotational
angular mombium. Further addition of foreign gas, or
observation of lds spectrum after a -1 gec delay,
shows a resital populatloa depletion at the pumped
transition, while the rest of the rotational fine structure
appears to show a nonspecific, overall decrease in in-
tamMity [Fig. 2(c)).

In Fig. 3, we show the appearance of the two-level
doble rmne sctna at pump laser intensities

I Cam. Pya.. VL 71. No 9. 1 NOMe 197
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between 0. 1 a.nd 11. 2 kW/cn'. Two ebserntions are
especiastly noteworthy: first, tha "satellite structure
appisnn rather abruptly between - I and - 3 kW/cm
applied intensity; secor.d. the strong central feature
appea to broaden as the intensity is increased. We
stall return to the first point in the ensuing discussion.

The LinevidLh at half -height of a power-broadened
trsLnEultt La given by"

ews=4i- [I+r rI(MA (1)

where , is the transition dipole moment and 5, is the
electric field associated with a beam of intensity 1.
B the Rabl frequency (M 1r;S/2? is much larger than
(T, l)", Eq. (1) may oe simplified to

awa(2)

If we make the further rmsonsabie wassumption that
T, a r,, we obtain

(C)
I psec delay 10
'Zen delaysTa rorArr

Ipsec delay - ,b) , .9
'Zem delay'-- Tor A

1;LSOC dela y . .,(a)

Zem delay n - *A 0.08 Torr SF6

P(18)

FE. 2. Two-evel tnfrared double resonance in SF1 . The bot-
wa trace Is the normal absorption spectrum of SF1 in the sin-
Ity of 45. 98 cm" ICO: P(181 linel. with the PO31 -PU35) transi-
tions detried. Success've scans show the double resonance
senCt In. 0.08GTort SF, with 0, 1. 0. and 10. 0 Torr Ar &ded.
In the "zero delay' trace, the 0.5 e&ec gate is set concidez
with the CO, laser pulse; the dlayed trace corresponds to - I
sec folowq the pulse Note that absorption am 'dowm" on
CM normal spectrum. while induced transparency is down an
the double resuoce apectrum.

0.8 KW/cm 2

-,. Ag.: - -

3.71'KW/ cm 2

KM/cm
2

7.9KW/cm
2

19.2 KW/cm 2

P232

P(33) P132)

P(34) C02 P8)

FI. 2. Power broadtniag of the two-level tnfrarrd double
--- a L 0. 08 Torr SF,. The bottom trace Is an expanaed

version of the absorption spectrum shown n Fig 2, near the
PU%) manifold. Succesive scans shows the double resonance

nat peak Laser Laoens~eLs of 0. 8 to 11 kW/cm'.

A8w1(3

Urns, the measured half -width should be proportional
to the square root of the intensity. A plot of these
quantities is shown in Fig. 4; the expected relationship

pers to be reasonably well fulfilled. A theoretical
esUate c the proportionality factor, obtained by using

OW value uf1 3h=0.388 x 10" esu cm, "is OvtdI/"r2
=117 MH/(kW/cm')/', which compares favorably
with the measured slope of 74 .\Hz/(kW/cm')

1 .
iliarnvalues are also obtained in the two-level double
mane .periments at the CO, P(12)' and P(22)"

lines. At an appled intensity of 23 MW'cm, at which
s8le-requency multiphoton dissociation becomes
asreeLable''. Eq. (3) would predict a power-broad-
*nid whole" width of 11 GH z or - 0. 35 c m"'; at I GW,'crml
which L sattainable with focused TEA laser beanis, the
width would Inc rease to - 2.3 em'', which is an app re -
ciable fraction of the inhomoceneously broadened infra-
red band.

Figure 5 shows the time development of the double
res-nance signal during and immediately followinm the
pap laser pulse. For this experiment, the boxcar
itegratia gate was set at 100 nsec; the "zero delay"
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3%AL

43

I
'-I

Ai 1 I. I
I Z 3 4

IF. 4. Pit of power-br~asid line wich (FWtM of two-
level dol-resna sgal va square ro of pump Is.r Lu-
flifty.

mea Ls coincident with the leading edge of the pump
Laser pulse, and successive scans are incremented by
100 aee each. Note that the satellite structure ap-
pear as soon as the pump pulse reaches an appreciable
traction of its peak intensity. The time development of
Ow strong saturation signal is shown in Fig. 6. From
bar separate determinations at 0.05 to 0. 12 Torr SF,
we ban a value for the relaxaton time pr =(24 a3)
ne Torr.

Deade resonance spectra were also recorded In the
rese of He, Ar, and CHF as added buffer gases;

Se results are discussed below, in Sec. M C.

. 3-4"d IRDR

Three-level double resonance signals were observed
up= r-mplng SF, with the CO1 P(14). P16), and P(18)
laser uses. The M16) line pumps in the dense Q
branch of the molecule, and preduces a complex IRDR
spectrum covering the R(45) through R(52) lines (this
Is sbswn In Fig. 8); Q-branch lines corresponding to
tbse J values may be found within :2260 MHz of the
CO, pump line," in agreement with the power-broaden-
tq arguments presented earlier. A much simpler DR
speetrum is obtained on pumping with either the P14)
ar P16) CO1 lines: an example of the former is shown
L Fig. 7. The stroncest feature corresponds to the
A +A A ?+ sy mmetry components of the P(28)

manifold at 946. 308 cm"." resulting f rom ground-
state depletion of the A? + Ai +f + Fl symmetry feature
of the R(28) manifold, which is pumped by the CO: laser
fl4) line at 949. 472 cm'. " As in the case of the two
Level doube resonance, the other symmetry compo-
ments of the P(28) manfold appear as satellite structure
sround the main line. Conspicuously absent, however,
is an ERDR signal corresponding to the Ar+F+F + A?
components of the P(30) manifold. The reason for this
is quite straightforward: the R branch transit:.ons cou-
ple only to the F- levels, while the P branch transitions
couple only to the F"' levels." Thus. the R(28) and
P30) manifolds possess iw upper level In common, and
no 3-level IRDR signal of this type should be expected.

The reLaation time of the 3-level LRDR signal was
measured in a manner similar to that described in the
previous section. The measured value of pr was
(43 a11) asec Torr; this is significantly longer than that
measured for the 2-level IRDR signal. The reason for
this difference wl be discussed shortly.

Zero delay'

100 ns 11

400 na

500 s11

600 rwm P; RA

700 nsa f

aCmnua

900 a

FIG 5. Development of the two-Level infrared double rtonace
signal i 0.06 Tnrr SF as a function of tinwc In the "zro-<e-
lay' scan, the tOO nec ampling gate is sct to the leading tege
of the CO 1 laser pulAse. The Cai u cs thin :ncrerned %101
meeC tntcrvals in tI-C succrsahv v scans ef- - en I 1 a I. ssec.

Th. aikil arrow in the lower rborption :lL indicates :L e

posUlon of the CO PIS line. as in FiL,. 4
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P RA N

0 0 MAPCI

,ri

.2 I1 4 1 .f

IM. A. Three- ad four-lowel infrarad double i
ML .Mw ebcctom curve is a diode Laser absorpmt
G. 0 Torr 3 F4 La th R (4 51 - A (3 2) regum . A bovo
MM met*A n a hm ean rt-r nwitn iri

20 2 5 00 05 1s
p *4C

IM. S. Relamio al two-level double renae signal La
S. fU Terar,. Upper trce; C0 Laser plse profle. Lawer
tn;o: diode transmissLon signal. The relaxatan ti'ae (470
aNe) is &bsiLsd by fttLg to the signal attimes la rer s"
4.5 9 #ec. Le.. after ths enddofthepuppuse

z :lay 0.08 Torr SF6
+ 6

'7 I Torr Ar

- u

IPM. 7. Three-tovnl infrared double reonance is 0.0 Torr
S?4+1.0 Torr Ar. The diode scans across the P(Z7)I-P(33)
adauaiM lIa the 944. 0-96. 4 cmC region; the Laser pump Line
is the CO.P(i4). at 949. 45 cm

1
. which coincides with the A1I

+A,*F7 F*F compaofnt .o the SFg AWNI) manifold. Top trace
Is bkbgroid signal with both besas present but -n SF, L the
0811.

M3

resoaance spec-
on spectrum c
e this is an

- - - m - -ISpec ra r region, pu=png WItatoou-.
P15) LIne at 947. T) cm'. The top three traces are the same

win, psmptag wish the CO PilS) line at 943.990 cm 1 . Mid-
ke to opr 0.08 Torr SF, alone: 1 Torr CHF added; and I

Torr He adde. ALI spectra taken wIth 0.5 sne gate coincides
with the pUmp ser pUae.

b SitaUc to ground -state-depleUon signals, excited-
Sate-absorption signals may be seen arising from
p S level in nV, correeponding to 2.3 -- v2 transi-
Ues." An enmple of such signals, observed in this
work, may be seen In the third trace in Fig. 8. Two
mw absorptin features are observed at 950.300 and
950.06 cm' a pumping with the C% P(1S) line at
.Ms. 940Cm'.

C 4-bid IRDR
Whea collisioms transfer populations from rotational

levels dLectly pwmped by the CO. laser to others, not
drnCUy coupled to the pump field, four-level double

ne spectra may be observed. In general, these
qpectra are wre complex than the 2- and 3-level IRDR
sIglu. Examples of collision-induced structure may
be son in FIgs. 2 and 7; a clearer example is shown in
FIg. 8, In which we observe in the R(45)-Rt52) region.
while pumpLng with the CO laser P(18) line. This line
pumps /"= 33 (And some 32) in SF,. and no 3-level
IRDR signals are observed in a low-pressure SF, sam-
ple. Addition of He produces little additional signal.
but addtion of a similar amount of CHF produces nu-
ruerous DiDR signals, both ground-state depletion anc
excited-istate absorption. This implies coLlisionrl
ehanges in Jof 10 to 15 quantum units of an::uLar mo-
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F .6. Time dependence of four-level double resoance spec-
tl Lomer -urve is diode Laser spectrum (950. 223-950. 550
m') o an R-braacb reton of 0 08 Torr SF, plus I To iHe.
Upper curves are double rosmace sectra 1 P(18) CO. laser

ILA& pap ield)sal succesasve 0.5 sec Une gat delays tabeled

mentum. From analysis of these and other" 4-level
DR signals, we conc!ude that there is apparently no

restriction on changes in symmetry quantum number in
a rotationally ineLastic collision. It should be noted that
L a dipole transition, these symmetry species are un-

The long-time relation behavior In this region is
shown in Fig. 9. After several usec, the speciflc M
transitions are smeared out into an overall depletion
of rotatIonal state population, with the profile being
simply a reflection of the diode mode shape. A simi-
lar, thought less pronounced, population depletion may
be eenIn curve (c) of Fig. 2. The decay of thisde-
pIeties is uniform across its frequency profile, sod
simply corresponds to the V-T relaation process
orlgtaily measured in Ref. 12.

IV. DSfLESON

The principal observations from this work ar: COf-
resnaM symmetry compoents of a given J level are
pumped, at least to some extent, by a laser line reee-
aact with only a single component, the spectroscopic
assignmects In the SF, v- 0 band are confirmed in de-
tall, and several lines from the 2, - v, band are ob-
serve; and collisional remlantion times for the Laser-
pamp. levels are determined, with no apparent re-
strictions on symmetry changes in such collisions. We
will discuss each of these points briefly, and conclude
by considering the implications for our understanding
t multiple infrared photon dissociation processes.

A. Coupling of round-mn manifolds: Collision or

As can be seen In Figs. 2, 3. and 5, the 2-level MDR
bole-burning sIgnal is accompanied by satellite ste-
tore corresponding to the entire symmetry manifold of

a gIvea J lsvd. This structure is essentially fully de-
teLoped aftar 100 nsec, at an SF, pressure of 0.08 Ton

(see Fig. 5). if collisional relaxation within the J
manifold were responsible, the cross section for such
cosillons would have to be In excess of 1100 A2. This
Isa a situation reminiscent of that in Ref. 1, In which
collisionLess relaxation processes had to be invoked to
accont for the rapid (-nsec) decay of the pumped levels.
.Ike Rd. 16, however, we are not an a regime of a

hghd.sity at states, so that a purely intramolecular
abastm can be ruled out. Instead, we consider the
sitJng of near-degenerate symmetry components in the
grond vbrational state, brought about by field-Lnduced
pertorbations associated with the pump laser field.

The splIttIngs in the ground-state J manifold are of
the order of a few MHz, " while the power broadening at
1 kW/em' and above is several hundred MHz (see Fig.
3). Thus we expect these components to be strongly
mixed by second-order Stark effects. The dominant
miXn will be between sublevels of the same symmetry
designation (A,....FO. From Fig. 3, we see that the
satellite structure appears rather sharply between 0, 8
AM 3.7 kW/cm2, a range over which the Rabi frequency
iarreases from -100 to - 200 MHz (see Fig. 4). At the
lower and of this range, the pump laser field interacts
oily with the P(33)A line, while at Rabi widths of 200
MHz and above, P(33) F.4 F P., F, and E, in addi-
tion to P(32) F + F features, become involved." Thus,
all symmetry components of the J =33 manifold (and
some in J= 32) become accessible via the mixing pro-
con. The A, compmient is not taupled in this mech-
ads, but this would not be noticed, since a pure A,
line does not appear in the spectrum.

The matrix elemets appearing In the mixing coef-
fleients are ff-diagonal in the pure rotational angular
ammntm operator R by * one quantum unit. These
matrix elements are also responsible for the "weak
(X iMnn.ring) transitions" In SF,."9 which have been
raggested as an important part of the multiple photon
aborpton process."0 Calculations of the mixing coef-
fleats, and comparison with these experimental re-
wits, which are currently in progress, should provide
Lifrmation on both the centrifugal splittings in the
gea -tge rotational manifold and on the strengths
of the weak transitions. More exact calculations of the
details of the power-broadened off-resonant line shapes
will require the mtbods developed by Mollow" end by
Wa at d.A

Lb SF5 ft meucg a

a the case ofS 57, a thorough analysis of the vibra-
tIes-rotation spectrum Is available,U so that the 2-
ad 3-level MDR spectra serve merely to confirar the
thoe awigments, as well as to validate the method
itself. From th metted-state-absorption transitions
(Sc.M [i, Fig. 8) we may obtain at least an estimate
of Me2a - v2 band profile. Pumping at P(18) produced
as apparrt A-branch Una at - 950. 5 cmt; the 2-Level
M3DR (Sec. [I A) confirmed that we are pumping in the
er=33 leveL We consider a highly simplified approna-
man in which we treat the ,j- a, band as having a
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sitgle origin at 945.5 cm-', an effective Corblis con-
stat Ca and a rotational constant identical to that of the
twidamental. Considering the line position of the R(32)
tr&aGaino at 950. 5 cm-1, we obtain f rcm the Line post-
tion equat ion for a spherical top, Me

A(( - R) +(0 - CIl j -Ar. (4)

where AsP-5 cm'1 La the dLspLacement of the R(32) line
trom the assumed band center for the 2-'I- v, ranstaon,
J-32 sthe rotational quantum number, C, =0. 67 is the
CorilLs constant for i, and B -0.09 crm-W is the rota-
UOCI constant of 10. SuOstituting these values into Eq.
(4) we obtain is=-0.4.As Since B.I o2B( - c), .he
2&- rP band would be much wider than the fundamental.
Clearly, a much Larger numrrber of excited-state trarsi-
tka wil have to be identified before any more detaied
ssaiysIs can be attemped.

C. Cdision-Wwnic relaxation

These experiments represent the first direct obsera-
S aof relaxntion from inaividual rotational levels in a
spherical top. The standard technique of microwave
seubl-resonance sectrocop" canrsn be applied to
ach molecules, since they co not possess a permanent
dipole ment"; Laser-excited infrared fluorescencee
Ls also nwt applicable, since the intensity-limited reso-
Istion La Insufficient to resolve rotational features.

Tha eponenMal decay constant for the double reso-
ass signals was found to be (24t 3) asec Torr for the

Z-Ievel ERDR (Sec. [IA), b-a (43* 11) nsicTorr for the
3-level UDR (Sec. [I B). The reason for this differ-
ee may be understood by reference to Fig. 10. First,
M is ancessary to mae that the observed doble reso-
sawe signal is proportional to the difference between

e trans-ittad diode intensity at che observation time
* and that at a Usiei when the itensity is no Longer
eanging. The former is proportional" to the inscan-
taason population difference (f, - e,) between ground
atd excited vibrational states, respectIveLy, while the
latir Is proportical to the equLibrium value of thLs

difereace, is - il. Thus, the observed signal
Md(be - ad - (i - ik). The relaation behavior will be
gnkes by

asd

djse - Ma) - s)j
dii

a gss -)Q-vdmI - it) (k)

I

where v is the relaxation rati La the ground vIbrational
Aae, 71 that in the excited vibrational state, and r is
*e observed phenomenological relaxation time. if the
2-level system we are observing [case (a)| is fully
satssated, then (m - W),-,4- -W,-4,)-0. and

Lf1s..ra-,' 2y (6)

It we take v" iy ,av,. as Matuoin's zexperimerts Ldi-
caft. Onthe otherhand, In the 3.level syste m (case

2 " 1su

F. 10. Relation pathways in (a.) two- and b) three-level
infrared double-resenance experiments.

(b), the upper level of the probed transition does not
uffer a change in population, so (n, -i,),. 0, and

1/rca:...Me" es -(7)

This simple consideration predicts that the relaxation
time for the 2-level IRDR should be half that for the
3-Level MDR, wbich is essentially what is observed.
The measured . is also in good agreement with
the values reported by Moulton" and Fuss, " both of
whom obtain (360*3) nsec Torr. The effective cross
section for the rotational relaxation process, o,
*Y/ui, is 170 A, in reasonably good agreement uath
a theoretical estimate of 230 A based on a dipole-dipole
Interaction model."

There appear to be no restrictions on which symmetry
components may be coupled in a rotationally inelastic
collision, for all the co~lision partners studied. This
is in marked contrast to dipole selection rules for pho-
ton absorption or emission, in which the pure rotational

angular moment R, the "cluster momentum" K,, and the
symmetry designation (A,, A. E. F, or F,) are un-
changed while AJ -0 or * 1. Indeed, even with the lim-
ited tuning ranges available from most diode lasers,
far too many data can be generated than can be sensibly
dealt with on a "state-to-state" level. It is preferable
to employ a grouping procedure for the molecular rota-
tional levels whIch will permit the significant features
od the energy transfer process to be recognized, such
as the cluster analysis" developed by Hater et al.' 3 "'

Diag the 0.5 1sec time pte width, the SF, mole-
cales, at 0.0 Torr, have experenced approximately
a coLlision. Iittle rotational relaxation appears to
noir on this tIme scale. After I Msec (an average of
3-5 edil kas per molecule), AJ as I transfer may be
eeu. When rtationa state changes do occur, all sym-
metry components are accessible. Physically this is
reasonable when one considers the SF, molecule to be a
soft," sperically symmetric particle. Collisions

among such particles would not be expected to result in
much torque compared with perturbations of a soft body
fied frame.

AdditIon of a spherically symrretric collIsion partner,
such as He or Ar, results Initially In population of
neighboring J levels (see Figs. 2 and 7). but not In large
J changes(e.g., from J -32 to - 50, ;ee Fig. 8).
Addition of a polar colUsion patrer, such as CHF, on
the other hand, leads to the extensive J chanies ob-
served in Fig. I. Thu-s, even though the rate of gas-
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kinsrc 12F-Cn1 r emions -I x 10' sec 4 at 30 *K,
I Tor) is ha' tat of SF5-He coLLlons (2. 2 x 10?
"c),01esergy transfer in ae SF-He nmaure Is con-
Sr& y less effcient than in the SF-CH,F caxure.
The SF-SF, or e-SF, colLision interaaCon can be
cawrac*retzed by a dispersion force with a 1/rv depen-
dStCe, where r is t distase between colision part-
ars. T hbe nliisa Iteracton for CHkIF-SF is ex-
ptS to be donmated by a dipole-induced dipole force
with a I/ 8 dependence. The 'o er range interacion of
M Ce 4F-SF, coilion itmeracuon is expected to be
mu oeM-r in eargy transfer than the H e-SF, col-
Ls L aimracon, as is evidenced by these results.

At ' r dm (Fi. 9). nuch of the detailed spec-
tral tructure is L, ncarag that .all probed IreveLs
ar amuy equally brotWed In the reLaxation process.

0., h 1,tor n ntioieinufrwed aem

The reaMs obtained in this work can help to clarity
tw Unas5s cidtOe intial absorption steps in the
moltlge Infrared p.on tndiced d.issociation process.
The fdli which ad.eres moa closely to our obsera-
Wis Le OW of AckerhaLt a d Gal braith, in which rota-
tiosi w nsana s the docunart method of overcom-
It; asarmoanicity. Field-ioduced mixing c symmetry
conaposeas withie a J manlold appears to make an im-
portad cetribte to witiating multiple absorxion
Laddon, at least La sphencal-top molecules. It is worth
eotiag *ad we did na observe a-q "weak (AR u 0) t-ransi-
tdos,' wbich have been proposed by Knyazev at J. as
a way ad itaisag ankarmonic compenatio-

Puuar broaalnq of the absorption line shape can be
vwry aportat La mattipie Infrared photon excitation of
1Mt naLecuLes, Is ub&ch the absorption spectrum is
sprs relative to te CO, Laser Line spcing. This will
lead to te olinear Intensty depederce of energy
dwpoolbm and dJ.n.ation yield observed in such sys-
warn vinyl chlorkde. bThis effect may combine with

prmwsre brasoat to cause a significant increase in
ybldwfh aded bier gas pressure, e. g., in vinyl
iara" and CDF.0 We plan to explore these effects

is greaer detail, sang Md-Lnfrared laser double
toema . At bw pressures, the rotational rein-

es observed in this work will also cootlribute
toe InR to nlpLe--phtoo absorption via parallel
sobe n adders.

The RM spectra nfirm i detail the assignmerts
amSee the well-admied 4 'r3awfundametal of SF.
For Lpectra wkkh are not as well interpreted. how-
eer, athis eO will be a useful technique in carry-
lag at te analymit. For example, from the 3-level
RM Spal (Sec. MB), we ihtain a masurement S the
J.2 embtaaWtekfferewnc, a(R-P)m949.479
-f94l3n3.071 cm=, from which a value for Dr( could
be atbned directly. For measuremets in excited
vbraml states, ad oin technsque is essential. En
tie co 1actos, se of a tenable infrared pump, in-

Sad of a CO5 laser at [Land freqaencies wouLd be par-
CaArt7 e&mrat&.
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Bi omation 620 interfaces

F.1 Introduction

In recent years, the low cost of laboratory

microprocessors and minicomputers has enabled many

laboratories to obtain digital processors for signal recovery

and analysis and for computation. Concurrently, transient

digitizers have become popular, but leave the experimenter the

task of linking the digitizer to his processer. Although

successful interfacing designs have been reported cF-1, F-23

they are not straightforwardly adaptable to other processors

or digitizers. In this paper we report interface designs

suitable for linking many different Biomation transient

recorder models to the Digital Equipment Corporation PDP 6 and

LSI 11 families. Specifically, our devices have linked a

Biomation Model 828 to a MINC (LSI 11/2) and a PDP /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 available from DEC. A few

extra gates are necessary to adapt the general interfaces to

the 828. In both cases a multiconductor ribbon cable connects

the 820 to the interface, which is located in the processer

cabinet.

v
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Since the 820 and other Biomation models use only two

active "handshaking" 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-820

datum transfer, although maximum transfer rates are attained

when the digitizer runs in AUTO DIGITAL1 or automatic transfer

mode.

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. Ones a 74121 monostable, was placed in

convenient predrilled holes. The other twos a 7418 NAND

buffer and a 74367 tri-state buffer* 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 connecting

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 920. The schematic for the entire interface is

shown in Fig. F-2.

Communication between the DRV11-B and the 820 is

accomplished via a 40-conductor 26 ANG 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

logic levels at the DRV1I-B were routed from the 826 connecter

through the cable to the DRVI1-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 also used successfully.

Thus1 once the 820 intitiates transfer, all data are

transfered at the maximum rate, which is determined by the

MINC bus cycle time. Also1 logic specifying DATO or DRV1i-B

to 820 transfers was hard wired, even though some exchanges

may actually 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

DRU11-9 is loaded for the desired number of data words to be

transfered. For Input Control or Output Status transfers,

only one word is trans~ered. 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)1 where it will stay throughout the data

transfer. Note that if Bit 12 is hi in the ODBR, the 820 will

interpret the command as an Input Control command even though

the DRV11-B has been wired for 828-to-DRU11-B data transfers.

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



written hi, activating the interface. 159

As shown in the timing diagram, Fig. F-3, when the GO

bit turns hi, the READY line goes lo, asserting COM (10). The

820 interprets this as a command transition and interprets the

command word in the ODBR. FLG goes lo while the 820 is busy,

and when it rises the monostable (121) is triggered. On the

rising edge of the monostable CYCLE REQ pulse, the DRV1I-B

latches data from the 820 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 to be transfered. BUSY goes 10 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 to the one below,

data transfer rates of greater than 58 full 2K records/sec was

accomplished with an 820 recording timebase of 8.05

microseconds:

MOV #INTH,124 1 LOAD INT VECTOR HANDLER
MOV #-4088WCR i LOAD WCR FOR FULL REC XFER
MOV #BUFBAR DATA STASHED IN BUF BUFFER
MOV CDATODBR 3 LOAD DATA OUT COM INTO ODBR
MOV GOCSR I TURN DRV11-B ON
WAIT 5 WAIT FOR INTERRUPT=DONE

5 INTERRUPT OCCURS
RTS PC 3 EXIT FROM SUBROUTINE

INTH: RTI ; NO 'HANDLING' NECESSARY
CDAT: .WORD 4888 CATA OUT COMMAND
Go: .WORD 181 1 DRV11-B GO COM W INTERRUPT
BUF: .BLKW 408 5 RESERVE 2K WORD BUFFER
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LOAD REGISTERS

GO

READY .----.

BUSY J
COM

H 200ns:_

FLG

1S
CYCLE REQ

ODBR

IDBR

F-3. Timins diasram For DRV11-B burst mode word transFers.

6
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No errors in data transfer were detected even though the

ribbon cable exceeds the recommended maximum length of 50 feet

(17 meters). Programs similar to the one above have been

written as generalized FORTRAN-callable subroutines.

Although it was not implemented in our interfaces the

highest three bits of the ODBR may be used to address more

than one 820 unit. In this manner a single DRVIi-B could

transfer data from several units, one at a time, via a

parallel bus cable connecting them.

F.3 PDP 8/L Interface

Unlike the MINC interfaces the device chosen to effect

transfer from the 820 to our PDP S/L was a program data

transfer module M735. This device is considerably slower than

a DMA interface, but for the PDP 8 family, a DMA interface is

not available on a single card. Thus, for simplicity in

circuit design and ease in programming, a wordwise program

transfer module was chosen.

The schematic for the 829 to 8/L link is shown in Fig.

F-4. Data from 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 ODB are connected in parallel with the

corresponding bits in the input data buffer (IDB) for

halfeduplex operation. Other extra logic elements create
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command pulses and provide for sensing FLG. Constant logic

levels are implemented by daisy-chain wiring in the 928

connector plug and at the wire-wrappable connecter block in

the 8'L cabinet where the M735 and other modules are inserted.

Three events, independently specifiable by the lowest

three bits in the IOT microinstruction, can occur in one

program data transfer cycleD as shown in Fig. F-5. At IOP1,

the ODB is loaded from the accumulater (AC). IOP2 triggers a

74121 monostable, which is sent to the 820 as a command pulse.

The monostabl-e times out after IOP4, when data can be strobed

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

Any combination of IOPn events can be chosen to occur in

the same instruction. For 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 IOPI and IOP2 are chosen.

Because the operator/operand structure of the 820

requires 13 bits and the 8'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 1OP4 transfer will occur.

It is available on the PDP 8 bus as BMB9(1). Thus Bit 9 in

the 1OT 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 OUT3 for which some additional software scale timing must

be considered. Once the 620 has been placed in Digital Output

mode by the 8/L and the first DATA OUT operater appliedD a

period of time passes before the 820 produces the first datum.

The program can sample FLG until it goes his signaling the

readiness of the 820. Data can then be strobed out of the 628

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 0.05 microseconds on the 820:

TAD
6373
TAD

DCA
DCA

TAD
6373
6371
iMP
CDF I

FTR5A. 6376
DCA I
ISz
iMP
CDFS
TAD
6373
iMPI

TRDATCD 3420
N2K, -4088
TRCNTRF 8
TRDOUT, 4000
TRDAT2, 3401

TRDATC / GET DIGITAL OUT COMMAND
/ GIVE TO 820; M735 IN LOC 37

N2K
/ GET NUMBER -2K FOR FULL RECORD XFER
TRCNTR / DEPOSIT IN COUNTER
18 / CLEAR AUTOINCREMENT REG 10;
- DATA BEGIN IN LOC 8, DATA FIELD 1
TRDOUT / GET DATA OUT COMMAND

/ GIVE FIRST DATA OUT TO 828
- IS 820 READY?
-1 NO -- ASK AGAIN
- YES - CHANGE TO DATA FIELD 1
- TAKE THIS DATA WORD

18 - DEP IN CURRENT LOC, INC 10
TRCNTR - TAKEN ENOUGH WORDS?
FTR5A - NO -- GO BACK FOR ANOTHER

- YES - RETURN TO DATA FIELD 0
TRDAT2 - GET TRUNCATE DIGITAL OUT COM

- GIVE TO 820
EFUN3I / SUBROUTINE EXIT

- CONSTANTS IN OCTALJ DIG OUT
- =-2849 DECIMAL
- WORD TRANSFER COUNTER
- DATA OUT COMMAND
- TRUNCATE DIGITAL OUT COM

F.4 IMPLEMENTATION

I
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Successful implementatic.a of this digital signal recovery

system has been reported in double resonance spectroscopy

experiments. The curious experimenter is invited to read

references [F-33 and rF-43 for further details.

F.5 Acknowledgment

This work has been supported by the Office of Advanced

Isotope Separation Tecnnology, U. S. Department of Energy,

under Contract EY-76-S.02-2793.



167
Appendix G. Program Listings

In this Appendix, programs in machine language (PAL-III

for the PDP-8/L and MACRO-11 for the MINC) for use with the

Biomation 820 interfaces described in Appendix F are listed.

Also included are two files used to prepare this thesis.

FORTRAN callable MACRO subroutines are simple to

cons uct. Arguments are passed from the MAIN program to the

subrout ine using R5. When control reaches the subroutine, R5

points to a list in core. The first word on the list is the

number of arguments in tne subroutine CALL statement. The

next word in the list is the address of the first argument;

the next word is the address of the second argument, etc.

Once the MACRO subroutine has been typed in, it is compiled

with the RT-1I MACRO command. The OBJect file created can be

directly linked to a compilad FORTRAN program.

In FOCAL the arrangement is more complex. A version of

4K FOCAL called "FOKAL for TR" has been produced which

includes a PAL-III function FCOM for communication with the

620. To load the entire package, one must first load the

FOCAL and FOCAL modifications portion of the FOKAL for TR

tape, then start at address 208. After the initial dialogue

the s 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



restarted at location 200 as usual. 16

Since the FCOM function accepts only one record from the

828, recovery of many records may be slow. Another function,

FLOG for TR, was written to maximize the transfer rate between

the 8/L and the 820. This function can be overlaid into FOKAL

for TRI it uses the space normally occupied by the FLOG

function. Several features available using FCOM are not

available using FLOG, so that it is recommended that if FLOG

for TR is needed, FCOM should also be loaded.

FOKAL reserves the higher 4K of the BK /L memory for

storing data from the 829. Two words are used for one "cell",

or 24 bits per cell. Since the precision of the 828 is eight

bits, 2A16 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, so that

program space is considerably smaller than for 9K 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 829. CALL TR1(NCELLSNREC(I),ISTAT) performs

a one record transfer from the 820 to the MINC. The transfer

occurs when the status of the 828 equals ISTAT. The transfer

of NCELLS individual points is made into consecutive words in

168
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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 820.

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

TR1.

OUTPUT.BAS - program used under MINCSYS to print this

thesis ON the LA34 DECWRITER IV.

RUNCOM.TXT - command file for RT11 RUNOFF program

provided by DEC. RUNOFF is a text formatting program which

reads a text file which contains original text and commands,

and outputs a finished document. A typical command to RUNOFF

mould be:

*SY1:CHAP3.DOC(RUNCOM.TXTCHAP31.TXTCHAP32.TXT/F

FCOM - function for transient rerordpr communication to

the 6/L. FCOM us called from a FOCAL program as follows:

FCOM(lx) returns value of cell X

FCOMCZXY) sets cell X to the value Y

FCOM(3,X) sends a COMmand the 820 whose Input

Control Command decimal value is X

FCOM(4,X) returns status of 820 as requested by

the Output Status Command whose

decimal

value is X

FCOM(5,XY) takes X data points from the 828 and
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adds then into consecutive dells

starting with cell Y

FLOG - fast 820 interface function.

FLOG(ABCD) takes C records with A data points

per record from the 820. Each record

is added into consecutive cells

starting

with cell B. D is the "ready" status

of the 820.

PEAKAVG - FOCAL program illustrating the use of FCOM.

This program takes 400-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 is averaged until C peaks above

the minimum are recorded.



171
TRl . MAC

TRi QUICKIE 820 RECORD TAKER
TAKES VARIABLE LENGTH RECORD ONCE
WHEN 820 IS 'READY'

.JITLE

WORD COUNT REGISTER
BUS ADDRESS REG
CONTROL/STATUS REG
INPUT DATA BUFFER READ ONLY
OUTPUT a' a" WRITE ONLY

DIV x 124

TR1:: ADD
?oy
mOV
CLR

TRY: CLR
CLR
Mlov
"OvNov

M3: NOP
Nap
NP
NOP
NOP
TST
BEG
clips
BE
SUB

TAKE: Mov
NEG
nOv
CLR
Nov
nov
NOV

W2: TST
BEG

INTH:BU2

CSTAT:

96, R5
CSTATDODOR
#INTHDIV
DIV+2
RI
BUF2
OUF2rDBAR
U-1,DWCR
G0,DCSR

; INTERRUPT VECTOR

; MOVE TO 3RD ARG
; LOAD STATUS COMMAND
; SET INT ADDRESS
;IEW PSW a 0

U

U

U

U

U

U

U

U

1

U

RI
W3
I(R),BUF2
TRY
#4,R5

*(R5)+,R1
RI
R1,DWCR
RI
(R5)DBAR
CDATDODBR
IE1DCSR
RI
W2

U

U

U

U

S

U

U

CLEAR PREVIOUS TRY
LOAD BUS ADDR
1 WORD TRANSFER
LET'S HAVE IT

TREAD WATER
STATUS IN YET?
IF NO, WASTE TIME
SAME AS WANTED STATUS?
ASK AGAIN IF NO
RESTORE POINTER TO 1 ARG

GET RECORD LENGTH
FORM NEGATIVE
LOAD WORD COUNTER
CLEAR SWITCH
MOVE LOCATION TO BUS ADDR
LOAD DATA OUT CON
LET IT RIP

l BACK IF NOT

INTERRUPT OCCURS

RTS PC

INC
RTI

sWJRD

I 60 ME AFTER SHORT WAIT

RI
; POP Ps5W PC

0
0
3400 ; STATUS CmeN

U

DMCR =
DBAR =
DCSR =
DIDBR=
DODBR=

172410
172412
172414
172416
172416



.I 0RD

.WORD

.WRD

.END

STATUS FOR GETTING BIQIATION STATUS

NCR a 172410
x 172412

CSR z 172414
DR a 172416
DIV z 124

; MOJE OVER OARGa (R5) +
CSTATDBR
*INTHDIV
#BUF2,BAR
#-1 NCR
GO CSR
R5
R5
R5
RS
R3
RS
BUFZv(if5)
PC

.TITLE

STATUS::

INTH: I

M(F2:
CSTAT:
GO 0

as

COA T:
CSTOP:
GO:
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4000 ; DATA UT COMMAND
13401 ; STOP DATA
101 ; DRVII-B 0 COMMAND WO INT

STATUS.MAC

0
3400
101

TST
mOV
NmV
NOV
NOV
MOV
TST
TST
TST
TST
TST
TST
Nov
RTS

RTI

SWORD
* WORD
* WORD
SEND
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USETRI.FOR
C USETRI -- PROGR4M TO USE MACRO ROUTINE TRI
C 30 JAN 80 BY CERIS REISER
C

INTEGER NEWREC(2048)
C
C NEKWEC FOR NEW RECORDS1 ACCUMJLATED INTO IACC
C

CALL STATUS(ISTAT)
TYPE 1021 ISTAT

6 ACCEPT 102,NSHOTS
102 FORMAT (16)

C
C ACCEPT 10 RECORDS
C

DO 10 NSHOTa1,NSHOTS
CALL TRZ(2048NEWREC(),dSTAT)

C
C TAKE 2048 CELLS FROM 820 (THE WHOLE RECORD). PUT THEN
C IN CONSECUTIVE MEMBERS OF NEWREC STATRING WITH
C FEWREC(1), WHEN 820 HAS STATUS OF ISTAT
C
C

10 CONTINUE
C
C USER CAN DO ANYTHING WITH DATA HERE
C ORGOMBACK FOR MORE
C

GOTO 6
101 FWMAT (1015)

END



FLD&P lrTR

*5040
FLO0. N3P /NAST TRANSIENT REC3RDER NITNCTION

/10.78 BY C REISER
INT /0 DATA

CIA
DCA NDATA
PfISHJ
EVAL-1
INT /CELL

CLL RAL /X2
TAD N3 /ADD 3NFSET
DCA FCELL
PIJSH1J

EVAL-1
INT /0 REC3RDS

CIA
DCA RCNTR /RECJRD CJJNTER
P0S1J
EVAL-i
INT /TR READY STATE
CIA
DCA NRDY

SETUP, TAD NDATA

DCA DCNTR /DATA C3'INTER
TAD FCELL
DCA 10
TAD 10

DCA 11
ASK& TAD STASK

6377
TAD NRDY
SLA CLA
JMP A5{
TAD TRDATC /KERE WHEN READY

6373 /START DATA21JT
TAD TRD3'IT
6375 /LOAD BIFFER
6371
JKP .-1 /TREAD TILL FLAG
CLA CLL
CDFl

REC. 6376 /TAKE DATUM
TAD 1 10
DCA I it /ADD IN
TAD 10 /1ORD
SZL

IAC CLL /INC IF ONLI
DCA I 1
iSz DCNTR
JMP REC /BACK TILL E3R
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CDFO
TAD
6373
ISZ
JMP
iMP I

NDATA, 0
N3, -3
FCELL. 0
NR DY , 0
RCNTR, 0
DCNT RS ,0
STASK, 3400
TRDATC, 3420
TRDWIIT, 4000
DOFF. 3401

//

EFIM31 0 136
CDFO=620 1
CDF1=621I
PUSHJ=4540
INTmJMS I 0053
EVAL=1613

S

DOFF
/TJRN 3FF DATA
RCNTR
SET'IP /BACK F3R MORE RECORDS
EF'IN31 /SYE
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DCA
TAD
SZA CLA
JMP
TAD
SNA CLA
JMP I

TR2F, TAD
CLL RAL
DCA
TAD
RAL
SZL
iJMP
DCA
ISZ
J3P

TR2FL. MS
TAD
dMs
TAD
CIA
TAD
DCA
iJMPI

TR24. 0030
TR2FLA. 0

RAR
DCA
TAD
RAR
DCA
iMP I

FTRADDs 0
INT
CLL RAL
TAD
JmP I

FTR4. INT
6377
DCA
DCA
ims
JMPI

FTR5 TAD
6373
INT
CIA
DCA
P1SHJ
EVAL-1
'mS
DCA

EXP
HORD

TR2F
LORD

TRFLJT
LORD

LJRD
HORD

TR2FL
HORD
EXP
TR2F
TR2FLA
HORD
TR2FLA
EXP

TR24
EXP
TRFLJT

HORD
LORD

LORD
TR2FLA

TRBEG
FTRADD

LORD
HORD
TRFLOT
EFUN31
TRDATC

/CLEAR EXP

/H3RD N3T 0

/NIJIBER=0

/BEGIN SHIFT
/PUJT BACK F3R N3W
/GET H3RD W3RD
/R3TATE, LINK IN
/D3NE R3TATING IF L=t
/FINISH
/PtIT BACK LORD
/WILL NEVER BE 0

/WHICH ROTATES RIGHT
/READY FOR ANOTHER

/GET EXP

/ADD 24 DEC
/THE REAL EXP
/RETIuRN
/24 DECIMAL

/P'JT IT BACK
/PICK UP LORD
/ROTATE LINK IN

/RET(IRN

/CELL 0 AND INT
/MIIL BY 2
/ADD OFFSET
/RRETfIRN
/GET DAT1M
/GIVE, RECEIVE DATA
/LD INTO LORD
/FAKE LIKE ITS 2WRD INT

/START DATA3UT

/FORM e OF CELLS
TRCNTR /COUNTER

FTRADD /GET CELL ADD
TRCIIRAD /CURRENT ADD

177
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/FORM IDENTICAL PNTR

/SET lP DAT311T
/CLEAR t

TRCIIRAD
DCA TRC'
TAD TRD
6375
CLA CLL
CDF1
TRCIJR2=0011
TRCNTR=0004

TRSA, 6376
TAD I TRCI
DCA I TRC'
TAD I TRCI
SZL
IAC CLL
DCA I TRCI
6371
JMp .- I
ISz TRCI
JMP FTR!
CDFO
TAD TRD'
6373
iMP I SFI

TRDSTD 4000
TRDATCM.&
TRDT2,J
FTR2D 44ms

DCA
PUSHJ
EVAL-lI
2Ms
CDFI
DCA I
CDFO
TAD
CDFI
DCAI
CDFO
JMP I

TRINT 0
CLA
TAD
RTL
SNL
iMp!I
CLA
TAD EXP
TAD
SNA
JIP I
DCA

TRINTi* TAD
CLL RAR

1R2
3UT

/G5X A DAT'1M
MRAD /ADD T3 ClIR LRD
AR? /REPLACE IT

IRA) /GET H3RD
/DaNT INC rINLESS OFL3

/ADD ONE T3 H3RD
IR2 /REPLACE H3RD

NTR
SA

/TREAD WATER TILL READY
/D3NS YET?
/NO
/YES

T2

N31
/TURN OFF DATA3rJT

/FINISH
/COM FOR DATA

3420 /DATOUT START
3401 /DATOIIT STOP
FTRADD /GET ADRESS OF
TRCURAD /LOAD IT

/GET Y
TRINT /CHNG TO 2WJRD

CELL

INT

TRCIIRAD /LD LORD

HORD

TRCFRAD /LD HORD

EFUN31 /DONE
/FLT PT TO 2WD INT

HORD
/FIND A 1?
/CHECK FOR IS

TRINT /#=0

TR23

TNINT
EXP
HORD

/ADD -23 DEC

/N3 SHIFT CASE

/START SHIIFT



DCA
TAD
RAR
DCA
Isz'iJMP
TAD
JMP I

TR23, 7751

s

H3RD
L3RD

L3RD
EXP
TRI NT 1
LORD
TRINT

179

/ROT L IN

/DONE YET?

/=-23 DECIMAL

PEAK Avr

C-FSKAL, 1977

C
S
F
I
S
T
Q

AVG PulLSE HEIGHTS FROM T.R.
C=O;S H=OJA "0 PfILSES",N," MIN HEIGHT "M
1=200,30035 Z=FCMC2,I,0)
(144-FC3M(4.1792))1.31. 5,1.3
Z=FC0M(5,400al)JD 3;1 (CeNtle2
"MAX = "H" AFTER "C" PULSES; H/C * "H/C

S Z=0F 1=250,3001 (Z-FCMClI)) 3.25.3.153.15
C SHITM0UISE
S Z=Z-FC0MCl,201)31 (Z-Mo3.223S HOH+Z;S C=C+l
R
S ZOFCMC1l)

S t'rNFW(2);S Z=FNEWC3,d40 W AlT "*"fo
J1 !FNEW(3,200)'S ZzFNEW(l)

01.01
01.10
01020
01.30
01 .50
01.60
01.70

03.10
03.15
03.25
03:P2
03.9! "M
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OUTPUT. BAS

I REM -- OUTPUT - TEXT SPITTER FOR ALLIGNING LP: PAPER
2 REM 14 KAR 80BY C REISER
10 PRINT 'Source file'; \ INPUT St
20 OPEN SS FOR INPUT AS FILE #1
30 OPEN 'LP: ' FOR OUTPUT AS FILE #2
40 LX=0X \ PX=I%
50 IF END #1 THEN CLOSE #1,92 \ STOP
60 LINPUT 91,L$ \ LX=LX+1%
70 PRINT #21LS
80 IF L%=6% THEN LX=O% \ P%=P%+1%
85 IF PX=2% THEN PX=1X \ GOSUB 95
90 G0 TO 50
95 CLOSE #2 \ OPEN '0:' FOR OUTPUT AS FILE #2
96 PRINT 'K For sore'; \ INPUT AS \ RETURN
100 END

RUNCOM. TXT

BPS 60
aSP 2
.Uc
.NJ
.LP 13
.RM 75
.ND
.NNM
.TS 21 29 37 45 53 61 59 77



181
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 of mixing

clusters. If such mixing exists, intensity of strongly pumped

transitions may be borrowed by clusters mixed to them, giving

rise to 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 resolution 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 CH-13.

Specifically, the matrix elements for the inter- cluster

splitting in the ground state is given by

T 044 01aa (23335) (2J+1) IT V(0)iL -IT(4)2 1 1 0

J J 4

x (-1)J 1 % 4)C (H-1)
AIaa 044

J(43J) YvT*
- (-1) F r8 {(2J-3)(2J-2)(2J-1)2J(2J+1)

)) ox(2J+2) (2J+3) (2J+4) (2J+5)}) t 0 4 4 (H- 2)
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Recently Borde et. al. CH-23 have estimated that t044; 6 Hz

from very high resolution saturation spectroscopy. Using this

value, calculation of (H-2) for J = 33 renders

T0 (JJ) - F(4,3 3 ,3 3 ) x 322 MHz (H-3)0414AI4

Using the expressions of Krohn CH-Ib) for the F coefficients

in (H-3), the ground state cluster spacing is approximately

5.7 MHz for 4-fold axis clusters and 4.6 MHz for 3-fold axis

clusters.

As Borde et. al. point out EH-23, symmetry states

within a cluster are mixed by spin-rotation and spin-spin

interactions. Spectroscopically1 they have shown mixing of

the E 0 and F states of Q(36) as "crossover peaks" occur ing

between the E and FO peaks. These transitions violate the

AC =0 selection 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 5 MHz, the

intercluster mixing will be down by a factor of 103. Hence

hyperfine interactions are far too weak to perturb DR

intensities between clusters, and may be eliminated as a

mechanism for transferring intensity.

H.2 Centrifugal distortion
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The only 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 72 (V6 +V6(H4

g t0 4 4 8 0  2 V4 + V4] (H-4)

This operator mixes states of AK= 0 4 (and AK= 0 3 for

3-fold axis clusters). Evaluation of this expression

provides, for S : 33,

& ="066 14-4 -1124
( (2J+1) (2J+7)(2J+6) .. (2J-5) '1/2 J 6 1J

64 11f9 27 4 -31 (H-5)

= 1.3 x 108 Ot 066  (H-6)

for t0 6 6 expressed in Hz.

In the 2-level experiment, the sixth-rank tensor

5 4interaction couples the F 5 + F 4 , K : 27 clusters which is
1 2

nearly resonant with the pump field, with the F2 + F2I , K -1 2'

31 cluster. Evaluating the appropriate F 4 coefficients to

find the splitting between these to clusters in the ground

state, we find via (H-3) that t.'ei? splitting 6 is

S - (3.5 - (-1.8) ) x in 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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givenD in a simple perturbative approach, !?y

mL~~ng 1.3 xloS I0 6mIxing =- 3066 (H-8)

1.7 t 107

= 7.6 a
0066

h*rIc for 10% mixing we require that Ot066 > 10^-2 Hz.

Aathough a measurement of 0t 0 6 6 has not been made, its

size can be obtained by standard vibration-rotation ordering.

We assert that

t 2 2 4  t066 (H-9)
B Ot0 44

there B is the rotation constant, since both ratios are taken

between parameters which differ by two orders in J. Using

best values CH-33 for the known constants in (H-9), we find

that

t "t t2 ~ 6 x 3.8 x 10-5 (H-10)
t066f 044 224

B 101

2 x 10-3 Hz

We conclude that although this is a possible source of mixing,

it would take an unusually large molecular constant ot066

give appreciable 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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tven larger detunings than for ground state misings. The

pr imary such mixing is due to the second order Coriolis tensor

t 224 which mixes different R (pure rotation) values of the

same J. This mixing leads to the "weak transitions" of

Galbraith et. al. [H-43, which have been suggested [H-5J to

be important in the multiphoton absorption process. According

to CH-43, weak transitions to the same upper state belong to

lower states having different J values. The energy difference

6 between the ground states can be simply estimated by

6 = B0J(J+1) - B0 (J+1)(J+2) = 6 cm~ (H-11)

The very large size of 6 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. We will consider only dipolar

and ignore higher n-pole and magnetic interactions.

In the standard treatment CH-63 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,A1 8 ). The molecule-fixed

components are related to the laboratory- fixed components by

a D(191) rotation matrix. We can write CH-73

(1,A 1 ) = {D ( - ) x(liq0 91)' I+ {q x3 3 3 , )LAB x~ 0 q3  3 (01)

(H-12)

(q3 3 3 (0,3) b (1,A)
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From (H-12) two kinds of terms arise T 110 and T 314 , which

are scalars and fourth rank tensors of At symmetry,

respectively. Since the T 314 tensor has a vibrational rank

of 3 it cannot connect 0 v3 states with I v3 states, hence no

mixing via this operator occurs. Furthermore, T 110 is a

scalar in R and cannot mix clusters to any order. Hence,

mixing by optical dipole interactions can be ruled out also,

leaving no terms in the dressed molecular Hamiltonian which

appreciably mix clusters in a given J level.
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1.1 TAC I! CO2 TEA laser

Aligning the optical cavity of the TAC II laser follows a

procedure similar to that used for 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 stocks made specially

for this job. A HeNe laser can then be directed by means of a

micrometer-mounted mirror through the two pinholes. 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 micrometer can be tweaked

accordingly. Once the HeNe beam and grating are aligned, the

windows and output coupler can be replaced. The output

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. In this manner one is assured that the

output coupler is perpendicular to the optical axis of the TEA

laser cavity.

Final tweaking 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. When 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 calibration of the tuning thumbscrew on

the grating can be checked against th2 C02 laser spectrum

analyzer. Adjustment of the tuning calibration can be done by

temporarily loosening 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 screws.

The calibration of the Optical Engineering CO2 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(40) 10.6 micron laser line; the calibrated screen can be

adjusted accordingly.

1.2 N2 0 laser secrets

Much useful information on thc operation of the

G-switched N20 laser was found in iel Levy's research

notebooks. The comments below may Ailso be of use in its

oper at i on.

1) The 1.5 cm bore Q-swItched CO2 laser will not lase

with N2 0 presumably because of the large bore (poor cooling)

and long residence time of the gas in the tube.
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2) In the N2 0 laser, discharge is difficult to sustain

with no CO (carbon monoxide) in the mixture. CO turns the

discharge blue. The three lead power supply having 100K

resistive ballasts in the high voltage leads is necessary to

maintain discharge in both arms of the tube.

3) The N 2 0 laser lases well using CO2 as a gain medium.

Thus CO2 can be used to align the optics with ease, then

replaced with N2 0.

4) Best lasing with N2 0 was had with a mixture of

N2 0:CO:N2 :He of 1:0.5:1:3.5 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

discharges after which the pressure was increased slowly to an

operating pressure of about 6 Torr.

5) Q-switched lasing is impossible in the 1 cm bore tube

with a 10 or 20 meter radius mirror. Q-suitched lasing was

obtained using a flat mirror at one end, and a rotating 20

meter radius mirror and a 4.25 m radius stationary mirror at

the other end. The current configuration utilizes a 4.5 meter

radius rotating mirror and a plane grating.

6) Maximum repetition rate for the N2 0 laser is about 58

Hz. Care must be taken to avoid frequencies close to line

current, lest the beat note between the laser repetition

frequency and line frequency be detected by sophisticated

electronics.
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1.3 Boxcar settings for DILDOR

Typical settings of the PAR Model 160 boxcar integrator

for DILDOR experiments are as follows (? means does not

matter):

Trig mode - EXT Time base - .1 msec
O.T.D. - ? S/D - as needed
Slope - negative Scan rate - I min
Throshhold -as needed DELAY
D.O. - DELAY Ap. Time - .1 sect min dial
Repeat - ? blue TC - ?
Input - 10K red TC -.1 msec
Prefilter - .005 MHz Zero - as needed
Coupling - AC Memory - OFF
In. sens. - 50 mU In. offset - OFF
rear panel: ext. gate - OUT

1.4 PDP-8/L to MINC link

Characters can be transfered from the PDP-8/L to the MINC

with the cable diagramed in Fig. i-1. This cable plugs into

an SLU port on the MINC. To effect transfer, output from the

8/L is transferred to the ARDS by executing an FNEW(5)

function. A program such as PDP9IN (listed below) must be

running on 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 a WRITE ALL command.

With a minor modification to the FOCAL operating system,

the PDP-S./L can be used as a paper tape reader for the MINC.

In this mode, a tape is not read into /L memory. but is

merely transfered to the MINC as it is read. The instructions
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Fig. I-1. PDPa8/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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are:

1. Load FOCAL

2. Execute FNEW(5) so that output goes to ARDS

3. RUN PDPBIN on MINC

4. STOP the 8/L

5. Load these two locations with instructions:

location instruction

2030 4355 READC =JMS 2155

2031 5230 imP .-I

6. Place tape in LSR

7. Start 8/L at location 2030

8. Start LSR

9. That's all

When the entire tape is read, stop the LSR. PDP6IN can be

stopped with two CTRL/C's.

PDP8UI.BAS

1 REM -- stopurm with ACAC then type 'CLOSE 91'
4 PRINT "Filenaue for data"; \ INPUT FS
5 OPEN FS FOR OUTPUT AS FILE 01
10 CIN('rstriove',S$)
20 IF ASC(SEG$(S$,1,1))138 THEN S$=SEG$(S$,2,100)
30 PRINT 91,SS \ GO TO 10
50 OPEN Ft FOR INPUT AS FILE 01
60 FOR Ia1 TO 3 \ INPUT 91,S$ \ PRINT S$ \ NEXT I
70 CLOSE 01
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. 1-2. Separate

switches control power, reset and count direction (up/down).
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Connection is made by simple BNC cable to the SYNC OUT

connector on the TAC II laser, although the counter may work

in other applications as well.
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APPENDIX J. Laboratory Report: Studies of SiH4 using CO2 lasers

In 1978, J. Haggerty and R. Cannon (and coworkers)

discovered that sinterable powders of silicon nitride (Si3N4 ) could be

produced in an atmospheric pressure flow of silane and ammonia when

irradiated with approximately 100 W/cm2 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, the possibility 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 laser 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 hoped that multiple photon induced

dissociation of silane would help to unravel the complex gas phr.ae

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 several months of work, and

is contained in their final program report, Reference 1.2.
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Experimental

Two types of experiments were performed: low pressure, high

Intensity irradiation with a pulsed C02 laser, and simple measurement

of the attenuation of c.w. C02 laser lines. In both sets of experiments,

silane was used fram the tank after many freeze-pump-thaw cycles; NH 3

was treated similarly. C1 2 used in one experiment was obtained from

an ultra high purity lecture bottle.

Typical pulses from the Tachisto Model 215G C02 TEA laser contain

0.3J with a FWHM of about 50 ns. Usually '.50J pulses were used for

each sanple at a rate of 1 Hz. Figure 1 shows the apparatus used for

the irradiation; joulemeters (9 and 11 in 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 ou, the beam radius at the focus

2
is 0.66 =; with .3J/pulse, the fluence at the focus would be 22 J/cm2

Similarly, with a focal length of 28 cm, the fluence would be increased

to 1.5 x 103 J/cm2 . In this manner the peak fluence could be adjusted

trgm e relatively weak value to the point where dielectric breakdown

occured in the sample.

Reagent pressures were read from an IWS 2000A pressure transducer

with a 0.1-1000 tor stated range although the head was found to be

sensitive to 102 torr. The response of the transducer was checked

against a dibutylphthalate manometer. Mixtures of gases were prepared

by successively freezing known quantities of gas into a cold finger in

thM cell. After irradiation, the products were characterized by their
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infrared spectrum, taken on a Perkin-Elmer 567 R spectrophotcmeter.

A variety of laser lines, sample pressures, and sample mixtures were

investigated, as can be seen in Tablell.

Two rethods were used to obtain the absorption coefficients of

SiH4 and NH3, differing slightly in technique as dictated by the avail-

ability of equipient. The apparatus in Figure32a was employed for

all but a few data points; it employs two choppers to modulate the

sample and reference beams at different frequencies, allowing two

lock-ins to detect the sample and reference intensities independently

while using the same detector. When only one chopper was available, it

was positioned to modulate the two beams at a relative phase of 90,

again allowing independent measuretnt with one detector.

The laser itself consists of a Im gain cell with a rotatable

grating and a 5 a radius mirror forming the cavity; the beam emerges

via a sall hole in the mirror, which is mounted on a piezoelectric

crystal. The stabilization network depicted in FigureJ3 minimizes

output intensity drift caused by thermal expansion of the aluminun

girder supporting the optical elements. By modulating the mirror position

by 0.5 microneters, the frequency of the cavity resonance is modulated

uder the CO 2 gain curve. A lock-in detects the slope of the gain

curve at the cavity mode frequency by demodulating the 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 employed with 1.73 cm and 9.97 cm lengths fitted

with perpendicular NaCi windows. When possible, sample pressures of

about 130 torr were used; for very strongly attenuated lines, it was

necessary to employ lower pressures. Again, the WKS 2000A pressure
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Fig.31. Apparatus for TEA laser experiments. 1, Tachisto Model 215G laser;
2,6 - iriges; 3 - attenuation cell; 4 - beamsplitter; 5,7 - telescope leinses;
8 - sample cell with pressure head; 9,11 - joulemeters; 10 - inverting differential
amplifier; 12 - signal alternater; 13 - Blomation digital scope.
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Fig.32. Apparatus for absorption measurements. a) two
chopper method. I - laser; 2,3,6,7 - mirrors; 4,10 - ZnSe
beamplitters; 5,8 - choppers; 9 - sample cell; 11 - pyroelectric
detector; 12 - reference channel lock-in; 13 - sample channel
lock-in; 14 - PDP 8/L computer. b) single chopper method;
lockin 13 is set to 900 relative phase.
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Fig.73. Stabilized CO2 laser used in absorption measurenents. 1 - rotatable
grating; 2 - detector; 3 - m1 gain tube; 4 - pzt mounted mirror; 5 - lock-in;
6 - manual dc offset; 7 - high voltage op smp. Depiction of cavity resonances
under a Doppler-broadened gain profile is shown at right.
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head was used after calibration against a mercury manometer.

The procedure for masuring the attenuation of a sample is straight-

forward. The laser was tuned to the desired line, and the stabilization

network activated. With the sample frozen into a cold finger in the cell,

the ratio of the sarvle and reference lockins' signals was averaged

for approximately one minute (about 400 samples) by a PDP 8/L cwyuter.

The sample was then thawed and the ratio again averaged for one minute.

The laser was then tuned to the next line, etc. The transmittance, T,

is given by

/Io (saple unfrozen)

I/', (saple frozen)

where I and I, are actually the oltages frcm the sample and reference

lock-ins respectively. Typically the 671 confidence limits of T were

* 31. The extinction coefficient a can be calculated from T and the knon

sale pressure p and cell length a via

* , an T (-1

All wmaws ts were taken at rw toproture. During the course

of a maiswment the saples did not absorb enu"h per to reisc the

tqetetve of the cell noticeably,

Table3i contafln a so ry of rsults f r the TEA laser experimnts.

Ut weeCtIo % as vetS dNr cwlditIO s AIch did not protce dielectric

-hekt *a tasift tie cell, Stc is evi&'ced by a blue-twhite spark. The
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breakdown threshhold is sensitive to sample pressure and peak intensity;

for silane pressures above 2 torr, breakdown always occurred for

fluences of 1.5 x 103 a /n2. For fluences below 100 J/cmr2, however,

breakdown did not occur for pressures up to approximately 5 torr. For

conditions where no breakdown occurred, no incondensible gas (i.e. H2)

was observed in the cell after irradiation and no change in the reagent

IR spectrum occurred. One attempt was made to trap any H2 which may be

produced by adding C1 2; even a mixture of one torr each was sufficient

to cause breakdown using the 28 cm focal length optics. Lower pressures

in this case would produce quantities of products too small to detect

with our apparatus, hence this experiment was abandoned.

Several attempts were made to induce reaction in mixtures of silane

and aumonia. These experiments were marked by difficulty similar to the si-

lane-only experiments. For a given pressure of gas a long focal length

produced no reaction but a short focal length caused breakdown.

Table]2 exhibits the extinction coefficients a for NH3 and SiH4

for laser for laser lines in the 10.6 micrometer C0 2 laser band. Good

agreement with the results of Patty et al. (Appl. Opt. 13, 2850 (1974))

is seen for the ammonia bsorptions. For very strong attenuations,

it was necessary to decrease the sample pressure; values for a are

noted in parentheses where the uncertainty in 1/1, (with sample) exceeded

251, due to the opacity of the gas at the particular laser line.

Discussion

Failure of the TEA laser experiments is disappointing. Since

pyrolysis of silane can be accomplished with long pulses or c.w. radiatioS

at a few tenths of an atmosphere, we know that a dissociation channel

is available to sufficiently hot molecules. Apparently for these
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Tablell. TEA Laser Experiments Performed on Silane

Silane only:

line p(torr) lens f.l. I of shots results
(cm)

P(20) 4.6 80 2000 no change in p or spectrum; no powder

1.21 28 2200 slight brown powder

5.4 28 400 heavy powder; p increase; breakdown

2.2 28 500 light 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 tori Cl2 28 1500 breakdown on first 250 shots
Silane/
amonla
0.6/1.2 67 2300 no changes
0.6/1.2 28 1000 no changes
1.4/3.7 67 1000 no changes
1.4/3.7 28 1000 breakdown; slight power, p increase

hL
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TableJ2. Absorption coefficients (atm-cm) for the 10.6pm band of
the C0 2 laser. a = -1/pt tnT.

(J)
40

38

36

34

32

30
28

26
24

22
20
18
16
14 .47

12 21.5
10

8
conditions: E

NH
3

R

.044

.01 (not measured)

.0072
.0065

.047

.057

.059

.056

.071

.12 .22

7.25
.24

.50

A B

torr 10 cm cell
" 1.7 "
" 1.7 " ; a >20 untrustworthy

" 1.7 "
* 1.7 " single chopper method

SiH4

PP

1.0

1.02
1.8

3.5
13.6

R

1.68

.27

(small)
.19
.96

2.68
.70
.31

1.36
1.61

.87
1.14

.79
.23
.34
.007

C

1.05
18.1

5.01
3.79

6.46

(24.4)

7.42

(34.5)

(28.9)

(43.0)

11.8

.96

1.94
3.95

.50
2.70

C

.87

.35

.42

.16

.13

.30

.18

.41

.83

.65
,16
.35
A

8.94

10.7

8.17

12.9

D

A:
B:
C:
0:

E

136 + 2
130
53 + 1
11
25
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conditions, individual silane molecules do not absorb sufficient photons

to overcome the dissociation reaction energy barrier. If we assume

this barrier is the Si-H bond enthalpy (approx 70 kcal/mole) a molecule

must absorb at least 26 photons with X = 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

here. To utilize fluences greater than 2 x 103 J/cm2, sample pressures

must be much below a torr. Our methods of analysis require more product

than this would afford; typically these experiments are performed with an

in situ mass spectrometer. Also, production of powder at such low

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-

million concentrations in one atmosphere of air; one would expect a somewhat

larger pressure broadening than for these conditions. This pressure

broadening causes NH 3 absorption features to overlap the spectral bandwidth

of the C0 2 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, although

the lasers are of similar construction.

A dramatic effect on the absorptivities is seen for very strongl.'

attenuated lines for both ammonia and silane: in all cases a decrease

in a is observed for a decrease in pressure. Presumably this reflects

the broadened nature of the individual absorption features, which are nor

in exact resonance with the laser lines until pressure broadening causes

some spectral overlap between the molecular absorption and laser emission



lineshapes. Since the exact positions of the absorption features, their

relative intensities, and pressure-broadening parameters are not known

for silane, it would be impossible to calculate the extinction coefficients

fcr this molecule at a given pressure. If these parameters were known,

the qualitative behavior of the absorptionties may be predicted for

particular laser lines, but a more lucrative approach would be direct

measurement of the attenuations at the pressures of interest.
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BIOGRAPHICAL NOTE

Chris Reiser 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 entered 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

was 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

received his Ph.D. in 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

outstanding performance as an eighth grader.




