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INTRODUCTION

In the activities of human society, the development of a new
technology always leads t0'thé discovery of some neﬁ phenomena.
Since the invention of fhe 1aser~inlthe early sixties, along-with
the arrival of various laser equipment and optical devices, there
were significanﬁ advances in the understanding of the interaction
of photons with matter. But, probably none of the phenomena dis-
covered so far in the .general area of laser,chemisfry and quantum
electronics is as exciting.as-the-infrared multiphoton excitation
and dissociation (MPE and MPD) of polyatomic molecules.ln10 The
motivatiﬁg idea behind laser chemistry is its potentiai for modifi-
cation of chemical properties of molecules through the absorption
of laser phot:ons.ll_14 UV and visible photons are most effective
in fulfilling this purpose by\causing electronic transitions in
molecules and theré has been mhch interesting work in recent years, |
especially usingvtunablé dye lasers. The absorptiof of an.infrared
photon by a molecule is not likely to-induce as drastic a change in
_the chemical properties as UV or visible photons but, on the
other hand, it offers an exciting possibility of promoting one specific
reaction channel over'othérs by exciting a particular mode of mole-
cular vibratiOn which is directly or closely related tb'the_motion
along the reaction coordinate. Many attempts at carrying out mode

controlled chemistry by infrared laser excitation.in the gas phase

have only enjoyed limited success so far. After all, the relatively
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small amount of enefgy contained in one infrared photon usually does
not induce sufficient increase in the reactivity. Very often one
observes that the energy deposited in a specific mode is mostly
drained away by collisiéns through intermolecular energy transfers
rather than being used effectively in the chemical reactions. The
discovery of the phenomenon that an intense infrared radiation of
correct frequency can selectively and efficiently deposit tens of -
photons in isolated molecules and cause dissociation is certainly
one of the most exciting breakthroughs. Not only has it changed
the perspectiﬁe on the infrared laser cheﬁistry, but it also has
far reaching scientific and practical significance.

The possibility that a polyatomic molecule placed in the intense
field of an infrared laser can absorb enough photons to dissociate
in a very short time span was first suggested, in 1971, by Isenor and
Richardson15 based on their experimental observation of luminescence
from dissociation prgducts. In 1973, Isenorl6 and Letokhov and co-

? found that the luminescence contained an instantaneous and

workers1
a deldyed component, suggesting that the absorption of many photons
and the subsequent molecular dissociation could take placg under iso-
lated, collision free conditions. This infrared multiphoton dissoci-
ation (MPD) process was subsequently shown ‘to be isotopically selective

19,20 and Lyman et al.21 High efficiency

in 1974 by Ambartzumiaﬁ et al.
and high selectivity of the process, as manifested by actual separation

of isotopes, ‘gave tremendous impetus to an unprecedented rapid growth

"in this new area of research. Actually, a considerable amount of
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interest aﬁd excitement was also generatedeith the suggestion that
multiphoton.excitation(MPE)could be a novei.method for gnergizing-
molecules, one that offered.the potential-for vibrational mode control”
of molecular decomposition.- In éther'words, by ‘depositing enérgy into
particular vibrational modes, one-hopes to diséociate’molecules along
certain reaction pathways different from.those of ‘thermal decomposi-
tion.22 Initial experimental results appeared to support .this hypo-
thesis:vthe first reported,primary‘product analysis for:the multi-
photon dissociation of SF6 7a indicated that this molecule dissociate@'
into SF4 and F2, bypassing the lower energy SF5 and F fragmentation
channei. Results of gaé cell experiments with CFCl3 23 were inter?
preted to evidence direct dissociation into CFC1l and Clz.'~However,
in later experiments with molecular beams,- these interpreted results
were not substantiated, as.we_shall see,

It is now generally understood‘that although. a. polyatomic
molecule has discrefe states at low‘energies, the density of states
increases very raﬁidly with.incréase of energy and the states soon

form a~quasi—continuum.l6’24’25

It is believed that a moderately
strongvlaser field can selectively excite the molecule over the
discrete states via a resonant multiphoton tfansition and eVeﬂ
through the qgasi-continqum via teéonant stepwise transitions to
and beyond the dissociation threshold. The initial e#citatioh over

the discrete states depends not only on the frequency and the power

of the laser, but also on the rotational quantum states and



the excitation of hot bands,26—30 and is mainly responsible for the

high selectivity of the process. Once the molecules are excited to
the quasi-continuum, the energy fluence, not the power of the laser,
was shown to be responsible for driving the molecules through the
quasi-continuum and determining the yield of dissociation. For mole-
cules lying above the dissociation level, the .rate of decomposition

1,32 and then the power of the

competes with the rate of excitation,
laser should determine the average level of excitation (or energy
deposition).

As more definitive experiments on dissociation dynamics, such
as the measurement of the fragment translational and internal energy
distributions of multiphoton-excited moleculess3—40 were carried out,
it became clear that the energy deposited in the molecules is com-
pletely randomized before dissociation. SF4 and CC1lF observed
in the multipheton dissociation of SF6 and CClBF respectively,
which provided the basis for speculation. of mode-controlled
chemistry, was found to be due principally to secondary multiphoton
dissociation or chemical reactions involving the primary products
SF5 and CCle.35’41

The fact that energy randomization among vibrational modes is
faster than the rate of excitation near dissociation implies that
many important aspects of the dissociation dynamics can be understood

from the application of a statistical theory of unimolecular dissocia-

tion, such as RRKM theory.l’z’43 Using such a statistical theory, the



‘dissociétion rates and yields from various dissociation channels as’
well as the fragment enefgyvaistributioné'Can:be‘easily estimated for
a given level of excitation from the known diséoéiation enéréy'énd
vibrational frequéncies'bf'the molecule. .In additi6n, the highér

| the molecule is excited, the faéﬁef the rate of diééociétion becomeé
and the maximum number of infrared phofdns‘wﬁich can be absorbed by

a molecule is eventually limited as thé rate of dissociation becomes
faster tﬁan the rate of excitation. Astatistical theory can égain be

1,32

' . . . 3 .
used for the estimation of the level of excitation. For example,

‘with a typical 002

fluence of 10 J/cmz, many molecules are found to dissociate from

TEA laser.puise of ~50 nsec duration. and an energy

energy levels with dissociation lifetimes of 1 to 10 nsec. For N2F4

and SF that Corresponds to the absorption of 1 and 9 excess photons,

35,32

6’

respectively, beyond their:diSSociation energies.
In the fbllowipg, we shall first review the various experimental

techniques used and the most significant resUlts;obtaiﬁeéhso far in

the uﬁderstandiﬁg of the dynamics of MPE and MPD. We shall fhen diécuss

some theéretical model calculations descriﬁing the multiphoton eiéitation

and dissociation process. -Finally,'some possible appliéations of MPE

and MPD andvé number of unsolved problems are sgated; In a field

which has beeh advanging rapiﬁly and has pfovided scientists with

unprecedented opportunities of strong interactions aiong thébway;:

sometimes, it is‘not easy to give pfépef credit to the individuais or

groups of scientists who have made more original or more éubstantial



contributions to some aspects of the problems, Some omissions and
mistakes are inevitable. The readers will find that this is one of the
joyous occasions in the history of science, that a new field has been
developed so quickly in such a short time by scientists from many
countries and disciplies working closely_together. The field of
infrared multiphoton dissociation and its application to isotope
separation has been reviewed quite frequently in the past, and some

of the more recent reviews are listed in Refs. 1-10.

EXPERIMENTAL
I. Experimental Techniques

(A) MESUREMENTS OF THE EXCITED MOLECULES  We consider here
measurements of polyatomic molecules which have been excited via a
multiphoton process, but havé not yet been_dissociated. The most
desired experimental result on the excited molecule is of course the:
time evolution of the vibrational-rotational population distribution
P(v,J) resulting from the multiphoton excitation, hopefully as a
function of the input.laser power P, energy fluencé J and frequency
v; Certainly these results are rather difficult to get and most
experiménts are devoted to the‘easier measuremenfé of quantities such
as the total energy absorbed, <n>hv, the gross multiphoton absorption
cross section, 0, or the incremental single photon absorption cross

section. <n> stands for the average number of CO2

laser photons absorbed.
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To date, all the measurements on the excited molecules can be

-+

classified as direct or indirect. The direct techniques, mostly

intended to probe the population distribution in the excited molecules,

include measurements of emission from the excited molecules, induced
absorption, temperature rise or acoustic waves generated from the '"hot"

molecules, and photoionization or electron'ionizggion. The indirect
techniqﬁesldeduce infbrmation about the st;te of the molecules from
data dedgced from the aftenuation of the lase? beam, pamelyr<n> and O.
Measurements on. the ﬁﬁltiphot;n:excited molecules have so far been
done mostly in'gas‘ceils. Iﬁ all cases, théenérgy fluence J, and/or

the frequency v can be varied to obtain results important for under-

standing the mechanism of MPE. In a two laser beam double resonance

" experiment, the time delay between the pulses can be varied to obtain

the time resolved information which is essential in understanding the
dynamics of MPE. We shall review the various experimental methods
below along with some comments on their relative merits.
Direct emission from.the excited molecules has been observed by
- 44 45 | . |
Frankel et al. and Bott. Frankel et al measured the 16u fluores-
cence from the v, mode of SF

4 6

the v3 mode. Bott measured the V3 emission from the hot molecules.

The Va fluorescence experiment has a potential of furnishing the time-

as a function of multiphoton pumping at

resolved information about the intramolecular energy transfer between
Vg and Vs modes. However, the measurement of Frankel et al. had only
a Ysec resolution which was clearly inadequate for study of intra-

molecular dynamics. Bott measured the Va emission at the dissociation
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threshold and it was not clear whether there was contribution from the
dissociation products. Although laser induced fluorescence has been
applied to reaction products to obtain internal energy distributions
in the reaction prqducts, no such experimental‘information has been
obtained yet with the excited polyatomic molecule itself.

The optoacoustic technique was proposed by Bragratéshvili et ai.46

4

measurements on SF6 were repeated by Black et al.,47 and by Deutsch.48

as a direct way of monitoring the energy absorbed by SF6 and 0s0,. The

The same technique has been applied to other polyatomic molecules by

493’b and by Reddy et al.loc in the measurement of single

Lussier et al.
photon absorption. This technique depends on the fact that the vibra-

tionally excited molecule will release its energy to the translational

degrees of freedom via V-T relaxation. Then,_after MPE, the temperature
rise in the interaction region of the gas.cell will set up acoustic
waves with which the absorbed energy will eventually be relaxed to the
cell walls. It is assumed that the acoustic signal is diréctly propor-
tional to the energy absorbed. This method has the merits of simpliéity
and general applicability, but suffers from the disadvantages of low
sensitivity and nonlinearity in the acoustic signal. Moreover the

data will be difficult to interpret if there exists a fair émount of
dissociation such that the constituents of the absorbing medium chaﬁge
during the laser excitation. Bolometric measurements can in principle
yield the laser energy absorbed in a molecular beam10d or in a gas cell

directly, but again the sensitivity problem is severe.



Sudbd ét'al.50 recently used a photoionization technique to probea
the population distribution in ﬁhé'Vibratiqnal'states of SF . ‘They used
dispersed vacuum UV photons and measured the photoionization spectra of
laser irradiated SF6 molecules in a mdlécular beam.and succeeded in
deducing qualitative information about the population distribution.

>la,b had done a similar experiment with electron bombard-

Brunner et al.
ment ionization mass spectroscopy,. but their results are not as con-
clusive and some of their data analysis was doubtful. Nevertheless,
it is étill a viable method of probing the averagé‘ambunt of vibrational
energy within a molecule. |

There has been a prolific amount of measurements on <n> or ¢
as a function of J or v of the laser by measuring the attenuation

22-56 This métﬁod is

of a laser beam passing through a gés cell.
however limited in accuracy. For obtaining.better accuracy the gas
cell must be optically thick. Thisileads to varying fluences along
the gas cell which makes the analysis difficult. In order to have
more or less constant laser fluence in the cell, the laser beam
should also be fairly uniform inside the gas cell. This means that
the cell windows experience the same high laser fluence as the gas
molecules. Laser breakdown of the windows.theﬁ limits the maximum
laser fluenée that one can put through the cell. Results of a lot
of earlier experiments can be discarded because of the focusing

geometry employed inside the gas cell. Even with an unfocused beam,

the measurement still suffers from the ever present transverse spatial
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56,57
variation of the laser intensity which must be accounted for. =
In absorption measurements, a tacit»assumption is_made that multi-
photon absorption is the only process occurring in the cell. This
of course may not be true, especially whep the dissociation}of mole-

cules becomes significant.

In a two beam pump and probe experiment, the spatial correction:
problem can be eliminated provided the probe pulse has a much smaller -
cross-sectional area than the pump pulse. Moreover, the probe pulse

55,56

can be time delayed,””’ and/or at a different frequency than the

pump pulse.30 In principle, one can measurelthe time dependent excited
state absorption spectrum of the polyatomic molecule using this method.

Almost all of the experiments performed so far on MPE and MPD -
employed uncontrolled CO2 TEA lasers in which mode beating caused
undesirable intensity spikes. ‘A low pressure gain. tube which acts
to smooth out the laser pulse is preferred.58 As shown by Lyman

ot al.59a,b

and Black et al.,SB'the mode beating or self mode-locking
in the laser pulse can make a significant difference in the experi-

mental résults.

(B) MEASUREMENTS OF DISSOCIATION PRODUCT In the measurements
of dissociation products, it is desirable to obtain information on the
identity, yield and energy distribution of fragments as a function of

frequency{\power and energy fluence of the laser as well as other
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éxperiméntal paraméters. These résﬁits ére ;ecessary'fof thé under;
standing of many important aspects of the dynamics ofﬁﬁﬁiﬁoié;ﬁlér-a
dissociation and fér obtaining information‘cénééréi;g.éhe excif;tion
of the molecuieé prior to diséociaéibn;. | | | |

Thé-molecuiar‘beaﬁ method giﬁesvélean ééiiiéibnléss conditigné;'
Detection of di$sociation ﬁfodﬁctsviﬂ,é:moléguiar bé;ﬁ appéfétus‘is
usually via elecgron iﬁpaét’ionizé£ién3356l’51'of chemi;ionizatioh
in conjunétioﬁ With a‘qﬁgdfupole mass filgér and ién détector. .Coggiola
et al.33'wefe the fifsﬁ to demonst;ate'di;ectly tﬁéiéblli;ionles; mqlti_
photon dissociation of bolyatomic molecules by méasuring the traﬁs—.
lational energy distributions of tﬂé fragmeﬁtS'of'éFé in é}c;o;sed
laser—molécular beaﬁ érrangémenf. .fhe ﬁéthéd is éeneréll§‘a§plicable
to the étudy of‘MPD‘bfla Qide variety sf poiyatomié.ﬁolecules.34’35’60
Using chemi—ionization:as‘a ﬁéﬁhéd ofﬁdeéectiog of ffégmen£s;‘th¢ ﬁﬁmber
of chémicaiispeéies which ééﬁvBereé;ufed'is often ii;ited. 5éﬁéction
by electron ionizatioﬁ;‘on the‘other‘ﬁand; ismmo£é-génera1 and Qas the
methoa used in most ofnthé experiﬁénﬁs cafried outvso'f;r.. waever,
very often méﬁy ion fragménts éfé:producgdifrom a moiecule in“the.
ionizer, This requires carefdl‘éﬂalysié.of Eﬁe resélts.v

A number ofvreseatchmgréupé hévé ﬁ§ed the ﬁdlécdlér.beam method
to studf'MPD. Brunner et‘alQSlJHavé'ﬁsed a figeé aéééctor‘on the beam
axis to measure only'the'tof;i &i5588{5£16ﬁ3§ieié.f ThelBerkeley

33-35,41, 60 | e

group has used a rotatable detector to obtain high resolu-

tion angular and veib¢ity dist¥ibutions of the fragments. Similar
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information was obtained by Gentry'and Giese6l recently using a pulsed
rotatable beam source.

Besides the molecular beam method, measurement of products from
collisionless MPD can also be performed in a gas cell with time resolved
detection of laser induced fluorescence (LIF) from the fragments. The
technique has the advantage of being able to detect the internal energy
distribution in the fragments. The major disadvantage of LIF is that the
optical spectroscopic properties of only a few of the radical fragments
are known and suited for LIF detection. Such a techniqué has been used by

38,63,64 CH 64 CN’4O,64 65

a number of researchers to detect C2, , NH2,

36,66 67
a

CF nd OH in the studies of MPD. Time resolved luminescence,

22
both»visible and infrared, has also been observed from dissociation pro-
ducts. The instantaneous luminescence presumably comes from products
undergoing collisionless MPD. However, sincé the dissociation products
are not likely to be in highly excited electronic states, it is not yet
completely understood how instantaneous visible luminescence is generated.

Measurements of infrared luminescence from vibrationally excited molecules

provides another method of fragment detection and it has been used to

39,68

detect the fragments HCl and HF in MPD of halogenated hydrocarbons.v

of course, if only.éround state molecules are formed in the dissociation
no collisioniess infrared 1uminescénce should be observed. Hartford,69
for instance, estimates an upper bound for the production of vibrafionally
excited NO from MPD of CH30NO by the lack of luminescence.

Most experiments in gas cells reported so far were, however,

carried out under the influence of molecular collisions. Molecular
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collisions during the laser excitation or collisions of excited molecules
after laser excitation affect the'diSsociation"yield‘in‘ﬁéﬁy hays:'

e - E

1) Inferﬁolééularﬁeﬁefgy fransfertcan éhahge drasticaliy fﬁé éﬁéfgy

distributions in molecules and afféct the effective absofption coefficient

P . -

iﬁvtﬁe:mﬁiﬁipﬂogon excitégion; 2).C011isionai é*cffati&ﬁ énd déeititatio
of léserﬁéxcitea ﬁolecuies can ef?eéfi&éi& moaifyffﬁé udimolecuiar”
dissoéiétign ﬁrocesé;. 35 Col]i;igﬁ oflégdiéélhﬁoiécﬁléé can resﬁlt”iﬂ
chemical reéctions which léad Eguéwfigal éré&uéﬁféoébleteiyWdiffereﬁgn
from the pr;mafy disSociétion}pfodﬁét:.‘sw

It.is offen.érgued‘tﬁét:ifuéjlésef with a‘ﬁélsewduratisﬂz
mucﬂ.éhorfér thaﬂ>ihé coiiisi&ﬁéi depﬁasing fime,.Tc,Tié uséd'fﬁf
multiphot;n;e#éitéﬁibn;?thén therMthérbdéss can be regérded éé
collisionless (in SF6, T, ~ ;3.5 nsec—tbrrss). This, ﬁowééer; may
not be true. Ein partiéulafﬁxaf.ioﬁer laser %luenéélﬁith small
dissociatioh yield, Ehe'average~d£ésociatioﬁ“iifééiméaéén Be'ﬁuéﬁ
longef'than”both the pulse_dufafioﬁ and'Té. ‘Thué,hévén théugh Ehem
pulse'duréfion is much shorter'thah.fc, collisional éffects may
still dominate the dissbéiafién process. In particulaf, a checkh
for-liﬁeariﬁy"df Ehe-MPD'§ield versus ﬁressﬁréuénéureéithét the‘ 
MPD occurs under collisionless conéitioﬁé."'“v

It is tﬁuéAséendtﬁat?Ehewholeéﬁléf beéﬁlﬁééhod’is.ﬁbre suitable
for the stud§.6f éoiliéionieéséMPD:T?ﬁdﬁéQér: Ehé:ééﬁéitivity'o% thé
molecular beam technique Etiflqiéaﬁéé"u§ mJéBmfo-dEsire: Afrfreéént,
experiméﬁté1iﬂ”gaé EéiléICthblééfl§hyiéld impé;tant cémplemeﬁtagf

P

information on MPD”aﬁd'éspecgﬁli§von MPE.
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II. Experimental Results

(A) INITIAL EXCITATION OVER THE DISCRETE LEVELS There are two
types of experiments dealing’with the discrete levels. One may stqdy‘
the discrete levels by measuring the spectroscoﬁic properties of the
polyatomic molecule, or one may study the effects of the discrete levels
on multiphoton absorption and dissociation. Let us focus our attention

on SF the most studied polyatomic molecule. Its spectroscopic pro-

6’ ;
. 70 71

perties have been studied long ago by Steinfeld et al. and Brunet.

In fact, because of its strong IR absorption around 10y, it has often

laser in the study of coherent optical processes,

2
72-74 , 75 h
such as photon echoes, and self-induced transparency. Even the

been used with the CO

red-shift of the v, hot-band absorption spectrum has been discussed by

3

Oppenheim in 197lf76-

Due to the upsurge of interest in the study of the infrared laser

induced chemical reaction, the spectroscopy of SF, has been under

6
renewed scrutiny. Most of the work has been carried out at Los Alamos
Scientific Laboratory'and at Lincoln Laboratory using high resolution
tunable diode lasers. Thése spectroscopic studies reveal the fine
splittings and shiftings of the vibrational-rotational manifold. From
comparison of theory and experiment, the force constants and interatomic?
potentials etc. can be obtained. These spectroscopic details about the
discrete levels are of course eésential not only for full‘aépreciation
of MPE but also for doing laser isotope separation at low 1aser power.

Aldridge et al.77 published a series of high resolution spectra

of SF6 in 1975. They were supplemented by the theoretical calculation
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of Cantreil et:a1.7§ wit§ assignmen;‘of proper nucleagispin ;tatistical
weights.go the vari;us symmetry sqbstate§. ‘The‘resolupion:qf thg dier_
laser was in some géses bettg:vthan %QO kHz or 3”3‘10_§:me1¥ With
such resolution, it was possiblelto find_the:resbnant_ﬁ;gqpencigs and_

the line strengths of the SF6 transitions near most of the CO, laser

frequencies.Ab’79 As expected, the frequency mismatch between a laser

2

line and the nearby absorption lines of SF_ was of the order of Miz .

which is less than the laser‘%ingyid;h.._Knowipg these»trapsitions
is of course essePtial to the‘infefprepﬁtion of the multiphoton absorp—
tion dapa.

Héwever, thqse high rescolution spectra'wgre‘obtéined at low

intensity and hence revealed only the v = 0 and v = 1 vibrational

transitions of the Vv

3 mode of SE6. To map out resonances of higher

vibrational transitions, the molecule has to be prepared in a higher
. ) . - 80 .
vibrational state. Moulton et al. used a double resonance method

to study the v = 1 to v = 2 transition. They pumped with a broad band.

Q-switched CO2 laser and probed with a weak cw diode laser in a low

- pressure cell. Unfortunately, no spectroscopic data was discussed in

that paper. They measured_g collisipnal relaxapion time of the excited
rotational levels of 36 nsec-torr in the gropnd state and 32.5vnsec—v
torr in the v = 1lspgte.- This should be compared with the
collisiénal‘deekcitation‘pgte of a highly yibratiopally excited mole-
cule qf ~13 nsec—torr.5 _This ipdicatesfthat thg.yibrational energy

transfer cross section depends strongly on the level of excitation.
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Instead of looking at transitionsw&idnév =1, Kildal81 measured
the Av = 3 overtone spectrum with a 1 m grating spectrometer. The
results were later corroborated with the highér résolution'(0;04 cm—l)
results by Ackerhalt et al.82 and Fox.83 The 3V3 Q branch and the

(3v, + v6) < v_ hot band could be clearly resolved and thé rotational

3 6
structures observed. These measurements have brovided valuable infor-
mation about the anharmonibity of the vj mode and the'possible hot band
structures on higher vibrational transitions.

As mentioned earlier, we can also observe the effects of the
- initial discrete levels in the dependence of MPE and MPD on laser

’ 84 - :

. power and frequency. Kolodner et al. compared the multiphoton

absorption of SF, using 500 ps, 10 nsec and 100 nsec CO

pulses of

6 2

~1.5 J/cmz. For the same fluence, the diséociation yield changes
only 20% even though the peak power changes by err a factor of 260;
This implies that at such high laser powers there is little "bottle-~
neck" effect in multiphoton excitation’over the initial discrete
levels due to frequency mismatch. The same conclusion was reached
by Gower et al.85 who varied the pulse duration by a factor of 5 and
showed that the ﬁultiphoton dissociation of mény polyétomic molecules
had energy thresholds, but not power thresholds. |
However, at low laser intensities, multiphoton absorption data
56

show significant dependence on the laser peak power. Kwok™ has

measured the average number of CO2 photons absorbed by SF_, <n> versus

6,
the laser pulse fluence for CO2 laser pulses of several different

pulsewidths. He shows that there is significant difference in <n>
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for pglses with the same fluence but different pulsewidths of 30, 50, .
and 150 pé respecéively; 'Toggthey>with the measurements of Bl\,ack__get.al.s3
and B#ératashyili et.al.,4§'Kwokfs resuits show that for fluences less
than 1 J/cm2 there is a fgctor(of_30»differengexin,<n>‘between_puiées.ﬁ

of 150 ps.and 120 nsec. For higher laser fluemnce J (>'1 J/cmz), the
differeﬁce in <n> gets smaller as J is increased. These results again
supﬁort Fhe picture;;bat phehbqttleheck effectvof,the discrete levels
is'significgnt only at low intensities,“ . |

The work of Beauchamp;et”al.loa is worth mentioning here. They
irradiated p;otqn—bound dimers of diethyl ether with.a lower power CW
C02 laser, ‘At an intensity'qf 1‘W/cm2, they were.able-to.dissociate
thé ions in 1 sec.- This seemed to suggest that the ions were initially
in the quasijcontipuuﬁ and hence_the,oBéerved-multiphoton dissociation
has én energy . threshold, . instead éfzypower threshold. It is possible
that for a weakiy bonided moleéular ion with many atoms, the quasi-
continﬁum begins at very low vibrational'enérgy.“ In addition,bsﬁch:
ionsvprepargd byvchemical reactions might be vibrétionally excited, so
that hot-band absorptions could be significant.

:Ihere‘have been a number of reports devoted to the frequency
dependence of the multiphoton absorptién and, dissociation process.
Letokhov ef:a1.28f46-have’done extensive work .on measuring the frequency
dependences of the average excitation energy and -the dissociation yield.

They found that although at low laser power, absorption followed closely

the linear absorptién spectrum, it was not so at high fluences. :The P,
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Q, R branch structure in the spectrum quickly disappeared as the power
was increased, and the peak of the absorption spectrum progréSSively'
moved to the low frequency side. The same results were found'by'.
Deutsch48 and Ham.54 Similar conclusions were also reached for the
dissociation yield by measuring the visible luminescence from the
dissociation product.

The red shift of "the absorptibn spectrum with incfeaéing aBsofbed
energy is expected because of the anharmonicity of the vibrational

~transitions. Less energetic.photons aré needed for excitation of more
highly vibrationally excited molecules, This fact was demonstrated in’
the shock tube experiment by Nowak and Lyman86 who measured the absorp-
tion cross section of SF6 at variOus‘temperatures, Schulz et al.27 who
measured the MPD yield spectrum at various vibrational temperatures and
Fuss et al.30 who measured the MPD yield spectrum after initial
excitation by a CO2 laser.

(B) EXCITATION IN THE QUASI-CONTINUUM As discussed by Bloembergen
and Yablonovitch,l the absorption in the quasi-continuum (QC) is energy
fluence dependent rather than power dependent. To demonstrate this
fact, <n> versus J with various pulsewidths should be measured on mole-
cules pre-excited to the QC. Unfortunately, no such experiment has been
performed yet. Instead, experiments have only been carried out at room
temperature with molecules initially distributed in the discrete levels.

.The results show significant differences between laser pulses of different

duration due to the power-~denpendent excitation over the discrete levels.
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One way.of looking at the absorption prooerties of the quasi—continuum'
(QC) is to obtain the change of absorption cross section 0 as a“function
of the laser energy absorbed by the molecule. Thls can be deduced
from the <n> versus J curve through o = d<n>/dJ The same valoe_can
be measured directly hsing two lasethbeams, one acting as a pump and
the other acting as/a weak hrobe. Compaiison of o»at a certain

1nternal energy deposited into the molecule by a laser pulse with a

cross section O measured w1th the same 1nternal energy dep051ted as

th
P . . 56 o

thermal excitation shows an interesting fact: Initially, at low
internal energies, 0 is much smaller than the corresponding Oth'
However, at very'high internal energies near the dissociation thres-
hold, 0 becomes the same as O h’ w1th1n experimental error. This
leads to the conclus1on that the energy distribution among various
modes near the dissociation threshold-is close to random. The same

. ' L = ' 41 .
conclusion has been obtained by Grant et al. = who observed the angular

and velocity distribution of the reaction products (see the next section).

If the molecules are preheated to the QC, 0 measured with laser excita-

56

" tion then agrees qualitatively with o, . This is consistent with the

Zth

‘argument that the absorbed energy is more or less randomized in the QC.

- The time resolved measurement which will be discussed later in the section

shows that this conclusion is justified.

Several experiments have been performed to investigate the spectro-

scopic properties of the absorption in the QC. Nowak and Lyman86 have

measured the absorption spectrum of the ) mode of SF6 with molecules
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heated to various temperatures in a shock. tube., Their results agree
with the béna contdur calculazion e#cept ét fhe Qings‘of the épecﬁfnm.
The shock tube measurements is howéver hampéred by the faét thaththé gés
is not at a‘uniform temperature. Therefore; anélyéis of tﬁé ekﬁerimeﬁfai
data is complicated by.a comﬁlex weighted average over femberaﬁure; |
Ambartzumian et‘él. conducted two¥iéser me;sﬁrements on.fhév
dissociation of SF6:and OsO“.B'.I'_89 Tﬁ;ir.expérimehté wéfe desiéﬁéd tp>
show improvement of the dissoci&fioﬁ‘efficienéy with two’iasefufré—
quenciés. The fifst laser pulse waé someﬁhat weakéf and was used to
excite molecules over the discrete 1evels;‘ The secbnd laser pulse
was a strong dissociating puléé wﬁich dissociates moleculeé éxéiked’to.
the QC by the first laser. Their results were intereéting and.gaVe
some clue to the absorption’chafacteriétics.of the QC. When the second

laser pulse was tuned to the red side of the-v, resonance and held

3
fixed, the dissociation as a function 6f the first laser fréquency
followed roughly the 1inear'abSorption-sbéctrum But shifted sliéhfiy
to the red resulting from éﬁﬁarmonic éhifts of\higher vibrétionéi
transitons. When the first iaser frequéncy was fi%ed aﬁd the sécénd'
was tuned,'they found that the dissociation rose rapidly towards

the fed,86 and fell to a constant:Vaiue on the bluévside of the linear
absorption band. The resulfs wére/interpreted as follows:v When tHe
molecules are in the QC, the absorptibﬁ spéctrum becomes.very broad

and shifts to the red because of vibrational anharmonicity. Some

structure may remain in the spectrum due to hot band abéorption.
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These findings‘werevcorfoborated qualitatively by Schulz et a1.27“
in a mqleculaf beam experiment and by Gower etgal.go However, these’
authofs did not vary the frequency of the second laser to obtain the
absorption spectrum of the QC.

Two comments should be made for the experiments mentioned:above. .
First, since they used dissociation as a probe, the second pulse is
rather strong and fherefore,-the results obtained may not be correlated
too easily with tﬁe absofption properties of thé QC. Weak probe pulses
- should be used to measure thé absorption cross section. This was done
by Fuss et al.30 in a double resonance experiment.” The reéuits-wefe
in qualitative agreement with what is stated above. Howévér; that
experiment.is obscured by the fact that collisionless and collisional
effects are mixed together.:

Secondly,‘all of these experiments were carried out with the
first laser pulse having a -pulsewidth of ~100 nséec and an énergy of ~1
J. With such an exciting laser pulse, thebettleneck"effeqt of the dis-
crete levels is still significant. Even with pumping strong enough to

deposit <n>~8 into the SF, molecules, approximately 50% 6f the molecules’

6

are probably still. trapped in the initial discrete levels.27 ’Tﬁerefore,
the results obtained may not reflect -truthfully the absorption
characteristiés of the QC. To.ovefCOme this difficulty, a-short CO2
laser pulse should Ee used as the first exciting pulse. Possible can-
didates are the picosecond OFID pulses,gl'and 2 nsec mode-locked pulses,

and perhaps simply the truncated CO, laser pulses.

2
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The temporal behavior of MPE in the QC can be measured either
directly using a time—résolved method,-or“indirectly by: measuring the
absorption linewidth.  Reddy et al.10C measured the absorption‘line- -
width of a polyatomic molecule in the QC. They used a tunable dye laser
to probe the absorption spectrum of the fourth, fifth and sixth over-
tones of-the C-H stretching mode of benzené. Théy obtained 'a Lorentzian
linewidth of 100'cm-; from which they .concluded that'the broadening
of the zeroth order local vibrational mode must be due to the vibra- .
tional heat bath with a relaxation time of 1 psec. Further work needs
to be done to substantiate that- claim.

There.a;e,several works intended to-measure the time of energy -
flow between modes. in the QC using time resolved double resonance.
Frankel92 found the "collisionless" energy transfer rate to be 3 nsec
torr—l! That experiment. was, however, collisional in nature and the
result is erroneous. Taylor et al.,93,using mode-locked C02 laser
pulses, found a rapid recovery of the absorption of the probe pulse -
which they could not resolve. Deutsch et al.ga-measured a "collision~-
less" intramolecular relaxation time of 3 usec. That experiment is -
 again doubtfﬁl because the molecules were pumped to about three CO2

photons of energy which.was'clearly‘not in the QC. Those authors
probably measured a collisional .relaxation time.or some coherence
dephasing,timg of the discrete states.; .

Kwok and Yablonovitchssjmeasﬁfed the time evolution of energy

residing in the v, mode of SF6.using-3Orpsec~C02_1aser5pulses; -The

3
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intramolecular energy relaxation time was put within thé i{mits of
i_psec and 30vpsec.' Moreover'they fbund a coliisionél felaxation

time of 13 nsec~torr whi¢h was smaller than any gés—kineﬁic

time previously measured. In thatzexperiMent, a sim?le picésecéna
pulse was split into évpump pulse and a probe pulse: Tﬁe pumﬁvpulsé'fm
depbsited energy intovthe moleculevand the resulting chahge in.the’
absorption was monitoredvbyltheAprobe. The magnitude of the cﬁange

depends on how the depoSited gnergy is diétributed. It would be nice
to extend this measureﬁent to'two different laser freﬁuégcies s0 that
the entire QC absorption spectrum could be mgasured~as.a function‘of
time. This type of measurement is presently Being carried out by

the Harvard group.

(C) THE UNIMOLECULAR DISSOCIATION OF EXCITED MOLECULES Since

the first observations of visible luminescence from the dissociation

products of CO, laser-irradiated gases,  ’ a rich variety of unimolg—

2
cular decomposition and isomerization reactions have been reported.

Claims of "non-thermal" and '"non-Boltzmann'" reactions in gas cell

23,95 have been interpfeted

experiments are common. Several expérimeﬁts
to suggest.that the primary reaction occurs thle the excitation enérgy
still resides in the vibrational mode into whicb it was absorbed.

Other éxperiments, in barticularxtﬁe molecular beam work of the Berkeley

33-35,41

group have shown that the collisionless unimolecular dissocia-

tion process is well described by a statistical model (i.e., one which
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assumes rapid redistribution of vibrational energy among all_modes of
the molecule). No convincing evidence for mode—selective dissociation
of molecules exists yet, and the main features of all available experi-
mental data are not inconsistent with the energy randomization hypo—
thesis of statistical unimolecular reaction rate theory.

We will first discuss some results of experiments performed under
collisionless or near%collisionless conditions. To begin with,‘some
comments should be made concerning the observation of collisionless
luminescence from the dissociation products of various molecules.
Isenor et.al.16 distinguished between a fast luminescence produced by

the dissociation of Si'F4 into electronically excited fragments during

an intense CO2 laser pulse and a pressure-dependent luminescence

associated with collision—induced emission. Similar results were

obtained by Letokhov and coworkers on many other molecules.18 20 46
From phy51ca1 arguments and‘from the experimental results accumulated
so far, collisionless unimolecular dissoc1at10n.1s not likely to pro-
duce a substantial amount of fragments in excited electronic states.
Thus, it is probable.that the production of electronically excited
fragments constitutes only a minor.dissociation channel in most, if
not all, cases.

Campbell et al.65 have used laser induced fluorescence (LIF) to

measure the amount of ground state NH, radical produced in 0.05 torr

2

NH,, at CO

3 2 laser 1nten51t1es of lO GW/cmz. The peak fluorescence

intensity was observed to have a delay of ~700 ns relative to the CO2

laser pulse due to the lifetime (radiative and collisional) of the



-25~

excited state of NHZ' Given the time resolution and pressure used 1in

2 cannot be ruied‘out,

although it appears that at least some of the NH2 X( Bl) is produced

the experiment, collisional formation of NH

by collisionless dissociation of NH3.“ At pressures above 2.torf,
fast—fising'and decaying lumineéceﬁée‘was.observed'ébove‘the backgfouﬁd.
Campbell. et a1.65'wefe able:to éstimate that the ratio of pobuiatioh:
of NH2 in the_i(zgl) gréund state to the (2Al) éxcited stateni; én the
order_df'106 for dissoéiaﬁion 6f NH3 at 1 torr. Whilé’tﬁis'is a crude
estimate, it is clear that NH2 is formed bredomiﬁantiy‘in ifs éround
electronic state. In addition, Stephensoﬁ and King37 ha&é determihed

2772

that the ratio of A to X state of CF2 produced in the MPD 6f CF
and CF,Br, is less than.10—7. Neveftheless,'the producfibn of small

Cl
qunatities of electronically excited fragments has been useful“
experimentally, due to the exérémé sensifi&ity of‘methods of détéé£ioﬁ
of viSible Juminescence and the bgserved bropoftidhality Setweep |
lumiﬁeécente intensity and dissociation yield ini some caséé.

Fragments from MPD of a large numbér'of systéms has béen
idéntifiedbylnaSs spectromeﬁric detection.unaer the rigorouéiy éoili—

sionless condition 6f a moleculér beam-.33’60

B& measuring the angularA
and velocity distributions of fhe'pfbdﬁcts, inférmation £egarding the
dissociation dynamics is also obﬁained. The Berkéley-gréup has uéed
this techniqﬁe to study MPD of a variety of molecules igcluding'SF6,

N2F4, and a number of halogenated_ﬁethanes, ethanes and ethYlenes. In

all cases dissociation proceeds into the statistically predicted channels.,
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For the molecules listed in Table I the lowest dissociation

channel is a simple-bond ruptur_e_reac:t::‘mn,35"41

Translational energy
. distributions calculated from the RRKM statistical ;hgqry corresponding
to levéls with‘dissociation_1ifefimesiin theul-lO ns rangelsatisfactdrily
reproduce the experimental angulat and velqcity digtributions. The
translational energy distributions peak at zero and only a small
fraction (less than 20-30%) of the excess energy enters_tranélation.
The acfualrlevel of excitation abéve the dissociation threshold depends
on the size of‘the molecule and the magnitude of the dissociation
energy. Fo;,small molecuies like CF3X (X,; Cl1, Br, I), the dissocia—
tion rate increases/fapidly above threshgld and only lévels within a
few kcal/molé of the dissociation eqergy_are.populated by the laser
excitation. Because of its extremely low dissociation threshold

(~21 kcal/mole), N2F4bhas an even 1owe? éyerage excess ene;gyrénd

fragments. Tor

correspondingly less translational energy in the NF2

larger molecules lilke SF6 2

and C_F_Cl, the dissociation rate increases
much more slowly above threshold and a broad range of levels populated by
the laser excitation contributes to the observed dissociation yield. For

SF6 -> SF5 + F, the excess energy corresponds to 7-11 co laser photons'.27

2

Of the average excess energy of ~25 kcal/mole only ~3 kcal/mole enters

5

excited in the quasi-continuum. The excited SF

translation, leaving the SF,. radical fragment highly vibrationally

5 can readily ahsorb

more photon energy via stepwise resonant excitation. With energy

fluences above 10 J/cm2 the_SF5 is observed to undergo a secondary
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dissociation to SF4 + F ﬁithin the 50 ns laser pulse duratién. Secohd;
ary dissociation of CFCl2 produced in MPD of CFCl3 is also observed
(the CFCl2 fragment has ~5 kcél/mole internal energy following the -
primary dissociation).

In the case of the four molecules listed in Table 2, the lowest-
dissociatioq channel is either three—éenter or four-center elimination '

of HCl.34 In all cases the product translational energy distribution’

has its peak at a finite energy due to-the presence of back-reaction’ -
barriers for these systems. .The-presence of such barriers, which are
typical of many three-center and four—center eliminations, implies that
there is considerable interaction between the fragments even after the
-ertical configuration is passed. Thé partitioning of tﬁe'potential
energy of the exit barrier between the vibrational, rotational, and
translational degrees of freedom of the fragments cannot be predicted
withdut further modeling of the potential energy sgrface along the
exit channélr For molecules like CH3CC13 and CHFZCl éxcited to levels
with dissociation ;ifetimes around 10 ns, RRKM theory prediqts product
translational energies of the order of 2-4 kcal/mole. Experimentally
the average translational energy. for these systems is 8-12 kcal/mole.
Evidently an appreciable fréction of the exit-~channel potential energy
barrier is converted into translational energy of the fragments.
Stephensoﬁ ana Kiﬁg37 used laser induced'fluorescence to

determine both the internal and translational energy distributions

of the CF2 fragment from MPD of CHFZCl. They used energy densities
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of 1.5-6 J/cm2 and pressures of 0.5-100 m torr. Three nanosecond

long pulses from a frequency-doubled N -pumped dye laser were used *

2
‘to excite specific K-CF2 (v',J',K') « X CFZ'(V;J,K) transitions. . Since
the UV probé often excited more than one v' state, the fluorescence |
was dispersed in order to monitor .single vibronic levels. They found
that the vibrational energy distribution in»CFz-COUId be chéractérizéd'”u
by a vibrational temperature of 1160-K and that the rotationél‘eneréy‘f
content was compatible with a temperature 6f'about 2000 K. By mea-
suring the rate of depletion of the CF2 concentration in the radiation
zone and assuming a Boltzmann velocity distribution.for fragments,

they calculated the average_kinetic,energy of 'CF2 from CHF2C1~to be

6.9 kcal/mole, making the total average translational energy of both
CF2 and HC1 as_higﬁ as 16.5 kcal/mole. Making a more realistic assump-
tion that the fragment velocity-distributién is sharply peaked due to
the exit channel barrier, their derived'average translational energy
becomes a factor of two smaller, in goqd'agreement'with'the molecular:
beam results. The high translafional‘and'rotatiOnal5ehergy of‘CF2
indicates that in the region of the exit barrier a repulsive non-
central force exists between.CF2 and HCl. The comparatively low

vibrational energy in the fragments indicates that the critical con-

figuration of CF

2 and HCl is not greatly distorted from their equili-

brium configurations.
There are numerous other examples of time-resolved spectroscopic

' . . . Lo 3
detection of MPD products in the literature. .Quick and Wittig ?
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measured infrared spontaneous emission from vibrationally excited HF
produced'dn MPD of vinyl fiuoride and othervfluorinated‘ethanes and
ethylenes.'WJrzberg et ai;66 used_LIF to maﬁiéof’pfbdubtioﬁ of'CF:2 o

3 3

dissociation of the primary‘CF

in MPD of CF_Br and CF,I. They argue that the CF,

arises from secondary

3 proudct durlng the laser pulse. This

may be p0531b1e even though CF, is only "born ‘with a few kcal/mole

3

of internal energy, since it absorbs around the same frequency as

CF3Br and CFjI. At the'lvus'time resolution of this experiment;'
collisional production of CFZJcannot‘be ruled out either. Blalkowskl |

67 '
and Gu1llory used LIF to measure the 1n1t1a1 rov1bron1c dlstrlbutlons

of ground electronlc state OH and CH radlcals produced in MPD of CH3OH

Laser intensities in the GW/cm2 range were used LeS1eck1 and Gulllory,l‘0 ,64

used similar techndques toastudy the time evolutlon of CH,'CN and C2

~radicals formed from MPD of acetonltrlle (CH CN) 'In these experiments ’
colllslonal processes were important at pressures as 1ow as O 1 torr.

Interestingly,rlsotoplc substltutlon studles showed that at 0.1 torr‘

C2 is ﬁéiﬁi&‘fofméd via'recominbatdon;ofisinglelcarbon fragments while‘.:
at higher pressures‘appreciahle.amountsof C2 derive from sdngie CH3CN:.“
molecuies; However Campbell et al. 38"63‘have'used LIF to‘detect‘-C2

produced in MPD of several molecules at pressures as 1ow as 10 6.torr:
They have even used optical time—of—flight spectroscopy to‘measure_the

rec011 energy of the C fragment from C CN whlch they 1nterpret as

2 2 3

arising from the colllsionless °equent1a1 e11m1natlon of H H2 and CN

As in the case of lumlnescence from electronically excited fragments; the
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production of C, probably consitutes an extremely minor dissociation

2
channel which is only observable because of the ex;reme_sengitivipynv_d
of the LIF technique.

Wﬁile MPD tends to proqeed through the lowesf-gne;gy ghapnel_or
the channel which is statistiéglly more favorable,‘if a_molecule hagt
two (or more) low—lying diésoéiation channels glése ;n energy, Lhe
molecule may be excitedlon ;verégé above the thresholds of all these
channels. In such cases there wiil_be‘pompetition bgthen the various
channels énd the branchihg rétio will depend to some gxtept on the
1asef intepsity. Such'competitipn is expected to occur within the
framework of statiétical unimolegular réte theg;y. Ihe:éituation is
somewha£ analogous to a pyrolysié experiment whgre at highey tempera-
tures additional dissbciation paghways may open qp_apd branchiqg
ratidé.may ghénge. Suéh ;ompetipion“hgs been observed ip some cases.
Using thevLIF techniqﬁeAas described earlier, K;Qg and Stgphenson?é
estimate ;hat for CF,Cl, about 15%§of the molecules which dissqciateA

2772

yield C1, and 85% yield Cl. Using a differentially pumped beam sampl-

2 .
ing mass spectrometer and energy fluences of 10-140 J/cmz, Hudgens97
measured the pranching ratio of Cl versus Cl2 eliminat?onvfrom CEZQ}Z
to be greater than 33:1. In the.molecqlar beam gxperimegts of:Sudbé
et al.,35 energy fluence%_of 5-10 J/cx_tjx2 were gsea and again the atomic
elimination channels were fouﬁd.to be ;he majo? ghaﬁnels for Eotb
CF2C12 and CFzBrz. The imp}icatiqn:of ;ﬁe expe?imeptsais that the

atomic elimination becomes more important relative to the three-center

molecular elimination as the energy fluence is increased.



-31-
The above results reflect'thévdifquencésﬁi;jthe critical con-
figurations correspoﬁding to theldifferent aigé;éiation pathways. 1In
Cl elimination from’Ccmlz,'thetcritical”donfiguratidn'éhonld'bé:
characterized by a rather large critical bongrextéﬁsibn"éloﬁg'the”
reaction cobrdinates and by substantially lower vibrational frequencies -
compared :to the molecule (a "10bse”'éomp1ex)i--The‘thréé;éenter élimina=—
tién»of 612, ofi the ‘other hand, should be modeled‘byfa:"tight" compleéx
with relatively high-vibratiénal frequencies in the critical configura-
tion. As'a result, the rate of the atomic elimination should grow
faster with excitation ‘energy fﬁanftheirate of three-cenhter elimination,
which is what is ‘observed experimentally for“CFZClé.”
‘We will now consider briefly a few examples of MPD studied in
gas cells at relatively high préséures.(z 1 tort). Dever and Grunwald?3
irradiated?CF3C1 and CFCl3'a§'pufé‘gésés‘hf'60‘£orr and in the présence

of 0-60 tort of H2: Energy dénsitiéé bétweehJ0.l and 0.4 J/émzv&ere

£ .

used.  On the basis of the reaction products they concluded that the

primary processes are CF3C1‘4 CFé +'cli dndﬂtFC13'+ CFC1 +1C1é. Hdwevér,

the results of'Hddgéh397 and Su&b¢ et a1;35 clearly demonstrate that

3

CFCl2 + Cl1 rathér than CFC1 + Clé; 'Tﬁié iiluStfates'thevdanéer of

undér'éoliisiohless'éohditionélCfCi primarily dissociates into
drawing?conclusibné”ébbﬁt tﬁé”ﬁriméryfcollisibnlesé dissociation
process from bulk gas éélljeipéfiﬁénts.‘“

Dever and Grunwald 3 interpreted their data on the basis of an
Arrhenius-type ‘deépendence of the conversion per laser flash (CPF) on

absorbed energy (E ).

abs
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E
: : ct . : abs . :
1In(CPF) = - 1lnA - ———o-_ =" RT ., ,
(Eabs/n) | n vib
where n is the number of vibrational modes over‘which‘the absorbed

energy 1is distributed and;Tv is the vibrational temperature of these -.

ib
modes. In this way they obtain values of n close to one, which they
interpret as evidence that the primary reaction occurs while: most .of

. . . . . . 95
the vibrational energy resides in one vibrational mode. Preses et al.
used similar arguments to claim mode-selective decomposition of
octafluorocyclobutane. . Of many possible objections to such an analysis,

. . . . 50,89
the most obvious is the mounting evidence™ "’

that at moderate laser
intensities only a small fraction of the molecules are coupled into

the quasi—coptinuum where they can rapidly absorb energy and dissociate.
The average energy absorbed per molecule, calculated.assuming all
molecules absorb equally,’may grossly updergétima;e'tha average .

energy absdrbed by the mqleculeslwhich %re_actually coupled into’

the qua§i—continuum (which’are tthones that count). . If this latter
quantity could be determined experimentally and used .in the Arrhenius-
type expression? much larggr valugg_of niwoqld be obtained.

Rosenféld et al.98 studied_MPD of ethyl vinyl ether at pressures
between 5 and 440 torr where the rgaction is mainly collisiopal in
nature. Froﬁ the produc; yield branching ratio-and‘known Arrhenius
parameters they deduce an apparent "temperéture"Aof ~1600 K agsuming-
the applicability of{RRKM theory. Brenner?g also studied MPD of

ethyl vinyl ether and found a different branching ratio when the laser
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pulses of different durations (0.2 and 2 us), but constant energy
fluence; werebused. ‘"He suggests thét the dynamics_of multiphoton
absorption may :be differentiinxthe:two caseéJ*”Although“the’ébsorpi;
tion:in the quasi%éontinuum seems to’'depend only -on enérgy-fiuéﬁCe,""
the level of excitation above-the dissociation threshold does depend”
on laser intenéiﬁy,;and,this may expléin.the observed changes in
branching ratio. -

Gas cell experiments involving focused beam geométries étéh
particularly suscepﬁibleutO“misinterpretationf»*CblﬁsSi‘et 81;100
measured the ratio r = [HC1]/[DC1} in MPD of CH;DCH,Cl and found
it to be;independent of:ﬁulse energy (which is proportional to’
intensity. for constant pulse-length). - This contrasts with the cases’
discussed. earlier whereTit'was shown that the excitation léVéI and
‘branching ratio may depend strqngly'onﬁlaserzintensity. ‘The
reason no change in branching :ratio® is observed in'thé'experiménts
of Colussi et al. is probably-as:.follows. By attenuating the laser
beam in a focused geometry the net effect is to cut down the-sampliﬁg
volume (due to the energy fluence requirement for dissociation),
without changing the range of intensities seen by the molecules.iﬁ
the gas cell. Molecules in different parts of the converging laser
beam see different intensities and dissociate ffom different levels,.
~ but the average gxcitatibp level and. branching ratio”should be (anﬂ

are) constant, independent of' the pulse energy.
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In all gas cell experiments, it is necessary to distinguish”

] 1))

between the '"collisionless" laser-induced reaction and-reaction result-
ing from thermalization of the absorbed energy by intermolecular V-V
101 . .
and V»T,R processes. Danen et.al.  ~ .studied the laser-induced
dissociation of ethyl acetate to acetic acid and ethylene. '  To evaluate
thermal effects, they used a 1:3 mixture of isopropylbromide: - ethyl
acetate and monitored HBr elimination from isopropyl bromide. Since
both reactions have similar activation energies, the ratio of the
thermal rate constants is nearly temperature-independent. By c¢om-
paring the observed product ratio to the thermal walue,  the extent
of the non-equilibrium laser-induced-reaction was determined as a
function of reactant pressure and laser energy fluence. ' Similar
i . _ , .. 102
experiments on CH3CF3 have been reported by Richardson and Setser.

Such "internal standards'" should prove very useful in other’gas cell

experiments.

THEORY

In this section we will try to present some of the various theore-
ticai approaches used to'understand MPE and MPD. We will consider
the problem of a single polyatomic molecule interacting with the strong

infrared field of a laser beam. Additional complications arise when
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nollisiqns_bgtwegn molecules cannot be neglecned, as in most of tng
commonly'nepformed gas cell experiments. We will only p;ief1y ment§Qn
the mpst»impoftant modificagiqns in the theqry neceséary:tobacnount fq;
the co;linional effgcts{‘ | |

Considenvn molécule cnnsisﬁinghnfyﬁour,o: more atoms, irradiated
" by a 1aser field near resonance wiph nne o? more of the'vibrationa;.x
modes of theumo¥ecule. When theifieldiis §ufficient1y intense, tenn,
of photons:may be absorbedvby the molecule. This may;éventually lead
to dissociation of the molecule. ln formulating a_theory for. the
brocess, one is faced with:a seemingly insurmquntable difficulty,
namely, the vast number of states needed:to be included in a_qnantum

mechanical treatment of the process. Classical approximations have

4a,103-105

been used in a few studies in ‘an attempt to illuminate
aspects nf tneAp;ocess, but they havelso far made rather limited con-
tnibutions to thg understanding of MPE. Numerical integration of the
equationslof motion for realistic models_(i;e., systems with more. .
than three atoms) is formidably time consuming. It is also unclear
howvgopd a_classinal_approximation;cgn_be fgr a system in which the
zero point vibrgtional energy is an appfgciable fraction of'the‘total
energy.. - |

Two distinctly different approaches for building simplified quantum
mechanical models of a-molecule-have been used. In the first approach,

attention is focused on.the vibrational mode pumped by the laser field

such that only energy levels attached to this mode are treated dis-
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cretely. Hopefully, the ﬁumber of states thus singled out is manage-
able, énd/as much as possibie available ébectroscopic information can
be built into this simplified.level diégram: The remaiﬁihg Qibratiohél
modes of the molecﬁle, coupled to the pumpéd mode by anharﬁbhiéitiés
and Coriolis interactions, are considered to provide a heaf bath for
this mode. 1In this picture, the radiation first déposité'energy'into
one particular mode, ahd then energy 1eaks”gfadually from fh&s mode
into the heat bath formed by the other modeé. The batﬁ'héats'up,
increasing the total energy in the molecule. ' The interaction bétweeﬁ
the pumped mode and the bath thén increasés;>leading to A red shiff
and a smearing out of the absorption spectrum of the pﬁmpéd modéﬂ

The other approach'tredts‘all'viBratiénal modes on equai f60£iﬁé;
and deals with transitions between true molecular eigenstates, iﬂaﬁcéd
by the laser field. The concépt‘ofliﬁtramolécglér eﬁefgy:t}anéfei.
does not apply here; the eigenstates are tbﬂvafious'eXténts'hixtures
of the normal modes. For low excitéfion, the number of states involved
is manageable. The transition frequenéies and matrix élémehté'can in
principle be obtained from'spectrdséopic:da;é; and a fuliy quanthm
mechanical treatment of the laser excitation, though cumbersome, is

possible.26’28

At higher excitation energies, thé density of vibra-
tional states may become so high that one speéks of a quasi-continuum.
Once the molecules are excited to the quasi-continuum, they can easily
absorb more photons through'réspﬁant incoherent transtions between

levels. As we shall see, this can be described by a simple set of

rate equations for the level populations:
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For a molecule excited to a level around or above its dissociation
energy, a theory has been well developed for “the description of disso-
ciation kinetics. - 'This is the well-known RRKM theory of unimolecular

42‘43'which can be ‘directly applied to the collisionless multi-

reaction)
photon dissociation of molecules.’ Thentheofy asghmes;é'complete.;
randomization 6f vibrational energy within experimentally resolvable
ene;gy-iﬁtéfvals in the excited métecule. Only on a picosecoﬁd or
shorter time scale is this a dubious aééumptfon. “The'typiCai timéh

- scale for most MPE experiments is around tens of nanoseconds. The
RRKM -theory yields dissociation rates from éiQenvénefgy levels, and
can tﬁerefore be easily incorporated into thénrafe‘éqﬁations. In the
heat bath picture, however, inéofﬁbrafion”of the RRKM theory irito the
calculation is more cumbersome, and has not been attémpfed so far.

The rate équations can, of course, be written down from tﬂé
phenomenolégiCalfpoint”of view. ' They ¢an, however, be justified in
'tﬂé’mictoséoﬁicAderivation'providéd:thaf certain ébﬁroximatioﬁs are
satisfied. Complexity of the eigénéfateé'in§olVed.in tﬁé'transifibﬁs;
forbids*a'first principle caldhlation pﬁ'fhé.ﬁﬁysiealvﬁarémefers in
the rate equations. Hopefﬁlly; these paramefers'cén'sé déduced-from
some experimental results and théh the set 0f>r5£é equationé would |
-properly describe the M?E'éndePDyprodésé;

Before we procéed’ to review some'of'the“workbundetlyigg thé?bfé—
sently acceptéd‘pibturéiof MPE, let us first meﬁtibﬁ oﬁé ﬁodé1Awhich

is attractive for its simplidity,“ﬁﬁt is définitéiy over-simplified.
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This is the anharmonic oscillator model; degeneraceloﬁ—%07 or non- - .

103,108 The model neglects the rotational structure of.

degenerate.
the molecule even for the lowgst levels, and;ignores the, presence -of- |
other vibrational modes at high levels of excitation. It may have
looked like a way to explain the_very high leyels.qf excitation .(more ;
than twice the digsociatipn fhreshg{d) erroneously reported .for SFG'qu,
If it were true, very qonstatisticalﬁbehavior of the dissociation pro-
cess would be pfedicted, making églective bond breaking in molecules
possilbe throqgﬁ MPE. . Although this also has been erroneously reported
to occu_r,.23 i; is well establishe@ that in all cases studied so, fat,
the diSsociatipn is bgst.described by standard statistical theories of
ﬁnimolecular!fgac?ions.

The idealofla qusi—gqgtipupm to,explain the high level of .

excitation was used already in the‘early work of Isenor et al.16 . The

idea has later been extensively developed by.many authors7b’c’24’25’28’109_113

to explain phenomenologically the overall features of the excitation .

process. A rate equation approach with a few adjustable parameters.

27,31,32

determined from experiments, can descgibe_fairly well the .
dependence of dissociation yigld and average energy absorbed on.
the laser energy fluence. Such an approach_hg_been justified. by
Bloembefgen and nglonovit;h,l and:morevyigorpusly deducgd from
the Schrgdinger equation of_thelprocegs by quck,_ll4 and Schek and

1 .
Jortner. 135 The reduction of the Schrqdinger'equapion;to the rate

equation is an old problem in statistical mechanics. However,
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the coherent part of the initial excitation over the discreté levels

is ﬁegiééted‘in this approach.- Quackll'4 ha;'discﬁssed_héw tﬁe discrete
levels in princiﬁlé'can'ﬁé taken iﬁtbf%écoﬁn%, ;nd'hés aiéé sﬁown ByuA
numerical egamplés that nbtia Véfy lérge nuﬁber-of.léveis is needed

in thélldwer'end?of thefAﬁasi-continuﬁm fo£ thé rate:éqﬁatioﬁs"toage

" from the discrete

a perfectly adequate aéséription of the "1eékage
states into the quasi~con£inuum.

Iﬁitially in the‘histor§ of'MfE; it'wéé ébﬁewﬂat of a puizlé how
a molecule could be excifedﬁto'the §uééi;continuum by a modérately
intensévlaser‘beam as was observed. Tﬁe énhaémonicity~of a vibra-
tioﬁal mdde fofbidé successive resénantffraﬁsitioﬁs ieédiﬁé all the

7C’28’1124that when

way to the quasi-continuum. It was then shown

the rotational substructure of the rovibrational levels was taken

into account, resonance enhancement from intermediate levels can

make coherent three- and four-photon transitions possible. For a

whilé, anharmonic éplitting of the'degéneréte modes was also believed
o o v R ' 106,107

to be important in bringing the stepwise transitions near resonance,

but both the observation of MPE in a number of molecules excited via

nondegenerate.modés;.and the more recent detailed calculations on

F626,29,116-

important feature. Initially, it was believed that the rotational

S sHowIthaf'the'fotational substructure is the only really
compensation of anharmonic levels shifts could only occur for a limited

number of ‘the rotational states of the ground vibrational level. This

N
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is difficult to reconcile with the observation of close to 100% disso-
ciation in sufficiently intense laser fields. However, Knyazev et

al.ll7

haﬁe pointéd out that rotation-vibration interactions introduces
level splittings which will allow the cqmpeﬁsation Fo ogcur'for‘more_
rotational statéé.v Most of the transitions involved are wgak, and only
important at higﬁilaser infengities. Thus, at low laser in;ensities,
only’a small fraction of the population in the rotational states of
the gfound vibrationél ﬁanifold can Se excited iﬁto the quasi-continuum.
As the 1éser intensity is inéreased, the weak transitions, together
with power broadéniﬁg of the strong trans%tions, allow more rotational
states and thus a iarger fraction of phe moleculgs to be excited. This‘
bottleneck effect at low laséf intensities can also be strongly affegted:
by collisions, sincé it can be par;ly offsgt by rapid intermolecular
rotational energy transfer dur;ng’interaction Qith the IR laser pulse.
The mathematical treapmenL of a multilevel quantum system inter-

acting coherently with a strong electromagnetic field has received

the continous éttention'of theorists ever since the birth of quantum
mechanics, and a variety of techniqugs fox treating:the problem have
been developed. Today, with the availability of high-speed computers
and pqwerful numerical methods in linear algebra, the most commonly

used method26’29

is to reduce the time dependent’Scheringer equation
to an eigenvalue problem by a "rotating wave approximation'. Provided
the number of levels is manageable, and the level properties are known,

a numerical treatment is then straightforward. More general methods,

based on the quasi-energy concept (for reviews, see Zeldovich118



-41-

or Sambellg) or the "dressed atom" piéture3a all lead to the same

eigenvalue problém in the lowest order.. Forloptical freqpencies,_this
is usﬁaily.an excellent apéroximation. HThﬁs,vit is possiblg ;hat one
can treat aééuratély the initial'coherent excitation in MPE. Thel,'
digfiéﬁltieé érise when thé level complexity:grpws with excitapion
ehefgy, 6r in ghe heat bath piéture; phe intramolepular relaxatibn
becomes important. So far, né éné:has a;temptéd such an all encom-
passing cglcuiatién bn a real systémf |

The éérly“freatment baée& on the heat bath picture used a simpli-
fied level diagram for the IR active mode. Interaction of the pumped
mode with the remaining part of the molecule and the effects of mole- -
cular collisions were taken into account by phenomenological damping
| 108,110,120-122 

terms in the equations of motion. Such equations of

motion caﬁ_Ee derivéd using the density matrix formulationll’-lz3
together witﬁ a few assgﬁptions: The cbupling between the heat bath
and the pumﬁed mode hés fo bé Qeak or raﬁdbm, and there can be no inter-
actidn Bétween tﬁe heat bath and the laser field. The validity of
these assﬁmﬁtioﬁS'ié,'however, disputable under at least some experi-
mental conditions.

Fromvwhat is said above, it should be gvidgpt that_although a

phenomenological approach with rate equations and experimentally

~ determined parameters can be used to describe MPE and MPD qualita-

27,31,32 a rigorous theoretical treat-

tiVely and semi-quantitatively,
ment is still not realized. It seems that by now all the important

building blocks necessary for a theoretical understanding of the
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process are present. Thus, any given exﬁerimentai observation can
probably be teproduced by various mbdéls ﬁsing thevconcepts ;nd ideas
presented above. 1In that sense, the précessbmay be consideréd to bé
reasonably well understood. Howevér, a reduction of this understandingr
into a caiculable set of equatioﬁs.encompéssing/all experimentélly |
relevant aspects of the ﬁrocess is stiil miséing; Maj;r.reasons for
this state of matters are the gréét é&mpléxity of ana tﬁéxiack of

complete information about the quantum mechanical system involved.

APPLICATIONS

Of the possible applications for the MPD process, isotope separa-
) L R . ) L O 124-127
tion has received the most attention. Isotopic enrichment of C,

’100,128—131 ,21,52 C ’132—133fB,124,134,135vos,20,87,96 Mo 136

H S 1

Si,124 and Se137 have been observed with enrichment of 2H as high as

a factor of 1400.130 Many recently published articles and revieﬁs‘give
detailed discussions of isotope sepération and its commerical féés—
ibility.5’8’9’11’13 '

The efficient and inexpensive production of molecular raaicais
by MPD may stimulate further understanding ofvradical reéétiéns. Laser
control of the identity of and eﬁcitation in molecular radicalsvmay be
used to study radical réactions and provide some practicél new synethic
methods. |

Multiphoton excitation of polyatomic molecules can complement

conventional high temperature chemistry of polyatomic molecules.
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The heating of a molecule via MPE is much more rapid (on a ns time
'scele) then udder‘any other eXperimental conditions. Moreover,
selected compohents of e.reectant mixture can be siqgled_out and
heated without wall effect. Primarily internal'vibrational energy,
and little rotational and translational energy is given to the
molecule. These salient features are peCUliar to IR laser induced
chemistry.

Purification of gases by MPD cah be achieved by selectively

dissociating impurities in a patently nonthermal manner.l38’l39A The

1mpur1t1es 1, 2 dlchloroethane (c Ccl ) and carbon tetrachloride

284 .
. . 138
(CC14) were removed from AsCl3 by 1llum1nat10n from a CO2 laser.

The dissoc1at10n products chemically reacted to form final products

.

of C Cl C,H Cl and HCL. These final products can be

C.H

4’ 2 6’ 2727 72 3
more ea31ly separated by phySical methods than the initial 1mpur1t1es
Multiphoton exc1tation is used to eliminate hot wall reactlons 1n _
pyroly31s studies because the excitation can occur far from walls which.
are relatively cold. Ultraviolet laser excitation or ionization of
multiphoton:eXCited molecules may also have a larger number of appli-

.8 8 140 T -
cations. For example, Knyazev et al. have recently achieved higher
isotopic selectivity of carbon-13 with multiphoton infrared excitation
followed by ultraviolet excitation to a dissociative state of CF3I

than has been achieved by infrared excitation alone.126 The myriad

uses of muitiphoton excitation and dissociation of polyatomic mole-

cuies?described-here may hot all be successful due to possible
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complications which arise in the application of ény process. On
the other haﬁd, there may be a large number of applications which

cannot be foreseen at the present time.

CONCLUSIVE REMARKS

As we have seen, the field of MPD has been moving véry raﬁidiy
forward in the past:Sevérai~yeérs.v M;sfvSf the majorvéépegts df thé
process.afé'now Qﬁaiitativély‘uﬁde¥5t00d. However, there a;é étill
a number of very important‘questiéns yet to Ee aﬁswered ﬁofe‘quéntita—
tively. Here we ﬁéntidn only those wﬁi;h'often ébﬁe Qp iﬁ a‘d?séussioﬁ;

First, in the excitétioﬁ pfocess,‘hoﬁ does thelégcitafiothVér thé
discreté’leveiS'iﬁto the Quaéi;cbntiﬁuqm4depéné'on‘tﬁéﬁlgser ffeﬁﬁgncy
and intenéity? This deterﬁines‘éhéifracﬁion éf ﬁolecﬁiesAwhicﬁ éntgr‘k
the quasi~c6ntinuum ;ﬁd‘can tﬁen be fesonantly pumpea by iaser flﬁence
to and beyond the dissociétioﬁ threshold. The transition bé;&éen the
discrete levels and quasi—continuum‘éhduld in reality spread over é
cértain e;ergy region. Whaﬁ the effective width of this transition
regioﬁ ié, and How iﬁ'would affect fﬁe excitétioﬁ into the quasi—
continuum.are also questions wérthaconsidéring.

Sécoﬁd; how does fﬁé in££amoleculafbm§dé—mode coupling affect
the multiphoton excitation in the molecﬁie? This determinés héw fast'

and at what level the excitation energy will be effectively randomized

in several or many vibrational modes, and whether mode-selective
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excitation and dissociation of moelcules are indeed possible.i ln’thls
respect, it will he interesting to know how_the'ahsorption spectrum of
the nolecules chanées and how qulckly the intramolecular interaction

among modes 1ncreases as the molecules are exc1ted to hlgher and higher

levels. A relatxvely 31mple but rather 1ntr1gu1ng questlon should

also be answered How well can a hlgh frequency mode (> 3000 cm )

couple w1th low—fquuency modes (< 1000 cm ), and hence can mode—

selective excitatlon and dissociation be achieved by exciting a high-
frequencﬁ mode9 | | |

Thlrd what does the populatlon distribution look like in the
quasi~continuum when the molecules”arevhighly excited, in particular,
close touorleren heyond the diésoclatlon thresholdé lhis of course

depends on the excitation in the quasi-continuum, but may also depend

strongly on the excitation over the discrete levels. While there

already exist a number of theoretical calculations on this subject,

little experimental information is_presentlyhayailable.
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* :
Table 1. Simple bond rupture reactions .

“Tfanslétional Energy

Best Fit RRKM

Distribution Calculation
“Average excess  Corresponding
Average * energy available 1life time for
: : " energy " for the fragments given excess
Reaction (kcal/mole) (kcal/mole) - energy (s)
CF,Cl > CFy + C1 1.1 4 5 x 107
CF,Br * CF, + Br 1.2 5. 2k 1077
CF,I ~ CFy + I 1.1 Ty 1% 107°
-:CF2C12v+ CF2C1“+'C1”" 2.0 10 5 x 10-9
CF2Br2 -+ CFzBr + Br - 1.6 7 5x 10
CFCl, » CFC12'+ c1 1.2 5 12 x 1077
. ‘ ‘ ' -9
N2F4 > 2NF2 0.4 2 1 x 10
SF, > SF, + F 3.0 25 20 x 1077
-9
C2F5Cl > C2F5 + Ql 4.0 35 60 x 10

*
From references 35 and 41.



*
Table 2. HC1l elimination reactions

Average Average Energy

translational spread barrier

energy (FWHM, in the back
Reaction (kcal/mole) kcal/mole) reaction
CHF2C1 > CF2 + HC1 8 6 6
CHFCl2 -+ CFCl + HC1 ~8 ~6 ?
CH3CF2C1 - CHZCF2 + HC1 12 8 55
CH,CC1l, > CH CCl2 + HC1 8 8 42

37773 2

From reference 34.
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