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ABSTRACT

An experiment, which combines picosecond CC}2 laser
pulses with opto-acoustic technigues, proves that the
collisionless;muitiphoton disscciation SF6 is a
statistical thermodynamic process. The RRKM theory
of unimolecular reactions, familiar to most physical

chemists, provides a guantitative explanation of the

dissociation |effect. The reaction rate is primarily
limited by transitions in the guasicontinuum rather

than by the anharmonicity of the first few discrete

levels.
I. INTRODUCTION

The interest in laser dissociation of molecules
became widespread when it was first shown2 to be
isctopically selective. Figure 1, the early work3’h
of Letokhov and Ambartsumyan, shows that the isotopic
selectivity dis simply due to the mass shift in the

infra-red spectrum of SFG.
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Fig. 1. This is early data by Ambartsumyan et al.,
{(ref.b). The upper part of the graph shows the isctopic
selectivity, while the lower part compares the disso-

ciation yield spectrum with the linear absorption spectrum

L
for the two isotopes 3 8 and 328. Notice the red shift

in the dissociation spectrum.

It was quickly establisheds that the process is
essentially collisionless, involving only the interaction
of an isolatgd molecule with the intense radiation field.
As such, it éresents an interesting and novel physical
problem: How can an isolated molecule absorb the 40 or
more infrared guanta needed for dissociation?

This paper will stress the physics of the multiphoton
dissocciation mechanism. We will find that statisticsal
thermodynamics plays a major role in the effect. The
paper will be divided into four sections:

The first section will describe the guantum levels
of the SF6 moclecule, from the ground state, through the’

uasicontinuum u to dissociation. The changing spectral
s ging sp

properties of each region will be emphasized.
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The second secticn of the paper will escribe

r

meaczurements of rield as a8 function of

laser energy and pulse durstion down to 500 vpiceseconds.

will show why the pul=ze duraticn mcasurements gre

mechanisms.

In the third section of the paper we will show
that & statistical thermodynamic approach 1s appropriate
for the guasicontinuum. Therefore we will introduce
the RRKM thecry of unimclecular reactions.

The fourth section of the paper will describe
direct opto-acoustic measurements ¢f the vibraticnal
temperature induced by ultrashort C02 laser pulses.
These measurements are in good agreement with the
statistical thermodynamic theory of disscciatlion

ield. They ermit a direct eztimate of the fracticn
¥y

3 11

of malecules stuck in the "anharmonicity bottleneck.
The measurements slso show a rapidly TfTalling absorption

cross—-zsecticn as the molecule ascends the guasicentinuum.

IT. QUANTUM LEVEL STRUCTURE OF SF6

A physical understanding has to be based on &
kxnowledge of the energy spectrum of the SF6 molecule.,
As & result of the upsurge of interest in the past
year6 we now have rough idea of the SF6 molecular energy
levels, as shown in Figure 2. The detailed structure
is omitted bvoth for simplicity and alsc because much
of it is not yet known. Nevertheless, the 1mportant
overasll features are present in Fig. 2. In particular
the energy levels are divided into three regions, as
indicated by the large EFEoman numerals.

Region I, the lowest excited states, consists of
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Fig., 2. Thé guantum level structure of the SF6 molecule

(simplified!). The energy levels are divided into three

regions; Reéion I, the discrete levels in which the
interaction is coherent, Region II the guasicontinuum
of levels where incoherent interaction predominates
and Region IIT, the true continuum where dissociation
actually occurs. The guasicontinuum sets in when Eq.
becomes valid. Transitions in region I are primarily
peak power dependent, while those in region Il are

energy fluence dependent.

(1)
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discrete energy levels. It is symhcoclized oy the
lsdder of annarmonic cscillator levels of the v,
sibraticnal mode. GCf course, the other vibrat%gnai
modes are not shown. With dincreasing energy, Lhe

phase space volume of = polyatomic molegule rises
very rapidly, resulting in a high density of guantum

levels. In SFé thi guasicontinuum already sels 1in

o3

at a level of excitaticn corresponding to enly 5 ar

o~ 3 - ~ R A ) ] PR
€ CC_ laser photons {10.6y wavelength). This we will
cail region TI. Finally there i1s the frue continuum

ciaticn energy,

ot
=
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cf energy levels lying beyond

ey

is region [T11.
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W, , about b0 laser photons. T
diss
There is much to be learned by follcwling a Llaser
excited molecule up through Fig. 2, from the ground
state to dissocliatien. Tn regicn I, containing discrete
levels, the molecular evolution is best described in

terms of Bloch equations.9 This 1s the region of

coherent interaction. The rotating-wave approximation

ig appropriate. Anharmonicity of the vibratiocnal ladder
tends to 1limit the seguential absorption of photons.
Thie is cailled the "anharmonicity bottleneck"”. [Resonantly
enhanced multiphotan absorpticné tends to overcome the
"anharmenicity bottleneck.” But the peak absorption

igs then red-shifted a few wave nunmbers from the linear
absorption peak, as shown in Fig. 1. Due to the multi-
photon character6 of the absorpticn 1t is the peak power
of the laser pulse rather than its energy which is
important in driving the molecule through region 1.
Finally, the most important property of region I 1s the
isotopic shift of the discrete levels, which permits the
selectivily. The other isctopic species is not excited

and remains near the bottom of regicon T.
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At a level of excitation corresponding to about
5 laser photons, the density of states rises and the
oscillator strength of the v3 mode becomes spread over
a number of vibrational levels. When the density
of states is large enough and the matrix elements
are small enough, Fermi's Golden Rule takes over as the
correct description of the molecular evolution. From

the conditions of vaiidityg of Fermi's Golden Rule,

region II begins when the density of states is:

{1 v
E% >> —wé£§ s (1)
(HE)

where AE is the energy width of the band into which
the oscillator strength is smeared and uE is the
dipole matrix element from the ground state. Eguation
(1) becomes valid at a level of excitation of 5 or 6
photons, marking the onset of region II.

Fermi's Golden Rule implies that Rate equations
rather than Blcch eguations are appropriate for the
temporal evolution of the molecule in the guasicontinuum.

Therefore incoherent interaction describes region II.

A typical rate eguation is

dNi

35T ° § KiijP - KjiNiP R {(2)
where Ni is 'the probability of occupation of the i-th
staticnary state and Kijp is the ftransition rate between
i and j which is explicitly prorortional to the laser
power P. The important property of Eq. (2) is that the
right hand side is explicitly proportional to the laser

power P which can therefore be divided out. Eguation

{Z2) beccmes:
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—ts

“{harn the peak power, is
the guasicontinuum,

Another impertant property, the oscillator

1¢

strength sum rule, is vaiid for any =state in region II:

Y

~—

-

‘[}G - g ) dw = Constant . (
a e
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The net absorption cross section (Ga —ue) is the
gl fference between the abscrpticon and stimulated
emission cross-sections. We may anticipate that
further smearing of the oscillator strength in the
gquasicontinuum will reduce the net atsorption cross-
section, hindering dissociation.

Finally we come tc region I1II of figure 2. Here
the important gquestion is how much excess energy,

would be regquired to produce dissociation

above W .

diss
in a finite time.
IIi. PICOSECOND MEASUREMENTS OF DISSOCIATIORE YIRLD
A typical measurementll of dissceiation yield is
shown in Fig. 3. The absolute disscciation probability
rises rapidly from a threshold at l.hJoules/cmg. At
a laser fluence of lOJ/cm2 the probability is already

near unity. There are two possible "vottlenecks" which

would tend to limit the dissociation:
{3) Anharmonicity of the first few discrete levele. *

This may prevent excitation of the molecule while it is

in region T.
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Fig. 3. The absclute dissociation yield vs. energy
fluence for lirradiaticn in the v_ band. There is =&
2 .
sharp threshold at J = 1.4 J/cm® followed by a rapid
rise to near unity prebability. Llso shown is the

vielid for irrazdiation in the vp Vg combination

band.
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 Pulse duration dependence of the dissociation yield
is able to discriminate between these two possiblie
rottlenecks. Overcoming the ‘anharmcnicity barrier’

gquite sensitive to the peak power of the laser

n

beam. Multiphoton abzorpticn in regicn I is rather
denendent on the magnitude of the Habi~precession

ut/h. Orn the other hand, cnly the laser

b

_}:’EQ_UQUC){

nergy not the peak ower igs important for transiticns
e Y 3 4 k

in the guasicontinuum, regicn [1I.
o
Harvard's short pulse CQQ laser faciliity 7 was
available for theszse measurements. it generates 500

psec pulses by the optical free induction decay
techniquelu and amplifies fthem up to the 0.15% J level,
For a given energy, these ultrashort pulses have Z0C
times higher pesak power than the typical 100 nsec

TEA CO? laser pulses. Therefore, if mechanism (i) is
at allAimportant, the reduction f pulse duration, for
fixed energy, sheould have a powerful effect on the
dissocciation yleld. Figure L4 shows the experimental
result. While the peak power is changing 2 orders

cf magnitude, the dissociation inecreases conly 30 per
cent!

Therefore mechanism (i) plays only a minor rcle
and it is mechanism (ii), transition in the guasicontinuum,
which acts to limit the dissociation yield. Regicn ITI,

e

of the guantum level structure (Fig. 2), is where the

important rate-limiting physics 1s taking pilace.
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Fig. L. A comparison of the dissocciation yield for

pulses of widely varying duration, but fixed energy.

For a 200-fcld increase in peak power the fraction of

molecules dissociated increased only 30%. This proves

+hat interactions

in the quasicontinuum are more

important than the "anharmonicity bottleneck' in the

discrete levels.
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iv. STATISTICAL DESCRIPTION OF THE QUASI-CONTINUUM

" We have already mentioned that transitions 1in the

quasicontinuum are of an incoherent nature. That is,

clecular evolution is hest described in terms

the m
of kinetic rate eguations (2), rather then the
coherent Blochatype9 eguations. Two conclusions

follew directly from this:

(2) In spectral region II enly the energy fluence
(Jouies/cmg) je important. This was proved earlier
in this paper.

(b) It is known in quantum electronics that an

15

incoherently driven oscillator assumes a "Pilanck"

distribution at a well-defined temperature, This is
shown in Reference 15 or may be proven directly from
the rate equations for an oseillator.

conclusions (a) and (b} follow from the kinetic
rate eguations (2}. They rely on the assumption of
ergodicity, wﬁich is justified if the rate of intra-
mclecular VV relaxation is faster than the rate of
absorption of‘photons. A large body of experimental
enricite':lc.'e:L

shbws that intramolecular VV times are in
the one picos%cend range for polyatomics. Absorption
cross-section measurements, to be described later in

this paper, i@dicate that the rate of photon absorption

is indeed slower than this.

Conclusion (b) is very important. Together with
ergodicity 1t implies that all the osciliators in the
SF¢ molecule have a "Planck" distribution at a well
defined temperature, Therefore statistical thermo-
dynamics may be employed in the description of the
molecular evolution. A statistical approach is well
known to physical chemists and is described, for

example, in the text—boole by Robinson and Holbrook,
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epntitled "Uni-Molecular Reactions."

In the RRKM theory, the accepted statistical
moﬁeilT for molecular dissociaticn, the molecular
energy must exceed the dissociation energy by a
finite amount in order to get reasonable dissociation
rates. Physically, this is because the phase space
of a2 highly excited polyatomic is so huge. The
fraction of phase space which leads directly to
dissociation is relatively small uniess the dissociation

17

energy is significantly exceeded. A typical formula

for the rate of dissociation is:

_ n! (n-m+s=-1)"!
Rate = @ (n"m)z (n+s——l)§ . (5)

Here W is an average vibraticnal frequency, s is
the no. of vibrational degrees of freedom (15 for SF6),
m is the minimum no. of absorbed photons needed for
dissociation and n is the number actually absorbed.
Formula (5) predicts that n must exceed m by 10 to
15 photons in order te produce dissocation during a
typical laser pulse. This is in rough agreement with
the molecular beam measurements of Lee et al.

When formula (5) is averaged over a statistical
distribution of SF6 states, the result for the average
rate of dissociation is:

wd
Average Rate = wexp {~%§9 wexp (= 771, (6)

HH

where <n) is the average number of photons absorbed per

molecule. The temperature of the molecule 1is:
- {mw huw
ep = SR_BU (7)

=3
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Formula (6) is the familiar Arrhenius equation,
which is vaiid for many kinetic processes. .

The theoretical arguments given in this section,
imply that a statistical thermodynamic apprcach 1s
appropriate to describe the multiphoton dissociation
of SF6. An experimental confirmation of this approach
demands a direct measurement of the molecular temperature,
as well as good agreement with the Arrhenius eguation

(6). There measurements are described in the next
section.

V. PICOSECOND, OPTO-ACQUSTIC, TEMPERATURE MEASUREMENT

As discussed in Section III of this paper, ultrashort
CO2 laser pulses are particularly suited for measuring
the gquasicontinuum properties of SF6. The high peak
power of an ultrashort pulse, implies a2 high Rabi
precession frequency, which implies that all molecules
in the rotationai manifeld overcome the anharmonicity
barrier and interact in the gquasicontinuum. Figure 5
shows a simple optoﬂaCOusticlg apparatus used for
measuring thé gquasicontinuum temperature of SF6.

The microphone responds to the pressure rise
induced in the gas. The system must be carefully
calibrated sﬁnce a major portion of the energy is
conducted to the walls without contributing to the

acoustic impulse. A laser power meter determined the

energy deposited per molecule at 5 torr pressure.
Leaving the illumination conditions unchanged, the
pressure was reduced to 0.2 torr and the acoustic signal
was determined for the given energy deposition. {This
technique is similar tc that employed by Letokhovlg
except that the ultrashort pulses obviated the need for

a long optically thick cell]).
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05x 10 “sec 02 torr S Fg
CO, laser — ~
pulse
i’”Tﬂ“_"'}
microphone
Fig. 5. The opto-acoustic experiment for the measure-

ment of the energy deposited per molecule. This directly
determines the vibraticnal temperature to be used in

the Arrhenius Eq. (€&}. The ultra-short CO, laser pulse
ensures that there is no bottlenecking in the discrete

levels.
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Fig. 6. The number of photons per molecule vs. Lhe energy
5
fluence (J/cm™ ). The difference between the two curves

permits am estimate of the fraction, f, of molecules stuck

in the discrete energy levels. The vibrational temperature

as mezsured by the 0.5 nsec pulses, is in good guantitative

agreement with the Arrhenius egq. (£), confirming the sta-

tistical thermocdynamic approach.
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A comparison of the number of photons/molecule
deposited by an ultrashort pulse and a conventional
TEA laser pulse is shown in Figure &. At dissociaticn
threshoid, 1.& J/cmg, the 100 nsec pulse deposits
¢{n'y = 10 photons/molecule while the ultrashort pulse

deposits <= 20 photons/molecule. The difference
petween {n) and {n’} must be attributed to anharmonicity
bottlenecking in the long TEA laser pulse. Therefore
the fraction, ¥, of bottleneck molecules may be

resdily estimated;

{n) - {nY
ro- {ny - 3 ’ (8)

assuming 3 is the average excitaticn of the molecules
whnich remain bottlenecked in the discrete levels. The
fraction, f, which is about 2/3 at the dissociation
threshold, 1.h J/cmg, eventually goes to zero as the
energy fluence rises to 10 J/Cmg.

The number {n) = 20 photons/molecule implies =a

vibrational temperature of the isolated molecule,

T = 1800°K at threshold. This absclute measurement

is in geood guantitative agreement with the Arrhenius
equation (&) estimate, » 2000°K, of the threshold
temperature reguired for disscelation under the
experimental conditiocns. The dissociation yield rises

s

rapidly above threshold {see Fi 2) even for the

]

small observed vibrational temperature ircrease

{see Fig. 6), again consistent with the Arrhnenius
equation. Therefore the statistical theory {FRKM)
provides good quantitative agreement belween measure-
ments of dissociaticn yield and vibraticnal temperature.

The mesasurement of <n>3 +he number of photons

(=

zbhascrbed per moleculs, may 8150 be Interpreted in terms
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is heated.

anicsm.

This is the majcr dissociation limiting mech-
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of the abscrption cross zection, ¢, of the SF,
o)

mnolecule.

$op B (9)

where fiw is the photon energy and J is the energy fluence
in Jouies/cmg. This date is pleotted in Figure 7. OF
perhaps greater interest is the absorption cross section
g' of the excited mcolecule in the guasicontinuum, which

is given by the differential version of formula (9):

[ -}

d
L k3 R (
o 57 (M hw) (10)
Obviously, 0 and ¢' differ only by a factor a,
which is the logarithmic slope of the curve in Figure

6.

Figure T shows that the absorption creoss-section
falls rapidly to less than lOdlg cmg, a3 the molecule
is heated in the gquasicontinuum. This is consistnet
with the oscillator-strength sum rulelo, Fag. (b},
provided that the oscillator strength is smeared ocver
1000 em * . Alternatively, the drop in cross-section
may be due Lo a shift in the absorption spectrum as
the molecule is heated. Cilearly, more work is

. 21 .
needed on the spectral properties in the gquasicontinuumnm

of polyatomic molecules.
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