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1. Introduction,
——retion

In a number of experimental papers [1,2.3] it was established that
mul tiphoton dissociation Processes (MPD)} of g variety of molecules can be
induced by a high-power, pulsed CO2 lager. Tn particular, in SF5 a laser
fluence of » 1 J/cm2 is sufficient for MPD to occur [4] « Experimentally,
the usual approach has been to irradiate a low-pressure 2as medium in a
sample cell with CO2 laser pulses, and analyze the gas, before and aflter
the Irradiation, by infrared absorption and mass spectroscopy. More
recently, a crossed laser and molecular beam method has been developped,
with a direct identification of the dissociation products through a mass-
spectrometer [5] .

In this paper we describe a simple method of detecting and obtaining
useful information on dissociation proceases of polyatomic molecules by
studying VT relaxation processea. In case of strong laser excitation, one
observs non«linear vibrational relaxation effects, i.e., the nature of
relaxation processes depends on the rate of excitation Bﬂ - In particular,
our results indicate that the VT relaxation time shows a dramatic decrease
in cerrespondence of the occurrence of dissociation of highly excited
molecules, Thus, an accurate analysis of the dependence of the VT relaxation
time on laser fluence can signal the onset of dissociation.of the molecules
under investigation.

We apply the above method to SF6 molbcules. and briefly ocutline a
theoretical analyeis providing an expression of the VT relaxation time in

the presence of diesociation.

2. Experimental Apparstus and Technique ,

In our experiments we ugsed the phase-fluctuation optical heterodyne

(PFLOH) technique [ﬂ + which consists of coherently detecting the small

phase change of a single-frequency laser beam, which results when it passes
through a transparent medium whose density and, consequently, refractive
index have been changed by energy absorption.

A full description of our experimental setup is given in ref, Pﬂ .
Here, we shall limit ourselves to say that we used a Mach-Zender interfero-—
meter. A cell containing the gas sample under investigation was placed in one
arm of the interferometer, which was illuminated with a single-frequency He-Ne
laser { Coherent, mod. 2000). The excitation laser was either a Cw 002 laser
{Apollo Inc., mod. 560), used in Q-switch mode, or a TEA 002 lager {Lumonics,
mod. K-203), s0 as to have a broad range of input energies (0.001 - 2.6 J/cmz).
The gas cell was enclosed by two Brewster Zn-Se windows, transparent to both
vigible and 10.6 um™ radiation. Both CO2 and He-Ne laser beams overlapped in the
sample zone: the CO2 beam inducing the refractive index change, and the He-Ne
laser beam probing it. A photodiode detected the heterodyned beams.

A more thouroughdiscussion of the PFLOH technique and of a number of
conditions which have to be satisfied in order to apply it, is also given
in ref. [8] - We limit ourselves to note that in the interferometric methed,
which shows a very high senaitivity and allows one to carry out measurements
on a large range of experimental parameters (gas pressure and temperature,
exciting laser energy, etc.), the measured qQuantity is thephase change difference

A+{t) between the laser beams in the two arms of the interferometar:

A - anlyy Vn - 1T/ ) . (1)

where Q is the cell length, A the He-Ne wavelength, A T the temperature
variation, T and no the initial gas temperature and refractive index at
o H

T = T&, respectively.

3. Experimental Results

By using the apparatus described above, we carried out a set of experi-

ments on VT relaxation times in pure SF6 and SFs—Ar mixtures.
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In the SF6 molecule the absorption of IR laser photons takes
place through the triply degenerate 03=965 (:m_1 vibrational mode, while the
VT relaxation process is characterized by a single relaxation time of the 06
mode, which has the lowest quantum energy (363 cm-l). This is true at very
low excitation energy, and, in this casze, for the relaxation time one has,
approximately, Z;T= 110/p (rs/torr], where p is the gas pressure.

Figure 1{a} shows an oascillogram of A*(t) for 0.5 torr of pure SF6 in
the case of low excitation energy (“60 mJ/cmz). The relative relaxation
time (120’49 + 20 Ps) is fairly constant, thus confirming a single-mode (ﬂ‘]
relaxation model for SFB'

On the contrary, at higher excitation energies the relaxation time be-
gins to exhibit a nonlinear behaviuor: it shows a strong time dependence and
, moreover, it is a function of the optical excitation energy or of the cor-
responding initial (just after laser irradiation) vibrational temperature of
the molecules (Tv). A typical example is given in fig.1(b), where the os-
cillogram of f¢(t) is reported for the same conditions of case (a}, but for
an energy fluence of 2J/cm2. In this case the relaxation process is not
characterized by a single relaxation time, and one can define an effective
relaxation time I;ff' i.e., the time in which the initial deviation of the
gas temperature from the equilibrium value changes by a factor 1/e. In fig.
1{b) I‘e”’—' 40 pe :‘ S pe-

Finally, in fig.2 the effective vélue Eff of the VT relaxation time
is reported as a function of the initial vibrational temperature of the SF6
molecules {p=0.5 torr). The corresponding laser fluence values (F)}, relati-
ve to actual measurements, are alego reported. The points of fig.2 are only
a fraction of a large number of measurements, carried out at different pres-
sures and laser fluences, but all showing the same trend: the relaxation ti-

me is a strongly decreasing function of the excitation energy.

The anharmonicity of individual wmodes, and gas heating {Landau-Teller

effect) can cause non-linearities in the thermalization of excited molecular
gases, as already known [6] + Qur experimental results confirm the above
theoretical findings, and, moreover, show a new, very interesting feature,
never seen before: a further dramatic decrease in the relaxation time at ve-
ry high excitation energies ( 0.5 J/cmzl, as seen from the curve of fig.2.
We relate this behaviour to the onset of an efficient dissociation process
of the highly vibraticnally excited SFS molecules.

Our experimental results are in good agreement with the results ocbtai-
hed in the following section, where a theoretical analysis of the dependence
of the VT relaxation time on dissociation processes is briefly discussed.
Moreover, they are also in good agreement with the calculations reported by
Panchenko in a recent theoretical work [9], where he showed that also a par-
tial dissociation of the vibrationally excited molecules causes a non-linear
behaviour of VT energy exchange, with a consequent decrease of the relaxa-

tion time as a function of the initial vibrational temperature.

4. Theoretical analysis and conclusions.

In this section we give a brief outline of our analysia of VT relaxa-
tion times in the presence of dimsociation processes induced by VV exchange
between highly vibrationally excited molecules, postponing a more detailed
discussion to a forthcoming paper [1cﬂ.

We analyze a system of anharmonic oscillators vibrationally excited by
intense laser radiation (10.6 Fm! almost resonant with the first vibrational
level of the IR active mode of the molecules (93 for SFB). In order to take
into account dissociation processes, the osclllator energy is truncated to

th
the m level, i.e., we assume xm = 0, where xn is the vibrational distri—

+1
th
bution function of the n~ level; m=35 for Sl-"6 [11]. Thus, a fraction eof
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the moleculés will spend its energy for dissociating.
Since the VV and VT relaxation processes are temporally well separa-

ted (I:IT > T\a‘v)' for the average number of of vibrational quanta per molecule

we can write:

dx = (éf) + (33) ' (2)
at dt vy dt VT
where o= (Z nx )/le ). One can show that [10]
(d«) = -Kd(m -} ' (3)
dt vv
where the dissociation constant Kd is given by
mw m iE
Kd = o;? __H_(mm:*l)_e_';; fim) , fim) = E;ii EKD[ITI + (i - 1)5 -
(B "R " = v
n=oc n=o
(-1 35] . (a)

m=1,m 3] §

In eq.(4) @ """ = (nel) mQ exp ~(24E/kT)(m-n-1) 1is the probability of one
n+l,n 10

quantum vibrational exchange [12] 1-h9 {in SF }:» k the Boltzmann constant,

S the parameter of molecular anharmonicity [10 12] AB the anharmonic defect,

and T the gas translational temperature. Finally, z= (-§ +{28E/kT) EI/kT 1,
v

and w=(S —(20E/kT) » EllkTv).

Moreover, one has [10_] : 2

y oo ™o 1 - expl$ - E /kT )
dt q . vr = Dy .

1 - exp(- Ellk'l‘v)

)= (5)
dt vr A
T

where ogq is the value of & for T=T . Tvr

low excitation defined in section 3 (I"w-—llolp). and L VT the value obtained

is the vT relaxation time at very

taking into account the Landau-Teller effect and the anharmonicity of the in-
dividual modes [12} Thus, defining an effective relaxation time as T

lix - o )f(d'!/dt)'. we can write:

7
A
vr (m-o§
T m—— r = K ——— - (6
Teff (141) x d - %aq ’

In absence of dissociation processes.h =0 and i;ff reduces to the valuye T:T
of eq.5.

Figure 3 shows the theoretical calculation of I’ £ through &q.6, as a
function of the initial vibrational temperature for 0 5 torr of SF . with (
curve a) and without {curve b} dissociation processes taken into account. The
values of i g 8re normalized to E;T (%220 pa for 0.5 torr of SFS)' m=35,5==
0.15, and A E=2°k are the best-fit values used in the theoretical calculation
of fig.3. We have checked the curves of Zfo againgst different sets of the
above molecular parameters, always obtaining the same qualitative behaviour.
For sake of comparison, we have also reported the measured values of 1' of for
0.5 torr of SF (see fig.2).

As easily seen, when dissociation processes are taken into account (cur-
ve a}, the calculated value of I;rr shows a strong decrease at high vibra-
tional temperatures {corresponding to strong laser excitation). No similar
effect is shown In cage b (no dissociation). Thus, the results of our theo-
retical modeykully confirm the effect of dissociation processes on VT relaxa-
tion times, as observed experimentally.

In conclusion, in this Paper we have analysed, both experimentally and
theoretically, the influence of dissociation processes on VT relaxation times
in polyatomic moleculea. 1In particular, we have shown that the beginning of
dissociation processes of the highly vibrationally excited molecules cauges a
strong decrease of the VT relaxation time, well beyond the decrease brought
about by the Landau-Teller mechaniem and the effect of the anharmonicity of
individual vibrational modes. A full description of our theoretical model

ia the subject of a forthcoming paper [10].
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Fig.2

Fig. 3:

FIGURE CAPTIONS.

: Oscillogram of A@(t) for 0.5 torr of SFB with a laser fluence of (A}

2 2
60 mk/cm , and (B) 2 J/cm . The baseline passes through the peak on the

The effective relaxation time T; as a function of the initial mole-

ff
cular vibrational temperature Tv (0.5 torr of SFS). Laser fluence

values (F),corresponding to actual measurements, are also reported.

Theoretical calculation of ized = -
cu I;ff. normalized to Z;T 220 Fa. as a fun

ction of T for 0.5 torr of SF_ with {curve a), and without (curve b)

dissociation (m:35,S={L16, AE=2°K). Full dots represent experimen-

tal values of T __.
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I INTRODU('TION

lmcsugauun uf the mechanisms uflransfurmalion of the oplical excitution energy by mulecules yng
moleculur “omplexes iy unduubledh Une ol the ceng gt problems in the physigs ol resongng mreraction
ol laser ragiagon with manter. Particular, boyp studying v ibragiongi refavation Provesses ang o
Precise know ledge of reluxaton hmes for Molecujyr Systems are ol greay interesy jp laser phulophysn:s
and phmochcmistry.
Avery mieresting aSpect of the research on vibrationa) relavation g lheimesligalion of the decay of
strongly excitey slates Many-phuwn dissaciation of Polyatomic Maolecyles Wis achieved by Using
IR and np tasers.t 1o wases of sych SUFONR exvitation there are non-lineyr vibrationa| relavagon
cffecg . the nature f relananon Provessey My depend on the rate of excitation Furlf:ermurc,

vonsiderabpe iluence on mam phuluph}sicul and phohwhcmicul Processes, Loyp eimple, suep
effects yre parlicularly IMpurtani iy Many-phojon dissociation o mulecyleg m the Presence of

techmgue ¢ MSISEy of coherear), detecting the small phase change of 4 smgle-frequcnc_\ Fiset beam
which regyiyg when gt passes through 4 fransparent medium whoe density ung CUnsequently,
Tefractive iy have beepy changed by MRy absorption, This technique has pueq e suceessfuliy
for stugd yen “'q:\;owavc absorption characteristicg of liquids *~ trave detecjon n the gus phyge
und for sclccslt" i

tn section 2 we describe gy EXperimena) apparatus ang technique. The €xperimenta) fesults are
shown in Section 3 Finally, 1 Section 4, we discuss gy findings.

tal apparapys is shown jp Fig. 1. The Mach - Zehnger
© acoustic nojse, two

WO cubic be
Ge windowy W), with 10.6 1 anti-reflection coating. and 5 Babinet -Soley phase Lompensator ( B.
SC). The excitation lager was either a Cw €O, laser (Apolio Ing. model 560 ugeq in Q-switch mode

and left (he in!eﬁeromem via the two Ge wihdows which, although iransparent 5y 10.6 ym, formed

two of the high-ﬂ:ﬂec:ive visible MITTOrs of the interleromeer. The Mach -Zchnderimerferomeler was
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4. DISCUSSION AND CONCLUSIONS

icity of individusl modes and gas heating can cause non-'li.neamja in the
th:n:ealr:u’:me:;wd molecular gases, as already known'* The anhatmqnm‘ly of molecular
vibrations has the effect that even in the case of diatomic molecu'leg the tluerm'nhz_anonl oflagasasa
result of the VT relaxation is non-exponentisl: the charnctmsl_uc thermalization time depe:'(h
strongly on the encrgy absorbed by the gas.!'" The resulting heating of the gas accelerates the VT
relaxation process in accordance with the Landau-Teller mecharusm
Our experimental results coafirmed the sbove theoretical ﬁpdmp. but ghow.ad a2 new, very
interesting feature never soen before: & further dramatic decrease in lhe_nltulu_m time a'l very high
excilation eoergies { = 16ml/cm’), as can be seen from the curve of Fig. 5. This behaviour can be
related to the beginning of an eficient multiphoton dissociation process of SF, molecules.
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Fig. 1 The oypenmental =iup

illuminated with 4 single-frequenes He Ne laser (Coherent. mudel 200). A vell contuaining the gas
sample under in estigation was placed in vne arm of the imerkeromerer. The cell was enclosed by 1wo
Brewster Zn Se windows, transpareny 10 both sisible and 106 im radiation. Both CO, and He Ne
lieser boums werlapped in e sample sone: the CO), beam mducing the refractive index change. and
the He Ne laser beam probing it. IR deteciors HRD) were used to monitor the CO.. laser intensity.
while a photodiode |PD) detevted the heterody ned beams.

In 1he interferometric methud. which shows a vees lgh sensitivity and allows une 1 carry out
Measurements on a lurge range of cxperimental parameters {gas pressure and temperaiyre, exciling
laser encrgy. vi ), the measured quantity s the phase change difference ¢ betwecn the luser beams in
tire twar arms of the indctferometer Tsee Ref. (1) for 4 full deseription ):

Adltt= 1201 s Wy, — INAT I th

where {is the cell iength, . the He Ne winelength, AT the femperature sasiation. T, the initial gas
lemperature and w, the refractive mdesan T=7,.

By using this method for study ing the temporal ov olution of VT relavation rates. there are a number
ol coaditions 1o be sanisfed which restrict the values of Fand £ ithe gas pressure in the cell) to be used.
Firstly. the ¢l kength and pressure havc 1o b selected so that Measurements of the phase difference
Adp chue 19 the heating of the gas during the relasation ume satidy The condition M << x. I this cuse
the working point is located vn the hinear pirt ol the wterleromigier characieristic and 1he
determination of the inleasity in the ficld of the nterference pattern g5 proportional 1o the change in
the phase difference,

Secondly. the experimental conditions have 10 be selevied <o that the diffusion of heat can be
ignored in the analysis of the experimental duia

1o wd () e 4]

where w, 2 is the beam radius in the cell, &, the therma| diffusion cocflicient. r_ the thermal diffusion
time and 1 the d_:armeriuic VT relaxation time. Equation 12} ensures that #as cooling takes place on

T I Wy, 1, m AR mYT) 2, (1]}

2]
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Ybratunal relavsiion mey / ‘ [[T1]
wlwiy ot sd v eaty b gas =0 e Ris the gas constant and m the molecylar mass.
P ey i ender o lane coreedt experimental results, the condition r, <<t hus to be satistied.

IEhe e s conditeons e satndied 1t can be shown' ™ that the relaxation time can be obtained
TN g il o Gt
Lo it + An = Infyin ] Ar. 14

Ty

Fuh )
|-

In equation (51 #073 and 1, are the instantanecus value and the tolal saration of the heterady ned
vignal from the photodiode tread on the oscilloscope ), respectinety. The quaniity 8w it vonstant which
depends on expenmental conditions and interferometer characteristics.

Finally. 1n order to.avond gas contaminations in the oell. vacuum levels of the rder of 10 "mbwere
oblained before carrying out the cypeniments. by using & difusion pump 1Edw ards. imodel diffstak
100-3001

) =
| +

L EXPERIMENTAL RESULTS

By using the apparatus Jescribed above we carried out u sel ol experiments on ¥ T relasabion times
in pure SF, and SF,. Ar mintures Owr results confirmed the results of Rell 131, and oxtended them e
the high exaitzuion energy regime.

In the SF, molevule G spherical tap the absorption of IR laser photons takes place through the
triply degencrate vy = 905em ' (F 0y ibrational mode. Moreo er, experimental resubs suggest that
the energy of laser radiation absorbed i SF,, is distributed between alf the modes in g time
= | ps-wa' ' " and. subsequently., the VT relaxation process 1s charactenised by asingle mstant of the
mode v (F b which has the lowest quantum cnergy (36 1em ' This 1 true af s cveitation
energies and. in this case. for the relavation time one has t2 = O p (s torry, where poas the SF,
pressure and - means “ut fow excitation energy”.

Figure 2{a) showsan uscdlogram of Agin) for 0.1 1orr of SF,, in a rare gas AT the rmostat (4 lorrk i
the case of 4 very bow excitation energy 150mJ cm?1. The refative relaxaton rate -t 9+ 0psiis
fairly constant, thus confirming a single-mode (v, ) relaxation model for SF,.,

On Lhe contrary. at higher excitation enctgies r begins te show a non-limear behasiour: it shows a
strong lime dependence. This can be seen in Fig. 2tbl. where the osallogram ol Mo s reporied for
the same SF,. Ar mivture of Fig. 2(a), but for an energy fuence of 11 cm”. 3n thes vase the relusanon
process is not characterized by a single relaxation ume. and one can define an cffecin e relasation time
t.1.e the time in wlich the initial devaation of the gas temperature feons the cyuilibrium salue changes
by a factor of 1 e In Fig. 2b) £ > 605

To aid comprehension uf the following results. in Fig. } we correlate the laser cnergy fluence 1J cm*®)
to the energy absorbed by the gas (mJ cm’). and 10 the corresponding averuge number of 10.6 i
photons ((n)} absorbed per SF, mulecule,

Figure 4 reports the time dependence of the ized vibrational relaxation time 1 (7> for 2torr
of pure SF, tin this case {r) = 50us). with the encrgy absorbed per cm® as a parameter. As is casily
seen. the relaxation time at higher excitation energies is much shorier than the curresponding (. and
shows a strong time dependence. Moreover. it is a function of the optical excitation intensity or of the
corresponding initial vibrational temperature of the molecules.

Finally, in Fig. 5, which is a summary of our results, the effective value I1€)ofthe YT relaxation time
is reported as a function of the laser excitation encrgy, £,{0), absorbed per rm?: fis a decreasing
function of the excitation cnergy. A very interesting feature of our results, never seen before, is the
dr ic dh of the relaxation time at very high excitation encrgy (16 m} cm®. corresponding to
a laser Muence of 1.6 J,cm?). This feature will be discussed in the next section.

Y
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Maibrational relaxaton nmes

Fig 4 Timedepentbence of the normahred sibralonal rebaaatan ome (e “ 1) fose 2 1orr of pure $F . wath the
eoergy abvorhed mee omt a3 paramier

Multiphoton dissotation of SF, molecules was observed'' ** by using (‘01‘ laser r;:i‘nanon pu!scs
with energy fluence values (= 1) vm?) very close to Lhe ones used in our enpem_nems. oreover. in a{
recent theeretical analysis'' ¥ Panchenko obtained an expression for the effective rclaut:o.n time ‘01
VT energy exchange in the presence of dissociation processes. He showcc_l also that ‘| partia

issocialion of the vibrationally excited molecules causes the_ non-linear behavmuf of VT relaxation
limes. Numerical computations of his equation lor the effective relaxation time proved 10 bc:‘n \f::r):
good agreement with our espenimental curve {see Fig. 5," Thus. our results repr;s;m It e lI(r)s.1
experimental confirmation of the supposed influence of dissociation processes on relaxa

times. Further work on Lhis point s in progress.

|
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S
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|

£,10F (mJ/em?y

Fig. 5. The eflactive relazation time £ a3 3 fuaction of
:;mmmm.smmw‘n'
{2toer of pure SF,).
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