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Energy disposal in the two-photon laser-assisted reaction in xenon
and chlorine gas mixtures

J. Kohel® and J. W. Keto
Department of Physics, The University of Texas at Austin, Austin, Texas 78712

(Received 31 May 2000; accepted 22 September 2000

The two-photon laser assisted react{@AR) in low pressure xenon and chlorine gas mixtures has
been studied over a broad range of excitation wavelengths in order to characterize the role of the
entrance channel in determining the vibrational state distribution of the reaction products. We
measure a high degree of vibrational excitation in the Xg@bduct, confirming observations from
previous studies of the LAR of XeCl, collision pairs[Ku et al, J. Phys. ChenB7, 2989(1983],

and in distinct contrast with the vibrationally cold excimer observed following laser excitation in
molecular beam experimenf8oivineau et al, Chem. Phys. Lett128 528 (1986]. The mean
vibrational energy in the XeCl excimer depends strongly on laser wavelength, increasing with
decreasing wavelength. Moreover, an increasing fraction of the available energy from the reaction
is observed as vibration in the X&Cproduct as the laser is tuned toward shorter wavelengths. The
reaction outcomes are interpreted in terms of a selectivity of initial conditions on the ionic potential
surface that mediates the reactive collision. 2600 American Institute of Physics.
[S0021-960600)71447-4

I. INTRODUCTION 2hvy is not necessarily resonant with either reagent as an
unperturbed species, and the tuning range of the excitation

_ The two-photon laser-assisted reactidmAR) of Xe  can pe very broad. The excitation in Xej@as mixtures, in
with Cl, can be classified under a general category of lasefsaticylar, is characterized by a broad continuous tuning
induced “harpoon” reactions. A common feature of the har-

, range between approximately 288-316 fith.
poon reactions between rare gas atofRg) and halogen The two-photon excitation ifl) provides a large exoer-
molecules (%) is the presence of an intermediate chargegiciry (1.3-2.2 eV for the reaction; this excess energy will
transfer compleXRg*X,}. This charge transfer stal€TS)

g i - _ be shared between the translational, rotational, and vibra-
leads to formation of the RgX,C) exciplex with near unit  ,na| degrees of freedom of the reaction products. A signifi-

probability. The Rg X, harpoon reactions have been the .ot fraction of the available energy can be expected to ap-
subject of considerable research interest as useful systems fﬁéar as internal energy.e., vibration and/or rotatiorin the
fundamental studies of bimolecular reaction dynamics, and, imer product XeCl. In this work, a large variation in the

o s
are also of practical interest due to the role of {Rg"X,} jprational energy distributions in the excimer product has
CTS in neutral channels contributing to formation of the ex-peen directly measured for the first time as the excitation is

cimer states involved in rare gas—haligacime) lasers and  yneq through this range. This variation is interpreted in

UV lamps. . ) terms of the role of initial conditions in the entrance channel
The LAR of rare gases with halogens has previously, the reaction. The present experiment is thus of interest as

been demonstrated using one- or two-photon excitation iRy yemonstration of the coherent control of a chemical reac-
experiments involving transient “collision pairs” in the gas jgn.

phaset~8 van der WaalgvdW) complexes formed in super-

sonic expansion%;'! as well as liquid or solid rare gas/ !l. EXPERIMENTAL APPROACH

halogen mixture$>~1" The entrance channel to the X€l, In these experiments, we seek to observe the nascent
LAR is unique from other laser-induced reactions betweervibrational distributions in reaction products resulting from
Xe and Cj} in that it involves a coherent two-photon excita- the two-photon laser-assisted reaction. By monitoring the
tion of the transient Xe—Glcollision pair (or bound vdW  bound—free fluorescence of the X&Qkaction product, the

complex to the{Xe"Cl,} CTS, degree of vibrational excitation can be characterized as a
ohy function of excitation energy. Detailed analysis of the extent
Xe+Cl, —— {Xe"Cl, }* —XeCI +Cl. (1) and nature of the diffuse emission spectra, moreover, should

ultimately provide an accurate characterization of the distri-
The above reaction is usually described as a cooperative prgution of quantum states from which the radiation originates.
cess, where the excitation involvepair of chemical species The short radiative lifetime of the Xe@) product fa-
rather than a single chemical centtéFhis reaction is distinct  cilitates direct observation of nascent product state distribu-
from other harpoon reactions in that the two-photon energyions in low pressure gas mixtures. Nevertheless, in order
that the radiating distribution reflect the nascent distribution,

dpresent address: Jet Propulsion Laboratory, 4800 Oak Grove Drive, Pas¥(€ mL.]St e.nsure that the collision rate is SUfﬁCien_ﬂY low so
dena, California 91109-8099. that vibrational relaxation due to secondary collisions are
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alized \nensity

S

improbable during the radiative lifetime of the product state,

i.e., veoi<wrag. This implies the need to work at the lowest

possible pressuresP&3 Torr). These low working pres-

sures also limit, however, the number of collision pairs seen o

by the excitation laser—the number of collision pairs at a a0

specific collision radius is proportional to tisguareof the ggg

total pressure—so that reaction rates and hence signal leveg g

are necessarily limited in our experiment. 533
Given the above limitation on the density of collision joo

pairs, it is especially important to maximize production rates ¢ zog

and detection efficiencies for the reaction products. Although ;i;

two photon transition rates scale quadratically with incident =~

laser powers, saturation effects, including stimulated emis-

sion and photoionization, effectively limit increases in useful

signal due to increasing laser intensities. We instead utilize &

long focal length lens to maximize focal volume, therebyFiG. 1. Fluorescence spectra as a function of excitation wavelength for the

increasing the number of potential collision pairs in the in-two-photon LAR in 2.7 Torr Xe/Gl(10% C}) gas mixtures. Laser scatter

teraction region. We also employ high collection efficiencypea_ks have been subtracted, and peak fluorescence signals have been nor-
. . . . L malized to the same height for comparison.

optics and multichannel detection to improve sensitivity. In

addition, long integration times and averages of many speGyas resolved by an optical multichannel analyz&MA)

tra are required to obtain acceptable signal to noise ratios. yjth a UV-enhanced, intensified diode array detector
We also note that, as the laser and continuum emissiofEG&G PARC 1420R-1024-HQmounted on a 0.64 m spec-

occur in overlapping spectral regions, we are faced with thgrometer(Instruments SA HR640with /5.5 imaging optics.

technical problems associated with monitoring weak signalshe spectrometer includes a 300 g/mm grating blazed for

in the presence of a strong background. Fluorescence signago nm in first order. This grating was used in second order

are monitored at right angles to the excitation laser beamyg gain greater detection efficiency in the spectral region of

and multiple apertures are employed to provide a high degregterest near 300 nm. The measured quantum efficiency of

of rejection of scattered laser light from windows and sur-the diode array detector is 18% at 300 nm.

faces. And, most importantly, we employ background sub-

traction techniques to effectively remove the narrow RayH!l. RESULTS AND ANALYSIS

leigh background signals from the spectra. A. Emission spectra

The diffuse emission spectra observed following excita-
) ) tion of the Xe/C} gas mixture for a range of laser excitation

The xenon and chlorine gas mixtures were prepared bynpergies are illustrated in Fig. 1. The excitation laser wave-
first introducing xenor{Spectra Gases, Inc. 99.999%#to a length was tuned from 286 to 313.5 nm in 2.5 nm incre-
gas handling system, then cryogenically pumping the gagents, and the dispersed fluorescence was recorded between
into & mixing bottle. ChloringMatheson Gas Products, re- approximately 240 and 320 nm for the reaction at each laser
search gradewas next released into the same volume in theyayelength. The recorded spectra were corrected for the
gas handling system, then also condensed into the mixingyeasured spectral response of the combined OMA/
bottle. The gas mixture was allowed to thermalize at roomgpectrometer systerfusing a B UV radiance standajdas
temperature within the mixing bottle, and then released intQye|| as the measured “flat field” respon€eof the diode
the sample cell. _ _ array detector. The Rayleigh scattered laser light was re-

Excitation of Xe/C} gas mixtures was provided by the corded immediately afterward using pure xenon; this peak
frequency-doubled output of an Nd:YAG-pumped tunablegng 5 dark noise background were then subtracted from the
pulsed dye laser system. The laser output was tunable b%brresponding LAR spectrum.
tween the range 280-340 nfusing various Rhodamine and The fluorescence spectra were acquired in Xetls
DCM laser dyeswith pulse energies up to 7 mJ/pulse. Pulsemixtures at the lowest possible pressufBs,=2.6 Torr, or
lengths were 6—7 ns. The UV beam was focused by a 173—g 4x 106cm3) in order to minimize collisional relax-
mm lens and entered the detection cell via a sapphire Wingtion of the nascent vibrational distributions in the reaction
dow. To avoid the nonlinear effects due to the high lasepyoducts. In order to verify that vibrational relaxation is not
intensities discussed above, the fluorescence was collectegynificant at this pressure, we consider the vibrational relax-
five Rayleigh lengths from the focus of the laser. At this g4ign constanky, determined by Inouet al® for v'=2
position the beam waist was approximately 24@ and the . 1 relaxation in XeCB). From analysis of the time-
intensity 8—10MW/crfi A series of three apertures were resolved emission profiles following photoassociative excita-

positioned inside the sample cell both before and after thgoy 1o the XeCIB,u’=2) level, the authors assigned a
detection region to reject scattered laser light from the enyg e kR = (2+1)x 10" e molecule s L. Using this

trance and exit windows. ' . value we calculate
Fluorescence signals were monitored at right angles to
itati i issi =kR.-[Xe] ~ (60ng ~* (#)
the excitation laser beam, and the broad excimer emission Vrelax™ Kxe .

A. Experimental apparatus
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In comparison, the radiative lifetime for the Xe8l state 1. Spectral simulations

has been measured as-11.1+0.2 ns!® Hence, v .= 1/7 .
L . To accurately model the observed emission spectrum,
>ve, and vibrational relaxation can be assumed to be

small during the time the excimer fluoresces. The radiative. < have simulated the bound—free and bound-—-bound emis-

lifetime increases ta~30ns forv’ =1002° but the condi- S|on' resulting 'fror'n the XeCR,v’—X) tranqugn. The
. ) . o . . dominant contribution is from bound—free transitions due to
tion v, vrelax IS Still satisfied for these very high vibra-

tional levels. The efficiency, furthermore, ¥tT transfer is the largely repulswe_ character of the grOl.md state p"‘e_f?“a'-
. . . 3 The bound—free emission spectrum resulting from transitions
relatively small for most atom—diatom collisions—10r

H 1 1 I/’
more such collisions are typically required fov—T between a single rovibrational state’J’) and all lower

transfer’ We surmise that the rapid vibrational relaxation states|s"J") in the vibrational continuum is given By
rate observed by Inouet al® (nearly equal to the collision p
bf _ 5 "an rr\|2

frequency results from exchange and would not be expected  1,7;/(M)=—Z—v ("3 me(R)[v'I")*. )
to increase significantly for higher vibrational levels. Con-
clusions from the above analysis were borne out by comparithe emission wavelength is a function of the continuum en-
son of emission spectra from the LAR measured at 2.6 Torergy, \=1/(G,.; + Te—¢"), whereT, is the energy differ-
with that in 6 Torr gas mixtures: Vibrational relaxation was ence between the minima of the excited and ground state
minimal in the higher pressure spectrum. potentials, and3, ;. is the rovibrational energy in the ex-

The dependence of the laser-induced fluorescence on laited state. Similarly, the bound—bound contribution is cal-
ser fluence was also investigated. Integrated fluorescence sigdlated as
nals were recorded at right angles to the incident laser as the 64
laser flgence at the focus in the optical cell was varied from 'S?y()\): V5[(0" 3| e R) 0" 372, (4)
approximately 3 to 30 MW/cfh The measured fluorescence 3h
signals were found to be proportpnal W, wherey whereN=1/(Tc+ G, 3y —G,nyr). Therefore the total emis-
~ 1'.7_ 1.8 fpr Fhe current focus conditions. By further defo'sion spectrum from a single rovibrational level is
cusing the incident laser beam, the power dependence was
seen to approach?, as is expected for two-photon transi- |U,J,()\):|Sf,y()\)+|l‘j?y()\)_ (5)
tions. We note that our detection geometry is not sensitive to
stimulated emission, and so the measured deviation from The above spectral distributiorig:;,(\) are expressed
quadratic dependence at higher incident laser intensities I8 terms of a quantum flux per wave number in order to
consistent with the large cross section for stimulated emisfacilitate comparison to the experimental spectrum recorded
sion in the upper XeCl stafe. per unit wavelength. The wave functions ;(R)=(R|vJ)

The gross trends in energy disposal are evident fronand ¢, ;(R)=(R|eJ) are normalized solutions of the radial
inspection of the spectra in Fig. 1. As the excitation laser isSchralinger equation,
tuned to shorter wavelengths, the blue wings of the emission
spectra are enhanced, igdicating greater g\’/ibrational excita- d? gl AR+ (2u/h?)[E=Uy(R)JU(R) =0, 6)
tion in the XeCl excimer. The excess energy from the reacwhereE=G,; (E=¢) for the bound(unbound states and
tion AHg increases from 1.4 eV at an excitation WavelengthUJ are the effective potentia|s defined as
of 313.5 nm to 2.2 eV at 286 nm, and much of this energy
can be expected to appear as vibration in the excimer prod- Us(R)=V(R)+ (A%/2uR?)J(I+1). (7)

uct. In order to provide a more quantitative analysis of en-V(R) are the rotationless potential (R) andV"(R) asso-

ergy disposal in the LAR, we model the observed spectral . , 1 B i
emission. The techniques used to simulate the emission spe@ated with theB(3) and X(z) electronic states of XeCl,
angu is the reduced mass for the XeCl mol-

tra and determine the corresponding vibrational distribution§€SPectively, , , > |
are the subject of the following section. ecule. The potentials and dipole transition momgn(R)
used in this work are described in the Appendix.

The Schrdinger equation(6) is integrated numerically
using the Numerov finite difference method as described by
B. Simulation and analysis method Cooley” (see also Ref. 24to obtain the eigenenergies and
normalized wave functions. The continuum wave functions

The vibrational distributions in the reaction productsyere energy normalized by matching the amplitude at large
were determined by simulation of the emission from theg tg the asymptotic solution

XeCl* excimer. Determining an unambiguous solution for

the pop_ul_ations of the individual vibrational I_eveFPs{v’) is _ #o(R) R 2ul 72k sin(kR+ &), @)
made difficult by the vast number of energetically accessible

vibrational levels in the upper radiating statep to v’ wherek=2uel/f and é is a phase term dependent on the
~140 and the overlapping nature of the broad continuaform of the dissociative lower potential.

emission to the repulsive ground state from each of these Once the wave functions have been obtained, the
rovibrational levels in the upper state. The simulation tech+ranck—Condon integral8,4) are evaluated for the dipole-
nique is described below, and the inversion approach is deallowed transitionsAJ=J"—J"=0,=1 and over a range of
tailed in Sec. 11 B 2. continuum energies”.
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The observed spectra are modeled as superpositions of pO(fR|fV):g(l_gR)W/(l_fv), (12)
the radiative transitions originating from all possible rovibra-

tional levels in the upper state, i.e where f\,, fr are the reduced energies defined fs

=E,/E, fr=ERr/E; andgp is the reduced rotational energy

Umax Imak?") defined asgg="fg/(1—fy). The summation oved in Eq.
I(\)= E E P(w',3") 1, 3:(N), 9 (11) was also approximated by including fewer than a dozen
v'=0 J'=0 levels (i.e., every 80thl) for computational expediency.
whereP(v’,J’) is the population in the initial state’J’), The sensitivity of the direct inversion method was first

v haxiS the maximum energetically allowed vibrational level, tested by applying this procedure to the analysis of a simu-
andJ/,.(v") is the maximum allowed rotational level within lated spectra generated for a known vibrational distribution.
the vibrational manifold:’. As noted, the summations in Eq. Toward this end, a three-body linear surprisal distributibn,

(9) are over very large number; of vibratiqngl apd rotational P(fy)=PO(fy)exd —ro—\, fyl, (13)
levels due to the large reaction exoergicity in the laser-
assisted reaction. wherefy=E,/E, and P°(fv) is the vibrational prior distri-
bution
0 —5(1_+f 32
2. Inversion method P (fy)=2(1-f\)" (14

Once the emission spectira  (\) have been calculated Was c_hosen to r_epre_sent_a typical rovibrati_onal Qistribution
for all energetically accessible levels in the upper state, ithvolving very high vibrational levels. The inversion algo-
should be possible to determine the product state distributioHthm quickly converged to a stable solution, independent of
from which the observed spectra originates by directly solvinitial conditions, for the amplitudeB; . The size and num-
ing Eq. (9) for the populationsP(v’,J"). This approach, ber of vibrational bins were varied to confirm the invariance
however, is computationally expensive, and in practice igf the fit, and the self-consistency of this approach was also
also limited by the finite instrumental resolution and by theverified by recalculating the simulated spectrum from the
presence of noise in the experimental spectrum. These lim@erived population histogram.
tations make a unique determination of the individual popu-
lationsP(v',J") difficult if not impossible. A more expedi-
ent and reliable approach is to seek a histogrant. Simulation and analysis of the LAR

representation of the actual distribution, i.e., The series of emission spectra recorded following the

N two-photon excitation in low pressure XejQlas mixtures
I(N)=2, Pili(\), (100 (Fig. 1) were analyzed using the direct inversion technique
=t as described above to determine the vibrational distributions
whereﬁi is the mean population number for thé group of  in the XeCF reaction product. Each spectrum was analyzed
rovibrational levelsN is the total number of bins of vibra- Using multiple combinations of vibrational bin size and num-
tional levels, and;(\) is the sum of the contributions to the ber in order to confirm that the algorithm converges to a

spectra from all rovibrational levels within théh group, consistent and physical result. Optimal results were obtained
. using 5-7 bins containing between 15 and 21 vibrational
Imadv’) levels each—Ilarger numbers of bins typically resulted in less
i(N)= Z JZO P(3'[v") I,rgr(N). (1) smooth histogram distributions and larger uncertainties.
v el =

Typical simulated and observed emission spectra are il-
P(J'lv")=P(v,J)/P(v) is the conditional probability for |ustrated in Figs. 2—4. The simulated spectra are seen to
the leveld’ in the rotational manifold of the vibrational level reproduce the profile of the experimentally obtained spectra
v'. o well, particularly the oscillations at shorter wavelengths. Di-

The binned populationB; were determined using a non- rect inversion using the histogram representation gave quali-
linear regression technig®in which the amplitudes were tatively similar results to those obtained using a linear vibra-
constrained to non-negative values. The optimal size antlonal surprisal representatidid3) in which the vibrational
number of bins were determined through trial and error. Bestlistribution is described by the single parametgrin fact,
results were typically obtained using 5-7 equal sized binsn most cases the simulated spectra from the two methods
containing approximately 20 vibrational levels each—could not be distinguished although the direct inversion re-
smaller bin sizes resulted in less reliable histogram represersult indicated greater population in the highest vibrational
tations while larger bin widths resulted in obvious loss oflevels. A comparison of the simulated spectra obtained using
resolution and a degraded fit to the observed spectrum. Thbese two representations and the resulting vibrational distri-
simulated spectré;(A) are largely insensitive to rotational butions is provided in Fig. 2. Differences in the population
contributions—although the summation ovkmay include numbers determined by these two representations were
a very large number of rotational levels, the effect of angulamwithin the fitting errors for the histogram amplitudes re-
momentum is largely to smooth out the highest frequencyurned by the direct inversion algorithm. We also noted prob-
(noiselike components in the generated spectrum. Hence thiems in both methods in reproducing the sharpness of the
rotational distributionsP(J'|v’) were adequately repre- main peak in certain spectra. We were unable to determine
sented by the rotational “prior distribution?’ the reason for this discrepancy.



J. Chem. Phys., Vol. 113, No. 23, 15 December 2000 Reaction in Xe and chlorine gas mixtures 10555

1000 * 1000
0.03
g ‘
800 § qop2 i 800
3 |
g_ |
- o 0.01 { =
€ eo0f % } £ 600
8, \ 8,
0! >
% 0 20 40 60 80 2
,4:3, 400 Vibrational Level ,4:3, 400
= f=
200 200
05 ! 0
250 260 270 280 290 300 310 320 250 260 270 280 290 300 310 320
Wavelength [nm] Wavelength [nm]
FIG. 2. Comparison of observed emission spectra from the X&/&R for FIG. 4. Comparison of observed emission spectra from the X&/&R for

excitation at 311 nnfcrossesto simulated spectra obtained by direct inver- excitation at 293.5 nnicrossepto simulated spectrésolid line) obtained by
sion using histograntsolid line) and linear surprisaldashed lingrepresen-  direct inversion. The asterisk indicates the two-photon excitation wave-
tations for the vibrational populations, as described in the text. The populalength for the reaction.
tions determined using each models are shown in the inset. The asterisk
above the wavelength axis indicates the two-photon laser excitation wave-
length for this reaction. . . . . .
are the eigenenergies in the upper potential, BEni$ the
maximum energy available to the reaction products in the

LAR,

The vibrational population histograms returned by the L0

direct inversion method are shown in Figs. 5 and 6, and the E=AHg=2Nve—T(XeC) —D(Cly). (16)
energy disposal trends determined by inversion of the ob-

served spectra using both the histogram and linear surprisal

representations of the vibrational distributions are summa-
rized in Table I. Vibrational energy disposal in the LAR was
characterized by the mean reduced vibrational energy s s
E ]
2 2
(fv)=(E,)JE=2, P(v,J)E,E, (15 & g
v,J
whereP(v,J) is the normalized vibrational distribution de- o
termined from the simulation of the observed spectrép, 0 20 40 60 80 100120140 0 20 40 60 80 100120140
Vibrational Level Vibrational Level
1000
c (=
° o
5 3
= =
800 & &
o o
£ oo 0
8 0 20 40 60 80 100120 140 0 20 40 60 80 100120140
%’ Vibrational Level Vibrational Level
c
Q
E 400
c c
200 S S
£ o
= =
-3 o
& &
0
250 260 270 280 200 300 310 320
0
Wavelength [nm] 0 20 40 60 80 100 120 140 0 20 40 60 80 100120 140
Vibrational Level Vibrational Level

FIG. 3. Comparison of observed emission spectra from the X&/&R for

excitation at 301 nnfcrossesto simulated spectrésolid line) obtained by FIG. 5. Calculated vibrational distributions, as determined by direct inver-
direct inversion. The asterisk above the wavelength axis indicates the twasion of the emission spectrum recorded following excitatiof@g813.5 nm,
photon excitation wavelength for the reaction. (b) 311 nm,(c) 308.5 nm,(d) 306 nm,(e) 303.5 nm, andf) 301 nm.
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FIG. 7. Mean vibrational energiE,) and mean fraction of available energy
entering vibration(f,) in the XeCF reaction product as a function of the
available energ)AHg from the LAR.

0 20 40 60 80 100120 140 00 20 40 60 80 100120 140

Vibrational Level Vibrational Level
(IowestAHg) to over one-half at the shorter wavelengths.
The vibrational energies determined using the linear surprisal
representation were consistent with the direct inversion re-
sults. These energy disposal trends are illustrated in Fig. 7.

Population

IV. DISCUSSION

%0 20 40 60 80 100120140 A large degree of vibrational energy disposal character-
Vibrational Level ized the LAR’s in Xe/C} gas mixtures studied in this work.

FIG. 6. Calculated vibrational distributions, as determined by direct inver-1N€ mean vibrational energfE,) in the excimer product
sion of the emission spectrum recorded following excitatiofgpe98.5 nm,  varied from slightly less than 0.5 eV for the LAR at 313.5
(h) 296 nm, (i) 293.5 nm,(j) 291 nm, andk) 288.5 nm. nm to greater than 1 eV for the reaction at 288.5 nm. Fur-
thermore, the average fraction of available energy entering
vibration (fy) was also found to increase with decreasing
laser wavelength from an initial value of one-third flog,
=313.5nm to over one-half for wavelengthg,<306 nm.
The mean reduced energfs,) is approximately constant for

The analysis result&Table ) show that the mean vibrational
energy in the excimer produ¢k,) increasegfrom 0.48 to
1.13 eV} as the excitation laser is tuned from 313.5 nm to

288.5 nm. Moreover, the averadmaction of the available - o
: L ) . excitation wavelengths below 306 nm. The mean vibrational
energy entering vibratiokf,) is seen to increase from ap- L
. ; o energy appears to be significantly less, however, for the LAR
proximately one-third at the longest excitation wavelengths . . .
in the current experiment than for the reactive quenching of
metastable X& by Cl,—compare, for examplgfy)=0.77
TABLE I. Summary of analyses results for energy disposal in the two-measured for the Xép,) + Cl, reaction (AHJ=1.865eV)
photon laser-assisted reaction of Xe with,CFitting results using a linear  (Ref. 28 with the mean energyf,)=0.56 for the LAR at
three-body surprisal model are also shown for comparison to direct inverogg nm @HOZ 1.874 e\J—aIthough the quenching reac-
sion results using histogram representations for the distributions of vibra;[. .0 tigated at bstantially |
tional levels.(See text for details. ions were investigated at substantially lower pressudes

Torr vs 2.6 Torr in the current experiment

Linear surprisal Histogram The entrance channel to the X€l, LAR, unlike the
N AHS b N (E) (f) (E) (fy quenching reaction, involves a direct two-photon excitation
o e V) (V) to the{Xe™Cl,} CTS via a cooperative photoabsorption by

the initial Xe+Cl, complex. One of the difficulties associ-
286.0 2167 138  --- ted with d trating thi i itati
2885 2092 131 -287 102 049 113 o054 Aated with demonstrating this cooperative excitation process
2901.0 2018 123 -187 086 043 099 049 Iis in isolating this reaction from competing reaction path-
2935 1946 116 -212 086 044 103 053 ways, particularly that of the photodissociation of, @l-
2960 1874 110 -316 094 050 105 056 Jowed by photoassociation of Xe with CI,
2985 1.804 104 -271 085 047 098 0.54 o

14

301.0 1.735 98 —1.91 073 042 097 056 1
3035  1.667 92 -264 077 046 092 055 Cl » Cly(ATTL,)—2Cl, (17)
306.0 1.601 87 -—286 075 047 087 055 hy

3085 1.535 83 -032 050 033 060 0.39 Xe+Cl —— XeCI(B). (18)

311.0 1470 78 -043 049 033 055 037 . . .
3135  1.407 74 041 046 033 048 034 This sequential or stepwise process was observed by Mc-

Cown and Edef! in the excitation of high pressuré00
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The range of initial conditions probed on the reactive
V(Xe™;Cl,) surface as the laser is tuned from the minimum
transition energy is determined by gradients in both the
Xe"—CI™ and CI-CrI coordinates of the PES. The gradient
in the CI-CI" coordinateg §V/JR(CI-Cl")~—15.7 eV/A at
R(CI-CI") =R4(Cl,)] (Ref. 33 is much larger than that in
the Xe"—Cl~ coordinate[dV/dR(Xe"—Cl,)~0.8eV/A at
R(Xe"—Cl,)=4 A}, so the vibrational phase in the k-
agent may have a large role in determining the excitation
range for the reaction. In fact, as noted by Setgbe width
of the excitation spectrum can be accounted for entirely by
the gradient in the Cl-Cl coordinate of the PES.

As the laser is tuned to more energetic wavelengths, we
consider two limiting caseqa) the reaction proceeds from
collision pairs at larger Xe—@gldistances and typical CI-Cl
distanceq R(CI-Cl)~Rg(Cl,)] (point B in Fig. 8, and/or
(b) the reaction occurs foR(Xe—Cl) near the vdW mini-
mum and forR(CI-Cl)<R(Cl,) (point B* in Fig. 8). If we
FIG. 8. Semiempirical representation of the reactive potential energy surfollow a typical reactive trajectory originating from point
face for the X&Cl, system, assuming €,, geometry. The trajectories B*, we see that any additional energy is also carried away as
rgpresent the classical evolution_ of the triatomic comple)_( from_initial con-translation between the XeCland Cl products, so that the
ditions A, B, andB* on the reactive surfac¢See text for discussion. degree of vibrational excitation in the excimer differs very
little from that resulting from the half collision originating at

Xe*-CI~ Separation / Angstroms

2 3 4 5 6 7 8
CI-CI™ Separation / Angstroms

Torr) Xe/Cl, gas pressures. Previous researchers have argu@&'int A.

a lack of evidence for this sequential channel in the Xg/cl  !f: on the other hand, the excitation at the shorter wave-
reaction in low pressure gas mixtufeand detailed calcula- length occurs for an initial geometry corresponding to point
tions show that this process is indeed negligibIeB on the ionic surface, the subsequent dynamics will exhibit

(Teed ~10"% under the current experimental significant motion in theR(Xe—ClI) coordinate as the tri-
co;editioLr/?;O atomic complex flies apart, and thus the XeCl excimer will

We note that the two-photon excitation(it) can also be be formed with a high degree of vibrational energy. This

considered as proceeding via the energy-resonant dissocidi€'Pretation appears to be more consistent with the obser-
tive CL(A IT,) intermediate state, as recognized by Setseyations m_the _current expgrlment, in which a significant de-
and co-worker&.If the lifetime of this intermediate complex 9r€€ Of vibrational excitation was measure(E()~1 eV)

is short, however, the initial conditions still determine the Of thﬁ LAR at short I?sgr wavelengths. o
reaction outcom&" Recent two-photon femtosecond  1he Previous analysis assume€g, (T-shaped geom-

studied”*?suggest that this is in fact the case in the reactiorfE Y for the collision pair or vdW complex, as suggested by
L " C : the spectroscopic studies of Jaretaal>* Recent studies of

originating from collision pairs in low pressure gas mixtures. pe PIC ) o T

In the latter study? Dedonder-Lardeust al. also identified <&/Cl2 in Ar matrices imply that this assumption is not nec-

a second entrance channel occurring some 500 fs after ﬂges'sarily valid, even fqr the vdw molgcule: Their work gives
initial photon absorption in the reaction originating from evidence for the existence of a linear ground state for

vdW complexes. This delayed entrance channel is also trar?se_CIZ'35 Slm_llar arguments, however, can_be presentea, )
sient, and therefore is thought to occur within, X, clus- tatis muta_ndlsfor the dynamics on a reactive PES appropri-
ters where cage effects allow a recoil of the dissociating cfte for a linear geometry.

atom.

_ The obseryed energy di.spo_sal trends support the qualitev_ SUMMARY AND CONCLUSIONS

tive interpretation of dynamics in the LAR based on the role

of initial conditions on a reactive PES3! For laser wave- The entrance channel to the XefCIAR is unique from
lengths above 306 nm, the direct excitation is predicted tmther laser-induced reactions between Xe andiClthat it
occur for Xe—Cl distances very near the minimum of theinvolves a direct two-photon excitation to tHXe"Cl,}

“exit seam” in the ionic potential surfacg¢correlating to CTS. This excitation occurs via a cooperative photoabsorp-
XeClI(B) at largeR(CI-CI)]. Release of the repulsion in the tion by the transient Xe—Glcollision pair, and is character-
CI-CI" bond leads to energy disposal largely as translationized by a broad continuous excitation spectrum. The continu-
between the XeCl and CI products. This is illustrated in Fig.ous range of excitation in the LAR affords an aspect of direct
8 by the trajectory originating from point A. The low fraction laser control of the reaction. The goal of the present work has
of excess energy found as vibration in the excimer producetieen to characterize the energy disposal as a function of
by the LAR at this laser wavelengtkf(,)~0.3) is consistent excitation wavelength, and thus to relate the measured trends
with this interpretation, and implies that as much as 1.1 eMo the role of initial conditions in the entrance channel to the
of kinetic energy is shared between the atom and diatombAR. Toward this end, we have analyzed the continua emis-
products. sion observed following the LAR for a broad range of exci-
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tation wavelengths to determine the vibrational distributiongpears to be a significant feature of the LAR, even when ac-
in the excimer product. Significant vibrational population in- counting for additional relaxation due to the higher pressures
version is observed in the excimer resulting from the LAR.in the current study. The exit channels in both the laser-
From analysis of the measured XeBKX) fluorescence assisted and quenching reactions involve{tke*Cl,} CTS,
spectra we determined the mean vibrational engggy) in so this apparent difference in energy disposal was
the newly formed Xe—Cl bond to be approximately 0.5 eVpreviously attributed to the presence of different pathways
(3900 cm'}) for the reaction resulting from laser excitation for the two reactions.
wavelength of 313.5 nm(E,) increases to approximately
1.1 eV (9100cm?) for the reaction at 288.5 nm. Further- ACKNOWLEDGMENTS
more, we found an increasirfgaction of the available en-
ergy from the reaction appears as vibration in the excime[Ed
product XeCt as the laser is tuned from redmag)
~0.3 at 313.5 nmto bluer wavelength&(f,)~0.5 for A,
<306 nm. As illustrated in Fig. 7, this transition is sudden
with increasing exoergicity for the reaction. This sudden in-APPENDIX: POTENTIAL REPRESENTATIONS
crease in vibrational energy disposal is also evident in the  The upper and lower potentials used in the simulations
sequence of spectra shown in Fig. 1. of the excimer emission were taken from @iral®” and the
The high degree of vibrational excitation observed in themolecular scattering studies of Aquilangt al.*® respec-
XeCI* product in the current experiment is qualitatively con-tively, with slight modifications as necessary to accurately
sistent with the previous observations by Setser and cosimulate emission spectra from both thermal and highly ex-
workers for the LAR of Xe-Cl, collision pairs. The signifi- cited vibrational distributions in the upper state. The
cant variation indegreeof vibrational excitation over the XeCI(X) ground state potential was unmodified, while the
wide range of excitation wavelengths, however, is clearlyvertical position of the XeCR) excited state potential was
demonstrated for the first time in the present work. We atdetermined by the XeCE—X) 0° transition energy »(0°)
tribute the increasing vibrational energy disposal to a varia=32 495+ 1 cm '] measured by Jouvet al. in a free jet®
tion of initial conditions on the reactivé(Xe™;Cl;) poten-  The upper potential was then shifted relative to the lower
tial energy surface, as discussed. We note, however, thabtential alongR in order to accurately simulate the
while this predicted trend toward greater vibrational energyvibrationally-relaxed emission measured in high pressure
disposal with decreasing laser wavelength is clearly demonXe/Cl, gas mixtures(1430 Torr Xe, 10 Torr G). And fi-
strated in the current experiment, the same trend may natally, the upper repulsive wall was adjusted slightly to give
necessarily be exhibited in similar experiments in supersoniagreement with the oscillations in the blue wing of vibra-
jets or in solid matrixes, due to the restricted geometries antlonally excited low pressure emission spectra observed by
cage effects in the in vdW complexes and in the solid matrixSetser and co-workeéffollowing the reactive quenching of
While gross dynamical trends may be inferred from theXe(6s, 3P,) by Cl,. The modified upper potential was recast
present work, deconvolution of the data to reveal individualin the form of a truncated Rittner potential,
reactivg trajectories is far more _difficult. A_ more detailed V'(R)=aexg —R/b)— C;/R—C,/R*+d, (A1)
analysis, furthermore, must consider complications due to a
distribution of initial (kinetic and internalenergies and ori- and the shape of this potential was verified by comparing the
entations in the reagents. Nonetheless, the above conclusiof@lculated eigenenergies to measured vdlufes the lowest
are believed to be qualitatively correct. Numerical calcula-dozen vibrational levels.
tions of classical trajectories on the reactive PES using The XeCIB—X) transition moment is a slowly varying
Monte Carlo sampling techniques to integrate over a distrifunction of R with a maximum neaR, . Theab initio tran-
bution of initial conditions are also in reasonable agreemengition moment of Hay and Dunnirid, however, required
with the observed product state Outcorﬁ%g'_hese conclu- Sllght modification for the best simulation of SpeCtra Origi-
sions differ slightly from that of Setser and co-workers, whonating from distributions including large vibrational quanta
calculate that the majority of collision pairs are found in (Which sample transitions at larg®. The transition moment
bound levels of the shallow vdW potential,/n;=0.86 at Was represented in this work by the function
300 K) and conclude that the width of the excitation spec- exf — y(R—c,)]
trum (0.4 eV) is largely determined by the gradient in the re(R)=cCq (1—Ric)?+c,
Cl-CI™ coordinate of the PESThis interpretation, however, . 2
would fail to account for the significant variation in energy Parameters for the above transition moment function were
disposal observed in the present work or, for that matter, thadjusted so that the overall “envelope” of the simulated
dramatic difference in energy disposal observed for the LAR
n gas pha.ls.e studies and in molecular be"’Tm eXpenmemeABLE Il. Parameters for the XeCHf) Rittner potential function.
where the initial geometry may be more restricted.
We have noted also that vibrational energy disposal in  a b C, Cq d
the LAR appears to be significantly less in the current ex-(10"cm™) A (1Ccm*A)  (1CPcm tAY)  (em))
periment than that in the quenching reactions of metastable , ;g5 0.387 1177 5.456 68 987
Xe* with Cl, studied by Setseet al?® This difference ap-

This work was supported by the U.S. Department of
ucation, Office of Basic Energy Sciences, Division of
Chemical Sciences and the Robert A. Welch Foundation.
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TABLE lll. Parameters for theB— X transition moment functiofEg.
(A2)].
Co C1 C2 Y
(Debye A) A™hH
0.323 3.139 0.122 0.10
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