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Intracluster superelastic scattering via sequential photodissociation
in small HI clusters
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The photodissociation of expansion-cooled HI monomer by using 266 nm radiation yields H atoms
having 12830 and 5287 cm of translational energy in the HI center-of-mass system for the
I(?P5,) and IGPy)) (i.e., | and F, respectively co-fragments. Irradiating HI clustefse., (HI),,

with n=2 being the dominant clustewith 266 nm radiation produces, among other things, some

H atoms whose translational energies are peaked at 20 28% evhich is 7455 cm? higher in

energy than the more energetic of the monomer peaks. These very fast H atoms arise from sequential
photodissociation within the clusters. Namely, a weakly bodndHil) ,_; complex is first created

by the photodissociation of an HI moiety within (HL) and then the photodissociation of a second

HI moiety [within I* - (HI),_4] produces a fast H atom that scatters from the neafhyn some

cases deactivating it in the process. Thus, the latter superelastically scattered H atom acquires, as
translational energy, nearly all of th& energy(7603 cm'Y). For example, for the dimer, the first
dissociation event, (Hp+hv —H+1(1*) - Hl, is followed by I - HI+hv — Hgperelasid |=1. High

quality potentials for the relevant HI excited states have been calculated recently, and coupling
betweerfIl,+ (which correlates with*) andII (which correlates with)lhas been shown to be due

to spin—rotation interaction. There is a high degree of separability between the photodissociation of
the second HI moiety and the subsequentI¥ scattering(within a given cluster This is due
mainly to the shape of th&ll,+ potential; specifically, it has a shallow well that persists to small

r. The shape of théll,+ potential is influenced by relativity; i.e., strong spin—orbit coupling
maintains the 1 spherical electron density to relatively small The 3[1,+—II transition
probabilities are calculated for-HI* collisions having different values of the collisional orbital
angular momentum quantum numbdy, by scaling the spin—rotation matrix elements by
[I(I+1)]¥2 and using the Landau—Zener model to treat the electronically nonadiabatic dynamics.
It is shown that large values (,5,=52) play a dominant role in the quenching &f by H. For
example, the partial superelastic scattering cross section is six orders of magnitude larger for
| =52 than forl = 1, underscoring the dramatic role of angular momentum in this system. It is noted
that HI photodissociatiofwhich is dominated by low) proceeds almost entirely along the diabats
with little transfer of flux between them, whereas-H* intracluster “collisions” take place with
sufficiently largel to facilitate the electronically nonadiabatic process. 2@03 American Institute

of Physics. [DOI: 10.1063/1.1574014

INTRODUCTION low-lying excited electronic states and photodissociation

athways, including wavelength dependent anisotropies and

Understanding the bonding, potential energy surfacegle branching ratio of the product I-atom spin—orbit levels
(PES’9, and photochemistries of molecules in which relativ- 9 . P . . P . e
In general, electronically nonadiabatic transitions can influ-

istic effects(i.e., mass-velocity, Darwin, and spin—orbit cou- ) o . .
pling) play important roles continues to advance as an are§nce reaction pathways and product excitations in photodis-

of intellectual and technological important@® For ex- sociation as well as the corresponding collisional processes.
ample, it is now clear that failure to include such effects in/Nd€ed, understanding the quenching of spin—orbit excitation

theoretical treatments of systems that contain heavy aton{8 atomic collisions is challenging to both theoreticians and

. ; . i 1 a4d6-25
can compromise seriously the value of such exercises, eveéfxPerimentalists’ . o .
at qualitative level&:41° An aspect that is not present in lighter systems involves

Small molecules that display large relativistic effects canthe I-atom excited spin—orbit levetP,,,, whose electron
serve as benchmarks against which theoretical models agtensity is sphericaf® Because the spin—orbit energy is large
judged, with HI being a particularly straightforward ex- (i.e., 7603 cm?),%’ the 2Py, spherical electron density re-
ample. Namely, high level calculations are now able to recimains reasonably robust down to short H-I distances, i.e.,
oncile, with good accuracy, the experimentally determinedelative to light halogens. Consequently, théR{,,) atom

couples weakly with the H atom, resulting in a shallow van

dAuthor to whom correspondence should be addressed; Electronic maiger V\_/a":lls_'w_p(_e minimum'_ S_aid_ differently, _s_trong spin—_orbit
wittig@usc.edu coupling inhibits the participation of “traditional” bonding
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FIG. 1. Potential energy curves for the ground and two low-lying excited
electronic states of HI, adapted from Fig. 4 of Ref. 2. The potentials of
interest in the current studyll,, and'Il, cross atr,=3.89 a.u. and are
coupled via spin—rotation interaction. A number of other excitegulsive
potentials are not shown. v=1
two- photon \
H H H H H I I 1 1 T T 1
a}nd antibonding molecular orb|'tals. Th'|s and o'Fh'e'r relativis- 0 10 2 30 © 50 0
tic effects have been revealed in the high-leatelinitio cal- Time / ps
culations of Alekseyewet al>* for the ground and low-lying
HI electronic states, as indicated in Fig. 1. THES, T, FIG. 2. Time-of-flight spectrum recorded by using a mixture of 4% Hl in Ar.

3 1 : 2 - The photolysis laser is vertically polarizésee Fig. 3with an energy of 35
]‘[2'1’0,, and"II states all correlate with HI( P3/2)’ while mJ. The time delay between the photolysis and the detection lasers is 40 ns,

3 3y + ; 2

o+ and *X 7y - Co.rrelate with HF1(“Py,). Hereafter,  and 7000 individual traces were summed. Two prominent peaks correspond
I(2P5,) and 1P, will be referred to as | and*l, respec- to the atomic iodinéPs, and 2P, ,, spin—orbit levels. A small amount of
tively. two-photon excitation of HI monomer yields fast hydrogen atofie., 3.5
and 3.2 10° cms 1), Peaks labeled =1 andv=2 are associated with

. In general, large product spin—orbit splittings can lead toclusters(Ref. 3). Note theB peak, which corresponds to superelastically
interesting spectral features, as has been reported,;fie,H  ccatiered H atoms.
which is isoelectronic with HI. With KHTe, a long-
wavelength tail has been noted in the ultraviolet absorption
spectrum, which extends to 400 nm, with apparent vibra-
tional structure at the longest wavelengths. Photodissociatioftom peak at 12830 cm that derives from the photodisso-
in this spectral region favors the TéH,,, excited spin— Ciation of gas phase Hl in its lowest quantum level:
orbit level, providing a tunable photolytic source of reason-yH|(y=0)=0)+hv(266 nm
ably monoenergetic H atoms at energies below 2000'cm
The relativistic effect in this system provides access to ex- —H+I, Ej=12830 cm*, (1)
cited PES’s at energies that are close to that of the * _ 1
TeH(’l1,,,) larger asymptote. There is no counterpart with —H*IT, Ey=5287 em, e
light systems, where product spin—orbit levels are separatedhere E, denotes the translational energy of the H
by relatively small energies. atom in the HI center-of-massc.m) system, i.e.,Ey
The curves shown in Fig. 1 are relevant to collisions.=(127/128E. ., whereE. ,, is the total translational energy
Namely, the deactivation of*l brought about by a suffi- in the HI c.m. system. Note that tl€, ,, values for reactions
ciently energetic H-I* collision occurs via a transition be- (1) and (2) are 12931 and 5328 cm, respectively. As
tween the®I1,+ and Il diabatic curves. Coupling is due to shown in Fig. 2, because the superelastic peak is shifted to a
spin—rotation interaction, and transition probabilities can besignificantly higher energy than all of the other peédscept
estimated by using the Landau—Zener md8éf—2CFor ex-  one that is due to two-photon excitation of)BHin the spec-
ample, it has been shown to play only a minor role in thetrum obtained with a particular laser polarization, it can be
photodissociation of HI(), wherel is the rotational quantum detected without difficulty, even when it comprises only a
number, forl values as high as 10. small fraction of the H-atom products. Thus, it can serve as a
Extending the photophysics of gaseous HI to its smallprobe of the electronically nonadiabatic process that ac-
(i.e., mainly binary*! clusters has yielded interesting results, counts for the “super” in superelastic.
including a report of “superelastic” scattering, in which a The analysis presented in this paper enables us to evalu-
fast H atom produced by HI photodissociation deactivatesite the respective roles of two possible origins of the ob-
I*, thereby gaining translational energy. The superelastiserved effect, namely, gas phase scattering versus intracluster
peak is shifted by 7455 cnt (which is 148 cm? less than  scattering with T (HI) ,_; (See below. Gas phase scattering
the energy of théP,,, excited state, 7603 cil) from the H  refers to the photodissociation of HI in the molecular beam
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followed by a gas phase collision between a fast H atom anthg of the departing H atom than those having 2. It is
I*, both of which are nascent photoproducts: unlikely, however, that fragmentation of such clusters consti-
H(Ey=12830 cml)+I* —H ot | 3) tutes a significant channel under the conditions reported

previously3* or here.
where the subscripte indicates that superelastic scattering
has occurred via the deactivation of.IThe translational
energy of H, is higher thanE,=12830cm? by slightly
less than the | atom spin—orbit splitting, the difference aris-  Reaction(5) can be followed by photodissociation of
ing from small kinematic effects in which the | atom gains ©ne of the HI molecules within the metastabfe (HI),_;
translational energy*~>3A similar process can occur with H complex, and the H atom thus produced can scatter from the
atoms havingE,=5287 cn!, i.e., deriving from reaction nearby ¥, deactivating it in the process:
(2). In this case, however, the superelastic peak is obscured |x. (HI),,_ 1+ ho—Hg.+ remaining stuff, (6)

by the more intense signals that are due to readtignas o
well as the photolysis of Hi(=0,J) molecules that derive where the vague termemaining stuffunderscores the com-

from intracluster scatteringsee Fig. 233*For example, the Plexity of reaction(6). For example, even with the simplest
I(2P,,)v=3 contribution is present as a shoulder on theP0Ssible metastable clustgire., I*-HI, deriving from the
peak labelec?P,. (Note that deuterated samples yield a(H!)2 compleX rapid removal of the H atom can place the
clearv =3 peak®) system on multiplel curves in the region of large iodine—
The intracluster scattering that gives rise to#jlfs best ~iodine separation. _ _
described as a frustrated attempt at reaction, in which an H It iS interesting thatl survives while bound to one or
atom approaches the | atom in HI with HIH angles-e80°. ~ More HI molecules long enough to encounter an H atom
Though exchange does not ocdwwo large a barrigr the from subseq_uent photod|ss_00|at|(_)n, as indicated in(&qlt _
“spectator” H atom moves because the system gets close tpok us a while to accgpt this, as it was expecte.d, on the basis
the transition state for H-atom excharie. of gas phase quenching ddfathat F—1 relaxation would
be too efficient to enable the spin—orbit excited cluster indi-
cated in Eq(5) to undergo significant photodissociation. We
Photoexcitation of  (HI), attribute this to strong spin—orbit coupling, which acts to
Next, consider photoinitiated processes that take placBréserve the spherical symmetry of iy, electron density,
within a given cluster, (H}), wheren is the number of HI  the low temperatures of the clusters, and the fact that large
molecules in the cluster. In this case, photodissociation oPhotolysis rates that result from high photolysis laser flu-
one of the clustered HI molecules removes an H atom, leaences mitigate the*t (Hl),_, metastability requirement.

Photoexcitation of I *-(HI),_;

ing I or I* bound to (HI),_;: In the material that follows, it will be shown that the gas
phase collisional process indicated in E8). does not play a
(HDp+ho—H+1-(H)py (4) significant role under the experimental conditions reported
SHAI* - (HD, (5) here. This implicates species of the forfn (HI),,_; as im-

mediate precursors of the observed superelastic scattering. It

The photolytically produced H atoms can also abstract an Hs not feasible at this point to establish the distributiomof
atom from HI, forming H. Our experiments are blind to this ya|yes that participate, though= 2 is believed to dominate.
channel, which is believed to be minor in comparison to  The strategy used here is to apply knowledge about free
reactions(4) and (5).%"* HI to the cluster environment. High quality HI potential

In the discussion that follows, a simple descriptive cyryes have recently been calculated for several low-lying
language is used, in which the | atom is allowed to retaing|ectronically excited statés In particular, the curve cross-
its separate identity, rather than the more forntahd  ing that is responsible for the observed superelastic scatter-
technically corregt description, in which PES's of the g has been examined, and the coupling of these potentials
iodine- (HI),—, clusters are used. Because of the large masgas peen attributed to spin—rotation interaction, whose
difference, the photodissociation of an HI molecule in (HI) squared matrix elements vary g+ 1). By combining this
(for smalln values will leave the resulting | atom bound to coupling mechanism with the Landau—Zener model for sur-
the (HI),-, fragment a high percentage of the time. Forface hoppind? it is possible to reconcile the intracluster
example, assume that the H atom escapes without encungeattering indicated in Eq6), which occurs with a broad
brance. Then, of the 5328 cthof c.m. translational energy range ofl values, in contrast to photodissociation of rotation-

for the H+1* product channel, approximately 40 chis  glly cold HI, which occurs with only low values.
imparted to the atom in the c.m. system of the HI under-

gmpg_mssomatlon. Fu_rthermore, in a binary clgster, this 4.OEXPERIMENTAL RESULTS

cm - is shared approximately equally between internal exci-

tation and translational energy of the- HI cluster. Because High-n Rydberg time-of-flight(HRTOF) spectroscopy
this much internal excitation is significantly less than thatwas used to record H-atom TOF distributiofvghich were
required for fragmentation intd H-HI, the clusters indicated then converted to translational energy distributjofuslow-

in Egs. (4) and (5) do not dissociate unles$ lundergoes ing the photolysis of expansion-cooled samples containing
deactivation within the cluster. Clusters havimg 3 will on HI. The general experimental arrangement shown in Fig. 3
average acquire more internal energy via intracluster scattehas been described in detail previouSi’>’ Briefly, a
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FIG. 3. Schematic of the HRTOF apparatus indicating
sednozze | | K e a5 mmmmm— — == the polarized 266 nm-photodissociation radiation and

pusec foeze Rydberg, 36Snm 1 s65m Field the radiations used to create higHRydberg H atoms
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horizontal polarization 121.6 nm
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. _— 1
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pulsed molecular beam was produced by expanding HI/Abf a dye lasefContinuum ND 600Dpumped by the 532 nm
mixtures into vacuum. The main scattering chamber has autput of a Nd:YAG lasefContinuum PL 800pand operat-
base pressure of 10”7 mbar, which is achieved by using a ing with LDS 750 dye in methanol was doubled after passing
diffusion pump, and contains a quadrupole mass spectronthrough an autotrackefinrad), yielding ~14 mJ at 364.8
eter (Stanford Research Systems, RGA B&@ monitoring  nm. This beam was focused into the tripling cell. The high-
the pulsed molecular beam. The flight tube has a 53.5 crRydberg step was realized by usirng7 mJ in the region
path length and a 1.5 cm diameter aperture at its entrance; i865.2—365.3 nm(0.16 cm * linewidth), which was gener-
axis is perpendicular to the molecular beam. In the materiahted by using a laser system that is similar to the one used to
presented below, photolysis was carried out by using 266 nrgenerate Lymar radiation.

radiation. The two lasers used for the HRTOF measurements It has not been possible for us to estimate, with reason-
will be referred to as the Lymaa-and highn Rydberg la- able accuracy, the efficiencies of the Lymarand highn
sers. All three laser beams are focused and overlapped witRydberg photoexcitation steps for two main reasons. First,

the molecular beam at the interaction region. the generation of the Lyman-radiation is controlled by
many properties of the tripling process. For example, it de-
HI number density pends on laser parametefigower, spatial mode, and line-

Referring to Fig. 3, molecular beams were produced byW'dth)’ the cell pressurée.g., its effect on phase matching

expanding HI/Ar mixturestypically 4% HI, with a backing and the focusing arangement, Wh'(.:h. IS !opated msuje the
: molecular beam chamber. Second, it is difficult to estimate
pressurepy, of 1 bap through a 0.8 mm diameter pulsed

nozzle, with collimation achieved by usjra 1 mmdiameter the efficiency of higha Rydberg photoexcitation. This step is

. carried out in a weak dc electric field that eliminates the
skimmer located 2.0 cm downstream from the nozzle. For a

. s . . is is qivel usualAL=*1 angular momentum optical selection rule, by
free-jet expansion, the density along the jet axis is giveti by making space anisotropic for the weakly bound high-

n(z)=ny(zy/2)?, (7) levels* This enables largé values to be prepared, thereby
providing the needed metastability of the highrydberg H
atoms as they drift with their nascent velocities through the
field-free time-of-flight region to the microchannel plate de-
r‘{ector, where they are field ionized and detected.
gives a total HI densityi.e., including that present in the _These amb|g|_,||t|es notwithstanding, severa! f_acts can be
form of (HI),, clusterd of 2x 103 cm2 for 4% HI andp, enhst_ed to establish an upper bound to the._eff|C|ency of the
=1 bar. The molecular beam diameter at the interaction re9°_”?b'”?d Lymane an_d h'ghﬂ F_Zydberg sj[eps(J) Four-wave
gion is ~3 mm. mixing is known to vyield S|gp|f!can.tly higher 1.21.6 nm en-
erg|eszt£13an Fhe frequgncy tripling in Kr us_ed in the present
Photoexcitation stud_yf1 : ThI.S. rfe_sultg m_cor.respondlngly higher HRTOF de-
tection sensitivities, indicating that we are currently operat-

Photolysis was achieved by using the 266 nm fourth haring with 121.6 nm fluences that are well below those needed
monic of a Nd:YAG laser(Continuum 9018 which pro- to saturate the Lyman-transitions.(ii) We have obtained
vided 266 nm energies up to 45 mJ. The HI absorption croskrger signals by fine-tuning the Lymanand Rydberg steps,
section at 266 nmg2te is 2x 10 *° cn?, 3 which is suffi-  confirming the lack of saturation in both stefiéi.) The com-
cient to bring about a high degree of photodissociation. Foplete, simultaneous saturation of both steps would result in
example, for a photolysis beam diameter-af mm, a 40 mJ the transfer of 1/3 of the ground state population to high-
pulse corresponds to a fluenek, of ~10'° photons cm?, Taking these factors into account, an upper bound o6£i8
in which case the produat§§2><CI> has a value of-2, sug-  assigned to the probability that the H atoms traveling toward
gesting efficient photodissociatidfiThis was confirmed ex- the detector are promoted from the ground state to a meta-
perimentally. Namely, the HRTOF signal amplitudes variedstable highn, high-L Rydberg level. This is believed to be a
weakly with photolysis laser energy in this regime. safe upper bound.

In addition, the efficiencies of the Lyman-and highn The experimental TOF spectrig,(t), were converted to
Rydberg excitation steps should be considered. Lymaa- H atom translational energy spect@(E,), by using the
diation was generated by frequency tripling in Kr. The outputfollowing relations, in which the correction for the velocity

wherezy=ary; a=0.80 for an ideal monatomic gas is
the nozzle radiugy, is the number density at the nozzle; and
zis the distance from the nozzle exit plane. At the interactio
region, which is 7 cm from the nozzle exit plane, E@d)

Downloaded 19 Aug 2003 to 128.125.187.57. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



932 J. Chem. Phys., Vol. 119, No. 2, 8 July 2003 Chastaing, Underwood, and Wittig

ICPy )

1CP;p)
200 500

400

150 —

300 o

100 —

200 —

T T T T T 1
18000 19000 20000 21000 22000 23000

18000 19000 20000 21000 22000 23000

100
50 —

L I

T
5000 10000 15000 20000 25000

I(2P1/2)

v=1

T T T T 1
ﬁ 5000 10000 15000 20000 25000
H atom translational energy / cm™

FIG. 5. Translational energy spectrum obtained under the same conditions
H atom translational energy / cm'l as in Fig. 4, but with the photolysis laser horizontally polarized. Note that
the shape and intensity of thiepeak is affected little by the photolysis laser
FIG. 4. H-atom translational energy spectrum obtained with the photolysig®larization.

laser vertically polarized and an energy of 35 @% HI in Ar). The delay

between the photolysis and the detection lasers is 40 ns. Peaks labeled

=1 andv =2 derive from photoinitiated intracluster scattering; their ener-

gies are offset from the monomer peaks by approximately the)Hlora-  of |* account for the superelastic peak, which, after all, is a

tional energies. Specifically, photodissociation of a clustered HI molecul%inor channel in the overall photochemistr )
liberates an H atom that encounters another HI molecule. This interaction Y

yields Hi(v); see text for details. Expanding the vertical scale between  1N€ ti_m_e rate O_f change of thesbld_enSity[Hse]y via
18000 and 23000 cit highlights the 3 peak which is shifted from the these collisions is given by the expression
2p,,, monomer peak by almost the iodine spin—orbit energy.

(d/dt)[Hsel = Knal Hrasd[1* 1, (10)
of the molecular beam in the laboratory frame is taken intoyhere the rate coefficient for the nonadiabatic prockss,
account: can be expressed as

En=(Mu/2)[ (dot/t) >+ v 7], ®
G(E)* T, @ K=o owll) an

wherev ., is the speed of the molecular beam ahg is the
length of the flight path. =voly, (12)
Figures 4 and 5 show H-atom translational energy distri-
butions obtained in the regime of efficient photolysis, i.e., bywhereo (1) is the partial cross section for a collision hav-
using 35 mJ at 266 nm. With 4% HlI, there is sufficient clus-ing orbital angular momentum quantum numbeandv is
tering that prominent features are present that are due to thbe magnitude of the initial relative velocity, which in this
photodissociation of the HiJ) molecules that derive from case is equal to 1:¥10° cms 1. The physics of the colli-
photoinitiated intracluster scattering. The well-isolat@d sional process is manifest in tlwg, (1), as discussed below.
peak (centered at 20285 cm) obtained by using vertical A value of 3x10 17 cn? is now introducedad hocfor the
polarization(see Fig. 3 is blue-shifted by 7455 citt from  total cross sectiong'*:, yielding k,,=5.1x 10 cm®s™1.
the peak that is due to the | channel of HI monomer photoThis will be used below in several estimates, and we will
dissociation. then return to a discussion of the,,(1). Scaling as per
different ooy values is trivial.
For a photodissociation efficiency of and branching
fractionsF, andF+ for the | and f channels, respectively,
Consider gas phase collisions that take place in the md-H,.] at short delay times following the photolysis pulse is
lecular beam betweeri land the fast H atomdH;,,) that are  given by
associated with an | co-fragment, i.e., those havihg
=12830cm . Specifically, can the resulting deactivation  [Hgo] =kna¥?F F <[ HI]2At, (13

Gas phase superelastic scattering: H +1*—H .+
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B ing uses the experimentally determined rdtityq]/[ Hiotall -
This fraction is obtained by comparing the area of the super-
elastic feature to the area of all of the other features, taking
| ‘ into account the spatially anisotropic nature of the H-atom
I|J M ‘ recoil directions. from HI monomer photodi;sociatid?igs.
A l‘ I ‘ ‘ 4 and 5. The ra_t|o[Hse]/[Ht0ta|] was found to increase by an
urlip order of magnitude (10° to 10 ?) as the 266 nm energy

[i" increased from 4 to 35 mJ. Thus, over the range of 266 nm
fluences used in the present study, 4010 2 of the H at-
oms undergo superelastic scattering.

o 25 2 The o' value introduced above of810 17 cn? corre-
Time / ps sponds to a small fraction of the gas phase H atoms under-
FIG. 6. Trace showing part of the time-of-flight spectrum aroundaipeak going superelastlc sca_tterlng In 30 ns, namely, the order of
(4% HI in Ar, photolysis laser vertically polarized, 4 jmIhe time delay one partin 16. Even with the unreasonably large parameter
between the photolysis and the detection lasers is 30 ns. The spectrum is t@lues y=1 and ola=3x10" cn?, the resulting[Hs]
sum of 5000 individual traces. Even with a photolysis laser energy as low agalue obtained by using E¢L3) is still three orders of mag-

4 mJ, and despite the lo&/ N, the 8 peak is still observable. nitude smaller thafiH,q.].
On the basis of the above considerations, it is concluded

where At is the time delay between the photodissociationthat thes peaks shown in Figs. 2, 4, 5, and 6 are the result of

and probe pulses. Equatidi3) is premised onAt being mtraplustgr coI_Iisions” rather than gas phase bimolecular
much smaller than the characteristic times for the productioff©!lisions involving unclustered atoms.
and removal of Hg].
_As mentipned above, for the high(_ast photolysis laser eNg)SCUSSION
ergies used in the present experimefits., 35 mJ, photo-
dissociation is efficient. Because comparisons will be made, Though photoinitiated intracluster processes differ in
however, to data recorded by using a photolysis laser energgeveral respects from their gas phase counterparts, the basic
of 4 mJ(Fig. 6), a value ofy=0.1 is introduced. WithF, character of the corresponding gas phase process in general
=0.62 and F;x=0.38* [HI]=2%x10"cm 3, and k,, is retained. In the case under consideration, it will be shown
=5.1x10 M cm’s 1, Eq. (13) yields that there is an unusually high degree of separation between
_ 3 photodissociation and subsequent H scattering. Thus, we
[Hse] =4.8x 107At. (14 shall begin with a discussion of HI* gas phase collisions.
Thus, for At=30ns, this estimate givepHg]=1.4 Referring to Fig. 1, it has been pointed out by Balakrish-
X 10° cm™3. The effective volume is defined as the overlapnanet al® that the3II,+ and Il diabatic potentials interact
region of the three laser beams and the molecular beam. The their crossing region only via spin—rotation interaction.
interaction volume is estimated to bel mn?, and the num-  Furthermore, these authors have pointed out that this cou-
ber of H,, atoms in this volume is-1400. The 30 ns delay pling plays a negligible role in the photodissociation of rota-
serves to lessen the requirement that the beams are perfectlynally cold HI, with dissociation proceeding almost entirely
overlapped in the interaction volunfeshich turns out to be on the®Il,+, 11, and®ll; diabats, the latter of which does
quite difficult to achievg because the fast H atonfise.,  not cross eithe?Il,+ or 'II. They estimated a coupling ma-
Ey=12830 cm?, see Eq(1)] travel 0.5 mm in 30 ns, thus trix element in the region of théll,: /11 crossing point
smearing out spatial inhomogeneities brought about by im¢r.=2.06 A) of H,=2.67 cmi ! for =1, wherel is either
perfect overlap. the rotational quantum number or, as discussed below, the
The fraction of the(isotropically scattergdHse atoms  collisional orbital angular momentum quantum number. For
that reach the detectdr.e., the area of the detector divided other values of, this matrix element scales g1+ 1)]*2
by the area of a sphere whose radius is the flight )p&th Transition probabilities between tH&I,+ and *IT dia-
1.7x 10 3. Combining this with the number of Jdatoms (i§n bats can be estimated by using the Landau—Zener foffhula
the interaction volumé~1400 and the upper bound of T
for the efficiency of the combined Lymasm-and highn Ry- P(1)=exp{—2m|Hs ()] /v ad DAF}, (15
dberg steps, it is concluded that tBgeak would contribute where P(l) is the probability, for a given value df that a
a maximum of~2x 103 counts per laser firing, were it due transition takes place between tlagliabats (see Fig. 7,
solely to gas phase superelastic scattering. H, (1) is thel-dependent spin—rotation coupling matrix ele-
The B peak shown in Fig. 6 is the result of averaging ment,v, (1) is the magnitude of the radial component of the
5000 spectra, and an analysis of the signal indicates that r@lative velocity at the crossing point., and AF is the
minimum of 1¢ counts are contained in this feature. Thus,magnitude of the difference between the slopes of e
we conclude that the signal shown in Fig. 6, despite its lonand®II,+ potentials at .. Note that centrifugal terms in the
S/N, is too large to be the result of gas phase superelastieffective potentials do not affectF.
scattering. The probability that thexdiabatic paths are followeds
An alternatgland more compellingway to set a limiton  1—P(l), which is equal to 0.810 ° for I=1 [i.e., using
the degree of participation of gas phase superelastic scattefEq. (15) with Hg,=2.67 cm %, v ,((I=1)=1.7x10* ms 1,

22 23
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ona()=P(O2a[ Al uv]A, (17)

wherepu is the reduced mass ands the speed of an H atom
having E4=12830cm’. As mentioned above, unlike the
photodissociation of rotationally cold HI, large valueslof
are involved in the collisions. For example, an impact param-
eter of 1 A andE;=12830 cm* corresponds tb= 28, and
because (1) is proportional td 1 (1 +1)]¥2 P(l) increases
from 1.6<10 ° to 7.7x10 2 as| increases from 1 to 28.
Thus, spin—rotation interaction is more important for ener-
getic collisions, such as those considered here, than for the
photodissociation of rotationally cold molecules at the same

@ 11—[ total energy.

40

38 1

364

34

E/10’cm”

32

304

28

3.0 35 4.0 45 5.0 Trajectories
rla

Classical trajectory calculations foriH* inelastic scat-
FIG. 7. (a) Diagram showing théll (---) and°Il. (—) HI diabats. The  tering on the potentials of interete., *I1y+ and'II) have
probability, P, to stay orfIl,., (i.e., of a transition taking place between the been carried out for different values of the impact parameter,

adiabatic curves that arise from couplinfl and 31, in the crossing - .
region is given by the Landau—Zener formula. Thus. B is the probabil- b. The goal was to calculate the distribution of H-atom trans-

ity of a transition from?Il,, to MI1. (b) Schematic diagram of the collision lational energies deriving from the collisional quenching of
of H with I*. The classical angular momentumlis= uvb. I* by H, and to compare this to the experimental superelastic

peak. The justification for using this binary collision model
to reconcile results obtained with clusters is given in a later
and AF=6.3x10° cm™ *A~1]. This small probability un- ~section.
derscores the diabatic nature of HI photodissociation with ~ The initial H-atom translational energy was 12830
rotationally cold samples, where photoexcitation of thecm ', with I* at rest. The equations of motion were inte-
T1,+, 1, and®I1, diabats is carried through to products grated numerically by using the fourth-order, single-step
with negligible transfer of flux among these potentials. Runge—Kutta methotf:*®*" Trajectories followedPIl,+ up
to the crossing point, where a transitiontd was assumed
to take place. The trajectory was then continued-dn Al-
Referring to Fig. 7, a collision between an H atom andternatively, trajectories were also calculated in which the
I* that starts on théll,+ potential can exit on théll po-  >Il+—II transition was assumed to take place on the way
tential. Though larg®(l) values might be anticipated on the out. The use of classical mechanics is justified because of the
basis of the photodissociation results mentioned above, thefdgh translational energies. Note that total angular momen-
are important differences between photodissociation antum is not conserved, as the change in electronic angular
H-+1* collisions. For example, with the latter, large values ofmomentum is not accounted for by changes. ifihis is not
| are involved. Moreover, it is easy to detettdeactivation problematic for the largevalues(~50) under consideration.
in the form of superelastic scattering, as there is minimallhese calculations enable us to obtain, with minimal com-

Collisions between H and | *

background signal. puting and sufficient accuracy, the general behavior of the
The probability, for a given collisional orbital angular nuclear motiongFigs. 8 and 9

momentum whose quantum numbet,ishat a transition be- Figures 8a) and 8b) show that the maximurhvalue for

tween the’ll,+ and'Il curves has occurred after the colli- which a®ll,+— I transition can occur is 52, corresponding

sion is over is given by to an impact parameter of 1.9 A. Figuréb8 depicts the

variation of the H-atom speed throughout the trajectory. For
P(=2PMI1-PM], (16 <52, collisions in which 1 is quenched viglly+— I
whereP(l) is the net probability that an electronically nona- result in H atoms whose translational energies are increased
diabatic transition has occurred as a resultrohaving by almostthe I-atom spin—orbit splitting, i.e., the | atom
crossedr . twice—initially on the incoming trajectory and gains a small amount of translational energy. The superelas-
again on the outgoing trajectory. As pointed out above, irtic H atom translational energy as a functionl @§ given in
each of these crossings, the diabatic pathways are favored Bg. 10. It varies from 20 227 cit for | =52 to 19 797 cri*
long asP(l) is of order unity, which is overwhelmingly the for 1=0, corresponding to an energy spread of 430 tm
case for small values df Note that if a trajectory follows a The maximum calculated value of the,Hranslational en-
diabat on both the incoming and outgoing paths, the net efergy is shifted from 12830 cit by 7397 cm?, which is
fect is electronic adiabaticity. Nonadiabaticity occurs be-consistent with the experimental value for the energy differ-
cause propagation through the crossing region twige, ence between thg and monomer peak@.e., 7455 cm?).

incoming and outgoing trajectoriedollows a diabat one From the trajectory calculations, thelependent radial
time and follows an adiabat the other time. velocity atr. was also determined; thus, it was possible to

The partial cross section for a given valuelaé given  calculate the Landau—Zener probability as a function.of
by Figure 11 gives(i) 1—P(l); (i) P(l); and (iii) ona(1),
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1004 I K X N\ /

50 /‘;5 Ve — 2 \N W

T o ; ZX’ : Referring to Figs. 10 and 11, the partial cross sections,

Time / 10™ s Time / 10™ s ona(l), can be converted to the energy domain by using the

Jacobiandl/dE. The shape obr,,(E) is similar to that of

FIG. 8. Trajectory calculations for different values of impact parameter and C it ; =
with the I, to I transition occuring on the incoming portion of the na(1): it rises monotonically from 19797 to 20 100 c

trajectory.(a) Internuclear distance H-I1. Fbe53, the impact parameter is and then increases m(_)re sharply up to _20 ZZchrf_rhe
too large for a transition fromill,, to M1 to occur.(b) The speed of H large values of, for which the cross section is maximum,
remains fairly constant until the trajectory reaches the potential well, aorrespond to the largest values afHranslational energies
shown by the small bump. Fd<52, a transition frontIl,, to I is (ie., 20227 cril for |=52). This is consistent with the
assumed to take place gt, and the trajectory continues diil. As the e ' .
system goes through the classical turning point, the H-atom transIationa(?xpe“mental result that _places the .Center of the superelasnc
energy passes though a minimum. At the end of the trajectory, the hydrogeR€ak at 20285 cit, with a full-width-at-half-maximum

atom has gained translational energy by almost the spin—orbit splitting of FWHM) of ~700 cm L. This is also consistent with the 430

iodine._(c) The iodiqe atom gains speg(:d) Expanded scales, enable the Cm_l spread in energy found from the trajectory calculations,
beginning of the trajectory to be examined. Note the two small bumps that

correspond to acceleration and deceleration as the system falldyys. considering that the broadening O_f the obser@epeak in-
cludes the resolution of the experimental apparatus.

which were obtained by using Eq&l5)—(17). These func- 'ntracluster scattering

tions increase sharply with, especially forl=50, where Intracluster processes figure prominently in the distribu-
ona(l) varies from 2.&10 ¥cn? for 1=50 to 2.2 tions shown in Figs. 4 and 5. Namely, features are readily
X 10~ cn? for | =52.7. This dramatic variation shows that identified as arising from the photodissociation of the
large | are strongly favored for a nonadiabatic transition toHI(v,J) product that is believed to derive from nonreactive
occur. H+ HI encounters following the photodissociation of an HI

The above procedure yieldsy, values of ~3x10 " molecule within (HI),.*® The case in which the=2 con-
cn?. As discussed earlier, this is still insufficient to rational- tribution dominates over contributions arising frore 2 has
ize the observations by invoking gas phase scattering. been examined in detaft.

In the study reported here, the cluster size distribution
(i.e.,[(HI),] versusn at the interaction region 7 cm down-
stream from the nozzleis assumed to be a monotonically
decreasing function af. It depends on the HI concentration

1,
M=l (@) 0.04
4 =
/ -15 -1.0 -05 00 05
T4 y ey =52 X(M/104A 10"
< - Som o ;
=] / ~ F 1=20 10?4
1=20/ 1=53
54 -3
4] ' 0.004Z el bk
A S 3 ~0.00 0.02 0.04 10 -
X(H) / A X1/ A 0% ¢
FIG. 9. Cartesian coordinates fa the H atom;(b) the iodine atom. Ar- 10°;
rows indicate directions of motion. The H atom, whose initial velocity lies 107

along theX axis, approaches* | (which is initially at rest on 3II,, . I* ' T y y y y n

movgs ever-so-sligrﬁ)ﬁ’y in response to a small bay(h'*eTO cm'Y) cen(gred at 0 10 20 30 40 50 60

~8a,. Throughout the attractive part of the shallow well centered g, l

(~600 cm'Y), I* moves toward the H atom. Deceleration occurs as

approached, where tH&I,, —II transition occurs. Due to its large mass, FIG. 11. Filled circles, + P(l); filled triangles,P(l); open squaresr,,(1)
the | atom moves very littide.g., during thd =52 collision, the H atom  in A2 Equation(16) indicates thaP(l) has a maximum of 0.5. This occurs
travels 10 A while the | atom travels only 0.03.A for the noninteger value=52.7.
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(a)

I H

FIG. 13. Theoretical estimates of the (KBquilibrium geometryRefs. 49
and 50; 9,=94°, §,=2°, and the I-I distance is'5 A.

(b)

geometry; a number have been measited and there is

no experimental or theoretical evidence to the contrary. It is

T T T T T 1 known that the H atoms are delocalized significantly as per

19000 18500 20000 20500 21000 21500 22000 large zero-point excursions, and thus there is a broad range
H atom translational energy / em’ of angles#; and 6,. Note that even when starting with

_ _ ~ (HI)3, the photodissociation of | (HI) , will result in super-
FIG. 12. Translational energy spectra showing fhpeak. The photolysis  g|5stic scattering in which the exiting H atom escapes, in
laser is horizontally polarized with an energy of 13 mJ. The time delay

between the photolysis and detection lasers is 30an4% HI in Ar; (b) 20  MOSt cases directly into vacuufiee., without further scatter-
HI in Ar. Differences are modest. ing) after its interaction with™.
Referring to Fig. 13, photodissociation of the HI on the
right (the interior HI) is believed to result in the Hi{(J)
in the expansion, as well as the time delay between the operoduct that gives rise to the strong signals labeled as such in
ing of the pulsed valve and the introduction of the 266 nmFigs. 4 and 5! Photodissociation of the HI on the Igfthe
photolysis pulsé! The features due to Hi(J) (see Figs. 4 exterior HI) yields | and F, the latter having a quantum
and 9 are essentially identical to those reported earlier undeyield of 0.40 at 266 nni* As mentioned earlier, the* Ire-
conditions of minimal clustering mains bound to its HI partner, because when the exterior HI
Though theg feature can, in principle, contain signifi- s photodissociated, the translational energy imparted to the
cant contributions from several values wof there was no |* in the c.m. system of the exterior HI is approximately 40
discernible change in the shape of this feature in going fronem™*, which is shared equally by translational and internal
4% to 2% Hl, or in going from an Ar carrier to a He carrier, energies of the*-HI complex[when (HI), is the parent
while optimizing the signal with respect to the aforemen-The binding energy of the analogous*CHCI complex has
tioned delay time, as indicated in Fig. 12. Only the signalbeen estimated to be130 cm 1,>® and for the f - HI system
amplitude decreasethy as much as an order of magnitide under consideration here, there is no possibility that 20%cm
In addition, as mentioned above, data taken under conditionsf internal excitation is sufficient to cause fragmentation to
of far lessclustering® in which n=2 is believed to domi- |* +H|. Thus, the f-HI complex remains intact with ap-
nate over all highen combined, show no differences other proximately 20 cm? of internal excitation. As a result of the
than smaller amplitudes of the signals that arise from C|US|-arge degree of H-atom delocalization present in the weakly
ters. Thus, it is concluded that tifepeak is due primarily to  bound F - HI complex, some of the H atoms that are photo-
small clusters, witm=2 being the largest contributor. The ejected from this complex will interact with lon the way
sharpness of the peak and the fact that it lies 7455'cm out. The resulting deactivation of laccounts for theg peak.
aboveE,=12830cm? (i.e., nearly the! spin—orbit en-
ergy aboveE,=12830 cm ') suggests a single scattering Photodissociation followed by scattering:
event that involves a departing H atom arid | The case for sequential processes
The calculations whose results are summarized in Fig. 8 S ) ) ] )
are for gas phase collisions. Cluster environments are, in 5oThe lodlne—!odme dlstancée in (Hl)is apspirommately 5
general, more complicated, and comparisons between tH& > and, assuming that (HGf}® and CF - HCI* can be used
computed results and the experimental results obtained wits analogs, the binding energy of tife HI complex is sev-
(HI),, should be pursued with caution. Several relevant aséral times smaller than that of (HI) Thus, the iodine—

pects that are germane to the case under consideration dRsline distance in*l- HI will be taken to be 5.1 A, which we
worth noting. believe is a conservative lower bound. The 20 ¢érof inter-

nal energy imparted by HI photodissociation within (kil)

as well as the highly anharmonic PES, also support 5.1 A as

a lower bound. This number has been used to construct dia-
Figure 13 shows the L-shaped geometry of the dimergrams(a)—(c) in Fig. 14, which depict snapshots of the pho-

based on the theoretical estimates of Buckingham antbdissociation of the HI moiety, assuming classical motion

Fowler*® and Hannachi and Silvf All binary hydrogen ha-  for the nuclei. The potentials shown on the bottom are for

lide complexegHX—HY) are believed to have this L-shaped HI;? they do not account for three-body interactions.

Dimer geometry
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cluster scattering as the origin of the superelagtipeak.
There is a striking similarity between the peak and the
theoretical results obtained by using the model presented
above. On this basis, it is concluded that intracluster super-
elastic scattering has a great deal in common with the corre-
sponding gas phase process.

Coupling of the®IT,+ and'II diabatic potentials, which
occurs near . via spin—rotation interaction, is too weak to
play a role in the photodissociation of rotationally cold HlI,
e.g., H,=2.67 cm ! for | =1. Rather, the photoexcited dia-
bats are followed to products with no significant transfer of
flux between them. On the other hand, becaugesthles as
[I(I+1)]¥2, spin—rotation coupling acquires a privileged
status in the energetic HI* collisions of the kind consid-
ered here. For example, the area of theeak is~1% of the
area of the HI{,J) peaks that arise from intracluster scatter-
ing.

The shape of théll,+ HI potential, which is the en-
trance channel for the* | quenching that is referred to as
“superelastic scattering,” provides a unique opportunity for
intracluster scattering. Strong spin—orbit coupling ensures

T T T T T T T T T that®I1,+ is rather flat, with a rather shallow well, down to
riA — small r. Thus, HI photodissociation and subsequent IH
FIG. 14. Schematic diagram of the photodissociation of the Hl moietyscatterlng within the Sam? complex can be treated as reason-
within the * - HI complex. ably separate events. This accounts for the good agreement
between the experiment#l peak and the binary collision
model presented herein.
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