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Experimental measurements of rovibrational product state distributions for the inelastic scattering
process H-D,(v=0,))—H+D,y(v'=1,2j’) are presented and compared with the results of
quasiclassical and quantum mechanical calculations. Agreement between theory and experiment is
almost quantitative. Two subtle trends are found: the relative amount of energy in product rotational
excitation decreases slightly with increasing collision energy and increases slightly with increasing
product vibrational excitation. These trends are the reverse of what has been found for reactive
scattering in which the opposite trends are much more pronounce@00@ American Institute of
Physics. [DOI: 10.1063/1.1804940

The H+H, system has served as the prototypical ex-suggests that the behavior is not explained in terms of a
ample of a reaction between two neutrals throughout the hissimple impulsive model.
tory of reaction dynamick:® Interest in this system derives The experimental technique is similar to that described
from its simplicity, the opportunity to compare experimentspreviously:>?° Briefly, a mixture of HBr and B expands
with what is thought would be the most accurate theoreticalnto a vacuum chamber from a single pulsed valve. H atoms
calculations, and the richness of dynamical phenomena th@'e¢ generated by photodissociating HBr using a pulsed, tun-
reaction presents. The relevance of this system has continué@le UV laser. The translational energy of the H-atom pho-
into the era of state-to-state chemistry, with numerous extofragment, and therefore the collision energy, can be ad-
perimental and theoretical studies reported in the past 28!Sted by tuning the wavelength of the photodissociation
years*™141n contrast to the scrutiny of the reactive channel,laser' After approximately 20 ns during which collisions oc-

the inelastic scattering channel has received considerabfé}”’ thzirlowbratmnally excﬁed pz state;s.elhectwely'|op|ze_d
less attentiod® 18 The lack of attention paid to this channel Y (2+1) resonant enhanced multiphoton ionization

does not imply that it is unimportant, as studies of inelastic(REMPD' The onized [ is then detected using time-of-

. o . flight mass spectrometry, and the ion currentdiz=4 is
collisions can provide information complementary to that . ) . . .
. . converted into a relative collisional cross section for forming

learned from studies of reactive encountérs. e : o . :
. L . the D,(v',j") under investigation. Care is taken to adjust the
Here we provide a preliminary report of experimental . . . .

t d th tical simulati f th ib time between photolysis and detection as described
measuremen s an . e‘?re |.ca simu’a |9ns 0 ) € rovi .r reviously?® and the signal levels are corrected using known
tional product state distributions for the inelastic scatterin

. ) EMPI line strengthd! Figure 1 presents the experimental
process H-D,(v=0,j) —H+D,(v»'=1,2j"). Data are pre- results

sented for several discrete collision energies. Although simi-  three different full dimensionality theoretical method-
lar measurements of rotational distributions have been prés|ogies have been applied to extract the rotationally resolved
sented before, the current results are of sufficiently highntegral cross sections to be compared with the experimental
resolution to reveal previously unobserved trends in thgesults: time-dependent quantum mechani€aIQM), time-
distributions'®!8 The agreement between the experimeﬂtalindependent guantum rnechani((alQM)7 and quasic|assi-
observations and both quasiclassical and fully quantum mecal trajectory(QCT). All calculations have been performed
chanical calculations shows that the origin for these effect®n theab initio BKMP2 PES, which has proved to reproduce
should have a classical basis, although a first examinatiomany experimental findings very accurat&lyrThe TDQM
calculations used the wave packet method of Ref. 23, which
dpresent address: Departamento dénflea Feica, Facultad de Quica, has been mOdiﬁeq to yield State'to'State_ inelastic Cross sec-
Universidad Complutense, 28040 Madrid, Spain. tions by representing the packet on a grid of Jacobi coordi-
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FIG. 1. (Color) Rotational distributions at different collision energies and vibrational manifolds febklinelastic scattering. Experimentakd), quasiclas-
sical (green), time-dependent quantum mechani@rk blug, and time-independent quantum mechanitght blue) results are shown, but the two quantum
mechanical results are virtually indistinguishable. Error bars are statistical and represent one standard deviation.

nates in the H D, arrangement. The density of the grid and value corresponded t&j odd, the final rotational state was
the range of total angular momentum quantum numbers intaken to bej’ +1. The integral cross sections so calculated
cluded J=0—50) was sufficient to converge the inelastic were almost indistinguishable from those obtained by ne-
cross sections to better than 2%. The TIQM calculations emglecting the trajectories with Aj odd value and multiplying
ploy a coupled-channel hyperspherical method as impleby two the cross sections with/j even value.
mented in the ABC code of Skoutegs al2* At the collision Figure 1 compares the experimental rotational distribu-
energies of the present work, well converged integral andions with different theoretical results. The distributions
differential cross sections have been obtained using thehow the population of rotational states for a given vibra-
parameterd j ,..=20, En=2.85€eV, andk,=10 and by tional manifold and collision energy; owing to space limita-
including all partial waves up to total angular momentdm tions, distributions are presented for only=1 and 2 at the
=48. With these parameters the number of channels to beollision energies 1.55 and 1.85 eV. The experiment deter-
propagated ranges from 198 &0 up to 1532 atJ=10. mines only relative values of the cross sections, but absolute
Note that for the reactant .Dmolecule only channels that cross sections are available from the calculations. Thus, the
correlate with everj have been included in the basis set. Aexperimental cross sections were normalized such that the
maximum value of the hyperradiys,,,=25a, and a num- area under the experimental distributions equals the average
ber of 250 sectors were selected to perform the calculation®f the areas under the theoretical distributions. All distribu-
Quasiclassical trajectory calculations were carried outions are presented separately for\ith evenj’ (ortho-D,)
using the same methodology of Ref. 25. Batches ®fl2®  or odd j’ (para-D,). Inelastic collisions have a negligible
trajectories were run at each collision energy and initial roprobability to cause interconversion betweertho- and
tational state. The maximum impact parameter was taken ggra-D,, soortho (para) product B, originates from inelas-
1.8 A ensuring that all inelastic transitions were included.tic scattering ofortho (para) reagent . The D, reagent is
Beyond 1.3 A no reactive trajectories were found. To accouncomposed of the statistical distribution of 2dttho:para
for the Aj even parity rule in inelastic collisions, the assign- modifications. If the inelastic scattering cross section is the
ment of final rovibrational D states have been made in the same forortho- and para-D,, the product should be com-
following way. First the(real valug vibrational and rota- posed of twice as muclertho as para modification. The
tional quantum numbers were determined in the usuafWay experimental values of the populationatho- andpara-D,
using the semiclassical quantization of the classical actioproducts can be directly compared, and the ratio of inelastic
and the[j’(j’+1)]"? quantization rule for the rotational scattering cross sections for the two modifications can be
angular momentum of the Dmolecule. The vibrational found by dividing that population ratio in half. The result of
qguantum numbery’, was then found by rounding to the this analysis is that the two modifications have equal inelas-
nearest integer the real value obtained by equating the intetic scattering cross sections within experimental uncertainty
nal energy of the B molecule to the rovibrational Dunham (see Table), and this result is confirmed by the calculations.
expansion inv' +1/2) andj’(j’+1), whose coefficients are The experiment is also sensitive to the vibrational distri-
calculated by fitting the semiclassical rovibrational energiesbution. The relative population of the two vibrational states,
The final rotational quantum number was assigned by takingummed over the rotational levels, is also presented in Table
the integer part of the classicakal valug rotational quan- 1. The v’ =1 state is more populated at every collision energy,
tum number. If this value corresponded tdg=j’'—j even, although the relative population of =2 increases with in-
the rotational number was taken to pg if the resulting creasing collision energy.
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TABLE |. Experimental values of the HD, inelastic cross section ratios

for ortho/parastates of reagent Dand for the product vibrational distribu-

tion at four different collision energies. i)
m

1.55 eV 1.65 eV 1.75 eV 1.85 eV _5

©

V=1 0.96-0.05 1.07#0.13 1.0@-0.19 1.08:0.06 3

ortho/para @
o

V=2 0.92+0.08 1.0x0.09 0.9*0.09 0.92:0.12 o

ortho/para

V'=D/(v'=2) 2.59+0.19 2.3#0.22 2.1%:0.38 1.95-0.16 0 2 4 6 8 10 12 14 16

Rotational Quantum Number (j)

- IG. 3. Experimental rotational distributions for th@tho products of
T,he agreemgnt between qugntum ,meChamcal and, qqa +D, inelastic scattering at different collision energies and vibrational
classm_al cal_culatlons ar_1d experiment Is aImO_St quantitatiVénanifolds. The data shown are the same as in Fig. 1, here placed on the
The minor discrepancy is that the simulated distributions areame graph to allow easy comparison. The slight increase in rotational ex-
slightly too cold. The primary cause for this disagreement jecitation at lower collision energies and for more vibrationally excited prod-
the fact that the calculations presented here considered cdi<ts ¢an be seen.
lisions with only the two lowest rotational states of the re-

agent B (one ortho state and oneuara statg, whereas

higher-lying rotational states were present in the m°|eCU|aFeactive scattering at the same collision enéfg§.This ef-

beam' Simulations .inqluding a distr.ibution Of. reggegtrﬂ fect might be partially explained by the fact that the vibra-
tational states mimicking the experimental distribution show,

. q ith X tional spacing is smaller in D(the product molecule in in-
an improved agreement with experiment. ... elastic scatteringthan in HD (the product molecule in
Many experimentally determined rotational distributions

for th i h Lin thi ¢ h b . geactive scattering but the small differences in vibrational
or the reactive channet In this system have been reporte pacing compared to the dramatic variations in rotational dis-
and can be compared with these data on meIastul:

. . . -~ “~Yributions for reactive scattering make that explanation un-
scattering"®72%26=3/As pointed out before, rotational distri- g P

buti for inelasti teri h colder than the di likely to be the sole cause of what is observed.
ytions for In€lastic scattering are much colderthan the dis- Although these rotational distributions are similar for

tributions for the reactive Cha””e'_?gt the same collision eng,, . \iprational state and collision energy, two subtle trends
ergy and product vibrational stat&:*® The average energy

. ; . . are apparentsee Fig. 3. First, the fraction of ener oin
in rotation for »’=2 at 1.85 eV collision energy is much PP s g 3 dy going

. ; . i . into rotation decreases slightly at higher collision energies;
greater for reactive scatterifigthan for inelastic scattering

1 ) S and second, the fraction of energy going into rotation in-
(2280 t(.) 15.90 cm’); _those _rotat|or}al d'St.r |bl_Jt|or_15 are pré- creases slightly for products with more vibrational excita-
sented in Fig. 2. The inelastic rotational distributions are als

- - R ion. These trends may seem counterintuitive: one might ex-
much less sensitive to collision energy or product vibrationa

. . ect that providing additional energy in terms of collision
guantum number than their reactive counterparts. The ave

. ) P 2nergy or removing less energy in terms of vibrational en-
age_lenergy n ro_tatlon fop._z _I|es betwe_er_l 1320 and 1590 ergy would permit more energy to go into rotation. This be-
cm - for inelastic scattering in the collision energy range

havior has indeed been observed in reactive scatf@rini
1.55-1.85 eV but ranges from 1490 to 2280 ¢rfor reac- g

, A L . ~ which a line-of-centers hard-sphere mddéf seems to
tive scattering in the same vibrational manifold and collision

3 o . > account well for the product internal state distributions.
energy rangé&’ Similarly, the average energy in rotation

~ Clearly, this same model cannot explain the present observa-
at 1.55 eV collision energy changes only from 1370 to,.

tions.
71 r_ . . .
1320 cm * betweeny'=1 and 2 for inelastic scattering but We note that similar trends have been observed for

inelastic scattering in other systems. Flynn and
' co-workers®~#! have measured rotational distributions for
I . 'Fgeez'f;f\'; the inelastic collision process HCO, to form vibrational
: ground state and asymmetric stretch excited, CChey ob-
served that rotational distributions with one or two quanta in
the asymmetric stretch look very similar and peak around 40
quanta of rotational excitation, whereas the products in the

changes from 1490 to 300 crh betweeny’=2 and 3 for

0.20 4

0.15 4

Cross Section (arb)
o
)
|

0.05 vibrational ground state would be expected to have rotational

- state populations that decrease monotonically with increas-

0.00 = ‘ , | | | | | | ing rotational quantum number. To explain these results, they
0 2 4 6 8 10 12 14 16 proposed a “breathing ellipse” modelsimilar to the one
Rotational Quantum Number (j) developed by Serri, Bilotta, and Pritch&f@nd based on the

F1G. 2. Rotational distributions for inelastic and . _ traditional hard ellipse model of rotationally inelastic
FIG. 2. Rotational distributions for inelastic and reactiief. 33 scattering o atering'® Their model assumes that a point mass and a
in H+D,. Both distributions are experimental measurements at 1.85 eV, . . . . L. . . .
collision energy and two quanta of product vibration=2). Error bars are  19id e”|p_5e d(_) not 'nteraCt_ until a C!’Itlcal configuration is
statistical and represent one standard deviation. reached in which an impulsive force is felt between the par-
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ticle and the infinitely high potential wall of the ellipse.
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