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Effect of Reagent Rotation on Isotopic Branching in (He, HD) Collisions
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A three-dimensional time-dependent quantum mechanical wave packet approach is used to calculate reaction
probability (PR) and integral reaction cross sectiarf) values for both the channels of the reaction He

HD" (v =1;j =0, 1, 2, 3)— HeH(D)" + D(H), over a range of translational energi{.9 on the
McLaughlin—Thompson-Joseph-Sathyamurthy (MTJS) potential energy surface using centrifugal sudden
approximation for nonzero total angular momentulvalues. The reaction probability plots as a function

of translational energy for differedtvalues exhibit several oscillations, which are characteristic of the system.

It is shown that HeH is preferred over HeDfor largeJ values and that HeDis preferred over Het for

smallJ values for all the rotationaj) states studied. The integral reaction cross section for both the channels
and therefore the isotopic branching ratio for the reaction depend stronglynotontrast to the marginal
dependence shown by earlier QCT calculations. The computed results are in overall agreement with the available
experimental results.

I. Introduction . HeH' HeD
The dynamics of (He, k) collisions has been studied ||——9=0 P — =0 im0
extensively over the years due to its importance in interstellar j:;g ——dJ=10
medium and plasmds’ Yet, our understanding of this ien 0.08 =30
molecule system is not complete. There are several aspects o J=40
the dynamics that remain to be accounted for quantitatively. In J=50
the isotopomeric reaction He HD*, the helium atom can attack 0.06 J=60
at either end of HD, leading to two different products %
He+ HD* — HeH' + D (R1a) Lk \ JI
— HeD" + H (R1b) i l yo mg
0.02 4 el I
Despite its simplicity and fundamental importance, experimental . '."F'W;' [33._' Wy | by .
studies on reactions (R1a) and (R1b) have been limited. Klein | | SNy Wl M
and Friedmahmeasured the isotopic branching ratig  oR- .00 — T e
(HeH")/oR(HeD")] in (He, HD') collisions. They reported that ; ”;m,ev"" L ““ém,e\}-“ e

T'; increased with an increase in relative translational energy _. . . ) .

. . - Figure 1. Plot of reaction probability values as a functiBpans for |
(Etrang, reached a maximum, and then started decreasing with _ 0 of HD*.
an increase in energy. The valuelgfremained less than unity
over the entire range OEyans (0—8.0 eV). Turner et &t reported from experimerftfor v = 4 of HD™ at Eyrans= 1.0 €V.
measured initial vibrational state resolved integral reaction Kumar et al’ computed rotationally resolvesR values using
cross section values and reported vibrational enhancement forthe 3D QCT method and found that it was independent of
both the channels up .ns= 4.0 eV.T, remained less than  Therefore, they concluded that discrepancies between theory

unity over the entire collision energy range (380 eV) for and experiment could arise either due to the fact that the QCT

v =0 and 1. Forv = 2 also,I', was less than unity for all  method was not good enough to incorporate the quantum effects
translational energy values reported exceptHans= 1.0 eV, that could be present in the system or the PES was not accurate
when it was 1.04. enough.

Using a three-dimensional (3D) quasiclassical trajectory Kalyanaraman et dlcarried out 3D time-dependent quantum
(QCT) method, Bhalla and Sathyamurttgpmputeds® values mechanical (TDQM) wave packet calculations and computed

for both the channels of the reaction for= 0—4 andj = 0 of j-resolved reaction probabilityPf) values for both channels of
HD* on a McLaughlin-Thompsonr-Joseph-Sathyamurthy  the reaction on the MTJS PES for total angular momendum
(MTJS) potential energy surface (PESThey reproduced the = 0 and found thatPR and thereforel’» [= PR(HeH")/PR-

vibrational enhancement of the reaction cross section in near(HeD")] was highly dependent on However, it was not clear
guantitative agreement with experiment. However, the branching if the j-dependence dfp would surviveJ averaging. The issue
ratio obtained by their calculations was only half of what was could not be settled because of limited computational resources
available at that time. Recently, Tiwari et?alomputed integral
*To whom correspondence should be addressed. E-mail: nsath@iitk.ac.in.reaction cross section values for reactions (R1a) and (R1b) for
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Figure 2. Same as that for Figure 1 fpr= 1 of HD".

v=0-3,j = 0 of HD" on the MTJS and the recently publishe
Palmieri et al® potential energy surfaces. The results were

d TABLE 1. Grid Parameters and Initial Condition Details
for J < 13 (see text ford > 13)

nearly the same on both the potential energy surfaces. Therefore, parameters
to see if thej-dependence dfp would surviveJ averaging, a
detailedJ-converged 3D TDQM study of the reaction for=

1 andj = 0—3 of HD" on the MTJS PES was undertaken.
Details of the methodology are given in section Il, and the results
are presented and discussed in section Ill. Summary and

conclusion follow in section IV.

II. Methodology

The TDQM methodology**2used involves solving the time-
dependent Schdinger equation in reactant channel Jacobi
coordinates on a three-dimensional grid. For a triatomic system,where

the Hamiltonian operator inR(r,y) space is given a3

G-,

g gR? U §r®

2ug R 2ur

of-mass of HD andy, is the reduced mass of HDR is the

+-—+VRry) @

values descriptions
Nr 128 number of grid points iR
(Rmin, Rmax)/@o (1.50, 16.74) range d® values
N, 80 number of grid points in
(rmin, Fmax)/ao (1.00, 12.06) range afvalues
N, 54 number of grid points i
Atlfs 0.2419 time step used in propagation
Tlps 1.2 propagation time
Roao 12.0 center of initial wave packet
dlag 0.25 Gaussian width parameter
rdao 7.0 position of the analysis surface
1 \14 21m <2 .
Go=|—5| eH-(R—R)720% exp(-ikR) (3)

with Ry and ko referring to the center of the wave packet in

position and momentum space, respectivélyis the width
_ _ parameter for the wave packét,is the projection ofl on the
whereur is the reduced mass of He with respect to the center- body fixedz axis (taken alongR), andPj(cosy) represents the

center-of-mass separation between He and HDs the sepa-

ration between H and D, andis the angle betweeR andr.

J is the total angular momentum operator grithe rotational

angular momentum operator for the diatomic spediR,r,y)

is the interaction potential.

PRy t=0) = Go(R)¢,i(r)Py(cosy)

)

associated Legendre polynomials.

The diatomic rovibrational eigenfunctiogs(r) for HD* were

computed by means of the Fourier grid Hamiltonian apprdéach.

The split-operator methdelwas used to propagate the wave

packet in time. The fast Fourier transform (FFT) metfadas

e ) ) used to solve the radial part of the Sathirmyer equation, and
angular part. The time-dependent Salinger equation was

solved under centrifugal sudden approximafidand the wave
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Figure 3. Same as that for Figure 1 fpr= 2 of HD".
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Figure 4. Same as that for Figure 1 fpr= 3 of HD*.
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Figure 5. Plot of partial reaction cross section values as a functiody sbmparing the contribution from differeit values to the cross section
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Figure 6. Comparison of partial reaction cross section values as a functidfioofHeH" and HeD formation for differenf andK values aEans
=1.0eV.
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Figure 7. Plot of K-weighted partial cross section values as a function
of J at Eyans= 1.0 €V.

60

packet was propagated for 1:20.70 ps. Having computed
Y(Rr,y,t) at timet, the energy-resolved reaction probability
P,;”(E) was calculated &s

PUjJK(E) —
-5ﬂf%gﬂ¢wmwﬂmyaﬂwaa )
u, 0 0 O dr e r=rs

where the energy-dependent wave functigiRr,y,E)was

obtained by Fourier transforming the time-dependent wave

packety(Rr,y,t).

Tiwari and Sathyamurthy

the HeH channel. Otherwise, it is assigned to HeDFor
computing reaction probabilities corresponding to the HaHd
HeD" channelsys has been taken to be sufficiently large and
away from the interaction region. Depending upon the values
of rper™ andryep™, the flux was integrated into either of the
two channels. It was verified that the sum of the reaction
probabilities obtained from individual product channels and the
total reaction probability obtained directly from the energy-
resolved flux out of the reactant channel were equal.

The J-dependent initial state-selected partial reaction cross
sectiono,;’ was determined as

1
(2 +1)

j
0, (E) = [P, °(E) + 2 KZ P, E] (5

The initial state-selected total reaction cross seatigft) was
then obtained by summing over the partial reaction cross section
values for all the partial waves

Jmax

JT
0,(B)=—Y (23+1)0,(E) (6)
szg;

The parameters used in the calculations up 013 are given

in Table 1. ForJ > 13, Ry was increased by one atomic unit
for each unit increase i Correspondingly, the time duration

of propagation of the wave packet is also increased. Further
details of the methodology can be seen in our earlier publica-
tion.1®

Ill. Results and Discussion

Distance criteria have been used to assign the flux to each A. Reaction Probabilities and Partial Reaction Cross

channel. Ifryeq™ is less thamryep™, then the flux is assigned to

Sections.ComputedPR values for both the product channels
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Figure 8. Plot of the integral reaction cross section as a functioBugfsalong with the experimental valuesBt.ns= 1.0 eV, for both channels.
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Figure 9. (@) Plot of the isotopic branching ratio as a functiorEgf,salong with the experimental value Bfans= 1.0 eV forj = 0—3. The blown

up plot forj = 0, 2, and 3 is shown in panel (b).

are plotted as a function &;ansfor a range of) values forj =

0, 1, 2, and 3 of HD in Figures 1, 2, 3, and 4, respectively.
Clearly, there are large number of oscillations RR(Eiang,
particularly for the lower values of, indicating the importance
of reactive scattering resonances in (He, Hlldynamics. For

j = 0, there is an overall increase PR for HeD" with an
increase irEyans For the HeH channel, on the other hanBR

as a function ofl for different values of andK for Eyans= 1.0

eV in Figure 5. Clearly, the formation of HeHlecreases with
an increase irK, whereas formation of HeDincreases with
an increase irK. For a givenj, K = 0 represents the physical
situation, in which HD is rotating in the triatomic plane
containing the relative velocity vectdf.= j, on the other hand,
corresponds to the situation in which the plane of rotation of

reaches a maximum and then it levels off about a mean line HD" is perpendicular to the plane of orbital motion of He with

(not shown). Further, with an increaseJnthe PR values for
HeD" formation decline more rapidly than tHe® values for
HeH".

For j =1, there are two possible initial values of helicity
quantum numbeK: 0 and 1. ForK = 0, the PR values for
HeH" formation are significantly larger than that for Hebor
all values ofJ over the entire energy range. TRB(Eyand plots
for j =1, K =1, are similar to those fgr= 0. Forj = 2, thePR
values for the HeHM channel are lower than tHeR values for
HeD" for all helicity quantum numbers(= 0, 1, and 2). Also,
there is an overall increase RR values for the HeD channel
with an increase irEyans (for all the K values). For the HeH
channel, despite the oscillations, tR8 values change only
marginally with an increase iByans Forj = 3, K= 0, thePR
values for HeH formation are larger than that for Hever
the entireEgansrange. FolK = 1, the PR values for HeH are
larger than those for HeDat low energies. At higher energies,
HeD" is preferred over HeHl For K = 2 and 3, HeD is
preferred over HeH over the entireEyans range. It is worth
pointing out that thePR values for HeD formation become
zero by the timel becomes 40. However, for HétHcalculations
had to be carried for values up do= 60 for allj andK values
under investigation.

respect to HD. The intermediate values df represent the
intermediate angles between the two planes. In the simplest
model, one understands that the center of mass df idBhifted
toward the D atom, and in rotating HDthe H atom sweeps a
larger area than the D atom. Therefore, the approaching helium
atom has more access to the H atom for abstraction and HeH
is the preferred product. This model is perfectly alright Kor
= 0, corresponding to the planar (He, HPdynamics. But for
K > 0, where orbital motion and rotational motion are not
coplanar, the possibility of He attacking at the intermediate
regions between H and D ends increases and therefore the
possibility of formation of [H--He---D]* increases. This would
invariably result in the formation of HeDbecause of the ease
of ejection of the lighter H atom. These two competing pathways
would account for the difference in the dependence of partial
cross section orK. Further, our results suggest that with
increasingK, the complex forming mechanism becomes the
predominant pathway.

To examine the preferential formation of one isotopomer over
another as a function df the partial cross section [{2+- 1)PR]
for both the channels &ans= 1.0 eV are plotted for = 1,
j=0,1,2,and 3 in Figure 6. Fg= 0,K =0,] = 2,K =0,
1, and forj = 3, K = 1-3, HeD" is preferred over Hel at

The role ofK on the computed reaction cross section becomes low J values, whereas the trend gets reversed for Bigdlues.

evident from the plots of the partial cross sectionJ[{2 1)PR]

Forj = 1,K =0 andj = 3, K = 0, HeH" is preferred over
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HeD" for all J values, whereas fof = 2, K = 2, HeD" is total experimental integral reaction cross section is also slightly
preferred over HeH for all J values. Foij =1, K = 1, HeD" larger than that computed fpr= 0. Unfortunately, experimental

is preferred over HefHup to onlyJ = 10, and for higher values  results for initialj-state resolved reaction cross section values
of J, HeH" is preferred. In a recent publicatibmusing the are not available for the system until this date.

TDQM method, it was shown that HeHwas preferred over The isotopic branching ratid,, is plotted as a function of
HeD" at highJ values and HeD was preferred at low values Euans for differentj values in Figure 9. It is clear that, for all
for v = 1, 2, and 3,j = 0 of HD". SinceJ U b (impact rotational stated;, increases with an increaseHgans reaches

parameter) and is related to scattering angle, it was inferred a maximum, and then starts decreasing with an increaSgiig
that HeH™ would be preferred over HeDin the forward TheT, values forj = 1 are the largest and are smallestjfer
direction, while HeD' would be preferred over HeHin the 2. Further, foij = 1, HeH" is highly preferred over HeDover
backward direction. Far = 0, HeH" was preferred over HeD the entire translational energy range except for 0.5<e¥ans
for all J values and hence was expected to be preferred in all < 0.6 eV. Forj = 2, I'; is less than unity over the entif&ans
directions. This inference was verified by computing differential range. Forj = 0 and 3,I; is less than unity below-0.6 eV
cross section using the time-independent quantum mechanicagnd above~0.9 eV. The only available experimental value for
(TIQM) method2 By the same logic, it can be concluded that T, lies slightly below the theoretical results fpr= 0 and 3.
HeH" would be preferred over HeDin the forward direction

and HeD would be preferred over HeHin the backward V. Summary and Conclusions

d|re_ct|on forj = 0,K - 0;j=2,K=0and1j=3K=1-3. Initial state-selected reaction probabilities and integral reaction
Forj =1,K =0 andj = 3,K =0, HeH" would be preferred ;o5 section values for reactions (R1a) and (R1b) have been
in all directions, whereas HeDwould be preferred over HeH . ted using a time-dependent quantum mechanical wave
in all directions forj = 2, K = 2. SinceK is not amenable 10 nacket approach on an MTJS potential energy surface, within
experiment, one should really compare thaveraged partial e centrifugal sudden approximation. It is predicted that, for
cross section values for the two channels to predict the g rotational states investigated, HeMould be preferred over
preferential scattering of isotopomers. The same is plotted in yep+ in the forward direction and HeDwould be preferred

Figure 7. Clearly, the partial cross section for Held larger i the backward direction. The integral reaction cross section
than that for HeH at low J values for allj. For higherd values, values for HeH formation follow the trend =0 > j =1 >

the trend is reversed for ajl Therefore, HeH would be j=2>j=3up toEgns= 0.9 eV. At higher energies, the
preferred over HeD in the forward hemisphere, while HED  rend becomeg= 0> j =1 > j = 3 > j =2. For the HeD
would be preferred over HeHn the backward hemisphere for  channel, the integral reaction cross section values follow the
all j states for which the dynamics has been investigated. A trendj = 0~ j = 2 > j =3 > j = 1. The totaloR values are
similar conclusion was arrived at by Kumar et al. based on QCT the |argest fojj = 0 and the smallest fgr= 1 over the entire

calculations translational energy range. The computédvalues forj = 0

B. Reaction Cross Section and Isotopic Branching Ratios.  at Egans= 1.0 €V are in near quantitative agreement with the
After computing the reaction probability values until conver- experimental results (which were npt= 0 selected). The
gence with respect tf) the integral reaction cross section values experimentall’, value atEyans = 1.0 eV is slightly less than
for the formation of HeH and HeD™ were calculated for = the computed value fgr= 0 and 3. Thd', values are strongly
1,j =0, 1, 2, and 3. The results are plotted as a function of dependent o, in contrast to the marginal dependence shown
Ewans in Figure 8 for both the channels, along with the by earlier QCT calculations.
experimental values for = 1 at Egans = 1.0 eV# It is clear
that theoR values depend significantly gnin contrast to the Acknowledgment. A.K.T. thanks the Council of Scientific
marginal dependence reported by earlier QCT calculafiding and Industrial Research (CSIR), New Delhi, for a research
discrepancy between the TDQM and QCT results could arise fellowship. N.S. thanks the Department of Science and Technol-
from the quantum mechanical resonances present in the systemgy, New Delhi, for a JC Bose fellowship. This study was
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