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Three Dimensional Quantum Dynamics of (H, Hy) and Its Isotopic Variants
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We present the results of a time-dependent quantum mechanical investigation using centrifugal sudden
approximation in the form of reaction probability as a function of collision eneEgy.§ in the range 0.3

3.0 eV for a range of total angular momentui{alues and the excitation functieEqang for the exchange

reaction H + H, (v = 0,j = 0) — H, + H™ and its isotopic variants in three dimensions on an accurate ab
initio potential energy surface published recently Chem. Phys2004 121, 9343). The excitation function

results are shown to be in excellent agreement with those obtained from crossed beam measurements by
Zimmer and Linder for H + D; collisions for energies below the threshold for electron detachment channel
and somewhat larger than the most recent results of Haufler et al. forO# and (D, Hy) collisions.

I. Introduction eV. Huq et al*® measured total reaction cross sections for the
reactive and the electron detachment channels for collisions of
H~ and D with H,, D, and HD. The electron detachment
threshold was found to be 1.45 eV for {HH,). Zimmer and

Collisions of positive, neutral and negatively charged hydro-
gen atoms with hydrogen molecules constitute an important
subject of study from a fundamental point of view. They

. 14 : . ) .
represent ideal prototype systems for a detailed comparison:smder”_qeterrgmed the (ljnLegral rea((j:_tlon Crgss seclztlgndfcr;],(H h
between theory and experiment. They are also of interest in P2) collisions by crossed beam studies and concluded that the

understanding the collision processes in interstellar media and9€Créase in reaction cross section when plotted as a function of
in plasmas. H" 172 is known to be stable. The ground-state CO"'S!On energy Erand at higher energies arose because qf the
potential-energy surface (PES) has a well of depth 4.61 eV, OPening up of the electron detachment channel. They attributed
which supports a large number of bound states that affect thethe differences betvyeen t'helr results and that of Michels and
dynamics of the system. The PES for the neutral counterpart Paulson to the deficiency in the TMS measurements. They also
Hs, on the other hand, has a barrier of 0.45 eV for the exchange measured the elastic and rotatlor_lallyllnelastlc (nonreactive) and
reactior? The dynamics of (H, k) collisions have been studied  €/€ctron detachment cross sections:llktuet al'* performed
extensively over the yeafé.In comparison, the (H Hs) system crossed-beam measurements of rotat|on'a'lly |nelast|e scattering
has been studied much less. Qualitatively, the PESofisi ~ ©f Hz from H™ and obtained state-specific differential cross
very similar to that of H in many ways, including the barrier sectlons_for trans_|t|0ns ranging from initial rot_atlor_lal stpte
height. However, there are also differences between the twol~3 to final statejr = 1-13, for the ground vibrationab/(=
systems. At large center-of-mass separation betweemii 0) state of H. Their results showed a strong rotational excitation
Ha, the charge-induced dipole interaction between the two leads©f the target molecule. Haufler et #ldetermined the integral

to a shallow well of depth around 0.05 eV. The additional Cross sections for H+ D, and D" + H, reactions using a
electron in H~ gives rise to an additional reaction channel 9uided beam apparatus and noted a significant isotope effect.
involving electron detachment. Although the electron affinity =~ There have been a number of theoretical studies on the
of H atom is 0.75 eV, no detachment occurs at this energy as electronic structure of . Particularly worth mentioning is the
there is no crossing between the ground-state PESssfanH diatomics-in-molecules (DIM) potential energy surface com-
Hs~ at large distances. Forth its ground electronic state, the  puted by Belyaev et df. and a multireference-configuration-
crossing between the two PESs occur at short distéhaesa interaction study by Stak and Meyef While Belyaev et al?
result, electron detachment is expeétém occur around 1.45  computed state-to-state reaction probabilities for the collinear

eV, through the following pathway: configuration of (H, Hp) and (H", D) using the DIM surface,
Mahapatra et & found that there were a large number of
H +H,— [Ha’]¢ —H+H,+e transition state resonances on thér&aMeyer (SM) PES for

H~ + Hzin collinear geometry. Presence of a large number of

Muschlitz et all® and Mason and Vanderslidemeasured ~ resonances in the system was confirmed by time-dependent
elastic and inelastic integral cross sections for,(Hy) collisions ~ quantum mechanical (TDQM)*° calculations for collinear as
and attributed their results to the strong long-range—ion Well as three-dimensional arrangemefitQuasiclassical trajec-
molecule polarization effects. Michels and Pauléaneasured ~ tory calculations carried out by Ansari and Sathyamutfiyr
the reaction cross section)(for H~ + D, (HD) and D~ + H, the collinear geometry yielded results in good agreement with
(HD) collisions using the tandem mass spectrometer (TMS). A the TDQM results. Gianturco and Kunfarcalculated the
reaction threshold of approximately 1.0 eV was found, and a differential and integral cross sections for vibrationally inelastic

plot of the excitation function exhibited a maximum around 3.0 Processes in (H+ Hy) collisions over a wide range of collision
energy (4.6740 eV) on the SM PES. Mahapattaarried out

* Corresponding author. E-mail: nsath@iitk.ac.in. three-dimensional TDQM calculations on the DIM PES and
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found the existence of sharp resonances near the threshold foare eigenfunctions of thé& operator with eigenvalug§ + 1)A2.

rovibrationally excited reactant molecules, particularly for

2, j = 0-3. Jaquet and Heinén performed full three-
dimensional TDQM calculations for total angular momentum
J = 0 on both the DIM and SM surfaces and showed that the
narrow resonances in the reaction probability plot were smeared
when averaged ovel, using theJ-shifting approximation.

We have carried out a TDQM investigation of three-
dimensional collisions of (H, H> (v = 0,] = 0)) and its isotopic
variants for a range of values on a recently reported ab initio
PES by Panda and Sathyamurfyor collision energy in the
range 0.3-3.0 eV, and compared the results with the experi-
mental results, wherever available. We outline the theoretical
methodology briefly in section I, and the results obtained are
presented and discussed in section Ill. A summary of our
findings and the conclusion follow in section IV.

II. Methodology

Different aspects of the TDQM wave packet (WP) methodol-
ogy are well documented in the literatdfe?® Therefore, we
present only the salient features of our calculation here. We
have used an L-shaped ¢#id® in reactant channel Jacobi
coordinatesR, r, y), whereR is the center-of-mass separation
between H and H, r is the bond distance inHandy is the
angle betweeR andr. The Hamiltonian inR, r, y) for a given
Jandj = 0 in the body-fixed frame is given by

h%? K% J?
- +
2udRe 2udr®  2ugRe

Hereur is the reduced mass of Hwith respect to H and y,
the reduced mass of HJ is the total angular momentum
operator and/(R, r, y) is the three-body interaction potential
reported by Panda and Sathyamurify.

The initial WP, W(Ryr,y,t=0), is chosen as the product of a
Gaussian wave packeBf,(R)), representing the translational
motion of H~ with respect to K, a ground ro-vibrational(=
0, j = 0) eigenfunctionp,(r) for the diatom and a normalized
associated Legendre polynomRk(cosy):

W(Rr,y,t=0) = G (R)g,;(r)Pj(cosy)

f=-

+ V(Rr,y) 1)

)

The translational wave packet is a Gaussian function of the form
1 \va 21m 2 .
GyR=|-| ePC(R-RY725) expl-ikR) (3)

whereRy and o refer to the location of the center of the WP

and the width parameter, respectively. The momentum wave

vectorkp is related to the initial translational energy through
the relatiod?

ZMRETrans _ i
h? 20°

The values of andkg are chosen in accordance with the initial
energy distribution desired.

The radial part of the diatomic ro-vibrational eigenfunction
¢,i(r) is computed by means of the Fourier grid Hamiltonian
approach proposed by Marston and Balint-K&#ti.

The normalized associated Legendre polynomials

Pr(cosy) = [ D g oSy )

ko= (4)

The fast Fourier transform algoriti#fhis used to evaluate
the effect of the radial part of the kinetic energy operator on
the wave function and the discrete variable representation
(DVR)®is used for the angular part. The split-operator method

JIs used for the propagation of the wave packet in time.

The action of the angular momentum operators (nondiagonal
in the radial grid representation) on the WP is carried out in
associated Legendre polynomial basisRet First, the WP is
transformed through a DVR transformatidfff,j = 4/Wnlf’,-K(cos
yn). Then the matrix elements are evaluated as

[Py li*IPyre 0= 00k A5G + 1) (6)

Py 971y 0= R0, {[IA + 1) + j( + 1) — 2K 0 o —

]“JK+}”J'K ’ vV 1+ 6K06K+1,K' - )'JK j’j?(\/ 1+ 6K1(5K—1,K'} (7)

where the quantityl is defined as

A= JAA+1)—BB+£1) (8)
HereK is the projection ofl on the body-fixedz axis and for
a givenJ andj, K varies in the range & K < min (J, j). It is
worth pointing out here that the projection pbn the body-
fixed z-axis is equal t&, asl,, the projection of on the body-
fixed z-axis is zero, in the chosen body-fixed axis. The final
expression is obtained by transforming back to the DVR.
Within the centrifugal sudden approximatihthe off-
diagonal terms irK are neglected. The angular kinetic energy
operator then reads as
h° . N
A+ +j(+1)—-2K]+—i(+ 1)
R 2u,r

9)

Having computed the wave functid¥(t) at timet, the energy
resolved reaction probability?(E)) is calculated from the total
flux through a surface located in the product channel=atrs
as follows34

P(E) =

ﬁ . T i * d
ﬂr|m[ Jo dR [ d6 sin 0¥*(Rr,0,E) G Y RrOE) - (10)

T(y) =
R

The energy dependence of the wave function in eq 10 is obtained
by Fourier transforming the time-dependent wave packet as

W(RI,0,E) = aiE [ expEURW(RIO) dt  (11)

with ag as the normalization factor. The latter corresponds to
the weight of the energy component contained in the initial
translational WP and is defined by

#R 1/2 o
a= (ﬂ) S~ G (R) exp(kR) dR
(%Fz)l/zeko(k)
Here

Gy (K) = (470°)" exp[-0°(k — k)72 + i(k — k)Rg] (13)

(12)

with k;j = /2ug(E—e¢,))/fi ande, | is the ro-vibrational energy
of Ho.
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TABLE 1: Parameters Used for the L-Shaped Grid and
Initial Condition Details for J < 8 (See Text forJ > 8)

parameters values
(Nr1, Nr2) (128, 64) no. of grid points iR
(Ruin, Rmax)/@o (1.0, 16.24) range dR values
(Nr1, Ni2) (80, 48) no. of grid points im
(rmin, Fmax)/@o (0.4, 11.46) range afvalues
" 54 no. of grid points iry
(Rmask rmas®/@ao~ (14.08, 9.22) starting point of the masking
function along R, 1)
Atlfs 0.2419 time step used in propagation
Tlps 0.97 total propagation time
Ro/ag (11.0) centre of initial WP
E%andeV 1.0 initial translational energy
dlag 0.25 Gaussian width parameter
rdao 6.0 position of the analysis surface

in the product channel

The J-dependent reaction probabilitl?f() for the initial vib-
rotational statey, j) is computed from the initialY, K) selected
probability @) as

v
1 3 j
P(E) = Zj—H[Pin—"(E) + ZKZP;-K(E)] (14)

However, the second term in eq 14 does not make any
contribution in our present study as we have set the injitial
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v=0,j=0

v=0,j=0

Probability

15

EleVv
Figure 1. Reaction probability as a function of total energy for different
values ofJ. For convenience the opening up of the different product
vibrational channelsy() are indicated by arrows along theaxis.

vibrational levels of the product diatom for the reactants H

0. The initial-state-selected total reaction cross section values@nd Dz in v =0 andj = 0 state over a range &ansfor each
are then obtained by summing over the partial reaction crossintéger value ofin the range 650 for (H", H) and (H', D)

section values for the different partial waves:

JT [ee]
0,(E)=—Y (23 + 1)P}(E) (15)
j kUjZ-ZO j

A damping functiof® was used near the edges R () space

to avoid numerical errors arising from reflection or wrapping
around of time-evolved wave packet at the grid edges. It is given
by

JT (Xmask+ AX

- X)
k
2 AX - I ]’ X = Xpask (16)

mask

f(X;) = sin

activated in the asymptotie andr channelsXmask(X = R, 1)

is the point at which the damping function is initiated axnask
(=Xmax— Xmas is the width ofX over which the function decays
from 1 to 0, with Xnax being the maximum value of in that
direction, in a particular channel. The grid parameters used in
the present calculation are listed in Table 1 along with the initial
conditions, forJ < 8.

Increase inJ adds a substantial centrifugal barrier to the
interaction potential resulting in an effective potential that falls
off slowly and is no longer negligible at distances considered
in Table 1. Therefore, we had to locate the initial WP farther
out in the reactant channel for high&ralues. We found that
for J > 8, Ry had to be increased by 143 on an average for
each higher, keeping in mind a cut off of 0.005 eV for the
lowest Ve (=V(Rr,y) + JJ + 1)h%2ugR?% see eq 1).
Consequently, the position of the damping function in the
reactant channel also had to be shifted accordingly for each
calculation and we needed a longer time evolution of the initial
WP to achieve convergence. Converged results were obtaine
after a total propagation time of 4068000 time steps, i.e.,
0.97-1.45 ps.

I1l. Results and Discussion

A. Reaction Probabilities. We have calculated the reaction
probability Pf,j) values summed over different rotational and

collisions and 6-60 for (D, H,) collisions. For all the three
systems, fod = 0, the reaction probability increases wihans
dramatically near the threshold and then it increases further in
steps, before leveling off or declining beyond 1.5 eV as
illustrated in Figure 1. For convenience, we have included the
internal energy Ei) of H, and D and plotted P}, as a
function of total energy = Eqans+ Eint). FOr quick reference,
the product (H and HD) vibrational {') energies are indicated
as arrows along thg-axis to show how the onset of some of
the oscillations inPg,O(E) could arise from the opening up of
new product vibrational channels. In addition, there are a number
of small oscillations in theP),(E) curve, which need to be
examined further. Th@;, values forJ = 10, 20, 30, and 40
included in Figure 1 show how the reaction threshold increases
and the oscillations decrease with increasé. o understand
the role ofJ in determining the reaction cross section, we have
plotted the reaction probabilityPéO) and the partial reaction
cross section (2+ l)P(J)O) values as a function af at Eyans=

1.5 and 3.0 eV in Figure 2. It becomes clear from the figure
that our calculated cross section values (see below) are
converged fod = 35 and 50 for (H, H,) and (H-, Dy) collisions
andJ = 40 and 60 for (D, H,) collisions forEgyans= 1.5 and

3.0 eV, respectively.

B. Reaction Cross SectionsFrom the results ofPjE)
values computed for a range §fwe have calculated the integral
reaction cross section values for= 0 andj = 0, Eqans= 0.3—

3.0 eV, using eq 15. Although the resulting excitation function
for (H~, Hy) collisions plotted in Figure 3 exhibits the same
threshold as those of Jaquet and Hefdem the SM PES, our
results are significantly lower than theirs far< 2.5 eV. This

is understandable because Jaquet and H&irtid not carry

out the TDQM calculations fod > 0. They used thd-shifting
approximation, which does not take into account the decline in
P with increase inl. Interestingly, their results show an unusual
increase at higher energies. Unfortunately, there are no experi-
mental results available for (H H,) collisions.

Our computed results afyo(Egrang for H™, D, collisions are
compared with the available experimental results in Figure 4.
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Figure 2. Reaction probability and partial reaction cross section values ) ) )
plotted as a function of at Eyans= 1.5 and 3.0 eV. Figure 4. Comparison of the TDQM computed integral reaction cross
section values with the different experimental results for,(IB-)
6 collisions. The vertical bars represent the typical error bars in the
experimental result of ref 11 and the horizontal double headed arrow
indicates the experimental uncertainty in the reaction threshold.
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Figure 3. Comparison of the computed integral reaction cross section
values on the PandeSathyamurth$# PES with the calculated values 4 5 6 7

by Jaquet and Heinéhon the SM® PES for (H, H, (v = 0,j = 0) )
collisions. Eruns /&Y

. . Figure 5. Comparison of the calculated integral reaction cross section
It can be seen that our results are in excellent agreement withyajues with the experimental results for (TH,) collisions. Threshold
the experimental results of Zimmer and Linteior energies for the electron detachment channel is indicated by an arrow along the
below 1.5 eV. Except near the reaction threshold, our results x-axis.
are in general larger than the experimental results by Haufler
et all® The reaction cross section results reported by Hug et D;) and (D, Hp) systems in Figure 6, along with the
al3are close to ours at 3.0 eV. Results of Michels and Patdson experimental results of Haufler et®8The computed excitation
are significantly lower than ours over the entire energy range. functions show qualitatively the same behavior for all the three
The electron detachment cross section values measured by Hugystems. That is, a sharp increase at the threshold followed by
et al13 are also included in Figure 4, indicating the threshold a maximum around 1.5 eV and then a slight decline. Over the
for electron detachment to be around 1.45 eV. entire energy rang@oo(D ™, Hz) > ooo(H™, Ha) > ooo(H™, Dy).

The plot ofogo(Erang for D, Hz collisions in Figure 5 show  Although the experimental results show a sharper decline beyond
that our results are comparable to the experimental results by1.0 eV, ooo(D™, Hy) is always larger thawooH™, D). The
Haufler et al*® up to ~0.8 eV, beyond which the theoretical computedsgo(D~, Hz)/ooo(H™, D2) hovers around 2:63.0 over
results are always larger than the experimental results. Resultghe entire energy range, while the experimental ratio falls in
of Michels and PaulsdAare significantly lower than our TDQM  the range 1.62.4 as illustrated in Figure 7.

results over the entire energy range. The arrow along-tvds It is tempting to suggest that the overestimatesgf Erand
indicates the threshold for electron detachment around 1.25 eVby theory over experiment is due to inadequacies in the PES
for this collision as measured by Hug et'al. and/or the centrifugal sudden approximation used in the TDQM

To examine the influence of isotopic variation on the reaction calculation. The former is unlikely as the Pardgathyamurthy
cross section we have replottedy(Eirand for (H-, Hy), (H-, PESS® is of good quality; it includes single, double, and
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Figure 6. Comparison of the (a) computed and (b) experimental
integral reaction cross section for different isotopic combinations.
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Figure 7. Comparison of the computed ratio of the reaction cross
section for (D, Hy) to that of (H-, D,) collisions with the experimental
results by Haufler et df
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IV. Summary and Conclusion

Initial state-selected integral reaction cross section values for
3D caollisions in (H, Hp) and its isotopic variants have been
calculated using the time-dependent quantum mechanical wave
packet approach, within the coupled states approximation, on
the recently reported ab initio PES. The computed excitation
function for H- + D, (v = 0, ] = 0) is in excellent agreement
with the experimental results of Zimmer and Linder or<
1.5 eV and that of Huq et al. at 3.0 eV. For both (HD;) and
(D™, Hy) our computed results are significantly larger than the
more recent experimental results of Haufler et al. Clearly, more
experiments are needed to settle the differences between theory
and experiment for this fundamentally important system.
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