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Time-independent quantum mechanical (TIQM) approach (helicity basis truncaked @) has been used

for computing differential and integral cross sections for the exchange reactien B, (v = 0, ] = 0—4)
—HD+ D and D + H; (v =0, ) = 0—-3) — HD + H™ in three dimensions on an accurate ab initio
potential energy surface. It is shown that theeighted differential reaction cross section values are in good
agreement with the experimental results reported by Zimmer and Linder at four different relative translational
energies Eyans = 0.55, 0.93, 1.16 and 1.48 eV) for (HD,) and at one relative translational ener@y s =

0.6 eV) by Haufler et al. for both (H D,) and (D", Hy) collisions. Thej-weighted integral reaction cross
section values are in good agreement with the crossed beam measurements by Zimmer and Linder in the
Eransrange 0.5-1.5 eV and close to the guided ion beam results by Haufler et al. for k) in the range
0.8-1.2 eV. Time-dependent quantum mechanical (TDQM) results obtained using centrifugal sudden
approximation are reported in the form of integral reaction cross section values as a fundignp; of the

range 0.3-3.0 eV for both reactions in three dimensions on the same potential energy surface. The TDQM
reaction cross section values decline more sharply than the TIQM results with increase in the initial rotational
guantum numbeij) for the D, molecules in their ground vibrational state=€ 0) for (H™, D) collisions. The
computed-weighted reaction cross section values are in good agreement with the experimental results reported
by Zimmer and Linder for (H, D,) collisions and guided ion beam results by Haufler et al. for both (d4)

and (D7, Hy) collisions for energies below the threshold for electron detachment channel.

I. Introduction Haufler et al. used P(H>) with a rotational temperature of 300
The dynamics of (H, H,) and its isotopic variants has K. The theoretical calculations (ours as well as that of Morari

received considerable attention overthe years, bothexperimértally 2nd Jaquet) had usge- 0 for D, (H). Therefore, itis possible
and theoreticallj-2° Although a diatomics-in-molecules (DIf1) that some of the discrepancies between theory and experiment

potential energy surface (PES) and a multireference-configu- arose from the neglect of the effect of the initial rotational state
ration-interactioh (MRCI) PES were published earlier, Panda ©f D2 (H2) on the dynamics. Hence, it was decided to investigate
and SathyamurtH§ have computed recently an ab initio PES the (H", D2) and (D, H,) dynamics by explicitly taking into
using coupled cluster singles and doubles with nonperturbative @ccount the initial rotational state distribution for, H).
triples (CCSD(T)) method for a wide range of geometries. An Recently, the TIQM investigation of the integral and differential
analytic function was fitted to the ab initio points following Cross section of rotational excitation in (HH. (v = 0,j = 0,
the strategy proposed by Aguado e#4l. 1)) collisions have been carried out by Giri and Sathyamuthy.
Jaquet and Heinéhhad shown using time-dependent quan- The computed results are in reasonable agreement with the
tum mechanical (TDQM) calculations on DIM and MRCI experimental results of Mier et al®
surfaces that the resonances observed for zero total angular Linder and co-workefs® had published differential reaction
momentum J = 0) got smeared, when averaged oJeMorari cross section results for (H Hy) and (H, D) collisions.
and Jaquét computed the excitation function for the exchange  Similarly, Haufler et al” had published differential and integral
reaction H + D2 (v = 0,j = 0) — HD + D~ by including reaction cross section for (H D) and (D", H,) collisions.
Coriolis coupling and found the results to be in agreement with Therefore, computing the differential reaction cross section
the experimental results of Zimmer and Lintléor a range of  yajues and comparing with the experimental results would test
energies and not with those of Haufler et Abver the same  the accuracy of the ab initio PES. Unfortunately, the TDQM
energy range. Panda et'lused the TDQM method with the  ethod used does not yield information on the product angular
centrifugal sudden approximation for computing the integral gisgripution. Hence, time-independent quantum mechanical
reaction cross section values for (i, (v =0,j = 0)), and (11QMm) calculations were carried out for computing integral

its isotopic variants. Their results were also found to be in good ., gifferential cross sections Btane= 0.55, 0.6, 0.93, 1.16
agreement with the experimental results of Zimmer and Linder 4 1 48 eV for (H. D,) and atE"Z:SS: 0.6 eV for o ’Hz)

but larger than that of Haufléet al. A careful examination of
the experimental conditions revealed that Zimmer and Linder
had used D that had a rotational temperature of 180 K, and

collisions, for which the experimental results were available.
Three-dimensional TDQM investigations were carried out for
integral reaction cross sections in the 630 eV collision

*To whom correspondence should be addressed. E-mail: nsath@ €N€rgy range for_ (_H D2 (v=0,j=0-4))and (O, Hz (v =
iitk.ac.in. 0, j = 0—3)) collisions and these results were also compared
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with experiment. The theoretical methodology is outlined in _ [ 1 \va o D282 -
section Il and the results obtained are presented and discussed Gko(R) o 762 exp(—(R — Ro)/267) exp( 'koR) (5)
in section 1ll. A summary of our findings and the conclusions

follow in section IV. represents the translational part, wkhandd referring to the
location of the center of the WP and the width parameter,
Il. Methodology respectively. The momentum wave vectgris related to the

Time-independent quantum mechanical calculations have iNitial translational energy through the relatfén

been carried out using the ABC program developed by Skouteris
et al?2 in hyperspherical coordinates and the potential energy ko = 2urEyans 1 )
surface reported by Panda and Sathyamdfttmas used. The
parity-adapted-matrix elementsS)\;y o, Obtained from the
TIQM calculations were used to calculate the state-resolved The radial part of the diatomic ro-vibrational eigenfunctigp
differential cross section values after transformation into their (r) is computed by the Fourier grid Hamiltonian approach
standard helicity representatioa’l,yw wik @S proposed by Marston and Balint-Ku?fi.The angular part is

' given by the normalized associated Legendre polynomials

do

woikak 1 | 5 ) 2 16— K
1o (0) I2ikaujk Z(ZJ + 1)k ((O)Se vie awikl o B (cosy) = /(2 ;L )8 - K;inK(COSV) %

. ) . HereK is the projection of] on the body-fixedz-axis chosen
and the integral reaction cross section as alongR and for a given] andj, K varies in the range & K <
. min(J,j). It is worth pointing out here that the projection jof
__" 2 on the body-fixedz-axis is equal td, asl,, the projection of
Tocvitk—auik = k2 Z(ZJ DI aond 2) on the body-fixedz-axis is zero, in the chosen body-fixed axis.
vik The fast Fourier transform algoritffis used to evaluate
the effect of the radial part of the kinetic energy operator on
\ A ) : _ the wave function and the discrete variable representation
o, v, v, j J', k and K are arrangement labels, diatomic pyR)28s used for the angular part. The action of the angular
vibrational quantum numbers, diatomic rotational quantum ,,mentum operators (nondiagonal in the radial grid representa-
numbers and helicity quantum numbers, respectively. The yqny o1 the WP is carried out in the associated Legendre
prlmgd quantities refer to the products of the reaction and polynomial basis seIf?’jK. First, the WP is transformed to the
unprimed to the reactants. angular momentum space (finite basis representation (FBR))

After extensive convergence tests, a cutoff energii @k = . . . ~
; . . by using DVR-FBR transformation matrle’nj- = /W,Pjk(cos
3.5 eV was used. The maximum rotational leygh§ was taken »). Then the matrix elements are evaluated as

to be 22, and the maximum value of the hyperradpgs,j was

whereQ and# are solid and scattering angles, respectively.

set at 20a0. The number of log derivative propagation sectors B 2P, ) 20
(mtr) = 400. Helicity truncation parametek.(.) was taken up Picli 1Py 0= 050 ,ch3( + 1) )
to 2. ~ 2 2 ..
Different aspects of the TDQM wave packet (WP) methodol- |]PJKK‘] —1) P = h éii'{ PE+D+j6+1) -
ogy are well documented in the literat#%* Therefore, we 2K2]6K,K’ — A Aj; /1+ KO 1 —
present only the salient features of our calculation here. We _
have used a rectangular grid in Jacobi coordinaRs (y), sk "LJKV 1+ 0Ky Ox1x} (9)

whereRis the center-of-mass separation between(Bi-) and
D, (Hy), r is the bond distance in QH,), andy is the angle
betweerR andr. The Hamiltonian inR, r, y) for a given orbital
angular momentum operatband rotational angular momentum
operatorj in the body-fixed frame is given by

where the quantityl is defined as

A= JAA+1)—BB=£1) (10)

Within the centrifugal sudden approximati&tthe off-diagonal

= terms inK are neglected. The angular kinetic energy operator
|

2
ﬂ:_h_za_z_h_za_z+(‘]_1) + +V(R T, ) then reads as
2URBRE 2 or®  2ugRP 2u,r? , ,
O hRZ[J(J+1)+j(j+1)—2K2]~|—h—2j(j~|—1)
r

Here ur is the reduced mass of H(D™) with respect to B 2ur ' (11)
(Hz) and u, the reduced mass of ;D(Hp). Total angular
momentum operatod = | + j and VR, r, y) is the same  The time evolution of the wave function is followed using the
interaction potential as mentioned abd¥e. split-operator metho# The energy resolved reaction probability

The dynamics of (H (D)) and (D (Hy)) collisions were for a particular choice of, j, J andK (ijK(E)) is calculated
followed by solving the time-dependent ScHirmger equation from the total flux through a surface located in the product
numerically. The initial WP at timé= 0, W(R, r, y,t = 0) is channel ar = rq as follows?!
chosen as follows:

) PiE) =1 |m[f°°de”d9 sinow*R 1, 0,E) 3w
PR, 1,7, t=0)= G (R) ¢,(r) Px(cosy) (4) Uy 0 0 dr

(Rr,0,E) (12)
where r=rg



(H-, Dy) and (D7, Hy) Collisions

TABLE 1: Parameters Used for the Rectangular Grid and

Initial Conditions
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parameters values remarks

Nr 150 no. of grid points along

(Rein, Rmay/@o (0.05,17.93) range of the grid aloiRy

AR/ay 0.12 grid spacing along

Ny 80 no. of grid points along

(Fmin, Fmax)/@0 (0.05,11.11) range of the grid along

Arlag 0.14 grid spacing along

Ng 54 no. of grid points iry

(Rmask rmasp/@o~ (13.37,6.91)  starting point of the masking
function along R, )

Ro/ag (12.0) center of the initial WP

Etrand€V 1.00 initial translational energy

d/ag 0.25 Gaussian width parameter

rdao 6.0 position of the flux analysis
surface

At/fs 0.2419 time-step used in the propagation

T/ps 0.73 total propagation time

The energy dependence of the wave function in eq 12 is obtained

by Fourier transforming the time-dependent wave packet as
WR T, 0,E) = aiE [ exp(Eth) R, 6,0 dt  (13)

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

UR\Y? oo _
ag = (h—k) J~.G (R exp(kR) dR

1/2
(;—E) G, (K

Gy (K) = (410" exp[-0°(k — k)72 + i(k — kRl (15)

(14)

Here

with k= /2ux(E—¢,))/h, €,] is the ro-vibrational energy of H
(D2).

The J-dependent reaction probabilit?i) is computed from
the initial (J, K) selected probabilityR;) as

1 3 j
PY(E) = Zj—H[P;‘F*’(E) + Zépij(E)] (16)

o
S
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o
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1
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Figure 1. TIQM computed reaction cross section values plotted as a
function of ExandeV for different initialj values for H, D, (v = 0, j)
collisions.

decays from 1 to 0, withXyax 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, the initial WP was located farther out in
the reactant channel for highéwalues. Ford > 8, Ry had to
be increased by 1.4 on an average for each highkkeeping
in mind a cutoff of 0.005 eV for the lowedter (= V(R, , 7)

+ J(J + 1)A%2urR?). Consequently, the position of the damping
function in the reactant channel also had to be shifted accord-
ingly for each calculation and a longer time evolution of the
initial WP was needed to achieve convergence. Converged
results were obtained after a total propagation time of 2000
3000 time steps, i.e., 0.48.73 ps.

I1l. Results and Discussion

A. TIQM Results. A.1. Integral Reaction Cross Sections.
The initial-state-selected reaction cross section values computed
using eq 2 are plotted as a functionEBfansin the range 0.5

The initial-state-selected total reaction cross section values arel'5 eV for H', D, collisions, for differenf states of Rin Figure

then obtained by summing over the partial reaction cross section

values for the different partial waves:

0,(E) = % > @3+ 1P)® (17)

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

mask+ AX
AX

mask

(X) :sm’g 4 Xi)] X, = Xpasc (18)

mask

activated in the asymptotiR andr channelsXyask (X = R, 1)

1. It is clear that they rise from the threshold and increase with
increase irEyansbefore showing signs of leveling off. It is also
clear from the figure that the cross section values decline with
an increase i from 0 through 3 and 4 over the entire energy
range investigated.

This is expected of a reactive collision dominated by collinear
configuration33 But the differences between the reaction cross
section values foj = 0, 1 and 2 is marginal. Because the
experimental results were obtained for a distribution sthtes,
thej-weighted integral reaction cross sectiaalj values were
computed as follows:

o= IZWI (Trot.)OOj (19)

wherew;(Tyot) is the population of different rotational levels at

is the point at which the damping function is initiated and the rotational temperatury. For Dy, the values are 0.299,

Ximas{=Xmax — Xmasy is the width ofX over which the function

0.275, 0.347, 0.057 and 0.021 fpe= 0—4 corresponding to
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Figure 2. Comparison of the TIQM computegweighted integral
reaction cross section values with the experimental results foiDpl
collisions at ()Tt ~ 180 K and (b)T;o: = 300 K.

Trot. ~ 180 K. Our computed results &F(Eqang for H™, D2
collisions are shown to be in excellent agreement with the
experimental results of Zimmer and Lindeigr energies up to

1.5 eV, in Figure 2a. Our calculated resultsSof(Eyand at Trot

300 K for H-, D, collisions are compared with the
experimental results by Haufler et 7alin Figure 2b. The
computed-weighted integral reaction cross section values are
comparable to the experimental results in the refiges= 0.8—

1.2 eV. However, there are two discrepancies: (i) Experimental
results suggest a lower threshold than the theoretical results.
This seems to be typical of the results obtained from the guided
ion beam techniquéA similar discrepancy was found for (He,
H,™) also. (ii) Experimental results are lower than the theoretical
results at higher energies, clearly due to the onset of an electron
detachment channel, which is not included in our theoretical
studies.

A.2. Differential Reaction Cross Sectionghe differential
reaction cross section values are also dependent on jntiat
shown). The-weighted differential reaction cross section has
been calculated from individugddependent differential cross
section values as follows:

d<c>/dQ(10"°cm?/sr)

Giri and Sathyamurthy
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Figure 3. Plots of the computefweighted differential cross section

indicated.
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values compared with the experimental results for (a) B} collisions
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Figure 4. Comparison of the calculatgdveighted differential cross

di&

oV k—ay

dQ

0 do . inea;
k o'v'j'K—avjk
)= ]ZWJ-(Tmt.) 10 ) (20)

section values for H D, collisions with the experimental results by
Zimmer and Lindet* for (a) ' = 0 and (b)e’ = 1 atEgans= 0.93 eV.

experimental results in Figure 3c. Agans = 0.93 eV, the

The product vibrational state’] specific differential reaction
cross section values have been calculated fot0—4 andj =
0—3 for H, D, (v = 0) and D, Hy (v 0) collisions,
respectively. Thg-weighted {0t ~ 180 K) differential reaction
cross section values for (5 Dy) collisions atEyans= 0.55 eV

computed-weighted Tt ~ 180 K) differential reaction cross
section values plotted for H D, collisions fory' = 0 and 1

are comparable to the experimental results as illustrated in Figure
4. A more detailed comparison of the plots of the calculated
j-weighted differential cross section values for,HD, for v' =

are compared with the experimental results of Zimmer and 0, 1 and 2 aEyans= 1.16 €V and’ =0, 1, 2 and 3 aEyans=
Linder4 in Figure 3a. Clearly, the agreement between theory 1.48 eV with the experimental results in Figure 5 reveal that

and experiment is excellent. The computedeighted dif-
ferential cross section values Bt = 300 K andEgyans = 0.6
eV are compared with the experimental results of Haufler et al.

Similarly, the computed results forDH, collisions atT,o =

the overall agreement between theory and experiment is
excellent, except for some differences néa+ 0.

B. TDQM Results. B.1. Reaction Probabilitiegnitial-state-
in Figure 3b. It can be seen that the calculated differential cross selected reaction probabilityP];) values summed over differ-
section values are slightly lower than the experimental results. ent rotational and vibrational levels of the product diatom for

the reactants H(j = 0—3) and B (j = 0—4) in v = 0O state

300 K andExans= 0.6 eV are shown to be comparable to the were computed over a range Bfansfor each integer value of
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Figure 5. Comparison of the calculatgelveighted differential cross
section values for H D, collisions with the experimental results for
(@) = 0—2 atEyans= 1.16 eV and (b’ = 0—3 atEyans= 1.48 V.

Jin the range 6-50 for (H~, D) collisions and 6-60 for (D,
H,) collisions. For both systems, far = 0 andj = 0, the
reaction probability obtained in the present study is nearly the

same as the earlier reported probability values obtained using

an L-shaped grid except for some oscillations. The reaction
probability increases with an increasebpnsdramatically near

the threshold and then it increases further in steps, before
leveling off or declining beyond 1.5 eV (not shown).

B.2. Reaction Cross Sectionstom the results oP(J)j (B)
values computed for a range dfandj = 0—4 for H™, D,
collisions, the integral reaction cross section values were
calculated using eq 17 and the resultmgvalues were plotted
as a function oEyansin Figure 6a. The value afg increases
sharply at the threshold, reaches a maximum around 1.5 eV
and then it declines slightly for all values pfThere is a sharp
increase irv in going fromj = 0 to 1. Buto decreases with a
further increase ifto 2, 3 and 4 to the extent that thevalues
for j = 3 and 4 are lower than that for= 0 for E < 1.5 eV.
This strong dependence ofonj indicates the strong influence
of the anisotropy of the PES on the dynami£3.o understand
the origin of the differences in the dependencesgfon j for
(H-, Dy) collisions as obtained from TIQM (Figure 1) and
TDQM ((CS), Figure 6a) calculationsy values are plotted as
a function ofEgansfor differentj values in Figure 7. Fgr= 0,
the TDQM results are in excellent agreement with the TIQM
results. However, with an increasejjrihe differences between
the two sets of results become noticeable, with the largest
difference arising fof = 1. A comparison of the TIQM results
obtained fokmax= 1, 2 and 3 foj = 1 confirms that the TDQM
results obtained witkyax = 2 can be considered as converged.
This means that the differences between the TDQM (CS) and
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Figure 6. Computed TDQM reaction cross section values plotted as
a function ofEyandeV for different initialj values for (a) H, D, (v =
0) and (b) D, H; (v = 0) collisions.
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Figure 7. Comparison of the computed TDQM (CS) and TIQM results
of o (v = 0, ]) for different values of for H~, D, (v = 0) collisions.

0.9
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ingly, the differences between TDQM (CS) and TIQM results
become less marked fpre= 2, 3 and 4, particularly foEqans <
1.0 eV.

The j-weighted results obtained from TDQM (CS) calcula-
tions for H-, D, collisions are compared with the experimental
results of Zimmer and Linderat T,,; ~ 180 K in Figure 8a.
Although the TDQM results show the same qualitative trend
as the experimental results, there are noticeable discrepancies
between the two, at intermediate energies. Our calculated results
of [6{(Eyang at Trot = 300 K for H~, D> collisions are compared

TIQM results arise from the neglect of Coriolis coupling in the with the experimental results by Haufler et’ah Figure 8b.
TDQM calculations. Similar discrepancies have been noted for As was noticed with the TIQM results, the experimental results

other systems like (He, #), particularly forj = 1.3° Interest-

show a lower threshold than the TDQM results. If the
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Figure 8. Comparison of the TDQM computgeweighted integral
reaction cross section values with the experimental results for (a) H
D, at Trot ~ 180 K, (b) H~, Dz at Tt = 300 K and (c) D, H; at Tro

= 300 K.

experimental results were corrected by a 0.25 eV upward shift

in the threshold energy, the agreement between theory and

experiment would be excellent. As was mentioned earlier, the
experimentaldlivalues decline markedly with increasebuns

beyond 1.5 eV because of the onset of electron detachmentd

channel, which is not included in our theoretical studies.

The TDQM computed values afg for D~, Ho (v = 0, )
collisions are plotted as a function Bfansin Figure 6b forj =
0—3. The influence of and Eganson og; for D7, Ha (v = 0, )
collisions is similar to that for H, D, (v = 0, ). Yet it must be
emphasized that they values for the former system are a factor
of 2 larger than those for the latter. The plotl@fifor D~, H,
collisions in Figure 8c shows qualitatively the same behavior
aslolfor (H, Dy) in that the theoretical results start at a higher
threshold than the experimental results and that the decline in
[6Owith increase inEyansis only marginal when compared to
the steep decline in the experimental results.

As was mentioned earlier, they values for (D, Hy)
collisions are approximately a factor of 2 larger than those for
(H™, Dy). Thej-weightedo values computed for (O Hy) are
a factor of 2-3 larger than that for (H, D), as illustrated in
Figure 9. The experimental results f@arf (D, Hp)/[d[(H™, D,)
are close to the computed values ffns < 1.2 eV, beyond
which the two diverge from each other.

IV. Summary and Conclusion

The computed integral reaction cross section values for H
+D2(v=0,j=0-4)and D + H; (v =0, ] = 0—3) show
a noticeable dependence on the initial valugj éér all the
energies considered. The compugedeighted integral reaction

cross section values are shown to be in good agreement with

the experimental results of Zimmer and Linder b 2.0 eV
and lower than the results reported by Haufler et al.Hox
1.5 eV. The computedrweighted differential reaction cross
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Figure 9. Comparison of the calculated ratio of thereighted reaction
cross section values &t = 300 K for D™, H; to that of H, D,
collisions with the experimental results by Haufler ef al.

results at different relative translational energies for,(B-)
collisions and aEyans= 0.6 eV for (D, Hp) collisions.
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