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Abstract

Control over reactive and non-reactive cross-sections in 3D atom-diatom scattering is shown to be possible using a
superposition of non-degenerate ro-vibrational states of the target-diatomic molecule. Depending on the phase and
magnitude of the coefficients which describe the initial superposition state, one can, through quantum interference,
enhance or suppress the reactive or non-reactive scattering to predetermined product states. Fully converged 3D
quantum computations reveal extensive control over the reactive/non-reactive branching ratios in the D + H, —
DH + H and the H+ H'D — HH' + D; HD + H’ reactions, where H and H' denote hydrogen atoms which are con-
sidered distinguishable. © 2001 Published by Elsevier Science B.V.

PACS: 82.40.Dm; 34.50.Rk; 34.50.Lf

1. Introduction

The coherent control (CC) approach for con-
trolling dynamical processes [1-24] makes use of
quantum interference effects to manipulate the
wave-like nature of matter. Specifically, CC uti-
lizes coherent light sources to induce constructive
or destructive interferences in the matter mole-
cules. In this way one can enhance (or suppress)
desired (or undesired) products. Numerous ex-
perimental demonstrations of the CC principle are
now available [1-3].
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Thus far, CC has been realized experimentally
in the control of unimolecular processes, such as
molecular photodissociation and photoionization
[1-15]. Controlling the yield of bimolecular reac-
tions [16-24] presents a much greater experimental
challenge, since, as explained below, in this case
one starts with an initially unbound state.

In recent years we have developed a number of
scenarios by which bimolecular control could be
achieved. Initially we investigated bimolecular la-
ser control at energies below or near the reaction
threshold [16-19]. Later, we presented a general
theory for the control of bimolecular collisions,
capable of dealing with energies above the reaction
threshold [20]. This general theory has been ap-
plied to the control of isotopic variants of the
H + H, — H, + H reaction [21] in the collinear
domain. We have also studied the control of dif-
ferential cross-sections of these reactions. Because
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of kinematic constraints [22], to be discussed be-
low, we utilized, in both cases, superpositions of
nearly degenerate diatomic states [23,24].

In the present paper we consider a more ambi-
tious control scenario, involving fully realistic
computations on superpositions of non-degenerate
target-diatomic states. The experimental difficulty
inherent in utilizing such target states as a basis for
a superposition of scattering states, requiring cor-
relating the translational energy of the atom with
the internal energy of the target-diatomic mole-
cule, is offset by the extensive degree of control
afforded in this scheme. Below we demonstrate,
with exact 3D quantum-mechanical calculations
for isotopic variants of the H+ H, — H, + H re-
action using realistic potential energy surface, that
total reactive vs non-reactive cross-sections can be
extensively controlled by varying the phases and
amplitudes of the initially prepared superposition
state.

This paper is organized as follows: The prepa-
ration of the superposition of scattering state is
discussed in Section 2.1. In Section 2.2 we sum-
marize the implementation of CC for 3D atom—
diatom quantum reactive scattering. The results of
our calculations for D +H, and H + H'D reac-
tions (where H and H' denote hydrogen atoms
which are assumed to be distinguishable) are dis-
cussed in Section 3, where the wide range of con-
trol over reactive vs non-reactive cross-sections is
demonstrated. Section 4 contains a brief summary.

2. Coherent control of atom—diatom reactive scat-
tering

2.1. Initial preparation of a superposition of scat-
tering state

Consider an atom A colliding with a diatomic
molecule BC. The three possible outcomes (ar-
rangements) of this collision are A + BC, B + AC,
C + AB and we label each arrangement by the
symbol o = a(A + BC), b(B + AC), or ¢(C + AB).
Denoting the masses of the three atoms as My, Mp,
Mc, and their positions as ra, rp, rc, we define rpc,
the position of one target atom relative to the

other, K, the total center-of-mass wave vector, and
R, the total center-of-mass position, as,

Mpc = My + Mc, M = My + Mpc,
ppe = MpMc/(Mp + Mc),

Rgc = (Mprg + Mcrc) /Mg,

R = (Mara + Mprg + Mcrc) /M,

rgc =rg —rc, Kkpc = kg +Kc,

K = k4 + kgc.

We also define the arrangement-specific relative
atom—diatom wave vector k, and the relative
atom-diatom position r for arrangement a as

k= (MBCkA — MAkgc)/M, r=r"a— RBC- (2)
Similar definitions hold for the two other (b and ¢)
arrangements.

The total Hamiltonian of the system can be
divided into four parts,

H=T(R) + T(r) + hy(rac) + V,(r,rpe), (3)

where T denotes a kinetic-energy operator, 4, is
the Hamiltonian for the BC diatomic and ¥ is the
atom-diatom interaction potential in the a ar-
rangement, satisfying the asymptotic condition,

v, =50. (4)

The breakup of the Hamiltonian can be carried
out in (three) different ways, depending on the
arrangement index, o.

As shown previously [20], in order to assume
control we need to create a superposition of con-
tinuum states, denoted as |E, a, ¢; 0), comprised of
|E,a,n;0), the eigenstates of the asymptotic ar-
rangement Hamiltonian H,,

Hy = T(r) + ha(rsc), (5
satisfying the eigenvalue relation,
[E—Ha]|E,a,n; O> =0, (6)

with n denoting the quantum numbers (such as
vibration or rotation) describing the internal en-
ergetic states of the «a arrangement separated
products.



A. Abrashkevich et al. | Chemical Physics 267 (2001) 81-92 83

Assuming that we can create a superposition of
two such states, we choose the atomic and di-
atomic incident wave functions y, and Y as,

[¥a) = [Pa(g)){c1 explika(l) - ra]
+ caexplika(2) - rall, (7)

[¥ac) = c3|Ppc(3)) explikpe(3) - Rec]
+ cal¢ppc(4)) explikpc(4) - Rac], (8)

where |¢,(g)) is the ground electronic state of
atom A and |pgc(j)) are internal diatomic states
with energy epc(j). The total incident wave func-
tion is then given as,

|Eva7C;0> = |l//A>|l//BC>
2 4

|4),; exp(ik;; - r) exp(iK;; - R),

=1 ;=3

©)

where [A), = cic;|a (€))|duc (7). ky = (Macka (i)
MAkgc(j))/M, and Kij = kA(l) + ch(]) with (l =
1,2;j=3,4).

If each term in the wave function has a different
center-of-mass wave vector K;;, then Eq. (9) is
composed of four independent incident waves.
Since the V, potential depends solely on the rela-
tive coordinates, r and rgc, and not on R, the
center-of-mass momentum is conserved (which is
why we are able to separate out the center-of-mass
coordinate from the relative coordinates). As a
result, as shown in Ref. [22], only those |[K) com-
ponents of the incident superposition state having
the same center-of-mass momentum can interfere
with each other to affect the final cross-sections.
The interference between components with differ-
ent K; values is quickly washed away during the
collision. However, conditions can be set in such a
way that interference, and hence control, may be
achieved. In order to do that, we require the
equality of the center-of-mass motion of at least
two energetically degenerate components,

Ki; =Ky
B2/ 2u + epc(3) = B k2,/2u + epc(4),

with u = MaMpc/M. Eq. (9) then becomes

(10)

|E,a,¢;0) = {|A>13 exp(ikys - r)
+ |4),, exp(ikas - 1) } exp(iKi3 - R)
+ |4),; exp(ikas - 1) exp(iK»s - R)
+ |4}, exp(ikis - 1) exp(Kis - R), (11)

where the term in the first bracket, due to Eq. (10),
is a linear superposition of two degenerate states.

The cross-section resulting from the initial state
in Eq. (11) is comprised of the first two terms of
Eq. (11), which can interfere with each other be-
cause they have the same center-of-mass momen-
tum, and by the last two (“satellite’’) terms, which
are non-interfering because they have different
center-of-mass momenta.

As a particular realization of Eq. (10) we choose
K3 = Ky = 0 and Ky; = —K4, which means that
ka(l) = —kpc(3) and ka(2) = —kpc(4). Since in
that case kj; = ka(1), kos = ka(2), we have from
Eq. (10) that,

P [k7(1) = k3(2)] = (2MaMgc)[epc(4) — epc(3)]
/(Mpc + My). (12)

We also have in that case that, ky; + k4 = ki3+

kos = ka(1) + ka(2), and assuming that ka(1) is

parallel to ka(2), the energies of the satellite terms
become,

W 7>
ESY = ﬂk; +epc(3), E¥= @klﬂ + epc(4),
(13)
where

Iy = [Mackx (2) + Mk (1)
+ 2MaMpcka(1)ka(2)]/M?,

kiy = [Mpck (1) + MRkX (2)
+ 2MaMpcka(1)ka(2)] /M.

Note that in the specific case where we super-
pose degenerate states of the BC, Eq. (12) becomes
k3 (1) = k3(2). Indeed, in this case we can choose
kA(l) = kA(Z) = —ch(3) = —kgc(4) so that all of
the K;; are equal and at the same time all of the
four terms in Eq. (9) are energetically degenerate.
Therefore, in the case corresponding to the scat-
tering of an atom off a diatom in a superposition
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of degenerate diatomic states, there are no extra-
neous uncontrollable satellite contributions. Re-
sults for this class of coherent control obtained for
D + H,, H + D, and H + H’'D reactions have been
discussed in Refs. [22-24]. In this paper we con-
sider another class of control, that utilizing su-
perpositions of non-degenerate internal diatomic
states.

2.2. Atom—diatom scattering using non-degenerate
initial superposition states

Consider a superposition state involving non-
degenerate diatomic states, given as,

> cloal@))osc(vijm)) | ES" (i),

i=1.2

|E,a,c;0) =

(14)

where, as above, ¢; are complex -coefficients.
|EXin(7)) are plane waves describing the free motion
of the A atom relative to the BC diatomic, whose
energies are correlated to the energy levels of BC
according to,

EX™(i) = E — enc(v;,ji)- (15)

In this way all the components which make up the
superposition state have the same total energy E.

With m; quantum numbers taken to be helicities
[25-27], i.e., the projections of j; on r, the relative
atom—diatom (center-of-mass) position vector,
the differential cross-section for forming the o-
arrangement at scattering angles 6 and ¢, having
started from the |E,a,c;0) superposition state, is
given by

Z Cif“”meav,-j,mi(TE — 07 QD)

=12

O-o(vjmea,c (E|07 (p) =

(16)
where
ijr*j+1 eimi@
f“”ijdL‘ijimi(ev QD) D Z(ZJ + 1)
Zka Viji J
S A C)Y S (17)

is the scattering amplitude 271, T/ =

J owjme—av;jim;
Soujrm—m,jl m; 5 511,5//,5mm, are the ele-

njrm—aL,/ m;

ments of scattering S matrix in the helicity repre-
sentation. Here J is the total angular momentum,
m is the helicity of the product diatom, d, (0) are
the reduced rotatlon matrlces [26,28], and k,,,;, =
2u,(E — epc(v:,j)))"?/h, with p, being the atom—
diatom reduced mass in the a arrangement. The
use of w — 0, rather than 0, on the right-hand side
of Eq. (16) is discussed in Ref. [29].

Explicitly squaring the sum in Eq. (16) (and
dropping the initial state labels for convenience)
and constructing the differential cross-section

A0 = [ "ok, (0,0)d0, (18)
gives
o, (0) = lc1[* ok, (1110) + |ca*ar, (22]0)

+2 Re{ersaf, (1200) }, (19)
7o l0) = 72— 2@+ DS+ 1y, (7= 0)

xd), (m—0) xS

J! *
awjmeavijim; | Davjme—avijim; |

aFa, i=1,2, (20)
and
i 2
05, (12(0) = 57— (2J+ )2/ +1)
a,vyj1Mavy ) JJ'

xd (n—0)d (m—0)S]

mmy mmy owjme—avy jimg

J *
|:Satv]m<—av212mz:| 5’"11"12’ a 7& &.
(1)

Here we have taken into account that
2n )
/ dee ™ =215, ., (22)
0

so that the interference term gy, (12/0) is non-zero
only when m; = m, and control therefore disap-
pears for m; # m,. Below, all superposition states
used adhere to the m; = m, requirement. Note that
above, the superscript R denotes reactive scatter-
ing into a specific final arrangement channel o # a.

The total differential cross-section, o®(0), for
reaction out of a state |E, a,¢;0) is given as a sum
over final states of the state-specific cross-sections,
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=> o, (0). (23)

0, m

Integration of Eq. (19) over angle 0 € [0, n] gives
the state-resolved integral reactive cross-section

o,,- This can also be written as three terms, as in
Eq. (19), but with a7, (i/|0) replaced by oy, (if),
where

2

O8uii) = D (2 + D[Sl |+ =12
aviji - J
(24)
/12 J
Um(lZ) Z(z‘]+ 1)S(xvjm<—avlj]m]

kavvl./l kﬂ-,vzjz J

«
J -

|:S0(Ujm<7al’2]27i12:| amlv’nz’ « 7é a. (25)

Averaged integral cross-sections are obtained

by averaging over initial states and summing over
the final states (we assume that Aj = j, — j; > 0)

% =3 +1 zm: Z el

+ leafoR,,(22) + 2 Re{c’{cmm(U)H
(26)

oR oR(11) +x?6R(22) + 2x[a® (12)| cos (6" (12) + ¢y,)

varying the ¢; coefficients. It is important to men-
tion that significant control requires substantial
a®(12) which follows from the Schwartz inequality
[leR(12) < (6®(11)6R(22))'7], ie., large o®(12)
requires also large o®(11) and large oR(22).
Therefore, extensive control is not limited to re-
gions near the reactive threshold [16-19].

We can rewrite the total reactive cross-section
in the more convenient form

R

a® = [R(11) +x*a®(22)

+2x]a" (12)| cos (6" (12) + o))/ (1 +2),
(28)

where x = |c,/c1|, ¢y, = arg(cy/c1), and o%(12) =
arg (o (12)). Eq. (28) has the familiar form (see,
e.g., Ref. [1]) which depicts the essence of CC.
Specifically, there are two terms, o®(11) and
o®(22), which result from independent routes to
the product, plus an interference term, which is
proportional to the complex term o®(12). The last
term results from the simultaneous contributions
of the two pathways.

In many cases, controlling the branching ratio
between the reactive and non-reactive total cross-
sections is of greatest interest. This ratio is given
as,

R GNR(11) 4 x26NR(22) + 2x|aNR(12)[ cos (SR (12) + ¢y,)

Summing over the final states at energy E, we
obtain the total integral cross-section as

= Z o (27)

Note that state-to-state cross-sections o, (ii|0)
and awm(zz) in Egs. (20) and (24), as well as the
correspondmg total cross-sections oR(ii|) and
oR(ii), are the differential and integral cross-sec-
tions that appear in standard scattering theory
(see, e.g., Ref. [25]), while of, (12/0) and o}, (12)
in Egs. (22) and (25) and corresponding total
cross-sections o®(12|0) and o®(12), are new types
of interference terms which allow for control by

(29)

In Eq. (29) the NR symbol denotes the non-reac-
tive terms. These terms are analogous to the re-
active terms except that o is replaced by ¢ and T
matrix elements replace the S matrix elements. A
formula similar to Eq. (29) holds for the ratio of
reactive to non-reactive differential cross-sections
with o® (mn) replaced by o®(mn|0), etc.

It follows from Egs. (28) and (29) that by
varying the relative magnitude, x, and the relative
phase, ¢, of the ¢; coefficients, we can directly
alter the interference term ¢(12)® (and/or oNR(12))
and hence control the scattering cross-sections.
The above approach can be readily extended to the
case of a superposition of N > 2 interfering states.
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3. Results and discussion
3.1. Computational details

We have applied this formulation to control
the isotopic variants of the H 4 H, reaction:
D+H, -DH+H and H+HD — HH +D;
HD + H', where H and H' are considered distin-
guishable. In our three-dimensional quantum-me-
chanical calculations, the A + B, symmetry [29]
has been exploited for the first reaction for which
there are only two final outcomes. We have re-
stricted attention to initial superpositions made up
of even H, rotational states (and assorted vibra-
tional levels), i.e., only the even parity manifold
for each partial wave was considered. In the sec-
ond reaction, no such symmetry was assumed and
three final arrangements were considered. The
LSTH [30-32] potential energy surface was used in
all calculations and the S matrices were obtained
using a contracted-basis [33] log—derivative version
of the Kohn variational principle [34].

The calculations in the D + H, reaction were
carried out at two energies, £ = 0.93 and 1.25 eV,
for total angular momentum J = 0,1,...,31 with
Epnx=25 eV and j=0,2,4,...,12 and j=
0,2,4,...,14, respectively. The H+ H'D calcula-
tions were performed at total energy £ = 0.8 eV
for total angular momentum up to J = 32 with
Jmax = 14 and E.,, = 2.6 eV. Here, Ey.x and jopax
are respectively the maximum (cutoff) energy and
maximum diatomic rotational quantum number of
all diatomic basis states. The above sets of pa-
rameters ensure fully converged cross-sections for
the chosen energies. The calculations reported here
are CPU intensive, requiring in excess of 30 h of
CRAY T90 time for each scattering computation.

3.2. Control of integral cross-sections

Of greatest practical interest is the ability to
control integral cross-sections. We have explored
the control of integral cross-sections of the D +
H, — H+ HD reaction at total energy E =
1.25 eV, which is well above the reaction thresh-
old, thereby allowing us to demonstrate substan-
tial control in the presence of a significant natural
reactive cross-section.

Our numerical tests, carried out for various
combinations of initial (v, /) states of H,, show
that control is substantial when superpositions of
states with the same v quantum numbers are used.
Initial superposition states with different v’s do not
lead to appreciable control. Hence, only equal-v
results are reported here.

We first present results for scattering from an
initial superposition state comprised of the v; = 1,
j1 =2 and v, =1, j, = 4 diatomic states (see Eq.
(11)). Panel (a) of Fig. 1 presents a contour plot of
o® /™R ratio with contributions from the satellite
terms ignored. The branching ratios are plotted as
a function of the ¢, and s = x*/(1 + x?) control
parameters. (Note added in proof: a programming
error requires that one change the ¢, to —¢,, in
all figures in which it appears, in this paper as well
as in Refs. [22,23].) Varying s from 0 to 1 corre-
sponds to changing the initial superposition from
being composed (at s = 0) of state 1 only, to being
composed (at s = 1) of state 2 only .

The results clearly show substantial control
over o® /™. This ratio can be increased by a
factor of 2.5, from 0.14 for s = 0.72, ¢, = 131°, to
0.35 for s=0.23, ¢,, =308°. These numbers
should be compared with the “natural” branching
ratios of 0.25 at s =0 and 0.18 at s = 1.

Panel (b) of Fig. 1 shows the the o®/6™R ra-
tio when the satellite terms are included. This
has the effect of reducing slightly the range of
control, which now only extends from 0.20 up
to 0.33.

The range of control achievable gradually de-
creases with Aj of the rotational states which make
up the superposition state. The origin of this be-
havior is evident from analysis of the results pre-
sented in Table 1 where the magnitude of both the
reactive and non-reactive ¢(12) terms are seen to
decrease sharply with increasing Aj. This leads,
according to Eq. (29), to a decrease in the degree
of control. The above behavior holds for both the
v; = 0 and v; = 1 diatomic states.

In our computations the computational effort
needed to evaluate the satellite terms of Eq. (11) at
the two additional energies associated with the
satellite terms was reduced by evaluating them at
the same £ = 1.25 eV energy of the main (inter-
fering) term. The approximate o® /™R ratios ob-
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Fig. 1. Contour plot of the integral cross-sections ratio o® /¢™N®(x10?) for the D + H, reaction at total scattering energy E = 1.25 eV
as a function of ¢, and s for a transition from an initial superposition state with v; = 1, j; =2, v, = 1, j, = 4 calculated (a) without
satellite terms, (b) with satellite terms obtained at energies given by Eq. (13) and (c) with satellite terms evaluated at energy £ = 1.25

eV.

tained in this way, are in good agreement (com-
pare panels (b) and (c) of Fig. 1) with the exact
results. For example, the overall range of control is
72%, as compared to 65% in the more exact
scheme. This favorable comparison has led us to
use this approximation (which reduces the com-
putational effort by a factor of 3) in all the calcu-
lations reported below.

Similar control results to those reported above
are obtained for superposition states composed of
v =0 diatomic states. The best control has been
obtained for scattering from the initial (v; =0,
j1=4,v1, =0, j, = 6) superposition state (see Ta-
ble 1).

We now examine the range of control at
E =093 eV, an energy closer to the reaction
threshold. Of the many cases studied, the most
extensive control at that energy is obtained by
choosing (v; =0,j; =2,v, =0,j, =4) to build
the initial superposition state. Fig. 2 shows the
o® /a™R ratios for this case. By changing the phase
angle ¢, from 93° at s = 0.75 to 269° at s = 0.19
we can vary o%/¢™® from 0.16 to 0.29, as com-
pared with the uncontrolled ratios of 0.24 at s =0
and 0.18 at s = 1.

Control is also evident for scattering from the
(v =1,/ =0;v, = 1,/, = 2) initial state, but in
that case the ICS ratio is smaller by two orders of
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Table 1

Integral cross-sections 6™ (mn) (in a3), m<n =1, 2, for D + H, collisions at £ = 1.25 eV
vy Ji vy Ja oM (11) ™R (22) oM (12) a®(11) a®(22) a®(12)
0 0 0 2 4736+ 4.610(+1) 2.070(+0) 5.713(+0) 6.728(+0) 2.177(+0)
0 0 0 4  4736(+1) 5.037(+1) 5.558(~1) 5.713(+0) 6.521(+0) 4.653(—1)
0O 0 0 6  4736(+1) 6.908(+1) 8.610(—3) 5.713(+0) 5.738(+0) 2.219(-1)
0 0 0 8  4736(+1) 9.758(+1) 2.299(~1) 5.713(+0) 3.614(+0) 1.310(~1)
0 2 0 4 4744+ 5.043(+1) 1.705(+0) 5.656(+-0) 6.256(+0) 1.581(+0)
0 2 0 6 4744+ 6.892(+1) 3.295(~1) 5.656(+0) 5.583(+0) 4.197(~1)
0 2 0 8 4744+ 9.765(+1) 1.792(1) 5.656(+0) 3.513(+0) 1.511(=1)
0 4 0 6 5098+ 6.838(+1) 1.492(+0) 5.258(+0) 5.182(+0) 1.521(+0)
0 4 0 8 5098+ 9.782(+1) 3.394(1) 5.258(+0) 3.229(+0) 3.391(-1)
0 6 0 8  6.696(+1]) 9.813(+1) 1.409(+0) 4.284(+0) 2.759(+0) 1.370(-+0)
10 1 2 1.109+2) 1217(+2) 3.697(+0) 7.594(+0) 7.098(+0) 3.445(+0)
10 1 4 1109+2) 1.419(+2) 1.081(+0) 7.594(+0) 4.447(+0) 1.010(+0)
10 1 6 1.109+2) 1.647(+2) 2.047(+0) 7.594(+-0) 4.472(1) 2257(~1)
12 1 4 12311 1.423(+2) 2.321(+0) 6.166(+0) 4.250(-+0) 2.371(+0)
12 1 6 1231(+2) 1.644(+2) 1.362(~1) 6.166(+-0) 3.989(—1) 1.253(~1)
I 4 1 6  1440(+2) 1.638(+2) 6.420(—1) 2.993(40) 3.105(~1) 5.752(~1)

Quantum numbers v; and j; are explained in the text. The numbers in parentheses denote powers of 10.

360

300
240+
)
[
= 180
<

120

60 1

0 —T T T T

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 2. The same as in Fig. 1 for scattering from an initial su-
perposition state with v; = 0, j; = 2, v, = 0, j, = 4 at scattering
energy £ = 0.93 eV, including contributions from the uncon-
trolled satellite terms.

magnitude compared to the v; = 0 case, due to the
fact that at this energy the reactive cross-sections
for v; = 1 are much smaller than the non-reactive
ones. The range of control quickly diminishes
when higher values of j; are involved or when
Aj > 2. This can be understood by looking at
Table 2 where the interference terms o(12) for
v; = v, = 1 are tabulated and are seen to be much
smaller than the diagonal o(nn) terms.

Consider next the H + H'D reactions, calcu-
lated at total scattering energy of E = 0.8 eV,
where H and H' denote hydrogen atoms which
are assumed distinguishable. In this case, we have
two final reactive arrangement channels, H' +
HD(o = b) and D + HH'(« = ¢). Our calculations
show that control here is also attained mainly
by choosing Av =0 and Aj =1, 2. By contrast,
control is practically non-existent for Av > 0, or
Aj>5 or for j;>8. This behavior is consis-
tent with Table 3 where we present the con-
tributions of the diagonal and off-diagonal g (mn).
We see that the o®(12) terms are similar in mag-
nitude to the corresponding diagonal terms for
Aj =1 or 2. This results in very extensive control
(see Fig. 3). With increasing Aj, o5 decreases, re-
sulting, according to Eq. (29), in a smaller degree
of control.

Looking specifically at scattering into the
H' + HD(o = b) arrangement channel, our com-
putations show that control is largest for super-
position states composed of v; =0, j; =2, and
v, = 0, j, = 3. The same holds true for the v; =0,
Jj1 =2, and vy =0, j, =4 superposition. o®/g"R
for these cases, excluding the satellite contribu-
tions, are shown in Fig. 3(a) and (b), respectively.
These figures display a very large range of control:
The reactive to non-reactive ratio is seen to vary
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Table 2

Integral cross-sections 6™ (mn) (in a3), m<n =1, 2, for D + H, collisions at £ = 0.93 eV
vy Ji vy Ja oM (11) ™R (22) oM (12) a®(11) a®(22) a®(12)
0 0 0 2 6231+ 7.178(+1) 2.855(-+0) 3.855(+0) 4.648(+0) 2.807(+0)
0 0 0 4 6231+ 9.487(+1) 5.105(~1) 3.855(+0) 3.323(+0) 5.092(—1)
0 0 0 6 6231+ 1.269(+2) 2.106(~1) 3.855(+0) 7.584(—1) 1.904(—1)
0 0 0 8 6231+ 1.603(+2) 1.810(~2) 3.855(+0) 7.412(~3) 1.689(~2)
0 2 0 4 7225+ 9.529(+1) 1.714(+0) 3.315(40) 2.934(+0) 1.716(+0)
0 2 0 6 7225+ 1.275(+2) 1.447(—1) 3.315(+0) 6.807(—1) 1.627(~1)
0 2 0 8 7225+ 1.602(+2) 1.413(~2) 3.315(40) 6.756(—3) 1.442(~2)
0 4 0 6 965+ 1.289(+2) 6.379(~1) 1.971(+0) 5.180(—1) 6.860(—1)
0 4 0 8 9651 1.599(+2) 3.021(-2) 1.971(+0) 5.474(-3) 3.210(~2)
0 6 0 8  1312(+2) 1.595(+2) 1.969(—2) 3.700(—1) 4.176(~3) 2.948(~2)
1 0 1 2 1.612(+2) 1.689(+2) 1.795(+0) 1.846(—1) 8.315(-2) 1.220(-1)
10 1 4 161242 1.966(+2) 1.488(~2) 1.846(—1) 2.421(—5) 1.623(~3)
1 2 1 4 1.668(+2) 1.948(+2) 1.055(—1) 2.420(~2) 2.008(5) 4.341(—4)

Table 3

Integral cross-sections ¢™*R (mn) (in ¢}), m<n =1, 2, for H + H'D collisions at £ = 0.8 eV*
o a=1 a=2 x=3

o™ (11) "R (22) aMR(12) aR(11) aR(22) aR(12) aR(11) aR(22) R (12)

1.29(+2)  129(+2)  475(=1)  9.08(=1)  1.72(+0)  123(+0)  7.74(—1)  1.57(+0)  1.09(+0)
1.29(+2)  1.30(+2)  1.29(+0)  9.08(=1)  1.39(+0)  448(—1)  7.74(—=1)  136(+0)  9.06(1)
1.29(+2)  1.32(+2)  7.00(=2)  9.08(=1)  1.01(+0)  475(—1)  7.74(—1)  1.08(+0)  5.07(-1)
129(+2)  1.35(+2)  3.10(=1)  9.08(=1)  6.80(=1)  131(=1)  7.74(-1)  943(-=1)  L77(=1)
1.29(+2)  1.39(+2)  4.56(=2)  9.08(=1)  3.14(=1)  4.19(=2)  T.74(-1)  693(-1)  1.14(-1)
1.29(+2)  141(+2)  2.23(=1)  9.08(=1)  8.77(=2)  425(-2)  7.74(-1)  3.89(-1)  1.09(-1)
1.29(+2)  1.48(+2)  5.32(=2)  9.08(=1)  1.30(=2)  181(=2)  7.74(—=1)  158(=1)  6.27(=2)
130(+2)  1.30(+2)  6.24(=1)  8.76(=1)  1.18(+0)  935(—1)  7.60(—1)  1.09(+0)  8.44(—1)
130(+2)  132(+2)  L11(+0)  8.76(~1)  1.04(+0)  7.00(-1)  7.60(-1)  LII(+0)  6.75(—1)
1.30(+2)  1.35(+2)  447(=2)  8.76(=1)  6.61(=1)  381(=1)  7.60(=1)  9.10(=1)  3.95(—1)
130(+2)  1.39(+2)  3.44(-1)  876(=1)  295—1)  150(=1)  7.60(=1)  645(-1)  1.69(~1)
1.30(+2)  143(+2)  4.50(=2)  8.76(=1)  827(=2)  442(=2)  7.60(=1)  3.69(—=1)  7.83(=2)
1.30(42)  148(4+2)  7.82(=2)  876(~1)  124(-2)  1.14(-2)  7.60(-1)  1.52(-1)  4.71(~2)
131(+2)  1.33(+2)  595(=1)  7.80(=1)  8.04(=1)  7.33(=1)  7.15(=1)  848(-1)  7.16(-1)
131+2)  1.35(+2)  9.55(=1)  7.80(=1)  5.67(=1)  5.07(=1)  7.15(-1)  7.88(-1)  5.41(-1)
131(+2)  1.39(+2)  5.18(=2)  7.80(=1)  2.62(=1)  259(=1)  7.15(-1)  582(-1)  3.07(=1)
13142)  143(42)  222(=1)  7.80(=1)  7.44(=2)  9.53(—2)  7.15(—-1)  337(-1)  1.34(-1)
131(+2)  148(+2)  371(=2)  7.80(=1)  1.14(=2)  234(=2)  7.15(=1)  14l1(=1)  547(=2)
1.33(42)  1.36(+2)  3.70(=1)  590(~1)  439%(—1)  478(-1)  622(-1)  6.16(-1)  5.70(~1)
1.33(+2)  1.39(+2)  7.99(=1)  590(=1)  2.15(=1)  285(-1)  622(-1)  487(-1)  3.98(=1)
1.33(42)  143(+2)  8.53(=2)  590(=1)  633(=2)  122(—-1)  622(-=1)  2.95(-1)  2.09(-1)
1.33(+2)  148(+2)  L.17(=1)  590(=1)  9.94(-3)  347(-2)  622(-1)  126(-1)  8.53(~2)
136(42)  1.39(+2)  121(=1)  344(=1)  172(~1)  231(—1)  484(—1)  3.94(-1)  4.03(-1)
1.36(+2)  143(+2)  645(=1)  344(=1)  522(-2)  LII(—=1)  4.84(=1)  248(-1)  2.52(-1)
1.36(42)  1.48(+2)  9.07(=2)  344(—1)  8.46(—3)  3.54(-2)  484(-1)  110(-1)  1.17(-1)
1.40(+2)  143(+2)  571(=1)  141(=1)  432(=2)  746(-=2)  324(=1)  2.07(-1)  2.39(-1)
1.40(42)  1.48(+2)  422(=1)  141(=1)  7.14(=3)  2.64(-2)  324(-1)  940(-2)  1.28(-1)
1.43(+2)  1.48(+2)  1.01(+0)  3.66(=2)  6.08(=3)  142(-2)  L75(=1)  8.05(-2)  1.10(-1)

#Cross-sections for « = 2 and o = 3 correspond to the H + HD and D + H, final arrangements, respectively. Results for scattering
from initial states with v; = 0 only are shown.
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Fig. 3. Contour plot of the integral cross-sections ratio o®/¢™®(x10%), obtained without accounting for satellite terms, for the
H + H'D reaction at total scattering energy £ = 0.8 €V as a function of ¢, and s, for a transition to the H' + HD final arrangement
from an initial superposition state with (a) v; =0, j, =2, v, =0, j, =3,and (b) v; =0, j, =2, v, =0, j, = 4.
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Fig. 4. The same as in Fig. 3 including the contribution from the uncontrolled satellite terms.

from 0.003 to 0.059 (a factor of 19.7) for the first
case, and from 0.008 to 0.047 (a factor of 5.9) for
the second case.

The results for the same superposition states
obtained by taking into account the contributions
from two uncontrolled satellite terms are presented
in Fig. 4(a) and (b). Substantial control over
a® /™R ratio is clearly seen even in the presence of
the satellite terms. One can also see that control is
larger for the transition with Aj = 1 (see Fig. 4(a)).
For example, by changing ¢,, from 120° to 300° at
s = 0.51, we can change o®/¢™® for an initial su-

perposition of the vy =0, j; =2,and v, =0, j, =3
states from 0.017 to 0.045, as compared with the
“natural” ratio of 0.031.

Essentially the same level of control may be
achieved by using a superposition of the v; =0,
j1 =2 and v, =0, j, =4 states (see Fig. 4(b)). In
this case, the ICS ratio varies from 0.017 to 0.038.
Here too we find that the range of control de-
creases with increasing Aj (see, e.g., Table 3), and
that control is essentially non-existent for Av > 0.

Finally, consider the D+ HH' (x=c¢) ar-
rangement. In this case, the largest control is
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Fig. 5. Contour plot of the integral cross-sections ratio o® /a™® (x 103) (with uncontrolled satellite terms) for the H 4+ H'D reaction at
total scattering energy E = 0.8 €V as a function of ¢, and s, for a transition to the D + HH’ final arrangement from an initial su-
perposition state with (a) v; =0, j, =3, v, =0, j, =4,and (b) v, =0, j, =3, v, =0, j, = 5.

achieved by scattering from a superposition of the
vy =0, jy=3 and v, =0, j, =4 states or the
vy=0, jy=3 and v, =0, j, =5 states. A sub-
stantial range of control over reactive to non-
reactive branching ratios in these two cases is
displayed in Fig. 5(a) and (b), respectively. As
shown in Fig. 5(a), the ICS ratio can be made to
change from 0.018 to 0.048, compared with the
“natural” ratio of 0.033. The results for the second
case are similar.

4. Summary

In this work, we have demonstrated that it is
possible to substantially control the reactive to
non-reactive integral branching ratios by using a
superposition of non-degenerate continuum states.
The demonstration was carried out for realistic 3D
reactive scattering models of the D+ H, —
DH + H and the H+ HD — HH' + D; HD + H’
reactions. Control is due to both a constructive
enhancement of reactive cross-sections and a de-
structive depletion of the non-reactive ones, or vice
versa.

Kinematic laboratory constraints pertaining to
bimolecular control lead to uncontrolled satellite
terms. Nevertheless, even in the presence of these
uncontrolled terms, extensive control over total

cross-sections has been demonstrated, making the
laboratory confirmation of our present predictions
a realistic possibility.
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