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Coherent Control of Reactive Scattering
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Coherent control of bimolecular reactions is demonstrated for 3D atom-diatom reactive scattering. In
particular, a superposition of initial degenerétgk) diatomic states is used to control reactive integral
and differential cross sections B + H,(vjk) — H + HD, wherev and j are the vibrational and
rotational quantum numbers of a diatom @nd the projection quantum number of the diatom angular
momentum onto the initial relative translational velocity vector. Control over the ratio of reactive to
nonreactive scattering is extensive. [S0031-9007(98)07470-5]

PACS numbers: 82.40.Dm, 34.50.Lf, 34.50.Rk

Controlling the dynamics of atoms and molecules hasy the symbola = (A + BC), b(B + AC), or ¢(C +
been a long-standing goal in physics. A recent approactiB). We consider the simplest method of introducing
called coherent control, offers a systematic route to reachnterference effects into dynamics by examining scattering
ing this goal. Specifically, in coherent control one usedrom an asymptotic statlm, o) which is an energetically
the quantum properties of light and matter to introducedegenerate superposition of scattering states composed of
quantum interference terms into the system dynamicdwo degenerate states of the diatom. The extension to
these terms, and hence the dynamical outcome, can leclude more states is straightforward. Consider then
altered by manipulating laboratory parameters. This ap- . S .
proach has proven successful, both theoretically and ex- In, @) = i_zlz ailavjki) |EG" () [Eem (i), (1)
perimentally, in controlllng' the outcome of unimolecular heren encapsulates all the state labels other than
processes such as photodissociation (see, e.g., [1-4]).

T kin(j)) are plane waves describing the free motion of
contrast, control over collisional processes has present . .
e atom relative to the diatom for thearrangement and
a much greater challenge [5].

In this paper we show that extensive control OverIEcm(i)> describes the motion of the atom-diatom center

quantum reactive scattering can indeed be attained bOf mass. The superposition Stite <), assumed normal-

. oo o |¥ed, is therefore composed of two degenerate eigenstates
scattering from an initially prepared superposition of de-

i\ | Fkin (s iy - iton-
generate diatomic states, demonstrating the essence of c!g-v]k’> |E,"(i)) of the asymptotm_ channel Hamilton
. - -jan, where the quantum numbers j, andk; denote the
herent control in a fundamental collisional process. This brational ional. and | I
constitutes a major extension of the range of possible a ylbrational, rotational, and anguar momentum projection
lications of coherent control. In particular, we show quantum numbers of the diatomic. The latkg,is taken
phe I, P g ' as the helicity, i.e., the angular momentum projection along
using the results of three-dimensional calculations for, A > ; .
- . the relative initial translational velocity vector, and the di-
D + H, — H + HD on a realistic potential surface, that tom state$a v jk;) are of ener _
reactive vs nonreactive cross sections (both differential i Pav,-

. . . Traditional time independent scattering theory deals
and integral) can be extensively controlled by varying, ... asymptotic states where one of the= 0, so that

phases and amplitudes in the initially prepared SUperpO'cattering correlates with one asymptotic state. The equa-

Z')Eg;j;t% Zﬂrthfé?f;ﬁz;i\t,?;i2r2§§§§ﬂnappﬁifgnf (iz aSlifons below are a direct, but significant, extension of these
y ap ‘I-traditional results. In particular, the differential cross sec-

atom-atom scattering, low energy nuclear scattering, etc.iion for forming thea’ arrangement at scattering angl
Consider the reactioh + BC — B + ACorC + AB, . 9 9 " 9 £
having started from thim, o) superposition state [Eq. (1)],

where we label the three possible arrangement chanPels .
iS given by
2
O'R(e) = Z Z <Ecm(m) Z aifa’v’j’k’—a/vjki(ﬂ- - 0) ‘Ecm(i)> > (2)
v jlk! | m=12 i=1,2

where the superscrii@ denotes reactive scattering into @
specific final arrangement channel # « and where the Here Si/v/j/k/,avjki are the elements of scatterin§

scattering amplitude is matrix in the helicity representation/ is the total
angular momentumxk’ is the helicity of the prod-
fa’v’j’k’«—avjk,-(a)=(2ikavj)_12(2.] + l)d,{,ki(e) uct diatom (i.e., the projection of the diatom angular
7 momentum onto the final relative translational velocity

X [Siu’v’j’k’,avjk, — 8aabubjjbri,].  vector), d,{,k,_(ﬁ) are the reduced rotation matrices [6],

(3) and kavj = V2ua(E — €qvj) /B, With u, being the
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atom-diatom reduced mass in tle channel. Expand- o(6) = Z (Eem(1) | Eco @)y farv jikr—awji, (m — 6)
ing the square in Eg. (2) gives the reactive differential vl Lk
scattering cross section as X fartjikt—anji, (T — 0). (6)
Ripgy — 1., 2R 2 R ¥ R In the cases considered here, i.e., a superposition of de-
0) = 0) + f)+2R 0)}, ; . P
7 (0) = larl oy (0) + laxl o (6) Slaa2o )i, generate diatomic states, the overl@n, (1) | Ecm(2))y
(4) of the center of mass wave functions over the scattering

where volumeV, which appears in Eg. (6), is unity.
Integration of Eq. (4) over anglé gives the integral
R(p) — 2 P reactive cross section®. This can also be written as
O-iie = |farv ik —avji, (m — 0)|°, i=1,2, . .
©) vwzk, Farvravin( ) three terms, as in Eq. (4), but withs (9) replaced byofS
(5) | where
a .
a-llf = 12 Z Z(ZJ + l)lsé’v’j’k’,avﬂqlz» 1= 192’ (7)

kavj v Lk T

o U *
o = ——(Eem() | En@))y D DI + 1) QI + DSt i aenjic [t jrir.avw ]
avj v jl k' JJ!

X / dOsinddj, (m — 0)din,(m — 6), a # o (8)
0

. ! . . :
Note that oX(#) and of in Egs. (5) and (7) are argol). Of greatest interest is control over the reactive
the differential and integral cross sections that appeaio nonreactive cross section branching ratio which is
in standard scattering theory, whilef,(9) and o in  given by
Egs. (6) and (8) are new types of interference terms which ok ok xR + 2xoR | codsh + b1
allow for control through thez; over the atom-diatom = ,
.. N o NR NR + 52 NR +2 | NRlCOi(SNR + ¢ )
collision process. Note further that significant control o1l X702 X012 12 12
requires substantiar, and, by the Schwartz inequality (10)

[otl = Vojios, ] large ol and 2. Significantly  \yhere the nonreactive terms are denoted NR and have
then, extensive control is not limited to regions near theyefinitions analogous to their reactive counterparts ¢é.,
reactive threshold [7]. Further, although Egs. (4), (7), ands replaced by in the defining equations for the cross
(8) indicate that the differential and total reactive CrosSgections). A formula similar to Eg. (10) holds for the
sectu?ns are controllable, removing the sums averj’,  ratig of reactive to nonreactive differential cross sections
andk’ shows that detailed cross sections to product stategith total cross section terms replaced by differential cross
la’, v',j', k") can also be controlled. section terms; that is, withr® replaced byo® (0), etc.
Thus, by varying the coefficients in Eq. (1) through In this Letter we apply this approach © + H, —
an initial preparation step, we can directly alter the inter-gy + HD at E = 125 eV. In particular, we expose
ference termofy and hence control the scattering Crossihe dependence of the cross sectionsagn Scattering
sections. Such a preparation might be carried out, for exsg|culations were done with the log-derivative version
ample, by a suitably devised molecular beam experimenif the Kohn variational principle [8] using a basis set
where the diatomic is excited, via elliptically polarized contraction approach [9], and cross sections were obtained
light to a collection of well definedn; states. Alterna- iz the symmetrization procedure described in Ref. [10].
tively, the prereactive step may consist of coherently concgcylations were carried out using the accurate LSTH
trolling the photodissociation of a polyatomic m0|eCU|e(Liu-Siegbahn-TruhIar-Horowitz) [11] potential energy
[1] to produce the diatom in a controlled superposition ofg,iface for total angular momentum from= 0 to 31
k states rglative to an incoming s_cattering partner. Foyith jmax = 14, ensuring fully converged cross sections
example, in theD + H, case considered below we can for the chosen energy. It is worth noting that these
subjectH,S to a coherently controlled preparatory stepcajculations are CPU intensive, requiring in excess of
producingH,. Aiming the D atom exactly antiparallel t0 35 hours of CRAY T-90 time. Calculation of scattering
the direction of motion of theH, will then produce the  gmplitudes for all possible transitions took about 90 hours

desired scattering of & superposition. of the SGI PCA CPU time.
To examine the extent of control it is useful to rewrite  control results for a specific initial vibrotational state
the total reactive cross section in the form (v =0,j = 2) of diatom H, at scattering energg =
of =[of + 20k + 2x|ok) 1.2|5 eV are giscus§efd belﬁw. (Qulalitatively s(,jirrgaijlar re-
R 2 sults were obtained for other initial states an r+
<codon + )/ + ). (O B, W L HD andH + D, — D + HD [12]) This
where x = |ax/ail, ¢, = ardaz/a;), and &% = energy, rather far from the reaction threshold, allows us
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to demonstrate substantial control in the presence of a sighat the best control over the?(9)/oNR(9) differential

nificant natural reactive cross section. cross section ratio for transitions from initial states with
Consider first the range of coherent control over thev = 0,j = 2, and ki,k, in the range —2,—1,...,2

differential cross sections. Initial numerical tests showedccurred até ~ 60°. Figure la shows results for this

ratio and scattering angle as a function of relative phase

¢1» and the amplitude parameter= x2/(1 + x2), for

ki = 1,k, = 0. Varyings from zero to one corresponds

(a) 360 ' m : ———o - 7 o .
0 — to changing the initial superposition from scattering out
300 L of state oney = 0, corresponding ta;; = 1,a, = 0) to
scattering out of the second state=¢ 1 corresponding
240 - % > L toa; = 0,a; = 1). The results clearly show substantial
e — control overa®(9)/o™R(9). That is, varyings and ¢,
ﬁ 180 o | allows a change in the ratio from 0.23 to 1.01, compared
o o (a) with the uncontrolled ratio of~0.55. Similarly, for
® 1204 ™ L example, theo®(0)/0NR(9) ratio can be increased by a
80 factor of 4.4 just by changing the phase anglg from
60 > | 260°to 67° ats = 0.49.
Figures 1b and 1c show the? andoNR corresponding
0% : : : : to Fig. 1a. Control over bothr? (9 = 60°) andoNR(9 =
0.0 0.2 0.4 0.6 0.8 1.0 60°) is clearly seen, withr® ranging from0.10a3 sr! to
S 0.32a(2) sr ! ass and ¢, are varied. This compares, for
(b) 360 L ! ! ! examgle, to the unczontrolled valuesaf, () = 0.21. s.r*l
and 05,(8) = 0.22a; sr' ats = 0 ands = 1. Similar
300 1 . control can be seen ir™R. Indeed, both the construc-
> tive enhancement ot® and the destructive depletion
2404 1‘2" L of o™ are seen to be responsible for the controlled
1~ - o® /™R maximum.
< 180 - 2 B Also of interest is the® dependence of*(6)/oNR(6)
® — (b) as a function ofs and ¢,. Figure 2 shows th& de-
® 1204 L pendence of this ratio, for scattering from a superposi-
? tion state composed of = 0, = 2,k 2,k 0 at
' =U,] = 4,k = 2,k =
60 - @ L ¢12 = 157° and at four different values of. [Note that
these results also show, for limiss= 0 ands = 1, the
0 : | , : dependence of the ratio on the initial state, the first
0.0 0.2 0.4 0.6 0.8 1.0 such data of its kind. That iss = 0 corresponds to
s scattering out of the initial stattv = 0, = 2,k = 2),
(c) 36015 L gl ! ! . ands = 1 corresponds to scattering from = 0, = 2,
—_
-
300 -
2 1.0 | | | | |
240 =
3 @ 081 :
2 180 39 B —_
S . (c) D 0.6 - L
* 120- ﬁ— 5
=
S 0.4 L
0 . | % —— 02| . B
0.0 0.2 0.4 0.6 0.8 1.0 '
] 2N
FIG. 1. Contour plot of the differential cross section as a 0.0 0 3'0 6IO 9'0 12'0 15'0 180

function of ¢, and s, for a transition from an initial super-
position state withv = 0, = 2,k; = 1,k, = 0 at scattering
angled = 60° and total energ\e = 1.25 eV: (a) Reactive to
nonreactive ratioo®(9)/a™R(9), (b) reactivea®(9), and (c)

tering angled at ¢

Scattering Angle (deg.)

FIG. 2. Dependence of the®(8)/oNR(#) ratio on the scat-
= 157° and at four values of: s = 0,

nonreactivec™R(g). Contour values in (a), (b), and (c) report s = 1, s = 0.252, and s = 0.748 for the case ofv =0,

values of¢ X 102

=2,k =2,k = 0.
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and since our computations are state of the art, we

| | | |
i anticipate that observed results will be in accord with our
300 @ - computations. Further, additional computations suggest
that the control is not very sensitive to small changes in
A240—L//_m 0 P L total energy so that one would anticipate little effect due
& to velocity distributions, etc. However, control is always
= 180 o sensitive to dephasing effects, e.g., external collisions, a
8 feature to be examined in future papers.
120+ s o This study opens a vast new area of application for
10 coherent control. Work currently underway will extend
60 - ¢ 00 B studies to atom-heteronuclear diatom scattering to results
\\\w\w at higher collision energies [12] and will incorporate
0 60— T8 — — specific scenarios to prepare the initial superposition state.
0.0 0.2 0.4 0.6 0.8 1.0
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ential cross sections is seen to be considerably differef¢enter, and the CRAY T-90 and the SGI PCA from the
from the uncontrolled ratio. For example, the controlledDoD NAVOCEANO MSRC Center.

oR(0)/o™NR(9) for s = 0.748 is about twice as large as
the uncontrolled ratios af = 91°. Analysis of Fig. 2
shows that maxima and minima of the controltefl/ o NR

ratio in the region between 3@nd 120 are achieved at
the corresponding minima and maxima of uncontrolled ra-
tios. That is, quantum interference leads to constructive
enhancement of the® /o™R ratio at minima of uncon-
trolled ratios and to destructive depletion of controlled ra-
tios at their maxima. Exactly the opposite behavior is
observed in the outef regions. Hence coherent control
changes both the magnitude and the structure of the dif-
ferential cross section. Note also that the maxima of the[2]
controlled differential cross sections far exceed those for

s = 0 ands = 1, confirming that the changes are due to
quantum interference effects, as opposed to an interpola-
tion between the = 0 ands = 1 curves.

Of great interest as well is the extent of control over the [3]
integral cross sections. Figure 3 shows a contour plot of
the ratio of integral cross sectiond? /o™R for scattering
from v =0,j = 2,k; = 2,k, = 1 as a function of the
control parameterg,, ands. The ratio is seen to vary (1996); D. Holmes, M. Shapiro, and P. Brumer, J. Chem.
from 0.032 to 0.113, showing maxima and minima that Phys.105, 9162 (1996).
are well outside the range of the results for scattering from[6] W.H. Miller, J. Chem. Phys50, 407 (1969).

a singlek; state. Greater control is anticipated at higher [7] J.L. Krause, M. Shapiro, and P. Brumer, J. Chem. Phys.

FIG. 3. Contour plot of theo® /o™ (X10%) integral cross
section ratio as a function of;, and s; for the case of
v=0,j =2k =2,k = 1.
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