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Laser control over reactive and nonreactive collisional events of theB 1 C ! F 1 G type is shown
possible via preparation of a superposition of degenerate initial states which interfere with one anot
Required, however, is a controlled superposition of continuum states comprised of correlated produc
internalB, C states and plane waves. We show that this can be achieved by the controlled prepara
of a B superposition state followed by a shift in the kinetic energy of the superposition state compone
guaranteeing the required degeneracy of terms in the superposition state and a reduction in cent
mass related oscillations. [S0031-9007(96)01146-5]

PACS numbers: 82.40.Dm, 34.50.Rk, 34.50.Lf
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The essence of coherent control of molecular proces
is to arrive at the final state via two or more indepe
dent paths which can quantum mechanically interfere.
varying laboratory parameters one directly alters this
terference giving active control over the final state. T
approach has been successfully demonstrated, both
retically [1–4] and experimentally [5–8], in unimolecu
lar breakdown reactions, such as photodissociation
and photoionization [6]. However, the issue of effective
controlling collisional events has, despite some effort [
thus far remained unresolved.

In this Letter we develop coherent control for col
sional processes. In particular, we show that crea
an initial state comprised of a superposition of deg
erate Hamiltonian eigenstates with correlated molecu
and translational states allows for control over the re
tion products. However, we experimentally realizing su
correlated states presents a serious challenge. We pro
one resolution to this problem by demonstrating that s
a superposition can be produced via an initial prepara
step for one reactant followed by a specific choice of re
tant collision velocity. The result is the extension of c
herent control to the entire class of collisional processe

Consider the collision of a beam of moleculesB with a
beam of molecules or atomsC, which yields productsF
andG, i.e.,

B 1 C °! F 1 G . (1)

F and G can be identical to (nonreactive scatterin
or different from (reactive scattering)B and C. We
denoteB 1 C as theb arrangement andF 1 G as the
g arrangement. Traditional time independent scatter
theory proceeds by considering Eq. (1) withB 1 C
starting in an eigenstate of the free HamiltonianH0

b in
theb arrangement,

H0
b  Kb 1 hB 1 hC , (2)
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with Kb being the kinetic energy of theB 2 C relative
motion andhB, hC denoting the internal Hamiltonians o
B andC.

To attain control over the process consider then
following superposition, which we show below can b
realized experimentally, as the initial asymptotic state,

jn, bl  j0, Cl
X

i1,2

aiji, Bl jEkin
b sidl jEcmsidl . (3)

Here

Ekin
b sid  E 2 ´Cs0d 2 ´Bsid , (4)

where ji, Xl with X  B, C are eigenstates, of energ
´X sid, of hB andhC ,

f´Xsid 2 hXg ji, Xl  0, X  B, C . (5)

The jEkin
b sidl and jEcmsidl states are plane waves d

scribing the free motion ofB relative to C, and the
motion of theB 2 C center of mass, i.e.,krBCjEkin

b sidl 
expsiki ? rBCd, kRBCjEcmsidl  expsiKi ? RBCd, where
jkij  h2mBCEkin

b sidj1y2yh̄, mBC  mBmCysmB 1 mCd
is the reduced mass of theBC pair, andKi is the BC
center of mass momentum. HereRBC , rBC are the
position of theBC center of mass and theB 2 C relative
vector, respectively.

The superposition statejn, bl is composed of degener
ate eigenstates ofH0

b ,

fE 2 H0
bg j0, Cl ji, Bl jE 2 ´Cs0d 2 ´Bsidl  0 , (6)

and center of mass terms. As a result, we can use stan
time-independent scattering theory [10] to calculate
cross section for scattering from this state to any of
g-arrangement final states. The latter states, of the f
j j, gl jEkinl jEcmsidl, have a component in the center
© 1996 The American Physical Society
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mass system which satisfies the free Schrödinger equa
in the product space,

fE 2 H0
gg j j, gl jE 2 ´gs jdl  0 , (7)

where j j, gl are the eigenstates of theF 1 G internal
Hamiltonians,

f´gs jd 2 hF 2 hGg j j, gl  0 , (8)

and H0
g  Kg 1 hF 1 hG is analogous to Eq. (2), de

scribing the product in arrangementg.
The cross section for forming one of theg-arrangement

final states, having started from thejn, bl superposition
state, is given by

ss j, g√° n, bjEd 

É X
l1,2

kEcmsldjkE, j, g2jVbjn, bl

É2
.

(9)
l
a

a
v
s

e
t

th
v

ionHere Vb  H 2 H0
b is the (reactive or nonreactive

interaction potential, withH being the Hamiltonian in
the center of mass system.jE, j, g2l are incoming
eigenstates ofH,

fE 2 Hg jE, j, g2l  0 , (10)

which go over in the asymptotic limit to a specific fre
state of theF 1 G products,

exps2iEtyh̄d jE, j, g2l t!`
! exps2iEtyh̄d

3 jE 2 ´ys jdl j j, gl .

(11)

Substituting Eq. (3) into Eq. (9) gives, for the reacti
cross section,
ss j, g √° n, bjEd 

É X
l1,2

kEcmsldj
X

i1,2

aikE, j, g2jVbj0, Cl ji, Bl jEkin
b sidl jEcmsidl

É2
 ja1j

2sR
11s jd 1 ja2j

2sR
22s jd 1 2Reap

1a2sR
12s jd, g fi b , (12)

where

sR
ii s jd  jkE, j, g2jVbj0, Cl jEkin

b sidlj2, i  1, 2,

sR
12s jd  kEkin

b s1djk1, Bjk0, CjVbjE, j, g2l

3 kE, j, g2jVbj0, Cl j2, Bl jEkin
b s2dl kEcms1d jEcms2dl, g fi b . (13)
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Although the matrix element kEcms1djEcms2dl R
dRBC expfisK2 2 K1d ? RBCg integrated over al

space is zero, the proper region of integration in this c
is the intersection volume of theB andC beams. Hence
if sK2 2 K1d is made sufficiently small then the integr
over this region can be made nonzero and control o
the cross section is possible. An experimental mean
achieving this result is discussed below.

Although Eq. (13) indicates that one can control d
tailed cross sections, often we only want to control the
tal reactive vs the total nonreactive cross section. In
case, the reactive to nonreactive branching ratio is gi
as

sR

sNR 

P
j ss j, g fi b √ n, bjEdP

j s j, b √ n, bjEd


s

R
11 1 x2s

R
22 1 2xjs

R
12j cossdR

12 1 u12d
s

NR
11 1 x2s

NR
22 1 2xjs

NR
12 j cossdNR

12 1 u12d
,

(14)

wherex  ja2ya1j, u12  argsa2ya1d, s
R
ik 

P
j s

R
iks jd,

i, k  1, 2, with similar definitions holding fors
NR
ik ,
se

er
of

-
-

at
n

andd
R
12  argssR

12d, d
NR
12  argssNR

12 d. Thus, the reactive
vs nonreactive cross-section ratio can be controlled
varying the relative magnitude,x, and the relative phase
u12, of thea1 anda2 coefficients.

Control over theai can be attained by a number
routes. One approach prepares theB 2 C superposition
by exciting B to a superposition state and colliding t
result with C. Specifically, consider preparingjn, bl by
first irradiatingj1, Bl jEkin

B s1dl to produce

jn, Bl 
X

i1,2

aji, Bl jEkin
B s1dl , (15)

wherejEkin
B s1dl describes the motion of the center of ma

of B. We now alter the velocities ofj1, Bl and j2, Bl to
give

jn, Bl 
X

i1,2

ai ji, Bl jEkin
B sidl , (16)

where krBjEkin
B sidl  expsikB

i ? rBd, kB
1 fi kB

2 , and
where rB is the laboratory position ofB. This can
be done, for example, by passing the superposi
2575
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[Eq. (15)] through a hexapole field. Then, colliding th
jn, Bl superposition state with particleC of momentum
kC gives theB 2 C superposition state

jcl  j0, Cl
X

i1,2

ai ji, Bl jEkin
B sidl jEkin

C l jEcmsidl .

(17)

To produce Eq. (3), however, requires that the degene
condition [Eq. (4)] be satisfied, i.e., that

Ekin
b s1d 2 Ekin

b s2d  ´Bs2d 2 ´Bs1d . (18)

That is, withKi  kB
i 1 kC and with theB 2 C relative

center of mass momentum given byki  smCkB
i 2

mBkCdysmB 1 mCd, Eq. (18) becomes

sh̄2y2mBCd sk2
1 2 k2

2 d  ´Bs2d 2 ´Bs1d (19)

or

hh̄2yf2smB 1 mCdgj hsmCymBd fskB
1 d2 2 skB

2 d2g

22kC ? skB
1 2 kB

2 dj  ´Bs2d 2 ´Bs1d .

(20)

Thus, to achieve control requires thatkB
i , kC be chosen

to satisfy the degeneracy condition imposed by Eq. (2
Further, kEcms1djEcms2dl must be nonzero. Since, b
virtue of the definition ofKi ,

R
dRBC expfisK1 2 K2d ?

RBCg 
R

dRBC expfiskB
1 2 kB

2 d ? RBCg, if skB
1 2 kB

2 d
is made sufficiently small thenkEcms1djEcms2dl is nonzero
when integrated over the volume of intersection of t
B and C beams. Under these circumstances Eq. (
becomes

hh̄2ysmB 1 mCdj fkC ? skB
1 2 kB

2 dg ø ´Bs1d 2 ´Bs2d ,

(21)

so that largekC may be required to satisfy this condition
With such akC , bimolecular control, regulated by th
amplitude and phases of theai , is established.

Alternative methods of preparing the superposition
Eq. (3) and maintaining a nonzerokEcms1djEcms2dl can
be envisioned. The most obvious deals with superpos
degenerate states ofB. The energy degeneracy requir
ment is then automatically satisfied and, sinceK1  K2,
then kEcms1djEcms2dl is trivially nonzero. Examples in-
clude collisions such as Hs2sd 1 D in a superposition
with Hs2pd 1 D, where D is a molecule and where
Hs2sd, Hs2pd result from a prior coherently controlle
photolysis of H2. Similarly, one can envision using e
liptically polarized light to prepare a superposition ofmj

states, wheremj is the z projection of the rotational an
gular momentum of a diatomicB, and then colliding the
result with C. Once again the degeneracy of the sta
2576
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ensure that control is possible and that the center of m
overlap matrix element is nonzero.

Finally note that the aboveformalism can be readily
extended to general superposition states of the form

jn, bl 
X
i,l

ail ji, Bl jl, Cl jEkin
b si, ldl jEcmsi, ldl , (22)

with Ekin
b si, ld  E 2 ´Csld 2 ´Bsid. Here, the

jEkin
b si, ldl states are plane waves describing the free m

tion of B relative to C fkRjEkin
b si, ldl ; expsikil ? Rdg,

where jkilj  h2mBCEkin
b si, ldj1y2yh̄. That is, we can

show that such a superposition leads to interference if
kEcms j, kdjEcmsi, ldl are nonzero, and hence to the pos
bility of control over the reaction cross sections. We a
currently examining possible methods for experimenta
realizing such states.

In summary, we have introduced a means of achiev
coherent control of collisional processes, applicable t
wide range of phenomena including atom-atom inter
tions, bimolecular collisions, and nuclear reactions, a
opening a new area of applications in the coherent con
of molecular processes.
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