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The coherent control of bimolecular processes typically requires that the system be initiated in a
superposition of correlated translational and internal reactant states. We show that by colliding
identical molecules one bypasses many of these complexities, allowing for direct studies of
coherently controlled collision phenomena. Z00 American Institute of Physics.
[S0021-960600)01930-9

Coherent control provides a route to controlling reactionHamiltonian eigenstatd&,q,m;0) of A+D (labeledq) and

dynamics via laser-induced quantum interference effetts. the product Hamiltonian eigenstatgs,q’,n;0| of F+ G (la-
The vast majority of work has been done on controlling uni-peledq’) is given by

molecular processes. However, we recetftishowed that it . _ , a2
is possible to apply the principle of coherent control to con- oe(n,g’;m,q)=[(E,q",n"|V¢[E,q,m;0)[ 2)
tr0| bim0|ecu|ar l’eaCtionS. These ConSiderationS indicate thqtlere n, m denote quantum numbers associated with the re-

bimolecular control requires conditions additional to thoseactants and products, respectively,q’,n") are the incom-
operative in unimolecular processes, making bimoleculajng scattering solutions associated with product in state
coqtrol more challenging. Here we show, h'owever, that retg,q’,n;0), andV, is the component of the total potential
actions of the formA+A—B+C afford a unique opportu-  that vanishes as th& to D distance becomes arbitrarily
nity for studying controlled bimolecular reactions. large. The cross section for scattering into arrangemént

The essential principle of coherent control requires thajndependent of the product internal stateis then
one create a controllable superposition of degenerate Hamil-

tonian e_igenstates in th(.a.center o.f mass coo@inate system. oe(q':m,q) = |<E,q’,n*|Vq|E,q,m;O>|2. )
By altering the composition of this superposition, one can n

alter the ratio of reaction products. Consider then the bimo- . . : .
Control of bimolecular collisions is achieved by con-

lecular case structing an initial stat¢éE,q,{a,,}) comprised of a superpo-
A+D—F+G, (1) sition of N energetically degenerate asymptotic states

whereA, D, F, Gare, in general, molecules of makts,,  |E.q,m;0):

Mp, Mg, andM¢. HereF andG can be identical té\ and

D (nonreactive scatteringr different fromA andD (reac- |E,q,{am})=§ ap|E,q,m;0). 4)

tive scatterinp We label A+D as arrangemeng and F

+G as arrangemerg’. The cross section associated with using &g.as the initial

In accord with standard scattering thedtlge cross sec- state, obtained by replacing,q,m;0) by Eq.(4) in Eq. (2),
tion og(n,q’;m,q) for scattering between the incident is

UE(n.q’;{am},q)=|<E,q6n‘|Vq§ anlE,q,m;0)|?
=§ |am|?(E,q' ,n"|V4lE,q,m;0)2+ > X apar.(E,q’,n"|V,E,q,m;0)E,q,m’;0|V,|E,q',n")

m’ m#m’

Eim‘, lag2o(ng ;mq)+> X apasa(ng’;m’,m,q), (5)

m’ m#m’
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where o(n,q’;m’,m,q) is defined via Eqg.(5). The total

cross section into arrangemaeqt is then given by

K12= Ky,

122 2u+ea(1)+ep(2)=h2k3/2u+ea(2) +ep(1),
(11)

oe(q'{an},a)= > oe(n,g’;{an},q). ® ,
n with u=MMp/(Ma+Mp). Equation(10) then becomes

Note that Eq.(5), and hence Eq6), are now of a standard ¢in=[Aexplik;»R)+ Ay expikyrR)Jexp(iK 12 Re m)
coherent control form, i.e., direct contributions from each . .

member of the superposition, proportional|&g,|2, plus in- T AuexplikyrR)expliKyyrRem)
terference terms which are proportionalet'qa;, . Itis clear

that if we control thea,,,, through assorted preparation meth- . .
o g prep here the term in the square brackets, due to(Eg), is a

ods, then we can control the interference term, and hence tj’_& i £ twal testates. We theref
scattering cross section. In the case of bimolecular collision !near superposition o twalegeneratestates. vve theretore

coherent control arises only from states that are of equaqzxpect that the scattering cross section will be comprised of

energy and that have the same center of mass mL_)memumnonmterfenng contributions from three components with dif-

Consider now the laboratory preparation of the generalfenng Kij , but where the first term allows for control via the

ized superposition statd&q. (4)] where for simplicity we !nterference betwgen they, andA,, terms. The two remain-
limit consideration to a superposition of two states. To em-"9 terms, 'proportlonal 1@ andAg,, are uncontrolied sat-
phasize the role of the center of mass motion and the pale—”Ite contrlbutlons._ . .

ticular utility of choosingA=D we first treat this problem in Fgr examale, i gve design the experiment so ”f\ét
general(i.e., anyD). To do so we examine the scattering of —kz g”d Ko=—Kky then Ky,=Ky=0, and ky,=ki,
A and D, each in a previously prepared superposition of 21~ —Kp, so that the degeneracy requireméBg. (11)]

+ Az expikyrR)exp(KopRem), (12

Hamiltonian eigenstatg#(i)) and|¢p(i)) of moleculesA
andD. These states are of energy(i) andep(i), respec-
tively. We denote , andrp as the laboratory position @%

and D with #k”, #kP denoting their laboratory momenta.

The relative momentunk, relative coordinatdR, center of
mass momenturik, and positiorR.. ,, are defined as

K=kA+kP, R.m=(Mara+Mprp)/(Ma+Mp),

()

k:(MDkA_MAkD)/(MA+MD)I RIFA—YD.

The wave functions oA andD in the laboratory frame,
Y andyp, are of the general form:

Ya=a| pa(1)yexp(ikyra)+as| da(2)yexp(iks ) ,( )
8

Yo =b1| dp(1))exp(ik?+rp) + by dp(2))expli k?‘ro)(- )
9

The incident wave function is then the product

Yin= ¥athp
=[ay| da(1))explikira) +az| da(2))explikyer )]
X[by|pp(1))explikDrp)+ byl dp(2))exp(iks-rp)]

2

:JEZ

L A” exqikij'R)quiKij'RC_m.),

(10

where  Aj;=abj| #a(i))| b (i),

kij=(Mpkf*—= M ak?)/
(Ma+Mp), andK;; =k{+kp.

ecomes
h2(k)22u+ea(1)+ep(2)

=h2(kD)22u+ea(2)+ep(1). (13

In general, this condition necessitates a method of pre-
paring & and p which correlates the internal states
|pa(i)) and|pp(i)) with their associated momentd' kP
S0 as to obtain Eq.13). This requires a considerable exten-
sion of currently available experimental techniques. How-
ever, the situation simplifies enormously for the caseéDof
=A, the subject of this note. Specifically, consider

A+A’—B+C. (14)

Here we have used’ to denote the moleculd, but in a
superposition state which is not necessarily the sanfe Hs
we prepare each of the two initi#d and A’ superposition
states from the same molecular bound states, Bg(1))
=|pa'(1)) and|pa(2))=|da/(2)) then the requirement for
conservation of energy in the center of mégs|. (11)] be-
comes

h2(Kyp) %2 =12(Ky))?/2p. (15)

This condition is satisfied for a standard scattering arrange-
ment whereks=k5 andk} =k5", since therk;,=|0.5(k}
—k8")|=[0.5(5— k)| =kas.

This scenario opens up a wide range of possible experi-
mental studies of control in bimolecular collisions. Specifi-
cally, we need only prepard andA’ in a controlled super-
position of two states(e.g., by resonant excitation of
|#a(1))) to produce a superposition witlpa(2)), scatter

As constructed, Eq(10) is composed of four indepen- them, and vary the coefficients in the superposition to affect
dent noninterfering incident states since each has a differetihe reaction probabilities. Control originates in quantum in-
center of mass wave vectés;; . However, we can set con- terference between two degenerate states associated with the
ditions so that interference, and hence control, is allowedcontributions of |$a(1))|pa/(2)) and |pa(2))| ar(1)).

That is, we require the equality of the center of mass motiorThis

of two components, plus energy degeneracy:

is accompanied by two uncontrolled scattering

contributions corresponding to the contributions of
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|pa(1)) Par(1)) and|pa(2))| Pa:(2)). Control is achieved +ea (j), i#]. Of the latter terms, each is accompanied by
by varying the four coefficients;, b;, i=1,2. another term of equal enerdy.e., ex(i)+ea (j)=¢€a(j)
STIRAP provides a natural choice for such state prepa-+e, (i)]. Hence theN? terms are comprised dfl direct
ration. A particularly promising version is the tripod- terms plus N?—N)/2 degenerate pairs which are a source of
STIRAP variant which was recently suggesteahd experi- interference, and hence control. Here control is achieved by
mentally demonstratetiin the tripod-STIRAP scheme, an altering the N coefficientsa; ,b; in the initially prepared
additional laser couples the intermediate lev#irough state[Eq. (17)], e.g., by shaped pulsed laser excitation of
which the initial and final state are radiatively connected vial pa(1)) and |¢a:(1)). The extent to which increasiniy
the pump and Stokes lagerith another unpopulated state. affects control must be the subject of further study.
Depending on the overlap in time of the interaction of the  Finally, we note that OH OH—H,O+H is an excellent
additional laser with that of the pump and Stokes laser, angandidate for study. Experimentally, this system is desirable
coherent superposition of the initial and final state can bdecause cooled OH has only a few populated rotational lev-
created. The system remains in the superposition state aftets, the first electronic stateeeded in STIRAPis accessible
the interaction with the lasers has ceased and the superposiith conveniently available near-UV radiation, and the H
tion so created is robust, i.e., it is not sensitive to smallatom product can be detected by resonance enhanced multi-
variations of the laser intensities or the overlap. photon ionization, possibly in combination with ion imaging
The above-described control approach can be generale obtain information of the internal energy of thg®prod-
ized to a superposition dfl levels in each of the twé and  uct.
A’ reactants. Specifically, choosing &f'=k” and all kiA’ Theoretical and experimental efforts to examine this

=KkA" we have control scenario, with initial applications to isotopes of mo-
N lecular hydrogen and to OHOH—H,O+H, are under way.
Ya=exp(ikAer ) 2 ai| pali))|, This work was supported by the U.S. Office of Naval
=1 Research, the Israel Science Foundation, and the Israel—
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