Entanglement-assisted coherent control in
nonreactive diatom-diatom scattering

Cite as: J. Chem. Phys. 118, 2626 (2003); https://doi.org/10.1063/1.1535428
Submitted: 19 August 2002 - Accepted: 14 November 2002 - Published Online: 23 January 2003

Jiangbin Gong, Moshe Shapiro and Paul Brumer

MY

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

(7))
L
| .

o
—_—
((v]
c
:fU
St
Qo
L C
o

Perspective: Ultracold molecules and the dawn of cold controlled chemistry
The Journal of Chemical Physics 145, 150901 (2016); https://doi.org/10.1063/1.4964096

An interaction-asymptotic region decomposition method for general state-to-state reactive
scatterings

The Journal of Chemical Physics 150, 134105 (2019); https://doi.org/10.1063/1.5085651

An investigation of the F+H, reaction based on a full ab initio description of the open-shell

character of the F(ZP) atom
The Journal of Chemical Physics 113, 11084 (2000); https://doi.org/10.1063/1.1326850

Challenge us.

What are your needs for »
periodic signal detection? ey

N/ Zurich
7\ Instruments

J. Chem. Phys. 118, 2626 (2003); https://doi.org/10.1063/1.1535428 18, 2626

© 2003 American Institute of Physics.



https://images.scitation.org/redirect.spark?MID=176720&plid=1401534&setID=378408&channelID=0&CID=496958&banID=520310234&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=ed5dd4029e63a2f75704dfd96619305ac85f9c8d&location=
https://doi.org/10.1063/1.1535428
https://doi.org/10.1063/1.1535428
https://aip.scitation.org/author/Gong%2C+Jiangbin
https://aip.scitation.org/author/Shapiro%2C+Moshe
https://aip.scitation.org/author/Brumer%2C+Paul
https://doi.org/10.1063/1.1535428
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.1535428
https://aip.scitation.org/doi/10.1063/1.4964096
https://doi.org/10.1063/1.4964096
https://aip.scitation.org/doi/10.1063/1.5085651
https://aip.scitation.org/doi/10.1063/1.5085651
https://doi.org/10.1063/1.5085651
https://aip.scitation.org/doi/10.1063/1.1326850
https://aip.scitation.org/doi/10.1063/1.1326850
https://doi.org/10.1063/1.1326850

JOURNAL OF CHEMICAL PHYSICS VOLUME 118, NUMBER 6 8 FEBRUARY 2003

Entanglement-assisted coherent control in nonreactive
diatom—diatom scattering

Jiangbin Gong, Moshe Shapiro,® and Paul Brumer
Chemical Physics Theory Group, Department of Chemistry, University of Toronto, Toronto,
Ontario M5S 3H6, Canada

(Received 19 August 2002; accepted 14 November R002

Intriguing quantum effects that result from entangled molecular rovibrational states are shown to
provide a novel means for controlling both differential and total collision cross sections in identical
particle diatom—diatom scattering. Computational results on elastic and inelastic scattering of
para—H and para—hl are presented, with the collision energy ranging from 400 tio the
ultracold regime. The experimental realization and possible extension to other systems are
discussed. ©€2003 American Institute of Physic§DOI: 10.1063/1.1535428

I. INTRODUCTION the required adjustable quantum phases and amplitudes into

coherent scattering processes in a fashion so as to introduce

Recent years have witnessed an increasing interest ifontrol based upon quantum interference. That is, several
controlling molecular and atomic processe$The central recent studies on CC of collisions in model scattering
principle of coherent contrdICC) teaches that such control gygtemg make clear that, for collisions of nonidentical mol-

can be achieved by using coherent laser fields to induce coRijes, coherent control requires that one establish subtle

structive or destructive interference between multiple |nd|s-quantum correlations between the translational and internal

tinguishable pathways to the same final state. The yield o&egrees of freedom of the reactants. Setting up the required

desired or undesired product can thus be enhanced or SUiiitial states presents an experimental challenge, since it re-

pressed by manipulating the resultant quantum interferencquires coherent matter-wave beams in which the internal
terms. Thus far, most experimental and theoretical studies q . . .

. States of the molecule are correlated in a precise way with
CC of atomic and molecular processes have focused on UNiE o translational states
molecular reactions or half collisions, such as photodissocia- Such correlated trénslational-internal states are not re-

tion, photoionization, and photoassociation. . . .

By contrast, controlling full collision processes such asqqlred, hoyvevgr, it one attempts.coherent control in thg col-
atom—atom scattering, atom-molecule scattering, anHS'O.n 05 identical molecules, €., ABAB. .R.ather, .'t. .
molecule—molecule scattering remains a significant chal-suﬁ'ceé_ to prepare the rfaactants_ln superpo§|t|ons of initial
lenge. Existent studies along this direction have largely em[ow_b_ratlonal states._ In this case, in accord with Ref_. 10, _the
ployed a number of approach®e The first = actively ma- collision cross sectlons_ can be controlled by_r_nanlpulatm_g
nipulates coherent light sources to alter the interactiorjihe_ character of the initial coherent superposition states in
potential of the colliding particles. For example, in ultracold Which the molecules are prepared. .
atom—atom collisions, the scattering cross sections can be [N this article we examine the coherent control of iden-
extensively modified by using laser fields that are in neafic@l particle scattering in detail, with para;tpara—H as
resonance with one of the excited molecular electroni@n €xample. In doing so we approach this issue from a dif-
states*® or by employing a dc field that induces an addi- ferent perspective from that in our earlier wdfkdemon-
tional dipole—dipole interaction potentfalHowever, it ap- ~ Strating deep connections to the construction and usnof
pears difficult to use this approach to control atom—moleculdangled statesa topic of great recent interest in quantum
or molecule—molecule scattering, since the number of deinformation sciencé! That is, we show that the scattering
grees of freedom is much larger than that in atom—aton@mplitudes, and the resultant differential and total collision
scattering. A second approach is laser cataffysisvhich the cross sections, depend strongly on quantum entanglement
laser field photons serve as a catalyst. In this case the lasembedded in the initial rovibrational state. In essence,
accelerategor suppresseghe reaction by inducing a barrier entanglement-induced quantum effects are shown to occur
hopping process, via a virtual excitation to a bound excitedvithout the explicit preparation of entangled states. This pro-
state, while remaining unchanged at the end of the event. Thédes a novel means of controlling both the differential and
third approach, which is the subject of this study, is coherentotal collision cross sections in identical diatom—diatom scat-
control/ Although the general theory of collisional CC has tering.
been worked otitand conditions for control establish&the This article is organized as follows: In Sec. Il, we intro-
experimental problem remains as to how one can introducduce some concepts related to quantum entanglement be-
tween identical particles and then address the theory of iden-

dpermanent address: Chemical Physics Department, The Weizmann Instirfical diatom—diatom Scatt_erlng with particular reference _tO
of Science, Rehovot, Israel 76100. entangled molecular rovibrational states as the incoming
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asymptotic states. The theoretical formalism is presented ition symmetry for the total wave function including all de-
Sec. Il for para—H+ para—H system, without loss of much grees of freedom is—1 for identical fermions, the
generality. Results for the scattering of this system are showpermutation symmetry of the spatial degrees of freedom
in Sec. IV where detailed computational results on the role omust be +1. Thus, in a simple bound system such as
entangled rovibrational states in both elastic and inelastipara—H, the rotational quantum number has to be even.
scattering, with the collision energy ranging from 400 ¢m Likewise, in unbound cases such as electron—electron or
to the ultracold regime, are explored. A discussion is proproton—proton scattering, the differential cross sections do

vided in Sec. V. depend strongly on how the two spins are entangled, even if
the scattering potential is spin independent, e.g., a pure Cou-
II. AB+AB SCATTERING lomb potentialt® This selection of specific permutation sym-

metry combinations due to entanglement of a subset of the
system degrees of freedom is central to the results below.

Quantum entanglement is a striking feature of quantum
physics. Qualitatively, two particles are said to be quantunB. The role of entangled rovibrational states
entangled if their total wave function is inseparable. In par-in identical particle scattering
ticular, if two particles are entangled., theq neither of t-hem Consider identical particle scattering. We focus on the
possesses a complete set of properties, since measuring one . . .

: diatom—diatom case ABAB, but the considerations are

of them would collapse the total wave function and thus

: ) . If]j i f the AB di
affect the properties of the other. Quantum entanglement is %enera [j,m,v) denotes an eigenstate of the diatom

fundamental issue of considerable theoretical interest, an¥¥Ith angula.r momentum gquantum num@eangular momen-
um projection quantum numben, and vibrational quantum

plays a key role in various modern areas such as quantum . S
21513 numberv, then a typical entangled ro-vibrational state of
teleportation:**® quantum cryptography, and quantum

T AB+ AB is of the form
computing.

In the case of identical particles the total wave function{r,r|¢(j1myv4j.myv 2)>a”3
including all degrees of freedom, is always symmetrized or . .
antisymmetrized with respect to particle exchange. Hence, =coga)(ralj1,My,01)(raliz.M; v2)
even if the total wave function of two identical particles is +sin(a)exp(i B){(riljo,my,vo){rolj1,my,v). (2
simply obtained by symmetrizingor anti-symmetrizing a
separable state, it appears to be unfactorizable, and hen
apparently entangled. This is, in fact, misleading and hint$y(j,m,v4j,myv,))
that quantum entanglement between identical particles is
somewhat more subtle than quantum entanglement between

A. ldentical particle entanglement

94 specific interest later in this work are the entangled states

1 : .
= _(<rl|Jlamlvvl><r2|121m21vz>

nonidentical particles. In a recent discussion, Ghirardi ol
et al}* have given clear definitions of quantum entanglement _ .
between two identical particleé) two identical fermions are *(rqlj2,m,v2)(rolj1,my 1)), 3

entangled if the total wave function cannot be obtained byynere the only distinction between the two states
antisymmetrizing a fac'Forized state, afid) twq identical |(jamyv1jaMyu2)) s is the relative phasg (0 or ) be-
bosqns are entangleq .If the total wave function cannot b@yeen the two participating statés,|j,m;v)(r,|j,myv,)
obtained by symme_trlzmg a factorized p_rod_uct of two OF-and (14| j sMuu 2){r,|jamyv4). This difference is significant
thogonal states and if the total wave function is not a produciygofar as|(j 1Myv1j Myu>)) . is invariant upon permuta-
of the same state for the two particles. Under these circumgon of r, andr,, whereag (j;m1j,Myv,))_ acquires a
stances, the state is entangled and each of the particle paisg.tor of —1 upon permutation of, andr,. It should be
does not possess a full set of properties. stressed that the permutation symmetry associated with

One intriguing aspect of quantum entanglement betwee (j2Myv1jomyu5)) . has nothing to do with the permuta-
identical particles, relevant to the discussion below, is that itjg symmetry of the total wave function of identical par-
can force different permutation ;ymmetries on some degreages, since the statels)(j 1My 1j,Myu)) .« describe only
of freedom. For exgn;ple, consider a system of two freelyotational and vibrational motion. Note also, for use later in
moving identical spin; particles, whose spin up and spin tpis work, that entangled statég(j;m;v4j,Myv,))- also
down states are represented|by), [11), [T2), [12)- Ifthe  torm a new set of basis states to describe a general entangled
total spin is zero, then the two spins are entangled and thgiae je.
resulting(“EPR state”) |¢) is given by _ _

[(J1M10 1) 2M02) ) 0,

1
) =—(10®[l2)—[l1)®[T2). (D coda)+sina)expif) ,
V2 = -~ [¢(j 1My 1jomav5)) +
Note that|) in Eq. (1) cannot be obtained by antisymme-
trizing a factorizableotal wave function(since such an an- coga)—sin(a)expiB) . .
tisymmetrized state should also describe the translational + [h(j1mv1omav2)) -

motion) of two spin 3 particles. Clearly/y) in Eq. (1) ac- V2
quires a factor of-1 upon permutation. Since the permuta- (4)
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Suppose that prior to the ABAB collision the AB mol-
ecules(here labeled AB and ABfor conveniencgare pre-
pared, in accord with Ref. 10, in the superposition states:

|hap) =cod aq)|j1myv 1) +sin(aq)exp(i B1)|j.myu ),
5)
| hap)=Coq a,)|j1Myv 1) +sin(az)expli Bo)|j 2myv o).

Then the total internal wave functiofbefore symmetriza-
tion) is a direct product qp) Of these two superposition

Gong, Shapiro, and Brumer

utilize entanglement-assisted coherent control effects in
diatom—diatom scattering without the difficult task of prepar-
ing entangled molecular states.

Below we develop a general description of the quantum
effects associated with entanglement of molecular rovibra-
tional motion in bimolecular scattering. We focus on the con-
tribution from the entangled state since the remainder,
the satellite termsis ordinary scattering. In doing so we
specifically study the scattering system para+idara—H,

states, rather than an entangled molecular state. Nevertheled2¢ simplest case of diatom—diatom scattering. Although
|ap) can be expressed in terms of an entangled state plugany of the following arguments apply to both reactive and

two additional components, i.e.,
|hap) =Yy expli B2) | (j1M1v 1] 2Mov2)) o
+cod a1)cod ay)|j1Mw1) ®|jimv )
+sin(ay)sin(az)exfli(B1+ B2)1]i2mav2)
®|j2mav5), (6)

where the entangled state componef(tj ;mqv 1j ,Myv 2))ap
is given by Eq.(4), with

y=/coS(a;)Sin(a,)+sir(a;)cos(ay),

()

a=cos [cog a;)sin(ay)ly],

B=PB1~ B2,
and the two additional componenism,v)®|j;m.v,) and
[jomyv,)®|j,mov,) are called, in the spirit of previous co-
herent control work, “satellite” state¥. From this view-

nonreactive scattering, we confine attention to elastic and
inelastic scattering only.

lll. SCATTERING FROM ENTANGLED
ROVIBRATIONAL STATES: FORMALISM

Consider AB+AB scattering. We represent the vector
pointing from the center-of-mass of the projectile to that of
the target byR, and the relative interatomic distance vectors
of the two para—K molecules by ; andr,, respectively. We
usej;, m;, v; (i=1,2) to denote the quantum numbers of
angular momentum, the projection of angular momentum
onto a space-fixea axis, and vibrational motion, respec-
tively, for each para—KH molecule. The fact that both the
nuclear spin and the electronic spin of parg—Holecules
are zero greatly simplifies the problem, while retaining the
essence of physics. Note that each parantdlecule(with

point, the contribution from the entangled state component i§'€ctronic ground stalds a boson, so that the permutation

the control term.
If our interest is in coherent control of ABAB scatter-

ing, then this provides an obvious route to control. That is,
by altering thea; and B; in the prepared diatomic state, one

symmetry of the total wave functiof¥ (r,,r,,R)) in the
scattering problem is-1. That is,

[W(ry,r2,R)=[W(rz,r1=R)). 9

can alter the initial state. This introduces controllable quan-

tum interferences, as previously discus§®tence altering
product cross sections.

Alternatively,
tangled states, then collisions of ABAB in the prescribed

initial states may well provide a route to directly observing
entanglement-induced quantum effects. Specifically, ther

if our interest is in the dynamics of en-

As we shall see more clearly below, this implies that the
parity of |¥(ry,r,,R)) with regard toR depends on the
permutation symmetry of the internal degrees of freedem
andr,.

In traditional scattering, the initial state is characterized
BY K 2, ji, my, vy, j2, My, vy, and the final state charac-

clearly are cases, some cited in computations below, whergrized byk’, R, j1, my, v, j5, My, vy, wherefik and
contributions from the entangled molecular state dominat@k’ are the translational momenta for the initial and final
over that of the satellite states. That is, for some channelgtates, withk=k’(k#k") in the case of elasti¢inelastio

characterized by; , vy, j3, v, the scattering amplitude for
the initial direct product statéwdp> is entirely due to the

scattering. Below we exclude the case of;,Mm;,v4)
=(j,,m,,v,) as it does not allow for entanglement in rovi-

y exp(Bo)|(i1mv1iampu,)).s cOmponent. For these cases, brational states. Since the colliding molecules are identical,

we have

(6, ¥gp)) = Y2 (0, (j 1M10 1§ 2Ma0 2) o)), 8)

both the incoming and the outgoing asymptotic states have to
be appropriately symmetrized. However, to obtain the scat-
tering amplitude it suffices to symmetrize either the incom-

where o(6, |y)) represents the differential cross sectioning or outgoing state onf? If we choose to symmetrize the
summed ovem; andmj and integrated over the azimuthal incoming state, then the scattering amplitude is given by
angle ¢ for the initial state|y). Alternatively, and more dif- R

ficult to implement, if we restrict the measurement to a par-f (k' Rjimiv1jsmyv5«K2j1myv1j.myu,)

ticular total energy of the product, contributions of the satel-
lite states can be zero due to the energy restriction and the
scattering becomes essentially that due to an initially en-
tangled molecular stathb(jlmlvljzmzvz)>aﬁ. Thus, sig-
nificantly, in either case one can experimentally observe and

=T(k’ Iil' 1M1 1) oMo 5—K2j 1Myv 4] ,Myv )
+T(K'Rj1miv1j smyv 5 —K(—2)jomyv,j1myvy),
(10)
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wheref represents the unsymmetrized scattering amplitudes . _ 1
under the assumption that the two molecules are distinguish-  |#(j1Mv1j2mMv2)) - :E(|ml>|m2>i [mz)[my))
able. Specifically, in terms of th@-matrix elements, we

6,17 . .
have ®j1,v1)®|j2,02)- (13
T(k'Rj1miv ) mbv5—K2j 1Myv 1j ,Mov5) In this case entanglement arises only through molecular ro-
] \/_ tation motion along a space fixed axis. C&agis therefore
I\ ’ (PN i _
_ E 2 2 NAESTa Ylnj (R) totally analogous to two e_:r!tangled spirsee Eq.(1)]. In
VKK 3vm’ litamiz 15 deed, quantum effects arising from such entanglement can
also be understood in terms of polarization phenomena, in
M oM 1Mz ~igamip accord with general polarization thedf.
1m’j 1 myp 100122 myjom), ~Tamaiom, () my=my,, j1=]j,, v1#v>. In this case we have
XTM(jiv1iovai1d 110 1i2v2012), (11) _ _ 1
and |¢(J1m101]2m202)>::E(|Ul>|vz>i|Uz>|01>)
T(k'Rj1Miv 1) 5mbv 5—K(—2)j Movj 1Myv ) ®|my,j1)®my,j,). (19
i | Here only vibrational motion is entangled; rotational motion
TS E IJEm 2 / =D is completely separable. Further, unlike césethe resulting
IMmE S22 11 5ma, guantum entanglement is entirely due to internal excitation.

> 2|—|—1i|7|’Ym’(§)C‘]M C‘]M CjiZmiZ (C) m1:m21 V1= V2, JlsﬁlZ' Thusa
I l'm’jamy,

0j 1M1, jymyjsm)
C}iﬁlﬁmlTJM(jivijévéjiz'/|J'202J'101]12|), (12 |¢(J1m101]2m202)>¢—5(|11>|12>i“2>|11>)
where Y" is the spherical function and:}iﬁijzmz are the ®@|my,v)®|m,,v,). (15)

Clebsch—Gordan coefficient. _ _ _ o
Consider now the case where the molecules are initiallyl NS c@se is somewhat complicated. Equatitf) implies

prepared in an entangled state of molecular rovibrationainat: While vibrational motion is not entangled, rotational de-
states [as in the cross term in Eq. (8)]: grees of freedom are partially entangled, insofar as the mo-
(ry, 0ol (j2mMuv1jMov2))a 5. The two components of tion along a space fixed axis is still separable. Note that in
(i 1My 1 2Mo02) Y g shcé)’\fvn in Eq.(2) are degenerate in this case quantum entanglement is also due to internal exci-
energy. Hence they can interfere with each other, providing@tion. and that it is intrinsically different from case) and
interference effects that allow for control. unrelated to any description based on polarization theory.
To simplify matters we focus on the role of the entangled Using Egs.(lO) anAd (3), one Obt"f"r_]_s the following scat-
states| ¢/(j,myv1j,M,v5)) - . Consideration of three special tering amplitudef. (R) from the initial entangled state

cases is in order: (k,2,| (j 1Mv 1) ,Myv5) )= ) to the final statd’, R, j;, mj,
@ j1=]2, v1=v2, M#m,. Here Ui, j5, My, vy:
< 1~ [T YA N N N ~: . 1~ T YA N N N AN .
fL(R)=—f(k'Rjimiv1jomavoKZj1myv1jomavo) + — F(K'Rjimyvj Mo o= K(=2) jaMapu ) 1myvy)
V2 v2
1. X = TN B N S 5 H 1. X = YR N Y A 5y :
i—zf(k RJlmlvllzmzvz‘_kzlzmzvzl1m101)i5f(k Rj1Myv 1 ,mavp—K(=2)j1mMyv1jo,mavy). (16)
|
Integrating|f..(R)|? over R gives |f.|? which is propor- , T2 f]?
tional to the cross section for theimjuij,msus Ll 2 ' (17)

—Jjimquqjomov, transition, with the initial state given by

the plus or minus combination. The square of the amplitude,, comparing|f.|2, |f_|? and |f|2 we can ascertain the
for the same transition integrated over but from the col-  effect of entangling rovibrational states, and ascertain the
lision where the initial state is AB{mjv4)+AB(j,myv»,) degree of control.

(properly symmetrizex is given by|f|2. Then, using Egs. Given Eqs(11), (12), and(16), thef . (R) can be written
(10) and(16) we have that as
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quantum interference between transitionsvj,voj1ol)

~ 1 | o ’
f.(R)=——=— > 2 > V2r+ii! —(jviiava1d’) and (ovoj1v1j1d)—(j1vgjsvajid’).
V2 VKK M a2z 11 m Whether this interference is constructive or destructive
. depends on the form of the entangled rovibrational state.
XY{‘?I(Ifz)Cf,M,., , IJO'}/' . J12M2 This effect is significant when the magnitude of
MM 1202 gy mipm, TM(jivsisvsiid'|j1w1iavei12d) is comparable to that of

TIM(jivijovaj1d liv2iv1j14d). Further, based on Eg.
(18), the scattering amplitudé, z(R) for an arbitrary in-

X[Ci:lr%r:n}zm TM(j1v1iv20 14 i1l 2v2i12) coming entangled statek,|¢(j1miv1j2Mav2))as) C€anN
1Myl2Mz then be expressed as

x{[1£(-1)']

=Cl2M2 TM( 101505510 v ai1aisd) ]}

e )+ sin(@)exi B)
. coja)tsin(a)exp(ip N
18 fo.p(R)= fi (R
(18) 8(R) s (R)
Equation (18) suggests that there are two important . .
quantum effects in AB- AB scattering associated with using | Sos @) T sin(a)expli ) f_(R). (19
entangled molecular states as initial stat@s: Due to the V2

_1 i i
factor [1=(—1)'], the permutation symmetry induced by As mentioned above, an alternative but equivalent way

molecglar enta_nglement Imposes a parity restriction on th?o symmetrize the scattering amplitude is to symmetrize the
incoming partial waves. That is, for the case of outgoing asymptotic state. That is

[h(j1mv 1) 2mMav2) ) 4 ([ (j 1My 1j,myu5)) ), contributions
from odd (even partial waves are completely suppressed
whereas contributions from evéadd partial waves are en-
hanced. For example, for the case #{j1mv1j.mouvy))
although the two para—Hmolecules are spinless bosons,

'f(k'Rjimiv}jsmive—K2j1myv 1jomyu,)

=T(k’ Iil. 1M1V 1 sMov 5—K2j 1My 1j,Myv5)

they avoid thel=0 state due to quantum entanglement T BN Tl Tt 1 L :

. . . . +f(k'(=R)j,m m kzj;m m .

of rovibrational motion. (2) As indicated by the fac- (K (=R)J2Mav2) 1M1 k2 1Myv1j2Mav2)
j1om SEorsr s ; ; J12m

tor [C; ?njzzszJM(J 101j205j 1 [j1v 1) 202)1d) = Cjiﬁ]zﬁml (20)

!

XTIM(j1o1isvai1d liavaj1v1j1d)] in Eq. (18), there is  Based on this procedure, we have

! I

- 1~ YA B I N A ~: . 1~ ’ S\ ;! 1o ~: .
f.(R)= 5f(k’RJ1m1U1J2m202‘_kZJ1m101]2m202)+ 5f(k (—R)jamauj 1myv g +KZj 1myv4jomyv,)

1. i Pl T T 5 H 1. ’ O\ Pl T s .
“—LEf(k'RJ1m10112m202‘_k212m202]1m101)i5f(k (=R)jamauoj 1myv 1+ K2Zj,mavoj1myv ). (21)

In terms of the partial wave expansion, the scattering amplifud®) in Eq. (21) can be further expressed as

1w o
f.(R)=—— N T Ll o ol
2 v2 kK’ J%n’ Ijgﬂnlz |rj%m£2 1'm’j,mi, 10l 12M2

! !

j1M12 J12M12 M SNTIM i i . .

X{C 2 LC Y (R T (v 205014 lj1v1j2v2)12)
JaMyloMa= = jimijom,

j’om; m’ A IMy . . . . .
+Cj}$n’?2’m’Y|' (=RIT™M(javai1v1i1d 1101l 20212)]
272171

! ’
1My J12M12 M SNTIM st . .
=C I Co 2 Y (R) T (w120 2] 14 li2v2j1v1j1d)
JaMalaMy= —jimyjom,

j1M] ! - N N YA i H
icj}fn,f,m,v[‘? (=RITM(jvzi101i1d " li2v2i101] 1) T} (22
272171



J. Chem. Phys., Vol. 118, No. 6, 8 February 2003 Nonreactive diatom—diatom scattering 2631

Interestingly, the equivalence of E@2) with Eq. (18) is far 10000 ——r————T—T— T
from obvious'® As a result, we can no longer readily identify 1000
the parity restriction condition imposed on the incoming par-

tial waves due to molecular entanglement. In this sense, in g 100

the theoretical considerations, we prefer E) to Eq.(22). £ 9

However, Eq.(22) is very useful in order to confirm the %

consistency of our results. For all computational examples < 1

presented below we have verified that E¢E3) and (22) T o1

give the same results. 0.01

0.0015—5645 60 80 100 120 140 160 180
IV. CALCULATIONS AND RESULTS 8 (Degree)
In this section we focus on computations for cdeg 10000 ————— oo ———

described above. Specifically, we consider rotational energy
transfer in rotor-rotor scattering, a problem that has been the 1000
subject of considerable interé§t}” We do not treat case) -

since it is an example of well-known polarization theory. E 100
Case(b), on the other hand, requires computations beyond f:
current capabilities. However, to provide some insight into =~ 10
this case we do present results for one dégenodel That %
is, we treat a lower dimensional case of vibrational excitation 1
with frozen r%tational motion.
MOLSCATZ isa usefu! tool for '[hIS. study. In particular, it 01555408030 100 T30 140 160 180
provides both cross sections aBanatrix elements necessary 8 (Degree)
for the study of phase controlilOLSCAT also introduces a
control parameter to account for whether or not the scattering 1000 p————"T—T—T— T
particles are identical. Thus, we can first assume that the two
scattering molecules are distinguishable and compute all the 1000
matrix elements TIM(jlv1jsvai1dd |j1v1j2v2i1d) and <
TM(j1v1isv214 i2v2i1v1j1d), and then use Eq18) to :E 100
calculate the cross sections. The Zarur—Rabitz interaction <<
potentiaf’ for para—H+ para—H is used throughout; it cer- s 10
tainly suffices for the demonstration of novel quantum ef- g
fects in bimolecular scattering. However, newer global po- 1
tentials are available foH,+H, scattering® that can be
used for detailed comparisons with future experimental stud- 0152040 B0 80 100 120 140 160 180
ies. 6 (Degree)
A. Scattering at E,=400, 40, 4 cm~* FIG. 1. Thed dependence of the elastic differential cross section summed

To d trate th | f t | ¢ id over the final state quantum numben$ andm;, and integrated ovep. The
0 gemonstrate the role ol entanglement we consl egcattering system is paray#Hpara—H, and the collision energy i@ 400

scattering for different incoming entangled molecular stategm! (=570 K), (b) 40 cm t (=57 K), and(c) 4 cmi 't (=~5.7 K). Dashed
at collision energie€, =400, 40, and 4 cit. In particular,  and solid lines are for the incoming free entangled stbﬁ%z) and|4,//j'lj2>
E,=400 cm ! (=570 K) is still below the vibration excita- [see Eq(23)], respectively. Herg; =2, j,=0.

tion threshold, andE,=4 cm ! (=5.7 K) is very close to the

lowest collision temperature currently achievable in molecu-

lar crossed-beam experiments. AB diatomic superposition state by laser excitation of
We consider the following entangled molecular states ii1:M1.v1) 10 |j2,mz,v2). Assuming linearly polarized
our computations: light, selection rules ensure that; =m,. However, as long

asm;=m, (so that we cannot distinguish between the two

N SN IRTINT scattering molecules by measuring the projection of their an-
|‘/’iliz>_ E(“D“Z)—“ZH“» gular momentury the results for allm are essentially the
same. Hence, here we consige;=m,=0.
®|my=0p,=0)®|m;=0p,=0). (23 Figure 1 shows th@ dependence of the elastic differen-

Subsequent computational investigafof other a, B val- tial cross s,ectiorare,( 0) su_mmed over the final—s_tate quantum
ues in Eq(4) confirmed that these two states give the control"Umbersm; andm; and integrated over the azimuthal angle
extremes. $[R=(6,¢)], for the two incoming entangled stade;ﬁtlh)
Since we consider rotational excitation only, all vibra- with j;=2, j,=0. In particular,E, equals 400 cm! in Fig.
tional quantum numbers are set to be zero, i:.gsv,=v] 1(a), 40 cm ! in Fig. 1(b), and 4 cm? in Fig. 1(c). For all
=v,=0. In a typical experiment one might well prepare thethree cases there is a clear differencerigf #) between the
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|z//j+1j2) and |z//j’1j2> cases. Indeed, for particular scattering 1 —TT— T
angles, e.g., fo® close ton/2, molecular entanglement in-
duces huge differences. Also evident is that the number of 01
minima of o( 6) is always evertodd) for [y ) (|4,;.)), @ E
manifestation of the parity restriction of the incoming partial o~
. . ot 0.01F
waves resulting from the permutation symmetry of the en- —
tangled molecular states. Further, comparing Fig) With *

[

Figs. X@ and 1b), it is clear that lower collision energy 0.001

induces slower oscillations (). This is expected due to

the behavior o™ (R) in Eq. (18). L
- o (R)In Bq.(18). - 0.0001—5540 60 80 100 120 140 160 180
Consider then the total cross sectiop for elastic scat- 8 (Degree)
tering, denotedr, for the |¢jilj2> cases. Integrating.(6)

over ¢ for the lowest energy casfFig. 1(c)] gives oo
=511 A? and o, =346 A2, This is to be compared to the
total elastic cross section for scattering of AB{O,m=0)
+AB(j=2,m=0), proportional to|f|> summed ovemm;
andm,, denotedo, and equal to 428 A If we define the
percentage of control in this case és=|100(, — o, )loy,
thend.=39%. For the other two higher energy cagsse
Figs. 1a) and Xb)] the cross sections are found to be less
sensitive to the quantum entanglement in the incoming state,
with d.=5% and 13%, respectively. Note also that the prob- 00004t o4
ability of the direct transitionj;=2, j,=0—j;=2, j;=0 “70 20 40 60 80 100 120 140 160 180
is much larger than that of the exchange transitjga 0, 6 (Degree)
j»=2—j1=2, j3=0. Thus, the effect from the quantum Qdp——T—T—T— T T
interference  between  the  scattering  amplitudes .
TIM(20002'|20002) and T’M(20002'|00202) [see Eq.
(18] is negligible. As a result, quantum features observed in g 0.04

S

o=t

004 T T T T T T T T

0.004

ai(6) (A*/Rad))

Fig. 1 are entirely due to the first quantum effect identified in
the previous section, i.e., the partial-wave parity selection
effect.

In Fig. 2, we show inelastic differential cross sections
oi(6) summed ovem; andm; and integrated over the angle
¢, for the incoming entangled stath}zjilj 2), with initial-state
quantum numbers;=4, j,=0, and final-state quantum 0.00045—5530 60 80 100 120 140 160 180
numlbersj1=j§=2. The lcoIIision energyE, eqLiaIs 400 8 (Degree)

;?;) Iir;rl:tlﬁ.egea)ihftigl?rgndI?ini;ﬁ.stfi(?e),C?Wrz]i(:]:efsm’dhgz;ll’?).( FIG. 2. The& dependence of the inelastic different.ial cross section summed

) . . o over the final state quantum numben$ andm;, and integrated ovep. The
elements contributing to the cross sections arécattering system is parayHpara—H, and the collision energy i) 400
TM(2020G1,1'|40004) andT’™(2020 ,1'|00404) [see Eq. cm ™ (b) 40 cm*, and (c) 4 cm ™. Dashed and solid lines are for the

(18)]. A careful examination of thes@-matrix elements incoming free entangled statég;,; ) and |y ;) [see Eq.(23), respec-
shows that tively. Herej;=4, j,=0, ;=j,=2.

TIM(2020],1'|40004) = (— 1)112T?M(202G || '|00404). and can also be understood via E48). In particular, using
(24)  Eq.(24) and the fact that the total parity is always conserved,

Eq. (18) can be further reduced to
Hence, the second quantum effect described by(H), i.e., =
1 iyw

quantum interference betweei’™(202( ;,1'|40004) and A S =M &

T'M(202G ;,1'|00404), also becomes important. Indeed, fi(R)_ngmA, » A+L=D 2 R)
our choice of the final-state channel gs=j; is motivated hiz

by the fact that forj;#j5, the second quantum effect is %

insignificant. As seen in Fig. 2, different incoming entangled (I+2n)(=m1,)j1 M,
states cause different oscillatooy(6) patterns, leading to
large differences imr;( ) for fixed scattering anglge.g., for

0 close to 0 orrr in Figs. 2b) and Zc), and for# around/2 +i
in Fig. 2(b)]. In comparing Figs. @—2(c), one sees that in X[1+ (=), (25

the highest collision energy case, quantum effects are leasthere Zv=1'—1. Equations(24) and (25) show that quan-
significant. This trend is similar to the elastic scattering casetum interference betweenT?°(202G ;,|'|40004) and

! r
Jo ~J12M2
CIO4OC

’ ’
2m12m2

X C49. {1+ (—1)']T%°(2020 (1 +2n)|40004)
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T9°(2020 1,1 '|00404) can also be interpreted as a selection
rule imposed on the quantum numbgs: for the incoming
entangled statpy,,) only even incoming partial waves con-
tribute andj, is restricted to be even, whereas for the in-
coming entangled statpy,,), only odd incoming partial
waves contribute ang}, is restricted to be odd. This is con-
sistent with the fact that the outgoing state is composed of
two indistinguishable molecules, with the same rotational
quantum numberj{=j5=2).

The case in Fig. @) is worthy of further discussion. In

this case one sees thaf( #) for |zpj’1j2) (solid curvg is sys- 50 40 60 80 100 120
tematically smaller than that fdw; ; ) (dashed curvg for 6 (Degree)
almost the entire range of the scattering angle. This leads to 800 — T T— 7T
a significant difference in the total inelastic cross sectiﬁn 700 b, (b)
for the|y; ;) casesw;” =0.057 A anda; =0.032 &, giv- 600 _“‘.\
ing a control range ofd.=|100(c;" —o; )/0})|=57%, E 500+ N ]
where ¢; is the total inelastic cross section for scattering -~ ™
from AB(j=4,m=0)+AB(j=0m=0) to the channej = 400r I
=j,=2. Howeverd, is less than 2% at the higher energies & 3001 ]
in Fig. 2. Thus, as in elastic scattering, total inelastic cross S 200 7
sections can also be sensitive to the quantum phase embed- 100} -
ded in initial entangled molecular states at sufficiently low B I ]
energies. 0 20 40 60 80 100 120 140 160 180
6 (Degree)

B. Ultracold molecular collisions:
Extreme quantum effects FIG. 3. As in Fig. 1 except that elastic collision is ultracold. The collision
energy is(a) 0.4 cm ! and(b) 0.04 cn™.
Given the results foE,>5 K, we consider ultracold col-

lisions. This new area of focus, ultracold molecular scatter-

ing, has already displayed interesting quantum effédfmr-  cm %), with the incoming asymptotic states given |tygjr1j2>

ther, understanding this area is also crucial in realizingj,=2j,=0). In both cases(6) for |¢j+j ) (dashed ling
12

molecular Bose—Einstein condgnsat?éﬁ‘? is fairly uniform, suggesting that s-wave dominates the elas-

From the control point of view, the advantage of ultra-tjc scattering. Thus, preventing s-wave scattering via en-
cold collisions is that scattering cross sections are ofteRanglement is expected to cause a dramatic decrease in the
dominated by very few partial waves. This feature of ultra-¢ross section. Indeed, in Fig(I8, one sees that elastic scat-
cold collisions may well allow for new opportunities in ma- tering is almost totally suppressed for thg ;) case. Inte-

; ; feinel
nipulating molecular collision$’ For example, the fact that grating oo(6) over ¢ gives o; =724 A2 and o, =285 A2

entangled incoming molecular states impose parity restric\—/\/i,[h d.=87% for the case shown in Fig.(@, and o,
tions on the partial wavelsee Eq.(18)] implies that quan- :1014CA2 and o- =11 A2 with d.=195% for, the c;se
tum entanglement should be even more important at UItraéhown in Fig 3b)e ¢

cold temperatures. Consider, for example, a zero collision
energy limit case where only s-wave scatterihg Q partial scattering. As in Fig. zletj ) (j,=4,,=0) is chosen as
12

wave contributes to the cross sectioffsin this case, if the i . totic stat d ine t ii ¢
s-wave scattering is selected by molecular entanglement, th € Incoming asymptotic state anc we examine transiions to

result would be enhanced nonzero cross sections. If s—wa\)é:,%’ 12:2. with coll|§|on energies of 9'04 and 9‘0004
scattering is forbidden due to molecular entanglement, the_ﬁm h The qmerences 'm‘(.e). between| "/.11'11'2>_ and|y; ;)
molecular scattering is completely suppressed. That is, in th® Fig. 4@ is somewhat similar to that in Fig(®, where
elastic scattering case, all the scattering would be in the forthe collision energy is 100 times larger, with a corresponding
ward direction, and in the completely suppressed inelastifc ©f 22%. Hence, control is significant, but the system is
scattering case, there would be no inelastic scattering in an?sufﬂmgntly cold to shovextremequantum effects. By con-
direction. rastl, Fig. 4b) .shov'vs result's for t.he IowesEﬁk of C_).OOQ4
To confirm such theoretical considerations and to deter€™ - Clearly, in this case, inelastic scattering faif ; ) is
mine how cold the collisions need be in order to experimenalmost completely suppressed, whereas inelastic scattering
tally observe such extreme quantum effects, we extend odPr |#;,;,) remains significant. The integrated cross sections
calculations to the ultracold regime, wifg, ranging from  give o, =1.63 A2 and o, =0.02 A?, with ad.=194%.
0.4 to 0.0004 cm'. These computations are generally easier ~ Thus, we have demonstrated that quantum entanglement
than at higher energies because the maximum total angulam the incoming asymptotic state can dramatically alter ultra-
momentum contributing to cross sections is very sitall.  cold collision cross sections. These effects will also appear in
Figure 3 showso¢(6) for two energies(0.4 and 0.04 the scattering of the superposition states in &g. That is,

Figure 4 shows sample results for ultracold inelastic
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04 — T T T 7T 04 T T T T
03 [\® ] 0% a=m/4f=0
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2 0250 /1 Z 025} -

fg 0.2F “‘“ ’,’ : ,g 02 a=7r/4,'ﬂ-f_7r/2 B i

S 015} |} \ NEAE g 015 1

ot/ VAN /A £ ol y
0.05F / /,’ T\ g 005F a=n/4,f=7 :

00—20 40 60 80 100 120 140 160 180 ’

03 082 034 036 038 04

6 (Degree)
3 T T T T T T T kinetic energy (eV)
i (b) . ) . . .
2.5F% e FIG. 5. The inelastic transition probability of the channel€1v,=1)
—_ '.‘ ;' versus the collision energy in the para~tpara—H scattering, for three
E 2F - incoming entangled vibrational states described by @§). a= /4, B
& 4 ! =0 (top curve, /2 (middle curve and s (bottom curve. The internuclear
e 15F . . [ axis of each para—fHmolecule is assumed to be parallel to the incident
g “ I/ \ VAR : velocity during the scattering process.
i?: 1 "- ’/‘ “\‘ -~ /‘ \\ /’I T
S \ \ 7N i
05} VSN
] in Fig. 4(b) suggest that by manipulatingwe can enhance
———t 1 L 1 ('l I H — H —
05510 60 80 100 T30 145165180 or almost shut off thejg=2, j5=2) channel.

6 (Degree)

FIG. 4. As in Fig. 2 except that inelastic collision is ultracold. The collision C. Vibrational relaxation

energy is(a) 0.04 cm'* and(b) 0.0004 cm™. . . . .
oy is@ ®) The above discussion provides results on rotational en-

ergy transfer. The formalism, however, applies equally well
to other types of scattering. Unfortunately, the current state-
of-the-computational-art prevents a full quantum calculation
o - 9 on reactive scattering, or even on diatom—diatom rovibra-
=v2=0, m=m;=0,v;=v,=0,];=2, 12:_,0) the scatter-  i5na) energy transfer. That is, the exact numerical treatment
ing amplitude for thej, =2, j,=2—j1=2, j,=0 transition ¢ Ap+ AB'in three dimensions is still not feasible and ap-
due to the first satellite state is orders of magnitude Sma"eﬁroximations such as the sudden approximafiomay not be
than that for thg; =2, j,=0—]; =2, j,=0 transition asso-  zn5rgpriate for low-energy collisions of the type that we are
ciated with the entangled state term at E]gcons@/ered. The  examining since it assumes that molecular rotation is slow
probability of the transitiorj; =0, j,=0—];=2,j,=0 due  compared with that of vibration and translation. Further, al-
to the second satellite state is also negligibteleed, it is  thoygh a semiclassical treatment of rovibrational energy
exactly zero foiE<364.8 cm *). Similarly, for the inelastic  yransfer is availablé! it ignores the role of the quantum
scattering case j{=4,j,=0,01=v,=0,M=m;=0,0;  effects in the translational motion. Nonetheless, we wish to
=v,=0,]j;1=2,j;=2), the scattering amplitude due to the gain some insight into phase control of vibrational relax-
first satellite, the deexcitation=4, j,=4—[1=2,j,=2,1S  ation. For this reason we present results on a simplified
negligible due to the large rotational energy mismaich bemode| of diatom—diatom scattering where the rotational mo-
tween the initial and final channels. In addition, the secondion is frozen. Specifically, we adopt a three-degree-of-
satellite state does not contribute to the product chariiel ( freedom model that assumes that both the projectile and tar-
=2,j3=2) for Ex<729.6cm . get molecules point at a fixed direction during the entire
Thus, for example, if, in Eq(8), ay=a,= /4, then Eq.  gcattering process. The scattering problem is then computa-
(8) reduces to tionally solved by wave packet propagation. To do so we
o 91|¢dp>)%%0'(0’|¢j+1j2>)’ B=2nm; employ a time-dependent approach with redleigenfunc-

tions with damping?®3
a(0,[pap))=30(0,]47;), B=(2n+1)m.

Figure 5 displays the transition probability to the product
(v1=1v,=1) channel for three initial entangled vibrational

In this case the role oB as a control parameter, evident in states characterized by

Eq. (26) as a method for switching between the plus and (@.8)

minus states, is worthy of note. For example, the elastic scat-  %v,0, =cog@)|v1=0)®|v,=2)

tering results in Fig. @) show that by varying3 one can o

enhance, or almost completely suppress, the yield of the +explip)sin(a)|vy=2)®[v,=0) 27)

(j1=2,j,=0) channel in directions other than that of the with «= /4, =0, /2, and, respectively. As seen in Fig.

incident momentum. Likewise, the inelastic scattering result$, the quantum phasg embedded in the initial entangled

Eq. (8) is well obeyed in all of the cases shown in Figs. 1-4.
For example, in the elastic scattering cage<2, j,=0, v,

(26)
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vibrational states strongly affects vibration-vibration relax-into the system. Thus, entangled rovibrational states
ation, with the cross section changing considerably as a fundike |(j,v1m;j.myv,)). do not necessarily select the par-

tion of the initial entangled state. tial waves. For instance, for two unpolarized identical mol-
ecules with total integer nuclear splip, the permutation
V. DISCUSSION AND SUMMARY symmetry of all other degrees of freedom sl with the

Th It _ tteri ke cl probability (Iy+21)/(21y+1) and —1 with the probability
e results on para—#+ para—H scattering make clear ](I N/ (21y+1).Y Whenl  is large, two permutation symme-

that entanglement can play a significant role in the control Ot ¢ 2l other d ¢ freed v all d
nonreactive collisional processes. To investigate this phe—rIeS ol all other degrees of freedom are equally allowed.

nomenon experimentally one could attempt to prepare thé'S 2 result, the permutation symmetry induced by entangle-

entangled molecular state directly. However, although quanr-nent of molecular rovibrational motion will have a negii-

tum entanglement of atomic systems has been experimelffiIble effect on the td|Lfe_rengaIf o;ototal Cross tsecuopfs.t
tally realized®*®® preparing entangled molecular states OWEVEl, as suggested in Ret. 1Y, one quantum etiec

would require a considerable extension of technology Bystill survives, i.e., una’}Antum interference between the transi-
. H H AR A B A A A H H

contrast, contributions from entangled states appear naturalf? ~amplitudes T¥(j1v1j505)1d "] 101iov2)2d)  and

_ e o IM(jrorisvaiid’] ). Establishing the magni-

in the collision of AB+ AB systems where the initial states J1v1)2v2l 12 [J2v2)101)120)- g g

are prepared as superpositions of the form given in(&y. tuderf tlrlus effecthalonﬁ will require fzrtheglstgqf%/. b
Preparing these states would entail excitation of the mi Y noltet_ att ere are consl e(:jr_a dT\ : eregcis e
ljz,my,v1) to produce the superposition witf,,m,,v,). If tween the inelastic scattering case studied here and the case

the transition is dipole allowed, then direct excitation of theofBreactr:ve AE_JF AB fscfattermg (to fOLmAA?B'"-f— B or A ¢
lower state is possible. Alternatively, stimulated Raman adia:” 2).’ the subject of future research. ull treatment ©
batic passagéSTIRAP® or the tripod-STIRAP scheré reactive scattering, which does require considerable exten-
may provide a useful choice for preparing the superpositior?'c,ms of current computational technique, is under consider-
states for both the projectile and the target molecules. In thé 'OT' h ined th fthe i
latter approach an additional laser couples the intermediat n sumrgar:y, Wwe have Iex.amlne t € na::éeBo the inter-
level (through which the initial and final state are radiatively 'erence, an ,e ppe control, in nonreactlve scatter-' .
connected via the pump and Stokes laseith another un- ing when the initial states are in a guantum _super_posmon
populated state. Depending on the time overlap of the addBtate: In doing so we have exposed the relgtmn_shlp of the
tional laser with that of the pump and Stokes laser, any cointerference term to entangled molecular rovibrational states

herent superposition state of the initial and final state can &S tr:g mcfomlng asymptotic statle. Intriguing quanltu dm efféacts
created. Thus, by introducing different coherence charactef€suiting from .quantum entanglement are revealed, and are
hown to provide a novel means of controlling both nonre-

istics from laser fields into the scattering system, we car i giff tial d total i in_identical
control B and thus select the form of the entangled stateg_c Lve (;.etren a t"f[m. otal Cross sections in identica
componentwdp> in Eq. (6), giving rise to phase control over latom—diatom scattering.
differential and total cross sections.

Our studies have been restricted to nonreactive scatteﬁCKNOWLEDGMENTS
ing of AB+AB, with particular numerical application to The authors thank Dr. S. Skokov and Professor J.
para—H+ para—H. As such, it remains to discuss the po- Bowman for providing their scattering codesed for the
tential for applications to inelastic scattering of other systemwibrational relaxation cageemploying the time-dependent
and to comment on control of reactive scattering of identicalpproach with real.? eigenfunctions with damping. This
particles. work was supported by the U.S. Office of Naval Research

General inelastic AB-AB scattering Extensions to and the Natural Sciences and Engineering Research Council
other inelastic scattering cases fall into two categories. Thef Canada.
first are systems which, like parayHpara—H, have zero
total nuclear spin, zero total electronic orbital angular mo- *M. Shapiro and P. Brumer, Adv. At., Mol., Opt. Phyt2, 287 (2000; M.
mentum, and zero total electronic spin. The theory of these Shapiro and P. BrumeRrinciples of the Quantum Control of Molecular

L ) L . . ProcessegWiley, New York, in press
cases is d.escnbed above and is directly applicable to meIaszS A. Rice and M. ZhaoOptical Control of Molecular DynamicéNiley,
tic scattering of other zero spin cases such ast@QO, a New York, 2000.
system whose vibrational energy transfer is of interest in®H. Rabitz, R. de Vivie-Riedle, M. Motzkus, and K. Kompa, Scie26&
laser physics. However, the choice of zero spin merely sim-,824(2000. _
lifies theoretical considerations and it is not essential to v Sanchez-Vilicana, S. D. Gensemer, K. Y. N. Tan, A. Kumarakrishnan,

P T. P. Dinneen, W. Suptitz, and P. L. Gould, Phys. Rev. L&#. 4619
control. (1995.

The second category, molecules with nonzero nuclearP. O. Fedichev, Y. Kagan, G. V. Shlyapnikov, and J. T. M. Walraven, Phys.

; ; ; ; ; Rev. Lett.77, 2913(1996.

spin or ele_ctromc spin, does require an extension of theGM. Marinescu and L. You, Phys. Rev. Letl, 4596(1998.
theory provided above. For such molecules, one of the twory; spapiro and P. Brumer, Phys. Rev. Lett, 2574(1996.
guantum effects due to entangled molecular states, i.e., thém. Shapiro and Y. Zeiri, J. Chem. Phy85, 6449(1986); T. Seideman and
parity selection of the incoming partial waves, may be M. Shapiro,ibid. 94, 7910(1993); A. Vardi and M. Shapiro, Comments

- : . At. Mol. Phys.2, D233 (2001.
substantially reduced when the nuclear or electronic SPINy \ " Aprashkevich, M. Shapiro, and P. Brumer, Phys. Rev. L811.3789

is unpolarized. To see this note that the spin degree of 1999; erratum,82, 3002(1999; Faraday Discussl13 291 (1999; E.
freedom can introduce additional permutation symmetries Frishman, M. Shapiro, and P. Brumer, J. Phys. Chenil08 10333



2636 J. Chem. Phys., Vol. 118, No. 6, 8 February 2003 Gong, Shapiro, and Brumer

(1999; A. Abrashkevich, M. Shapiro, and P. Brumer, Chem. PR, 81 27R. N. Zare first suggested applying phase control to ultracold collisions in

(2002). Faraday Discussl13 351(1999.

10p, Brumer, K. Bergmann, and M. Shapiro, J. Chem. PHj8 2053 ZEven in the zero collision energy limit, it is still possible that many partial
(2000. waves contribute to the cross section, e.g., when the interaction potential

M. A. Nielsen and I. L. ChuangQuantum Computation and Quantum  approaches zero asR¥ (Ref. 6.

12Information (Cambridge University Press, Cambridge, 2000 2In the close-coupling calculations, it is found that, even though the total
C. H. Bennett, G. Basare, C. Qeau, R. Jozsa, A. Peres, and W. K.  cross section has quickly converged, substantially increasing the cutoff
Wootters, Phys. Rev. Let?0, 1895(1993. value of the total angular momentum may cause some artificial oscilla-

1B3For a recent teleportation scenario based on entanglement in moleculartions in the differential cross sections févery close to O orr.
dissociation and collisions, see T. Opatrny and G. Kurizki, Phys. Rev3%p C. Clary, Chem. Phys. Letf4, 454(1980; R. Hernadez, R. Toumi,

et 86, 3180(2000. and D. Clary, J. Chem. Phy$02 9544(1995.

15G. Ghirardi, L. Man_natto, and T._ Weber, J. Stat. Phi88 49 (2002. 31y, A. Zenevich and G. Billing, J. Chem. Phykll, 2401(1999.

163- R. Taylor,Scattering TheoryWiley, New York, 1972. 323, Skokov and J. M. Bowman, Phys. Chem. Chem. PRy495 (2000.

173- Green, J. Chem. Phy82, 2271(1975. 33Direct wave packet propagation is a powerful tool to extract scattering

18T- G. Heil, S. Green, and D. J. Kouri, J. Chem. PI§8. 2562(1978. information. Wave packet propagation would be formally and easily done
B. A. Robson,The Theory of Polarization Phenomef@larendon, Ox- if the scattering eigenfunction and eigenenergy in the continuum are

wford, 1974. _ known. The central idea of the approach in Ref. 32 is to replace the non-
To prove the equivalence between E@?) and(18), one needs to use the | 2 scattering eigenstates by reaf states which can be numerically
faﬁ\} _’th’a_t’ ,d_‘fe, to parity conservation, the-matrix eI_eTeDIts treated. To do this, the continuum is discretized in a box and real eigen-
T 104 Z’lerlzl liwaizvaisd) are nonzero only if ¢1)7)z states are obtained. The wave packet evolution can then be carried out
=(—1)l*i*, almost trivially. To avoid unphysical reflections at the grid edges, the wave

203, M. Hutson and S. GreemoLscAT computer code, version 14994, packet is damped at each time step. In obtaining eigenfunctions, a
distributed by Collaborative Computational Project No. 6 of the Engineer- potential-optimized discrete variable representation is employed, and the
ing and Physical Research CoungilK). truncation/recoupling technique is essential for efficient calculations.

21G. Zarur and H. Rabitz, J. Chem. Ph®, 2057 (1974. 34E. Hagley, X. Maire, G. Nogues, C. Wunderlich, M. Brune, J. M. Rai-

22p. Aguado, C. Slez, and M. Paniagua, J. Chem. PHB1, 4004(1994). mond, and S. Haroche, Phys. Rev. L&8, 1 (1997); Q. A. Turchette, C.

23y, Zeman, University of Torontdprivate communication S. Wood, B. E. King, C. J. Myatt, D. Leibfried, W. M. Itano, C. Monroe,

2N. Balakrishnan, R. C. Forrey, and A. Dalgarno, Phys. Rev. Bit3224 and D. J. Winelandpid. 81, 3631(1998; B. Julsgaard, A. Kozhekin, and
(1998; R. C. Forrey, N. Balakrishnan, A. Dalgarno, M. R. Haggerty, and E. S. Polzik, NaturéLondon 413 400 (200J.
E. J. Heller,ibid. 82, 2657 (1999; E. Bodo, F. A. Gianturco, and A. °H. Pu and P. Meystre, Phys. Rev. L6, 3987(2000; L.-M. Duan, A.

Dalgarno, J. Chem. Phy$§16, 9222(2002. Sgrensen, J. |. Cirac, and P. Zolldid. 85, 3991(2000.
2D, J. Heinzen, R. Wynar, P. D. Drummond, and K. V. Kheruntsyan, Phys3®K. Bergmann, H. Theuer, and B. W. Shore, Rev. Mod. P@.1003
Rev. Lett.84, 5029(2000. (1998.

2. V. Avdeenkov and J. L. Bohn, Phys. Rev.64, 052703(2001); J. L. S’R. G. Unanyan, M. Fleischhauer, K. Bergmann, and B. W. Shore, Opt.
Bohn, ibid. 62, 032701(2000; A. Volpi and J. L. Bohnjbid. 65, 052712 Commun.155 144(1998; H. Theuer, R. G. Unanyan, C. Habscheid, K.
(2002. Klein, and K. Bergmann, Opt. Expreds 77 (1999.



