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Cold collisions between argon atoms and hydrogen molecules
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Collisions between argon atoms and hydrogen molecules are investigated at very low temperatures.
Quantum-mechanical calculations are performed using two different potential-energy surfaces. Rate coeffi-
cients for all possible combinations of initial vibrational and rotational level have been computed in the limit
of zero temperature. Resonant and quasiresonant behavior is found using both potential-energy surfaces. The
results are interpreted and estimates are made of the reliability of the calculations.
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[. INTRODUCTION by considering a complex square-well potential. We demon-
strate that many of the important features of a numerically

In a series of recent papdrs—5], various aspects of rovi- €xact cou_pled-channel_ callculation may be qualitatively un-
brational energy transfer in ultracold atom-diatom collisionsderstood in terms of this simple model.

were explored. Motivated by experimental methods such as With the aid of the complex scatte.ri'ng length, a ki'netic
helium buffer gas cooling6] and helium cluster isolation model may be constructed for describing the relaxation of

spectroscopy7], the theoretical studies each assumed a he\_/lbratlonally or rotationally excited trapped moleculEsy.

lium atom colision partner. The helium experiments, tO_The relaxatior] may be due to direct collisional quenching or
gether with other cooling and trapping scherfgs16], have to hthe tfr(])rmatéon and %ecay ?f van dertWaaI?tﬁompleX(las.
opened up a hew temperature regime to study atom-molecuyev en the end-over-end angular momentum ot the compiex
dynamics. Most of the current experiments involving cold'S Zero and the vibrational stretching quantum number is the

molecules involve atoms that are heavier and interact morl?rgeSt possible integer that allows the complex to be bound,

strongly than helium. Therefore, it is desirable to extend the. IS possible to use gffgctlve range theory to compute the
investigations[1—5] to include atoms that are heavier and ifetimes for predissociatioh2,21]. The numerical tests that

allow a deeper van der Waals potential well than systems tha&onfirmed the reliability of the effective range theory were
contain helium atoms performed on He- - H, that supported only a single bound

It is also generally desirable to provide estimates of thedtate. In the present work, we perform similar tests for Ar

accuracy of the calculations. Because potential-energy sur- 'I'2 where sgver?l k()jound states (Zei(lsr’; di i
faces are not designed for ultracold temperatures, it is diffi- 't Was previously demonstratg@1] that predissociation

cult to estimate the accuracy of results that employ them. IPf t.he most weakly bound state O.f avan der_Waa_Is comp!ex
was shown[1] that the cross section for exothemic vibra- is influenced by the' same quayresonant V|bra't|c')n-rotat|on
tional relaxation in ultracold He-Hcollisions decreased by energy transfer that is found m_at_om-dlatom CO”'S'@Q]'

several orders of magnitude when the long-range part of thl} Was aiso shown that th_e proximity of _closed quasiresonant
potential was neglected. More realistic estimates of the acaf—hannel thresholds provides a strong influence on the life-

racy of the scattering results may be made when there exisfines [21]. In the present work, we study the analytic struc-

more than one reliable parametrization of the potential-ture of the threshold behavior obtained using both parametri-

energy surface for a given system. Such is the case forzAr_Hzations of the Ar-H potential-energy surface and investigate

where we have employed the use of both parametrization‘é’hether guasiresonant dynamics has any influence on the

reported by Schwenke, Walch, and Tay]ai]. more deeply t_)ound states of the com_plex. :
New techniques have been developed recently for prepar- The paper IS organized as follows: in Sec. Il, we describe

ing molecules in highly excited vibrational and rotationalafew qualitative featur_es of _the _potentlal-e_nergy surfa_lce that

states[18,19. Techniques based on photoassociation speczgre important for our investigations. Section Il provides a

troscopy typically produce vibrationally excited molecules as'eView of the standard close-coupling formalism that we

intermediate stateB8—12). In many experiments involving used to obtain an extensive database of rovibrational rate
ultracold molecules, it is the total collisional relaxatif| coefflc!ents and predissociation lifetimes for both of the pa-
that is important. In these cases, it is sufficient to describe théametrlzed surfaces. In Sec. IV, we demonstrate how a com-

collisions in terms of a complex scattering leng#®]. The plex square-well potential may be used to provide a qualita-

imaginary part of the scattering length is proportional to theflve description of several of the key results that are found

total zero-temperature quenching rate coefficient. This ma'c om the numerically exact qoupled-channel ca.lculatlons.
be found by solving a set of coupled-channel equations an hesg re§ults are'pres_ented in Sec. V. Conclusions to our
summing all state-to-state rate coefficients that are connectdgvestigation are given in Sec. V.

to the incoming channel. However, if it is only the total rate
coefficient that is desired, then it should be possible to model
the interaction using a radially symmetric complex optical For the Ar-H, potential-energy surface, we use both fits
potential. In the present work, we begin to address this issugeported by Schwenke, Walch, and Tay(df7]. Surface 1

Il. POTENTIAL-ENERGY SURFACE
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FIG. 1. Spherically symmetric part of the AH, interaction
potential averaged over the vibrational wave function for
=1,2,3,4. The well depth differs by about 20 cthfor the two
potential-energy surfaces and does not vary significantly with

reproducesab initio data but not empirical estimates of the

van der Waals well while surface 2 smoothly interpolates

between thab initio data and empirical estimates of the van
der Waals wel[17]. Figure 1 shows the spherically symmet-
ric part of the Ar-H, interaction potential averaged over the
vibrational wave function fov =1,2,3,4. The well depth for
the two potential-energy surfaces differ by about 20~ ém
but does not vary significantly with. Figure 2 shows the
spherically symmetric part of the AH, interaction poten-
tial averaged over the vibrational wave function for

=6,8,10,12. As the diatomic vibrational energy is increased
towards dissociation, the well depth decreases and is pulled
outward. Because these fits were designed to be used in en-
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FIG. 2. Spherically symmetric part of the AH, interaction
potential averaged over the vibrational wave function for

=6,8,10,12. As the diatomic vibrational energy is increased towards

dissociation, the well depth decreases and is pulled outward.
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ergy transfer studies involving dissociation and recombina-
tion [17], they can be expected to model the large stretching
that is important for vibrational relaxation of highly excited
molecules.

Ill. CLOSE-COUPLING EQUATIONS

We have computed rate coefficients for all possible com-
binations of initial vibrational and rotational level in the limit
of zero translational temperature. The computations were
performed separately for each potential-energy surface using
an exact quantum-mechanical close-coupling formulation.
For the sake of completeness, we provide a brief review of
the diabatic close-coupling procedure used in the present
work. The atom-diatom Hamiltonian in the center-of-mass
frame is given by

H ! & ! V2 Vi(r,R,0 1
2mY 2. rTU(r)+Vi(r,R,0), (1)
wherer is the distance between the hydrogen atoRis, the
distance between the argon atom and the center of mass of
the diatom,# is the angle betweenandR, m is the re-
duced mass of the diatom, apdis the reduced mass of the
argon atom with respect to the diatom.
The diatomic Schidinger equation

v(r)+ej|x,j(r)=0 (2

is solved by expanding the rovibrational wave function
Xpj(r) in a Sturmian basis set. The full wave function is
expanded in a set of channel functidgms=(vjl)],

Lo 1 A o
prM(R,r>=§§ Cn(R)#n(R,T), 3

..o 1 LA R
$n(RN=Tx(N2 2 (J13[my, M =m)Y}, (1) Yy (R),
m; - m
@

wherel is the orbital angular momentum of the atom with
respect to the diatond, is the total angular momentunv is
the projection of J onto the space-fixedz axis, and
(j13[m; ;M —m,) denotes a Clebsch-Gordon coefficient. Op-
erating the Hamiltonianl) on the channel function$3)
leads to a set of coupled equations

d?  ly(Imt1)
et 2En Cm(R)=; Cn(R)
(bl U ), 2

where E,,, is the translational energy ang, is the orbital
angular momentum in theth channel. The reduced interac-
tion potentialU, is expanded in Legendre polynomials,

U|(R,r,0)=2,uV|(R,r,0)=)\20 U,(R,r)P,(cosh) (6)
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and the close-coupling equatiofS) are solved using the such cases, we would like to replace the exact coupled-
general inelastic-scattering programoLScAT [23]. The channel formulation by an approximate optical potential

cross sections and rate coefficients are given2al} model [25,26. We consider the partial-wave Schinger
" equation
S— > (23+1)
Tui=v ' T U (2] 1) £ 1 d 1(1+1)
5 ————V(R+E|y(R)=0, (13
9+ 9+ 2w dR?  2uR

X ; 2 |5jj’5I|’50U’_Sfj’||’uvr|2, - - . -
==l =1a-j] where V(R) is a radially symmetric complex potential. In

7) general, the imaginary part of the complex potential would
depend on energh25-27. However, because the imaginary

® part of the scattering length is independent of energy, we
RUJ-HU,J-,(T)=(8kBT/7m)1’2 T Zj Ty v (Ex) may assume the _co_mplex_ potential is also energy indepen-
(kgT)=Jo dent in theT—0 limit. A simple model may be found by
X expl — E, /keT)E,dEy, ®) considering a complex square-well potential

whereT is the temperature ark}; is Boltzmann's constant. —(U;+iU,), R<a,
In the present paper, we are mostly interested inTtheO U(R)=2uV(R)= 0, R>a, (14)
limit of Eq. (8). This asymptotic limit provides a good ap-
proximation for argon collisions with hydrogen molecules h

. ereU, andU, are real andJ,<U;. The complex phase
when the temperature is reduced to a few mK. The tota\ghift 5, is obtained in the usual wa28] by matching the

quenching rate coefficients,;(T) are given by interior and exterior radial functions and their derivatives at
R=a. The result is

Ryj(T=2 Ryjprj(T). )
v 5 cal 1 tanxa 15
. . =nwm—Ka| 1— )
The complex scattering length,; = a,;—i8,; may be de- o= 1T Ka
fined in terms of the quantities given in Eq3)—(9) using
the zero-energy elastic-scattering cross section where k?=k?+U;+iU, and n is the number of bound
2 2 2 states supported by the potential. The complex scattering
Ty o = Am(ay+ By =4may, 10 length is
and
i3 . tan\a 16
Amh B, a-ip=all=—="|
lim R,j(T)= A L (12)
T—0 M
where
To obtain the predissociation lifetimes, the close-coupling
equations are solved for energies below thresholdSthma- A=\U;+iU,~\;+i\, a7

trix is diagonalized and the eigenphase sum is differentiated

with respect to energy to obtain numerically exact resonancg. .

: . L e ; . ith \;=+U; and A,=U,/2\U;. A connection to bound
VX'SL%S' Theh predl_sstcr)]matlon tl|fet|me 'E thefnthglvg n bﬁ'“ tat states may be made by performing a similar matching pro-
gf thevi/';r:N dg:evr\]/;;s ?:gnli?)?eimTrr]]lér?n\?érge o? thzugrezizsigedure with an exponentially decaying exterior function. For
ciation lifetime of the most weakly bound state of the van der’ weakly bound state with energyand decay widtT', the

. Iti
Waals complex was found to be well approximated By resultis

12 tan\a i\
—1} lim Ry, (T), N :‘{ZM(E‘ETH : (18)
T—0
12)

wherer,; is the effective range for the channel potential
labeled byv andj. —#2 2128
E= and I'=

2ua’ wa’ ,

B 2avjrvl-

. 1 {
T . =
v 27Trvj|avj|2 |avj|2

Equations(16) and(18) lead to

(19
IV. MODEL

In many cases, we are only interested in bulk propertiesvhich agree with results derived previougB0]. Matching
such as the total inelastic cross section or rate coefficient. Ireal and imaginary components in EG6) yields
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a=a 500 T T

_ A\tan(\,a) secl(n,a)+\,tanh(\,a) sed(\ja) o :
(N2+\3)[1+tarf(\ a)tanif(\,a)] F N S -1 "
(20

_ Agtanhh,a)sed(hja) -\, tan(hja)sech(),a)
- (N2+\3)[1+tarf(\ a)tanif(),a)]

f(nm+6)
o

(21)

Since we are interested in modeling inelastic collisions for
weakly coupled systems, it is sufficient to consider potentials
that satisfy the condition

\,a<<COt\,a. (22) 5005 - 0 1 2
0 (radians)

Equationg20) and(21) may be simplified by using the lead-
ing order smallk approximations for the hyperbolic func- FIG. 3. The functionf(nm+ 6) as a function ofé for n=0,1,

tions withx=\,a. The result is and 2.
a=a— tan(r,a) (23) the potential. However, anomalous behavior may occur when
AN 0 is near one of the end points. In particular, the right side of
the interval shows that fan>0 the functionf has one addi-
5= B ase@(\,a)— tan(\;a) (24) tional singularity before reaching the end point correspond-
Y 1 AN | ing to the zero-energy resonance. Equati@®—(27) show

that this additional singularity occurs whem=0 and 8
In the following section, we show that the dimensionless=1y,a3. This type of singularity is found in the scattering
ratio B/« obtained by solving the set of coupled equationsdata for Ar+H, (see following sectionbut not for HetH,
(5) is not very sensitive to the details of the potential-energythat supports only a single bound level. In order to analyze
surface. The complex square-well potential model provides ghe end-point zero-energy resonance, it is convenient to use
simple explanation for this behavior. Using Eq23) and  the result
(24), we obtain

B U
—=—[1+f(any)], 25 a=———— f[(N+1/2 7+ €], 28
o~ 20 1+ f@)] (25 rruaap TntL2mrd, @9
where
2 8 a Uz)[f[(n+ 1/2)m+e])? 29
X tarfx =l s\ o e[
f(x)= . (26) 2/\U, (n+1/2) 7
X—tanx
The functionf(x) has singularities at=(n+1/2)w. These Where
singularities are the so-called zero-energy resonances that
occur when thenth bound state is located at exactly zero (n+1/2) 7
energy. Away from these singularities, it is useful to et flin+12mte]l=———, €0 (30
=na+ 6 with the result
(n+ O)tart o It was found previously21] that the ratios/ o is a smooth
f(nm+6)= N+ 6—tand’ |6 < /2. (27 function of the reduced mass in the vicinity of a zero-energy

resonance. The complex square-well potential model pro-
Equation (27) is plotted in Fig. 3 forn=0,1, and 2. The vides a simple explanation for this behavior. The parameter
figure shows thaf(nz+ 6) is flat and near zero for most of in Eq. (30) is proportional to the reduced mass that is as-
the allowed values of. Therefore, the ratio of imaginary to sumed to be a continuous variable. The componerdad 8
real part of the scattering lengflsee Eq.(25)] will be ap-  diverge ase—0, but the ratio8/a? remains finite and is
proximately equal to one half the ratio of imaginary to realgiven by
part of the potential. Any linear variation in the reduced po-
tential will scale out of the problem whenevéris not too
close to the singular end points. In this case, we would not
expect the ratio oB to a to be very sensitive to the details of

U +1/2)7]?
%_ 2 [(n )]_ 31

B 2a

<
<
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FIG. 4. Quantum-mechanical calculations of ultracold quench- FIG. 5. Quantum-mechanical calculations of ultracold quench-
ing rate coefficients for AFH,(v,j=0) as a function of the initial ing rate coefficients for A+H,(v,j=0) as a function of the initial
vibrational quantum number. The calculations were performed vibrational quantum numbep. Both curves are for theAv=
using surface 2. —1Aj=6 transition.

V. RESULTS cross sections obtained using surface 2. However, we have
Fi 4 sh it Id hi i fficients f found similar anomalous behavior for other values adind
'gure = shows ultracold guenching rate coetficients Torn, Generally, such features are extremely sensitive to the fine
Ar+H,(v,j=0). These results were obtained by solving thedetails of the potential-energy surface.
close-coupling equations using surface 2. The=—1A] The nearly exponential increase in the zero-temperature

=6 transition dominates all the others for13. Qualita- 4 ,enching rate coefficients as a function of vibrational quan-
tively similar behavior is found for surface 1. The specificity ;1\ number is a consequence of the energy mismatch be-

of this transition is reminiscent of the quasiresonant transiy,can the initial and final diatomic states. In Fig. 8 we plot
tions that were found in HeHy(v,j) collisions in the limit  ho Gominant\y = —1,Aj=6 transition vs the final momen-
of zero temperatur¢3,5,21. In these transitions, the zero- v, o thej =0 initial state. Thev=1 rate coefficient is at

temperature quenching rate coefficients are greatly SURpe far right of each curve with the higheis moving left-
Sir((:etsssir?e?é tgﬁo\(ﬁéu%g’f‘ghg:xmirzlas_rsr']zalrgéni@gﬁc‘i):neisward in ascending order. Because these transitions are qua-
' . ; siresonant, the indirect coupling terms are impor{@it29
howe_ver, tend to be greatly enhanced on either S_'de of thEd the rate coefficients deviate from the exponential
classical peakg3,5,21. For H, molecules, the classical dy-  ,omentum-gap dependence that is often found in vibrational

namics predicts dv=-1Aj=6 peak atj=6 and aAv  ajissociatioi30]. Figure 8 shows that the rate coefficients
=—1Aj=8 peak atj=4. Because theAv=—1Aj=8

channels are either closed or very close to being closed, it is
the Av=—1,Aj=6 transition that dominates.

Figure 5 compares the ultracold rate coefficients for the
dominantAv=—1,Aj=6 transition computed using surface 10° |
1 with those computed using surface 2. The results differ by
an order of magnitude or more for the two potential-energy 10
surfaces and there is a strong maximum in the rate coefficien
for surface 1 whew =12. As described in Sec. IV, the ratio
of imaginary to real part of the complex scattering length & 10° |
provides a dimensionless parameter that is less sensitive t=
the choice of potential-energy surface. This is shown in Fig.
6. As expected, the two curves differ significantly near
=12. We investigated the anomalous behavior for surface 1~
whenv =12. Figure 7 shows the quenching rate coefficients 10 [
as a function of the reduced mass. There is a strong maxi
mum in the rate coefficients when the reduced mass is very g ‘ ‘
close to its true value of 1.92 amu. Therefore, the anomalous 0 5 10 15
behavior is due to a zero-energy resonance that occurs when Y
the last bound state of the AH, complex is pushed across  FIG. 6. Ratio ofa, to 8,0 as a function of the initial vibra-
the threshold. This feature is absent in he 12, j=0 tional quantum numbey.

surface 1
——- surface 2

_8

107
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FIG. 9. Rate coefficients for thdaj=—4Av transition as a

function of the reduced maga The total quenching rate coefficient function of the initial rotational quantum numbgrThe curves in-
is dominated by the\v =—1,Aj=6 contribution and has a peak crease vertically with increasing vibrational quantum number
very close to the physical reduced mass of 1.92 amu. Surface 1 wasarting withv =1. The gap in the center of the curves is due to the

used for these calculations.

closing of theAj=—4Av transition. Surface 1 was used for these

calculations. Irregular behavior begins to appear wherl?2.

deviate more strongly from the exponential momentum-gap
behavior as the vibrational quantum number is increasecturves are similar to those reported previously for kleH
This is to be expected considering that the rate coefficients3,21]. However, because the Agt$urfaces allow for greater

_ o as tr _ ~ diatomic stretching, we have included the rate coefficients
Rotational distributions of zero-temperature inelasticfor high values ofv. It is interesting to note that irregular

must tend to zero as the momentum gap is cld24dl

quenching rate coefficients are shown in Figs. 9 and 10 fobehavior appears in both sets of calculations, but at different
Aj=—4Av transitions. The curves increase vertically with values ofv. We believe this irregular behavior is related to
increasing vibrational quantum number starting withv  the decreasing energy difference between the van der Waals
=1. The gap in the center of the curves is due to the closingotential well and the diatomic energy spacingsva-

of the transition. To the left of the gap, it is th&v= creases. Because the potential wells are deeper for surface 2

—1,Aj=4 transition that is open, whereas to the right of thethan surface 1, it is not surprising that the irregular behavior
gap, it is theAv=1Aj=—4 transition that is open. These

107° . .
107" : :
107
107t 1
~107"
1]
T o™ L 1 ”g »
= -
= 5
1= —16 E’ =
.g 10 g £ 10 16|
&= —ou=1.8amu 3
3 =—=p=20amu 2 .
% 107" ¢—eu=22amu S107
g A—Ap=24amu
-20
1072 10 F ]
10—22 L ! ! ! ! ! L
10 , ‘ ‘ ‘ ‘ , 0 2 4 6 8 10 12 14 16
4 6 8 10 12 14 16 j
K (10 m™)

FIG. 10. Rate coefficients for thAj=—4Av transition as a
FIG. 8. Rate coefficients for thtv =—1,Aj=6 transition as a function of the initial rotational quantum numbgrThe curves in-
function of the final momenturk; and reduced masg. For each  crease vertically with increasing vibrational quantum number
curve, the low vibrational levels are at the far right and the highstarting withv =1. The gap in the center of the curves is due to the
vibrational levels are at the far left, and the rotational level is zeroclosing of theAj=—4Av transition. Surface 2 was used for these
Surface 2 was used for these calculations. calculations. Irregular behavior begins to appear wierb.
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FIG. 12. Predissociation lifetime of the most weakly bound state
FIG. 11. Real and imaginary components of the complex scatof the Ar- - -H,(v,j) complex forv =2 as a function of. The solid
tering length forv=5,j=1 as a function of the reduced mass. Sur- curve was computed using surface 1 and the dotted curve was com-
face 2 was used for these calculations. The valuexgf varies ~ puted using surface 2.
between 5 and-« in the vicinity of the physical reduced mass of
1.92 amu. The value ¢85, has been multiplied by a factor of 1000 for the most weakly bound state. Figure 13 shows that the
in order to be seen on the same graph. rotational distribution for less weakly bound states of the
complex also possess the same qualitative structure. This

for the surface 2 results begin at smaller values afom-  suggests that classical dynamics is playing a role for these
pared to the surface 1 results. states as well.

We studied the irregular behavior of the rate coefficient
for thev=5,j=1 level calculated using surface(&ee Fig.
10). The real and imaginary components of the complex scat-
tering length are plotted in Fig. 11 as a function of the re- We have investigated cold collisions using two different
duced mass. The imaginary p#t , has been multiplied by parametrizations of the electronic potential-energy surface
a factor of 1000 in order to be seen on the same graptfor argon atoms interacting with hydrogen molecul&g].
Figure 11 shows that the value of ; passes through zero in By comparing the results of these two sets of calculations,
the vicinity of the physical reduced mass of 1.92 amu. Aswe estimate that our scattering data is reliable to within an
described in Sec. IV, this behavior can only occur for sys-order of magnitude when there is no anomalous threshold
tems that have at least one bound state in addition to the stalbehavior. The ratio of real to imaginary part of the scattering
corresponding to the zero-energy resonance. Whels  length is not as sensitive to the potential energy surface and
tuned to the zero-energy resonance, the valueasgfand s typically reliable to within a factor of 2. Because surface 2
Bs.1 show behavior similar to Eq$28) and(29) derived for
a complex square-well potential. It is interesting to note that 107 ; : . ; . .
the zero-temperature rate coefficients for4Hé, [21] did

VI. CONCLUSIONS

not show the kind of irregular behavior seen here because the 105 |

He: - -H, van der Waals complex only supported one bound
state for each rovibrational level. When the reduced mass

surface 1
surface 2

. . ; . 10° |
was varied in order to move this bound state into a zero-

energy resonancgl], then the system behaved similar to
then=0 curve shown in Fig. 3 and it was not possible for
to pass through zero.

Recent calculation$21] used effective range theory to 107
study the effect of quasiresonant dynamics on the predisso-
ciation of the most weakly bound states of van der Waals 10° L
molecules. The distribution of predissociation lifetimes with
initial diatomic rotational quantum number revealed interest- . . . . . .
ing structure that was interpreted using classical dynamics. 2 8 4 5 6 7 8 9
Figure 12 shows a similar distribution for AH,(v,j) for !

] <10. These results were obtained for the highest vibrational F|G. 13. Predissociation lifetime of the second most weakly
level of thel=0 van der Waals complex using the eigen-bound state of the Ar - H,(v,j) complex forv =2 as a function of
phase sum methof®]. The similarity between these distri- j. The solid curve was computed using surface 1 and the dotted
butions supports the reliability of the effective range theorycurve was computed using surface 2.

T, (sec)
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does a better job of reproducing the van der Waals #&1), qualitative features of the resonant and quasiresonant behav-
we believe the results obtained using surface 2 are probabigr are similar for both sets of scattering data. Therefore, we
more reliable than those obtained using surface 1. would expect that new data obtained from trapped molecule
We have shown that a simple complex square-well potenexperiments could be readily used to select and fine tune the
tial model is very useful for interpreting the results of com- potential-energy surface.
plicated coupled-channel calculations. For weakly coupled
systems, the ratio of real to imaginary part of the scattering
length is typically equal to twice the ratio of real to imagi-
nary part of the square-well potential when there is no
anomalous threshold behavior present. The radius of the We would like to thank D. Schwenke for providing us
square-well potential may be used as an additional fittingvith a computer program for computing the potential-energy
parameter for cases where anomalous threshold behavior esdrfaces. This work was funded by the National Science
ists. Foundation through Grant No. PHY-0070920. The initial
Both sets of scattering data reveal resonant and quasiresstages of the research were also funded by the NSF through
nant behavior. As expected, the resonances are very sensitigegrant for the Institute for Theoretical Atomic and Molecu-
to the details of the surface, so predictions of the resonarar Physics at Harvard University and Smithsonian Astro-
parameters are not quantitatively reliable. However, thehysical Observatory.

ACKNOWLEDGMENTS

[1] N. Balakrishnan, R. C. Forrey, and A. Dalgarno, Phys. Rev[15] J. A. Maddi, T. P. Dinneen, and H. Gould, Phys. Rev6@
Lett. 80, 3224(1998. 3882(1999.

[2] R. C. Forrey, V. Kharchenko, N. Balakrishnan, and A. Dal- [16] C. J. Williams and P. S. Julienne, Scier&7, 986 (2000.
garno, Phys. Rev. A9, 1 (1999; R. C. Forrey, N. Balakrish- [17] D. W. Schwenke, S. P. Walch, and P. R. Taylor, J. Chem. Phys.
nan, V. Kharchenko, and A. Dalgarnibjd. 58, R2645(1998. 98, 4738(1993.

[3] R. C. Forrey, N. Balakrishnan, A. Dalgarno, M. Haggerty, and[18] F. Legare, S. Chelkowski, and A. D. Bandrauk, Chem. Phys.
E. J. Heller, Phys. Rev. Let82, 2657(1999. Lett. 329, 469 (2000.

[4] N. Balakrishnan, A. Dalgarno, and R. C. Forrey, J. Chem.[19] D- M. Villeneuve, S. A. Aseyev, P. Dietrich, M. Spanner, M.
Phys.113 621 (2000. Yu. Ivanoy, and P. B. Corkum, Phys. Rev. L&, 542(2000.

[5] R. C. Forrey, Phys. Rev. A3, 051403R) (2001. [20] N. Balakrishnan, V. Kharchenko, R. C. Forrey, and A. Dal-

[6] J. D. Weinstein, R. deCarvalho, T. Guillet, B. Friedrich, and J, __ 930, Chem. Phys. Le@80, 5 (1997
M. Doyle, Nature(London) 395, 148 (1998; J. Doyle and B. [21] R. C. Forrey, N. Balakrishnan, A. Dalgarno, M. Haggerty, and

L E. J. Heller, Phys. Rev. 84, 022706(2001).
Friedrich, Chem Br35, 31 (1999. [22] B. Stewart, P. D. Magill, T. P. Scott, J. Derouard, and D. E.

[7] F. Stienkemeier, W. E. Ernst, J. I—!lgglns, and G. chles, J. Pritchard, Phys. Rev. Let60, 282 (1988; P. D. Magill, B.
Chem. Phys.102, 615 (1999; J. Higgins, C. Callegari, J. Stewart, N. Smith, and D. E. Pritchaiiijd. 60, 1943(1988.
Reho, F. Stienkemeier, W. E. Ernst, K. K. Lehmann, M. Gu-(53] 3. M. Hutson and S. GreemoLscar computer code, version
towski, and G. Scoles, Scien@d3 629 (1996. 14 (1994, distributed by Collaborative Computational Project

[8] A. Fioretti, D. Comparat, A. Crubellier, O. Dulieu, F. Masnou- No. 6 of the Engineering and Physical Sciences Research
Seeuws, and P. Pillet, Phys. Rev. L&), 4402(1998. Council (UK).

[9] A. N. Nikolov, J. R. Ensher, E. E. Eyler, H. Wang, W. C. [24] A. M. Arthurs and A. Dalgarno, Proc. R. Soc. London, Ser. A
Stwalley, and P. L. Gould, Phys. Rev. Le8, 246 (2000; A. 256, 540(1963.

N. Nikolov, E. E. Eyler, X. Wang, H. Wang, J. Li, W. C. [25] M. H. Ross and G. L. Shaw, Ann. Phy®\.Y.) 9, 391 (1960.
Stwalley, and P. L. Gouldpid. 82, 703(1999. [26] D. A. Micha, Optical Models in Molecular Collision Theory

[10] T. Takekoshi, B. M. Patterson, and R. J. Knize, Phys. Rev. A Dynamics of Molecular Collisions Part A, edited by W. H.
59, R5(1999; T. Takekoshi, B. M. Patterson, and R. J. Knize, Miller (Plenum Press, New York, 19Y.6

Phys. Rev. Lett81, 5109(1998. [27] A. D. Bandrauk, E. E. Aubanel, and J.-M. GauthiEneory of

[11] J. M. Gerton, D. V. Strekalov, I. D. Prodan, and R. G. Hulet, Molecules in Intense Laser Fieldslolecules in Laser Fields,
Nature(London 408 692 (2000. edited by A. D. BandraukMarcel Dekker, New York, 1994

[12] R. Wynar, R. S. Freeland, D. J. Han, C. Ryu, and D. Heinzen[28] C. J. JoachainQuantum Collision TheoryNorth-Holland,
Science287, 1016(2000. Amsterdam, 1976

[13] H. L. Bethlem, G. Berden, and G. Meijer, Phys. Rev. L88,. [29] J. M. Hutson, C. J. Ashton, and R. J. LeRoy, J. Chem. Phys.
1558(1999; H. L. Bethlem, G. Berden, A. A. van Roij, F. M. 87, 2713(1983; R. J. LeRoy, G. C. Corey, and J. M. Hutson,
H. Crompvoets, and G. Meijeibid. 84, 5744(1999. Faraday Discuss. Chem. Sat3, 339(1982.

[14] M. Gupta and D. Herschbach, J. Phys. Chenl08 10 670 [30] G. E. Ewing, Chem. Phy£9, 253(1978; G. E. Ewing,ibid.
(1999. 71, 3143(1979; G. Ewing, ibid. 72, 2096(1980.

032710-8



