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Quasiresonant Energy Transfer in Ultracold Atom-Diatom Collisions
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Quantumand classicalquasiresonantibration-rotationenergytransferis investigatedfor ultracold
He-H, collisions. ClassicalrajectorycomputationshowthatextremelystrongcorrelationshetweenA j
and Av persistat low energiesthoughthe changegshemselvesare lessthan one quantum. Quantum
computationsshow that quasiresonantransitionsoccur in the limit of zero collision energybut that
threshold effects becomeimportant and that some quasiresonanthannelsclose. The qualitative
similarity between classical and quantum results suggeststhat they share a common mechanism.
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Collisions betweenatomsand rotationally excited di-
atoms can causeenergy to be transferredbetweenthe
diatom’s internal vibrational and rotational degreesof
freedom. Whenthe collision time is longerthanthe ro-
tational period, the vibration-rotationenergytransfercan
be unusually efficient and specific[1]. This effect has
beennamedquasiresonantibration-rotationenergytrans-
fer, which for brevity we will referto asQR transfer.

The first experimentaldemonstratiorof QR specificity
was the rule Aj = —4Av found in collisions between
rotationally excited Li> and noble gas atoms[1], where
Aj = j; — Jji is the changein the rotational quantum
numberof the diatom,andAv = v; — v; is the change
in its vibrationalquantumnumber. This inelasticchannel
dominatedall others over significant parameterranges
of the collision. Classicalcalculationsindicatedthat the
transition is causedby a seriesof “collisionettes” that
occurwhenthe rapidly rotating diatomis stretchedo its
outerturning point andcollinearwith the atom[2].

QR transferhassincebeenfound in a wide variety of
collision speciesand interactionpotentials. The general
rule followed by quantumQR collisions s that a single
channel,

Al = n,Av + njAj =0, Q)

dominateswheren, andn; are small integers. This is
connectedto the fact that the adiabaticity of the action
I = n,v + n;j is a factor in the collisions [3]. The
quasiresonartondition[2]

ny/nj = w,/w; 2

alsoholds,wherew, andw; arethe classicalvibrational
androtationalfrequencie®f thediatom. Thisimpliesthat
the vibrational and rotational motion are in approximate
low-orderresonance.Equations(1) and(2) yield
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AEw = —Av + —Aj = ho,Av + hw;jAj =0,
v dj

©)

which is the condition that the internal energy of the
diatomisapproximatelyconstant.

Classicallyit is foundthatEq. (1) holdsnearlyexactly,
at the expenseof Eq. (2), evenfor individual trajectories,
which is initially surprising since there is no a priori
requirementfor the ratios of classicalaction changesto
besmallrationalfractions. Classicallyvery oftenasingle
pair of integers(n,, n;) dominatesall otherprocesseby a
wide marginfor a rangeof initial collision velocitiesand
initial v andj. At low collision energiesthe magnitude
of Av or Aj is usuallymuchlessthana single quantum,
making the classical analog of the quantum process
strictly speakingforbidden. Yet, it is surprisingthat the
classicalactionchangesrepointingin theright direction,
with n,Av + n;Aj = 0. In many circumstancesthe
rule is satisfiedastoundinglywell—AT in Eqg. (1) canbe
4 or more ordersof magnitudesmaller than the typical
changesn v or .

The essencef the adiabaticactionis thatthe collision
is slow comparedto the rate of changeof the angle
conjugateto 7, so slowing down the collision further
could be expectedto make matterseven better for QR
transfer. However,new factorsat ultralow energymake
this a richer questionthanit first appears:First, quantum
reflection (thresholdbehavior)setsin at sufficiently low
energy [4], possibly changingthe collision mechanism.
The reflection phenomenonis a clear deviation from
classicalbehavior, so it might be possiblefor classical
and quantumQR collisionsto differ qualitatively at low
energy. The onsetof the thresholdlaw regime depends
on propertiesof the interaction potential, whereasQR
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transferat higher energiesseemsto be insensitiveto all

but the grossestjualitative propertiesof the potential[1].

Second,in QR collisions a bit of translationalenergyis
either takenfrom or suppliedto the diatom in order to
keep action 7 fixed. What happenswhen this energy
is no longer available? Quantum mechanically,some
of the mostimportant QR channelscan becomeclosed.
Finally, classicalcollisions canlast a long time, opening
the possibility of chaoticscattering. Thesefactorsmake
the study of the ultralow energy QR collisions quite
interesting.

Experimentsof quasiresonantransfer have beende-
scribedin detail [5] for collisions of rotationally excited
Li> with noble gasatomsfor relative collision velocities
ranging from 500 to 3000m/s. The final state speci-

ficity is enhancedvhenthe collision velocity is decreased.

Classicaltrajectory[1,2,5,6]andquantummechanicatal-
culations[7] of inelasticcrosssectionshavealsodemon-
stratedthat the quasiresonantorrelationimprovesasthe
collision velocity is decreased.

It has been suggestedthat QR transfer may be an
importantrelaxationmechanisnfor trappedH, molecules
and may provide an inversionmechanismin rotationally
pumpedlasers[1]. The possibility of ultracold molecule
formation [8] hasmotivatedrecentstudiesof collisional
quenching[9] andopensa new window for investigation
of QR transferin the ultracoldregime.

In the presentwork, we investigatequasiresonanci
ultracold *He-H, collisions by computingtrajectoriesfor
the classicalsystemandby computingcrosssectionsand
rate coefficientsfor the quantummechanicakystem. Al-
thoughit is believedthat QR transferis insensitiveto the
detailsof the potentialenergy[1], we performedour clas-
sical and quantumcalculationsusing a reliable surface—
the H, potentialof Schwenke[10] and the He-H, inter-
action potentialof Muchnick and Russek[11]. We find
that QR energytransferpersistsat ultralow energiesput
with modifications. Classically,the correlationimplied
by Eq. (1) remainsstrongdespitethe fact that many col-
lisionsresultin the collision partnerssticking togetherfor
severalrotations; however,in most casesthe collisions
transferonly a tiny fraction of a quantumbetween; and
v. Quantummechanically,we find that energyconser-
vation forbids what would otherwisebe the strongesQR
transitions. Meanwhile,sharpthresholdbehaviorappears
in the zero-temperaturguenchingrate coefficientwhen
the final collision velocity approachezero. But despite
thesenew aspectsguasiresonantransferis found to be
animportanteffectin ultracoldcollisions,both classically
andquantummechanically.

Classical results.—Classicalcalculationsare slow at
low collision energieshecausedhe integrationtime stepis
dictatedby the vibrationalperiod,whereaghetime of the
collision scales like E~'/2. We chose the collision
energy E; = 107 a.u.= 2.7 X 1075 eV = 0.32 K for
the classicaltrajectoriesshownhere,which is a factor of
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40 smallerthanthe van der Waalsattractivewell between
He and H,. To simulate initial H, quantumnumbers
(vi, ji), we chosethe diatom’s initial radial action and
internal angular momentumto satisfy the semiclassical
quantization conditions § p, dr = 27w h(v; + 1/2) and
|J;| = A(j; + 1/2). For each (v;,j;), we computed
1000 classicalcollision trajectorieswith randominitial
conditionsandimpact parametergs| < 20 a.u. Thenwe
invertedthe aboverelationshipgo find the final “quantum
numbers”(vy, j;) of the diatom,which in generalarenot
integersbecausehe calculationsverepurely classical.

In ultracold collisions, it was not known whether
classicalQR transferoccursat all. Indeedit does,for
example,as seenin Fig. 1 for (v;,j;) = (2,21). For
theseinitial conditions,w, /w; = 2.079, andaccordingly
the collisions all have action changesvery close to the
nearbyrationalline Aj = —2Av. We thus seethat the
classical QR correlation persistsat very low energies.
On the other hand, at theselow energies,Av and Aj
are much smaller than one quantum, so state-to-state
transitions do not occur classically. Neverthelessthe
strongclassicalcorrelationbetweenA j and Av suggests
that an analogouscorrelationis likely in the quantum
reactionrates.

Higher-energydiatom-atomcollisions have been de-
scribedasa seriesof discretecollisionettes,one per half-
rotation of the diatom, betweenwhich the interaction
potentialenergydropshby severalordersof magnitudg?2].
Ultracold collisionsarefar gentler;insteadof distinctcol-
lisionettesthereis only a strongmodulationof the inter-
actionpotentialat frequency2w, (Fig. 1 inset). Thusthe
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FIG. 1. A scattermplot of Av versusA; for 1000classicalcol-
lisionswith v; = 2 andj; = 21. Thequasiresonarprediction
for this caseis Aj = —2Awv, shownas a solid line; the maxi-
mum deviationfrom thatline is 5 X 1075, The dashedcurve
is the energylimit, which crossesthe QR line slightly above
(0,0) [it would crossexactlyat (0,0) if E; were exactly zero],
andis responsibldor the fact thatmostcollisionshaveAj = 0
andAv = 0. Inset:the He-H, interactionpotentialV () during
the repulsivepart of a typical collision; the modulationsare at
frequency2w,.
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collisionettepicture doesnot apply at ultralow energies,
andthe more generaladiabatictreatment3] is more ap-
propriate.

What of long-time classicalcollisions? We find many
collisionsin which the colliding particlesbecomeoosely
boundfor severalorbits and experienceseveralsucces-
sive subcollisions(eachmuch like the one shownin the
insetin Fig. 1). Thenumberof subcollisionss a sensitive
function of initial conditions. Neverthelesseachsubcol-
lision obeysthe QR rule separatelyandsothereforedoes
thetotal collision.

Figure 2 showsthe rms changein v andj observedn
classicaltrajectorycalculationsfor v; = 2 and1 = j; <
28. (Forj > 28 thediatomis nolongerbound.) In each
of the peaks,Av and Aj for the individual trajectories
tend to becomelarge and highly correlated,with the
rationalratiosn,:n; shown. The strongesuasiresonant
transitionsoccur near j; = 9, wherew, /w; =~ 4.03 and
ny:n; = 4:1, and near j; = 23, where w,/w; = 1.94
andn,:n; = 2:1.

The peak at j; = 1 correspondsto Aj # 0, Av =
0. Using our nomenclaturejt hasa ratio n,:n; = 1:0,
though of courseit is not a quasiresonantransfer but
rathera pure rotationaltransition. It, plus the othertwo
shadedheakswill beseento haveanalogsn the quantum
system.

Quantum results and threshold behavior.—The quan-
tum mechanicaformulationandthe methodsusedto ob-
tain the cross sectionshave been describedpreviously
[9]. As a consequencef Wigner's thresholdlaw, the
quenchingrate coefficientsare independenf tempera-
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FIG. 2. Classical trajectory calculations of the root-mean-
square(rms) changedo j andv asafunctionof j;. Eachpeak
correspondsto a quasiresonantransition satisfying Eq. (1),
with the indicatedratio n,:n;. The shadedpeaksarethosethat
have analogsin the quantumrate coefficients(Fig. 3). The
rms of the deviation AI [Eq. (1)] is less than 107> for alll
QR cases.

ture below 1073 K. Figure 3 showsultracold quenching
rate coefficientsfor “He + H,(v;, j;) calculatedquantum
mechanically.

The resultsfor v; = 2 are shownas a function of j;;
data for other initial vibrational quantumnumbersare
similar andwill be presentectlsewhere. The threemost
importanttransitionsare seento be pure-rotationatransi-
tions plus the two quasiresonantansitionsAj = —4Av
andAj = —2Awv. Eachis centeredat approximatelythe
sameinitial j valueasthe analogouglassicalpeak. But,
thereare differences: (a) Wherethe classicalQR peaks
are strongestthe quantumpeakshavegaps;(b) therules
correspondingo the small classicalpeaks(8:1, 6:1, 3:1,
and8:3) areabsentin the quantumdata;(c) the quantum
transitionratesshowdecreasesearthe gaps;and(d) the
heightsand widths of the quantumpeaksare not clearly
relatedto thoseof the classicalpeaks. Investigatingthose
differenceswill leadusto a betterunderstandingf quan-
tum QR transfer.

For zero-temperaturecollisions, there is no kinetic
energyavailableto increasethe energyof the diatom, so
only transitionswith AE;,, < 0 areenergeticallyallowed.
Classically, it is always possibleto find small Av and
Aj that satisfy both the QR and the energyconditions.
Therefore,classicalQR transferis energeticallypossible
for anyinitial state. Quantummechanicallyhowever,v
and;j mustalwayschangeby aninteger,andit sometimes
happensthat all final quantumstatessatisfying the QR
condition have a higher energy than the initial state.
Thus,for someinitial statesthereareno openquasireso-
nant transition channels. For example, the classical
collisionsfor (v;, j;) = (2,22) obeyavery strong2:1 QR
rule. However, the maximum action changethat both
satisfiesthe QR condition and is energeticallyallowed
is (Av,Aj) = (—0.1239,0.2478), which is lessthanone
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FIG. 3. Quantum mechanical calculations of the zero-
temperature quenching rate coefficients as a function of
ji for v; =2. Solid curve, Aj = —4Av; dotted curve,
Aj = —2Awv; dashedcurve,all othertransitions.
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quantum. Thereforethe 2:1 QR channelis not available
from the initial state (2,22), and Fig. 3 shows a gap.
Similarly, the4:1 QR channelshowsa gapfor 7 < j; <
12. Generallythe left handside of a gap correspondso
Aj > 0 andtheright handsideto Aj < 0.

Energyconservatioralso preventsthe smallerclassical
QR peaks(8:1, 6:1, 3:1, and8:3) from appearingat all in
the quantumdata—there are no open channelsfrom the
correspondingnitial stateswith thoseratiosof changesn
quantumnumbers.

When gquantumtransitionsare close to the energetic
limit, they are subjectto thresholdbehavior. In Fig. 3,
thresholdstructureappearsasa noticeablesuppressiorf
transitionratesfor (2,7) — (1,11), (2,21) — (1,23), and
(2,23) — (3,21) transitions. The suddendecreasén the
zero-temperaturguenchingrate coefficientat values of
j nearthresholdscan be understoodrom the asymptotic
form of theinelasticcrosssection,

20—1, 20+1
o ~ ki k. (4)
At ultracoldtemperatures; = 0 andtheratecoefficient,
which is equalto the collision velocity times the cross

section,vanishesaskizc[fﬂ, wherel; = |Aj].

In conclusion,quasiresonangnergytransferis saidto
occurwhenaninelastictransitionis highly specificandef-
ficient[1]. Forvaluesof j; for which Aj = 4 is energeti-
cally possibleAv = —1, Aj = 4 transitionsdominateall
other Av = —1 transitionsin the low temperaturdimit.
Thesetransitions,however,are not strictly quasiresonant
sincethe purerotationalquenchingratesfor thesevalues
of j; areevenlarger(seeFig. 3). TheAv = —1,Aj =2
transitionrates,on the otherhand,are substantiallylarger
thanall otherinelasticratesfor 12 < j; = 21, including
the purerotationalquenchingrates. Thesequasiresonant
transitionsarevery efficientandmay be a good candidate
to provide a rotationalinversionmechanisni1] at ultra-
coldtemperaturesSimilarly,theAv = 1,Aj = —2tran-
sitions, for 23 = j; = 28, are quasiresonanby the strict
definition.

In this work, we performeda detailed investigation
of quasiresonanénergytransferin He-H, scatteringand
found that it persiststo ultracold temperatureshoth in
classicalmechanicsand in quantummechanics. If the
quasiresonargrocesdor ultracoldcollisionsis insensitive
(asit is for higher temperaturecollisions) to the nature
of the interactionpotential,then the rovibrationaldepen-
denceof the zero-temperaturguenchingratesfor other
atom-diatonsystemsshouldbe qualitativelysimilar to the
resultspresentechere. However, it is quite possiblethat
the low-temperaturdehavioris significantly different for
interactionghathaveno attractivepart.

We haveshownthatthereareroughanalogiesbetween
the classicaland the quantumQR behavior. However,
whetherthe quantunreactionratescould be quantitatively
derivedfrom classicaltrajectoriesat theselow tempera-
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tures is not yet clear. Doing so would appearto re-

quire a treatmentsimilar to that of resonantdynamical
tunnelingprocesse$12], with the addedcomplicationof

quantumsuppressiorof the near-thresholdsemiclassical
trajectorieq4].

We have found that the classical phenomenonof
quasiresonantnergytransferis a generalfeatureof low
energy collisions, and some of its aspectsshould be
foundin systemswith moreinternal degreesf freedom.
Diatom-diatomcollisions, for example,would allow an
interesting extension of the quasiresonancghenome-
non presentedhere. The essentialingredientis nearly
conservedactions, which are the result of an adiabatic
collision with respectto “fast” combinationsof the
original actions. We hopethat the realizationof trapped
moleculeswill provide an opportunity for experimental
investigationsof ultracoldquasiresonargnergytransfer.
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