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Cold collisions of spin-polarized metastable hydrogen atoms
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Cross sectionsand rate coefficientsfor collisions of two spin-polarizedmetastablehydrogenatoms are
calculatedat low enegies andtemperaturesising complexscalingand Feshbactprojectionmethodsfor the
determinationof the molecularpotential-enagy curves.The inclusion of the Lamb shift and fine-structure
splitting of the excitedn=2 atomsleadsto an attractivevan der Waalspotentialfor two 2s,,, atomswith an
exceptionallylarge coefficient. The quenchingof the metastabl@atomsis dominatedat temperaturegelow 20
mK by ionization. The calculatedvaluesfor the total lossrate coefficientat 87 uK and230 uK arewithin a
factor of 2 or 3 of the error barsof recentmeasurementsf metastabldoss rate coefficients.
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Bose-Einsteircondensatiotin a gasof spin-polarizechy-
drogenatomswas achievedin 1998[1]. In this experiment,
two-photonspectroscopwf the 1s-2s transitionwasusedto
determinethe temperatureand density of the condensate
through studiesof the collisionally shifted and broadened
spectralines[2,3]. Recenimprovementsn the apparatust
MIT haveallowedmorethan 10’ metastable2s atomsto be
producedat densitiesgreaterthan 10'° cm™2 and tempera-
tures ranging from 300 mK down to 20 uK [4]. These
trappedmetastableclouds haveled to new experimentd4]
on the decayof 2s hydrogenatoms.Hydrogenis an ideal
systemfor studyingfundamentaphysicsand a detailedun-
derstandingof the collisional behavioris an importantstep
towardsachievingthe goal of high-resolutiormetastabldy-
drogenspectroscopy

Collisional guenchingmay occurfrom ionizationor exci-
tation transfer lonization may proceedthroughthe associa-
tive reaction

H(2s)+H(2s)—H, +e", (1)

which releasedbetween6.8 eV and9.5 eV dependingon the
final stateof the molecularion, andthroughthe dissociative
Penningprocess

H(28)+ H(2s8)—H(1s)+H" +e™, 2

which releases5.8 eV of kinetic enegy. In both of these
reactionsthe ion and electronproductswould immediately
fly out of the magnetictrap [4]. Measurementhave been
reported[5] for crosssectionsof associativeionization of
metastabléhydrogenatomsat enegies as low as 48 K. At
this temperaturewe calculatedthatthe total ionizationcross
sectionis 100 times larger than the experimentakesult, in-
dicating that Penningionization is the dominantionization
channel.However theoreticalstudies[6] suggestedhat the
collisional quenchingproceedspreferentiallyvia the double
excitationtransferreaction

H(2s)+H(2s)—H(2p)+H(2p), (3)
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a conclusionthat may be modified at lower temperatures
when the Lamb shift and fine-structuresplittings are taken
into accountin the dynamics.

The principal mechanisnby which excitationtransferoc-
cursis the accumulationof differencesn phasein the scat-
teringon multiple interactionpotentialswhich is expectedo
dominateoverthe contributionfrom the weakCoriolis force.
The spin-polarize®s, ;, atomsapproacteachotherin a 33
molecularstateof H, with total angularmomentumprojec-
tion quantumnumberQ) = A +%,=1. Consistenwith the ne-
glect of the Coriolis interaction,we restrictthe basissetde-
scribing the scatteringto molecular states with Q =1,
separatinginto productsof atomswith principal quantum
number n=2. Asymptotically the molecular Born-
Oppenheimewave functionstendto linear combinationsof
the product of atom wave functions |n,I,m),|n’,I",m’")y
with n=2 on nucleia andb, wherel andm arethe angular
momentumorbital and projectionquantumnumbersyespec-
tively. Therearenine symmetrizedvavefunctionsseparating
into mixturesof the products

#1=12,0,00,12,0,0px11, (4)

$2=12,1,0a12,1.0px11, (5)
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$7=12,1,0,12,1,Dpx1-1, (10
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¢9:E[|21010>a|2v111>b_|211-1>a|2!010>b])(001 (12

where ysy is the molecularelectronicspin wave function.
The matrix of the electrostatidnteractionis a diagonalma-
trix with nine elements V;(R) equal to the Born-
Oppenheimeinteractionpotentials,with R being the inter
nucleardistance The potentialsare complexfunctionsof R.
Theimaginarypartspermitionizationto occur[6]. Degener
ateperturbationtheorymustbe usedto determineheform at
large R of the real partsof the interactionpotentialsV,,V,,
andV, correspondindo mixturesof the 33/ statesp,, ¢,,
and ¢4. We find for the nine states

Vi=—9/6R 3+648R 5+ 0O(R©), (13)
V,=0(R™®), (14)

V3=18R 3+ 0O(R°), (15)
V,=9/6R3+648R"5+0O(R9), (16)
Vs=—864R 5+0O(R°), (17)
=0(R "), (18)
V,=216R >+ 0O(R9), (19
Vg=—9R 3+ 0O(R9), (20
Vo=9R 3+ 0O(R™). (21)

The potentialsV,, V,, V3, andV, correspondo molecular
statesof 33, symmetry They have been obtainedprevi-

ously by use of the complex scalingmethod[7]. We have
extendedhe calculationgo the otherfive statesusinga Fesh-
bachprojectiontechniqud8]. The potentialsVs, Vg, andV,

correspondo 311, II,, and 3A, statesrespectivelyand
Vg andV, correspondo 311, and 1, statesrespectively
The potentialsV;, Vg, and Vg do not enterthe scattering
calculationg 9] and single excitationtransferis expectedo

be inefficient. The resultsof the complexscalingand Fesh-
bach projection calculations agree closely with the
asymptoticforms (13)—(21) given by the first-order pertur

bation theory allowing a smoothmatchingprocedureto be
performed.

The enepgy-leveldegeneracys lifted by the fine-structure
splitting andthe Lamb shift. In orderto includetheseeffects,
we transformfrom LS to jj coupling and introduce the
W(j, Q1,0 .ja.ib) representationwhere j=j,+j,, and
sz!-ﬂ+ mj , and constructthe symmetry adaptedbasis
functions
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FIG. 1. Enegy-level diagram for product n=2 hydrogen
atoms. The Lamb shift and fine-structure splittings are
e=1.61x10"7 a.u.and §=1.67x10"° a.u., respectively

¥1=¥(1,1,0,03,3), (22)
=W(1,1,1,1%,1), (23
\/—[q,(llllg,z) v(1,1,1,13,5)], (29
=W(1,1,1,13,3), (25
}[qf<21112,2)+\1f(21112,2)] (26)
1/16:\1’(3711111%1%)- (27)

This procedureaddsthe enegy defectsalongthe diagonalof

the interactionmatrix V;;(R) and introducescouplingsbe-
tweenthe eigenstateghat areneglectedn the nonrelativistic
approximation A new setof adiabaticpotentialsis obtained
by diagonalizingthe matrix V;;(R) as afunctionof R. Figure
1 illustratesthe enegy-level structureof pairsof n=2 states
of hydrogen.The Lamb shift and fine-structuredefectsare
€=1.61x10"7 a.u., and 6=1.67x10 % a.u., respectively
Figure2 showsthe real partsof the new adiabaticpotentials.
The dashecturvesarethe Born-OppenheimepotentialsV,

V,, andV,. Thelowestsolid curve corresponds$o a pair of

2p» atoms.The spin-polarizedmetastablenydrogenatoms
approachalong the secondiowestsolid curve. If we setthe
zero of the enegy scaleat the 2p4,,2p4» limit, then the
28,28 enepy lies at 2e. The long-range2s, -2, interac-
tion is a van der Waals attractionvarying as R with an

exceptionally large coefficient Cg=—18¢ 1+252(6

—2€) 1+99(6—€) 1~1.4x1C® a.u. Figure 3 shows an
enlagementof the long-rangeinteractionfor severalvalues
of nuclear orbital angularmomentumquantum number [.

The long-rangeinteractionexertsa stronginfluenceon the
scatteringat enegies nearto the heightsof the centrifugal
barriers.
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FIG. 2. Adiabaticpotentialcurves(solid lines) obtainedby di-
agonalizingV;;(R) as a function of R. The curvesseparateasymp-
totically into the pairs(2p1/2.2p1/2), (281225172), (2P1/2.2p3s2), and
(2paj2,2p30). Thedashedcurvesarethe Born-Oppenheimepoten-
tials Vq, V,, andV, [seeEgs.(13), (14), and(16)].

The diabatic scatteringformulation with potential cou-
pling matrix V;;(R) obtainedin the i, representatiori22)—
(27) was usedto computethe cross sections.When the
nuclearsymmetryis includedalongwith the electronicsym-
metry, the crosssectionsare given by

2 21+ )[1+(—1)'1S0— 8,2 (28)

'°”_%Z (21+1)[1+(— 1)]2{1 > s

(29

V(107 au)

1
100 1000
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FIG. 3. Adiabatic potential curvesfor the Ith partial wave for
the statethat separatesisymptoticallyto two 2s,,, atoms.The po-
tentialwell hasa strongeffect on the dynamicsof enegiesnearthe
centrifugalbarrier
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FIG. 4. Crosssectiondor elasticscattering(solid curve), inelas-
tic double excitation transfer (long dashedcurve, and ionization
(shortdashedcurve).

whereg=1, ... 6, p=1 isthe entrancechannel.ands{) is

the elementof the scatteringmatrix for the Ith partial wave.
Our scattering calculations use a multichannel Numerov
propagationwith a complexinteractionpotential. The cou-
pling matrix V;; wastestedby computingthe crosssections
(28) and(29) with the enegy defectssetto zero.With zero
enegy defectsthe simplemethodof Ref.[6] canbe applied.
The calculationsn Ref.[6] arebasedon the singletstatesof

H,. For thetriplet statesthe samemethodyields the elastic,
inelastic, and ionization cross sections 460E 2 a.u.,

440 Y2 a.u., and 15 %% a.u., respectively which are
identicalto thosewe find hereby solving the diabaticscat-
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FIG. 5. Loss rate coefficientsfor inelastic double excitation
transfer(dashecturve), ionization(long dashecturve, andthethe-
oretical (solid curve and experimental4] valuesof the total loss
rate coefficient. The theoreticalvalueshave beenthermally aver
agedand multiplied by two in orderto accountfor the lossof two
metastablgarticlesper collision.
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tering equationswith e= §=0. The crosssectionsobtained
whenthe enegy defectsareincludedin the interactionma-
trix areshownin Fig. 4. The oscillationin the elasticcross
sectionis a consequencef the long-rangeattractionof the
adiabaticpotential. The potentialwells shownin Fig. 3 sup-
port shaperesonancein the crosssectionat enegies com-
parableto the barrier heights.Due to symmetry the contri-
bution from the I =3 partial waveis missingfrom Eg. (28).

The elasticcrosssectionshowsa minimum at the positionof

the missingl =3 resonancend a strongupturn at the posi-
tion of thel =4 resonanceln the ultracoldlimit, the system
may be describedby the complex scatteringlength (33

—22i)x10 & em.

Figure5 showsthelossratecoefficientsfor scatteringand
ionization,andthe theoreticalandexperimentalalues|4] of
the total loss rate coefficient. The theoreticalvalues have
beenthermally averagedand multiplied by 2 in orderto ac-
countfor the loss of two metastablearticlesper collision.
The theoreticalvaluesare within a factor of 2 or 3 of the

RAPID COMMUNICATIONS

PHYSICAL REVIEW A 67, 040701R) (2003

experimentalerror bars. Refinementsin the theory are in
progress. The influence of the nonadiabaticradial and
angularmomentumcouplingtermswill yield somecontribu-
tion to the quenchingfrom single excitationtransfer andthe
hyperfineinteractionmay producesmall correctionsto the
calculatedrate coefficients.
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