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sectionsand rate coefficientsfor collisions of two spin-polarizedmetastablehydrogenatomsare
calculated� at low energiesand temperaturesusingcomplexscalingandFeshbachprojectionmethodsfor the
determination
�

of the molecularpotential-energy curves.The inclusion of the Lamb shift and fine-structure
splitting� of the excitedn��� 2 atomsleadsto an attractivevan derWaalspotentialfor two 2s� 1/2 atoms� with an
exceptionally� largecoefficient.Thequenchingof themetastableatomsis dominatedat temperaturesbelow20
mK� by ionization.The calculatedvaluesfor the total lossratecoefficientat 87 � K

�
and230 � K

�
arewithin a

factor of 2 or 3 of the error barsof recentmeasurementsof metastablelossratecoefficients.
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Bose-Einsteincondensationin a gasof spin-polarizedhy-
drogen
$

atomswasachievedin 1998 % 1& . In this experiment,
two-photon
'

spectroscopyof the1s( -2s( transition
'

wasusedto
determine
$

the temperatureand density of the condensate
through
'

studiesof the collisionally shifted and broadened
spectral) lines * 2,3

+-,
. Recentimprovementsin theapparatusat

MIT
.

haveallowedmorethan107
/

metastable0 2s( atoms� to be
produced1 at densitiesgreaterthan 1010 cm243 3

�
and� tempera-

tures
'

ranging from 300 mK down to 20 5 K 6 47 . These
trapped
'

metastablecloudshaveled to new experiments8 49;:
on< the decayof 2s( hydrogenatoms.Hydrogenis an ideal
system) for studyingfundamentalphysicsanda detailedun-
derstanding
$

of the collisional behavioris an importantstep
towards
'

achievingthegoalof high-resolutionmetastablehy-
drogen
$

spectroscopy.
Collisional
=

quenchingmayoccurfrom ionizationor exci-
tation
'

transfer. Ionization may proceedthroughthe associa-
tive
'

reaction

H > 2s(@?@A H B 2s(@C@D H2
E FHG eIKJ ,L M 1N

whichO releasesbetween6.8 eV and9.5 eV dependingon the
final stateof the molecularion, andthroughthe dissociative
Penning
�

process

H P 2s(;QSR H T 2s(@U@V H W 1s(@X@Y H Z\[ eIK] ,L ^ 2_
whichO releases6.8 eV of kinetic energy. In both of these
reactions,the ion and electronproductswould immediately
fly out of the magnetictrap ` 4a . Measurementshave been
reportedb c 5d;e

for
f

crosssectionsof associativeionization of
metastable0 hydrogenatomsat energies as low as 48 K. At
this
'

temperature,we calculatedthat the total ionizationcross
section) is 100 times larger than the experimentalresult, in-
dicating
$

that Penningionization is the dominantionization
channel.2 However, theoreticalstudies g 6h;i

suggested) that the
collisional2 quenchingproceedspreferentiallyvia the double
excitationj transferreaction

H k 2s(@l@m H n 2s(@o@p H q 2prts@u H v 2prxw ,L y 3z;{

a� conclusionthat may be modified at lower temperatures
whenO the Lamb shift and fine-structuresplittings are taken
into
|

accountin the dynamics.
Theprincipalmechanismby which excitationtransferoc-

curs2 is the accumulationof differencesin phasein the scat-
tering
'

on multiple interactionpotentials,which is expectedto
dominate
$

overthecontributionfrom theweakCoriolis force.
The
}

spin-polarized2s( 1/2 atoms� approacheachotherin a 3
��~

u� �
molecular0 stateof H2

E withO total angular-momentumprojec-
tion
'

quantumnumber����������� 1. Consistentwith thene-
glect� of the Coriolis interaction,we restrict the basissetde-
scribing) the scattering to molecular states with ��� 1,
separating) into productsof atoms with principal quantum
number n�\� 2. Asymptotically, the molecular Born-
Oppenheimer
�

wavefunctionstendto linear combinationsof
the
'

product of atom wave functions � n� ,L l� ,L m���
a�;� n�x� ,L l��� ,L m�����

b
 

withO n�\¡ 2
+

on nuclei a¢ and� b
£
,L wherel

�
and� m� are� theangular-

momentum0 orbital andprojectionquantumnumbers,respec-
tively
'

. Thereareninesymmetrizedwavefunctionsseparating
into mixturesof the products¤
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whereO G
S
H�I is the molecularelectronicspin wave function.

The matrix of the electrostaticinteractionis a diagonalma-
trix
'

with nine elements V i(
J
R
K

)
L

equal to the Born-
Oppenheimer
�

interactionpotentials,with R being
M

the inter-
nucleardistance.The potentialsarecomplexfunctionsof R.
The
}

imaginarypartspermit ionizationto occur N 6h�O . Degener-
ate� perturbationtheorymustbeusedto determinetheform at
large R of< the real partsof the interactionpotentialsV1 ,L V2

E ,L
and� V4

Ë corresponding2 to mixturesof the 3
��P

u� Q states) R
1 ,LTS 2

E ,L
and� U

4
Ë . We find for the nine states
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The potentialsV1 ,L V2 ,L V3

� ,L andV4 correspond2 to molecular
states) of 3

��¬
u�  symmetry) . They have beenobtainedprevi-

ously< by useof the complexscalingmethod ® 7ß°¯ . We have
extendedj thecalculationsto theotherfive statesusingaFesh-
bach
M

projectiontechnique± 8ð�² . ThepotentialsV5
� ,L V6

ó ,L andV7
/

correspond2 to 3
��³

u� ,L 1́
u� ,L and 3

��µ
u� states,) respectively, and

V8 and� V9
5 correspond2 to 3

��¶
u� and� 1·

u� states,) respectively.
The potentialsV3

� ,L V8,L and V9
5 do

$
not enter the scattering

calculations2 ¸ 9��¹ and� singleexcitationtransferis expectedto
be
M

inefficient. The resultsof the complexscalingandFesh-
bach
M

projection calculations agree closely with the
asymptotic� forms º 13» – ¼ 21½ given� by the first-orderpertur-
bation
M

theory, allowing a smoothmatchingprocedureto be
performed.1

Theenergy-leveldegeneracyis lifted by thefine-structure
splitting) andtheLambshift. In orderto includetheseeffects,
weO transform from LS

¾
to
'

j j
¿

coupling2 and introduce theÀ
(
J
j
¿
,LÂÁ ,L l� a� ,L l� b

  ,L j
¿

a� ,L j
¿

b
  )
L

representation,where j
¿ Ã�Ä

j
¿ Å

a��Æ j
¿ Ç

b
  ,L andÈÊÉ

m� j
Ë

aÌ�Í m� j
Ë

b
Î ,L and construct the symmetry adaptedbasis

functions
f

Ï
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This
}

procedureaddstheenergy defectsalongthediagonalof
the
'

interactionmatrix V i j(
�
R)
�

and introducescouplingsbe-
tween
'

theeigenstatesthatareneglectedin thenonrelativistic
approximation.� A new setof adiabaticpotentialsis obtained
by
M

diagonalizingthematrix V i j(
�
R
�

)
�

as a functionof R
�

. Figure
1 illustratestheenergy-levelstructureof pairsof n��� 2 states
of< hydrogen.The Lamb shift and fine-structuredefectsare��� 1.61� 10� 7

/
a.u.,� and �! 1.67" 10# 6

ó
a.u.,� respectively.

Figure2 showstherealpartsof thenewadiabaticpotentials.
The
}

dashedcurvesaretheBorn-OppenheimerpotentialsV1 ,L
V2

E ,L andV4
Ë . The lowestsolid curvecorrespondsto a pair of

2pr 1/2 atoms.� The spin-polarizedmetastablehydrogenatoms
approach� along the secondlowestsolid curve.If we set the
zero of the energy scale at the 2pr 1/2,2L pr 1/2 limit, then the
2
+

s( ,2L s( enerj gy lies at 2 $ . The long-range2s( 1/2-2s( 1/2 interac-
|

tion
'

is a van der Waals attractionvarying as R % 6
ó

withO an
exceptionallyj large coefficient C6

ó�&(' 18)�* 1 + 252(
+ ,- 2 . )�0/ 1 1 99(

�32!465
)
�07 1 8 1.49 108 a.u.� Figure 3 shows an

enlarj gementof the long-rangeinteractionfor severalvalues
of< nuclear orbital angular-momentumquantum number l

�
.

The long-rangeinteractionexertsa strong influenceon the
scattering) at energies near to the heightsof the centrifugal
barriers.
M

FIG. 1. Energy-level diagram for product n : 2 hydrogen
atoms. The Lamb shift and fine-structure splittings are;=< 1.61> 10? 7

@
a.u.and ACB 1.67D 10E 6

F
a.u.,� respectively.
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The diabatic scatteringformulation with potential cou-
pling1 matrix V i j(

�
R
�

)
�

obtainedin the N qO representationb P 22
+�Q

–R
27S wasO used to compute the cross sections.When the

nuclearsymmetryis includedalongwith theelectronicsym-
metry0 , the crosssectionsaregiven by

T
pqU�VXW

2k
Y

pU2
Z
l
[]\

0
�
^`_

2l
�ba

1 c�d 1 egfih 1 j l
[lk

2
E�m

S
n

pqU (o l[ )prqgs pqUut 2E ,Lwv 28x
y

pU ion zX{
2
+

k
Y

pU2 |l[]} 0
�
~`�

2
+

l
�b�

1 ��� 1 �g�i� 1 � l
[l�

2
E

1 �6�
qO�� Sn pqU (o l[ )pr� 2E ,L	�

29�

whereO q��� 1, . . . ,6, pr�� 1 is the entrancechannel,andS
n

pqU (o l[ )p is
the
'

elementof the scatteringmatrix for the l
�
th
'

partial wave.
Our
�

scattering calculations use a multichannel Numerov
propagation1 with a complex interactionpotential.The cou-
pling1 matrix V i j wasO testedby computingthe crosssections�
28
+��

and� � 29
+u�

withO the energy defectsset to zero.With zero
enerj gy defects,thesimplemethodof Ref. � 6h�� can2 beapplied.
Thecalculationsin Ref. � 6h�� are� basedon thesingletstatesof
H
�

2. For the triplet states,thesamemethodyields theelastic,
inelastic, and ionization cross sections 4600E � 1/2 a.u.,�
4400E � 1/2 a.u.,� and 15E � 2/3

E
a.u.,� respectively, which are

identical to thosewe find hereby solving the diabaticscat-

FIG.
 

2. Adiabaticpotentialcurves ¡ solid lines¢ obtained£ by di-
agonalizingV i j

¤ (R) as a function of R.¥ The curvesseparateasymp-
totically into thepairs(2p¦ 1/2,2p¦ 1/2), (2s� 1/2,2§ s1/2),

¨
(2p¦ 1/2,2p¦ 3/2

© )
¨
, and

(2p¦ 3/2
© ,2§ p¦ 3/2

© )
¨
. The dashedcurvesarethe Born-Oppenheimerpoten-

tials V
ª

1 ,§ V2
« ,§ andV

ª
4
¬® see� Eqs. ¯ 13° ,§²± 14³ ,§ and ´ 16µ·¶ .

FIG. 3. Adiabaticpotentialcurvesfor the lth
¸

partial wave for
the statethat separatesasymptoticallyto two 2s1/2 atoms.The po-
tentialwell hasa strongeffect on thedynamicsof energiesnearthe
centrifugalbarrier.

FIG. 4. Crosssectionsfor elasticscattering¹ solid curveº , inelas-
tic double excitation transfer » long dashedcurve¼ ,§ and ionization½
shortdashedcurve¾ .

FIG. 5. Loss rate coefficients for inelastic double excitation
transfer¿ dashed

�
curveÀ , ionization Á long dashedcurveÂ , andthethe-

oretical Ã solid curveÄ and experimentalÅ 4Æ valuesÇ of the total loss
rate coefficient.The theoreticalvalueshave beenthermally aver-
agedandmultiplied by two in order to accountfor the lossof two
metastableparticlesper collision.
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tering
'

equationswith Í�ÎÐÏ!Ñ 0
Ò

. The crosssectionsobtained
whenO the energy defectsare includedin the interactionma-
trix
'

areshownin Fig. 4. The oscillation in the elasticcross
section) is a consequenceof the long-rangeattractionof the
adiabatic� potential.The potentialwells shownin Fig. 3 sup-
port1 shaperesonancesin the crosssectionat energies com-
parable1 to the barrier heights.Due to symmetry, the contri-
bution
M

from the l
�iÓ

3
z

partial waveis missingfrom Eq. Ô 28
+�Õ

.
The
}

elasticcrosssectionshowsa minimumat thepositionof
the
'

missingl
�iÖ

3
z

resonanceanda strongupturnat the posi-
tion
'

of the l
�i×

4 resonance.In the ultracoldlimit, the system
may0 be describedby the complex scattering length (33Ø 22i

Ù
)
Ú0Û

10Ü 8 cm.2
Figure
Ý

5 showsthelossratecoefficientsfor scatteringand
ionization,
|

andthetheoreticalandexperimentalvaluesÞ 49�ß of<
the
'

total loss rate coefficient. The theoreticalvalues have
been
M

thermallyaveragedandmultiplied by 2 in order to ac-
count2 for the loss of two metastableparticlesper collision.
The
}

theoreticalvaluesare within a factor of 2 or 3 of the

experimentalj error bars. Refinementsin the theory are in
progress.1 The influence of the nonadiabatic radial and
angular� -momentumcouplingtermswill yield somecontribu-
tion
'

to thequenchingfrom singleexcitationtransfer, andthe
hyperfineinteractionmay producesmall correctionsto the
calculated2 ratecoefficients.
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