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Cross sections and rate coefficients for collisions of two spin-polarized metastable hydrogen atoms are
calculated at low energies and temperatures using complex scaling and Feshbach projection methods for the
determination of the molecular potential-energy curves. The inclusion of the Lamb shift and fine-structure
splitting of the excitech=2 atoms leads to an attractive van der Waals potential for tsyp atoms with an
exceptionally large coefficient. The quenching of the metastable atoms is dominated at temperatures below 20
mK by ionization. The calculated values for the total loss rate coefficient atk8and 230uK are within a
factor of 2 or 3 of the error bars of recent measurements of metastable loss rate coefficients.
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Bose-Einstein condensation in a gas of spin-polarized hya conclusion that may be modified at lower temperatures
drogen atoms was achieved in 1998§. In this experiment, when the Lamb shift and fine-structure splittings are taken
two-photon spectroscopy of thes-Ps transition was used to into account in the dynamics.
determine the temperature and density of the condensate The principal mechanism by which excitation transfer oc-
through studies of the collisionally shifted and broadenecturs is the accumulation of differences in phase in the scat-
spectral lineg2,3]. Recent improvements in the apparatus attering on multiple interaction potentials, which is expected to
MIT have allowed more than Inetastable & atoms to be  dominate over the contribution from the weak Coriolis force.
produced at densities greater than®l@n 2 and tempera- The spin-polarized &, atoms approach each other iR
tures ranging from 300 mK down to 2@K [4]. These molecular state of Kwith total angular-momentum projec-
trapped metastable clouds have led to new experinféits tion quantum numbef) = A +3, = 1. Consistent with the ne-
on the decay of & hydrogen atoms. Hydrogen is an ideal glect of the Coriolis interaction, we restrict the basis set de-
system for studying fundamental physics and a detailed urscribing the scattering to molecular states wifth=1,
derstanding of the collisional behavior is an important stepseparating into products of atoms with principal quantum
towards achieving the goal of high-resolution metastable hynumber n=2. Asymptotically, the molecular Born-
drogen spectroscopy. Oppenheimer wave functions tend to linear combinations of

Collisional quenching may occur from ionization or exci- the product of atom wave functions,|,my./n’,1",m’),
tation transfer. lonization may proceed through the associayith n=2 on nucleia andb, wherel andm are the angular-

tive reaction momentum orbital and projection quantum numbers, respec-
. tively. There are nine symmetrized wave functions separating
H(2s)+H(2s)—H; +e", (1) into mixtures of the products
which releases between 6.8 eV and 9.5 eV depending on the $1=12,0,0,/2,0,0px11., (4)
final state of the molecular ion, and through the dissociative
Penning process $2=12,1,0a/2,1,0px11, 5
H(2s)+ H(2s)—H(1s)+H" +e™, (2 1
. L =—[]2,0,00,/2,1,0),—2,1,0)4/2,0,0 , (6
which releases 6.8 eV of kinetic energy. In both of these s \/EH Dal o~ Dal olxas (6
reactions, the ion and electron products would immediately

fly out of the magnetic trap4]. Measurements have been 1
reported[5] for cross sections of associative ionization of  ¢,=—
metastable hydrogen atoms at energies as low as 48 K. At V2
this temperature, we calculated that the total ionization cross (7)
section is 100 times larger than the experimental result, in- L
dicating that Penning ionization is the dominant ionization -~

channel. However, theoretical studig suggested that the ¢5_E[|2v1,0>a|2,1,1>b+|2:1,1>a|2,1,0>b])(10, 8
collisional quenching proceeds preferentially via the double
excitation transfer reaction

[12.1.0412,1- 1)p+]2,1,- 1)al2,1, Dp] x11,

1
H(28) + H(28) - H(2p) ¢ H(2p) . ¢6=5[1210.121.9-22.9:/21 0] x00:  (9)
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#7=12,1,0412,1,Dpx1-1, (10 2p, 2p,
2 2
1 T
¢8:E[|27010>a|21111>b+|21111>a|210!0>b])(10: (1D 5
2s, 2p,
1 l . T 7
$9=—7=[12,0,04/2,1,0,—12,1,14/2,0,06] xo0. (12 2p, 2p,
\/E B 2
where ygs is the molecular electronic spin wave function. T 2s, 2s,
The matrix of the electrostatic interaction is a diagonal ma- S e )
trix with nine elements V;(R) equal to the Born- 2p, 2s,
Oppenheimer interaction potentials, wighbeing the inter- l 7 2
nuclear distance. The potentials are complex functionR. of € 2p, 2p
The imaginary parts permit ionization to ocdéi. Degener- T 7

ate perturbation theory must be used to determine the form at _
large R of the real parts of the interaction potenti®ls,V,, FIG. 1. Energy-level diagram for produgt=2 hydrogen

; : . The Lamb shift and fine-structure splittings are
andV, corresponding to mixtures of th | statesg,, ¢p,, ~ °MS: The e .
and ¢,. We find for the nine states €=1.61x10" " a.u. and6=1.67x 10" ° a.u., respectively.

V,=-9/6R 3+ 648R°+0O(R™9), (13 1=V (1,1,0,05,3), (22)
V,=0(R™9), (14) Pr=W(1,1,1,1% 1), (23)

V3=18R"3+0O(R™°), (15) 1
17[}3:_ [\I’(l,l,l,lé,%)_\P(l,l,l,lg,%)], (24)

V,=9/6R3+648R5+0O(R %), (16) V2
Vs=—864R 5+O(R ), (17) Ya=¥(1,1,1,13,3), (25)

_ -6
Vem OR™, 18 w5=%[\P(z,l,l,l%,%>+W<2,1,1,1%,%>], (26)
V,=216R"°+0O(R™9), (19

V8:_9R_3+O(R_6), (20) ¢6:qj(371111]—%7% . (27)

3 s This procedure adds the energy defects along the diagonal of
Ve=9R“+O(R™). 2D the interaction matrixv;; (R) and introduces couplings be-
. tween the eigenstates that are neglected in the nonrelativistic
The poter;tlaJrlSll, V2, V3, andV, correspond to r_noIecuIar_ approximation. A new set of adiabatic potentials is obtained
states of °x, symmetry. They have been obtained previ-p yiagonalizing the matri¥;; (R) as a function oR. Figure
ously by use of the complex scaling methpd. We have  1jjystrates the energy-level structure of pairqsf2 states
extended the calculations to the other five states using a Fesf¢ hydrogen. The Lamb shift and fine-structure defects are
bach projection techlniqL[e]. Tge potentiald/s, VG,_andV7 e=1.61x10"7 a.u.,, and6=1.67x10"° a.u., respectively.
correspond tc’I1,,, *I1,, and Aulstates, respectively, and gjgyre 2 shows the real parts of the new adiabatic potentials.
Vg andVy correspond to’ll, and 11, states, respectively. The gashed curves are the Born-Oppenheimer poteitials
The potentialsVs, Vg, and Vg do not enter the scattering \/, andv,. The lowest solid curve corresponds to a pair of
calculationg[9] and single excitation transfer is expected t02p1/2 atoms. The spin-polarized metastable hydrogen atoms
be inefficient. The results of the complex scaling and FEShé\pproach along the second lowest solid curve. If we set the

bach projection calculations agree closely with theZero of the ener o

) . . gy scale at thep,2p4» limit, then the
asymptotic forms(l3_)—(21) given by the _flrst—order pertur- 25,25 energy lies at 2. The Iong-range1§1,2-251,2 interac-
bation theory, allowing a smooth matching procedure to beﬁion is a van der Waals attraction varying Bs® with an

performed. ionall | Hici ~ 18 14959
The energy-level degeneracy is lifted by the fine—structure(ixg S)p _UP :39{ S5— i)r 9?% 1023 1@'6: L C?:igureSeS shof/svs((san

splitting and the Lamb Sh'ft_'_ln orde_r to mcluc_ie these eﬁeCtSenIargement of the long-range interaction for several values
we transform fromLS to jj coupling anjj Lntrogluce the  of nhuclear orbital angular-momentum quantum number
W(j,Qla.lp.a,)p) representation, wherg=j.+jp, and  The long-range interaction exerts a strong influence on the
Q=m;_+m; , and construct the symmetry adapted basisscattering at energies near to the heights of the centrifugal
functions barriers.
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FIG. 2. Adiabatic potential curvesolid lineg obtained by di-

agonalizingVj;(R) as a function oR. The curves separate asymp- FIG. 4. Cross sections for elastic scatterigglid curve, inelas-
totically into the pairs (B1/22P1/2), (2512:25112), (2P1/22P32), and  tic double excitation transfeflong dashed curye and ionization
(2p3/2,2p32). The dashed curves are the Born-Oppenheimer potentshort dashed curye

tials V4, V,, andV, [see Eqs(13), (14), and(16)].

whereq=1, ...,6,p=1 is the entrance channel, an;!& is
The diabatic scattering formulation with potential cou- the element of the scattering matrix for thé partial wave.
pling matrix V;; (R) obtained in they, representatioi22—  Qur scattering calculations use a multichannel Numerov
(27) was used to compute the cross sections. When thgropagation with a complex interaction potential. The cou-
nuclear symmetry is included along with the electronic sym-pjing matrix V;; was tested by computing the cross sections
metry, the cross sections are given by (28) and (29) Wlth the energy defects set to zero. With zero
energy defects, the simple method of Héfl.can be applied.
The calculations in Ref6] are based on the singlet states of
H,. For the triplet states, the same method yields the elastic,
inelastic, and ionization cross sections 4B0& a.u.,
440E Y2 a.u., and 16?3 a.u., respectively, which are

7T (o]
Tpg= —22 (21+1)[1+(—1)"14S0— 8,42 (28
p

T o identical to those we find here by solving the diabatic scat-
o= 3, 21+ DL+ (-D)] {1 > |0 } y soving
p =
(29 107 T T .
-=-=-- inelastic

° \ \ ——~- ionization ,,"
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transfer(dashed curvg ionization(long dashed curyeand the the-
FIG. 3. Adiabatic potential curves for tHéh partial wave for  oretical (solid curve and experimental4] values of the total loss

the state that separates asymptotically to tvgg,2atoms. The po- rate coefficient. The theoretical values have been thermally aver-
tential well has a strong effect on the dynamics of energies near thaged and multiplied by two in order to account for the loss of two
centrifugal barrier. metastable particles per collision.
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tering equations withe= 6=0. The cross sections obtained experimental error bars. Refinements in the theory are in
when the energy defects are included in the interaction maprogress. The influence of the nonadiabatic radial and
trix are shown in Fig. 4. The oscillation in the elastic crossangular-momentum coupling terms will yield some contribu-
section is a consequence of the long-range attraction of thgon to the quenching from single excitation transfer, and the
adiabatic potential. The potential wells shown in Fig. 3 sup-hyperfine interaction may produce small corrections to the
port shape resonances in the cross section at energies cogxlculated rate coefficients.
parable to the barrier heights. Due to symmetry, the contri-
bution from thel =3 partial wave is missing from Eq28).
The elastic cross section shows a minimum at the position of Helpful conversations with D. Landhuis are gratefully ac-
the missingl =3 resonance and a strong upturn at the posiknowledged. The research has been variously supported by
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—22i)x10°8 cm. Molecular Physics, and Grant No. PHY-0070920 to R.C.F.
Figure 5 shows the loss rate coefficients for scattering ané.D. acknowledges support by the Chemical Sciences, Geo-
ionization, and the theoretical and experimental vald¢®f  sciences and Biosciences Division of the Office of Basic En-
the total loss rate coefficient. The theoretical values havergy Sciences, U.S. Department of Energy. S.J. and P.F. ac-
been thermally averaged and multiplied by 2 in order to acknowledge support by the Swedish Research Council and
count for the loss of two metastable particles per collisionA.S. acknowledges support by the Deutsche Forschungsge-
The theoretical values are within a factor of 2 or 3 of themeinschaftDFG) in the framework of SPP 1116.
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