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Close-coupled calculation of collisions of magnetostatically trapped metastable helium atoms
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A gquantum-mechanical close-coupled calculation for collisions of spin-polarized triplet helium atoms in a
magnetostatic trap is presented in which the Penning and associative ionization processes are represented by a
complex optical potential. The rate coefficients for the spin relaxation and relaxation-induced Penning ioniza-
tion processes for a range of magnetic fields and temperatures, spanning the cold and ultracold temperature
regimes, have been calculated and the sensitivity of these results to uncertainties in the molecular potentials
and autoionization width investigated. The rate constants for both elastic and inelastic processes were found to
be particularly sensitive to the short-ran@ﬁg+ molecular potential and, to a lesser extent, the rate constants
for relaxation-induced Penning ionization displayed sensitivity to the short-range form 6Eg1enolecular
potential and the autoionization widtf§1050-294{©9)07012-2

PACS numbgs): 34.50-s, 32.80.Dz, 32.10.Hq

[. INTRODUCTION the long-range interactions in these systems, and further

The attainment of Bose-Einstein condensafibpand the  studies have been proposed®]. Laser cooling and trapping
cooling and trapping of neutral atonjg] has produced a of neon[20] and krypton[21] metastable atoms have been
growing theoretical and experimental interest in atomic col-<carried out and cold collisions in metastable xefh28] and
lisions in the cold and ultracold temperature domains, parkrypton[23] have been studied experimentally. lonizing col-
ticularly in the presence of external fields. Studies of thesdisions in optical lattices for metastable krypton and argon
atomic collisions are motivated not only by the consequencek?4] and metastable xendi25] have also been experimen-
for the performance of cooling and trapping applications buf@lly investigated. By contrast, there have only been a few
also by the desire to gain a better understanding of the furtheoretical studies of cold collisions for rare-gas metastables

damental nature of cold and ultracold collisions. [3,12,13,26,2F. ]
Inelastic collisions can be an important source of loss pro- Rare-gas metastable atoms offer several attractive features

cesses and limit the achievable density of trapped atomd0r cooling and trapping techniques and for both theoretical

Knowledge of collision dynamics and the ability to manipu- @hd experimental studies of cold collisiof&28|. A major-

late collisions using external fields can be used to minimizdly Of the rare-gas isotopes of interest have less complex

trap loss. There are several unique features of cold and uftructures than the alkali-metal species, due partly to the ab-

tracold collisions that are of interest and require particulaS€nce of hyperfine structure. This greatly simplifies theoret-

consideration: the onset of quantum threshold behavior, thi€al studies by reducing the number of molecular states that

sensitivity of the relative motion of the colliding atoms to the Need to be considered. The long radiative lifetimes of the

molecular potentials, and the modification of collision dy-lowest metastable rare-gas states enable them to be viewed

namics due to forces induced by external fields or the occur@s €ffective ground states, and the existence of convenient

rence of spontaneous emission of excited stE8ks optlcql transitions to o.ther states is |deall for laser-cooling
Although a majority of the theoretical and experimema|techn|que$6,20]..The high excitation energies of metastablg

investigations of cold and ultracold collisions have focused®0ms also provide an experimental advantage by enabling

on alkali-metal systemg4], there is considerable interest in €fficient and accurate detection. _ .

metastable rare gases. Metastable helium has been the sub-The ionization reactions which occur in collisions of rare-

ject of several trapping and cooling experimeis 11, and  93S metastable atoms are also of great interest,

spin-polarized triplet helium Hg23S)1 is a possible can- P

didate for Bose-Einstein condensatifh12,13. There has A* LB A+B +e )

also been a focus on producing an intense, slow, and well- AB*+e,

collimated beam of metastable helium atoftid,15 which

can be used in molecular spectroscopy, atom optics expenwhere the first of these processes is Penning ionizdfdn

ments, and to investigate scattering processes that are ina@Ad the second is associative ionizati@t). These ioniza-

cessible using conventional techniques. Experimental studigfn processes are an important source of loss of trapped

of optical collisions of cold metastable helium atofdl$—  atoms particularly for unpolarized samples. There have

18] are also of great importance as they yield information oronly been a few detailed studies of these processes at sub-
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thermal energief29,30 and there is still much to understand proach also offers the option of applying multichannel quan-
about them. The effects of autoionization processes can gm defect theory to gain further insight into quantum thresh-
included in theoretical collision studies by a complex opticalold behavior{3].

potential[30,31], coupling to an artificial channé¢B2], or a This present investigation considers inelastic processes in-

perfectly absorbing boundary at a particular internuclea©!Ving metastable triplet helium atoms in the presence of a
separatior]12] magnetic field. This system is ideal for the development of a

Helium is a particularly attractive prospect for studying quantum close-coupled approach to cold coliisions in the

fund tal ts of ult Id collisigid and b i presence of an external field as the numerical and computa-
undamental aspects of ultracold Cotls| and because It jiqng| techniques can be validated against existing results
has only one active electron, molecular potentials can b

f12], obtained using a perturbative treatment of the spin-

computed to greater accuracy than is possible for most othjisole interaction. The formalism has been structured with
systems. Despite the fact that there have been several expejiliz aim of extending this theoretical and numerical approach
ments involving cold metastable helium, very few theoreticakg cajculations for collisions of cold metastable helium atoms
collision studies exist. Julienne and M|@ have calculated in the presence Of an Optica| f|e|d A|th0ugh there exist ad_
the threshold rate coefficient for Penning ionization for un-ditional issues to be considered for collisions in laser fields,
polarized metastable triplet helium and Fedicheval. it is believed that the approach developed here deals with
[12,13 have investigated the feasibility of Bose-Einstein some of the theoretical and computational issues related to
condensation in spin-polarized metastable triplet helium gaghe presence of autoionization processes and an external
There has been recent interest in the optical suppression &éld.
collisional effects which has been demonstrated theoretically The primary interest in ultracold collisions in a spin-
and experimentally for metastable xeni@2,27] and experi-  polarized metastable triplet helium gas has arisen from the
mentally for kryptor{23]. However, optical shielding has yet suggestion that it is a possible candidate for Bose-Einstein
to be studied in metastable helium systems. condensation6,12] because the large, positive scattering
A detailed study of cold metastable helium collisions re-'ength calculated for the elastic interaction of two
quires fully quantum-mechanical methods because the onsHi€* (2°S)1 atoms implies stability of the condensate. Spin
of quantum threshold behavior cannot be described semiclagolarization also overcomes the high threshold rate coeffi-
sically [3]. For 3S, helium metastables in a magnetostaticc',em for Penning ionization for unpolar!zed metastable
trap, a time-independent quantum close-coupled formalism i§1P/€t helium, ~which ~has been —estimated to be
an appropriate choice for such a study. Such a formalism i 5.>< 1.0 enr Sec [3], as it red.uc_:es the rate Of. Rgnnmg
also applicable to magneto-optically trapped helium metalon'ZSat'fn by ensuring that the coII|d_|ng atoms are !nm_ally_ln
stables provided certain conditions are satisfied. Fthe 29 moleculqr state_, from which these autoionization
magneto-optically trapped helium metastables, excited processes are spin forbidden, Refererid#19 have pre-

atoms exist and the collision time at these low tem eraturediCteOI the Penning ionization rate to be five orders of mag-
T b Ritude smaller for polarized atoms than for nonpolarized at-
can be longer than the radiative lifetime of the excited state

. : - _ oms. The inelastic collisions in polarized metastable triplet
implying that spontaneous decay of colliding atoms in thq‘%

. ; , elium are mediated by the spin-dipole interaction and can
excited state and recycling of population between the groung, -4 to the loss of atoms from the trap. Spin relaxation can

and excited states may have to be considered. There aggange the spin projection of the quasimolecule so that it is
many different theoretical approaches available for studying,q longer confined by the magnetic field or can result in a

cold collisions in the presence of an optical field. A detailedchange in the molecular state of the colliding atoms from the
comparison of the various methods with some discussion 0525 to 13 state, from which there is a high probability of

the limitations of the different treatments can be found inPenning jonization. The latter process is known as
Refs.[33-35. In the weak-field limit, recycling can be ig- relaxation-induced Penning ionization. Investigation of these
nored and in the case of large laser detunings it has beefvllision processes is important because the achievable den-
shown[36] that spontaneous emission can be neglected. Aity of atoms within the trap is determined by the rates of
quantum-mechanical close-coupled approach is only valighese inelastic collisions and the efficiency of the evaporative
within these limits, when population recycling can be ne-cooling process depends on the elastic collision cross sec-
glected and spontaneous emission is either negligible or sufion.

ficiently small[3]. In the latter case the quantum complex The °%; and 'S, adiabatic molecular potentials re-
potential method can be used to represent the effects @fuired in this close-coupled scattering calculation are those
excited-state decay by a complex potential t¢8#,37—39.  obtained by Stak and Meyer[41] and Muler et al. [30],

The quantum complex potential method has several advariespectively. Since théEg+ potential is claimed to be the
tages over other available approaches. It is a fully quantummore accurate of the two, th’ég+ potential was modified to
mechanical treatment and avoids the ambiguity associateiave the same long-range form as the, potential. The
with the initial velocity of the excited state that arises whenshort-range form given by Mier et al.[30] was maintained

the atomic motion is treated classicall$7]. The quantum for R<12a,, and forR=12a, the 12; potential differed
complex potential method is capable of treating bound-statéom the 52;; potential by an exchange energy term. The
resonance structure which is not practicable with wavesensitivity of the calculations to the uncertainty in these mo-
packet method$39,4Q0 and computationally this approach lecular potentials has been numerically investigated and will
may be much less demanding than fully quantum densitye discussed further when the results of the calculations are
matrix and Monte Carlo wave function methods. This ap-presented.
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This paper is organized as follows. In Sec. Il the close-electronic angular momentuinand its projection onto the
coupled scattering formalism is developed and theoreticadpace-fixed quantization axis, respectively.
issues relating to the occurrence of autoionization processes For the LS coupling scheme appropriate to helium, the
and the presence of the external magnetic field are considotal electronic angular momentujnis the vector sum of the
ered. Following a discussion of the choice of an appropriatgotal orbital angular momentuin and the total spin angular

molecular basis, details of the particular molecular basis senomentumsS. The stategjM ;) are therefore expressible in
lected for this investigation are given and explicit expres-the form

sions provided for the Hamiltonian matrix elements. The

scattering boundary conditions and the calculation of cross _ _

sections and rate constants for the spin relaxation and |JMj>:MZM C(LS;M MM))ILM SMg),  (4)
relaxation-induced Penning ionization processes from non- LS

unitary scattering matrices are discussed. where C(j1j,jz;m;m,ms) is a Clebsch-Gordan coefficient
TheFARM (flexible asymptoticR-matrix) packagdg42] of [43] andM, andM s are the projections df andS, respec-

rou'ttljn%s. uzed thJ“perforrI? the Eumencz;l C"",IICUI";‘“?”S 'Sfdefively, onto theOz axis. In terms of the states of the indi-
scribed in Sec. lll, together with some details of the perior- ;4,51 atoms, the states appearing in E4).are given by
mance of individual routines in the ultracold temperature re-
gime. The results of the numerical calculations and details °|fLM SM)
; . L K e . L S
investigations into the sensitivity of the results to variations

of the molecular potentials and autoionization width are pre-

sented in Sec. IV. Finally, in Sec. V, a summary of the out- :MLEML MSE,\A C(Libl LM M M)

comes of this investigation is given. General expressions for vt TS

Xle var(ij(_)us Hamiltonian matrix elements are evaluated in the XC($;5,S;Ms M Mg)[LiM )[L,M )
ppendix.

X|S M )[S;Ms,), )
Il. CLOSE-COUPLED SCATTERING FORMALISM
where the subscripts 1 and 2 refer to the individual atoms.

The total Hamiltonian describing the collision between  The molecular states which satisfy the above require-
two atoms in the presence of an external magnetic field is ments in the asymptotic limit are

H=T+H,;tHegtHsotHzeet Hsq, (2

[R,IMIM ) =Yy (R)|R,{M ), 6)
whereT is the radial kinetic-energy operator of the two at- h
oms, H, is the kinetic-energy operator of the rotating mol- where
ecule, and the electronic Hamiltonian q=H;+H, IRjM ) ~ [jM ) R
+Hj,, for which H; andH, are the Hamiltonians for the M Rosos Sl

unperturbed atoms and, is the Hamiltonian for the elec-
t|_r|ostat|c mteractlo_n between the two gtorhls__m, H,ee, and IRMIM ) ~ [iM;IM)). @)

sq are the Hamiltonians for the spin-orbit, Zeeman, and R
spin-dipole interactions, respectively.

~ The quantum close-coupling theory involves the expanThe labelR is used to distinguish the molecular state from
sion of the total wave function in terms of a complete set ofthe two-atom state to which it dissociates adiabatically.
molecular basis states and a set of unknown radial functions. |n the absence of an external field, the quantum nuriber
The molecular basis functions must be chosen such that iassociated with the total angular momentum of the system
the asymptotic limiR=|R|—=, whereR is the internuclear J=|+j is a good quantum number and it is convenient to
separation vector, the motion of the two-atom system igjefine the total angular momentum states
properly described.

— 00

A Molecular basis [RIMS)= 2 COIIMMM) Y1 (R)IR.IM),
In the absence of an external field, the two-atom system is ©

described asymptotically by the states whereM ; is the projection of] onto theOz axis. This mo-

. _ N lecular basis is the Hund'’s caé® basis which describes the
[IMjIM ) =Y M, (R)[iM}). @ states of infinitely separated noninteracting atoms colliding
) with relative angular momentumn
The set of spherical harmonioval(R) represents the rela- The state$R,jM ;) may be expressed in terms of molecu-
tive rotational motion of the nuclei. Hetleand M, are, re- lar basis states in the body-fixed frame
spectively, the quantum numbers associated with the relative
rotational angular momenturinand its projection onto the I — jx ‘0.
quantization axisOz in the space-fixed fram@©xyz The IR.M;) % DM_'Q]_(¢,0,O)|R,]Q,>, (10
states|jM ;) describe the electronic state of the two atoms.
The quantum numbeijsandM; are associated with the total where
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' ' for all internuclear separationB, the matrix elements of
|Rvaj>:Q§(:) C(LSj;0.0s0)|R,LO;SQg) (11)  these two Hamiltonian terms are
LS

R,JMyj'l"(T+H R,JM;jl
and ), Qs, andQ; denote the projection df, S, and] { il o Al

onto the internuclear axi©Z in the body-fixed frame — %2 (2 #21(1+1)
OXY Z Use of Eq(10) in Eq. (9) enables the states given in =55 a52RT —=——=19%.00m,M,0j 0" -
: 2uR dR 2 uR? RN
Eq. (9) to be expressed in the form M
1/2 (13
[RIMGI=| —— %: C(jl3;92;0Q) The matrix elements of the electronic Hamiltonian can be
! expressed in terms of the adiabatic molecular potentials
XD¥ o (6,6,0|R,jQ;). (12) 25"V, (R) for the quasimolecular states formed during the
I collision of two atoms, defined by
The total angular momentum basis is ideal for dealing THo4
with collisions in the absence of an external field as the total (Hi+Hz+Hi[RLO, SO
Hamiltonian is then diagonal id and independent ofl ;, =[E*+>"V,(R)]IRLO SQ), (19

thus yielding a set of close-coupled equations which only

have to be solved for each value bfin the presence of an WhereE™ is the total internal energy of the asymptotically
external magnetic or optical field, the total angular momeniree atoms and\ =X IL,A, ... for|Q|=0,1,2... . Us-
tum J is no longer conserved and states witandJ’'=J,J  ing Eq. (14) and the fact that all the H¢2 3S)-He* (2 °%S)
+1 are coupled together. The total angular momentum state@asimolecular states a® states, the electronic Hamil-
|IR,JMjl) therefore do not form an adequate molecular batonian matrix elements are given by

sis in that the total Hamiltonian is not asymptotically diago- , o )

nal in this basis and an infinite set of coupled equations (RI'Myj "3 [He|R,IM,j1J)

results. Whereas for the magnetostatic trapping case the Zee- =[E*+25" Wy (R)]8).5:u. ., S5 810

man interaction and hence the total Hamiltonian can be made 3

asymptotically diagonal by using the uncoupled basis (15
|jMJ-IM 1) rather than the total angular momentum basis, for )

the magneto-optical trapping case there is no basis in whichere nowj =S. _ o

the total Hamiltonian is exactly asymptotically diagonal. In  AlsO, since all quasimolecular states &restates in this
many studies it is assumed that the external laser field i§vestigation, the matrix elements for the spin-orbit interac-
weak, thus allowing the manifold of coupled states to bellon
reduced to just those involvingandJ = 1. However, in gen- _ 3 5 o
eral, the determination of the number of coupled states and Hso=a(R)L-S=za(R)[j"~L"= 5] (16
the asymptotically diagonal basis for the magneto-opticalij| pe zero.

case must be done numerically. For this reason this proce- the gpin-dipole interaction arises from the interaction of

dure has been implemented for the present studies of Magse gnin magnetic dipole moments of two electrons and is
netostatic trapping as the formalism and computational ted‘gliven by[44]

niques developed can be tested against results obtained using

the uncoupledejIM|> basis and against existing calcula- o (geup)? 1

tions using a perturbative treatment of the spin-dipole inter—Hsd=4— 2 5 —5[(5(1).8(2))R2—3(s<1). R)(S?.R)],
action. In order to obtain the appropriate basis states, con- T h R

structed from the total angular momentum states defined 17
above, the matrix elements of the various components of thﬁ/heres(
total Hamiltonian(2) need to be considered first.

) (i=1,2) are the spin operators for the two elec-

trons andy, is the electron spin gyromagnetic ratio. Only the

spin-dipole interaction is nondiagonal jn coupling states
B. Matrix elements of the Hamiltonian components with j=0 andj=2, and as the present investigation is of

Explicit evaluations of matrix elements of the various loss rates from the spin-polariz€® ; state, thg =1 states
terms in the total Hamiltonian are obtained using the expresteed not be included in the close-coupled calculation. After
sions for the channel states given in either E9). or Eq.  detailed manipulation of angular momenta coupling rela-
(12). The expressions for the matrix elements that follow areiions, the matrix elements of the spin-dipole interaction can
for the specific case of collisions between metastable triplelbe expressed in the form
helium atoms. More general expressions are provided in the i )

Appendix. (RI'Myj'l"[HeR)|R,IMyjl)

The radial kinetic-energy operator appearing in Ez). o (Getp)?
has the formT=—#%2/(2uR) X d®/dR?R and the rotational = 0 =0
Hamiltonian is given byH,,=12/(2uR?), where u is the am R
reduced mass of the collision system. Within the Born- (18)
Oppenheimer approximation and the pure precession ap-
proximation, which assumeso be a good quantum number where

CSd(J !j ,)DSd(J!j ,j/,l,l ,)5J,J’5MJ,MJM
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cs0,0=0, C%90,2=C%2,0=1/10, Hamiltonian matrix is asymptotically diagonal. For the total
angular momentum staté€42), there exist off-diagonal ma-
Cs92,2) = — /70, trix elements of the Zeeman interaction Hamiltonian, and
since the Zeeman interaction does not have a dependence on
and the radial separation, these off-diagonal matrix elements will
not vanish asymptotically. A new molecular basis, for which
D34J,j,j". LI =[171"2c21";:0000W(Jj'12;"j), matrix elements of the Zeeman interaction Hamiltonian are

(19 diagonal, must therefore be defined.
) o A new molecular basis is defined for a given set of as-
[a]=2a+ 1, andW(abcdef) is a Racah coefficiedé3]. ymptotically conserved quantum numbeds ,j,!:

The Hamiltonian for the Zeeman interaction has the form
I+]

Hzee= (Jspp/f)B- S=(gsup/h)BS,, (20 IR, M,jl a>=JEI ~AMIR M1, (23)
=I=]

whereB is the magnetic field and it has been assumed that gl _ _ o _
the magnetic field is directed along the space-fizeakis. whereA is obtained by diagonalizing the asymptotic
The matrix elements for the Zeeman interaction can be wntHamlItonlan and ¥ a=<2j+1. The spin-dipole interaction,
ten as which couples together states of differ¢aindl between the

sets of states defined in E¢R3), is generally small and
(RI'Myj"l"[Hzed RIM,jI) therefore the infinite set of coupled equations is truncated by

B Zee i\ 76 , . . neglecting coupling to sets of states withalues outside a

=0gsugBCT)DI, I My j.D) Sy my, 85O specified range. For this investigation, the exclusion of sets
(21)  of states other than those with=1,1=2 provided sufficient

accuracy and resulted in a maximum of 18 coupled equations

where to be solved. The error associated with the truncation process
is numerically determined by repeating select calculations
C%90)=0, C%92)=-.10 with sets of states with’ =1=4 also included.
As commented upon earlier, it is recognized that in the
and uncoupled basis, for which the molecular states are

|i,M;,l1,M)), the Zeeman interaction is asymptotically diag-

Zel ’ H
D3,3",My.j.1) onal and in fact the numerical transformation of the basis

() I =My Y D1 could have been avoided. However, use of the total angular
-1 (LI DY W12 momentum basis for the present study did not impose any
XC(JJ 1;M;y,—M;,0). (22 significant numerical overheads and the strategy adopted to

deal with the infinite set of coupled equations, several as-

pects of which will be appropriate for a subsequent study of

collisions in the presence of an external light field, could be
Having considered the matrix elements of the variousvalidated against results obtained using the uncoupled basis.

components of the total Hamiltonian, an appropriate set of

molecular basis states may now be constructed. For the spe- D. Close-coupled scattering equations

cific case of collisions between metastable triplet helium at- . L

oms, the explicit expressions for the matrix elements of the 1h€ expansion of the total wave function in terms of the

radial kinetic energy, rotational, and electronic Hamiltoniansmolecular ba5|s given in Ed23) and the unknown radial

given by Eqgs(13) and(15), show that these matrix elements fUﬂC“O”SF «jn,(E;R) takes on the form

are diagonal in all quantum numbers associated with the 7

states|R,JM;jl). For all components of the total Hamil- 1

tonian, including the spin-dipole and Zeeman mteractlonsl‘l’ 0 (ER N=>> > R M],,a (E,R)|R,M,jl @),

for which the matrix elements are given by E¢$8) and b est (24)

(21), respectively, the quantum numbér; is conserved. In

the presence of an external field, the total angular momentuhereE is the total energy of the system. The close-coupled

J is no longer conserved. From Ed&1) and(22), it can be  scattering equations are generated by substituting the total

seen that for an external magnetic field the Zeeman interagvave function(24) into the time-independent Scliager

tion couples states which are characterized by the and  equation and forming the inner product with the individual

C. Transformed molecular basis

2j+1

| quantum numbers but may have differeht whereJ’  pasis state$23), that is,

=J,J*=1. Since the spin-dipole interaction couples states

which have the sam&but may have differentandl, where (R,M,j"1"a"|(H— E)|\If e ,(E,R))=0. (25
j"=j,j*=2 andl’=1,1=2, an infinite set of coupled differ-

ential equations will result. Truncation of the infinite set of Substitution of Eqs(23) and(24) into Eq.(25) and using the
molecular basis states will therefore be required and the corexplicit evaluationg13), (15), (18), and(21) for the Hamil-
tribution of the excluded states must be estimated to detetonian matrix elements, thHd coupled second-order differen-
mine the error associated with the truncation. It is also nectial scattering equations, for metastable triplet helium atoms
essary to select a molecular basis for which the totaln the presence of a magnetic field, are given by
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d2 1"(1"+1) 2 E. Scattering matrices, cross sections, and rate constants
T sy (R4 K2 : . : :
dr? R2 ﬁz Myj"1" o The scattering matrix is determined from the asymptotic
form of the matrix of radial functiond=(E,R), which is
XF IIlH II Il! !(E R) glven by
2,u 2j+1 F(E,R) ~ J+NK, (30
M R— o
=72 3 2 Vi RF e (ER)
(26) whereJ andN are real diagonal matrices with elements
i 3 =ki"Rj (kR) 5,
where
—k"Rn (kR) 8, (3D)
2 2u " .
K Mile™ 52 — [E-E"=VZqM,,j.lLa)], (27) andj,i(kiR) and n,i(kiR) are regular and irregular spherical
Bessel functions. The reactance matixwill be complex as
. _ Jeer - a result ofF(E,R) being complex.
VM jl @) = gsusBC=Kj) The required scattering matriis obtained from the re-
L4 1+ actance matriX by
J J I Mjl
X AN AT _ _
EJ J,_El ] al S=(1+iK)(1—iK) ™%, (32
Z .
XD3,3", My, j. 1), (28 wherel is theNX N identity matrix.
The scattering cross section for the transition from state
9y “o (gsMB . i to s, wherey={j,Mj}, is given by
Vj'l’a';jla(R)_4,Tr C4j.j
ey o(E;yi— )= kleEn " ITEB—BI% (33
il '
2,2 A AL
! where={j,M;,I,M}, T(E;B;— B;) are the transition ma-
XDSd(J,],j A7) 65 5, (29 trix elements and the transition matrik is related to the
scattering matribXS via T=1—S. For the present investiga-
and DSYJ,j,j".1.1") and DZ°%J,3’,M,.j.) are given by tion, My =M, and therefore the summation Ovér; is re-

Egs. (19 and (22), respectively. In Eq(26), the N linearly ~ Stricted by the conditioM, +M; =M +M;,

independent solutions are labeled by the singly primed quan- The calculation of the collision cross section for the

tities. relaxation-induced Penning ionization process requires the
For the collisions of metastable triplet helium atoms, Penprobability of the transition from th¢=2, M;=2 initial

ning ionization occurs at small radial separations from thestate to all possible ionization channels. In the present calcu-

12+ quasimolecule state. The loss of flux due to Pennindations, the loss of flux due to Penning ionization has been

ionization is represented in this investigation by a complexepresented by a complex potential which is assumed equiva-

optical potential30], replacing the'Vs(R) potential in the lent to coupling in the ionization channels. Thus the scatter-

electronic Hamiltonian matrix15) by the complex potential g matrix element for Penning ionization from the initial

V5 (R)—iT'(R)/2, where!Vs (R) is the usual adiabatic mo- Sstate can be ol_atained from the calculated, nonunitaryN

lecular potential for the'S; quasimolecule state add(R) ~ Scattering matrix:

is the total autoionization W|dth for the I§|(312 ) entrance

channel. As a result of the complex |nteract|on potential, the Sk p. [2=1— 2 ek (34)
scattering equation&6) and the solution matriceB(E,R) P rr-in
are complex.

The collisions under investigation involve identical atomswherel; is the initial scattering channel.
and therefore symmetrization requirements must be consid- The rate coefficient for the transition— vy; is given by
ered. Following Mieg45], symmetrized channel states were
used in these calculations and hence properly symmetrized K(T,yi— vi) ={a(E,y;— v;) Vi), (35
scattering matrices and cross sections were calculated. This
particular collision system involves identical nuclei of zerowherev;=7% k;/u=(2E/u)Y? and the angular brackets in
spin and the symmetrization of the channel states has thgq. (35) denote an average over the distribution of the rela-
consequences that only gerade states of the molecule atige velocities of the colliding atoms. For very low tempera-
even partial wave values contribute to the scattering procestures where quantum threshold behavior becomes applicable,
No significant alteration is therefore required of the theorythis averaging over relative velocities is no longer required
developed above. and the rate coefficient expressions can be simplified to give
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o(E,Yi—v) Vi, YiF ¥

K(T,yi—y) ~ | [8E\"?
1—o| | —=| o(E,vi—=¥), ¥i=7r

7%y
(36)

10-13 L

In Sec. IV, rate constants for elastic scattering and for the
loss of atoms as a result of inelastic processes will be re-
ported. For identical atoms, this involves a factor of 2 times
the rate constants given in Eq85) and(36) since two at-
oms are lost per collision event. 10718 ¢

10714 L

Rate constant (cm3/s)

IIl. NUMERICAL CALCULATIONS 105 105 104 10° 102 107 10° 1o

A modified version of theFARM package[42] was em- B (T)
ployed to solve the coupled second-order linear differential
equationg26) and to obtain the required transition matrices. FIG. 1. Spin-relaxation rate constants as a functiof8dbr a
The FARM package incorporates a combination7fmatrix ~ range of temperaturesAj T=1 nK, (B) T=1 mK, (C) T=5
propagation techniques, whef@=F(dF/dR) !, to inte- MK, (D) T=10mK, (E) T=50 mK, and §) T=100 mK.
grate the coupled Schiinger equations, and matching of the
solution to an asymptotic wave function, which is deter- At the higher collision energies and for the lower range of
mined by an accelerated Gailitis expansion. The acceleratecalues of magnetic field considered in this investigation,
Gailitis expansion is used to minimize the radial distance amany partial wavegas many as 20vere found to contribute
which the matching procedure can be undertaken and hende the collision cross section. Accelerated convergence tech-
reduce the range over which the scattering equations must béques were applied to slowly converging summations over
integrated. initial partial wave values; appearing in Eq(33) to avoid

Significant modification of the origina@arRM package was computation of transition matrix elements for higher partial
required to incorporate a complex interaction potential. Thevave values. The two methods chosen, the Levin
solutions of the coupled equations are now complex andi-transform and the algorithm[46], are particularly suited
therefore propagation of a compléR matrix is required. to monotone series and in a detailed comparison made by
The FARM package was also modified to enable the transforSmith and Ford46] were rated as two of the three overall
mation of the molecular basis during the calculation and tdoest accelerated convergence methods.
allow direct integration of the coupled equations out to the The chosen truncated molecular basis and the routines in
asymptotic region where the solutions could be matched tthe FARM package enabled at least four significant figures of
the free-field solutions, as an alternative to the use of th@ccuracy to be maintained in the propagation of Ehena-
accelerated Gailitis expansion routines. Due to the presendex. However, near cancellation of terms in the matching of
of terms involving inverse powers éfand the energy sepa- the solutions to the asymptotic form at lower temperatures
ration between scattering channels in the recursion relation®duced the accuracy obtained for the scattering matrices to
for the Gailitis expansion coefficients, a breakdown in theapproximately three significant figures. This loss of accuracy
performance of the Gailitis routines was found for calcula-could not be attributed to the use of the Gailitis routines and
tions at very low scattering energies and for small energyas shown to also occur when tfiematrix was propagated
separations between scattering channels. to larger separations and matched to the free-field solutions.

The performance of thearm package was favorable for The results reported in the following section were therefore
the calculations undertaken. A large range of temperaturegccurate to better than 1% for all temperatures and magnetic
was considered in this investigation and for the higher temfields considered.
peratures, where the distribution of the relative velocities of
the colliding atoms was considered important, and solutions
to the close-coupled equations were required for a large
number of energies. THR-matrix propagation routines have In this section the results of the close-coupled calculations
the advantage that the most computationally demanding partsill be presented and compared with the only other existing
of these methods, namely the diagonalization of the totatesults for magnetostatically trapped metastable helium at-
Hamiltonian or interaction Hamiltonian matrices, are energyoms[12,13. The sensitivity of the calculated collision rate
independent. As well as being computationally efficient,constants to the input molecular potentials and autoionization
R-matrix propagation techniques provide high numericalwidth will be assessed. This is essential because extraordi-
stability for the integration of coupled equations describingnary accuracy is required of molecular potentials for ultra-
atomic collision processes. With the exception of those casesold collision calculations, exceeding that of available mo-
where a breakdown in the performance of the Gailitis roudecular potentials, and no full theoretical treatments of the
tines was expected because of the relative size of the terms autoionization processes exist.
the recursion relations, the Gailitis routines were found to The calculation by Fedichegt al. [12,13 is based on a
work well, enabling scattering boundary conditions to be im-first-order perturbative treatment of the spin-dipole term and
posed at smaller radial separations than would normally be equivalent to a distorted Born wave treatment. Although
required for the low temperatures under investigation. one would like to make a detailed comparison between this

IV. RESULTS AND DISCUSSION
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FIG. 2. Relaxation-induced Penning ionization rate constants as
a function of B for a range of temperaturesA] T=1 nK, FIG. 3. Relaxation-induced Penning ionization rate constants as
(B) T=1 mK, (C) T=5 mK, (D) T=10 mK, (E) T=50 mK, a function of B at T=1 nK for various autoionization widths:
and F) T=100 mK. (A) T(R), (B) T'gus(R), and C) T'yp(R).

approach and the quantum close-coupled method, the senéation width, some of the calculations for a range of mag-
tivity of the results to both the molecular potentials and thenetic fields and temperatures were repeated using the auto-
representation of the flux loss due to Penning ionization, anébnization widthl'gys(R) =0.3 exp(-R/1.086) suggested by
the absence of any experimental data, would not enabl&arrisonet al.[47], which exhibits a steeper exponential be-
many valuable conclusions to be drawn. However, it is behavior and does not dampen at small internuclear separations
lieved that observation of the differences between the resultéke that of Muler et al. [30]. Spin-relaxation transitions
obtained using these two different approaches is worthwhilewhich remain in the52g quasimolecular state are generally
particularly in the cases where loss rates differ significantlydominant over those which relax to th& ; state and there-
from those predicted previously. fore the sum of the rate constants for the SR processes did
The rate constants for the spin relaxatigBR) and not alter significantly with variation of the autoionization
relaxation-induced Penning ionizatiéRIPI) processes as a width, which is coupled directly to thés; state. ForT
function of magnetic field and for a range of temperatures ares10 mK andB<15 mT, the rate constants for RIPI were
shown, respectively, in Fig. 1 and Fig. 2 and exhibit the samgound to be~16% greater usind gus(R). Results forT
general features as the corresponding figures given by 1 nK are shown in Fig. 3, together with results obtained
Fedichevet al.[12]. However, there are some differences in ysing an autoionization widtl'(R) constructed to simu-
rate'fontSt?”élailées 1f_(zf1 tge |1n0<3l4as_[§;c D:jo_lgisfgs- Izhe S'? raffe unit probability of Penning ionization within some inter-
constants foB=10 m = andT=<10 mK are a ; o
least a factor of 1.5 smaller than those reported by Fedicher\}UCk_:‘ar separatioR=R:

et al, and the minimum shown in Fig. 1 &~=2.5 mT was Ieus(R) +(R—R)%e °R for R<R
found by Fedichewet al. to occur at a lower magnetic field roR)={ - 37)
value than that reported here. Although the origin of these I'cusg(R) for R>R.

differences is not specifically known, it will be shown later

that a small variation of théEé’ molecular potential can The results are insensitive to variationRfandc within the

produce these types of differences. The RIPI rate constantanges 6sR<7 a, and 0.5sc<1, supporting the assump-
reported by Fedicheet al, for all temperatures and mag- tion that the form given in Eq(37) does actually simulate
netic fields, are a factor of 1.5-2 larger than shown in Fig. 2total loss of flux within a particular internuclear separation.
This is expected because the autoionization width used as thithe RIPI rate constants calculated uslhg(R) are as much
imaginary part of the complex potential represents less losas 30% greater than those obtained udig®) but still ap-
of flux due to Penning ionization than the perfectly absorbingproximately 20% smaller than those reported by Fedichev
boundary used by Fedicheat al. The elastic rate constants, et al.
which were found to not vary with magnetic field, are tabu-  The analytical form of the’S.; potential given by Stak
lated in Table | for a range of temperatures and are in closand Meye{41] was used for the quantum close-coupled cal-
agreement with those calculated by Fedicle¢al. culations. More accurate dispersion coefficieids§] than
To investigate the sensitivity of the results to the autoionthose used in this analytical expressia@®] are now avail-
able and were used to assess the influence of the long-range
TABLE I. Elastic scattering rate constants (tsn?) for a range potential on the results. The short-range Sin(jkég(R) and
of temperatures. quintet °Vs(R) potentials forR<20a, were left unaltered
and smoothly connected onto the long-rangeCsR™°
—CgR 8-C,(R 1%form of Yan and Babtj48], and it was
56x10°12 1.8x10°1° 35x10°° 24x10°° 1.0x10°8 found that the rate constants altered by less than 0.5%. Since
the short—range'azg+ potential is estimated to be accurate to

T=1nK T=1 puK T=1mK T=10mK T=100 mK
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TABLE Il. Elastic scattering rate constants (¢s1') at T=1
1012 nK for several variations of the short-rang¥y(R) potential.
= No variation 1% 05%  —0.5% —-1%
£ 10-13 L
g 5.6x10712 4.4x1071 1.2x107' 35x10712 2.4x107%2
©
B
C 10-14 . . . .
§ tic process at all temperatures considered, variation of the
5 short-range quintet potential within 1% for<1 mK yielded
1071 either increases in the SR rate constants by a factor greater
than 2.5, and as large as 10 fbs1 uK, or a decrease by
10716 approximately a factor of 2. At higher temperaturds=(1

mK), the variation of the rate constants for SR is likely to be,
at most, a factor of 1.6. Relaxation-induced Penning ioniza-
tion is the dominant inelastic process 10 mT andT

FIG. 4. Spin-relaxation rate constants as a functioBait T = 7.5 mK. Within the accuracy of the potentials, the RIPI
=1 nK for (A) no variation, 8) +1%, (C) —1%, (D) +0.5%, rate constants could be a factor of 9 larger or a factor of at
and E) —0.5% variation of the short-rang®d/s(R) potential. least 2.6 smaller fof<1 uK. For 1 uK=T=7.5 mK, an

increase in the RIPI rate constant values by a factor of ap-

within 1% [41], the short-range singlet and quintet potentialsproximately 2.5 and a decrease by a factor of 1.25 could also
were varied forR<14a, within this 1% accuracy and be possible. FOB=10 mT andT=7.5 mK, SR once again
smoothly connected onto the unaltered long-range form. lgoverns the total loss rates with possible variation on the
has been showfb0] that within the +1% variation of the values shown in Fig. 1 by a factor of 1.5-2.
potentials, the number of bound states does not change. The The response of the elastic rate constant§-atl nK to
results forT<=1 mK were most affected. The SR and RIPI modifications of the short-rang§§ molecular potential is
rate constants folf=1 nK, shown in Fig. 4 and Fig. 5, shown in Table Il. An increase by at least a factor of 7.5 or
respectively, vary significantly with the different modifica- a decrease by at least a factor of 2 in the elastic rate constants
tions to the molecular potentials. The SR rate constants diggiven in Table | could be possible far<1 wK and, for
played little sensitivity to the short-range form of tﬁég 1 uK=T=1 mK, there could be approximately a factor of
potential and from Fig. 5 it can be seen that, although the? difference. For higher temperaturdsz 1 mK, the reported
rate constants for RIPI showed some sensitivity, the resultglastic rate constants are predicted to alter by less than 10%
are much more dependent on the short-raflj¢ potential. ~ within the accuracy of the molecular potentials.

Study of the sensitivity of the potentials far>1 wK The ratios of the elastic to inelastic ratesTat 1 nK are
was limited to a select number of magnetic fields and temdisplayed in Fig. 6 and, although small variations of the mo-
peratures across the total range under investigation becaukgular potentials can produce large changes in the rate con-
of the computational effort required in redoing a full set of stants, it can be seen from Fig. 6 that the ratio of the elastic
calculations. From these, the following estimates have beet® inelastic rates is much less sensitive. The sensitivity of the
made for the possible range of variation of the rate constantte constants to variation of tﬁ-’ég molecular potential by
within the accuracy of the potentials. For the range of maga multiplicative factor of 1.01 was considered by Fedichev
netic fieldsB=10 mT, for which SR is the dominant inelas- et al.[12,13, who found similar effects.
Fedichev et al. [12,13,5] discuss the importance of

three-body recombination to a weakly bousitevel for ul-
10-13 L
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FIG. 5. Relaxation-induced Penning ionization rate constants as B (T)

a function of B at T=1 nK for (A) no variation,(B) +1%, (C)

—-1%, (D) +0.5%, (E) —0.5% variation of the short-range FIG. 6. Ratio of elastic to inelastic rates as a functiorBodt
5Vs(R) potential, andF) +1%, and G) —1% variation of the ~T=1 nK for (A) no variation,(B) +1%, (C) —1%, (D) +0.5%,
short range!Vs (R) potential. and E) —0.5% variation of the short rang®/x(R) potential.
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tralow temperature3 <e¢,, wheree, is the binding energy, some results for the inelastic processes were found to be at
and conclude that two-body inelastic processes dominate fdeast a factor of 1.5 smaller than those reported previously.
gas densities<10" cm 3. The three-body recombination The results were found to be sensitive to the short-range
rate varies strongly with the scattering lengttas a* [51], molecular potentials and the autoionization width, but as
and since small variations of th%Zg potential within the concluded by Fedicheet al.[12,13, the ratio of the elastic
claimed 1% accuracy can significantly vary both the scatterto inelastic rates was found to be relatively insensitive to
ing length[50] and the loss rates for two-body inelastic pro- variation of the525 potential, upon which the results were
cesses, it is possible that the restrictions on gas densitynost dependent. To obtain more reliable theoretical results,
which eliminate three-body recombination as the dominatingnolecular potentials are required to a greater accuracy and
process, could be more stringent than predicted by Fedichewore detailed theoretical studies of the autoionization pro-
etal.[12,13. cesses are necessary.

V. SUMMARY
APPENDIX: MATRIX ELEMENTS

A close-coupled calculation has been undertaken to pro- OF THE HAMILTONIAN COMPONENTS

duce rate constants for elastic scattering and the spin-

relaxation and relaxation-induced Penning ionization pro- Explicit evaluations of matrix elements of the various
cesses for a range of temperatures and magnetic fields. THigrms in the total Hamiltonian are obtained using the expres-
investigation has been motivated, in part, by the desire tsions for the channel states given in either E®). or Eq.
extend this calculational strategy to a study of collisions of(12).

metastable helium atoms in the presence of an optical field. Using the expansion of the molecular states given by Egs.
The calculated rate constants exhibit the same general behail-1) and (12), and the relatior(14), the matrix elements of
ior as results produced by Fedichetval.[12,13. However, the electronic Hamiltonian are

1’ 1/2
(RIMy 1| HR M1 = T D

> C(jl3;0,0Q)C(j'1'3";9,,0Q;)

Qi Q0

177

% [ d0RD, 0,(4.0.0D%, 0 (6.00(RI O, |(Hy+Hz+ i R0))

([rrn*e . . . .
= T]] (21] C(jl3;9,00))C(j'l ’J;QjOQj)QLEQS C(LSj;Q.0:0))C(LS];Q,0:0))

X[E™+ 2S* VA (R) 183,36, w0 (A1)

where[a]=2a+1.

The matrix elements of the spin-dipole interaction, given by(E@).,, between the quasimolecular spin states can be written,
after detailed manipulation of angular momenta coupling relations, as

2
(S' Mg|HJSMg) = f—i % 2 J6m{SD(SM+1)SD(SD+ 1)[ SV SIS V2R (SD, 528 )
X (=M ~MsC(S28';Ms,Mg —Ms,Mg) Yo mg (R), (A2)
where
F(SM,8@:s58)=> [fIW(SVsD21;1f)W(fSDS@S2): 15 )W(SSDS f;52)2). (A3)
f

Using the expansions of the channel states given in @ysnd(9), the matrix elements for the spin-dipole interaction are
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2
(RI'Myj "1 [HedRIMl )= %@{sﬂksﬂw 1)SA(S@+1)[ VISP S|} (S, 5P;s,5)

1/2
|
X([I—]]) C(IZI,,OOO) 2 C(le;Mj,MJ_M]',MJ)C(j’l’J,;MJ‘I,MJr—Mj/,MJ/)
! MM/
X > (—1)Ms MsC(LS;;M;—Mg,MM[)C(LS'|";M; —Mg ,Mg/M;/)
MgMg
XC(S28";Mg,Mg —Mg,Mg)C(121";M;—M;,Ms—Mg ,My —Mj,), (A4)

whereF(SM,5(2):S,9") is given by Eq.(A3).

The Hamiltonian for the Zeeman interaction is given by &) and using the expressid8) for the channel states and the
expansion4), together with the orthonormality relation of the spherical harmof2$ the matrix elements for the Zeeman
interaction become

<R,J'Myj’I’|H2e4R,JMJJI>=gsMBB<—1)“"’“*’@]“? [g]¥AW(3jJ"j";1g)C(Igd' ;M ,0M )

X2 (~1MIC(jj'g; =M;M;,0)
i

XME C(LSj;Mj—MS,MS,Mj)C(LSj’;Mj—MS,MS,MJ)MS(‘FMJ,MJ,&,,, . (A5)
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