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Inelastic decay processes in a gas of spin-polarized triplet helium
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We calculate the rates of elastic and inelastic collisions in a gas of spin-polarized triplet héen|{ in
a wide range of temperatures<€<0 < 0.5 K) and magnetic fields (€B<100 kG, which includes all values
of T andB relevant for trappedHe* 1. At densitiesn=10%% cm™3, where three-body recombination is not
important, the main inelastic processes are spin relaxation and relaxation-induced ionization, both induced by
the spin-dipole interaction in pair collisions. For ultralow temperatiresl0 mK and low magnetic fields
B=100 G, the leading decay channel is relaxation-induced ionization. If &itbeB is higher, the gas decays
through spin relaxation. The ratio of elastic to inelastic rate is found to be large even in the nanokelvin regime,
which is promising for evaporative cooling He* 1.

PACS numbds): 34.50—s, 67.65+z

I. INTRODUCTION unpolarized gas. The leading mechanism of the pro@gss
relaxation-induced ionization—involves virtual spin-
Spin-polarized metastable triplet heliufiie* 1), a gas of  relaxation transitions in the colliding pair of atoms from the
helium atoms in the 2S state with spins aligned, is a prom- initial S=2 quasimolecular stat€X, to the S=0 state
ising system for magnetostatic trapping] and studying 1y © = which autoionizes through the ordinary Penning
Bose-Einstein condensatic(EC) and related mgcr.oscc_)pic me%:hanism. In low magnetic field8&100 G relaxation-
q_uantum phenpmen[&]. Th‘;;;‘ uniquely large rad;atlve life- induced ionization is field independent, with a rate constant
time of an individual He(2 °S) atom, 7o~8x 10" s [3 4] a,;i~10"1* cm?/s, and is the main two-body decay channel
enables active experimental studies of metastable triplet he-f the “He* In higher fieldsa. d q
lium. For in situ diagnostics and manipulation of magneti- of the “He ! gas. n Nigher neldsa,; decreases an
cally trappedHe* | there are a number of convenient optical relaxatlon-l_nduced |(_)n|zat|o_n be_comes_slower than the pro-
transitions. Furthermore, an efficient detection method caff€SS Of SPin relaxation, which is also induced by the spin-
be based on the ionization decay of (R&S) atoms due to dipole interaction in pa_lr cglhsmn; The relaxation rate con-
interatomic collisions or interaction with the walls, an advan-Stant are decreases with increasirgy for B>750 G, but
tage over stable atoms. The growing interest in the gaseo@/en in fieldsB~100 kG it remains larger than the low-field
phase of metastable tr|p|et helium is stimulated by recenvalue of the rate constant of relaxation-induced ionization.
successful experiments on three-dimensional subrecoil coolFhese two-body inelastic processes dominate over three-
ing of He(2S), where temperatures 100 nK have been body recombination for gas densitiass10'* cm™, corre-
reached5]. sponding to BEC at temperatur@ss2 uK. In low fields,
Spin polarization and surface-free confinement are crucialvhich are more promising for achieving BEC, the character-
requirements for the stability of a gas of metastable tripleistic decay time of the gas;~ 1l/an, will be of order sec-
helium. Magnetostatic trapping provides us with both. Spinonds or larger at these densities.
polarization strongly reduces the rate of Penning ionization As noted in[2], the scattering length for the interaction
in pair atomic collisions in the bulk, and surface-free con-petween two*He* | atoms, following from the recently cal-
finement prevents the quenching which would result fromculated interaction potentidl,(R) of the S=2 quasimo-
collisions of He(2S) atoms with the walls. Unpolarized |ecular state’S ; , [9] is positive and large. This ensures the
metastable triplet helium gas is very unstalie7]: the Pen-  stability of a Bose condensate with respect to elastic interac-
ning ionization rate is so fastthe rate constant-10"°  fion between particles. Moreover, the comparatively large
cm?®/s [8]) that it easily dominates over elastic collisions atyglue of a (two orders of magnitude larger than in spin-
low temperatures. In thiully polarized gas the spin conser- polarized atomic hydrogershould provide efficient evapo-
vation rule forbids Penning ionization via the ordinary rative cooling and condensate formatift0,11], both pro-
mechanism in pair collisions, since the total spiof collid-  cesses being determined by the characteristic time of elastic
ing particles in the final state cannot exceed 1, whereas in theollisions, 7.= (novt) ~, whereo=8ma? is the cross sec-
initial stateS= 2. A theoretical analysis of the decay kinetics tion of elastic scattering ang is the thermal velocity.
of “He* | at ultralow temperaturei®] shows that the ioniza-  Various schemes for trapping and cooling metastable trip-
tion process let helium are being pursued. For instance, one can first load
a magneto-optical tragMOT), either from an atomic beam
[7] or by using a cryogenic buffer gas of ground state He
atoms[1], and then switch to magnetostatic trapping by ex-
tinguishing the light. Between the MOT and the trapping
is mainly caused by the spin-dipole interaction and is fivephases, the gas could be optically precooled even to subre-
orders of magnitude slower than Penning ionization in thecoil temperature$5]. Another scheme under active investi-

He'+He(1S)+e
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gation is the loading of a magnetostatic trap directly from arperature behaviory. T, at smallerT. For T=1 mK, in
atomic beam by optical methofis2]. A promising trap load-  any field, the ratio of elastic to inelastic rate constant

direct loading of spin-polarized metastable triplet heliumﬁ but remains large even in the nanokelvin regime.
from a cryogenic discharge into a deep magnetic trap, with'

the “He*1 thermalized, before reaching the surrounding

walls, by diffusion in ground-state He vapor at=0.4 K

[13]. After removing the He vapor much of tH#de* 7, iso- We begin with the process of spin relaxation in pair col-

lated from the walls, remains trapped. Then, evaporative anfisions, induced by the spin-dipole interaction

optical cooling may be used to reach ultralow temperatures

with densities relevant for BEC. The possibilities of cooling N wh . s 5 N -

“He* 1 to the BEC regime are fundamentally determined by Hin= g5 [(S1'S)R"=3(S'R)(S,:R)] 2

the ratio of the elastic collision rate to the rate of inelastic

decay processes. Therefore, the temperature dependence(@[,é2 are the spin operators of the colliding atoms &

these processes is a question of principal importance for fuhe internuclear distangeThis interaction can change not

ture investigations of spin-polarized triplet helium. only the spin projectioM of the quasimolecule, but also the
In this paper we calculate the rates of elastic and ine'aStifota| Spins_ Representing the Spin wave function of the ini-

collisions in “He* 1 gas in a wide range of temperaturestial state of the quasimolecule SE2M=2) as

(0<T<0.5 K) and magnetic fields (€B<100 kG which (Dzzz(p(ll)q;(m, one finds thaﬂim causes transitions to the

includes all values of andB relevant for trappedHe* 1. following final spin statesbgy,:

The character of the temperature dependence of inelastic pro-

II. SPIN RELAXATION

cesses is predetermined by which interparticle distances they ®21=[<I)(11)<I>f)2)+®81)<13(12)]/\/§,

occur and is influenced by the presence of a weakly baund

level, Wlth a bmdmg energyo_of s_everal mllllkeIV|n, in the @20:[¢&1)¢@%+¢gi¢(12)+2(1361)@82)]/\/5, 3)
potential U,(R). Spin relaxation in low fieldsB<100 Q

occurs at large distances and increases Witkither due to Doo=[P VD32 +d NP - d P2/ /3.

increasing density of states for the relative motion of atoms
(for quasielastic relaxation in fields wher@gB<T) or due
to increasing number of partial waves contributing to the . j o )
transition amplitude(in fields B~10 G corresponding to a &t0ms, with spin projections!; andM;, respectively.
dip in e at ultralow temperaturgsSpin relaxation in high . Atoms with opposite or zero spin projection on the direc-
fields (=100 G and relaxation-induced ionization occur at tion of the magnetic field, produced in the re_quanon process,
distances smaller than the characteristic radius of interactiofS¢aPe from the trap. In the case of transitidng— ®y
in the potentialU,(R) and, in fact, are resonantly enhanced (M =0.1), changing only the spin projectidv, 5”‘3 quasl-
at ultralow temperatures by the presence of the weaklynolecule remains in th&=2 electronic state’>; from
bounds level. But already at temperatures above 500the ~ Which the ordinary Penning ionization is impossible. The
rates of these processes decrease with incredsirgjmilar ~ interaction potential in this statel,(R), is characterized by
arguments apply to the rate constant of direct dipole® fairly deep potential well {1500 K [16,9) containing
exchange Penning ionization, introduced[i], which al- ~many bound states, with the highesevel having a binding
ways remains much smaller than,= a,,+a,. The rate €nergye, of several millikelvin. For this potential the char-
constants of spin relaxation and relaxation-induced ioniza@cteristic radius of interactioR,, (the range of action of the
tion caused by the spin-orbit interaction in pair collisions arefield) ~can  be estimated from the  condition
also much smaller tham;,. Our calculations show that at |U2(Re)|=#%mRE, which givesR.~70a, (in the Van der
temperature§ >10 mK in all fields investigated the decay Waals tail of the potentialand the characteristic energy
of the *He* 1 gas is determined by spin relaxation, with a Ee=|U2(Re)|~10 mK. Accordingly, collision energies
rate constant in the range 15— 104 cm®/s. For lowerT ~ E;<E. should correspond to thewave scattering limit in
the situation is similar to that in the zero temperature limit: inelastic collisions betweefiHe* | atoms.
fields B<100 G the leading decay channel is relaxation- The transitionsb,,—®, lead to the formation of a qua-
induced ionization, with the rate constant;~10 '  simolecule in theS=0 electronic state'S; , which is au-
cm®/s, and in higher fields the decay is governed by spirtoionizing via the ordinary Penning mechanism and is char-
relaxation, a, being maximum ¢5x10 ** cm®s) at  acterized by the interaction potentidh(R) having an even
B~1 kG. deeper well (-8000 K [16]) than U,(R). As the Penning
The presence of a weakly boursdevel in the potential ionization occurs with probability close to unity at interpar-
U,(R) also leads to a resonance enhancement of the elastiicle distanceR=7a, (a, is the Bohr radius[16], and the
cross sectionr at ultralow energies. At collision energies spin-dipole transitions occur at larg&, we use a simple
E>500 uK, i.e., energies comparable with the binding en-model for finding the wave function of the relative motion of
ergy of this level and largery acquires an energy depen- atoms in thelEg+ state: we put a perfectly absorbing bound-
dence and decreases with increaskigas one may expect ary at a distanc&y=7a, and consider the potential to be
from the theory of elastic scattering of slow particlege, purely elastic and equal td4(R) at largerR.
e.g.,[15]). Accordingly, the elastic rate constamg= ov is The spin-dipole interaction is much weaker than the elas-
characterized by a maximum at=2 mK, with the low tem-  tic interaction between particles and, hence, the relaxation

Here@ﬁi and@ﬁ; are the spin states of the colliding spin-1
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transition rates can be calculated within first-order perturba-
tion theory. The scattered wave of atoms for each spin state
(3) can be written as

m 1018 L
\I’SM(R)zﬁf Gs(R,R)Hsu(R)W(R)AR".  (4) F

Here¥,,(R) is the wave function of the relative motion of
atoms in the initial state, with energy; =ﬁ2ki2/m;
G4(R,R’) is the Green function of the Schiimger equation
for the relative motion in the final-state potentiaf(R) with
energyE;=E;+ Ey,, where

1014 |

1015 |

Rate constant for spin relaxation (cm3/s)
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is the change of the Zeeman energy in the transition. The

guantity B(@)
2,2
Hoy(R) = 384mAsw 12"“BY (6,0) 6) FIG. 1. Rate constant for spin relaxatioa,§) as a function of
SM 5 R3 "22-Mi Y B for several values of (0, 1, 10, 100, and 500 mK

is the transition matrix element over the spin variables for _ N o ;
the operator2), with anglesé, ¢ specifying the orientation Xoi(kiR)=(1+ 7o) SIN(kR+ J01) +i(1
of the internuclear axis with respect to the direction of the —.701) cos(kR+ ég)),
magnetic field, and/, ,_ (8, ¢) a spherical harmonic. The
coefficients Agy take the following values: A,1=1,
A20: 2/3, AOO: 1/3

The expansion 06¢(R,R’) in spherical harmonics reads

(R,R") R
GYRR) =S S .m( ) I

where.”, (k) is the modulus of the7-matrix element for
elasticl scattering of an incident plane wave in the potential
Uo(R). As the probability of the Penning ionization in the
S=2 state®3 ; is negligibly small, the functiony, (k,R) at
), (7)  R—x takes the formyy (k,R) =2 sinkR+ &y).
The spin relaxation rates are determined from the radial
flux of particles in the scattered wa¥esy(R),

R/
R!

R

wheregg(R,R’) is the Green function of the Schdimger
equation for the radial motion in the potentidk(R) with
(orbital) angular momentunt and energyE;. At R=R’, . .
gsi(R,R’) is continuous and the discontinuity in the deriva- JSM:W SM@‘PSM_\PSME\PSM '
tive dgg(R,R’)/dR is equal to 1. FoiR—x the function
0si(R,R") should contain only an outgoing spherical wave,
and we have

(10

at R—~. Outside the BEC regime, representing the event
rate per unit volume as

Xsitki R ) exp(ikiR), )

gsi(R,R ):W

Vye|= areln2/2: (a1t azt ag) n2/2, (11

where the momentum of the scattered waig=\mE;.
The function y5/(k,R) describes elastit scattering of an
incident plane wave exiK- R) in the potential 5(R). This
function is a solution of the Schdinger equation for the
radial motion with orbital angular momentuland energy

for the relaxation rate constant), in each relaxation chan-
nel (3), using the expansion oF ,,(R) in spherical harmon-
ics, from Egs.(4), (7), (8), and(10) we obtain

E=#2k%/m: 2, 2000
asy= jJSM(Rrki)RlRHm ppe
2 d? 72(+1
—Eﬁ-l-US(R)—Fr;—RZ)—E XS|(k,R):O. (9) E,+Enm 12
=A3Ma*<<E—) FS(EilEM)>r (12
e

When calculatingyq (k,R) one should account for the Pen-
ning ionization in theS=0 statelE;Jr . Since, in accordance
with our model for the interaction in this state, there is a
perfectly absorbing boundary at a distafg="7a, and the
potentialUy(R) [16] at largerR, we have a boundary con-
dition xq(k,R)~exg—iko(R—Ry)] at R—R,, with
ko=% Y mM[E—Uy(Ry) —I(1+1)A%mR3]}*2 The precise
value of Ry is not important because the radial motion at
R~Ry is quasiclassical. FdR— o the function and

whered();, dQy are the elements of the solid angle associ-
ated with the vectork; andR, and the symbo{) stands for
the thermal average ové;, . The quantity

a, =(5127/15)(uam/h)?(Eo/m)¥2=1.3x 10" cnils,
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i 2 14\2 glect the initial energyE; compared toEy, and put
00 0) E;=Ey . As the highess level in the potential,(R) has a
binding energye, of several millikelvin, atE;<E, the en-
3 [« dRrl? ergy dependence of the initial-state wave function is rather
X mf x21.(Ki,R) xs), (K ,R)ﬁ : close to that characteristic for the case of resonaeave
iniJo scattering of slow particles. In this case, which requires the
(13)  conditioney<E.[15], at distancefR<1/k; we have
1/2

kiRE(R), 17

F(E; ,EM)=|2| (2l +1)(21;+1)
iof

€o
80+ Ei

The same result is obtained in the distorted-wave approxima- 2o ki ,R)=2
tion. Due to identity of particles, in Eq.13) the angular
momenta of the partial waves in the incoming and outgoinqN
channell; andl¢, can take only even values. The angular
dependence of the quantitys(R) given by Eq.(6) implies
the following selection rule:l;=1;=2 or l;=I; (except
| = I i= 0) .

Our numerical results for the field dependengg(B) at In fields B=10 G (Ey=E,) our numerical calculations

various temperatures, obtained on the basis of Eif, reproduce the zero temperature results of IRef.for tem-
(12), and(13), are presented in Fig. 1. The thermal average eF;atures below 502K IE)] hiah fields B=100 G .the main
was performed assuming a Boltzmann distribution. The func? ’ 9 L '

) A . . contribution to the amplitude of spin relaxation comes from
tions yg, were found by numerical integration ¢8), using

: . _interparticle distancesR<R,. Therefore, in the limit
EglteStl(aI%Jng]) f[c?r] :(Or(f'('%’R) andya (ks,R) and poten e9<Eg the temperature dependence of the relaxation rate
0 OI\Rf .

The temperature dependence of spin relaxation is deteF—OnStant alr <E, would be determined by the energy depen-

mined by which interparticle distances the transitions occurdence ofxzo(ki,R) given by Eq.(17). This leads toar,

) -1 -
For fields and temperatures satisfying the condition .“((E'.Jr 8.0) ) TeSO”a”“Y enhanced_ #tseg and decr’?as
ing with increasing temperature at highEr Our numerical

Em,T<Ee, (14 calculations show qualitatively the same behaviey,, is

3 _— . . temperature independent 8500 uK and decreases with
due to the IR° dependence of the spin-dipole interaction theincreasingT at higher temperatureee Fig. 1 It is inter-

{glrz)éaf/l/()ar:/;racn:r:tl(r);gitgicnc ur;;dIStZPtgsvﬂUeinitth?hizt-dis‘?S“”9 that the decrease af, continues up tol ~500 mK

tances the relative motion of a%/or%s can be cor;sidered as freand is not significantly influenced by triewave contribu-
. - ﬁ(')n in the initial state wave function.

and the expressions for the rate constamés,, following

X At temperaturesT<500 uK in fields B~10 G, where
from Eqs.(12) and(13), may be approximated 48] kia~1, the relaxation transitions occur at distances

T+47E,, |2 R~1/k; and there is a strong cancellation of the contribu-
W) (15  tions of the two terms iny,o(ki ,R)<1—a/R to the ampli-

€ tude of thes—d transition, since the scattering lengthis
large and positive. Accordingly, the field dependence of
ayy and, henceg . shows a dip(cf [2].). With increasingT
cHje cancellation is less pronounced and, in addition, more
partial waves in the initial and final states contribute to the
transition amplitude. Therefore, increases withT (see
Fig. 1.

The results of this section show that the maximum rate of
spin relaxation &,e~5x 10" 13 cm?/s) is reached in the zero
temperature limit foB=750 G. For any other temperatures
nd fieldse, is only smaller.

here R¢(R) is the solution of Eq.(9) for the potential
U,(R) with =0 andE=0 (¢—1 for R—x). Then, only in
the limit of ultralow temperature$<¢, will the relaxation
rate constantsg), (and hencey,,) be temperature indepen-
dent.

asm~Asmy

In the limiting casesT<E,, andT>E,,, this expression is
exact. ForT>Ey, the rate constantagy JT. This depen-
dence originates from the increase of the density of states f
the relative motion of colliding atoms with increasing tem-
perature. For intermediate valuesTfE,, our numerical re-
sults reveal that Eq15) is accurate to within 20% in fields
B=1 G at temperatureB=<200 uK. In these fields,, con-
tinues to increase with temperature upTe- 100 mK (see
Fig. 1), due to increasing density of states. Aoz 100 mK
the relaxation transitions already occur at smaller distance®
where the interaction between atoms is important. This cir-
cumstance leads to a slight decreasexgf with increasing
T. In pair collisions of spin-polarized Hef8) atoms spin-
For low temperature3 <E,, in fields satisfying the in-  ginole transitions to theS=0 quasimolecular stateX

Ill. RELAXATION-INDUCED IONIZATION

equality [@,,— Do in Eq. (3)] also involve “relaxation-induced”
Eu>T (16)  ionization[2], because this state is autoionizing through the
N ) ) ordinary Penning mechanism. The rate of relaxation-induced
the transitions predominantly occur at distanées 1k,  jonization is determined by the radial flux of atondgg, in

and the initial-state wave function of the relative motion of e scattered wav ,o(R) onto the absorbing boundary at
atoms, ¥ (R), may be represented by tewave contribu- R . For R—R, the Green functioryy (R,R’) can contain
tion. Hence, in Eq(13) one may keep only the term with only an incoming spherical wave, and we have

[;,=0 and, in accordance with the above selection rule, the

angular momentum of the scattered waye-2, i.e., only go|(R,R’)=M;;exp[—ikof(R— Ry], (18
s—d relaxation transitions are important. One may also ne- 2(kekor)
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In low fields,B=100 G, relaxation-induced ionization is
] field independent, since in this case for orbital angular mo-
mental giving the main contribution to the transition ampli-
) 1 tude the.”-matrix element(k;) is_close to unity, the
T ] function yo (k¢ ,R)= vk, and, henceFo=1/\/E,. In high
[ T =30 ) fields, whereE, exceeds the height of the centrifugal barrier
g X for | contributing to the transition amplitude, we have
Zo(k)<1 and xo (ki,R)~iexp(—idy)xa(ki ,R). Hence,
i~ ag, i.€., a, rapidly decreases with increasiiy
As one can see from Figs. 1 and 2, relaxation-induced
ionization dominates over spin relaxation in low fields
B=100 G at sufficiently low temperaturdss 10 mK, where
ai~10"* cmd/s.

pry

Q
N
'S
T

-
Q
A
o

-
o
A
-]

Rate constant for relaxation-
induced ionization (cm3/s)

1017

T
TS NS Lo

103 102 10" 100 10' 102 103 104 105
B(G) IV. OTHER DECAY MECHANISMS

Another ionization channel present in pair collisions of
FIG. 2. Rate constant for relaxation-induced ionizatiefy)(as He(2®S)1 atoms is Penning ionization via the direct dipole-
a function ofB for several values of (0, 1, 10, 100, and 500 mK exchange mechanisfi4]. The physical picture of this pro-

] oL cess atR>aq, is as follows. The excited electron of one of
where the quantitor=ko(E¢). The functionyo (k¢ ,R) de-  the atoms approaches the excited electron of another atom
scribes elastic scattering of an outgoing sphericalave,  and forces it out into the continuous spectrum. By changing
“starting” at R=Rp, by the potentialUg(R). For R—Ry  the direction of spin because of the spin-dipole interaction
this function contains the outgoing spherical wave and itsyjth this electron, it takes the latter’s place, but already in

reflection from the centrifugal barrier. ForR—<,  the ground state. The ratio of the spin-dipole interaction be-
xo (ki ,R)= \/1—.7§,(kf)exp6kfR). The functionyg (ks ,R) tween two electrons to the Coulomb interaction at a distance
is connected withyg, (ks ,R) by the relation of the Bohr radius is #3/e’a%=y?, wherey=1/137 is the

fine structure constant. Consequently, the characteristic ratio
of the dipole-exchange ionization rate to the rate of ordinary
Penning ionization of unpolarized atoms via the two-electron
exchange mechanism will be of ordef [14]. Explicitly
calculating the two-electron exchange mechanism for both
dipole-exchange and ordinary Penning ionization we find
that the dipole-exchange ionization widii(R) (the prob-
ability of ionization per unit time for the quasimolecule state

xo1(k¢ . R) =7 o1(ke) xoi (K ,R) o

~idor, (19
VI-75i1(k)

xoi (ks ,R)=

Representing the event rate per unit volume for
relaxation-induced ionization by, = an?/2, from Eqs(4),
(7), (10), and(18) we obtain

5 dQ,dQg with S=2 at a fixed distanc® between atomsds related to
@i = f Jod R ki) R|r=p,— the ionization width'o(R) for the quasimolecule state with
spinS=0 as
1 Ei+Eq\ Y2 I'(R)~2.0y*To(R). (22)
:§a* E FO( Ei 1EO) ’ (20)
e

Kinetic energies of nuclei in the final state of the Penning
ionization process are much smaller than the energy of the
ejected electron (15 e\and hence may be dropped from the

Y . energy conservation law. Then, representing the ionization
The wave functionyo (ki ,R) was found numerically for a6 per unit volume as.= ;n%2 and making a summation

the potentiallo(R) [16]. The field dependence af; at vari-  gyer the final states of the motion of nuclei, in first-order

ous temperatures is presented in Fig. 2. Irrespective of thge rhation theory we obtain for the ionization rate constant
ratio betweerEy and T the main contribution to the ampli-

tude of relaxation-induced ionization comes from interpar- ai%< J' |\P22(R)|2F(R)dR>

where the quantitylEO(NEi ,Eg) is given by Eg.(13) with
xo1(Ks,R) replaced byyg (ks ,R).

ticle distanceR<R., and the temperature dependence of

a,; is similar to that of spin relaxation in high fields. For 5

T<E, the initial state wave functio ,(R) is determined _[ &7 fm B2

by the s-wave contribution, withy,o(ki,R) given, in the < k|2§|: 0 2+ Dlxalki R F(R)dR>’ @2
limit ey<E., by Eq. (17). Accordingly, the rate constant

a;=((E;+&0) 1) is resonantly enhanced and temperaturewhere the summation is performed only over eleAs one
independent at ultralow temperaturés e, and decreases can easily see from this expressien,is field independent.
with increasingT at higher temperatures. For temperatures The rate constand; was found numerically, witi'(R)
below 500uK our numerical calculations reproduce the zerofrom Eq. (21) and I'¢(R) from the data of Ref[16]. The
temperature result of Ref2]. Above 500uK the rate con- widthsI'o(R) andI'(R) decrease exponentially with increas-
stanta,; decreases with increasifigup to the highest tem- ing R. Therefore the main contribution to the integral in Eq.
peratures investigated. (22) comes from distances in the vicinity of the turning point
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in the repulsive part of the potential,(R). As this distance = AL B RS S
is much smaller tharR,, the temperature dependence of g ol
dipole-exchange ionization is similar to that of spin relax- s 10%¢
ation in high fields and relaxation-induced ionization. Our £ 0-10: ]
calculations show thatxj~10 !¢ cmP®/s at temperatures ‘§ ! E
T=1 mK (cf. [2]) and decreases with increasifig For any 8 qon [ ]
fields and temperatureg is much smaller than either,, or -g E
Qi - 2 1012} ain (750G) 5
Two-body spin relaxation and relaxation-induced ioniza- 8 o / E
tion in the *He* 1 gas can also occur due to the spin-orbit g qosl ain (10G)
interaction. As both initial and final quasimolecular states in g —— v
these processes ab states, the corresponding interaction g 1o TRRITT
Hamiltonian Vgo(R) (the matrix element of the spin-orbit 8 : Oin (100KG) 7 7 ==, =
interaction over the electron coordingtés nonzero only in 10130-3 105 104 108 10z ion

second-order perturbation thedrd/7]. At large interparticle
distances, corresponding to the van der Waals tail of the po-
tentials  U,(R) and Uo(R), the quantity _ ) _ _
VSO~(A/AE)1’2C/R6, where C~3300 a.u. is the van der FIG. 3. Rat_e constants of elastiad) and inelastic &;,) colli-
Waals constantA~1 K is the fine structure splitting for the SIOnS as functions of. The upper curve corresponds dg;, and
2P state of helium, andE~1 eV is the spacing between the three lower curves te;, in fields B=10 G,B=750 G, and
2S and 2P states. With these numbers one can see tha'%:100 kG.

Vgo is much smaller than the spin-dipole interaction

wiIR®. As Vgo does not exceed~A%/AE, it is much stant of inelastic collisionsei,=aret ayi, is presented in
smaller thanu3/R3 also at smaller distances. Therefore, in Fig- 3 for three values of the magnetic fiefti= 750 G where
metastable triplet helium the contribution of spin-orbit inter- the inelastic rate is maximum, a very high fiddd=100 kG,

action to spin relaxation and relaxation-induced ionization@"d @ low fieldB=10 G («, is field independent for
can be neglected. B=10 G). The inelastic ratev;,= a;,n?/2 should be com-

A further decay mechanism dfHe* | is three-body re- Pared With. the rate of elastic collisionsy= aen?/2, Where-
combination. As there are bound states in the potential welitei={ov) is the elastic rate constant. The latter determines
U,(R), elastic interaction betweefHe*1 atoms in the t_he rates pf_evaporat_lve cooling and Bose c_onc_iensat_e_forma—
course of three-body collisions can lead to the formation of dion, and it is the ratiaxe/ @iy that places limitationgmini-
spin-polarized Hg molecule, which then decays through MuUm achievable temperature, maximum condensate dgnsity
Penning ionization due to spin-dipole interaction. The rate®" these process¢s0,11. o
constant of three-body recombinatidn, is defined so that _ e calculatedag for a Boltzmann distribution of par-
Ln%/3 is the recombination event rate per unit volume. In thelicles, by using the relation
limit of ultralow temperature§ <¢ the rate constant is 16mh
reson.antly enhanged by the eX|sfcence of tr_]e weakly beund ag={(ov)= E 21+ l)sinzaz,(k)> . (23
level in the potentiaU,(R). Most important is the recombi- mk 4
nation to this particular level. For the potentidhb(R) [9]
direct calculation yieldé. ~2x 1027 cm®/s [18]. However,
the value ofL is very sensitive to the shape Bf,(R). Pos-
sible improvement of this potential is likely to make it
deeper and increase the binding enesgyand can decrease
L within an order of magnitude. In low field8<100 thhe
1 ch algms e st e LuECOMBNGII *  save scatterng of low paricles, where(E-e)
fields spin relaxation is faster than relaxation-induced ioniza-[ls]' Accordingly, the rate constant, displays a maximum
tion and dominates over three-body recombination, even foiit T~eo. For lower temperaturege VT, and "?‘t higher

ﬁ. The results of our numerical calcu-

higher densities. Becaugde is resonantly enhanced, it will (€mperaturesec L/VT. ur | _
decrease rapidly with increasing temperature. lations, presented in Fig. 3, show qualitatively the same pic-
ture. Moreover, even at temperaturEx E, the elastic rate

V. ELASTIC AND INELASTIC RATES constant continues to decrease uiiitt 100 mK, in spite of
' the fact that at such collision energies, comparable with the
At sufficiently low densitiesn<10'® cm 2 at ultralow  height of the centrifugal barrier fdr=2, the contribution of

temperaturesthe decay of théHe* | gas is determined by d-wave scattering is important.

two-body inelastic processes. The results of the previous sec- The temperature dependence of the ratig/ «;, is pre-
tions indicate that for ost of the fields and temperatures insented in Fig. 4 for the same field valuesagsin Fig. 3. At
vestigated spin relaxation is the dominant decay channel, arf@mperature§ =1 mK this ratio is larger than f0in any
only at sufficiently low temperaturés<10 mK in low fields  field. For lower temperaturesyg/a;,<\T. But even at
B=<100 G is the decay determined by relaxation-induced= 750 G, wheraxq/ «;, is minimum, it is larger than 10 for
ionization. The temperature dependence of the total rate cor-=10 nK.

T(K)

where the orbital angular momentulncan take only even
values. The phase shifts of elastiewave scattering,
8,(k), were found numerically for the potentil,(R) [9].

For collision energieE<E,, the s-wave contribution is
dominant and we are rather close to the case of resonance
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T VI. CONCLUDING REMARKS

Our analysis of the temperature dependence of the inelas-
tic rates in spin-polarized metastable triplet helium shows
that the stability of this gas is not compromised by tempera-
ture up to the highest temperatures investigated (0.5IrK
fact, the gas is least stable in the limit of ultralow tempera-
tures, due to the resonant enhancemers-whve scattering.
Thus, cryogenic techniques for loadifgle* 1 into a mag-
netostatic tra13] remain promising with respect to the in-

trinsic stability of the gas. The large values of the ratio
102 - e . . %
£ 3 aqla;, are good for evaporative cooling dfHe* 1 from
‘ 1 high temperatures to the microkelvin regime. They are of the
same order of magnitude as those for alkali atom gases and
one or two orders of magnitude larger than in hydrogen,
TK which has been successfully cooled below 1 f1®,20. In
view of recent success in achieving BEC in trapped rubidium
FIG. 4. Temperature dependence of the ratio of elastic to inelad-21] and lithium [22] at nanokelvin temperatures by using

tic rate constant dg/a:), in fields B=10 G, B=750 G, and €vaporative cooling, one may also think of coolifige* 1 to
B=100 kG. T=<10 nK. These temperatures correspond to critical BEC

_ _ _ _ densitiesn=10' cm ™3 where the decay of the gas is already
Our calculations rely on the interaction potentid(R) determined by the radiative lifetimey~8x 10° s.
[9]. The existence of a weakly bouisdevel in this potential

influences the low temperature values and the temperature
dependence of elastic and inelastic rates. Slight variations of
U,(R) within the accuracy of its calculation can change the
binding energy,, for example, making it larger. In this case ~ We thank J.T.M. Walraven and T.W. Hijmans for stimu-
the zero temperature valuesa@f, can decrease by a factor of lating discussions, and B.J. Verhaar for useful comments.
2 or 3 (see[2]). But, importantly, the elastic rate should The research of M.W. Reynolds is supported by the Royal
experience approximately the same decrease because tNetherlands Academy of Arts and Sciences. This work was
elastic cross sectionox(E+e,)" !, as well as @, supported by the Dutch Foundation for Fundamental Re-
«((E+eg) 1). Hence, the ratiavy /@, should not signifi-  search of Matter FOM, by NWO through Project No. NWO-
cantly change. In the high temperature regime both elasti®7-30-002, by Project No. INTAS-93-2834, by the Interna-
and inelastic rates are less sensitive to the variations of thional Science Foundation, and by the Russian Foundation
potentialU,(R), and aq/ ¢, also remains unchanged. for Basic Studies.
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