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Limit on suppression of ionization in metastable neon traps due to long-range anisotropy
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This paper investigates the possibility of suppressing the ionization rate in a magnetostatic trap of metastable
neon atoms by spin-polarizing the atoms. Suppression of the ionization is critical for the possibility of reaching
Bose-Einstein condensation with such atoms. We estimate the relevant long-range interactions for the system,
consisting of electric quadrupole-quadrupole and dipole-induced dipole terms, and develop short-range poten-
tials based on the Nainglet and triplet potentials. The autoionization widths of the system are also calculated.
With these ingredients we calculate the ionization rate for spin-polarized and for spin-isotropic samples, caused
by anisotropy of the long-range interactions. We find that spin polarization may allow for four orders of
magnitude suppression of the ionization rate for Ne. The results depend sensitively on a precise knowledge of
the interaction potentials, however, pointing out the need for experimental input. The same model gives a
suppression ratio close to unity for metastable xenon in accordance with experimental results, due to a much
increased anisotropy in this ca$&81050-294®8)03111-4

PACS numbses): 34.50.Fa, 32.80.Pj, 34.50s, 34.20.Mq

I. INTRODUCTION that does allow for optical manipulation. For He, this is the
{(1s2s)23S} state, while for Ne 1=2) through Xe @
The experimental observation of Bose-Einstein condensa=5) the appropriate state can be writtef(np)>(n
tion (BEC) in 1995 by three different grougd—3] has fu-  +1)s3P,}. Condensates of such atoms might show interest-
eled renewed interest in this subject, with many more groupsig new phenomena related to the available electronic en-
trying to achieve the conditions under which the BEC tran-ergy, such as collective decay or ionization. In addition, an
sition occurs. Stated simply, one has to reach the point wheréatom laser” [11] based on such condensates may find ap-
the nearest-neighbor distance between the atoms is of th@ications that are not covered by alkali-metal atoms: be-
same order of magnitude as their de Broglie wavelergth cause of the large internal energy of metastable rare-gas at-

In mathematical terms, the condition to fulfill ] oms, one might make the comparison with the high-energy
5 photons of an extreme ultraviolet optical laser as opposed to
nA®=2.61, (1) those from a HeNe laser. On the downside, this internal en-

ergy of metastable rare-gas atoms is always enough to allow
for ionization in binary collision$12]. Consequently, ioniza-
Rion becomes a major loss process in metastable atom traps,
with experimental rates reported to be as large as 5
x 10 Yem’/s for He(23S) [13]. Such high rates make

~ ~ 2
andTc~170 nI_(_atn~3>< 10" atoms/crﬁ [2] for Rb. ___.achieving conditior(1) impractical using the techniques cur-
Both the efficiency of the cooling process and the f'nalrently employed for alkali-metal atoms.

density achievable depend on the rates of inelastic and elastic For He, Shlyapnikov and co-worke4,15 have shown

collisions in the ultracold atom clouds usks]. With alkali- however, that the ionization rate can be very strongly sup-

metal atoms, inelastic loss in binary collisions betweenpressed by spin-polarizing the atoms. In the process
ground-state atoms is due mostly to hyperfine-changing col- '

lisions, with rates on the order of 1&cm?/s for Rb[6,7]. Hel (2 3S)+Hel (23S)—He(11S)+He" (12S)+e™,
These rates are generally low enough to allow condi(in 2)
to be reachef8]. In addition, all the alkali-metal atoms have
closed optical transitions from the ground state that are adhe initial state then has total electron s 2, while in the
cessible with commercially available lasers, allowing for ini- final state spin can only b8=0,1. Because the ionization
tial trapping and cooling in a magneto-optical treMOT)  process conserves electron spin, ionization is prohibited in
[9]. As a result, BEC has now been achieved in Na, Rb, anthe S=2 (quinte) states and can proceed only after a mag-
Li, while work is in progress on K and Cs. netic interaction between the electrons causes a spin-flip dur-
In comparison, the properties of rare-gas atdhf§ seem ing a binary encounter. Shlyapnikov and co-workgr4,15
less promising. As with atomic hydrogen, laser cooling andiound that at ultracold temperatures the relatively weak spin-
trapping starting from the ground state are not practical duéipole or magnetic spin-spin interaction then limits the ion-
to the very short wavelengths requiréth nm for neon All ization rate in spin-polarized metastable He samples to the
rare-gas atoms have a metastable first excited state, howeverder of 10 * cm®/s[14,15.
For the heavier rare gases Ne through Xe, the spin-
conservation rule holds also. Therefore, suppression of ion-
*Present address: Physics Laboratory, National Institute of Starization by spin polarization should be feasible as well. An
dards and Technology, Gaithersburg, MD 20899. added complication, however, is the fact that the unfilled

with n the atomic number density. Experimentally, this can
be achieved by evaporative cooling of atoms caught in a tra
with typical final conditions given by a temperature Bf
~1 uK and a density ofn~10' atoms/cm [1] for Na,
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TABLE I. Spectroscopic notation, equivalent Russel-Saunderstructure states give rise to a total of 144 molecular states. In
LSJ notation where applicable, atomic energy, and electronic anguwhat follows we will concentrate on the 25 states that con-
lar momentum quantum numbérfor the four states of Ne in the nect asymptotically to NéP,)+Ne(P,), since the®P,

{(2p)°3s} configuration. state is the only state that is both metastable and has nonzero
angular momentum, thus allowing for magnetic trapping and
Spectroscopic LSJ Energy J spin polarization.
notation notation (cm?) In the following sections we develop autoionization

widths, short-range, and long-range real potentials for the

3s' [1/2]; 135888.7137 1 equivalent process of E() for Ne(®P,). We then use them
3s’ [1/2]o *Po 134818.6405 0 in a standard coupled-channels calculatj@8] of the scat-
3s [3/2]; 134459.2871 1 tering matrixS. For each(positive initial kinetic energy, we
3s [3/2], *p, 134041.8400 2 express the asymptotic solution matrix of the calculation as a

linear combination of Bessel and Neumann functions for the
radial part, multiplied by channel functiond, denoting
(np)°® core now hap character, as opposed to the He caseglectronic and angular momentum states. Bqrwe have
where it hass character. This causes an orientation depent!Sed states with well-defined total angular momentum quan-
dence of the electrostatic interaction potentials that is presef¢m numberP with projectionM onto a laboratory axis, ro-
even at large internuclear separation. During a collision, thidational quantum numbelr, electronic(moleculay angular
causes ther(p)® cores to reorient, which, through the spin- Momentum quantum numbgy and parityll, denoted as
orb_it interaction, induces_ eIegtr_on spin-flips. Since this ipter- W) =ITjIPM). 3)
action has an electrostatic origin rather than the magnetic one
that causes spin-flips in metastable He collisions, one magincell, P, andM are conserved in a collision, this has the
expect it to have a much larger influence and possibly limitadvantage that the coupled equations can be separated into
the ionization rate for spin-polarized samples to much largeblocks characterized by these quantum numbers, which can
values than for He. It is the purpose of this paper to estimatéien be solved separately. THematrix for such a block will
these effects for trapped clouds of atoms. be denotedSypy. The spin-polarized and nonpolarized
Out of the various metastable rare gases, we concentra@annels can be easily identified because all the nonionizing
on metastable neon because this element is being used Guintet states havg=4 exclusively.
experiments presently going on in our laboratdfys]. In For any given parity, only eveh(II=1) or oddI (IT=
addition, the properties necessary for our calculations are 1) contribute. Because the Ni&,) atoms we are dealing
most readily available for this specig€s7]. While for most  with are bosons, in addition only states that are symmetric
alkali-metal atoms the properties of the atom-atom interactnder the exchange of two atoms can contribute. This trans-
tions are known quite accuratel{8], the situation is very lates into the rule that+j must be even. Since parity is
different for the metastable rare gases, so that we have twonserved in a collision, it follows that the nonionizing quin-

make our own estimates. tet states (=4) can only couple to other evgn-0,2 states.
Because of the presence of ionization, thenatrix for
Il. METASTABLE NEON IONIZATION RATES (in)elastic scattering is not unitary. lonization rates follow

from the loss of flux described by this property. For the case
The {(np)°(n+1)s} configuration of any of the heavy of a trapped cloud of atoms, the distribution of the direction
metastable rare gases contains four energy levels, with thef the initial relative velocity of two atoms is spatially iso-
3p, state always the lowest-lying state. Table | lists thetropic. Taking this into account, we find for the ionization
properties of these states in neon. The four atomic finerateKP® in a polarized atom sample

©

Kp0|=2 Klpol
=0

* [i+1]

2T (2P+1)
_9k2I:O,evenP=%7I\

where the electronic angular momentum quantum number is limit¢e-th Similarly, the rate for an unpolarized sample is
given by

1-2 2 [Sm=yem(i’l" =3}, (4)
j! I/

unpol__ unpol

P+
- [i+1]

__ " _ayl—j72
_50k2|20j20[1+( 1)1 P:%” (2P+1)

1-2 2 (S pyem(i’1 <iD|2}. (5)
inv
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A suppression ratioy may then be defined as TABLE Il. Hund's case(c) symmetriesCg andCs coefficients

of the 25 adiabatic molecular states asymptotically connected to
Ne(®P,) +Ne(®P,), derived from the Ng('S ;) and Na(®% ) po-
tentials with the formalism of Sec. IV. The degeneracy of @ll

=0 states is 1, that of all others is 2.

7= KU"PoyKPO, (6)

Ill. LONG-RANGE POTENTIALS

, 5 , , Q Cs (a.u) Ce (a.u)
For two atoms with{(np)°(n+1)s} configurations the
lowest-order terms in the electrostatic interaction are the 3 —0.3700 —1953.24
guadrupole-quadrupolgQQ) and dipole-induced dipole 2 —0.2878 —1951.33
(DD) terms[20,21], with long-range behavior 2 —-0.2673 —1952.60
1 —0.2028 —1951.23
VQQ: C5R75, 7 0 —0.1525 —1951.64
1 —0.1318 —1951.13
—6 o* —0.0679 —1954.13
Vop=CeR ™. ®) 3 0.1233 —1953.36
. . 0.1233 —1952.73
The QQ term is due entirely to the quadrupole moment of

. 5 . . 0.1617 —1952.78
the tightly bound fp)> core and is therefore relatively 0.1730 _1953.52

small. Its order of magnitude is given b ' '
9 9 y o+ 0.2173 —1955.58
) 4 0.2467 —1955.54
v 2 0~ 0.3992 ~1951.48

Cs~ re)? 9

° 47760< h> © 0* 0.4673 —1952.38

with (r2) the expectation value of the square of the orbital
radius of th_e hole state in thep)® core andq the electron Cecd, 2+ &d.d, (34— mf—mg), (10)
charge. Using electron wave functions calculated by Hausa-
mann [22] we have found(r2)~1.0 a.u., leading tcCs
~1 a.u. Numerically, we have implemented the completdo first order ind;, which is borne out by our calculated
state dependence @f; based on the theory of Ref®0,21,  values. Sinced.~0.01d, for Ne, the magnitude of the
evaluated over a basis of product stdtes] Zi“m1>|azj g‘m2>, orientation-dependent term, 4.5 a.u., is only 0.25% of the
wherej? is the atomic electronic angular momentum corre-average valu€s=1953 a.u. Again, this fraction increases
sponding to the atomic state labeled byandm is its pro- ~ When going to heavier rare gases, finally attaining 1.3% for
jection onto the internuclear axis. The maximum and mini-X€ (see Tables Il and I}l For He, Eq.(10) is still appropri-
mum values ofCg that occur in the NéP,)+Ne(P,)  ate for the limiting valued.=0.
subset are 0.47 a.u. and0.37 a.u., respectively. These val-  Table Il lists the properties of the 25 molecular eigen-
ues will increase when going to the heavier rare gases Agtates that diagonalize the combination of the DD- and QQ-
Kr, and Xe, in accordance with the increasing value of thelhteraction matrices with the atomic energy-matrix. From the
(r2)-matrix element, which we have listed in Table (taken ~ Cs and Ce values listed, it becomes clear that, on average,
from Ref.[23]). According to the table, for Xe the QQ term the QQ térm is quite a small effect. For one, it is over-
will be about 26 times larger than for Ne. whelmed by the DD term out to internuclear distance®of
To obtain an estimate of the DD term, we have used & 4000 a.u. Beyond that point, its value is considerably less
second-order perturbation treatment of the DD interactiodh@n 1 pK, far below the collision energy currently obtain-
based on experimental valugs7] for the{(np)3(n+1)s} to able in atom traps. Therefore, the low-energy behavior of the
{(np)5(n+1)p} transition, analogous to our previous treat- the scattering rates will be determined by the DD term.
ment of the DD interaction for the{(np)®(n+1)s} Since, hgw'ever, the anisotropy due tq the QQ term
+{(np)5(n+1)p} configuration in the rare gasEa4]. Here (1 a..u.R ) is _of the same order of magnitude as th_e QQ
we have included all possible product states of allle’M itself, while that due to the DD term (4.5 aRf) is
{(np)5(n+1)s} and {(np)5(n+1)p} states, which may only a fraction of its average value, the QQ term sh_ou[d stllll
limit the accuracy of the resultin€, values to 30—40 % be expecteq to det_ermlne the absplute value of the ionization
[25]. The orientation dependence of the values obtained if2t€S for spin-polarized atoms, which are governed by inelas-

this way can be understood from a semiclassical descriptiofiC: SPin-changing processes.
of the DD interaction, where the polarizability of a Ne atom
is thought to be made up of a combination of a large, spa-
tially isotropic valued,~153 a.u. due essentially to tha (
+1)s valence electron, with an added small terth As mentioned in the Introduction, there is little informa-
~1.33 a.u. determined by the polarizability of the core.tion available about the interaction potentials of the heavier
Only this smaller term depends on the orientation of themetastable rare gases. We can obtain rough estimates of
(np)® core, in the way described by Bussery and Aubert-these, however, by considering the analogy with ground-state
Frecon[26]. Such a model results i@ values for the prod- alkali-metal atoms. For the case of {N2p)°3s}

uct state a;j'm, )| a,j5im,) that(for j§'=j3'=2) conformto  +Ne{(2p)°>3s}, the appropriate choice is to base an estimate

IV. SHORT-RANGE POTENTIALS
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TABLE lll. Atomic and core polarizabilityd, andd,, respectively, and expectation value of the square
of the orbital radius of the hole state in thep)® core (taken from Ref[23]) for metastable rare-gas atoms
Ne through Xe. The atomic polarizability corresponds to the value listed by [R@}.for configuration
{(np)®(n+1)s}, while the core polarizability corresponds to the ionic configuratiop)f. Sinced,/d, <1
always, one may equate the polarizability of tme+(1)s-valence electron alone with the atomic polarizabil-
ity. The last two columns give the anisotropy paramet&€g and ACg relative to those for
Ne(®P,) (ACs=0.84 a.u., AC4=4.5 a.u.). For clarity, the table also lists the anisotropy parameters for
He as being zero: in this case the core has a spatially isotropjcddnfiguration.

Rare-gas Principal quantum d, d. (rd) anisotropyACg anisotropyACg
atom numben (au) (au) (au) relative to NefP,) relative to NefP,)
He 0 0
Ne 2 153 1.33 1.23 1.0 1.0
Ar 3 305 7.90 3.31 3.0 7.3
Kr 4 363 12.8 4.46 4.1 13.2
Xe 5 511 231 6.28 5.2 26.1

on the potentials of the system {@p)°®3s}+Na{(2p)°3s}, consisting of the N#®%1) and Na('S ) states that have been
studied by a number of authof27].

Following Hennecaret al.[28,29], we can expand each of the four{{&p)°3s} atomic stateglabeled bya=1, ... ,4) on
a basis of single-electron valentguperscrip) and core stategsuperscript),
1/2 1/2
;at @ v_— v _ v
| m) = 2 22 e e wl(S=DmY)|(s°=HmD|(1°=0)(m{ = 0))[(s"=3)m}). (11)

771 mg 771/2m =-1/2

In the following we will write |0¥) as short notation for valence electron’s orbital is considerably larger than that of

[(I"=0)(m/=0)) and leave out quantum numbers that dothe core electron’$30], this approximation should be rea-
not change. If we write the products of the valence electrorsonable. Also, core-valence electron terms can be added in a

states in terms of triplet and singlet states, semiempirical way. For an accurate description of the wells
and turning points, however, eithab initio potentials or
T 1)=]0")1]0°)o|mi=+3)1mi=+3),, (120  experimental data would be required.

. . Figure 1 displays diagonalized Ni&,) +Ne(®P,) poten-
[T-0=[0"1]0")2Ims=—2)almc=—3)2, (13 tials developed in this way, together with the & ;) and
Na,(32 ) potentials on which they are based. The nine pos-
1 sible fully spin-polarized Ng states that are characterized
— |V v v_ 4 1 v_ _1
ITo) = \/5'0 )110%)2X (JmE =+ 3)m§ 2)2 both by a total angular momentujs=4 and a total electron
spin S=2 exactly coincide with the N&°3 ) states. The

+mg=—2)1mi=+3),), (14
1 00
1S)=—=10°)110%)2 X (|mg=+2)s|mg=—3)> S
V2 02t
%
—[mg=—1)iml=+1),), (15
5 -04}
then the Na potentials correspond to matrix elements of the g
atom-atom interactioVy, given by Y
g -0
Lo Iyt
Na(®E ) (TiVad T)) 8 (1,j=-1,0,1), (16) Nea(Z)
-0.8 ‘ : \ ‘
15 +y. 4 6 8 10 12 14
Naz( 2g )-<S|VNBJ S> : (17) internuclear distance R (units of a,)
From this we can construct M@otentials if we multiplyVy, FIG. 1. The adiabatic potentials of N&S;) and Na('3;)

by a unit core-factor that is diagonal in all core quantum[27] and the short-range, adiabatic, RIEQ)+Ne(3 5) potem,a|s
numbers. Such potentials should contain the essential fe@erived from them with the formalism of Sec. IV. The potentials of
tures of the valence-electron exchange interactions, but d@e Ne quintet stategcharacterized by=4 andS=2) coincide
not describe the interaction of the core hole of one atom withwith those of Na(®3 }). The molecular potentials are labeled by
the valence electron of the other. Since the radius of theheir Hund's caséc) classification.
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repulsion of the valence electrons leads to a turning point
Ryp~8 a.u. for vanishing asymptotic kinetic energy in this
case.

All states conform to Hund’s cage) [31], and in addition
can be characterized by their total angular momenfum
=0, ...,4.Consequently, theig/u symmetry follows im-
mediately fromj as (—1)I. The well depth of these Ne
states increases with decreasipg since more and more
Nay('X ) character becomes mixed in. The state with the

20 ()g

En Quintet states:
- \\\§§

15¢

10+

auto-ionization width I" (meV)

deepest well, of symmetry;t), does not coincide with the 0
Nay('X ) state since it is not a pure singlet. In order for 4 6 8 10 12
deeper wells to occur, the spin-orbit coupling of each of the internuclear distance R (units of a,)

Ne atoms must be allowed to compete with the,(¥3,)- o o

Nay(32}) splitting, which requires mixing with states corre- ';'G- 2. Ab initio autoionization widthsI" for the NefP,)+
lating to other asymptotes than N&G)+Ne(P,) from Ne(*P;) system as a function of internuclear distariee The
within the same Configuratior{l(Zp)53s}+{(2p)53s}. We widths are given in the same, adiabatic basis as used for Fig. 1. The
will discuss possible consequences of including only theinset shows the widths on a logarithmic scale. Note the vanishing

Ne(®P,) +Ne(®P,) configuration in Sec. VIII. widths of the quintet states.

v v_nN- v __ v_1. v
V. AUTOIONIZATION WIDTHS Wil =0i(m); =0} =z:(my)3),
In scattering calculations, ionization can be introduced by T v v_ 1. v
adding an imaginary part to the real-valued atomic interac- W [13=0i(m)z=0)[s;=3;(my)3), (2D
tion potentiald 12,32, creating a complex “optical” poten-
tal W, W3 l15=1;(m)3)[s3=3:(my)3),
W(R)=V(R)—-iT'(R)/2, (18

while the free electron’s wave functioW is given by a
with T'(R) the so-called autoionization width Coulomb wave, characterized by orbital angular momentum

Op de Beeket al. [33,34 have described a numerical duantum rllumsben with projection, multiplied by a spin
method for the calculation of (R), based on a recurrence State|s;=z;my). Since the Coulomb interaction does not
recipe developed by Ricet al. [35]. Briefly, one calculates affect spin, Eq.(20) implies a 6 function requiring ()}
matrix elements between initial and final states of the Cous(Ms)3=(mg)$+m{. In addition, conservation of the azi-
lomb interaction between the individual electrons involved inmuthal part of the orbital angular momentum requires
the ionization process. In the process considered here, (m)j+(m)s=(m)5+ u' so that|u|<1.

By using the inverse of the expansion in Efj1) on atom

Ne(3P,) + Ne(®P,)—Ne(1S)+ Ne™{(2p)° (?P)} +e~ 1 as well as atom 2y may be transformed into a molecular

basis. From the resulting molecular ionization amplitudes
+11.7 eV, (19) ™! matrix elements of the ionization widii(R) can then

. o o be constructed by summing over the available final states
the dominant ionization mechanism is the so-caéiedhange  (represented symbolically by),

mechanism[36]. This means that the valence electron of
atom 1 transfers to the available core state of atom 2, leaving
the core of atom 1 to form a positive ion. The valence elec- T(R); = 2 z mol_mol 22)
tron of atom 2 is now no longer bound and leaves the scene. L 2 YiFYiF
: . : V2Eh“/mg F
On the basis of valence electron and core states introduced in
Eqg. (11), a partial ionization amplituder may be defined, o S ]
given by wherei,j denote individual molecular state®, is the elec-
tron mass, anét, is the energy carried away by the electron

. ) R [E.=11.7 eV for the process of E¢L9)].
yzf dridro, Wi (r)wi(ry)* We have calculated all elements I6R) relevant for the
ionization process of Eq19), using electron wave functions
92 R ) tabulated by Hausamar@2], and using a modified version
Wi(r)Wi(ry)* (20 of the computer code developed by Op de Beslal.

Ameg|r;—ry [33,34. Figure 2 displays the results in the same basis as
used for Fig. 1, for internuclear distancestR (a.u.)<12.

with r, andr, the position vectors of the active electrons of As expected, the quintet states all have zero widths. Also as
atom 1 and 2, respectively. The various single-electron vaene would expect, the widths of the other states show an
lence and core states can be characterized by their orbital amgproximately exponentially decreasing behavior virthAt

spin quantum numbers with corresponding projections on theachR, the ionization width is largest for the states with the
internuclear axis, largest &=0) component.
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FIG. 3. Partial ionization rates for trapped NB{) atoms as a FIG. 5. Partial ionization rates for trapped RB{) atoms as a
function of the collision energ¥. Rates are given for unpolarized function of the collision energ¥, calculated including or exclud-
(K{™°) as well as for polarized atom#[®) for angular momen- ing the effect of the quadrupole-quadrup¢@Q) interaction on the
tum quantum number$=0,...,2. Therates show an obvious potentials. For the polarized case the results are labeled “DD
Wigner-law behavior. The rates for polarized atoms are aboufQQ” and “DD only,” respectively. In general, these rates drop by
10*X lower than those for unpolarized atoms. about an order of magnitude when the QQ term is omitted. For the
unpolarized case, the solid lines give the result including the QQ
term, and the triangles give the result excluding the QQ term. Little
difference is observed in this case.

VI. CALCULATED IONIZATION RATES FOR
METASTABLE NEON

A. Threshold behavior Fig. 2). This is illustrated in Fig. 4, which displays the rates

With the ingredients developed above, ionization riges that result from argifi(iial!y replacing the Nt ¢) potential
for polarized and unpolarized atom clouds were calculated a@Y the one for N&(°X.) in the calculation of the NéP) +
a function of the collision energf at ultracold temperatures. Ne(*P2) potentials. In this case, no short-range separation
Figure 3 shows the result fof=0,...,2 in therange between ionizing and nonionizing states occurs, with the re-
1 uK<E<100 mK. The curves show the typical behavior Sult that is reduced top~170. This shows that the short-
expected from Wigner's threshold lajg9] for an exother- fange behavior of the potentials is very important for the
mic processK,=E'. At very low temperature, the contribu- amount of suppression achievable.
tion for =0 always dominates, leading to an essentially 10 investigate the relative importance of the quadrupole-
constant ionization rate in this regime. As discussed in Secduadrupole versus the dipole-dipole interaction, we have cal-
II, due to Bose symmetry, curves for odd partial waves areulated the ionization rates for polarized and nonpolarized
absent in the case of polarized atoms. samples, with and without the QQ term in the long-range

The calculations of Fig. 3 show that a strong suppressiorpotentials. Figure 5 shows the results. From this figure, it
n~10%, is still possible notwithstanding the long-range an-P&comes clear that the QQ term is the dominating influence
isotropy of the potentials. The resulting suppressed ioniza@n the ionization rate of spin-polarized samples, which
tion rate, KPP'~5x 10" %cmf/s at E=1 uK, would cer- change by about an order of magnitude when the QQ term is
tainly allow one to reach the BEC transition, being fémoved. At the same time, however, removing the quadru-
comparable to the depolarization rate for RYePoL1 pole term has little influence on the threshold behavior of the
X 10~ %%cni/s [6,7]. This result is largely due to the fact that rates nor on the_lon!zauon rate for unpolanzed samples, con-
the depolarization due to the long-range anisotropy is countfMing the dominating role of the dipole term on the elastic
teracted strongly at short range by the separation of the norfcattering already anticipated in Sec. Ill.
ionizing quintet states from the other, ionizing statese

B. Influence of quasibound states

P [ — g

& oD . - Since the short-range potentials for the Ne system are not
5 w0i2f .. ] polarized 3 well known, we have to consider variations of the ionization
Mooqo-13f 3 rates due to the uncertainty in the potentials. Of particular
2 4 } polarized } importance are resonances due to quasibound states with to-
'é 10_15 3 tal energy equal to that of thHe=0 quintet state. These can

g 1077 ‘ give rise to the formation of a relatively long-lived colli-

% 10716} _2?‘_,:‘ 1 sional complex, in which the atoms undergo a number of
= 10'”16___,;-'-;6_é 101100101102103104 vibrations before they exit. In such a case, the turning point

at smallR, where ionization is most likely, may be encoun-
tered several times, leading to an enhanced ionization prob-
FIG. 4. Partial ionization rates for trapped NBg) atoms as a  @Pility. To investigate the importance of such resonances, we
function of the collision energf. In evaluating the potentials for have added a Gaussian “bump” of variable height to the
the system, the N4'S.;') potential was artificially replaced by the bottom of the well of either the N&s ) or the N@(lig)
Nay(®3.) potential, removing the large energy splitting between potentials from which the Nép,) +Ne(®P,) potentials are
ionizing and nonionizing states. The resulting suppression ratio i€alculated. By increasing the height of the bump, we de-
much less than for the case of Fig. 3. crease the total semiclassical phasavailable in the well,

kinetic energy E (mK)
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109 unpolarized polarized
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FIG. 6. Partial ionization rates for trapped NB§) atoms as a function of the depth of thezv(\l'lig) potential from which the potentials
of the NefP,) +Ne(®P,) system are calculated. The depth of thQ(NiEg) potential is given in terms of the semiclassical phaédsee Eq.
(23)]. Only relatively small variations in the rates are observed, indicating the minor influence of quasibound resonances in the ionizing
states on the ionization rate of the nonionizing, polarized quintet states. The collision enErgyl isuK.

effectively moving the rovibrational states it contains up inDuring its strongly enhanced lifetime, the molecule may

energy. The phase is calculated fron{37] therefore make many vibrations before it tunnels through the
barrier or is transferred back to the initial state. All the while,

b= f - dRyV—2uV(R)/%2 (23 the anisotropy present in the electrostatic interactions weakly

Rip couples the molecule to the ionizing states, leading to a

greatly enhanced. In our caIcuIationst’S'0 reaches a
maximum value of X 10 ! cm’/s at resonance, at which
point »~1. Again, these values would be prohibitive for

with V(R) the potential under consideration aRg its clas-
sical turning point for vanishing asymptotic kinetic energy.

: : At ol unpol , , :
Figures 6 and 7 display theévzirlatlon f Sa”E'K' W_'th reaching the BEC transition. Over the whole phase variation
the phase content of the Nax ) and Na(*%) potentials 4 _ - “however, the suppression ratio mostly takes values

obtained in this way. Since we vary the phase content b¥)et\Neen 18 and 10, showing that a large suppression is
more thanm, resonances are certainly present in both casesihar likely.

Figure 6 shows that a variation oflthe Neg) singlet These results clearly indicate the extreme importance of
potential only has a small effect da°%. In this case, only an accurate knowledge of the full potentials, or, equivalently,
the energy levels in the quintet states are unaffected by th@ye scattering lengths for the process under consideration.
change in phase content, since they derive solely from thgye expect that such information will only be obtained reli-
Nay(®3 ) triplet potential. We can conclude, therefore, thataply from anab initio theoretical treatment of the short-range
resonances in states other than the quintet states do not sefbtentials in combination with experimental spectroscopic
ously alterkP°. The most likely explanation for this is that determinations of the bound molecular states. Until now, this
such resonances are extremely wide, due to the large ionizgrformation has only been available for some of the alkali-
tion probability in the nonquintet states, and therefore corremetal atoms. Since all metastable rare-gas atoms other than
spondingly weak. In contrast, a variation of the,{#&;)  He have more than one bosonic isotope, one may hope to
potential depth has a very large effecti6ff, as found from  avoid such resonances by an appropriate choice of isotope.
Fig. 7. Here, atoms that initially have=0 in the quintet are  Since there are a total of nine quintet states, however, with as
coupled to anl#0 quintet state at the same total energy,many as five different potential curves if additional short-
which has a centrifugal barrier &=75 a.u. Such a quasi- range interactions are considered, there may be so many dif-
bound level may have a very sharp and therefore strong reséerent resonances that avoiding them altogether is impos-
nance, since in this state, too, ionization is now prohibitedsible.

109 unpolarized polarized
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FIG. 7. Partial ionization rates for trapped NBg) atoms as a function of the depth of the X&) potential from which the potentials
of the Ne@P,) +Ne(®P,) system are calculated. The depth of the(&, ) potential is given in terms of the semiclassical phadsee Eq.
(23)]. Very large variations in the rates are observed, indicating narrow quasibound resonances occurring in the nonionizing quintet states.
These may adversely affect the possiblities of achieving BEC with metastable rare gases. The collision dfrerhyu.
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4Iﬁ% Ne Ar Kr Xe from the equation of motiorid(}/dt= 7 for the classical
107 . ¥ RS rotation angleQ) of an object with a moment of inertia
pe . acted upon by a torque [for an anisotropic potentiak is
r /=0, unpolarized 1 . . L.
1012} j proportional todV(R)/dQ]. In a binary collision of two po-

- 1 larized atoms, by analogy the initially pure quintet state will
develop a projectiofP) proportional toACs on other, ion-

ionization rate K (cm?/s)

10-15: . o ; . S 2
L i izing states. Since the probability for ionization in such a
s 1 collision will be proportional to{ P|P), we obtain the qua-
1077 1= 0, polarized ] dratic dependence @€P° on AC5 found in Fig. 8. o
. . . From this figure we can therefore conclude that the limit
001 01 1 10 100 on the suppression ratio set by long-range anisotropy quickly

nom . .
ACs/ACs becomes stricter as the rare gas becomes heavier, because

FIG. 8. Partial ionization rates for trapped NB{) atoms as a ACs is proportional to the square O.f the guadrupole moment
function of the normalized long-range anisotropy parameterOf th_e core[see Eq(lo)]' We have listed the corresponding
AC5/ACE™. A quadratic dependence of the rate for polarized at-matrix elements in Table III for He_ th_rough Xe, base(_j on
oms on the anisotropy parameter is observed. Arrows indicating thé@lues taken from Ref[23], and indicated the relative
estimated anisotropy parameter for metastable He, Ne, through X@niSotropies of all the rare gases in Fig. 8. For H€s=0
(listed in Table 11) illustrate the decrease in ionization suppressionSince onlys electrons are involved so that no limit op
ratio with increasing rare-gas atom mass. The collision energy i§esults from the long-range anisotrogg§or He, therefore, a
E=1 uK. first limit is set by the spin-dipole interactidi4,15]). For

Ar through Xe, howeverACg is appreciably larger than for
C. Variation with long-range anisotropy Ne, suggesting that much smaller suppression ratios should

In order to make estimates of the suppression ratio for thge ex_pected for. these heavier atoms. Indeed, the available

heavier rare gases Ar through Xe, we have to study the dee_xperlmental evidence for metastable [188] and Xe[39)],

pendence of the ionization rates on long-range anisotrop)y.\"th’ according to Table Ill, approximately 200 and 700

According to Table Ill, both the anisotropy in the dipole- times IargerACé than Ne, respectively, showed basically no
dipole term as well as that in the quadrupole-quadrupol&UPPression atall.
term becomes progressively larger going from Ne to Xe.
A convenient way of representing the variation@g is VIl. COMPARISON WITH METASTABLE XENON
by introducing a parametekCs=CI®—CI'" equal to the EXPERIMENTS
difference of theCs coefficients of the most and least attrac-  The most extensive set of data is available for Xe, where

tive long-range potentials. Table Il givaCs=0.84 a.u.for recent experimentg39] suggest that spin polarization does
Ne, which may be considered its “nominal” value, which not |ead to suppression of the ionization rate for any of the
we will denote byAC5®™. We can then study the influence ayailable isotopes; for all bosonic isotopes, spin polarization
of long-range anisotropy by calculating the ionization rateseven seems to increase the ionization rate. From the discus-
as a functionACs/ACz°™. Such a calculation is shown in sion in Sec. VI C one would already expegto be less than

Fig. 8, where, for clarity, we have omitted any anisotropy in10 in this case. However, additional dynamical effects due to
the DD term by using an identical, averag€g coefficient  the larger mass of Xe, and the difference in short-range po-
for all states involved. The figure points to a quadratic detentials compared to Ne, should also be taken into account.
pendence oKP° on the dominating anisotropy, whikk""™  These changes can be easily incorporated into our model by
is basically unaffected by the change@g. This result can substituting Cs potentialgl0] for the Na potentials used for

be explained by simple qualitative arguments. The anisoNe and using the appropriate mass. We have used the same
tropic long-range interactio@s/R® will cause a rotation of autoionization widths as for Ne, however, since autoioniza-
the molecule’s electronic angular momentpover an angle tion widths for Xe are not available.

that is proportional to the variatioACs in Cg, as follows Figure 9 shows the result of such a treatment for a colli-

unpolarized polarized

10? ‘ ‘ T
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ionization rate K (cm®/s)

56.0 56.5 57.0 56.0 56.5 570
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FIG. 9. Same as Fig. 7 but for Xe instead of Ne, replacing the Ne mass by that of Xe, and the Na potentials by those of Cs. The larger
anisotropy in the case of Xe leads to much greater polarized ionization rates than for Ne, often exceeding those for unpolarized atoms. A
suppressiony=10 is possible, but values<1 are more likely. The collision energy 5=1 uK.
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sions energy of 1uK. Again we varied the amount of phase
available in the triplet potential to obtain the variation of the
ionization rates for polarized and unpolarized clouds of Xe 0.25
atoms. Indeed, suppression by a factomef 10 is still pos- —
sible, but over 60% of the range in Fig. 9,7<1. In fact, 5 ‘
the ¢-averaged value is noyw)=0.7, showing that for Xe 2 0.001k
ionization suppression by spin polarization is very unlikely. > ‘
Here, the QQ term mixes up the polarized and unpolarized %
states so thorougly at long range that they basically ionize at ‘:E) -0.25 7
the same ratenp<<1 can then be considered a quantum- g
statistical effect: for polarized atoms, the 0 partial wave
necessarily represents a greater flux than for unpolarized at- “0.507
oms, since in the former case the 1 partial wave is absent.
-0.75 . ; . .
4 6 8 0 12 14
VIIl. DISCUSSION internuclear distance R (units of ay)

In this paper we have developed a semiquantitative de- FIG. 10. Adiabatic potentials for the KEp)°3s}
scription of ionization in metastable neon collisions at very+ Ne{(2p)°3s} system including all fine-structure states. The zero
low temperatures. In fact, this description holds for all thePoint of the energy scale corresponds to the asymptotic energy of
heavy metastable rare-gas atoms, but we have concentraté§ Ne€P2) +Ne(°P,) configuration. Compared to the reduced set
on neon because of ongoing experiments in our laboratory & Fig- 1, deeper wellgresembling more closely the BE>q)
well as the availability of the properties needed as input t2td have developed in the states connected asymptotically to
the model. We have put special emphasis on obtaining ge( P,)+Ne(°P,), indicating the relaxation of the asymptotic

. . ! . . 3
lower limit on the ionization rate for spin-polarized atoms, in SPIN-orbit configuration. Crossings of the NBE) +Ne(°P;) sys
. . -~ . . .tem with other asymptotic configurations are indicated as well.
order to investigate the possibilites of reaching Bose-Einstei . CT )
uch crossings may lead to reduced ionization suppression by fun-

condensation With metasta}b_lg rare-gas atoms. While We Al ling flux onto ionizing potentials.
not able to provide a definitive answer, we do provide a
framework of potentials and autoionization widths that allowThe ionization rate for polarized atoms was found to increase
one to investigate the system in a qualitative way. It haonly slightly with the magnitude of this splitting.

become clear that such a limit depends strongly on the oc- A large magnetic confining field, however, could cause
currence of quasibound resonances in the potentials for fullgeeman splittings greater than the centrifugal barrier present
polarized atoms with>0. While it is possible to obtain inthel>0 quintet states. This would open up new channels
reasonable estimates of the anisotropy of the long-range pdi@r depolarizing collisions that require only a splitting within
of these potentials, sufficiently accurate information on thehe quintet states. Given the height of the centrifugal barrier,
short-range parts is not available at this moment. Such pg?-8 MK for Ne and =2, such processes should be expected
tentials may become available in the near future, howevefC P€ fully developed at magnetic fields of approximately 60
[41]. Our calculations show that, under favorable conditions G- It may be profitable, therefore, to use the minimum prac-
the long-range anisotropy still allows for very effective sup-tc@ trapping field for metastable rare-gas atom traps.

pression(up to 1d times of ionization by spin polarization, Another factor that we have not taken into account is that

H 3
at least for metastable Ne. This suppression becomes leSYIVE crossings of the N&R,) +Ne(°’P,) states can occur

. ) : S With other molecular states from the {ep)®(n+1)s}
iﬁfgt%?;: the atom becomes heavier, with a limitspf +Ne{(np)®(n+1)s} system at some intermediate range.

" . . . For Ne, it is possible to develop potentials for this full sys-
Additional couplings may exist between the quintet statege with the recipe developed in Sec. IV. The result of such

and the ionizing states that we have not considered. Such yreaiment is shown in Fig. 10. In this case, the g} +
couplings may occur at small&, where core-valence inter- Ne(3p,) quintet states indeed cross several states with other
actions become more important. The interactions that willhsymptotic limits. Closer inspection has taught us that some
have an effect on the ionization rate for spin-polarized atomgf these are indeed avoided crossings, with the coupling due
must create a direct coupling between a quintet state ang the DD and QQ interactions. At the crossing points, a
other, ionizing states. For Xe, e.g., one should expect a largeecond-order treatment of the DD interaction in fact no
effect of the second-order spin-orbit splitting from the expe-longer suffices. Flux entering on one of the quintet states can
rience with C46,7]. A simple splitting of the various quintet now be diverted onto curves that allow ionization to occur at
potentials, however, due to a dependence of the potentials afort range. In order for the effect of such crossings to be
a o or 7 orientation of the cores, does not have such ariaken into account, aR-dependent treatment of the DD and
effect, at least not for small magnetic confining fields. This isQQ interactions would be necessary, and in addition a much
because metastable rare-gas atoms in general lack hyperfil@ger system of coupled equations would have to be solved.
structure, so that exothermic exit channels do not exist. As ¥V& consequently leave such a treatment to a future paper.
result, depolarization through such a mechanism is prohib-
ited. We have checked this by adding a phenomenological ACKNOWLEDGMENTS
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