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Stark transitions in antiprotonic helium
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Collisional Stark rates forp̄ 4He1 with 36&n&38 are estimated with coupled-channel calculations. Both an
atomic and a molecular model are used. Matrix elements of thep̄He1-He interaction for the atomic model are
approximated with expressions having two or three parameters. Rough estimates for the molecular model are
obtained using the generalized Born-Oppenheimer approximation, together with matrix elements for the atomic
model. Guesswork, based on interactions of seemingly similar atoms, is used to set fairly wide limits to
parameters for the atomic model, it being assumed that the potentials depend only onn, l, andR. Transitions
are found to be unlikely. But the rates are sensitive to the potentials. Transitions can be likely if the potentials
are different from what can reasonably be guessed by assuming a dependence on onlyn, l, andR. A potential
with a minimum, preferably relatively deep, at relatively smallR can cause transitions to be important. It is
conjectured that this can occur becausep̄He1-He potentials depend on the component ofp̄He1 intrinsic
angular momentum alongR. Also, it is found that the difference in the reduced mass ofp̄He1 and He can
cause the rate to be several times higher forp̄ 3He1 than for comparablep̄ 4He1.

DOI: 10.1103/PhysRevA.65.032509 PACS number~s!: 36.10.2k
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I. INTRODUCTION

A comparatively low Stark transition rate is necessary
metastable antiprotonic helium atom (p̄He1) is to undergo a
radiative transition@1,2#. By Stark transition we mean a co
lisionally induced transition ofp̄He1 in which its orbital
angular momentuml changes but its principal quantum num
ber n remains the same. By metastable we mean that
Auger rate is, at the very most, not much greater than
radiative rate.

In two experiments in gaseous helium at high densi
and at temperaturesT'6 K, collisionally induced depopula
tion of the metastable (n537,l 534) state ofp̄ 4He1, and
also of the very similar (36,33) state ofp̄ 3He1, has been
found to be far more probable than for some seemingly
well-shielded states withn one or two units higher@3,4#.
Also, the depopulation rate for the (36,33) state ofp̄ 3He1 is
approximately ten times larger than for the (37,34) state
p̄ 4He1. These experiments have prompted this paper, wh
presents estimates of Stark rates.

Even without Refs.@3,4#, Stark rates would be neede
because of other studies ofp̄He1 @5#. Largely in accordance
with arguments and calculations in Refs.@1,2#, some states
remain populated until radiation occurs. However, there
some quenching in certain instances. It is dependent on
phase and density@6#.

To our knowledge, the only published theoretical inves
gation of Stark mixing inp̄He1 is a semiclassical calculatio
by Korenman for states withn.42, where there should b
little shielding of thep̄ @7#. The present paper describes
quantum mechanical calculation of Stark rates for so
lower, presumably much more well-shielded states, includ
those studied in Refs.@3,4#. We will show that transitions are
unlikely in many instances. But due to uncertainties in
p̄He1-He interaction, exceptional cases cannot be ruled
We will conjecture that such cases occur because the in
atomic potential depends on the orientation of thep̄He1 ~the
component of its intrinsic orbital angular momentum! along
1050-2947/2002/65~3!/032509~12!/$20.00 65 0325
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the momentary direction of the interatomic separation. T
present paper does not account in detail for the experime
but it defines the Stark problem more precisely.

After much of the work reported here had been co
pleted, we learned of some calculations of diagonal eleme
of the p̄He1-He interaction, prompted by a different prob
lem, the determination of corrections to the spectrum
p̄He1 due to collisional broadening@8#. These corrections
also require interatomic potentials, though for separati
somewhat larger than the ones relevant to Stark transiti
The potentials in Ref.@8# were not given in terms of the
p̄He1 orientation, as we have defined it. But in some
stances a potential was given as a function of two vec
separations, one between thep̄ and its He11 nucleus, the
other between the centers of mass of the two atoms. In s
other instances it was averaged, for givenn and l, over the
former separation and presented as a function of the ma
tude of the latter. Some of our calculations take into acco
some of the results of Ref.@8#.

A. Some relevant numbers

For fixedn, the energy ofp̄He1 decreases with decreas
ing l. Accurate values of the decreases are given by Koro
and Bakalov @9#. The splitting between the (37,34) an
(37,33) states ofp̄4He1 is 0.011 265 a.u. All metastabl
states ofp̄He1 are separated from a state with the samen,
but with l one unit lower, by an energy difference of rough
this size. This difference is;400 times greater than th
mean energy of relative motion ofp̄He1 and ordinary he-
lium at T56 K. Therefore,l decreases in a Stark transitio
Also, the probability of a transition in a single collisio
should ordinarily be small@10#. Because the energy chang
is always large and always nearly the same, the redu
wavelength of final relative motion is always|;0.1 a.u. But
it has a mass dependence. For example,| is 12% larger for
a transition from the (36,33) state ofp̄ 3He1 than from the
otherwise very similar (37,34) state ofp̄ 4He1. In any event,
©2002 The American Physical Society09-1
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| is smaller than most distances characteristic of the co
sion. Therefore, the transition rate should depend on the
tailed behavior of thep̄He1-He interaction.

B. Approximating the p̄He¿-He interaction

We will resort to simple approximations. We will als
resort to guesswork based on existing studies of interact
between atoms that might appear to be more or less sim
to p̄He1 and He. We will take into account~i! an experimen-
tal investigation of the low-energy scattering of atomic h
drogen by noble gases@11,12# and ~ii ! estimates of interac
tions of ordinary helium with kaonic helium (K2He1) in
states withn527, 28, or 29 andl 5n21 @13#. We will also
keep in mind Ref.@8#.

As in the (n,l )-dependent calculations forp̄He1-He in
Ref. @8#, the numerical estimates in Ref.@13# of diagonal
elements of theK2He1-He interaction took no account o
any dependence on the orientation of the exotic helium at
In a sense, neither do any of the approximations to diago
elements of thep̄He1-He interaction actually used in com
putations for the present paper. But we will include a disc
sion of how such a dependence can arise, and we will k
this possibility in mind when interpreting estimates of Sta
rates.

We will consider only states ofp̄He1 comparable to those
of K2He1 discussed in Ref.@13#. We will approximate the
p̄He1-He interaction with simple, physically reasonable e
pressions depending on just a few parameters. We will o
use Buckingham Exp-6 potentials.

There are two reasons why Exp-6 potentials will be us
Both require van der Waals forces to be taken into acco
~i! Rough guesses show that the depth of the van der W
potential forp̄He1-He should be at least comparable in ma
nitude to the initial energy of relative motion, which sugge
that the overlap of the wave functions for the initial and t
~much more energetic! final state might depend sensitive
on the initial potential.~ii ! Conceivably, an explanation o
Refs.@3,4# would be an enhancement of the Stark rate b
shape resonance due to the centrifugal barrier. This barri
partly due to van der Waals forces and partly due to
familiar termL(L11)/(2mR2), whereL is the angular mo-
mentum of relative atomic motion, andm andR are the re-
duced mass and relative separation. We felt it necessar
investigate this possibility because such resonances are
portant in one of the studies we have relied upon in
guesswork about thep̄He1-He interaction@11#.

C. Outline of paper

Methods of estimating Stark rates will be presented
Sec. II, where there is also a discussion of approximation
p̄He1-He matrix elements. Numerical results will be pr
sented in Sec. III, where it will be shown that Stark quen
ing is unlikely unless the actual interatomic potentials—
compared to potentials guessable by assuming a depend
on onlyn, l, andR—have their minima, preferably relativel
deep, at relatively small separations. It will be conjectured
Sec. IV that there is also a significant dependence of
03250
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interatomic potentials on the component ofp̄He1 intrinsic
orbital angular momentum along the interatomic axis.

Unless stated otherwise, atomic units will be used.

II. METHODS OF CALCULATION

The position of a helium atom in a space-fixed frame w
respect to the center of mass ofp̄He1 is denoted byR. A
two-state approximation is used for their relative motio
The initial and final states have definite values ofL2 and
Lz5M .

Approximate Hamiltonians for the relative atomic motio
are constructed by using an atomic or a molecular mode
take into account the internal motion ofp̄He1. The axis of
quantization for this internal motion depends on the mod
In the atomic model, it is thez axis of the space-fixed frame
In the molecular model, it is alongR.

As explained in Sec. II B 1, we favor the molecular mod
because it would be more realistic if it were to be imp
mented precisely. The atomic model is discussed becau
is a very convenient introduction to—and it is also ve
nearly equivalent to—our very approximate implementat
of the molecular model.

With both models, the initial and final states of relativ
atomic motion will be denoted byC1 andC2, written as

C~R!5S C1~R!

C2~R!
D 5

1

RS f1~R!YLi ,Mi50~R̂!

f2~R!YL f ,M f
~R̂!

D . ~1!

This depends explicitly only onR, but both approximate
Hamiltonians associateC1 and C2 implicitly with atomic
states ofp̄He1 having intrinsic orbital angular momenta di
fering by one unit. The atomic model is outlined in Sec. II
the molecular model in Sec. II B.

A. Atomic model

1. Hamiltonian for relative atomic motion

Atomic wave functions are used for the internal motion
p̄He1. They describe the relative motion of thep̄ with re-
spect to its He11 nucleus. There is no explicit description o
the electronic structure. But the electronic structure is imp
tant in thep̄He1-He interaction. We will attempt to take thi
into account by guesswork, and we will attempt to allo
ample margin for error.

C is an approximate solution of

HAC5EC, ~2!

where E is the energy of relative motion in the entran
channel andHA is

HA5
1

2m
P•P1S V11~R! V12~R!

V21~R! V22~R!
D 2S 0 0

0 DED . ~3!

In the preceding equation,P is
9-2
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STARK TRANSITIONS IN ANTIPROTONIC HELIUM PHYSICAL REVIEW A65 032509
P5
1

i
“S 1 0

0 1D ,

andDE is the magnitude of the splitting between the init
and final states ofp̄He1. We will guessV.

2. Diagonal elements of V

We assume, tentatively, thatV11 andV22 depend only on
n, l, andR. We approximate them with Buckingham Exp
potentials, not always with the same numbers.

(a) Exp-6 potential. This is frequently written as

VB~R!5
e

12
6

a

F 6

a
expS aH 12

R

Rm
J D2S Rm

R D 6G .
a determines how steeplyVB increases asR/Rm becomes
much smaller~but not too much smaller! than 1. The mini-
mum, atR5Rm , is 2e. VB has a maximum at very smallR,
below which it decreases rapidly. We always replaceVB by
an infinitely high barrier atR,2.

(b) C6 instead of Rm . We usually specified the van de
Waals coefficientC6 instead ofRm because we felt it neces
sary to investigate the effect of possible shape resonan
The behavior of the centrifugal barrier is specified more c
veniently in terms ofC6. However, in approximating a po
tential at relatively small separations,C6 should be thought
of as just one of three parameters specifying the effec
dispersion forces of all orders. Its value need not be rela
to the asymptotic behavior of the actual potential if the St
rate is insensitive toV11 andV22 at largeR.

(c) Guessing parameter ranges. Fairly wide tentative lim-
its were selected fore, C6, anda. We used guesswork, base
largely on an assumed similarity of ap̄He1-He potential to
potentials between what might seem to be more or less s
lar pairs of atoms. It was assumed thatp̄He1 is not too
different from a hydrogen atom because the meanp̄ orbital
radius is roughly half that of the electron.

(d) Range ofe. We kept in mind an investigation of sca
tering of hydrogen atoms by noble-gas atoms@11,12#. The
depth of the H-He potential—which is very shallow—
1.6931025; that for H-Ne is 6.9831025; and those for
H-Ar, H-Kr, and H-Xe are progressively larger. We decid
to require 1025<e<1024. Our choice of upper limit, which
is greater than what might seem reasonable ifV11 is to be not
too different from the H-He potential, was due to a relu
tance to assume that the former is as shallow as the latt

(e) Range of C6. Even though it turned out thatC6 need
not be related to the asymptotic behavior of the actual po
tial, we did keep in mind calculations of long-range intera
tions between atoms that might appear to be not vastly
ferent from p̄He1 and ordinary helium. Chan and Dalgarn
found thatC6 is 2.830 for H-He and 1.4714 for He-He@14#.
We also kept in mind thatp̄He1 is, in effect, a polar mol-
ecule@15–17#. Shimamura has computed the dipole mom
D of p̄He1 as a function of the separationr of p̄ from its
He11 nucleus@17#. If r'0.5, thenD'20.25r̂ . An electric
dipole of this magnitude, parallel to its separation from
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ordinary helium atom, leads toC6'0.35. We tentatively as-
sumed thatD would not have an enormous effect in a ful
satisfactory calculation of the interatomic potentials.~We
will reconsider this in Sec. II B 3.! We decided to require 1
<C6<5. The principal reason for the high upper limit was
belief that Stark transitions are really due to electric fields
relatively smallR. The principal reason for the lower limi
was the implied value ofRm . We were initially reluctant to
allow Rm to be much less than 5. Ultimately, due to lack
agreement with experiment, we will consider lower values
C6.

( f ) Ranges ofa. Fairly wide ranges were assigned toa.
For givenC6 ande, the range was established by requirin
for 2<R<3, an agreement—of sorts—betweenV11 and the
K2He1-He potential forK2He1 with n528 andl 5n21.
We attempted to determine two values ofa, each leading to
equality of these two potentials atR52 or 3. These values
specified the allowed range. Thisad hocprocedure should be
acceptable because our Stark rates turn out to be insens
to variations ina generally wider than the selected range
providedV115V22.

(g) Summary of ranges. Figure 1 shows, for 1025<e
<1024 and 1<C6<5, the allowed ranges ofa. Figure 1
also shows the usually much narrower ranges ofa leading to
agreement, to within 20%, of an Exp-6 potential with t
K2He1-He potential atR52.0, 2.5, and 3.0. This is why we

FIG. 1. Vertical bars, in black or gray or both, show the rang
of a. Ranges in gray lead toRm differing from 6.6 a.u. by more
than 20%. Dashed lines enclose alla leading to Exp-6 potentials
differing by less than 20% from estimates of aK2He1-He potential
at R52.0, 2.5, and 3.0 a.u.
9-3
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J. E. RUSSELL PHYSICAL REVIEW A 65 032509
assert that fairly wide ranges have been selected.
(h) Range of Rm . Our values ofe, C6, and a lead to

4.7<Rm<8.1. This is a very wide range. The minima of th
potentials between atomic hydrogen and noble-gas atom
at separations differing from 6.6 by less than;10% @11,12#.
The minima of the (n,l )-dependentp̄He1-He potentials es-
timated in Ref.@8# are at R'5.5. Figure 1 identifies the
combinations ofC6 , e, anda causingRm to differ from 6.6
by more than 20%.

(i) Ranges of n. Our Stark rates were obtained using ma
combinations ofC6 , e, and a, without assigning specific
combinations to specificn andl. Even though we establishe
our limits ona by using only estimates forK2He1 with n
528, many of the potentials obtainable with our allow
parameter combinations should be associable with one
another of several states ofp̄He1, since theK2He1-He po-
tentials with n527, 28, and 29 in Ref.@13# are scarcely
different from one another. This range forK2He1 corre-
sponds top̄ 3He1 with 35<n<37 and p̄ 4He1 with 36<n
<38.

(j) Typical potential. Some of our rate calculations wer
performed using

C652.5, e5531025, a512.5. ~4!

This gives a typical potential, in fair agreement with on
determined forK2He1-He.

3. Off-diagonal elements of V, and the radial equation

To approximateV12, we guessed an electric fieldE(R)R̂
that can be thought of as causing the transition. It was
sumed to depend onR, but it was also assumed to be co
stant for all r . Since the orbital radius of thep̄ is
;0.5—which is not small compared to the range ofR over
which V11 becomes highly repulsive—E(R) can be thought
of as a R-dependent average field strength unlikely to
related toV11 andV22 in a simple way.

(a) Perturbing interaction. V21 was equated to the matri
element of

H85 fE~R!R̂•r , ~5!

calculated with space-fixed atomic wave functionsc1(r ) and
c2(r ) for the initial and final states ofp̄He1. Here,r is the
position of thep̄ with respect to its He11 nucleus, andf,
which is 1.25 for3He and 1.20 for4He, takes into accoun
the difference in magnitude of the charges of thep̄ and its
nucleus, together with the relative position of their center
mass.c1(r ) andc2(r ) were approximated with hydrogeni
functions, both eigenfunctions of

Hp̄
052

1

2m p̄

“

22
Zeff

r
, ~6!

wherem p̄ is the reduced mass ofp̄ and He11. The quantum
numbers ofc1 andc2 are (n,l ,mi) and (n,l 21,mf). Since
DE was taken into account in Eq.~3!, the effective nuclear
chargeZeff was assumed to have nol dependence. It was
03250
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assigned the value obtained by Shimamura for a circular
bit @17#. For p̄ 4He1 with n537, it is Zeff51.797.

(b) Radial equation. The expressions forV12 andV21 are
inserted in Eq.~3!. The two sides of Eq.~2! do not have the
same angular dependence. We retain only that part ofHAC
having the same angular dependence asC in Eq. ~1!. This is
justified if the cross section is small, which is always the ca
except near a shape resonance. We must haveL f5Li11 or
L f5Li21 andM f521, 0, or 11. The equation coupling
f1 andf2 is

2
1

2m

d2

dR2 S f1

f2
D 1UAS f1

f2
D 5ES f1

f2
D , ~7!

where

UA~R!5S V11~R! V12~R!

V21~R! V22~R!
D 2S 0 0

0 DED .

The diagonal elements ofV are

V11~R!5
Li~Li11!

2mR2
1V11~R!,

V22~R!5
L f~L f11!

2mR2
1V22~R!.

The off-diagonal elements, containing Clebsch-Gordan co
ficients and the radial matrix element^r &21 of the p̄, are

V12~R!5V21~R!5 f bAE~R!^r &21, ~8!

where

bA5dM f ,mi2mf
~21!mi2mf11A2Li11

2L f11

l

2l 21

3^Li1;00uLi1;L f0&^Li1;0mi2mf uLi1;L fmi2mf&

3^ l1;mimf2mi u l1;l 21mf&.

(c) GuessingE(R). Because some uncertainty attends t
guessing ofE, two forms will be used. One form is

Eexp~R!5E 0e2h(R22.0). ~9!

Choosing

E052.2931022, h52.5 ~10!

gives good agreement, not only at smallR but even atR as
large as 5. The other form is given in terms of an Exp
potential by

EE6~R!52
dVB

dR
. ~11!

Because the orbital radius of thep̄ is not negligibly small,
the parameters forVB in Eq. ~11! can be rather different from
9-4
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STARK TRANSITIONS IN ANTIPROTONIC HELIUM PHYSICAL REVIEW A65 032509
those for either of the diagonal elements. They will be d
noted bye (od), C6

(od) , anda (od). Choosing

e (od)55.031025, C6
(od)50.7, a (od)510.9 ~12!

gives fair agreement at smallR.

4. Thermally averaged rate

f2 /R is required to have the logarithmic derivative of a
outgoing spherical wave at very largeR, andf1 /R is decom-
posed into an incoming and an outgoing wave. The par
cross section is then computed. The cross sections(E) is
found by summing partial cross sections over appropr
combinations ofLi , L f , M f , andmf and averaging overmi .

A Boltzmann distribution was assumed for energies
relative motion between the two atoms. If the number d
sity N of helium atoms does not exceed 1021 cm23, this
should be justified because the thermal wavelengthlT
;0.531027 cm at T56 K is smaller than the interatomi
spacing. This condition is satisfied at the lower pressu
employed in Refs.@3,4#. The Stark rate is

gS5NE
0

`
A2mEs~E! f ~E!dE, ~13!

where

f ~E!5
2

Ap

1

kT
A E

kT
expS 2

E

kTD .

B. Molecular model

1. Hamiltonian for relative atomic motion

The p̄ is treated more or less as an electron is treated
diatomic molecule. We use molecular type functio
c1(R,r ) and c2(R,r ) depending adiabatically onR. The
Hamiltonian will be invariant with respect to rotation
aroundR. Therefore,c1 and c2 have the same compone
m5mi5mf of the p̄He1 intrinsic orbital angular momentum
alongR.

The molecular model, if it were to be precisely impl
mented, should be better than the atomic model becaus
the relative speeds of the particles, as computed using c
sical mechanics. In the initial state, the rms speed of rela
motion betweenp̄He1 and ordinary helium atT56 K is
2.63104 cm/s for 4He. This is small compared to the sim
larly calculated speeds of the electrons, and also to that o
p̄, which is ;1.03107 cm/s. The final state is not cruciall
different. The relative speed of the two atoms, though;20
times larger than initially, remains much slower than thep̄
speed.

The wave function for relative atomic motion is aga
written asC(R). The Hamiltonian is

HM5
1

2m
@P2A~R!#•@P2A~R!#1UM~R!. ~14!
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HM comes from the generalized Born-Oppenheimer appro
mation @18,19#. It contains a vector potentialA and a scalar
potentialUM .

2. Vector potential

Matrix elements ofA are approximated with

A jk5Ak j* 5 i E d3r c j* ~R,r !“Rck~R,r !, ~15!

where“R is with respect toR. In a precise calculation, the
wave functions in Eq.~15! would depend also on the thre
electrons, they would be exact wave functions for fixedR,
and the integration would extend also over the electro
coordinates. Because the electronic structure proba
changes very little during a transition, we use functions
pending only onR and r . They are approximate eigenfunc
tions c i of

Hp̄5Hp̄
02DEd i ,21H8, i 51,2,

where Hp̄
0 and H8 are defined in Eqs.~6! and ~5!. These

functions are written in terms of two eigenfunctions ofHp̄
0 ,

the latter eigenfunctions being quantized alongR with quan-
tum numbers (n,l ,m) and (n,l 21,m). The approximate ei-
genvalues ofHp̄ are

2
Z2

2mpn2
6

DE

2
~A11t271!, ~16!

where

t~R!5
^n,l 21,muH8un,l ,m&

1

2
DE

, ~17a!

^n,l 21,muH8un,l ,m&5 f bME~R!^r &21. ~17b!

The factorf, the field strengthE, and the radial matrix ele-
ment^r &21 in Eq. ~17b! are the same as in Eq.~8!. The factor
bM is

bM5A ~ l 2m!~ l 1m!

~2l 21!~2l 11!
'

1

2
sinup , ~18!

whereup is the angle betweenR and the normal to the plan
of a classically describedp̄ orbit.

3. Scalar potential

The scalar potential is written as

UM~R!5S W11~R! 0

0 W22~R!
D 2S 0 0

0 DED . ~19!

In a precise calculation,W11 and W22 would be the inter-
atomic potentials for the initial and final states, as obtain
by equating them to differences between energy eigenva
of exact wave functions forp̄ and electronic motion with
fixed R and similarly defined eigenvalues with very largeR.
They would depend on the component ofp̄ and electronic
orbital angular momentum alongR, which we continue to
9-5
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J. E. RUSSELL PHYSICAL REVIEW A 65 032509
denote bym. Besides varying adiabatically withR, the elec-
tronic motion would vary almost adiabatically withr
@15–17#.

(a) Potentials used in computations. We used a sweeping
approximation forW11 andW222DE,

W115V111
DE

2
~211A11t2!, ~20a!

W222DE5V221
DE

2
~212A11t2!. ~20b!

These expressions were obtained by diagonalizing

S V11~R! f bME~R!^r &12

f bME~R!^r &12 V22~R!2DE D .

UnlessV115V22, they are not what are obtained in the exa
diagonalization of this matrix; but they are convenient in
long computation, and they are accurate enough if

uV11~R!2V22~R!u!DE,

which is a condition that should also be satisfied ifDE for an
isolated p̄He1 is to be used.W11 and W22 in Eq. ~20! are
scarcely different fromV11 and V22 unlessR is very small.
When interpreting numerical results, we will bear in min
that a better approximation toUM might have a pronounce
m dependence due to a distortion of the electronic w
functions, not taken into account in determiningV11 and
V22.

(b) Possible two-step Born-Oppenheimer calculation.A
better approximation toUM could be found by performing
two traditional Born-Oppenheimer calculations, first to det
mine the electronic motion for fixedR andr , and second, to
determine thep̄ motion for fixed R. This should not have
much effect on the vector potential. Since only the lowe
lying electronic state would have been taken into account
each combination ofR andr , there would still be no contri-
bution to A from the electronic motion, as the electron
wave function, which must be normalized for eachR, should
have constant phase. But ther -dependent distortion of the
electronic wave function should have an appreciable ef
on UM . Since calculations presented in Sec. III will sho
that Stark rates are very sensitive toW11, we add a few more
remarks.

(c) Special case: umu5 l . We note some general features
W11 that can be expected in the especially simple~though not
entirely realistic! caseumu5 l . As before,l denotes the initial
p̄ orbital angular momentum in the limit of very largeR.
@Because transitions withD l 521 do not occur in the mo-
lecular model from states withumu5 l , it would have been
more realistic, though more complicated, to consider sta
with umu large, but not so large as to cause the angular fa
bM in Eqs.~17b! and~18! to be negligibly small.# Sincel is
large in metastablep̄He1, the p̄ probability density would be
non-negligible only in some region near a plane perpend
lar to R and containing thep̄He1 center of mass. The
r -dependent dipole momentDe of the electron charge distri
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bution in p̄He1, determined with respect to its He11

nucleus, is a convenient indicator of ther -dependent distor-
tion of the electron motion.De should almost always be
nearly orthogonal toR. This should affectW11. There is an
indication of this in Ref.@8#, where a (R,r )-dependent po-
tential, presented forr 50.65 andR>4, becomes noticeably
deeper ifr and R are nearly orthogonal. In the even mo
special caseumu5 l and l 5n21, where thep̄ probability
density would be confined to a toroidal volume encircling t
p̄He1 center of mass and having a small cross-sectional a
the m-dependent potential that we have in mind should
nearly identical to a potential of the type computed in R
@8#, provided r•R50. The depth ofW11 for such a state
seems likely to be comparatively large if the mean orb
radius of thep̄ is nearly equal to the separation for whichDe
is greatest.De has a broad maximum centered atr'0.45
@17#.

(d) Probable constraint on l dependence of W11. The de-
tailed form of them-dependent potential that we have
mind should depend onl as well asn, since it could be
approximated, using a two-step Born-Oppenheimer calc
tion, in terms of energy eigenvalues of an approximatep̄
wave function. If coupled-channel calculations are ever
fully account for the results of Refs.@3,4#, it would very
likely be necessary, for fixedn andumu5 l , that the minimum
of W11 occur at a separation that decreases with decreasil.

4. Radial equation

No matter what functional form is used forUM , the equa-
tion

HMC5EC ~21!

must be solved. We retain only the radial part ofA in the
expression forHM given by Eq.~14!. This is justified be-
cause the initial and finalp̄ wave functions must have th
same azimuthal quantum numberm, which allows the inte-
gration volume for Eq.~15! to be sorted into pairs of point
for which the components ofc j*“Rck orthogonal toR have
opposite sign. BecauseA has no component orthogonal toR,
its diagonal elements vanish, and its off-diagonal eleme
are purely imaginary.A is written as

A~R!5 iB~R!R̂, B~R!5b~R!S 0 21

1 0 D .

The functionb(R), as found using our approximate eige
functions ofHp̄ , can be written as

b~R!5
1

2

ds

dR (
n50

`

~21!ns2n,

where

s~R!5t~R! if utu,1, s~R!5
1

t~R!
if utu.1.

The radial equation is
9-6
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2
1

2m S d

dR
1BD 2S f1

f2
D 1UMS f1

f2
D 5ES f1

f2
D , ~22!

where

UM~R!5S W11~R! 0

0 W22~R!
D 2S 0 0

0 DED ,

W11~R!5
Li~Li11!

2mR2
1W11~R!,

W22~R!5
Li~Li11!

2mR2
1W22~R!.

Equation ~22! is different from Eq.~7!, but the boundary
condition onf2 /R at very largeR is the same.

5. Thermally averaged rate

The calculation of transition rates proceeds almost as
the atomic model. The chief difference is that, even thou
there is a change in thep̄He1 intrinsic orbital angular mo-
mentum, the quasiclassical nature of the Born-Oppenhei
approximation results in there being no change inL or M.
Also, there is no change in the component ofp̄He1 intrinsic
orbital angular momentum alongR.

FIG. 2. gS for a wide selection ofC6 ande.
03250
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III. NUMERICAL RESULTS

A. Introductory remarks

1. Radiative rate, T, Li , N, and requiredgS

If Stark transitions are to be important,gS must be at least
comparable to the radiative rate. Most calculated radia
rates of the (37,34) state ofp̄ 4He1 and the (36,33) state o
p̄ 3He1 are not very different from one another@16,17,20#.
Very roughly, they are;0.83106 s21.

It was assumed in all computations ofgS that T56 K.
All computations of gS took into account allLi<5.

Higher Li are unimportant atT56 K.
It was always assumed thatN51021 cm23.
As reported in Ref.@3#, the disappearance rate of th

(37,34) state ofp̄ 4He1 rises almost linearly at almos
constant temperatureT'6.3 K from 0.83106 s21 at N
50.1231021 cm23 to 1.343106 s21 at N50.9031021

cm23. It is necessary to obtaingS'0.73106 s21.

FIG. 3. gS with respect toRm andRm /a.

FIG. 4. Typical dependence ofgS on DE.
9-7
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2. Choices of model and input

Most of our results will be presented in Figs. 2–6. T
molecular model was used for Figs. 2–5 and a numbe
other results. The atomic model was used for Fig. 6 an
few other results.

For every figure,E had the general formEexp, with the
parameters given in Eq.~10!. Some calculations using othe
parameters forEexp, as well as some calculations using t
form EE6, will be summarized in Sec. III B 3.

Except for a few special instances, most rate estima
were computed using some unchanging input appropriate
the (37,34) state ofp̄ 4He1. These data should also be mo
or less acceptable for nearby states. This input—used to
tain all results in Figs. 2, 3, and 6—comprised values ofDE,
m, m p̄ , f, l, and ^r &21. Besides Fig. 4, the only instance
where these data were different were a few other comp
tions, used for Fig. 5, in which the input was for the (36,3
state ofp̄ 3He1.

The unchanging data forp̄ 4He1 did not include param-
eters for thep̄He1-He interaction. It was assumed, tent
tively, that varying them within their selected ranges wou
lead to Stark rates that include those forp̄ 4He1 with 36
&n&38 andp̄ 3He1 with 35&n&37.

3. Approximating the sum and average over mf and mi

In a precise implementation of the molecular model,
which W11 andW22 would depend onm5mi5mf , summing
and averaging overmf andmi would be very time consum
ing. Moreover, as will be explained in Sec. III B 3, even
precise implementation of the atomic model would be v
time consuming ifE for some values ofR were to be stronge
than our usual estimates by little more than a factor of 2.
in the actual computations performed with either mode
significant dependence onmi and mf occurred only in the
factorsbA or bM in the functionsV12(R)5V21(R) or t(R)
specified by Eqs.~8! or ~17!. It happens that with both mod
els, and for all choices ofEexp andEE6 compatible with the
parameter ranges chosen in Sec. II A 3, the estimated S
rate for given Li and L f—averaged thermally, but no

FIG. 5. Ratio ofgS for p̄ 3He1 to gS for p̄ 4He1.
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summed and averaged overmf and mi—varies withbA or
bM more or less quadratically, in many instances almost p
cisely so. This permittedgS to be estimated by first comput
ing a thermally averaged rate for givenLi and L f and just
one value ofbA or bM , and then multiplying it by a factor
determined from a sum and average ofbA

2 or bM
2 . All esti-

mates ofgS—even those obtained with what we believe
be unrealistically largeE, and for which this procedure
turned out to be unjustified—were computed in this wa
Some calculations outlined in Sec. III B 3 indicate that t
breakdown of the quadratic approximation for largeE does
not change any conclusion of the present paper.

4. Purposes of the various calculations

Our principal results will be presented in Figs. 2 and
which will show gS for wide selections ofC6 , Rm , ande.
Figures 4–6, and also brief summaries of other results,
be presented for several reasons.~i! To establish that most o
the rates in Figs. 2 and 3, as compared to the radiative r
do not change meaningfully if any of the other paramet
for the p̄He1-He interaction are changed by reasona
amounts.~ii ! To relate rates forp̄ 3He1 to those in Fig. 3.~iii !
To account for the very wide range of rates in Fig. 3.~iv! To
investigate the effect of possible shape resonances.~v! To
support a conjecture that an accurate calculation would
quireW11 to depend significantly on the orientation ofp̄He1.

B. Molecular model with V11ÄV22

1. gS for p̄ 4He¿

Figure 2 showsgS for 26 parameter sets. These include
representative sets from Fig. 1. Four of the other five co
prise three sets withC650.5 and one specified by Eq.~4!.
The remaining set is

C651.38, e52.9231025, a514.5, ~23!

which appears to give an acceptable fit to thep̄He1-He po-
tential presented in Ref.@8# for the ~38,34! state ofp̄ 4He1.
We assume that this set is also appropriate for the (37
state. If, as we have also been assuming,V11 andV22 depend
only onn, l, andR, this should be the most realistic set. Th
rates in Fig. 2, which span eight orders of magnitude,
identified byC6 ande.

Figure 3 shows the rates in Fig. 2 plotted with respect
Rm and Rm /a. The correlation withRm is striking, even
stronger than withRm /a.

(a) Values ofa. These are not shown in Figs. 2 and
They are all between 11.63 and 17.0. They were not all
lected in the same way. ForC650.5, 1.0, or 2.0, the value o
a is the one that maximizesgS . For C653.0, 4.0, or 5.0, it
is either the upper or the lower limit of the allowed range
Fig. 1, whichever gives the largergS . Except if C650.5 or
1.38, it is between 11.63 and 14.15. The rates forC650.5
havea516.0 or 17.0. Not always choosinga in the same
way has little effect ongS .

(b) Comparison with experiment. None of the rates in
Figs. 2 and 3 for parameters within our selected range
compat-
9-8
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ible with experiment.gS is much too low in every instance
The highest rate, computed with

C651.0, e5531025, a514.15, ~24!

FIG. 6. V11, f1
x , V21f1

x , f2
(0) , and t21

x 5f2
(0)V21f1

x for five
combinations ofC6 ande, always withV115V22.
03250
is too low by a factor of;45. The discrepancy for the seem
ingly realistic set in Eq.~23! is a factor of;1300.

(c) C6 outside its selected range. The failure to achieve
agreement with experiment with any parameter set within
selected ranges is why estimates have been included
C650.5. This leads to lowRm . The set

C650.5, e5931025, a517.0 ~25!

leads togS51.053106 s21, close to the required value. I
could be argued that this might be acceptable, as there i
need for a potential with an accurate asymptotic form. B
this conclusion requires a reason for discarding the se
ingly realistic set in Eq.~23!.

(d) Difficulty with Rm . Equations~23! and ~25! lead to
rather different potentials. Not only do their depths differ
a factor of 3, butRm is only 3.91 for Eq.~25!, as compared
to 5.50 for Eq.~23!. Because of results reported in Ref
@8,11,12#, a value ofRm significantly less than 5 is difficult
to accept while retaining the assumption thatV11 and V22
depend only onn, l, andR. Before abandoning this assump
tion, we performed more computations. We allowedE to
change. We also allowed the parameter sets forV11 andV22
to differ by reasonable amounts. As outlined in Secs. III B
and III C, there is little reason to believe that any rate o
tained with parameters not too different from Eq.~23! could
be in agreement with experiment.

2. Dependence onE„R…

Though allgS in Figs. 2 and 3 were computed using th
sameE(R), we did investigate the consequences of us
different E. Because of results summarized below, we ha
concluded that agreement with experiment is unlikely to
achieved with any reasonable—and, in some instances,
a not very reasonable—change inE if our assumed paramete
ranges forV11 andV22 are retained.

(a) Dependence onh. There is no crucial dependence
gS on h. For every combination of Exp-6 parameters us
for Figs. 2 and 3, varyingh by as much as 25% causesgS to
change by no more than;40%. In most instances th
change is considerably less than 40%, and in no instanc
there an increase of more than;20%.

(b) Dependence on functional form. We were unable to
detect any crucial dependence ofgS on the functional form
of E. We recalculated all rates in Figs. 2 and 3 forC6<2.5,
but using insteadEE6, as defined in Eq.~11!, with the param-
eters in Eq.~12!. Though the result was always larger, th
increase was only between 30% and 80%. Also, we fou
that a change of as much as 75% in eithere (od) or C6

(od) never
causesgS to become more than approximately three tim
larger. We did find that an increase of as much as 25%
a (od) causesgS to be larger by as much as a factor of;35.
This is still not large enough to achieve agreement with
periment.

(c) AssumingE52]V11/]R. Our assumption of the ad
equacy of the estimates in Ref.@13# notwithstanding, we
repeated the computation ofgS for all combinations ofC6 ,
e, anda selected for Figs. 2 and 3, but using instead a fi
9-9
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of the formEE6, with the parameters forVB in Eq. ~11! being
equated to those for the potentialV11 used in Eq.~20!. The
results were in some cases considerably greater. But ex
for a few instances withC650.5 or 1.0,gS still remained
well below 0.73106 s21. For the potential specified by Eq
~23!, it remained too low by a factor of;30.

(d) Breakdown of quadratic dependence on fbME0. The
transition-inducing electric field must satisfy a fairly tig
constraint if the calculation ofgS is to remain relatively
simple. We repeated the computations leading to many of
rates shown in Figs. 2 and 3, but using instead a wide va
tion of values of the productf bME0. This product was al-
lowed to be as much as 14 times larger than 2.2931022, the
guessed value ofE0 in Eq. ~10!. This gave rates that would
be obtained withE0 being up to 23 times larger than in Eq
~10!. These rates, which are all much below the requi
value, are well behaved only for the lower values off bME0.
Probably, this causes no significant inadequacy in our wa
computinggS , because ifE0 differs by no more than 75%
from the estimate in Eq.~10!, the dependence ofgS on
f bME0 remains more or less quadratic, in many instan
almost precisely so. However, iff bME0 is larger than
2.2931022 by a factor as small as 2.0, the dependence
bM for some parameter sets is no longer even approxima
quadratic.

3. Comparison with atomic model

Rate calculations were performed with both models an
wide selection of the parameter combinations forV11 andV22
used for Figs. 2 and 3, though withE0 always being ten times
smaller than in Eq.~10! so as to avoid any complication du
to the dependence onf bAE0 or f bME0 not being precisely
quadratic. It was assumed thatV11 andV22 in Eq. ~20! are the
same as in Eq.~3!. The atomic model always gave a rate th
was not much larger, the difference ranging from 6%
19%. There are several reasons for this near agreement
our very approximate implementation of the molecu
model.~i! Even though the two models use different Ham
tonians and, therefore, different representations, both use
sameE and, in the present paper, nearly the same interato
potentials.~ii ! For all Li>1, the appropriate sums and ave
ages ofbA

2 andbM
2 are precisely the same, while forLi50

they differ only by a factor of 5/3, the one for the atom
model being the larger.~iii ! For the energies and splitting
being considered here, the termL f(L f11)/(2mR2) in the
effective radial potential for the much more energetic fin
state should not be very important.~iv! In the limit of very
large R, both models use essentially the same set of ini
and final states ofp̄He1, the two sets differing only by
rotations.

4. Dependence onDE

Figure 4 shows, for a parameter combination used
Figs. 2 and 3, estimates ofgS if DE is varied by as much a
50% from its correct value.gS is very sensitive toDE. In
Fig. 4, it spans five orders of magnitude. For the sameE, but
for other parameter combinations spanning the ranges sh
in Fig. 1, gS varies withDE in ways more or less similar to
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Fig. 4. The dependence of loggS on DE always remains
nearly linear, though the difference between the minim
and maximumgS for 50% changes inDE varies between
three and six orders of magnitude, usually becoming sma
asgS for the correct splitting becomes larger.

Stark rates inp̄He1, though much lower than the radiativ
rate in most instances, should be much faster than in com
rable states ofK2He1.

5. gS for p̄ 3He¿

The large variations ofgS in Fig. 4 suggest an explanatio
of the large difference between the disappearance rates o
(36,33) state ofp̄ 3He1 and the (37,34) state ofp̄ 4He1. It is
apparent in Eq.~22! that f1 and f2 depend onDE only
when it is effectively multiplied bym. A smallerm should
affect a rate in the same way as a smallerDE.

Figure 5 shows estimates of the ratio ofgS for the (36,33)
state ofp̄ 3He1 to gS for the (37,34) state ofp̄ 4He1. Many
parameter sets forV11 andV22 were used, but for each rati
both rates were computed with the same set. The differen
in gS for p̄ 3He1 and p̄ 4He1 are partly due to the relatively
small difference inDE (3.6% higher forp̄ 3He1), but mostly
due to the relatively large difference inm (23% lower for
p̄ 3He1-3He). Some of these ratios are more than twice
large as the factor of;10 reported in Ref.@4#. The differ-
ence in reduced mass seems likely to account for much
not all, of the 3He-4He rate difference.

6. T matrix calculations with the atomic model

T matrix calculations shed a bit more light on the relatio
ship between a cross section and thep̄He1-He interaction.
The relationship is not especially simple becauseDE is so
large. TheT matrix element can be written as

T215ei jE
0

`

t21~R!dR, ~26a!

t21~R!5f2
(0)~R!V21~R!@f1

x~R!1 if1
y~R!#, ~26b!

f1
x~R!5Re@e2 i jf1~R!#, ~26c!

f1
y~R!5Im@e2 i jf1~R!#, ~26d!

ei j5f1~Rc!/uf1~Rc!u, ~26e!

Rc51000, ~26f!

where Rc is the large separation at which we ordinari
evaluated cross sections using probability currents,f1 is a
component of the solution of Eq.~7! used to evaluate the
currents,V21 is defined by Eq.~8!, andf2

(0) is a component
of a regular solution of Eq.~7! if V2150.

If f1
y in Eq. ~26b! is neglected, there is in almost eve

instance only negligible change in the computed cross s
tion. A few results obtained with this approximation are pr
sented in Fig. 6 and Table I. It was assumed in every insta
that E52.8531025, Li52, L f53, and bA50.42. It was
also assumed thatE is given by Eq.~9!, with the parameters
9-10
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TABLE I. Partial cross sections for a Stark transition from the (37,34) state ofp̄ 4He1, and the ratio of the
integrals ofut21

x u and t21
x . In each instance,Li52 andL f53.

C6

~a.u.!
e

~a.u.!
a

~a.u.!
sLi→L f

T

(cm2)
sLi→L f

C

(cm2) SE
0

`

ut21
x ~R!udRD Y S E

0

`

t21
x ~R!dRD

2.0 531025 13.20 1.641310223 1.644310223 2224
1.0 531025 14.15 2.764310222 2.770310222 2131
0.5 531025 16.0 2.424310221 2.429310221 277
0.5 731025 17.0 7.845310221 7.861310221 259
0.5 931025 17.0 2.070310220 2.075310220 252
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in Eq. ~10!. Five combinations ofC6 , e, anda are listed, in
every instance identical to a combination used for Figs. 2
3. Figure 6 showsV11, f1

x , V21f1
x , f2

(0) , and t21
x

5f2
(0)V21f1

x . Both of the real functionsf1
x and f2

(0) are
normalized so as to be decomposable into superposition
ingoing and outgoing waves with amplitudes of magnitu
1.0. Table I lists the partial cross sectionsLi→L f

T computed

with theT matrix, the partial cross sectionsLi→L f

C computed

with probability currents, and the ratio of the integrals
ut21

x u andt21
x . There is, with appreciable variation, much ca

cellation of the contributions oft21
x to T21.

It seems clear from Figs. 3 and 6, and from Table I, t
there is increased overlap between the initial and final w
functions—and a much increased Stark rate—ifRm is rather
low. This can be achieved by using a low value ofC6. The
overlap can also be increased by increasinge.

7. Effect of possible shape resonances

Computations ofgS were examined for a wide selectio
of instances where shape resonances might be importan
significant effect was found. Such resonances do indeed
cur, and they give rise to dramatic increases in partial cr
sections. But no resonance contributed significantly to a t
mally averaged rate.

C. Molecular model with V11ÅV22

We first note that allowinga to be two or three units
higher forV22 than forV11 can result in a very largegS , in
some instances enormously larger than in Figs. 2 and 3
such cases,V11 and V222DE become equal at a separatio
greater than both classical turning points, and there is a h
probability of a Landau-Zener transition. We believe th
does not happen. Figure 1 suggests that differences ina for
neighboring states should be smaller than 1.0, proba
much smaller. As shown below, such differences should
result ingS being changed by more than an order of mag
tude.

We investigated the effects of reasonable variations ofV22
from V11, the latter being specified in turn by Eqs.~4! and
~23!. We required the difference betweenV11 andV22 to be,
in our judgment, less than the difference between poten
for nearby states with nearly the samel but a one-unit dif-
ference inn. This is not a stringent requirement, as ener
differences between such states are an order of magn
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greater than those between states with the samen but a one-
unit difference inl.

There are not many estimates ofV11 andV22 for states of
exotic helium with a one-unit difference inn and nearly the
samel. A few of these are in Ref.@13# and are for circular
orbits of K2He1 with n527, 28, and 29. Another is in Ref
@8# and is for p̄ 4He1 with n538 and 39. We used the po
tentials in Ref.@8#—and we took into account the ranges
a in Fig. 1 and the effect of introducing small changes ina
for the potential specified by Eq.~4!—to devise fourad hoc
conditions that we believe should be well satisfied byV11
andV22 for states with the samen but a one-unit difference
in l. ~i! They must become equal to 0 at separations differ
by no more than 0.15.~ii ! Their minima must occur at sepa
rations differing by no more than 0.15.~iii ! Their minimum
values must differ by no more than 10%.~iv! Their values of
a must differ by no more than 1.0.

For a givenV11, each of the parameters forV22 was, in
turn, varied to the largest extent possible without violati
conditions~i!–~iv!. In no instance wasgS increased by more
than a factor of 17. We conclude that the approximat
V115V22 is acceptable for our purposes.

IV. SUMMARY AND CONCLUSIONS

Estimates of thermally averaged Stark rates in Se
III B 1, III B 3, and III C indicate that transitions are unlikel
in metastablep̄ 4He1 with 36&n&38 if the interatomic po-
tentials depend only onn, l, andR. In particular, there is a
large discrepancy—at least two orders of magnitude
between the observed quenching rate of the (37,34) state
estimates obtained with reasonable approximations to w
is, to date, the best calculation of a (n,l )-dependent poten
tial. To get rid of this discrepancy without introducing ve
different potentials would require increasing the gues
value of the transition-inducing electric field by what w
believe would be too large an amount, at least an orde
magnitude.

It is evident in Figs. 2, 3, and 6 thatgS is very sensitive to
the interatomic potential for the initial state. If this potenti
has a minimum, preferably relatively deep, at a separa
rather smaller than can reasonably be expected if the de
dence is only onn, l, andR, Stark transitions can be com
petitive with radiation.

We conjecture that the appropriate potentials for St
transitions depend on the componentm of p̄ and electronic
9-11
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orbital angular momentum along the momentary direction
the interatomic axis. In view of the relative speeds of t
thermal atomic motion, thep̄, and the electrons—and also
view of the (R,r )-dependent potential in Ref.@8#, which has
at points nearR54.0 andR•r50 a depth exceeding th
thermal energy of the colliding atoms—this is, by itself, n
a daring conjecture. We further conjecture that, for just a f
combinations ofn and l, potentials for just a few fairly large
values ofumu lead to Stark rates atN51021 cm23 that are
considerably in excess of the radiative rate and that con
ute disproportionately to the quenching rate. Them depen-
dence of such potentials would be largely a consequenc
the distortion of the electronic motion, which should va
almost adiabatically with the position of thep̄. As noted in
Sec. II B 3, the potential seems likely to be deepest ifumu
5 l , though an angular factor complicates matters by caus
03250
f
e

t

b-

of

g

Stark transitions to be unlikely unlessumu is somewhat less
than l. Our conjecture probably requires an appreciablel de-
pendence of the well depth. If accurate estimates of S
rates are ever to be obtained, improved calculations of
p̄He1-He interaction, taking into account the orientation
p̄He1, perhaps even taking into account the sort of config
ration mixing that Kartavtsevet al. have suggested is impor
tant in some Auger transitions@21#, appear to be needed.

Calculations presented in Sec. III B 6 suggest that mu
if not all, of the difference between the Stark rates for t
(36,33) state ofp̄ 3He1 and the (37,34) state ofp̄ 4He1 is
due to the difference in reduced mass of the colliding ato
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