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Stark transitions in antiprotonic helium
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Collisional Stark rates fop*He" with 36<n=38 are estimated with coupled-channel calculations. Both an
atomic and a molecular model are used. Matrix elements opke -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 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 dependencemn,@rgR. A potential
with a minimum, preferably relatively deep, at relatively snfaltan cause transitions to be important. It is
conjectured that this can occur beca(dge’-He potentials depend on the componentpbie” intrinsic
angular momentum alonB. Also, it is found that the difference in the reduced mas®lde* and He can
cause the rate to be several times higher@de" than for comparabl@*He".
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[. INTRODUCTION the momentary direction of the interatomic separation. The
present paper does not account in detail for the experiments,

A comparatively low Stark transition rate is necessary if abut it defines the Stark problem more precisely.
metastable antiprotonic helium atorpHe™) is to undergo a After much of the work reported here had been com-
radiative transitiorj1,2]. By Stark transition we mean a col- pleted, we learned of some calculations of diagonal elements
lisionally induced transition oppHe™ in which its orbital of the pHe"-He interaction, prompted by a different prob-
angular momenturhchanges but its principal quantum num- lem, the determination of corrections to the spectrum of
ber n remains the same. By metastable we mean that thpHe" due to collisional broadenin{8]. These corrections
Auger rate is, at the very most, not much greater than thalso require interatomic potentials, though for separations
radiative rate. somewhat larger than the ones relevant to Stark transitions.

In two experiments in gaseous helium at high densitiesSThe potentials in Ref[8] were not given in terms of the
and at temperaturébB~6 K, collisionally induced depopula- pHe® orientation, as we have defined it. But in some in-
tion of the metastablen(=37)=34) state ofp*He", and stances a potential was given as a function of two vector
also of the very similar (36,33) state pFHe', has been separations, one between tpeand its HE © nucleus, the
found to be far more probable than for some seemingly lessther between the centers of mass of the two atoms. In some
well-shielded states wittn one or two units highef3,4]. other instances it was averaged, for giveand|, over the
Also, the depopulation rate for the (36,33) stat@8He' is  former separation and presented as a function of the magni-
approximately ten times larger than for the (37,34) state ofude of the latter. Some of our calculations take into account
p*He'. These experiments have prompted this paper, whicisome of the results of Ref8].
presents estimates of Stark rates.

Even without Refs[3,4], Stark rates would be needed
because of other studies pHe" [5]. Largely in accordance
with arguments and calculations in Ref4,2], some states For fixedn, the energy opHe" decreases with decreas-
remain populated until radiation occurs. However, there idng |. Accurate values of the decreases are given by Korobov
some quenching in certain instances. It is dependent on bo#nd Bakalov[9]. The splitting between the (37,34) and
phase and densif\6]. (37,33) states op*He" is 0.011265 a.u. All metastable

To our knowledge, the only published theoretical investi-states ofpHe™ are separated from a state with the same
gation of Stark mixing irpHe" is a semiclassical calculation but with| one unit lower, by an energy difference of roughly
by Korenman for states with>42, where there should be this size. This difference is~400 times greater than the
little shielding of thep [7]. The present paper describes amean energy of relative motion gfHe* and ordinary he-
guantum mechanical calculation of Stark rates for somdium at T=6 K. Therefore| decreases in a Stark transition.
lower, presumably much more well-shielded states, includingilso, the probability of a transition in a single collision
those studied in Ref§3,4]. We will show that transitions are should ordinarily be small10]. Because the energy change
unlikely in many instances. But due to uncertainties in theils always large and always nearly the same, the reduced
PHe" -He interaction, exceptional cases cannot be ruled outvavelength of final relative motion is always-0.1 a.u. But
We will conjecture that such cases occur because the inteit has a mass dependence. For examples 12% larger for
atomic potential depends on the orientation of e’ (the  a transition from the (36,33) state pFHe" than from the
component of its intrinsic orbital angular momentuatong  otherwise very similar (37,34) state pfHe". In any event,

A. Some relevant numbers
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X is smaller than most distances characteristic of the colliinteratomic potentials on the componentgfle’ intrinsic
sion. Therefore, the transition rate should depend on the derbital angular momentum along the interatomic axis.
tailed behavior of th@gHe"-He interaction. Unless stated otherwise, atomic units will be used.

B. Approximating the pHe™-He interaction Il. METHODS OF CALCULATION

We will resort to simple approximations. We will also  The position of a helium atom in a space-fixed frame with
resort to guesswork based on existing studies of interactiongspect to the center of mass pHe" is denoted byR. A
between atoms that might appear to be more or less similawo-state approximation is used for their relative motion.
to pHe™ and He. We will take into accoufii) an experimen- The initial and final states have definite valuesLdf and
tal investigation of the low-energy scattering of atomic hy-L,=M.
drogen by noble gasd41,12 and (ii) estimates of interac- Approximate Hamiltonians for the relative atomic motion
tions of ordinary helium with kaonic heliumkK("He") in are constructed by using an atomic or a molecular model to
states withn=27, 28, or 29 and=n—1 [13]. We will also  take into account the internal motion PHe". The axis of
keep in mind Ref[8]. quantization for this i.nt_ernal m_otion depends on the model.

As in the (0,1)-dependent calculations fggHe"-He in [N the atomic model, it is the axis of the space-fixed frame.

Ref. [8], the numerical estimates in RdfL3] of diagonal !N the molecular model, it is along.
elements of th& ~He"-He interaction took no account of As explained in Sec. Il B 1, we favor the molecular model

any dependence on the orientation of the exotic helium atonp_eca;uze It Wou:d 'tl)'ﬁ mtire Fea"StéC Ilf' |tdwere todbg imple- it
In a sense, neither do any of the approximations to diagoneﬂ1en e€d precisely. The atomic model IS dISCUSSed because |

elements of thegHe" -He interaction actually used in com- IS & Vvery ponvenient introduction tofand ?t Is also very
tations for the present r But we will include a di nearly equivalent to—our very approximate implementation
putations for the present paper. But we clude a discus ¢ v o\ Slecular model.

sion of how such a dependence can arise, and we will keep \vih poth models, the initial and final states of relative

thlts possibility in mind when interpreting estimates of Stark ;15 mic motion will be denoted by, andW,, written as
rates.

We will consider only states gfHe" comparable to those
of K~ He" discussed in Ref.13]. We will approximate the
PHe" -He interaction with simple, physically reasonable ex- \I’(R):(q,

. . . : 2(R)

pressions depending on just a few parameters. We will often
use Buckingham Exp-6 potentials.

There are two reasons why Exp-6 potentials will be used. This depends explicitly only oR, but both approximate
Both require van der Waals forces to be taken into accountiamiltonians associatd; and ¥, implicitly with atomic
(i) Rough guesses show that the depth of the van der Waagtates ofpHe™ having intrinsic orbital angular momenta dif-
potential forpHe' -He should be at least comparable in mag-fering by one unit. The atomic model is outlined in Sec. Il A,
nitude to the initial energy of relative motion, which suggeststhe molecular model in Sec. Il B.
that the overlap of the wave functions for the initial and the
(much more energetidinal state might depend sensitively
on the initial potential.(i) Conceivably, an explanation of
Refs.[3,4] would be an enhancement of the Stark rate by a 1. Hamiltonian for relative atomic motion
shape resonance due to the centrifugal barrier. This barrier is Atomic wave functions are used for the internal motion of
partly due to van der Waals forces and partly due to th&se* They describe the relative motion of ti@with re-
familiar termL(I_.+1)/(2/{R2), whereL is the angular mo-  gpect to its H&* nucleus. There is no explicit description of
mentum of relative atomic motion, and andR are the re-  he glectronic structure. But the electronic structure is impor-
duced mass and relative separation. We felt it necessary t@nt in thepHe" -He interaction. We will attempt to take this

investigate this possibility because such resonances are o account by guesswork, and we will attempt to allow
portant in one of the studies we have relied upon in OUlample margin for error.

guesswork about theHe"-He interaction[11]. V¥ is an approximate solution of

== RN

‘I’l(R)) 1 ¢1(R)YLi,Mi:O(§)
R\ ¢2(RYL, m,(R)

A. Atomic model

C. Outline of paper H, U =EW, )
Methods of estimating Stark rates will be presented in

Sec. I, where there is also a discussion of approximations t/here E is the energy of relative motion in the entrance
PHe"-He matrix elements. Numerical results will be pre- channel andH, is
sented in Sec. Ill, where it will be shown that Stark quench-
ing is unlikely unless the actual interatomic potentials—as 1
compared to potentials guessable by assuming a dependence H,=_—P-. p+<
on onlyn, I, andR—have their minima, preferably relatively 2
deep, at relatively small separations. It will be conjectured in
Sec. IV that there is also a significant dependence of thén the preceding equatiof®, is

V11(R) V12(R)) B ( 0 0

Vai(R) VooR)] 10 AE)' ®
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1 (1 O 16 ————1— .
P: e —~ [ =
i o 1)’ 314l C6 =5.0 a.u.i
s |
and AE is the magnitude of the splitting between the initial S 12t ( | | N .
and final states opHe™. We will guessV. e T e
16 . T 5 T ¢ T ¥ T ¢ T %
2. Diagonal elements of V 31 i Ce=4.0a.u.
We assume, tentatively, that; andV,, depend only on ‘:’ I
n, I, andR. We approximate them with Buckingham Exp-6 12 - ! 1 L i 1
potentials, not always with the same numbers. 6 -
(a) Exp6 potential This is frequently written as l _
Tl Ce=3.0 a.u. |
Ve(R)= —| 2 le R]) (Rm>6 MR . |
=——|—expajl——=—¢ | —| =] |. L RIS e i
° 1— E o Rm R 12 . 1 . 1 . I I . 1
o 16 T T T T T T T T T T T
. . = Cs=2.0 a.u.
a determines how steeplyy increases af/R,, becomes ; 14 - _ b
much smaller(but not too much small¢than 1. The mini- S - J
. . 12 - .
mum, atR=R,,, is — €. Vg has a maximum at very sma# R S S SR T
below which it decreases rapidly. We always replageby 16 ——
an infinitely high barrier aR<2. ~ T Cs =1.0 a.u.
(b) Cg instead of R,. We usually specified the van der s 1r k| ‘ i T
Waals coefficienCg instead ofR,, because we felt it neces- s i i
sary to investigate the effect of possible shape resonances. T S T S S S S S
The behavior of the centrifugal barrier is specified more con- 0 2 4 6 8 10 12
veniently in terms ofCg. However, in approximating a po- € (107° au)

tential at relatively small separationSg should be thought _ )
of as just one of three parameters specifying the effect of FIG. 1. Vertical bars, in black or gray or both, show the ranges

. . f . Ranges in gray lead tR,, differing from 6.6 a.u. by more
dispersion forces of all orders. Its value need not be relateﬁjan 20% Dashed lines enclose allleading to Exp-6 potentials

to tht_a a}sympt_o_tlc behavior of the actual potential if the Star differing by less than 20% from estimates okaHe"-He potential
rate is insensitive t&/,; andV,, at largeR. atR=20 25 and 3.0 a.u

(c) Guessing parameter rangesairly wide tentative lim- D o
its were selected fo#, Cg, anda. We used guesswork, based ordinary helium atom, leads ©©5~0.35. We tentatively as-
largely on an assumed similarity of@He"-He potential to  sumed thaD would not have an enormous effect in a fully
potentials between what might seem to be more or less simiatisfactory calculation of the interatomic potentialéve
lar pairs of atoms. It was assumed ti@tle” is not too  will reconsider this in Sec. Il B 3.We decided to require 1
different from a hydrogen atom because the mpaorbital ~ <Cg=<5. The principal reason for the high upper limit was a
radius is roughly half that of the electron. belief that Stark transitions are really due to electric fields at

(d) Range ofe. We kept in mind an investigation of scat- relatively smallR. The principal reason for the lower limit
tering of hydrogen atoms by noble-gas atof$,12. The  was the implied value oR,,. We were initially reluctant to
depth of the H-He potential—which is very shallow—is allow R, to be much less than 5. Ultimately, due to lack of
1.69x 10 °; that for H-Ne is 6.9%10 % and those for agreement with experiment, we will consider lower values of
H-Ar, H-Kr, and H-Xe are progressively larger. We decidedCy.
to require 10°<e=<10"*. Our choice of upper limit, which (f) Ranges ofx. Fairly wide ranges were assigneddo
is greater than what might seem reasonab\g, {fis to be not  For givenCq and e, the range was established by requiring,
too different from the H-He potential, was due to a reluc-for 2<R<3, an agreement—of sorts—betwedy, and the
tance to assume that the former is as shallow as the latter.K “He*-He potential fork "He™ with n=28 andl=n—1.

(e) Range of G. Even though it turned out th&s need  \We attempted to determine two valuesafeach leading to
not be related to the asymptotic behavior of the actual poterequality of these two potentials &=2 or 3. These values
tial, we did keep in mind calculations of long-range interac-specified the allowed range. Thisl hocprocedure should be
tions between atoms that might appear to be not vastly difacceptable because our Stark rates turn out to be insensitive
ferent frompHe" and ordinary helium. Chan and Dalgarno to variations ine generally wider than the selected ranges,
found thatCg is 2.830 for H-He and 1.4714 for He-H@4]. providedV;;=V,.

We also kept in mind thaFHe* is, in effect, a polar mol- (g) Summary of rangesl:igure 1 shows, for 10P<e
ecule[15-17. Shimamura has computed the dipole moment<104 and 1<C4<5, the allowed ranges of. Figure 1

D of pHe" as a function of the separationof p from its  also shows the usually much narrower ranges tdading to
He" " nucleus[17]. If r=0.5, thenD~—0.25. An electric  agreement, to within 20%, of an Exp-6 potential with the
dipole of this magnitude, parallel to its separation from anK ~He"-He potential aR= 2.0, 2.5, and 3.0. This is why we
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assert that fairly wide ranges have been selected. assigned the value obtained by Shimamura for a circular or-
(h) Range of R. Our values ofe, Cg, and a lead to  bit [17]. Forp*He" with n=37, it is Z.4=1.797.
4.7<R,,=8.1. This is a very wide range. The minima of the  (b) Radial equationThe expressions fov,, andV,, are
potentials between atomic hydrogen and noble-gas atoms aigserted in Eq(3). The two sides of Eq(2) do not have the
at separations differing from 6.6 by less thari0%[11,12. same angular dependence. We retain only that pakt 0F
The minima of the ,)-dependenpHe* -He potentials es- having the same angular dependenc&ais Eq. (1). This is
timated in Ref.[8] are atR~5.5. Figure 1 identifies the justified if the cross section is small, which is always the case
combinations oCg, €, anda causingR, to differ from 6.6  except near a shape resonance. We must hawd_;+1 or
by more than 20%. L;=L;—1 andM;=-1, 0, or+1. The equation coupling
(i) Ranges of nOur Stark rates were obtained using many ¢, and ¢, is
combinations ofCg, €, and «, without assigning specific
combinations to specifia andl. Even though we established 1 d? [ ¢ 0%} o3
our limits on & by using only estimates fa£ ~He" with n - ﬂ ﬁ b5 TUA b5 =E b))’ (7)
=28, many of the potentials obtainable with our allowed
parameter combinations should be associable with one Qjnere
another of several states pHe", since thek "He"-He po-

tentials withn=27, 28, and 29 in Ref{13] are scarcely Vii(R) ViAR) 0 0
different from one another. This range f& He" corre- UN(R)= Vu(R) Vo(R) “lo aAgl
sponds top°He" with 35<n=<37 andp*He" with 36<n 2t 22
$3_8' . ) ) The diagonal elements of are
() Typical potential Some of our rate calculations were
performed using L.(L+1)
Viu(R) = ———+V(R),
Ce=2.5, e=5%X10"5% a=125. 4) 1 ur?
This gives a typical potential, in fair agreement with ones Le(L;+1)
determined folK ~He*-He. VoA R)= - +V2iR).
M

3. Off-diagonal elements of V, and the radial equation . .
g a The off-diagonal elements, containing Clebsch-Gordan coef-

To approximateV,,, we guessed an electric fieffR)R ficients and the radial matrix elemeftt),, of thep, are
that can be thought of as causing the transition. It was as-
sumed to depend oR, but it was also assumed to be con- ViAR) =Va1(R) = f BAE(R)(T ) 21, 8
stant for all r. Since the orbital radius of the is
~0.5—which is not small compared to the rangeFobver ~ Where
which V;; becomes highly repulsive£&(R) can be thought
of as aR-dependent average field strength unlikely to be Ba
related toV,;, andV,, in a simple way.

(a) Perturbing interactionV,; was equated to the matrix
element of

2L,+1 |

_ mi—m¢+1 -
(=1 2L¢+121-1

- 5Mf M — Mg

X<L|1,00|L|1,LfO><L|1,0m|_mf|L|1,Lfm|_mf>

. X<|1;mimf_mi||1;|_lmf>.
H =f&R)R-T, (5)
(c) Guessingé(R). Because some uncertainty attends the
calculated with space-fixed atomic wave functighgr) and  guessing of, two forms will be used. One form is
Jro(r) for the initial and final states gfHe". Here,r is the
position of thep with respect to its He™ nucleus, and, Eoxd R)=Ege™ "R720), 9
which is 1.25 for®He and 1.20 for*He, takes into account _
the difference in magnitude of the charges of fhand its ~ Choosing
nucleus, together with the relative position of their center of
mass.i1(r) and ,(r) were approximated with hydrogenic
functions, both eigenfunctions of

£=2.29x10"2, p5=25 (10)

gives good agreement, not only at smRlbut even afR as

1 7 large as 5. The other form is given in terms of an Exp-6
eff

HO— — = y2_Zeff (6) potential by
P 2y r
v
where g is the reduced mass gfand He *. The quantum cee(R=~4R" (13)

numbers ofy, and, are (h,1,m;) and (h,l —1,m;). Since
AE was taken into account in E3), the effective nuclear Because the orbital radius of theis not negligibly small,
chargeZ.s was assumed to have riodependence. It was the parameters fovg in Eq. (11) can be rather different from
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those for either of the diagonal elements. They will be deH,, comes from the generalized Born-Oppenheimer approxi-
noted bye°®, CLY, anda®¥. Choosing mation[18,19. It contains a vector potenti@ and a scalar

potentialU,, .

e®=50x10"° C{=07, =109 (12 _

2. Vector potential

gives fair agreement at sma#l Matrix elements ofA are approximated with

4. Thermally averaged rate Ajk:A’kfj:if d3r zﬂj*(R,r)VRzpk(R,r), (15)

¢, /R is required to have the logarithmic derivative of an
outgoing spherical wave at very larfeand¢; /R is decom-  Where Vg is with respect taR. In a precise calculation, the
posed into an incoming and an outgoing wave. The partiavave functions in Eq(15) would depend also on the three
cross section is then computed. The cross seatifB) is electrons, they would be exact wave functions for fixd
found by summing partial cross sections over appropria’[@nd the integration would extend also over the electronic
combinations of;, Ly, M;, andm; and averaging oven; . coordinates. Because the electronic structure probably

A Boltzmann distribution was assumed for energies ofchanges very little during a transition, we use functions de-
relative motion between the two atoms. If the number denpending only onR andr. They are approximate eigenfunc-
sity N of helium atoms does not exceed?i@m 3, this  tions ¢; of
should be justified because the thermal wavelength
~0.5x10 7 cm atT=6 K is smaller than the interatomic

spacing. This condition is satisfied at the lower pressureghere H% andH' are defined in Egs(6) and (5). These

Hp=HJ—AES ,+H', =12,

employed in Refs[3,4]. The Stark rate is functions are written in terms of two eigenfunctionsté,
the latter eigenfunctions being quantized aléhgith quan-
e tum numbers i§,I,m) and (n,I —1,m). The approximate ei-
=N| J2uEo(E)f(E)dE, 13
s fo HET(B)H(E) (13 genvalues oH are
Z? AE
where - 5 +——(J1+t271), (16)
2upn 2

2 1 E E
N = h
f(E)_\/;kT kTeXp( kT)' where
t(R):<n,l—1,m|Hf|n,|,m> (174
1 1

B. Molecular model EAE

1. Hamiltonian for relative atomic motion
—. : . nl—1mH’|n,l,m)=f R)(r)o1. 17b
Thep is treated more or less as an electron is treated in a { [H'l )= TAMERIr)21 (479

diatomic molecule. We use molecular type functionsThe factorf, the field strengtt€, and the radial matrix ele-
#1(R,r) and ¢»(R,r) depending adiabatically oR. The  ment(r),, in Eq.(17b) are the same as in E(B). The factor
Hamiltonian will be invariant with respect to rotations g,, is

aroundR. Therefore,; and ¢, have the same component

m=m;,=m; of thepHe" intrinsic orbital angular momentum = [ (I—m)(+m) 1 sing 18)
alongR. MTN(@-120+1) 2777

The molecular model, if it were to be precisely imple- _
mented, should be better than the atomic model because ¥Whered, is the angle betweeR and the normal to the plane
the relative speeds of the particles, as computed using cla8f @ classically described orbit.
sical mechanics. In the initial state, the rms speed of relative
motion betweenpHe® and ordinary helium aff=6 K is

3. Scalar potential

2.6X10" cm/s for “He. This is small compared to the simi-  The scalar potential is written as

larly calculated speeds of the electrons, and also to that of the Wyi(R) 0 0 0

P, which is ~1.0x 10" cm/s. The final state is not crucially UM(R)=( t _( ) (19)
different. The relative speed of the two atoms, thoug0 0 Wx(R)/ |0 AE

times larger than initially, remains much slower than the
speed.

The wave function for relative atomic motion is again
written asW¥(R). The Hamiltonian is

In a precise calculationy,; and W, would be the inter-

atomic potentials for the initial and final states, as obtained

by equating them to differences between energy eigenvalues

of exact wave functions fop and electronic motion with

1 fixed R and similarly defined eigenvalues with very large
_t o P They would depend on the componentfand electronic

Hu ZM[P AR [P=AR)I+Un(R). (14 orbital angular momentum along, which we continue to
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denote bym. Besides varying adiabatically witR, the elec-  bution in pHe®, determined with respect to its Hé
tronic motion would vary almost adiabatically with  nucleus, is a convenient indicator of thelependent distor-

[15-17. tion of the electron motionD, should almost always be
(a) Potentials used in computatiané/e used a sweeping nearly orthogonal tdR. This should affeciV,;. There is an
approximation folWy; and W~ AE, indication of this in Ref[8], where a R,r)-dependent po-
tential, presented far=0.65 andR=4, becomes noticeably
Wy, =Vq,+ A_E(_1+ \/th2), (203 deep'er ifr and R are nearly orthogonal. In_the even more
2 special casgm|=1 and|=n—1, where thep probability

density would be confined to a toroidal volume encircling the

AE — PHe" center of mass and having a small cross-sectional area,
Waom AB=Vopt == (= 1= V141, (200 e m-dependent potential that we have in mind should be
nearly identical to a potential of the type computed in Ref.
These expressions were obtained by diagonalizing [8], providedr-R=0. The depth ofw,; for such a state
seems likely to be comparatively large if the mean orbital
Vi(R) fBMER)(r) 12 radius of thep is nearly equal to the separation for whibhy
fBMERN(r)1, Vol (R)—AE | is greatestD, has a broad maximum centered rat0.45
[17].

UnlessVy;,=V,,, they are not what are obtained in the exact (d) Probable constraint on | dependence of WThe de-
diagonalization of this matrix; but they are convenient in atailed form of the m-dependent potential that we have in

long computation, and they are accurate enough if mind should depend oh as well asn, since it could be
approximated, using a two-step Born-Oppenheimer calcula-
[V11(R) = Vo5 R)|<AE, tion, in terms of energy eigenvalues of an approximate

wave function. If coupled-channel calculations are ever to
fully account for the results of Ref$3,4], it would very
likely be necessary, for fixedand|m| =1, that the minimum
of Wy, occur at a separation that decreases with decredsing

which is a condition that should also be satisfied i for an
isolatedpHe" is to be usedW;; and W,, in Eq. (20) are
scarcely different fronV,; andV,, unlessR is very small.
When interpreting numerical results, we will bear in mind

that a better approximation 0y might have a pronoqnced 4. Radial equation

m dependence due to a distortion of the electronic wave ) )

functions, not taken into account in determining; and No matter what functional form is used foky , the equa-
Vos. on

(b) Possible two-step Born-Oppenheimer calculatién.
better approximation t&J,, could be found by performing
two traditional Born-Oppenheimer calculations, first to deter-

mine the electronic motion for fixe andr, and second, to expression forH,, given by Eq.(14). This is justified be-

determine thep motion for fixed R Th'.s should not have cause the initial and fingb wave functions must have the
much effect on the vector potential. Since only the lowest-

lying electronic state would have been taken into account fosame azimuthal quantum numbrer which allows the inte-
ying o . : Egration volume for Eq(15) to be sorted into pairs of points
each combination oR andr, there would still be no contri-

H *
bution to A from the electronic motion, as the electronic for Wh.'Ch t_he components afj V rf orthogonal toR have
. . . opposite sign. Becauge has no component orthogonal Ry
wave function, which must be normalized for edhshould its diagonal elements vanish, and its off-diagonal elements
have constant phase. But thedependent distortion of the 9 ' 9

electronic wave function should have an appreciable effect’® purely imaginaryA is written as

HyW=EV¥ (21)

must be solved. We retain only the radial partAfin the

on U,,. Since calculations presented in Sec. Il will show 0 -1
that Stark rates are very sensitive\ig;, we add a few more A(R)=iB(R)R, B(R)= b(R)( ) )
remarks. 1 0

(c) Special casd m|=I. We note some general features of , . . ,
W, that can be expected in the especially simeugh not The funct|onb(R), as foun'd using our approximate eigen-
entirely realisti¢ case/m| =1. As before| denotes the initial ~functions ofHg, can be written as
p orbital angular momentum in the limit of very larde
[Because transitions withl=—1 do not occur in the mo- b(R) =
lecular model from states withm|=1, it would have been
more realistic, though more complicated, to consider states
with |m| large, but not so large as to cause the angular factowhere
Bwm in Egs.(17h) and(18) to be negligibly small. Sincel is
large in metastablpHe", thep probability density would be
non-negligible only in some region near a plane perpendicu-
lar to R and containing thepHe' center of mass. The
r-dependent dipole momemY, of the electron charge distri- The radial equation is

N
Q_|Q_

° S (s
R =0 ,

1
SRISUR) i J<1, s(R)=is if [t>1
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102 | N IN 2 o | Rn (au)
? X - Ce(a.u.) FIG. 3. ys with respect toR,, andR,/ .
A 0.50
109 « o L.00 I1l. NUMERICAL RESULTS
N x 2.00 ]
A A 3.00 A. Introductory remarks
4.00 L .
| @ ¢ s 00 1. Radiative rate, T, L, N, and requiredyg
1072 - o s . . .
°N=10"em=3 | * .38 If Stark transitions are to be importants must be at least
T=6K o o comparable to the radiative rate. Most calculated radiative
- rates of the (37,34) state pfi*He" and the (36,33) state of
ol P3He" are not very different from one anothgt6,17,20Q.
0 2 4 6 8 10 12 Very roughly, they are~0.8x10° s 1.

€ (107 au)

FIG. 2. ys for a wide selection oCg ande.

It was assumed in all computations ¢ thatT=6 K.

All computations of yg took into account allL;<5.
HigherL; are unimportant aT =6 K.

It was always assumed thhit=10"* cm ™3,

2
_i i+B) b1 vy ¢1):E(¢1) 22 As reported in Ref[3], the disappearance rate of the
2u\dR b M b b5)’ (37,34) state ofp*He’ rises almost linearly at almost
constant temperatur@~6.3 K from 0.8<10° s at N
where =0.12x10%* cm™® to 1.34x10° s ! at N=0.90x 10?*
B ips~0.7X L
R (Wu(R) 0 ) (O 0) cm 3. It is necessary to obtaifg~0.7x10° s
. - 0 W22(R) OAE, 109“"|““I""\"“
p*He* with n=37, 1=34
Li(Li+1) 10® -Molecular model with e=5x10"%, Cg=2.5, and"|
Wi(R)= ————— +Wyy( R), @=12.5 a.u. for both initial and final states
2uR 107 ER)=Epe 1 R20) 1
= —2 =
. Li(L+1) R 105 L &E0=2.29x1072, p=2.5 (a.n.) |
2 2,LLR2 2 . _If\ 10° - b J
2 * correct value
Equation (22) is different from Eq.(7), but the boundary & 10t ¢ .
condition on¢, /R at very largeR is the same. , * .
10° - .
5. Thermally averaged rate * .
i . 102 r N_1021 cm—3 * 7
The calculation of transition rates proceeds almost as for = o
the atomic model. The chief difference is that, even though 10' - T=6K . .
there is a change in thgHe" intrinsic orbital angular mo- 100 . . ! *
mentum, th'e quaS|cIas§|caI nature:- of the Born-Oppenhe|mer 0000  0.005 0010 0015 0.020
approximation results in there being no changd.ior M. AE (aw)

Also, there is no change in the componenpéfe’ intrinsic
orbital angular momentum alor.
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FIG. 5. Ratio ofyg for p°He" to yg for p*He".

2. Choices of model and input
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summed and averaged ovex, and m;—varies with 8, or

Bm more or less quadratically, in many instances almost pre-
cisely so. This permitteds to be estimated by first comput-
ing a thermally averaged rate for givén andL; and just
one value ofB, or By, and then multiplying it by a factor
determined from a sum and averagegf or 8%, . All esti-
mates ofys—even those obtained with what we believe to
be unrealistically large€, and for which this procedure
turned out to be unjustified—were computed in this way.
Some calculations outlined in Sec. 1ll B 3 indicate that the
breakdown of the quadratic approximation for lageloes
not change any conclusion of the present paper.

4. Purposes of the various calculations

Our principal results will be presented in Figs. 2 and 3,
which will show g for wide selections oCg, R,,, ande.
Figures 4—6, and also brief summaries of other results, will
be presented for several reasofisTo establish that most of
the rates in Figs. 2 and 3, as compared to the radiative rate,
do not change meaningfully if any of the other parameters

Most of our results will be presented in Figs. 2—6. Thefor the pHe"-He interaction are changed by reasonable
molecular model was used for Figs. 2-5 and a number oamounts(ii) To relate rates fop *He" to those in Fig. 3(iii)
other results. The atomic model was used for Fig. 6 and d0 account for the very wide range of rates in Fig(i8) To

few other results.

For every figure£ had the general forng,,,, with the
parameters given in Eq10). Some calculations using other
parameters fo€,,,, as well as some calculations using the
form Egg, Will be summarized in Sec. 1l B 3.

Except for a few special instances, most rate estimates
were computed using some unchanging input appropriate for

the (37,34) state gp*He". These data should also be more

investigate the effect of possible shape resonan@gsTo
support a conjecture that an accurate calculation would re-
quire W, to depend significantly on the orientationfie” .

B. Molecular model with V1,=V,
1. yg for p*Het

Figure 2 showsyg for 26 parameter sets. These include 21

or less acceptable for nearby states. This input—used to olvepresentative sets from Fig. 1. Four of the other five com-

tain all results in Figs. 2, 3, and 6—comprised valuea Bf
w, wg, f, 1, and(r),;. Besides Fig. 4, the only instances

where these data were different were a few other computa-

tions, used for Fig. 5, in which the input was for the (36,33)
state ofp°He".

The unchanging data fg*He" did not include param-
eters for thepHe'-He interaction. It was assumed, tenta-
tively, that varying them within their selected ranges would
lead to Stark rates that include those fofHe" with 36
=n=38 andp°He" with 35=n=<37.

3. Approximating the sum and average over;rand my

In a precise implementation of the molecular model, in
whichW,; andW,, would depend om=m;=m;, summing
and averaging ovem; andm; would be very time consum-
ing. Moreover, as will be explained in Sec. Ill B 3, even a

prise three sets witlCg=
The remaining set is

0.5 and one specified by E@).

Ce=1.38, €=2.92x105 =145 (23

which appears to give an acceptable fit to fitée’ -He po-
tential presented in Ref8] for the (38,34 state ofp*He".

We assume that this set is also appropriate for the (37,34)
state. If, as we have also been assuming,andV,, depend
only onn, I, andR, this should be the most realistic set. The
rates in Fig. 2, which span eight orders of magnitude, are
identified byCg ande.

Figure 3 shows the rates in Fig. 2 plotted with respect to
R, and R, /«. The correlation withR,, is striking, even
stronger than witlR,,/ «.

(a) Values ofa. These are not shown in Figs. 2 and 3.
They are all between 11.63 and 17.0. They were not all se-

precise implementation of the atomic model would be verylected in the same way. F@;=0.5, 1.0, or 2.0, the value of

time consuming i€ for some values oR were to be stronger

«a is the one that maximizegs. For C=3.0, 4.0, or 5.0, it

than our usual estimates by little more than a factor of 2. Buis either the upper or the lower limit of the allowed range in
in the actual computations performed with either model, aFig. 1, whichever gives the largers. Except if Cg=0.5 or

significant dependence am; and m; occurred only in the
factors B, or By in the functionsV;o(R)=V,4(R) or t(R)

1.38, it is between 11.63 and 14.15. The ratesGgr0.5
have «=16.0 or 17.0. Not always choosing in the same

specified by Eqs(8) or (17). It happens that with both mod- way has little effect onys.

els, and for all choices of,, and £gg compatible with the

(b) Comparison with experimeniNone of the rates in

parameter ranges chosen in Sec. Il A 3, the estimated Stafkigs. 2 and 3 for parameters within our selected ranges is

rate for givenlL; and L{—averaged thermally, but not

compat-
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Atomic Model, S5=0.42, p*He*, (n=37, 1=34)
E=Epe TR20 £,=229x107%, p=2.5 (au.)
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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) Cs outside its selected rang@he failure to achieve
agreement with experiment with any parameter set within the
selected ranges is why estimates have been included with
Ce=0.5. This leads to lovR,,,. The set

E=2.85x107° (a.u.); Li=2, Lg=3

Cs=0.5, e=5x1075
----- Ce=1.0, e=5x10"3
-——— (=20, €=5x107%

Cs=0.5, e=5x107%
------------ Cs=0.5, e=7x1075
Cs=0.5, €=9x1073

Ce¢=0.5, €=9%x10° a=17.0 (25)

T T T
Interatomic
Potential |

1
'
'

1

leads toys=1.05x 1P s, close to the required value. It
could be argued that this might be acceptable, as there is no
need for a potential with an accurate asymptotic form. But
this conclusion requires a reason for discarding the seem-
ingly realistic set in Eq(23).

(d) Difficulty with R,,. Equations(23) and (25) lead to
rather different potentials. Not only do their depths differ by
a factor of 3, butR,, is only 3.91 for Eq.25), as compared
to 5.50 for Eq.(23). Because of results reported in Refs.
[8,11,17, a value ofR,, significantly less than 5 is difficult
to accept while retaining the assumption thgt; and V,,
depend only om, |, andR. Before abandoning this assump-
tion, we performed more computations. We allow&do
change. We also allowed the parameter setd/fgrandV,,
to differ by reasonable amounts. As outlined in Secs. 1l B 2
; > and Il C, there is little reason to believe that any rate ob-

N\ "_','- . W | tained with parameters not too different from Eg3) could
i be in agreement with experiment.

V|] (10—5 au)
<
[

| Interatomic Potential | |
i i s | s i i n | L ! L |

¢ (auw)

Wi 2. Dependence oE(R)
4 4 L i

(Initial) x | | (Initial) x |
(Olff-dia‘gonal (Off-diagonal)
' L L : | L | '

Though allyg in Figs. 2 and 3 were computed using the
same&(R), we did investigate the consequences of using
different £. Because of results summarized below, we have
concluded that agreement with experiment is unlikely to be
achieved with any reasonable—and, in some instances, even
a not very reasonable—changedif our assumed parameter
ranges foV,; andV,, are retained.

(a) Dependence ow. There is no crucial dependence of
vs on 7. For every combination of Exp-6 parameters used
for Figs. 2 and 3, varyingy by as much as 25% causgsto
change by no more than-40%. In most instances the
change is considerably less than 40%, and in no instance is
there an increase of more than20%.

(b) Dependence on functional forrie were unable to
detect any crucial dependence pf on the functional form
of £ We recalculated all rates in Figs. 2 and 3 @y<2.5,
but using insteadg, as defined in Eq.11), with the param-
eters in Eq.(12). Though the result was always larger, the
increase was only between 30% and 80%. Also, we found
that a change of as much as 75% in eitt@ or C{°Y never
causesyg to become more than approximately three times
larger. We did find that an increase of as much as 25% in
a°D causesyg to be larger by as much as a factor-eB5.
This is still not large enough to achieve agreement with ex-
periment.

(c) Assumingt= —dV;/dR. Our assumption of the ad-
equacy of the estimates in RgfL3] notwithstanding, we
repeated the computation f for all combinations ofCg,
€, and«a selected for Figs. 2 and 3, but using instead a field

(V21 (p’l‘ (10—5 a.u.)
<

¢ (au)

'

L Unperturbed final ‘
s | L | L | L

(107 au.)

G

R (a.uw)

R (au)

FIG. 6. Vi1, &%, VudX, ¢, and tl= ¢V, 4% for five
combinations ofCg and e, always withV;=V,.

ible with experiment.yg is much too low in every instance.
The highest rate, computed with

Ce¢=1.0, €=5x10"° a=14.15, (24)
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of the form&gg, with the parameters fadg in Eq.(11) being  Fig. 4. The dependence of lgg on AE always remains

equated to those for the potenthd]; used in Eq.20). The nearly linear, though the difference between the minimum

results were in some cases considerably greater. But exceahd maximumys for 50% changes ilAE varies between

for a few instances witlCg=0.5 or 1.0, yg still remained three and six orders of magnitude, usually becoming smaller

well below 0.7 10° s™1. For the potential specified by Eq. as ys for the correct splitting becomes larger.

(23), it remained too low by a factor of 30. Stark rates irpHe", though much lower than the radiative
(d) Breakdown of quadratic dependence q8y€,. The rate in most instances, should be much faster than in compa-

transition-inducing electric field must satisfy a fairly tight rable states oK "He".

constraint if the calculation ofyg is to remain relatively

simple. We repeated the computations leading to many of the 5. ys for p°He™

r_ates shown in Figs. 2 and 3, but using instead a wide varia- Tphe large variations ofis in Fig. 4 suggest an explanation
tion of values of the productBy&,. This product was al-  f the Jarge difference between the disappearance rates of the
lowed to be as much as 14 times larger than .20 2, the (36,33) state op2He" and the (37,34) state @*He". Itis
guesse(_j vaIue_ afy in _Eq. (10). This_gave rates that v_vould apparent in Eq(22) that ¢, and ¢, depend onAE only
be obtained witht, being up to 23 times larger than in EQ. when it is effectively multiplied byx. A smaller . should
(10). These rates, which are all much below the requiredysfect 3 rate in the same way as a smallé.
value, are vv_eII behaved only 'f(')l' the' lower value.sfﬁfvlgo- Figure 5 shows estimates of the ratioygffor the (36,33)
Probably, this causes no significant inadequacy in our way 0of;5te ofp3He" to ys for the (37,34) state gf*He’. Many
computingys, because it differs by no more than 75% 4 ameter sets fov,; andV,, were used, but for each ratio
from the estimate in Eq(10), the dependence ofs on  photh rates were computed with the same set. The differences
fBuéo remains more or less quqdratlc, in-many instances, ys for p3He" andp*He" are partly due to the relatively
almost |3r2e0|sely so. However, ifBy& is larger than  gmga) difference iMAE (3.6% higher fop 2He™ ), but mostly
2.29x<10"“ by a factor as small as 2.0, the dependence oRje to the relatively large difference jm (23% lower for
B for some parameter sets is no longer even apprOX|mateli;5JsHe+_3He)_ Some of these ratios are more than twice as
quadratic. large as the factor of-10 reported in Ref[4]. The differ-
ence in reduced mass seems likely to account for much, if
not all, of the *He-*He rate difference.

Rate calculations were performed with both models and a
wide selection of the parameter combinations\gy andV, 6. T matrix calculations with the atomic model

used for Figs. 2 and 3, though wiflg always being tentimes T magrix calculations shed a bit more light on the relation-
smaller than in Eq(10) so as to avoid any complication due ghin petween a cross section and fitde’ -He interaction.
to the dependence ohBa&, or fBy&y not being precisely  The relationship is not especially simple becadde is so

quadratic_. It was assumed t_h&;l andV,, in Eq. (20) are the large. TheT matrix element can be written as
same as in Eq.3). The atomic model always gave a rate that

3. Comparison with atomic model

was not much larger, the difference ranging from 6% to e [”

19%. There are several reasons for this near agreement with Tx=e f 0 t2y(R)dR, (269
our very approximate implementation of the molecular

model. (i) Even though the two models use different Hamil- tpy(R) = ¢(2°)(R)V21( RI[SX(R)+id)(R)], (26b

tonians and, therefore, different representations, both use the
samef and, in the present paper, nearly the same interatomic

X — —i¢
potentials.(ii) For allL;=1, the appropriate sums and aver- S1i(RI=Rde (R, (269
ages ofBa and B3, are precisely the same, while foy=0 Y(R)=Imfe- €. (R 5
they differ only by a factor of 5/3, the one for the atomic #1(R)=Im{e "1 (R)]. (269
model being the largekiii) For the energies and splittings it= - (R.)/ R 26
being considered here, the tedm(L;+1)/(2xR?) in the et =diRI$1(Ro)l, (269
effective radial potential for the much more energetic final R.=1000 (26

state should not be very importaitiv) In the limit of very

large R, both models use essentially the same set of initialyhere R, is the large separation at which we ordinarily
and final states opHe", the two sets differing only by evaluated cross sections using probability curredtsjs a
rotations. component of the solution of Eq7) used to evaluate the
currents,V,; is defined by Eq(8), and ¢ is a component
of a regular solution of Eq.7) if V,,=0.

Figure 4 shows, for a parameter combination used for If ¢} in Eq. (26b) is neglected, there is in almost every
Figs. 2 and 3, estimates ot if AE is varied by as much as instance only negligible change in the computed cross sec-
50% from its correct valueyg is very sensitive taAE. In  tion. A few results obtained with this approximation are pre-
Fig. 4, it spans five orders of magnitude. For the sdiyieut  sented in Fig. 6 and Table I. It was assumed in every instance
for other parameter combinations spanning the ranges showthat E=2.85x10 °, L;=2, L;=3, and 8,=0.42. It was
in Fig. 1, yg varies withAE in ways more or less similar to also assumed thdtis given by Eq.(9), with the parameters

4. Dependence oAE
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TABLE |. Partial cross sections for a Stark transition from the (37,34) stapélde”, and the ratio of the
integrals of|t3,| andt3,. In each instance,;=2 andL=3.

Ce € « O--Il-—i"Lf O-(L:iHLf - X ” X

(a.u) (a.u) (a.u) (cn? (cnP) (L|t21(R)|dR)/ (L t21(R)dR>
2.0 5x107° 13.20 1.64K10°2 1.644x10° % —224

1.0 5x10°° 14.15 2.76&K10°% 2.770x10° % —131

0.5 5x10°° 16.0 24241072 2.429x10° % -77

0.5 7x10°° 17.0 7.845% 102 7.861x10 -59

0.5 9x10°° 17.0 2.07x107%°  2.075x10°%° -52

in Eq. (10). Five combinations o€, €, anda are listed, in  greater than those between states with the saimg a one-
every instance identical to a combination used for Figs. 2 andnit difference inl.

3. Figure 6 showsVi;, &%, Vudl, %, and t}, There are not many estimates\tf; andV,, for states of
= pPV,14%. Both of the real functionspX and ¢%”) are  exotic helium with a one-unit difference imand nearly the
normalized so as to be decomposable into superpositions samel. A few of these are in Ref.13] and are for circular
ingoing and outgoing waves with amplitudes of magnitudeorbits of K ~He" with n=27, 28, and 29. Another is in Ref.
1.0. Table | lists the partial cross sectioﬁﬁ,_f computed [8] and is forp*He® with n=38 and 39. We used the po-

with the T matrix, the partial cross sectiaffﬂLf computed tentials in Ref[8]—and we took into account the ranges of

with probability currents, and the ratio of the integrals of & in Fig. 1 an.d the ef_fgct of infroducing S”.‘a” changesxn
" < ; ) . i for the potential specified by E¢4)—to devise fourad hoc
[t3,] andt},. There is, with appreciable variation, much can- o . L
) I conditions that we believe should be well satisfied \lhy
cellation of the contributions df;; to T,;.

. andV,, for states with the same but a one-unit difference
It seems clear from Figs. 3 and 6, and from Table I, tha 22

o - . 'in [. (i) They must become equal to O at separations differing
there is increased overlap between the initial and final Wavgy no more than 0.15ii) Their minima must occur at sepa-

functions—and a much increased Stark rateRfis rather rations differing by no more than 0.16ii) Their minimum

low. This can be ach'|eved by using a lOW. value@. The values must differ by no more than 10%) Their values of
overlap can also be increased by increasing o must differ by no more than 1.0.

For a givenV,,, each of the parameters fof,, was, in
turn, varied to the largest extent possible without violating
Computations ofys were examined for a wide selection conditions(i)—(iv). In no instance wags increased by more
of instances where shape resonances might be important. Nlean a factor of 17. We conclude that the approximation

significant effect was found. Such resonances do indeed 0&/,;=V,, is acceptable for our purposes.
cur, and they give rise to dramatic increases in partial cross

sections. But no resonance contributed significantly to a ther- IV. SUMMARY AND CONCLUSIONS
mally averaged rate.

7. Effect of possible shape resonances

Estimates of thermally averaged Stark rates in Secs.
1B 1, Il B 3, and Il C indicate that transitions are unlikely
in metastabl@ *He" with 36=n=38 if the interatomic po-

We first note that allowingy to be two or three units tentials depend only on, |, andR. In particular, there is a
higher forV,, than forV,; can result in a very larggs, in  large discrepancy—at least two orders of magnitude—
some instances enormously larger than in Figs. 2 and 3. Ibetween the observed quenching rate of the (37,34) state and
such casesy;; andV,,—AE become equal at a separation estimates obtained with reasonable approximations to what
greater than both classical turning points, and there is a higls, to date, the best calculation of a,[)-dependent poten-
probability of a Landau-Zener transition. We believe thistial. To get rid of this discrepancy without introducing very
does not happen. Figure 1 suggests that differencesfor  different potentials would require increasing the guessed
neighboring states should be smaller than 1.0, probablyalue of the transition-inducing electric field by what we
much smaller. As shown below, such differences should nabelieve would be too large an amount, at least an order of
result in yg being changed by more than an order of magni-magnitude.
tude. It is evident in Figs. 2, 3, and 6 that is very sensitive to

We investigated the effects of reasonable variationg,gf the interatomic potential for the initial state. If this potential
from V.4, the latter being specified in turn by Edqd) and  has a minimum, preferably relatively deep, at a separation
(23). We required the difference betwe¥n; andV,, to be, rather smaller than can reasonably be expected if the depen-
in our judgment, less than the difference between potentialdence is only om, I, andR, Stark transitions can be com-
for nearby states with nearly the sambut a one-unit dif-  petitive with radiation.
ference inn. This is not a stringent requirement, as energy We conjecture that the appropriate potentials for Stark
differences between such states are an order of magnitudeansitions depend on the componemiof p and electronic

C. Molecular model with V;#V 5,
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orbital angular momentum along the momentary direction ofStark transitions to be unlikely unless| is somewhat less
the interatomic axis. In view of the relative speeds of thethanl. Our conjecture probably requires an apprecidle-
thermal atomic motion, thp, and the electrons—and also in pendence of the well depth. If accurate estimates of Stark
view of the R,r)-dependent potential in R€i8], which has rates are ever to be obtained, improved calculations of the
at points nealR=4.0 andR-r=0 a depth exceeding the pHe"-He interaction, taking into account the orientation of
thermal energy of the colliding atoms—this is, by itself, notpHe", perhaps even taking into account the sort of configu-
a daring conjecture. We further conjecture that, for just a fewration mixing that Kartavtseet al. have suggested is impor-
combinations oh andl, potentials for just a few fairly large tant in some Auger transitiori21], appear to be needed.
values of|m| lead to Stark rates a&i=10?* cm 3 that are Calculations presented in Sec. Il B 6 suggest that much,
considerably in excess of the radiative rate and that contribf not all, of the difference between the Stark rates for the
ute disproportionately to the quenching rate. Thelepen-  (36,33) state op°He" and the (37,34) state gf*He" is
dence of such potentials would be largely a consequence afue to the difference in reduced mass of the colliding atoms.
the distortion of the electronic motion, which should vary

almost adiabatically wi_th the posi'gion of the As noted _in ACKNOWLEDGMENT

Sec. II B 3, the potential seems likely to be deepestrif

=1, though an angular factor complicates matters by causing We thank F. C. Zhang for a helpful conversation.
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