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Question of why metastable muonic helium is not quenched
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The ion-clustering mechanism which is the explanation usually invoked for the long collisional
lifetime of metastable muonic helium is examined. Based on current knowledge of similar clus-

ters, this mechanism does not work.

During the last decade, metastable muonic helium
has proved to be a cooperative species for experimen-
tal investigation.! Currently, related measurements
on metastable muonic hydrogen are being attempted.?
For Lamb-shift-type experiments the lifetime of the
metastable muonic state is an important considera-
tion. The dominant disappearance mechanisms for
the isolated metastable muonic helium ion are muon
decay (4.5 x 10° sec™!) and two-photon emission
(1.1 x 10° sec™!). Additional quenching by external
interactions may be expected via the Stark and the
Auger effects. However, the experiments, performed
with 7—50 atm of helium, have seen no decisive evi-
dence of any pressure-dependent quenching. In par-
ticular, the earliest experiment (at 7 atm) established
a quite low level of 2 x 10° sec™! on the Stark quench-
ing rate.'® If it is assumed that the metastable
muonic helium species is [au~(2s)]7, designated
He,f(Zs), this limit is in drastic disagreement with
theoretical calculations.>™ The theoretical collisional
Stark quenching rate® at 7 atm is 1.0 x 10° sec™. The
explanation* which has come to be generally accepted
is that helium atoms form a cluster with the muonic
ion; the resulting electric field at the site of the ion is
supposed to be very weak for symmetry reasons, thus
obviating the Stark mixing effect. This argument has
always been presented qualitatively and so it seems
appropriate to investigate its merits in light of current
knowledge about such clusters.

Because of the small size of the muonic orbital, the
interaction of normal He atoms with He,* is essen-
tially the same as with H* except at very small inter-
nuclear distances.’ Milleur et al.® have made a
theoretical study of He,H* complexes and found the
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relative stabilities to be as follows:

HeH*—H*+He—192¢V , (1a)
He,H*—HeH*+He—0.48 eV , (1b)
He;H*—He,H*+He +0.38 eV , (10)
HeH*—He;H*+He +0.23 eV (1d)

where He,H* is linear, He;H™ is planar (D3,), and
He H™ is tetrahedral. Hence the He,H* complex is
predicted to be most stable. This conclusion is not in
disagreement with the observation by Atkins’ of very
large ion clusters in liquid helium since we are not
concerned with the additional atoms which may be
bound at larger distances by long-range forces. That
is, the electric field at the site of the central atom
(H* or He,*) is primarily affected by the nearby
atoms.

We thus may expect the He,,+ ion to combine with
two He atoms if the ion exists long enough for the
third-order kinetics to occur. For this purpose it is
instructive to consider the analogous situation in the
high-pressure helium afterglow; the masses are al-
most the same and the binding energies are similar.?
The three-body rate constant’® for formation of He,*
is about 6 x 10732 cm®/sec and subsequent formation
of He;* is even faster.!® Hence at pressures greater
than about 3 Torr the conversion of the He,* ion to
HezHe,f may be rapid enough to inhibit collisional
Stark quenching. At such pressures recent work sug-
gests that molecular-ion formation may be augment-
ed by four-body conversion reactions.’

Supposing now that the He,*(2s) ion actually does
reside in a complex He,He,*, with n =1 or 2, we
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need not be further concerned with quenching col-
lisions but we must estimate the rate of Stark transi-
tions induced by internal molecular vibrations. Adia-
batic treatment of the nuclear motion is justified
since 2A/(hvee) > 6, where A(=0.027 a.u.) is half
the average 2s-2p muonic atomic splitting and v is
the classical vibrational frequency. The wave func-
tion ¥ for motion on the potential energy surface V
is calculated quantum mechanically and the transition
rate is then obtained by perturbation theory,

Yst= (‘l’|A (i)l‘l’) . )
The transitio_g rate at a fixed nuclear configuration
(designated R) is?
e(R)—A
2¢(R)
assuming yo << (R)/#, where yo(=2.0 x 10'2 sec™!)
is the 2p radiative transition rate and we have defined
e(R) =[A2+S¥(R)1'2 . @)

Assuming that the Hellmann-Feynman theorem is
applicable and that the molecular He,,+ retains a net
charge of nearly +1, the first-order Stark energy is

A (R.) =7Y0 , A3)

3a,
z

Here a,(=5.0 x107%a,) is the muonic Bohr radius
and Z (=2) is the nuclear charge. The gradient of
the potential is taken with respect to the Cartesian
coordinates of the muonic atom. The evaluation of
A (R) by Egs. (3)—(5) was explicitly checked in the
case of HeHe,,* and found to yield results within
about 2% of the ab initio results’ except close to the

S(R) = [VV(R)| . 5)

TABLE 1. Stark quenching in HeHe,*.

1%

minimum of the potential curve.

If the vibrational energy is small, a normal-
coordinate description, with each mode described by
a harmonic-oscillator wave function, should be ade-
quate. This approximation is also simplified by re-
taining only the first-order term in the expansion of
A in powers of S2. Before proceeding to He,He," let
us first compare the results for HeHe,* obtained with
(1) the ab initio potential, (2) a Morse potential
(D,=2.00eV, R,=1.47a,, and B=1.47a5" fit to the
ab initio potential), and (3) a harmonic-oscillator po-
tential (w=2030 cm™!). In the harmonic-oscillator
approximation we get the simple expression

yHO(1) =4

2
] (m)ﬂ*[ MMM]w3(v+%) :

m+
()]

where M is the mass of He,*, m is the mass of He,
is the vibrational frequency (in wave number units),
and v is the vibrational quantum number. Hence

expressed in units of sec™.

y§0(HeHe,*) =1.15 x 103(v +0.5) , (6a)

1. It can be seen in Table I

that the harmonic-oscillator approximation is good
for the lowest few vibrational states and thus we can
apply it with confidence to the larger cluster.

For a linear symmetric triatomic molecule, oriented
in the direction of the x axis, the above assumptions
give the electric field on the central atom,

lovE®) =
e

(2mc)?

112
2mM

2m+M

X (3€3% + wikaaf + i) , (D)

¥st(sec™1)

v Ab initio Morse Harmonic oscillator
0 5.7x107 5.9x 107 5.8x107
1 1.5x 108 1.5x 108 1.7x 108
2 2.3x 108 2.3x108 2.9x108
3 3.0x108 2.8x 108 4.0x108
4 3.4x108 3.2x108 5.2x 108
5 3.6x108 3.4x108

6 3.8x 108 3.5x 108

7 3.8x 108 3.5x108

8 3.7x 108 3.3x108

9 3.4x108 3.1x108

10 3.0x 108 2.7x108

11 2.4x108 2.3x108

12 1.7x108 1.9x 108

13 1.1x 108 1.3x 108

14 4.9x 107 7.9x 107

15 1.4x 107 2.2x107
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in terms of the normal coordinate ¢;, where the asymmetric stretching mode is designated by a subscript 3 and
the bending mode by 2. The symmetric stretch makes no contribution since the field on the central atom van-
ishes by symmetry in that mode. Evaluation of Eq. (2) in the harmonic-oscillator approximation then yields

yH0(2) = (Wi p 20 2y (| 4 (R) W™
_ (2 3 2mM
4A2 2m+M

Other than the different vibrational frequencies, this
expression differs from Eq. (6) only by the mass fac-
tor which depends on the transformation between
normal and Cartesian coordinates. The vibrational
frequencies for HezHe,ﬁ, determined from the fre-
quencies given by Milleur et al.® for He,H?, are
w;=511 cm™! and w3=855 cm™!. The result is

y?,o(Hezﬂe,.*’)
=1.16 x107[v3+0.5 +0.213(vy, + vy +1)] . (8a)

in units of sec™ . In the ground vibrational state this

gives a quenching rate of 8 x 10® sec™!. This rate is
more than three orders of magnitude faster than the
experimental upper limit for Stark quenching.'®

We may conclude that the clustering mechanism
apparently does not account for the observed long
lifetime of metastable muonic helium. In contrast, it
seems to assure rapid quenching. On the other hand,
one might note the w® dependence of the quenching
rate in Eq. (8) and speculate that the theoretical-
structure calculations missed some stable complexes
of the type He,H* with n = 3. If larger complexes

\l,2:2n \1,2221; W(".'! )

[w%(v3+%)+w%(v2,+vu+l)] . (8)

—
do exist they can be expected to have smaller vibra-
tional frequencies;, however, an order-of-magnitude
decrease appears unlikely.

Another explanation, which has been considered
for the long lifetime of metastable muonic helium, is
that an electron may recombine with He,‘+ to form a
neutral atom, which would neither be collisionally
quenched nor form clusters. This mechanism was re-
jected because of the lack of electrons and the rapid
internal Auger process which would occur if the elec-
tron is in a 1s orbital.!*% The latter objection is
dispelled if the electron is in a highly excited orbi-
tal,!! but this possibility does not appear to be viable
either since a diffuse electron could not be expected
to prevent Stark mixing collisions.
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