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By considering the formation of excited muonic molecular ious [(p He)2s+ He]* in the triplet
state a 'X+, it is possible to explain the presence of metastable muonic helium levels at late times,
observed when negative muons are stopped in a high-pressure (p ~ 6 atm) helium-gas target at room
temperature. A comparison of the difterent experimental results with the present idea is reported,
and measurements to obtain independent checks of this scheme are proposed.

I. INTRODUCTION

When a negative muon slo~s down in a helium target,
an excited muonic helium ion (p, He)„=M„+ is

quickly formed (n is the principal muonic quantum num-
ber). It is worthwhile to remember' that, already for
n =10, such a Z = 1 system has dimensions r&0 smaller
than the hydrogen Bohr radius a, (roc=a, /4). There-
fore from a "chemical" point of view, soon after its for-
mation the system M+ will behave like an ionized hydro-
gen atom H+ and will therefore undergo many of the
processes that are common to H+ ions formed in helium.
For instance, through three, or more, multibody collision
processes it is quite possible to obtain the formation of a
muonic helium molecular ion (which for simplicity we
sometimes call —incorrectly —a cluster):

M„'+mHe —+(M„+He)++(m —1)He, m =2, 3, . . . .

these premises, the quenching rate qzs(p ) of the metasta-
ble (2S) muonic levels, formed by stopping negative
muons in a helium-gas target, can be calculated ' as a
function of the helium-gas target pressure. One of the
predictions of this scheme is that for p ) 1 atm, the 2S
level lifetime turns out to be quite short (between r2s = 10
and 30 ns —see Fig. 1 taken frotn Ref. 6) owing to the
Auger transitions and Stark-mixing radiative deexcita-
tions within the molecule itself.

On the other hand, the presence of metastable muonic
helium has been seen in experiments done by stopping
negative muons in high-pressure helium targets (p ) 7
atm) for times comparable to the muon lifetime ' (see,
for example, Fig. 2 taken from Ref. 8).

&0'-

The possibility of the formation of a bound helium
molecular ion, containing a muonic M„+ system, was first
suggested some time ago as a possible explanation for
the lack of Ey x rays for the case of negative muons
stopped in a liquid-helium target. With this complex
molecular system, it was possible to emphasize the rela-
tive importance of the internal Auger deexcitations on
the molecular ion's electron, over that of radiative transi-
tions, for muons down to n =4.

Cohen was the first to show that the formation of the
muonic helium molecular ions in the X'X+ stable (1S)
bound state through process (1) is already dominant for
relatively low-pressure helium targets. In fact, he has
shown that for p )0. 1 atm, all negative muons stopped in
a helium target will decay, being bound in a molecular
system. Moreover, at a sufficiently high pressure during
the muon lifetime, the formation of higher-order systems
such as (M+He„) (r=1,2, . . . ) from the ground-state
molecular ion X'X+ becomes dominant. Starting from
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FIG. 1. Dependence of the quenching rate for the M2s+
muonic system on helium pressure p. The various curves corre-
spond to the different predictions obtained using different pa-
rameters (see Ref. 6) in the calculation.
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uation "the regime of cluster formation following the
M„+ deexcitation"} and much smaller than 1/t„, . Natu-
rally, no excited molecular ion states can be formed in
this regime because the thermal energy is too small.

It is clear, however, that if the pressure becomes
sufficiently high, say p )p„;, (where p„;, is some critical
value), the molecular formation process (1) will begin to
take place during the time interval t„, (let us call this
high-pressure situation "the regime of cluster formation
preceding the complete M„+ deexcitation"). Then the
muonic system M„+ can still be in an excited state with
n &&2S, and there is therefore a certain amount of energy
that can be released by this system to the colliding group
of particles in process (1). In this case, new channel reac-
tions are possible. In particular, together with process
(1), we can also have

M„++k He~(M +He)'++(k —1)He, k=2, 3, . . .

(2)
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FIG. 2. The 2SI/2/2P3/2 resonance signal (Ref. 8). In the
abscissa, the stepping motor position (SMP); in the ordinate, the
number of counts per SMP normalized to the same number of
stopped negative muons. Laser pulse delay from the muon stop-
ping time: 500 ns.

In this paper we wish to take into account also the for-
mation of some of the low-lying excited-level bound
states" of the muonic helium molecular ion during the
multibody collision process (1}. We will discuss the
relevance of the formation of some of these excited sys-
tems to the experimental results obtained by stopping
negative muons in a high-pressure helium-gas target. All
these states have a formation energy threshold larger
than 10 eV.

We will see that the presence of these excited molecu-
lar ion bound states (in particular, the triplet ones) ex-
plains the already mentioned presence of the 2S systems
at high pressure. Moreover, the formation of these excit-
ed (triplet) molecules can also explain some of the re-
sults' on the residual polarization P„observed by stop-
ping polarized negative muons in a high-pressure
helium-gas target.

If we call r„, the cascade time (i.e., 1/t„, ~ 10 s ')
then, by definition, after t„, the stopped negative muons
will all be bound in a system M;+ with i =1Sor 2S. Tak-
ing into account that the formation rate of process (1) is
proportional to the square of the target pressure, then for
pressures in the right range of values, the formation rate
of the X'X+ molecular ion will be comparable to the
free-muon decay rate A,o=4. 5 X 10 s ' (let us call this sit-

II. GKNKRAI. INFORMATION

In 1970, when searching for delayed x rays in the range
2-14 keV, Placci et al. observed 28%6 events after stop-
ping negative muons in a 7-atm helium-gas target. They
attributed these delayed x rays (nonmonochromatic but
with energies in the range 0—8.2 keV) to the following
second-order electromagnetic decay process due to meta-
stable ionic systems (IM He}23 formed within the helium-
gas target:

M2+~ —+M i~+Xi +X~ . (3)

The total yield ez&, as deduced from these delayed
events (counted from a time t =580 ns after the muon
stopping time r„"'~), was found to be Ezs=(3.4+0.7)%
per stopped muon, and the time distribution of the x rays
for the observed Mz& systems showed a tota1 disappear-
ance rate [see note (a) of Table I] of
A, zs

= 1/~zs = (0.75+0.2) X 10 s ', i.e., near to the calcu-
lated vacuum total disappearance rate, kz&=k0+~~~
=5.56X10 s ', where A, z is the decay rate for the
second-order process (3).

Radiative transitions as we11 as Auger internal transi-

where the ' refers to the excited states, and m (n so as to
take care of the energy threshold for the formation of ex-
cited clusters.

Following Refs. 5 and 6, in order to make some quanti-
tative estimates of processes (1) and (2), we will refer to
the experimental results of de Vries and Oskam' for the
processes

H++m He~(H+He)++(m —1)He,

and apply these results to the case where H+ is replaced
by the muonic ion M+. We will see that for p ~p„;,=2
attn, the multibody processes (1}and (2) will most prob-
ably proceed at a rate much faster than 1/t„,

Before discussing process (2) and the properties of the
(M +He)'+ systems, let us recall some experimental re-
sults.
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tions and Stark-mixing deexcitations, together with exter-
nal Auger transitions due to collisions with the surround-
ing helium atoms, were included in the Srst cascade cal-
culations of the p reaching the 1Sor 2S levels. The re-
sults showed that indeed the Mzs+ systems were initially
formed with a yield per muon ranging from 3% to 8%,
the higher value valid for the case in which Stark-mixing
transitions are suSciently important during the cascade.

Another very important direct and independent experi-
mental result arrived at in Ref. 2 is that the quenching
rate A,s„due only to Stark-mixing deexcitation [through
2S~2P~IS+X (8.2 keV)], was found to be less than
10 s ' with 90% CL, i.e., much smaller than the free
muon decay rate Xo. It is interesting to note that this re-
sult is obtained by observing that among the delayed
events (in this case, t =580 ns after t„"'r ), no 8.2-keV
monochromatic x rays were within the statistics. Strictly
speaking, this last experimental result gives two possibili-
ties: (i) either all 2S states have short lifetimes with
'res « t; or (ii) part or all of them may have a lifetime rzz
comparable to A,o; in this case, however, we have
A,sr « A,o. The observation of nonmonochromatic delayed
x rays from process (3) led Placci et rtl. to exclude alter-
native (i).

These results on e,s, A,s„and ~is were at first' ' rath-
er diScult to explain theoretically; early elementary cal-
culations on Stark-mixing collisions [with subsequent
deexcitation to the 1S level of the muonic ion (p He)+]
against isolated helium atoms of the target, already gave
a value for A, si much higher than A,o.

In 1972—1975, Bertin et al. and Carboni et rti. set up
an experiment to induce 2S~2P transitions in the M&&
with an infrared laser. Using a helium target with
30&p &40 atm, and a double-resonance method, mea-
surements of the 2P3&z-2S, zz and the 2P, zz-2S«z
energy-level di8'erences were performed to an accuracy of
1.5X10 . The pulsed infrared laser was fired into the
target, in one case 900 ns after t„"'~ (Ref. 7) and in the
others 500 ns after t„"'. Using the same target ap-
paratus, a separate experiment was performed looking at
x rays from the decay process (3). At these pressures, ebs
was found' to be between 3% and 4%, and the total 2S
level lifetime rz's had values similar to the value found at
7 atm.

In all the CERN experiments, ezs and vzs were direct-
ly and independently deduced from the observed number
of delayed events.

Going back briefly to the cascade computations, it is
worthwhile to mention that, in 1975, Bertin et rt/. ' pub-
lished an approximate rule relating the I(Ka)/I(K«r)
ratio [of "prompt" a x rays to all x rays (per stopped
muon)] to the number e~'s' of metastable levels formed—
approximate because it assumes certain values for some
of the radiative transition amplitudes and because it
neglects, for instance, deexcitations through Auger pro-
cesses. This relation can be written
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FIG. 3. Recent published results on the I(Ka)/I(K„, ) and
I(KP}/l(K„, ) ratios (from Refs. 16-19).

est experimental results published on the I(Ka)/I(K„r )

ratio. " "
In 1981, Cohen gave a Srm quantitative basis to the

muonic helium molecular ion formation picture, by con-
sidering specifically the cluster (MzzHe)+ of process (1}
formed in the X 'X+ stable state and computing its for-
mation rate. With these results he was able to give pre-
cise quantitative predictions for the quenching rate
q&s(p }, as a function of pressure, of the metastable Mzz
system formed in a helium target. With such a scheme he
has shown the following.

(i) For pressures over 0.1 atm, process (1) would be-
come dominant during the muon lifetime.

(ii) The disappearance rate due to Stark-mixing deexci-
tation for the metastable M zz system bound in the muon-
ic helium molecular ion X'X+ is A,sr=6X10 s ' (in the
lowest vibrational state); consequently, under these condi-
tions (p & 0. 1 atm), the lifetime of the 2S level will be ex-
tremely small.

(iii) At pressures higher than 1 atm, it is possible to
have other types of higher-order stable ionic clusters,
such as (MzzHe„)+ (with n =1,2, 3), where the calculat-
ed quenching rate for the 2S levels is also very high.

(iv) This scheme is in disagreement with the high-
pressure (p ~ 7 atm) experimental results; it disagrees be-
cause of the much longer 2S level lifetimes experimental-
ly observed, and because of the small value seen for A,s, at
7 atm.

At the Swiss Institite for Nuclear Research (SIN} in
1984, ' the predictions of Cohen for the behavior of the
quenching rate ques(p) were quantitatively confirmed up
to pressures of 600 Torr. In particular, for reaction (1)
leading to the X 'X+ ground state, there was found for
p ~ 600 Torr a formation rate

eels
= [1 I(Ka)/I(K„, )]/F—, (4)

A, =(4.26+0.58)X10p atm s (5)

in agreement with the predictions of Ref. 5, which were
obtained using the experimental results from Ref. 13.

The same SIN group, stopping netative muons in a 6-
where the quantity F has a value of 7.2+0.4; we will
come back to this relation later. Figure 3 shows the lat-



41 FORMATION AND DISAPPEARANCE RATES OF METASTABLE. . . 2355

TABLE I. Experimental results on muonic helium 2S levels

for p ~ 6 atm.

(atm)

6
6
7

30—40
30-40
30-40

40
50

Ref.

16,18
18
2
7
8

10
17
20

&2S

(%)

6
1 ~ 5+0.8
3.4+0.7

3-5
7

4%1

+2S

(pS)

&25X10 '
0.325+0. 15
(1.5+0.4)'

~0.9
~0.5

(1.4+0. 15)'
0.040

( 1.2+0. 14)'

~St
(s

(1.4X 10

'In Refs. 2, 10, and 20 ~&s has been given omitting the systemat-
ic corrections due to the time spread of the x-ray detector sys-

tem (most of the x-ray energy is around 4 keV): these new

values are the corrected ones.

atm helium-gas target to search for delayed mono-
chromatic 8.2-keV x rays, came to the conclusion' that
in these conditions for the 2S level, ~2S &25 ns is valid.
This conclusion has been arrived at from the "absence"
of delayed monochromatic 8.2-keV x rays (an experimen-
tal result per se, which is obviously in complete agree-
ment with the result published in 1971 by Placci et al. at
7 atm), and with the essential additional a priori assump-
tion that the Stark-mixing radiative deexcitation A.s„ for
all metastable systems, was much bigger than the free-
muon disappearance rate A,o (in agreement with the
above-mentioned theoretical scheme of Cohen in 1982,
but in contradiction with the 1971 CERN experimental
results at 7 atm}. Moreover, in deducing the limit for 12S,
the value of e2S has been fixed to that given by expression
(4} (to about 6%).

Finally, in 1987 Eckause et al. ,
' stopping negative

muons in a helium target at 40 atm and searching for the
nonmonochromatic x rays due to process (3}, reported a
superior limit for the lifetime of the 2S level: ~2S & 40 ns.
Also this value has been obtained, not in an independent
way, but by fixing, for the ezs population, that particular
value of ebs obtained using expression (4).

More recently, Menshikov et al. considered in more
detail the formation of the various stable clusters
(MzzHe„)+ (with n =1,. . . , 6) and the various quench-

ing channels for the 2S level. For q2s(p), they obtained
as a function of pressure, for p ~ 1 atm, the behavior
shown in Fig. 1. According to these authors, below
about 10 atm the quenching proceeds mainly at the vibra-
tional excited levels of the (M+ He )

+ ion (through
Stark-mixing radiative deexcitations), whereas for p ) 10
atm it proceeds, at the ground vibrational state of the ion,
through (radiationless internal) Auger deexcitations. One
of the consequences is, for instance, that at 6 or 7 atm the
2S-level lifetime should be around 10 ns, and mainly
through radiative deexcitation (with the emission of
monochromatic 8.2-keV x rays).

The results (or limits) described above are presented in
Table I together with other results; from the experiments
done to measure the 2S~2P transition energies, we have
deduced a value (or limit} for the 2S lifetime by assuming
that rzz —DL, w—here Dz is the delay with which the in-

frared laser pulse was injected into the helium-gas target
where the muons were stopped.

III. EXCITED CLUSTERS

A. Characteristics

The singly charged helium-hydride molecular ion
(H+He)+ has been known since a long time, and many
quantum-mechanical calculations for the X 'X+ ground
state of this system have been performed (Refs. 5, 11, 14,
15, 20, and 21).

In an analysis of the low-lying excited states of the
(H+He)'+ system, Michels" found quite a number of
excited triplet and singlet bound states of the type X+
and II+. For these excited bound states, Michels calcu-
lated the different vibrational-rotational constants and
the dissociation energies. Using his values, we have cal-
culated the quantities reported in Table II, referring to
the equivalent (M+He)'+ muonic molecular excited
bound states where the H+ has been replaced by an M+
muonic ion.

Looking at Table II, we can see the following two im-
portant facts.

(1) The value for the normal vibration frequency co, for
the excited states is, in general, much smaller than the
corresponding value for the ground state X 'X+. This
means that Stark-mixing transition rates [2S~2P

TABLE II. Vibrational-rotational constants; dissociation energies and A,&, for low-lying excited states
of the (M He)+ muonic helium molecular ion (using the results of Ref. 11).

State

x 'x+
a'x
B 'X+
c 'rr+
g 3y+

b 3y+

c II+
X ly+ a

DO

(eV)

1.850
0.0353
1.051
0.2228
0.0814
0.7324
0.1988
2.00

(bohr)

1.444
5.68
8.486
7.905
4.472
7.754
7.720
1.470

Ne

(cm ')

2128
132
240
138
234
249
141

2030

X„(0)
(s-')

1.4X10'
7.4X10"
1.5 X10'
6.8X 10'
8.5 X 10
1.6X10'
5.8X10'

Computed
energies R = ~

(hartrees)

—2.8757
—2.5000
—2.1428
—2.1250
—2.5000
—2.1742
—2.1307

Computed
vibrational

states

16
5

28
12
7

20
12
16

'Values computed by Cohen (Ref. 5). Results of Milleur et al. (Ref. 21) give co =2051 cm
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~15+X(8.2 keV)] in the excited molecules (M2sHe)'+
are expected to be reduced. In fact, using the same
method as that applied in Refs. 5 and 6, we found the
corresponding values for A.s„also reported in Table II.
These values have been arrived at by using, for the
ground states, the following expression, ' which was ob-
tained by applying the harmonic-oscillator approxima-
tion (with the vibrational number v=0):

1. Singlets

Figure 4(a) shows the different channels into which the
singlet molecular ions can spontaneously decay. " We
have computed the decay rates I,; within the dipole ap-
proximation, according to the formula

(a) (b)

FIG. 4. Decay scheme of the various excited muonic helium
molecular ions (from Ref. 11): (a) for the singlet states, (b) for
the triplet states.

As, =A2p(3&q/2Zb, ) @co,(1/2), (6)

where p is the reduced mass, A,2~
=2 X 10' s

a„=2. 5 X 10 " cm, Z =2, and 6=0.027, where 26 is
the 2S-2P energy splitting in atomic units.

(2} The internal Auger deexcitation rates for the 2S
muonic level now become negligibly small, given the
large radii for the excited clusters (see r, given in Table
II). This means that in these excited systems the main
contribution to Auger deexcitations (if any) comes, at
these pressures, from the electrons of the neighboring col-
liding free-helium atoms: the rate for such a process has
been calculated ' and is given by

A, '„"'(p ) =3.6 X 10 p s

where p is the pressure in atmospheres.
In fact, what we have just said for n =2 is valid also for

many levels with n )2; i.e., already at pressures higher
than a few atmospheres in the case of the excited clusters
the external Auger processes often dominate over the
internal ones. Therefore, for M2z+ systems present
within excited clusters, the quenching of the 2S level is
much reduced.

An important question at this point is, what are the to-
tal disappearance rates for these excited molecular ions?
Let us discuss separately the singlet and triplet systems.

where EEf; is the energy difFerence between the initial
and final states, and df, is the square of the transition ma-
trix element,

2 2

df; =2 f /fan„(R )g;dR + f

/fan,

(R )g;dR (9)

with p(R ) being the dipole matrix element for a given in-
ternuclear separation R. The z axis is taken along the
symmetry axis joining the two nuclei.

The values for AE; are derived from Ref. 11 and given
in Table III. The values for df; are calculated, starting
from an interpolation of the dipole matrix element p(R ),
which is also reported in Ref. 11 for the relevant transi-
tions. The internuclear wave functions P(R ) are assumed
to be harmonic-oscillator wave functions centered at the
equilibrium distance R,q, which is given in Ref. 11 for
several states of the (H+He}+ ion. Therefore, for the
(M+He)+ system we have

g=NH„(R —R, )exp[ cu, (R ——R, ) m/(2A')], (10)

where, after proper scaling, the frequency ~, is derived
from the corresponding values for the (H+He}+ ion in
order to take into account the different value of the re-
duced mass m; N is a normalization constant, and H„are
Hermite polynomials.

The lifetime for the i ~f transition is then given by

r(=0.94X10 (b,E, ) (1/d; )= I/A, ,

where hE, is expressed in electron volts and d, in Bohr
units.

We remark that the transition rates are very sensitive
to the initial and final values n; and nf of the vibrational
quantum number. The highest A, value is obtained where
the overlapping of the initial and the final wave function
is greatest. For the transitions we consider, this occurs at
(or near) the particular values reported in Table III to-
gether with the corresponding lifetimes. Therefore the r,
values in Table III are to be regarded as lower values.

To obtain the total disappearance rates, we have also
to take into account the rates A, , „~~(p ) for deexcitation of
the excited singlets to the lowest singlet X'X+ state,
through collisions with the neighboring free-helium
atoms of the target. From table III it can be deduced
that it is quite possible that all excited singlet states of
Table II will be converted into the ground singlet molecu-
lar ion X 'X+ within 60 ns [or even more rapidly, de-
pending on the contribution of A.; „a(p) at the working
pressure p]. Of course, from this moment the scheme
proposed in Refs. 5 and 6 has to be applied. This means
that if the pressure p is not too high (but still within

p ~p„;,), the group of excited singlet molecules (with a
muonic 2S-level system trapped in them) will give rise to
an "early" 8.2-keV x-ray emission, which might be distin-
guishable from the "prompt" x rays if A, , „~&(p ) is
suSciently small. On the other hand, when p is very high
( ~ 10 atm), then, since the quenching of the 2S level will
in this case be mainly through Auger deexcitation, there
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2. Triplets

Figure 4(b) represents a scheme showing the various
possible radiative decays of the triplet systems. " Follow-
ing the procedure explained above, we have calculated
some indicative rates for the processes of Fig. 4(b): the
results of these computations are also given in Table III.
We see that within at least 10 ns all triplets will be in the
a X+ state; this lowest triplet state is stable.

On the other hand, it is in principle also possible for
the triplet states to be converted into the ground singlet
molecular ion through collision with the neighboring
helium atoms, for instance, according to

c II++He(ls )~X '2++He 3S(ls2s) . (12)

will not be an "early" additional 8.2-keV emission. Of
course, no delayed signals, at times comparable to I/A, o,
are expected from this group.

since simple estimates show its rate to be relatively negli-
gible (see the Appendix).

At this point we wish to add that it is most probable
that, at high pressure, higher complex molecular ion for-
mation will take place:

(M2s He )r +2He~He+ (M2s He2) r+, (13)

etc. (where T stands for triplet), which is similar to what
happens ' ' ' for the ground singlet X 'X+ molecular
ions; this important point needs further theoretical inves-
tigation. Assuming that no processes such as (13) would
take place, we have made a very rough estimation of the
breakup rate A of the excited triplet molecule due to col-
lisions with the helium atoms of the target; we found
A & A, '„"'(p ) [see expression (7)].

Under these conditions, the disappearance rate for a 2S
muonic level present inside an a X+ triplet can therefore
be written

However, in the following we will neglect process (12), + A,
'"'+

A, = 1/2S 2S A st %2S (14)

TABLE III. Lifetimes and energy differences hE; for the various transitions considered.

Transition

w 'r+ x'r+

C 'H+ ~x 'X+

B 'X+ J'X+

hE;
(Computed)

(eV)

12.017

22.034

8.435

10.017

Vibrational quantum number

n, nf

21
22 23

16

Lifetime

(ns)

13
29
60

2.6
4.3

14
16

50
50
50

B 'X+~ A 'X+

C 'rr+ B 'r+

20.452

1.582

3
11
17
20

62
150
220
390

A3

c A+~a X+

b X+ a'X+

1.716

8.214

9.930

2
0
1

12
0

60
70
90

120

6
17
14
12
19

3X10
10

2x 10-'
2x10-'

10-'
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where V„"' is given by expression (7), and the Stark-
mixing deexcitation depends on its vibrational number v.
On the other hand, Ref. 6 shows that in a time quite
small compared with 1/A, o, owing to collisions the molec-
ular systems will quickly deexcite to the v=0 level. The
corresponding As, (0) is given in Table II. If processes
such as (13) do take place, then the value of A, s,(0) in

Table II for the triplet a X is merely indicative, and
most probably represents an upper limit.

Expression (14) shows that res is not far from 1/Ao, in

the range of tens of atmospheres, indicating that at high
pressure the presence of these triplet molecular ions ex-
plains the observation of the 2S muonic levels at late
times (at 40 atm, one gets res —l. 1 ps).

In Table II we have also reported the corresponding
computations for the X 'X+ system made by other au-
thors. A comparison between the different computations
seems to indicate that for A, s, there might be a systematic
computational error of as much as approximately 20%.

So far, we have assumed that the target helium is pure.
In the case where an impurity J is present within the heli-
um target, then, given the excess of energy available in
the excited clusters (of any type}, charge-transfer process-
es from the impurity J, such as

(M„He)'++J=J +He+M„e (15)

can take place, and if n =2S, the metastable level will be
quickly quenched by the Auger process (the neutral
ground molecule is not bound.

Let us call ~',&
g the lifetime of an M»+ system trapped

in an excited triplet molecular ion, and wz&'" its lifetime
when trapped in any other system. What is clear is that

has a value close to I/A, zs, whereas re" is about
two orders of magnitude shorter. Moreover, if we call
ez&'" and ez'z the fractions of Mz&+ "initially" formed in

the excited triplet states and in other systems, respective-
ly, then we can write

&tot &short ~ &long
Ezg ' Ezg (16)

Eventually, a rough estimate of ezz can be obtained using
expression (4).

At this point let us consider an experiment in which
negative muons are stopped in a helium-gas target in or-
der to look for 2S muonic levels. If the pressure is
sufficiently high, then rzz'" will be within the time resolu-
tion defining the "prompt" events. Under these condi-
tions, it is obvious that only the ez'zg component can be
observed and separated [mostly through the second-order
decay process (3), since very few delayed monochromatic
8.2-keV x rays are emitted at late times owing to the
smallness of A,s,].

This means that in this case, analyzing the observed x-
ray events, one cannot use the knowledge of eg [given,
for instance, by the approximating expression (4)], but
must use the complete fitting expression which contains
also the two independent quantities, cps and v"gs. Of
course the Hz'P nonmonochromatic x-ray component can
easily be confused within the x-ray background from the

p decay-electron's bremsstrahlung, since both contribu-
tions have similar time distributions.

X+mF=R, (17)

where R represents reaction products.
Whenever m atoms 7 are within a small volume V, the

rate for process (17) can be written

~ m V(m —1)
m m (18)

where a is the effective two-body reaction, v is the rela-
tive velocity between X and the (m Y) complex, and n is
the density of the F atoms. This estimate indicates that
the ratio k +, /A, equals n V, independent of m, provid-
ed the parameters o, v, and V are reasonably constant.
From Ref. 13 we get experimentally V=2X10 cm .
Therefore, for n ~ n„;,=1/V, all multibody collision
rates for m «3 will become quite important and of the
same magnitude, so that at these densities it is very likely
that the formation time for clusters can be shorter than
the cascade time t„,; the given value of V implies that the
pressure (room temperature} corresponding to n„;, is

p„;t=1.7 atm. In the following, we will take p„;t=2
atm.

To summarize: for this range of pressures (p &p„;,)

we can outline the following general picture. During the
multibody collision, a ground X'X+ cluster may be
formed with the muon at a very high n level; however,
whether it is still in the interaction volume or out of it,
the ground cluster will quickly undergo the Auger pro-
cess (n ))2):

(M„+He)+ M ++e +He+, (19)

with M~+ restarting the cycle via process (1). Eventual-

ly, with these series of sequences (with or without Stark-
mixing radiative deexcitations) and if no excited mole-
cules are formed during the multibody collisions, an
X 'X+ system will be formed with the negative muon in
the 15 or 25 level. From here onwards, the phenomenol-

ogy described in Refs. 5 and 6 will apply. When, on the
other hand, an excited cluster (M +He)'+ is formed-
as we know, in this system the internal Auger transitions
become less probable than the external ones —there is a
very good chance that the 2S level will be formed since,
already at high n, internal radiative deexcitations can be
important with respect to the external Auger processes.
In this case, the enclosed M + muonic systems can cas-
cade radiatively down to the 2S level relatively often (and
many to the 1S one), while remaining within the excited
cluster.

As we have already seen, the time limit within which
the singlet excited molecular ion component will be

B. Formation of excited molecular ions

Extrapolating the low-pressure result (5), we see that
for p) 5 atm the stable ground system (Mals+He)+
mould have a formation rate that could become higher
than I/t„, .However, to be more precise —and also to
take into account the possibility that m 4 in process
(1)—we will use the analysis already done by de Vries
and Oskam' (for the case where Mz&+ is replaced by
H+).

The multibody conversion (1) or (2}can be written as a
two-body reaction between X and the (m Y) complex:
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transformed into the ground molecular state is short;
therefore, at the end of this time, all muons will either be
in an a X+ molecular ion or in the ground singlet X 'X+
system.

This picture has an upper limiting pressure p, which
is given by the p for which the external Auger rate
A,'„"'(p ) becomes much higher than the p decay rate.
From expression (7} for A,'z'(P ), we find that for

p ~p =200 atm, the external Auger rate is more than
that of A2s, and therefore from this pressure on we expect
~2~ —+0.

IV. COMPARISON OF EXPERIMENTAL RESULTS SO
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From experiments done by stopping negative muons in
a high-pressure helium target, we wiB try to estimate the
fraction of muons trapped in an excited triplet cluster,
and to analyze the consistency of the various experimen-
tal results when compared with the various predictions.

A. The CERN results

i+ii. ii) f - ~ - ~ ~ ~

/1
ii )i) I/ II

II II

In Table I it can be seen that e2's"s varies around 3.5%%uo.

we will take as indicative the value cps=(3.4+0. 7)%%uo

obtained at 7 atm (where also a direct measurement of A,s,
was possible).

To get an estimate of e~zso", we use expression (4} to-
gether with expression (16) and the results of Fig. 3 for
p )6 atm. In this way we get ez","'-4%, which indicates
that it is of the same order as cps. If, as the cascade cal-
culations tend to show, the 2S population reflects the 1S
population proportionally, then from this value we can
estimate the fraction f(=60%%uo) of negative muons that
are bound in the ground X 'X+ molecule at late times.

With the present suggested scheme, there is fair agree-
ment between the experimental values for the 2S lifetime
given in Table I and the expected one given by expression
(13}. Moreover, comparing the value of A,s, obtained at 7
atm with the corresponding value for a muon in an a X+
system (see Table II), we see that they are close, although
the agreement is still poor; in this respect we should
remember that probably, at these pressures, processes
such as (14}might be frequent.

B. The SIN 6-atm experiment (Ref. 16)

4, E=F1+Ez 6 S keV

FIG. 5. Distribution of the energy sum E~ =E& +E2 (in keV)
of two x rays coincident in time. These x rays are two contigu-
ous delayed time gates t2 —

t& and t3 —t2, ~here (a) tl =75 ns,
t2 =425 ns; (1) t, =425 ns, t3 =1900 ns measured from the in-

corning "m " (data taken from Ref. 18).

(ez'P and Hg ) depend, respectively, on the sum

N =N, +N2 and on the ratio N
& /N2, via ln (N, /N2 ).

Clearly the presence of metastable events in these
graphs is in disagreement with the expected behavior re-
quired by Fig. 1, based on the formation of X 'X+ ground
clusters only. In fact, at these pressures the 2S disappear-
ance rate is predicted to be 10 ns. These results show
that already at 6 atm, a long-lifetime component is
present among the metastable systems formed.

With regard to the SIN experiment at 40 atm, ' which
has reported ~2s (40 ns, we have already remarked that
this value has been obtained by fixing for ezz~ the value

eg (about 7%%uo): we do not agree with this procedure.

For this discussion (where e2s and rzz must be deduced
from the experimental data independently) we cannot
refer only to the results of von Arb et al. given in Ref. 16,
but have to use also those of Ref. 18.

Figures 5(a) and 5(b) show the spectra of the sum

E& =E& +E2 of the energies of two x rays in coincidence,
for times contained in two contiguous delayed gates
D, =tz t, and D2 =t3 tz (with—t, =75 ns, t2 =—425 ns,
and t3=1900 ns measured from the incoming "n "}.
The peaks at 8.2 keV {presumably) represent the contri-
bution of metastable states decaying according to process
(3)

A quantitative evaluation of the "good" events present
in Fig. 5, N& and Xz, made by the author of Ref. 18, has
given ez'P = ( 1.5+0.8 )% and Hz's s =(0.32520. 150) pS ).

C. Residual polarization P„ofpolarized negative muons

stopped in a high-pressure helium-gas target

We think that the scheme proposed in this paper gives
also a "natural" explanation of why, when polarized
muons are stopped in a helium-gas target at pressures p
defined by p„;,&p &p, the residual polarization P„ is
found to be between —,

' and —,
' of the expected theoretical

value ( P'„"= 15%).
Table IV shows the experimental results published by

Souder et al. ' ' on P„ in helium [3 refers to the neutral
muonic helium atom (p He)+e formed by contamina-
tion of the helium target with xenon; P" is the residual
polarization of the negative muon in this system].

From this table we can see that up to 50 atm, P„,
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TABLE IV. Total negative muon residual polarizations
(from Ref. 12).

Pressure

7
14
14
14
50

liquid

P„
(%)

9.4%2.3
5.8+1.3
6.7+1.6
2.9+1.8
3.5+2.4

1+2

PA

(%%uo)

0
0
0

5.0+0.7
0
0

ptot

9.4+2.3
5.8+1.3
6.7+1.3
7.9+1.9
3.5+2.4

1+2

0
0
0.2
2.0
0
0

(M, &+He)+ +Xe~Xe++(p He)+e (20)

is forbidden because of energy conservation (the ioniza-
tion energies for xenon and for the muonic helium neu-
tral atom are 12.1 and 13.6 eV, respectively, and the
ground-state cluster binding energy is about 1.9 eV). A
similar situation is valid for higher molecular ions such as
(M, s+He) . Therefore, to explain some of the results in
Table IV, we suggest that the observed residual muon po-
larization P„could be mostly due to the decay of muons
bound in the excited triplet a X+ systems.

We believe that muons bound in the ground
(M,++He)+ systems have their residual polarization P„i
appreciably reduced. Simple classical calculations show
that because of the rotational excitation in the ion
(M, s+He)+, the magnetic field at the muon site is about
100 times stronger than in the a X+ molecular ion;
moreover, for the former, in the case of maximum rota-
tional excitation, we obtain about 100 G.

We think that the following process is, in fact, taking
place:

(M &&+He)*+ +Xe~He+ Xe++ (p He)+e (21)

which is energetically possible [in process (21), ' means
excited in an a X+ system].

Using the experimental values for P„, given in Tab1e
IV, at 14 atm with and without xenon contamination, it
is found that P„,=3% and f is around 70%, with f be-
ing the fraction of X 'X+ ground-state systems present at
late times. It is interesting to note that this value does
not contradict a corresponding value for f found earlier
when analyzing the 2S population present after the
"prompt" time.

Of course, another way is to imagine having a charge
transfer process forming a muonic helium neutral atom

which is expected to be around 15%,' is about two to
three times smaller; moreover, it is interesting to note
that by contaminating helium with xenon, it has been
possible to form the muonic helium neutral atom
(p He)+e (see P„ in Table IV).

In discussing these types of experiments, we will be in-
terested only in systems (the majority) where the negative
muons are bound in the 1S level.

First of all, it is important to stress that the electron
transfer process from xenon to the X 'X+ ground cluster,
with the formation of a muonic helium neutral atom (see
results at 14 atm),

directly as, for instance,

(p He)++Xe~Xe++(p He)+e (22)

which is also energetically allowed. However, for reac-
tion (22) to happen, there must be a cross section of at
least a few times 10 ' cm at these thermal energies,
since the M,z+ system at these pressures is present for a
very short time (see Sec. III 8).

Our suggestion, process (21), or—more generally—
process (15},can be tested, as in these cases almost any
other noble gas can participate in it since energetically
this is always feasible. In other words, it is possible to
test the presence of excited clusters at late times, by
detecting process (15) [i.e., by looking at the decrease of
the residual polarization, or for the presence of the neu-
tral (p He)+e atoms, or both], having chosen an ele-
ment J such that process (22) cannot happen (for in-
stance, argon) owing to the conservation of energy.

V. CONCLUSIONS

In the preceding sections we have shown that when
stopping netative muons in a gas target (p )0. 1 atm}
there are two possible regimes.

(i) One in which, after the formation of the muonic
helium ion (@He)+ (stable or metastable), an X'X+
ground (singlet) muonic helium molecular ion will be
formed; the phenomenology following this process is de-
scribed in Refs. 5 and 6.

(ii) A second regime in which, when p p„;„multiple
collisions become so frequent that a muonic helium
molecular ion cannot be formed before the (p He)„+ ex-
cited muonic ion has time to reach the stable (1S) or
metastable (2S) levels.

In the latter case, given the energy available, it is then
possible that also excited muonic helium molecular ions
are formed (excitation energies higher than 10 eV), and
we have shown that among these excited molecular ions
the lowest triplet state can be present at a late time.

%e have also sho~n that, using the experimental re-
sults of de Vries and Oskam' on the formation rate of
the (H He)+ ionic complexes, p„;, is between 1 and 2
atm.

From the properties of the excited molecular ions, we
have deduced that if a 2S rnuonic level is present within
an a X+ triplet muonic molecular ion, then the disap-
pearance rate A, z~ is comparable to the p+ disappearance
rate A,o.

Analyzing the available experiment data on the pres-
ence of the 2S muonic level (for times greater than 300 ns
from the muon stopping time t„"Ot'), we have estimated
that the lowest excited triplet muonic helium molecular
ions (1S or 2S) are probably formed in 30—40% of the
stopped muons in a high-pressure helium-gas target.

The direct experimental results for the Stark deexcita-
tion rate of the 2S rnuonic level (with the consequent
emission of monochromatic 8.2-keV x rays) measured
with a helium target at 7 atm, give limits near to, but
definitely smaller than, the predicted one (see Table II).
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We believe that similarly to what happens for the X 'X+
ground singlet molecular ions, ' the lowest triplet level
due to multiple collisions also gives rise to higher-order
triplet muonic helium molecular ions (triplet clusters) in
which presumably the Stark deexcitation rate of the 2S
level is further reduced.

The presence of these excited muonic helium molecular
ions can be observed independently by detecting the par-
ticular charge transfer reaction (15); in fact, this process
(for instance, from an argon atom) is in many cases for-
bidden both to a muonic (p He), s+ ion and to the X 'X+

ground singlet molecular ion, owing to energy conserva-
tion. The presence of the neutral atom from reaction (15)
can be detected with the experimental procedure
developed by Souder et al. ' Within the scheme present-
ed here, it is possible to explain the amount of residual
muon polarization P„ that is observed when muons are
stopped in a 14-atm helium-gas target. ' As is well
known, with simple arguments one expects P„=15%;ex-
perimentally, a value smaller by a factor of between 2 and
3 is found. Our interpretation is that in the X'X+
ground singlet ion, the muon depolarization is quite
effective owing to the magnetic field connected with the
high rotational states of the molecule, whereas it is quite
negligible in the a X+ excited triplet muonic helium
molecular ion. Observing the decrease of P„when the
helium gas target is contamined with argon (by a few per-
cent) is also a way of detecting process (15), and hence of
detecting the presence of excited triplet muonic helium
molecular ions.

We will close this paper by pointing out the possible
relevance of the muonic helium excited molecular ion for-
mation in other types of experimental situations, for ex-
ample: (i) the precise determination of negative muon-
nuclear capture from helium nuclei measured by stopping
muons in a pure helium gas target for p ~ 1 atm; (ii) the
interpretation of the various observed reactions when
negative protons p are stopped in a helium-gas t,arget; in
fact, also in this case and for p ~ 1 atm, because of fast
multiple collisions there might be time (before the p is
captured by the helium nucleus) to form antiprotonic
helium molecular ions in the excited states (singlet or
triplets) [(p He), +He]'+. Given the smallness of A, s, (see
Table II), these excited molecules, once formed, can sur-
vive for "relatively" long times, and this can give rise to
capture of p from (high) atomic levels (n, l), i.e., quite
different from those that are usually found when p are
stopped in Hz, and (few) anomalously delayed annihila-
tion stars.
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lisions with helium atoms we use the impact-parameter
method. The transition probability P is given by

(A 1)

nb+vtf'=e , (r, +r, ), n v=0,
in(, +vr I'

(A3)

r& and r2 being the coordinates of the atomic electrons of
the helium. Since the total spin is conserved, the transi-
tion is accompanied by a transition of the helium atom to
a triplet state. The initial wave function is a (antisym-
metrized) product of the symmetric '( ls ) electron wave
function of the helium atom times the antisymmetric
wave function of the c II+ ion. Similarly, the final wave
function is a (antisymmetrized) product of the symmetric
wave function of the X 'X+ ion times a triplet wave func-
tion for the helium-atom electrons.

For the helium wave function we take

1
P,";„=Ns"exp ——(r~+r2), a =

—,",ao,
a

(A4)

1
Pt"„p=NT" exp —

2 (r, +2r2)
ao

1—exp —
z (2r, +r2)

ao
(A5)

whereas for the ion wave function we take into account
the results of Ref. 11 in order to have the correct ex-
ponential behavior. We have

where bE&,- is the energy difference between the initial
and the final state. The cross section is then given by

cr=2m' P b b db; (A2)
P

P is calculated assuming a classical trajectory for the rela-
tive motion, which is approximated as a straight line
tangent to the trajectory at the point of closest approach
P

The interaction P; which is responsible for the transi-
tion, is assumed to be the dipole interaction of the atomic
electrons of the 'S(ls) helium atoms with the electric
field E generated by the c H+ ion. This latter field is ap-
proximated with the field of a pointlike charge, so that we
have
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APPENDIX

To estimate the transition rate from the c H+ triplet
to the X 'X+ singlet state [process (14)], because of col-

Q„„=Nsexp —2.596 (r
&
+ rz )

1
smg s

~

' g 1 2

7] r)
P„;p =Nr exp —16 —5.008

3 3

r]—exp —16 —5.008
R3 R3

(A6)

(A7)



2362 L. BRACCI AND E. ZAVA j. MINI

where R, =1. ao and R3 =7.72ao, as given in Ref. 11.
The X"s are normalization constants. The exponential
decrease of the wave function is accounted for by using,
for the dipole matrix element, the value obtained for the

vanishing atomic ion separation times a factor
exp( —AR ), with 8 = tut+nt,

~
and A=, 2 7./ao, in accor-

dance with Eqs. (A3) —(A7).
In conclusion, we calculate

P=)(f~d~i)['
2 f, 2 Iexp[ A—(b +u t')'~'])costa&; —dt

For standard conditions of pressure and temperature, we get

o.=10 cm

which yields a transition rate A, =50 s ' and a lifetime

v.=2X10 2 s

This lifetime is quite long compared with all other lifetimes.
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