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We show that the cascade in muonic atoms with Z < 20 ejects sufficient atomic electrons to ion-
ize an isolated muonic atom completely. In gases, the rates with which electrons refill the atomic
shell can be accurately deduced from measured and calculated electron transfer cross sections.
Thus, we can conclude that completely ionized muonic atoms can be prepared in gases, and that
they remain isolated for long enough times at attainable pressures to facilitate studies of fundamen-

tal interactions in muonic atoms.
PACS numbers: 36.10.Dr

The muonic atom completely ionized of atomic elec-
trons is a quantum mechanical system as simple as the
hydrogen atom."2 The production of muonic atoms in
this ideal state would facilitate studies of numerous
fundamental phenomena. Examples are energy shifts
due to quantum electrodynamics or exotic interac-
tions,?> mixing of the 25 and 2P states in light muonic
atoms due to the neutral-weak-current interaction,*
and muon capture from hyperfine components of the
1.5 state.”> However, such studies have been hindered
by the fact that even an incompletely ionized muonic
atom is very attractive to electrons and consequently
any vacancies in its electron shell refill.

In this Letter, we consider the ionization of an iso-
lated muonic atom, and deduce which atoms might be
prepared in a completely ionized state. There follows a
discussion of the times for which muonic atoms
remain isolated in gases and solids. We conclude that
completely ionized muonic atoms with atomic number
Z < 20 can be prepared in gases, and that they remain
isolated for long enough times at attainable pressures
to facilitate the studies specified above.

Atomic electrons are ionized during the atomic cap-
ture of the muon® and the subsequent cascade.? The
cascade involves the ejection of electrons due to
muonic Auger, electronic Auger, and Coster-Kronig
processes. The muonic Auger process, in which the
muon deexcites by ejecting an electron from the atom-
ic shell, is the dominant mode of deexcitation for
muonic states with principal quantum numbers greater
than » — 5. The highest state at which radiative tran-
sitions of the muon dominate increases slowly with
atomic number Z; for Z =8 the highest state is n =4
and for Z =36, itis n=6.

The initial distribution of atomic states into which
muons are captured is not precisely known; distribu-
tions of states with principal quantum number n — 14
are usually assumed in quantum cascade calculations.

In these states, the muon is well localized within the
electron K shell and reliable quantum calculations are
possible. Conversion of L-shell electrons dominates
the muonic Auger transitions for states between
n=14 and n=10. Energy conservation permits the
conversion of K-shell electrons only for states n <9;
the ejection of K-shell electrons is then the dominant
muonic Auger process.

Holes in the K or L shell of atoms produced by con-
ventional methods’ 2 are observed to produce vacancy
cascades; chains of Auger and Coster-Kronig processes
refill the holes in the interior shells while ejecting elec-
trons from the outermost shell. A hole produced by a
muonic Auger process will induce similar cascades if
the rates for the electronic processes’® are larger than
the muonic Auger rates. A summary of the rates
relevant for wNe and wAr are presented in Table I.

TABLE 1. Representative rates (inverse seconds) of tran-
sitions which determine the muonic cascade and the state of
the electron shell.

Muonic atom

Process Neon Argon

Muonic Auger?

L shell: n>9 2% 101 4x 101"

K shell: n>9 6x 1014 7x 101"

L shell: n>717 1x 101 3x 10"
Auger and Coster-Kronig®

KLL 4x 101 7x 101

KLM 1x10M

LiLyM 4x 101

LysMM 2x 101
Radiative L — K 5x 1012

8x 1013

aBased on Ref. 10. bReference 9.
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In muonic atoms with atomic number Z < 12, the
muonic Auger rates dominate until the muon has
reached a state with » =7 and ejected the K-shell elec-
trons. If enough L-shell electrons remain, they repop-
ulate the K shell via a KLL Auger process. The resul-
tant K electron is then ejected by a muonic Auger
transition. With the assistance of the Akylas-Vogel
program,!® we have verified that the probability is less
than 0.25 of an electron remaining bound to uNe by
the time that the muon reaches the state n =195 after
descending through the circular orbitals, which dom-
inate the muonic cascade.

In muonic atoms with atomic numbers, 12
= Z < 20, the rate for refilling a hole in the 2s state
via a Coster-Kronig process (L;L,3M) is almost an or-
der of magnitude larger than the rate for a muonic
Auger transition in which a 2s electron is ejected.
Thus, the 25 orbital is refilled and two electrons are re-
moved from the 2p and 3s or 3p orbitals each time that
a muonic transition occurs until the muon reaches
states with n=9. The conversion of K-shell electrons
in the succeeding two transitions induces a vacancy
cascade of KLL, KLM, and L3 MM Auger transitions
which depletes the L and M shells. These cascades
may be insufficient to ionize wAr completely, if it is
effectively a neutral atom when the muon reaches a
state with n=14. However, assuming the electron’s
shell to be complete at this state appears to conflict
with experimental intensities.!! A cascade calculation
incorporating an initial electron shell consistent with
experiment indicates that the probability of an electron
remaining bound to wAr by the time that the muon
reaches n =15 is less than 0.6.

A decisive measure of the ionization of muonic
atoms is provided by a ratio of two radiative-transition
intensities. The numerator is the intensity of the last
transition between states for which muonic Auger
processes dominate; the denominator is the intensity
of the first transition between states for which radia-
tive transitions dominate. In uNe and wAr, the transi-
tions are those between the n=6 and 5 states and
between the n =5 and 4 states, respectively. The ratio
varies as much as 30% with the population of the K
shell at the time that the muon occupies states with
n=6; it varies only 3% with reasonable initial muon
distributions. The determination of this ratio is diffi-
cult because transitions between the n =6 and 5 states
are difficult to observe experimentally. However, they
have been detected in N, at low pressures.!?

We now discuss the length of time that a muonic
atom remains isolated in gases. The electron refilling
rate

RE=pvoy

is determined by the cross section for electron transfer
o between neutral atoms and the ionized muonic
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atoms, by the target-gas density p, and by the velocity
v of the muonic atom at the time it reaches the state
relevant for a given experiment.

The velocity of the muonic atoms is the most diffi-
cult of these quantities to specify. Estimates of the
kinetic energies of muonic atoms range from thermal
energies® to the maximum energy which can be
transferred in the muon capture process. For a muon-
ic atom of atomic weight M, = AMy, thermal energies
imply average velocities
1/2
- i T
=1.6x10 l A]

where T is the temperature in degrees Kelvin. Max-
imum energy transfer yields velocities

N Tu cm
Y, ,

sec

5
Vi = M, [ ~4.7x10
where T, is the kinetic energy in electronvolts of the
muon before capture. A most probable value is 20
eV.% For light muonic atoms (4 < 40) and for room
temperatures, these velocities are of order 10° cm/sec,
and comparable to the recoil velocity of an atom after
a K, transition,

V;zi(az)”—/{iczsmm‘*z cm
8 M, sec
Thus, a velocity of 10° cm/sec can be assumed in our
calculations.

The cross sections for electron transfer can be es-
timated by the assumption that the muonic atom is
equivalent to a fully ionized atom with atomic number
one less than that of the neutral target atom. For the
gas densities we consider, the muon reaches the lowest
states of the muonic cascade before colliding with
another atom. Thus, the muon is localized well within
the electronic K shells and the assumption is valid.
The necessary electron-transfer cross sections are
essential to studies of x-ray lasers, tokamak instabili-
ties, and solar spectra; they have been measured with
use of heavy-ion collisions by at least two groups.'® 4
The cross sections can be described by a simple
geometrical model,!> which provides a good approxi-
mation to the measured cross sections. The calcula-
tions and measurements show a weak dependence of
the cross sections on velocity and atomic number for
the range of these quantities relevant to us. For exam-
ple, the effective cross section for electron transfer in
the collision Ne* !4+ Ne has been measured'® at a
velocity of v=6.8x 10 cm/sec to be

or=2.8x10"15 cm2.

This cross section yields for the refilling rate in muon-
ic neon

=1019P sec™ 1,
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where P is the target-gas pressure in atmospheres.
The weak dependence of the cross sections on atomic
number implies that this equation yields the correct or-
der of magnitude for all monoatomic gases.

The equation for the refilling rate can be used to
understand the relationship between pressure and in-
tensity of the transition (K,) between 2P and 1S
states in diatomic nitrogen and in the noble gases by
Ehrhart et al'l According to the equation, refilling
supplies electrons at pressures of 10° atm as fast as
muonic Auger transitions can convert them. Since the
dominant electric dipole modes change the principal
quantum number by only one unit, muonic Auger
transitions tend to populate the suborbitals (/) of
upper muonic states (# > 5) with equal probability.
The nP states among them then yield the more ener-
getic components of the K series: 8— 1, 7— 1, ...,
etc. The contribution of the K, transition to the total
intensity of the K series decreases to less than 75% in
N,.

At pressures less than 10 atm, the refilling rate is
less than that of the slower muonic Auger transitions.
Refilling does not occur during the cascade, unless it
proceeds through the 25 state. Therefore, the relative
frequency of radiative transitions increases. Since the
dominant electric dipole modes can change the princi-
pal quantum number by several units, the radiative
transitions tend to direct the cascade through the cir-
cular orbits (/=rn—1). The contribution of the K,
transition to the total intensity of the K series thereby
attains a maximum.

The increases of the K, intensity with decreased
pressure is evident in the measurements of Erhart
et al. In the muonic atoms of N,, Ne, and Ar, the K,
transitions exhibit an almost universal relative intensi-
ty of about 91% at 0.5 atm. This approximate univer-
sality indicates that the maximum relative K, intensity
has been attained: The refilling is too slow at this
pressure to influence the relative intensities of the K
series. The magnitude of the maximum is predicted
by the cascade calculations which show that muonic
neon and argon are completely ionized at low pres-
sures by the cascade. The intensities decrease slowly
with pressure in Ne and Ar. The much more rapid
variation in N, can be ascribed to higher effective
velocities produced by the Coulomb explosion,’ which
scales the refilling rates by a factor of 20.!! The refil-
ling rate in N is then of order 10!3 sec™! at the max-
imum pressure of 50 atm; the experimental curve has
flattened noticeably at this pressure, although the
asymptote predicted for high pressure has not yet been
reached. In the muonic atoms, Kr and Xe, the K, in-
tensity varies little, if at all. Gas pressure and the
resultant electron refilling can have little influence on
the relevant K, intensity, because enough electrons
remain bound to these heavy atoms to direct the cas-

cade via muonic Auger transitions.

Although suggestive, the K, intensity is too sensi-
tive to the difficult-to-determine initial distributions of
the cascade and proceeds too rapidly to reflect electron
refilling very clearly. Transitions of the muonic 2§
state provide much more decisive tests of the state of
the electron shell. Two of the important Auger decay
modes of the 2. state in light muonic atoms are the
electric dipole transition to the 2 P state and the electric
monopole transition to the 1S state. The energy
difference between 2S and 2P states is insufficient to
permit the ejection of a K-shell electron for Z < 12;
the electric dipole Auger transition monitors, then, the
population of the electron L shell. The electric mono-
pole Auger transition, on the other hand, is significant
only when the K shell is occupied.

Three types of effects are in principle observable.
First, the intensity of electric monopole or dipole elec-
trons must decrease and then vanish with decreasing
pressure. Second, the intensities of radiation due to
transitions between the 2.5 and 2P states and between
the 2P and 1S states must vary with pressure. The in-
tensity of the former transition will increase with de-
creasing pressure as the corresponding muonic Auger
transitions extinguish; that of the latter must decrease
with decreasing pressure. The third effect is the ap-
pearance and increasing intensities of the two-photon
and magnetic dipole transitions of the 2§ state as the
pressure decreases.

The detection of Auger electrons would indicate
most directly the state of the electron shell, but is
exceedingly difficult as a result of scattering in the gas.
Similarly absorption of the radiation impedes measure-
ment of the intensity of the transition between 2.5 and
2P states. The pressure variation of the intensity of
the transition between 2P and 1S states is about 2%
when no coincidence condition is imposed to assure
that the 2P state was fed by the 2.5 state; such precise
measurements of intensities are feasible experimental-
ly. The two-photon transition is difficult to observe
experimentally.!’

The radiative transition most sensitive to the state of
the electron shell is the magnetic dipole transition.
Observing the transition requires that it be dis-
tinguished from the high-energy part of the two-
photon spectrum and from the transition between 2P
and 1S states; such discrimination appears feasible in
wB, uNe, and wAr.* The intensity of the magnetic di-
pole transition increases by factors of 10 when the
electron shell is completely ionized, but the maximum
intensities achieved are 10~ in wAr and 4x1077 in
uNe.

In this Letter, we ground three propositions. First,
the muonic cascade is very likely to completely ionize
isolated light muonic atoms (Z < 20) via the muonic
Auger transitions and the resultant vacancy cascades.
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The atom will be ionized by the time that the muon
reaches the state n =5. Second, the electron refilling
rates in monoatomic gases are sufficiently small at at-
mospheric pressure that the muonic atom remains ion-
ized during the remaining muonic cascade, unless the
cascade proceeds through the 2S5 state. Finally, the de-
cay modes of the 2. state provide a good monitor of
electron refilling.

The conditions required to study fundamental in-
teractions in completely ionized muonic atoms can
now be discussed with some precision. In measure-
ments of energy shifts due to quantum electrodynam-
ics or exotic interactions, the effect of electron screen-
ing is for several transitions and regions of Z the
overwhelming uncertainty in the calculations used to
interpret the experiments.® Since light muonic atoms
are ionized by the time that the muon reaches the state
n=1>5 and remains so in monoatomic gases at atmos-
pheric pressure until the muon reaches the n =2 state,
experiments are conceivable in which the effects of
electron screening may be neglected. In molecular
gases, the pressures must be reduced to accommodate
the Coulomb explosion; the enhanced refilling rates in
this case require that the pressure be reduced by at
most a factor of 20.

Measurements of the asymmetries resulting from
weak neutral currents in muonic atoms require detec-
tion of the magnetic dipole transition of the 28 state.*
The presence of atomic electrons precludes the detec-
tion of this transition, as explained above. The life-
times of the 2§ state vary between 4x 10~ % sec in uB
and 5x 10712 sec in wAr; therefore pressures as low as
10~ 3 atm might be required to measure asymmetries
in uB, if the effect of the Coulomb explosion is in-
cluded. A 2S state lifetime in uNe of 10~? sec implies
that the pressure required to measure weak neutral-
current asymmetries in this muonic atom is approxi-
mately 10! atm. These conclusions are consistent
with the experimental results of Carter et al,!> who
found no indication of a 2.5 state in N,, O,, or B,Hg at
pressures in the neighborhood of 1 atm.

Experiments conceived to measure muon capture
from hyperfine components of the 1S state® are con-
fronted by the lifetime of this state, which varies
between 2x107¢ sec in Li and 5x10~7 sec in Cl.
Electron refilling of the L shell during the lifetime of
the 1S state permits a muonic Auger transition
between the upper and lower hyperfine components to
occur before capture. In order to prevent electron re-
filling during the lifetime of the 1S state, pressures of
order 10~ % atm in monoatomic gases are required.

The pressures required to perform the three experi-
ments mentioned above are now attainable. The cy-
clotron trap is designed to provide a high stopping den-
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sity of muons at pressures as low as 1072 atm!®; the
magnetic bottle has measured x-ray spectrum of
muonic hydrogen at pressures as low as 3x 10~ % atm.!”
With these and similar devices, the studies of the
muonic cascade and electron refilling necessary to ver-
ify experimentally our arguments are feasible, and in-
vestigations of fundamental processes in muonic
atoms are possible with new standards of precision.
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