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The ionization of antiprotonic noble-gas atoms due to formation and Auger deexcitation was in-
vestigated. The experiment was performed at low target pressures (p <50 hPa) in order to prevent
electron refilling from neighboring atoms. For this reason, the cyclotron trap was used. This device
is designed to stop as many particles as possible in a small stop volume at even low gas pressure.
The degree of ionization was determined in antiprotonic neon, argon, and krypton by means of
measuring yields of circular radiative transitions at relatively high principal quantum numbers. X
rays were observed between 1.6 and 21.0 keV using a Si(Li) detector. Complete ionization was

found in all three cases.

I. INTRODUCTION

Experiments dealing with exotic atoms extract infor-
mation from measurements of x-ray transition energies as
well as from measurements of x-ray transition intensities.
Both quantities are strongly influenced by the status of
the electron shell. For example, the precision of mea-
surements to determine QED corrections or to extract
the mass of the exotic particle is presently limited by the
uncertainty in the number of electrons. This renders the
accurate calculation of electron screening corrections' —*
and the reconstruction of the measured line shape’
difficult. Another example is the measurement of a parity
violation effect in atomic systems due to the neutral weak
current interaction, which is manifested in the mixing of
the 2s and 2p states in light muonic atoms. Its study is
based on the observation of the radiative M1 transition
(yM1: 25s—15).4~% This task is only feasible if the
quenching of the 2s state due to nonradiative decay is
hindered. For example, in u Ne, the Auger transition
(eE1: 2s —2p), accompanied by the ejection of an L-shell
electron, must be suppressed. This requires the ioniza-
tion of all but the two K-shell electrons.’

Discussion of the ionization of exotic atoms due to for-
mation and nonradiative deexcitation dates back to the
fundamental work of Fermi and Teller.® In 1953, de
Borde’ investigated theoretically the ionization due to
Auger deexcitation and the dependence of the Auger
rates on the electron shell configuration. Later, this in-
vestigation was extended mainly by Vogel,'°~13 who
studied static screening and atomic aftereffects.

Leon and Seki!# discussed dynamic electron screening,
i.e., the participation of supposedly passive electrons in a
transition of an exotic atom. This effect becomes impor-
tant if exotic and electronic transition energies are degen-
erate.

Several authors!>~!® dealt with electronic K x-ray

satellites originating from electron shell rearrangement
processes caused by the deexcitation of the exotic atom.
The satellite energies reflect the electron shell
configuration.

Whereas electronic x-rays were investigated experi-
mentally in only a few cases, measurements of intensities
and energies of exotic x-rays (Auger electron lines were
observed in only one case'®) yielded a wealth of informa-
tion about the occupation of the electron shell. For ex-
ample, partial depletion of the L and M shell was found
by Hartmann er al.?® in solid-state materials with low
atomic number Z. In high-Z elements, a high degree of
ionization could be excluded.?’~23 Recently, in muonic
argon at low pressure, Jacot-Guillarmod et al.?* achieved
the best fit to their data by assuming complete ionization.
This result confirms an earlier proposal of the authors of
the present paper.?

In these cases, the observed x rays were emitted at the
end of the electromagnetic cascade. The electron shell
configuration at earlier stages was determined via numer-
ical model calculations. However for solids, liquids, or
high-pressure gases, the most investigated materials, this
procedure is ambiguous due to electron refilling from
neighboring atoms.

In this paper, we report on a measurement determining
the degree of ionization of exotic (in this case antiproton-
ic) noble-gas atoms that is not based on model-dependent
cascade calculations.

The use of antiprotonic atoms has some advantages
compared to other atoms containing lighter exotic parti-
cles. First, the number of cascade steps below the K shell
scales roughly according to V/m /m, (m denotes the re-
duced mass of the exotic particle, m, the reduced elec-
tron mass), yielding more numerous measurable transi-
tions. Second, corresponding x-ray energies are higher,
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which implies less self-absorption. Third, antiprotons
can be stopped more easily since the advent of low-energy
antiproton beams. This facilitates experiments at very
low target pressures.

II. THEORETICAL BACKGROUND

At the beginning of this section, a short survey of typi-
cal attributes of exotic atoms is given. The idea of our
measurement is based on speculations of Fermi and
Teller® in 1947. The method described in the present pa-
per is restricted to isolated atoms. The section ends with
a presentation of a formula due to Ferrell.?® This formu-
la is used in order to support quantitatively our interpre-
tation of the measured x-ray spectra.

An antiprotonic atom commonly loses one electron
during the capture of an antiproton. The kinetic energy
of the incoming particle prior to capture amounts to
O (10 eV), which is of the same order of magnitude as the
atomic ionization potential.’ 3! After that, the atom is
in a loosely bound atomic or molecular state from which
the deexcitation starts. By the time the antiproton is lo-
calized within the K shell, i.e.,, n=v"'m/m, <43 (n
denotes the principal quantum number), the antiprotonic
cascade proceeds between the levels of a hydrogenlike
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atom. At present, only this section of the cascade can be
investigated experimentally. In atoms with Z >3, the
cascade is characterized by two competing processes:3%33
Auger transitions, progressing via the ejection of an elec-
tron, are dominant in the upper and middle part of the
cascade, provided that electrons are available to be eject-
ed. In contrast, radiative transitions prevail in the lower
part, independent of the current electron population.
The upper limit of this lower cascade section increases
slowly with atomic number, from n =7 for neonton =11
for krypton.

In contrast to Auger transitions, radiative transitions
prefer the maximum energy difference possible. There-
fore, all transitions starting from states with different
principal (n) but the same orbital (/) quantum numbers
tend to populate the same final circular level. A circular
level is characterized by an orbital quantum number
I=n—1. It can only deexcite via a ( | An | =1) dipole
transition into the following circular state. This feature
of the radiative deexcitation process leads to an accumu-
lation of antiprotons in the circular levels and to a
predominating deexcitation via a circular cascade.

For two reasons, a high degree of ionization can be ex-
pected due to the Auger effect. First, an antiproton has
enough energy to eject all but the two K-shell electrons
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FIG. 1. Experimental setup. The cross section of the cyclotron trap is shown. The target chamber is placed within the gap and
the axial bores of the magnet. The positions of the x-ray detector [Si(Li)] and the scintillation counters, which observe pions resulting
from antiproton-nucleon annihilation, are indicated. The detector crystal is located within the tip of the detector’s end cap. The dot
denotes the beam injection point into the weak-focusing cyclotron field.
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by the time it reaches the state n =40, 34, and 27 for an-
tiprotonic neon, argon, and krypton, respectively.
Second, the highly excited energy levels of an antiproton-
ic atom are almost degenerate and the electrons in the
upper shells (L,M,. ..) can be described as an electron
gas. Therefore it can be assumed that electrons are al-
ways available for Auger deexcitation in this range.

As a result of progressive ionization of the atom due to
the Auger effect the minimum ionization energy in-
creases. As suggested first by Fermi and Teller® and later
on by de Borde’ and by Griffith et al.,** the fast Auger-
predominated cascade via circular or nearly circular or-
bits is interrupted if the transition energy becomes small-
er than the minimum ionization energy. Radiative tran-
sitions are still possible at this stage of the cascade but
proceed slowly. For example, in krypton, the radiative
lifetime of the circular (n =27)-state amounts to O(10~ '3
s). This is 2 orders of magnitude longer than the corre-
sponding Auger lifetime. Therefore, the further cascade
is delayed until a substantial part of the ionic charge is
neutralized due to electron transfer via collisions with
neighboring atoms, diminishing the minimum ionization
energy again.

To avoid electron transfer, the antiprotonic atoms
must be isolated. For this reason, a gas target can be
used. If the target pressure is low enough, the electron
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The atomic recoil velocity v can be deduced from spectral
flux density measurements> of the incoming particles pri-
or to capture and is O(10° m/s). The transfer cross sec-
tion o,,, ranges from O(10~!'° m?) for neon to O(10~'®
m?) in the case of krypton according to the successful
semiclassical model described in the references.’>~%’
Considering a cascade, in which the first and slowest ra-
diative transition starts from a state with a principal
quantum number as estimated above (n =40, 34, and 27
for neon, argon, and krypton, respectively) lasting
0(107 1% 5) to O(10~ 13 s) for the considered cases, a tar-
get pressure p less than approximately 100 hPa is
sufficient to prevent electron refilling.

Under these conditions the cascade proceeds mainly
via a ladder of slow radiative (| An | =1) dipole transi-
tions between circular levels until the transition energy
becomes large enough to eject electrons again. Then the
cascade continues via nonradiative transitions, provided
that the Auger transition width (T,,,) is still much
larger than the radiative one (I',,4). This assumption can
be checked using an analytic approximation formula for
electric dipole transitions due to Ferrell. This formula
turns out to be sufficient, and the use of a complex cas-
cade program to be unnecessary , due to the simplicity of
the circular cascade

: . o (Z—-1
refilling proceeds slower than the competing radiative L) _ 1 O photo (@) 2)
transition. The electron transfer probability A, is M) (Z—1)7? or ’
given by Z1) ) )
Ophoto denotes the photoelectric cross section for an
Atrans = translP - (1) atom with nuclear charge Z —1. It scales according to
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FIG. 2. Spectrum of antiprotonic neon measured at a target pressure of 20 hPa. The ordinate is the unnormalized number of

counts.
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FIG. 3. Spectrum of antiprotonic argon measured at a target pressure of 50 hPa. The ordinate is the unnormalized number of

counts.
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FIG. 4. Spectrum of antiprotonic krypton measured at a target pressure of 25 hPa. The ordinate is the unnormalized number of

counts.
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FIG. 5. Spectrum of antiprotonic nitrogen measured at a target pressure of 20 hPa. The ordinate is the unnormalized number of

counts.

the electron occupation number. o, designates the
Thomson scattering cross section and o the transition
frequency. Therefore by observation of radiative transi-
tions during the Auger-dominated part of the cascade the
electron shell occupation can be deduced experimentally.

III. EXPERIMENTAL SETUP AND DATA

The experiment was performed at the Low Energy An-
tiproton Ring (LEAR) facility at CERN. The setup is
shown in Fig. 1. X rays from the antiprotonic noble
gases neon, argon, and krypton were measured at ener-
gies less than about 20 keV at low target pressure (p <50
hPa). Figures 2-4 show the raw spectra.

The task of stopping as many antiprotons as possible at
low gas pressure, on the one hand, and in a small stop
volume, on the other, was achieved using the cyclotron
trap.”® The incoming particles pass an injection modera-
tor and enter a weak-focusing cyclotron field. After that,
they lose their remaining energy due to ionization of tar-
get gas atoms. Thus the antiprotons are transported in
spiral-shaped orbits from the periphery of the trap to a
well-defined distribution at its center, where antiprotonic
atoms are formed. The field is produced by a supercon-
ducting split-coil magnet, which permits maximum ac-
cess to the stop region.

A small planar Si(Li)-semiconductor detector was used
in order to observe the x rays originating from the
formed atoms. Its characteristics are a 30-mm? active

area, a 8-um-thick Be window and an energy resolution
of 210 eV at 6.4 keV.

The problem of determining the relative detector
efficiency was solved by comparing the antiprotonic neon
spectrum (Fig. 2) with the corresponding nitrogen spec-
trum shown in Fig. 5. The antiprotonic cascades do not
differ very much due to the nearly equal nuclear charges.
The intensities of the lines 12-11, 11-10, and 10-9 should
be almost identical. This is a general attribute of a radia-
tive circular cascade resulting from the complete ioniza-
tion of the atoms (see Sec. IV). This feature is evident in
the neon spectrum. However, a strong but regular energy
dependence of the line intensities is observed in the case
of antiprotonic nitrogen, where the corresponding peak
positions are shifted to smaller energies due to the re-
duced nuclear charge. Therefore, taking into account the
trivial self-absorption correction, the energy dependence
of the line intensities in both spectra reflects directly the
relative in-beam detector efficiency. Its absolute value
was fixed at 14.4 keV using a >’Co standard source.

IV. RESULTS AND DISCUSSION

Table I presents all measured ( [An | =1) transition
yields. Yield is defined as number of measured x rays per
formed antiprotonic atom after correction for detector
efficiency, solid angle and self-absorption. The number of
formed antiprotonic atoms was determined via the obser-
vation of charged pions using scintillation counters. The
pions result from the antiproton-nucleon annihilation
during the electromagnetic cascade. These annihilation
events are separated in time from annihilations during
the deceleration of the antiprotons prior to capture.
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TABLE I. Absolute yields of the measured circular radiative transitions ( | An | =1) of antiprotonic neon (20 hPa), argon (50 hPa),
and krypton (25 hPa), respectively. The listed transition energies are calculated values (Ref. 39).

Transition Ne Ar Kr

n;—n;s E (keV) Y E (keV) Y E (keV) Y
2928 2.766 0.423(0.201)
2827 3.079 0.226(0.085)
2726 3.441 0.171(0.059)
26—25 3.862 0.041(0.031)
2524 4.355 0.109(0.029)
2423 4.935 0.316(0.048)
2322 5.623 0.453(0.063)
2221 1.591 0.278(0.124) 6.446 0.447(0.059)
21520 1.835 0.440(0.107) 7.437 0.450(0.059)
20—19 2.132 0.328(0.081) 8.641 0.457(0.058)
1918 2.498 0.523(0.104) 10.122 0.463(0.058)
18—17 2.951 0.680(0.130) 11.960 0.475(0.059)
17—16 3.522 0.210(0.061) 14.272 0.474(0.059)
1615 4.249 0.132(0.033) 17.221 0.061(0.011)
15—14 1.571 0.537(0.097) 5.195 0.511(0.089) 21.042 0.166(0.022)
1413 1.948 0.492(0.077) 6.441 0.588(0.100)
1312 2.455 0.556(0.081) 8.120 0.624(0.104)
1211 3.155 0.589(0.076) 10.438 0.595(0.099)
11—10 4.149 0.609(0.073) 13.729 0.593(0.098)

10—9 5.609 0.573(0.064) 18.565 0.605(0.100)

98 7.845 0.589(0.062)

87 11.450 0.549(0.057)

7—6 17.655 0.561(0.058)

They can be identified clearly by measuring the time
dependence of the annihilation products. In contrast to
the yields of circular transitions, the yields of the mea-
sured ( | An | =2) transitions are small [O(1%)] and not
listed. The tabulated energies are calculated values using
the computer code PBAR (Ref. 39) for transitions between
lower levels (n <15) and the Dirac-energy formula for a
pointlike nucleus for transitions between higher levels.

A. Neon

In the case of antiprotonic neon (Fig. 6), a series of
lines is observed. The lines belong to a nearly circular
cascade. Their absolute yields are almost identical and
the mean value amounts to ¥ =0.,564(0.023). The miss-
ing yield reflects the still incomplete accumulation of an-
tiprotons in the circular levels. As well as annihilating
with nucleons during the cascade, the antiprotons popu-
late the numerous inner states, which produce less inten-
sive transitions ( | An | >>1). These transitions cannot be
observed by our x-ray detector due to their high energies.
This statement is corroborated by cascade calculations.
Complete ionization can be deduced from the observed
spectrum. Our conclusion is based on two arguments.

First, according to Ferrell’s formula the relative
Auger-transition probability increases strongly with de-
creasing energy, from 50% at 13 keV to 95% at 5 keV,
even if only one K-shell electron is present. Hence, all
transitions below about 13 keV and above the K-edge en-
ergy should proceed preferably via the Auger effect, pro-
vided that the K shell is not depleted completely. Auger

deexcitation prevails also in the less probable case of a
single 2s electron for E <6 keV. In contrast, the ob-
served radiative circular transitions in this energy range
furnishes evidence for complete depletion of the electron
shell.

Second, the displayed cascade section corresponds to a
cascade time of about 10~ !'! s. This should be compared
with the K-hole lifetime ranging from 10~ s in the case
of a complete shell to 10~!* s in the case of a single 2p-
shell electron. Therefore provided that electrons are
present in higher shells, they would immediately refill the
vacant K shell. Auger transitions would be possible and a
strong suppression of lines in the spectrum would result.
This is not observed.

The transition yields (Table I) are equal within the ex-
perimental errors. The reason for this is twofold: First,
the relative probability for radiative deexcitation
amounts to 100% and is the same for all transitions, be-
cause no electrons are available to be ejected. Second,
the populations of successive circular states do not differ
very much [(1-2)%]. This small difference results from
the large number of states in an antiprotonic atom; there-
fore, the individual contributions of inner transitions
feeding the circular levels are smaller than in lighter exot-
ic atoms.

B. Argon

The spectrum of antiprotonic argon (Fig. 7) shows a
drastic reduction of yield in the lines 17-16 and 16-15.
The reduction manifests the depletion of the K shell. The
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FIG. 6. Absolute yields of the measured radiative circular transitions ( | An | =1) of antiprotonic neon.
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FIG. 7. Absolute yields of the measured radiative circular transitions ( | An | =1) of antiprotonic argon.
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energies of the preceding transitions (from 22-21 to 18-17)
are not sufficient to eject these electrons. However, the
energy of the transition 17-16 exceeds the K-shell binding
energy and the transition proceeds via the Auger effect.
The conversion of exactly two lines, corresponding to the
number of K-shell electrons, results.

For an argon atom with a complete electron shell, the
transition 18-17 (E 5,7 =2.95 keV) would be suppressed,
because the ionization energy of a K-shell electron
amounts to about 2.8 keV. On the other hand, in a sys-
tem ionized of all but the two K-shell electrons, the remo-
val of the remaining electrons requires 3.5 and 3.8 keV,
while the energies of the transitions 17-16 and 16-15
amount to 3.52 and 4.25 keV, respectively. Therefore,
they proceed via the Auger effect in accordance with the
observed spectrum. All binding energies of partially ion-
ized atoms are taken from the Refs. 40 or 41.

The yields of the suppressed lines amount to 21% and
13% (Table 1), respectively, in contradiction to Ferrell’s
formula predicting almost complete suppression
[ <O(1%)]. This shows that the K shell is already par-
tially depleted by the same amount [O(10%)] as indicat-
ed by the two line yields via ( | An | >2) transitions, be-
fore depletion due to circular transitions is possible. In
addition, the arguments given for neon concerning K-
hole refilling due to possible electrons in higher shells are
also valid. The cascade segment between n =15 and 10
proceeds in 1072 s. However, electron refilling from
higher shells would take place within 10~ '#s, even if only
one 2p electron would stay in the shell, and the suppres-
sion of lines would result. Therefore complete ionization
has been established in antiprotonic argon.
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C. Krypton

Compared to neon and argon, the energies of corre-
sponding transitions in krypton are shifted to higher
values due to the larger nuclear charge. For this reason,
the spectrum of antiprotonic krypton (Fig. 8) shows an
earlier stage of the cascade which includes both the de-
pletion of the L shell and the depletion of the K shell (via
16-15, 15-14). It can be concluded, that antiprotonic
krypton is completely ionized due to Auger effect during
its electromagnetic cascade.

L-shell depletion apparently begins with the transition
28-27 and is completed after the transition 24-23. Other-
wise the almost identical yields (Table I) of the following
circular lines (from 23-22 to 17-16) cannot be understood.
Figure 9 shows the energy dependence of the relative ra-
diative transition probability T /T (=T 4y
+T,.4) for different electron shell configurations as pre-
dicted by Ferrell’s formula. The curves are calculated for
energies above the L-edge energy. Complete depletion of
the M and N shell is supposed. The probability and also
the line yield rise with increasing energy, provided that
electrons are present in the L shell. A constant probabili-
ty and nearly constant yields can be expected only in the
case of a shell completely ionized of all but the two K-
shell electrons. The ejection of the remaining K-shell
electrons via (| An | =1) transitions is forbidden until
the transition 17-16 inclusive due to energy conservation.

Surprisingly, the observed depletion of the L shell in-
volves the suppression of only five lines, although the
maximum L-shell population amounts to eight electrons.
This means, that the L shell is depleted already partially
via noncircular transitions. The result is an electron shell

7
- 16
15
4

18
17
16 -
15

1€ 3‘0
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FIG. 8. Absolute yields of the measured radiative circular transitions ( | An | =1) of antiprotonic krypton.
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FIG. 9. Energy dependence of the relative transition probability I' .4/ (Tyoq=Tayg+Traq) for different electron shell
configurations in antiprotonic krypton as predicted by Ferrell’s formula (Ref. 26). The curves are calculated for energies above the
L-edge energy. Complete depletion of the M and N shell is supposed.

configuration (1s*2s22p3) by the time the antiproton
reaches the (n =28) state. This configuration is indicated
by three arguments: First, the line 29-28 (E,q,3=2.77
keV) would be suppressed if the L shell were complete,
because the L-shell ionization energy amounts to about
2.5 keV. Second, the initial configuration (1s22s 221)3‘) im-
plies that an energy of about 3 keV is necessary to emit
the next 2p electron. This is possible via the transition
28-27 (E,3,7,=3.08 keV), resulting in the observed
suppression of the line yield. Third, the transitions 28-27
and 27-26 proceed via the Auger effect ejecting 2p elec-
trons, because the 2s electrons are too tightly bound. The
following transition 26-25 is able to emit both 2p and 2s
electrons and the much more reduced yield of this transi-
tion can be explained by the larger rates for Auger-
emission of 2s electrons. The depletion of the K-shell is
effected via the almost nonradiative transitions 16-15 and
15-14 as already pointed out in the case of antiprotonic
argon.

V. SUMMARY AND REMARKS

In this paper, we investigated the ionization of antipro-
tonic noble-gas atoms due to nonradiative deexcitation.
Complete ionization is found in neon, argon, and kryp-
ton.

We have also measured x rays from antiprotonic xe-
non. The spectrum indicates a high degree of ionization.
However, a final determination of the electron shell occu-
pation is impossible using the Si(Li) detector available for
the experiment.

There is evidence in all cases, that the ionization begins

with the loosely bound outer electrons and ends with the
removal of the K-shell electrons. Thus, in this way a
strong correlation exists during the cascade between the
electron shell configuration, on the one hand, and the
current antiprotonic state, on the other hand.

These observations open the possibility for precise
spectroscopy of exotic atoms not affected by the influence
of an unknown number of electrons.

(1) For example, a more accurate determination of the
antiproton mass is feasible.

(2) The fine structure of light antiprotonic atoms,
influenced by the anomalous magnetic moment, vacuum
polarization, and recoil effects,*? can be investigated pre-
cisely.

(3) It seems possible to measure the polarization of the
charge distribution of an antiproton*’ induced by the
strong electric field of the atomic nucleus.

(4) Simple atomic systems with well-defined quantum
numbers, consisting of a nucleus, an antiproton, and one
electron, can be prepared almost at rest in order to deter-
mine QED corrections in one-electron atoms.*
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