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Muonic cascades in isolated low-Z atoms and molecules
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Muonic x-ray cascades in B, C, N, O, and Ne following muonic atom formation in B2H6 , CH4 , C2H6 ,
C4H10, N2 , O2, and Ne were investigated. The densities of the different target gases were low enough to
prevent any contact of the atom or molecule on which the formation takes place with surrounding atoms or
molecules during the cascade. Using semiconductor detectors, the yields of transitions in several series with
energies between 1.5 keV and 300 keV were measured. Cascade calculations were performed in order to
explain the observed transition yields. The cascades could be reproduced by variation of only two parameters:
the number of electrons and the muon angular momentum distribution at the starting point of the calculation.
The cascade ofmNe formed in monoatomic neon was described best. Moreover, muonic carbon cascades were
found to differ according to the sort of hydrocarbon, demonstrating the influence of the capturing molecule’s
structure on the muonic cascade. By varying the number of initially available electrons, the molecular effects
could be described with the cascade program.@S1050-2947~99!02005-3#

PACS number~s!: 36.10.Dr
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I. INTRODUCTION

Muonic atoms are formed by deceleration of muons ins
the target material followed by transitions from the co
tinuum to bound states. The bound states first populated
highly excited, and it is not understood if they belong to o
atom, to several atoms of the capturing molecule, or to
entire molecule. After the capture the deexcitation~i.e., the
muonic cascade to the muonic atom’s ground state! devel-
ops. When the muonic transition energy exceeds the e
tronic ionization energy the muons may deexcite via Au
emission of electrons. Because of the energy dependenc
the Auger and radiative rates the Auger effect usually do
nates at higher energy levels. At lower excitation leve
when transition energies become larger, the radiative tra
tions dominate the cascade. At some stage of the cascad
muons are bound to single atoms and can be describe
hydrogenlike wave functions perturbed by electron scre
ing. At this stage of the cascade the further deexcitat
~‘‘quantum cascade’’! becomes calculable. Phenomenolo
cal models exist which explain at least the gross feature
the data concerning capture~see, e.g.,@1–3#! and cascades
~see, e.g.,@4,5#!.

However, capture of negatively charged muons~and other
exotic particles such asp2, K2, p̄, or S2) by atomic or
molecular systems and the following atomic cascade are
understood in detail. It is generally agreed that atomic mu
capture takes place at kinetic energies of several tens o
via electron emission@6–8#. There is evidence that the cap
ture populates highly excited states above principal quan
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numbers ofn5Amm /me, e.g., inmFe much higher thann
520 @8#. The initial angular momentum distribution of th
muons is usually parametrized as a modified statistical
tribution P( l )}(2l 11)exp(a l ) ~see, e.g.,@6,7,9,10#!. The
probability of capture into different atoms of composite ta
gets is known to depend on the chemical and physical st
ture of the target material@1,11–15#. Moreover, it has been
shown that the cascades in any one element depend on
chemical bonds and the target chemistry@10,16–19#.

The materials’ influence on the cascades is interesting,
only understanding the cascades in isolated systems can
vide the basis for investigations in complexer materials. U
fortunately nearly all published data involve two effec
capture by the single atom or molecule, and the interactio
the system with the environment during the cascade. In
case of solid state targets, strong refilling from the surrou
ings always provides electrons to the muonic atoms.
light atoms the muonic cascades are then completely do
nated by the Auger effect down ton'5 @5,20# and observ-
able x-ray yields become insensitive to the initial state po
lation.

Little data on cascades in isolated atoms or molecules
yet been acquired. This is due to the difficulty of stoppi
exotic particles at high rates in low density gas targets, wh
the exotic atoms could be isolated during typical casc
times. Using the cyclotron trap@21#, this problem was re-
solved in the spectroscopy of antiprotonic atoms formed
low pressure1 @O(1 kPa)# gas targets@22,23#.

Measurements using the same techniques in muonic
oms (mNe) were limited at the same time to several tens

11 kPa51000 Pa510 mbar57.5 Torr52.4531017 atoms or
molecules/cm3 (T'295 K).
3375 ©1999 The American Physical Society
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3376 PRA 59K. KIRCH et al.
kPa @24#. However, the expected charge exchange rate c
stants @~cross section! 3 ~velocity!# of order 5
31029 cm3 s21 ~see, e.g.,@25#! for the relatively low veloc-
ity of muonic atoms in gas targets and cascade times of o
10210 s imply that pressures below 10 kPa are needed
isolate the system during the muonic cascade. The meas
ments presented below are the systematic continuation o
previous experiments in light muonic atoms, extending
gas pressures down to typically 1 kPa. Besides the intere
the cascades and processes involved at large quantum
bers, this work was triggered by the need to know the e
tron configuration of different muonic states for several e
periments. Proposals for parity violation experiments in
light muonic atoms boron and neon are based on the m
stability of the 2S state@26–28#, which requires complete
ionization of the electron shell@20,22,24#. Laser spectros-
copy of the 2S-2P level splitting in the muonic Li, Be, and
B atoms is based on 2S metastability, too@29#. Precision
crystal spectroscopy of transition energies in pionic mag
sium @30#, pionic nitrogen, and muonic oxygen@31,32# de-
pends on knowledge of the electron configurations of
states involved.

Thus, the aim of the present experiments is an impro
ment in understanding of the formation and deexcitation p
cess of isolated low-Z muonic atoms requiring~a! as much
experimental information as possible about the muonic c
cades and~b! reliable cascade calculations that allow t
prediction of unobserved features of the cascades, such a
electron configuration in specific states or the yields of c
tain transitions. The measurements were performed at
target gas pressures at which the muonic atoms are iso
from the surrounding during their cascade. Moreover,
low pressures allow the detection of low energy x rays,
which self-absorption in the target gas is not negligible. E
perimentally obtained absolute yields, independent of p
sure and therefore of refilling, are interpreted using an
proved Akylas-Vogel@4# cascade code. Transitions wit
energies between 1.5 keV and 300 keV were measured in
muonic atoms B, C, N, O, and Ne after formation in lo
pressure gas targets of B2H6 , CH4, C2H6 , C4H10, N2 , O2,
and Ne.

The paper is organized as follows: in Sec. II the expe
mental setup is described; in Sec. III the cascade cod
introduced with discussion of the improvements; Sec.
gives the measured absolute x-ray yields of the cascade
sitions and compares them with results of the cascade c
calculation. The findings and possible implications are d
cussed in Sec. V.

II. EXPERIMENT

The experiments were performed at the Paul Scherrer
stitute’spE5 beamline, which delivered negatively charg
muons at a low momentum of 31.7 MeV/c with a momen-
tum spread of 4% full width at half maximum. The electro
contamination of the beam was reduced considerably wi
Wien filter. To increase the stop density of the muons in
low pressure gas targets, the cyclotron trap@21# was used.
About 1.33104 m2/s hit the scintillator at the entrance o
the trap, which reduced the muon momentum to ab
20 MeV/c. The muons were then forced into circular orb
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due to the magnetic field of the trap, decelerated in collisio
with the target gas and guided to the trap’s central regi
With the cyclotron trap and the low beam momentum, t
fraction of muon stops per incoming muon was of the ord
of 10% ~depending on the gas pressure! and the stop volume
around 100 cm3. The two bore holes of the trap’s magn
were used to flange a Ge detector~area: 2000 mm2, thick-
ness: 13 mm, Be window thickness: 0.5 mm! and a Si~Li !
detector (30 mm2, 5 mm, 40mm) to the target chamber
The Ge detector was used to investigate transitions at e
gies above 6 keV. At the higher energies the efficiency c
bration could be done easily with radioactive sources, at
lower energies around the GeKa edge the overlap in energ
with the Si~Li ! detector was used to cross-check the resu
The efficiency of the Si~Li ! detector below 6 keV was cali
brated using muonic x-ray transitions with a method d
scribed in detail in@33#. During data taking the signals of th
detectors were gated with signals of the muon entra
counter with a 5ms gate. In the data analysis appropria
time cuts were set in order to select and include in the spe
the events originating from muon stops in the gas, and
suppress background events produced by muons and
trons hitting the target chamber walls. The intensities
muonic transitions were obtained by fitting transition lin
and background to the spectra. As an example, Fig. 1 sh
the Lyman series of muonic boron as observed in 0.27
diborane gas with the Ge detector. This was the lowest p
sure used in that experiment, and as a result the signa
background conditions are the worst ones in the pres
analysis. The fit with a Gaussian to the transitions as wel
the linear fit to the background are included in Fig. 1. T
lines from muonic copper and zinc are due to muon stop
the brass collimators inside the bore holes of the trap. T
relative yields of the muonic transitions are obtained fro
the line intensities, taking into account the detector efficie
cies and corrections for the self-absorption of low energ
rays in the target gas and solid angle effects. Because
muon stop distribution inside the trap is pressure depend

FIG. 1. Spectrum of the muonic boron Lyman series taken w
the Ge detector in 0.27 kPa B2H6. The Gaussian fit of the transition
lines and the linear background is shown. The binning is 0.096 k
per channel.
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the last correction accounts for slight changes in the pho
incident angles onto the detectors which lead to stronger
sorption in the detector windows and inefficient layers at l
energies. The probability for coincidences in one detec
~e.g., the 2→1 and 3→2 transitions might simulate a 3
→1 transition! also depends on the muon stop distributi
and must be corrected for. The fact that the total yield of
muonicK series amounts to 100%~see, e.g.,@34#! is used to
extract absolute yields@33#.

The pressure dependence of muonic cascades, in s
cases down to 40 kPa, was investigated in@35#. In the
experiment described here the target pressures were ch
to extend to lower pressures starting from several
down to a fraction of a kPa. At the order of 1 kPa n
pressure dependence of the observed transition yields
mained~see Secs. IV and V!. The small fraction of meta-
stable 2S states is negligible~compare@28,33#!. The relevant
data leading to absolute yields given in this paper w
taken at 0.27 kPa B2H6, 1.33 kPa CH4, 0.67 kPa C2H6,
4.79 kPa C4H10, and 1.33 kPa N2, O2 and Ne, respectively
Such low pressures have the advantage that the absorpti
the low x-ray energies inside the target gas is a small cor
tion.

III. CASCADE CODE

In the experiment atoms withZ<10 were investigated
Therefore the cascade calculation, based on the Aky
Vogel code@4#, described the cascade of muons in ato
with fewer than ten bound electrons, i.e., onlyK andL elec-
trons. Starting with a principal quantum numbern, an angu-
lar momentum distributionP( l ), and a specific electron con
figuration, the code propagates the probabilities for
different deexcitation processes~Auger monopole transitions
and Auger and radiative dipole, quadrupole, and octup
transitions! and the electron configuration through all po
sible levels (n8,l 8) down to the ground state. The code h
been successfully applied in solids~see, e.g.,@5#! and other
high density materials where the muonic atom never
comes completely ionized due to electron refilling.

In order to use the code for isolated muonic systems th
improvements were implemented~more details are found in
the Appendix!.

~1! In the original version the number ofL electrons is
propagated as an average value for each (n,l ) state. The fact
that the different transitions which populate the (n,l ) state
lead to a specificL electron configuration with differen
probabilities for 0,1,2, . . .L electrons is neglected. More
over, theL-Auger rates and transition probabilities are calc
lated using the product of the average numbers of elect
ne

av and the 2S- and 2P-electron Auger rates. Forne
av,1 this

leads to significant errors, because the averaging, weig
by the dominant Auger transition rates, does not take i
account the cases in which no electrons are present an
diative transitions are certain. In the modified version, co
bined probabilitiesWnK ,nL

of having nK K electrons and

nL L electrons are propagated through each level (n,l ).
~2! A simple model for the rearrangement of the ele

tronic shell ~internal refilling! after aK-Auger transition is
included. This rearrangement is computed at each mu
state (n,l ). Both radiativeLK electronic transitions as we
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asKLL Auger effect are taken into account. The correspo
ing rates are taken from@36#. The refilling probability is
given by the ratiog ref

nK ,nL/(g ref
nK ,nL1gdepop

n,l ,nK ,nL) whereg ref
nK ,nL

denotes the internal refilling rate andgdepop
n,l ,nK ,nL is the total

depopulation rate~decay rate! of the (n,l ) state withnK K
electrons andnL L electrons.

~3! In the original code an average binding energy for t
K electrons is used. The modified version distinguishes
tween theK-ionization energies for one or twoK electrons.
This has an important influence on the cascade of hig
ionized muonic atoms betweenn'12 andn'8.

The cascade code deals only with atoms and there
neglects molecular effects during the capture process and
first cascade steps. It is, however, possible to introduce m
electrons into the system than can be provided by a sin
atom of nuclear chargeZ. It is even possible to introduce
more than the ten electrons that fill up the electronicK andL
shells. These electrons can be considered as a reservoir
vided by the molecule for refilling during the cascade.

IV. RESULTS

Figure 2 shows the pressure dependence of themN4→1
and mN5→1 transitions. The data points at 0.04, 0.10, 0.6
2.02, 3.52, and 5.12 MPa are taken from@35#, the low pres-
sure data taken at 42.6, 10.6, 2.7, and 1.3 kPa are from
present experiment. The investigation of the pressure de
dence revealed the strongest influence on the cascades omN
and mO originating in the diatomic molecules N2 and O2.
The prompt~i.e., not resolvable from the instant of muo
stop! mC cascades from the hydrocarbon targets were fo
to be less pressure dependent. ThemC cascades are influ
enced by the transfer reactionmp1C→p1mC down to low
pressures. However, it is possible to resolve the tran
component of the cascade yields due to its observation in
time delayed spectra after the prompt muon stops. It w
found thatWH

m(CH4)53.6(4)% of themuons stopping in

FIG. 2. Absolute yields of the muonic nitrogen Lyman tran
tions 4→1 and 5→1 as a function of the N2 target gas pressure
The high pressure data are taken from@35#.
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3378 PRA 59K. KIRCH et al.
CH4 form mp atoms which contribute to the external trans
reaction, i.e., transfer to a molecule or an atom other than
capturing molecule. The corresponding fraction formp for-
mation in C2H6 is WH

m (C2H6)52.9(4)%. Thetransfer rates
show a linear pressure dependence and can be normaliz
liquid hydrogen density (4.2531022 atoms/cm3); the result-
ing rates arelT

CH452.3(5)31010 s21 and lT
C2H655.4(10)

31010 s21. It should be mentioned that the determination
themp formation probabilities does not account for the fra
tion of mp atoms which might contribute to the transfer wi
much larger rates and would thus not be present in the t
delayed spectra. That this fraction must be small will
discussed below in Sec. V D. In the evaluation of themC
cascade yields a correction for external transfer was app
This is, however, a very small correction at the lowest pr
sures because the muon decay rate strongly exceeds
transfer rate. The absolute yield values given below are t
representing the limit of isolated molecules.

Typical experimental spectra are shown in Fig. 1 for t
germanium detector and in Figs. 3 and 4 for the Si~Li ! de-
tector. The muonic copper and zinc lines in Fig. 1 are due
muon stops in brass collimators in front of the detector. T
muonic carbon found in the spectra of Fig. 4 is due to mu
stops in the scintillation counter and in the polyethyle
cladding of the target chamber. The chamber itself is m
of aluminum, and muons stopping in uncladded regio
cause background lines in all spectra of Figs. 3 and 4.
spectrum of muonic oxygen in Fig. 4 contains a silver x-r
fluorescence line. This line originates in silver inside the
tector and is induced by the strongmO(3-2) transition. The
contribution of contamination lines to line intensities of i
terest was measured in another gas and was used for co
tion after proper normalization to the number of incomi
muons. Thus, for example, the carbon contamination in
hydrocarbons was measured using the nitrogen and oxy

FIG. 3. Spectra of muonic carbon taken with a Si~Li ! detector in
CH4 at 1.33 kPa and C2H6 at 0.67 kPa, respectively. The cascad
reached the pressure independent regime. There is a contamin
at themC(7-2) position due to transitionsmAl(4-3). The binning
is 0.0215 keV per channel.
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target. Carefully comparing the different spectra of Fig.
reveals more pronounced noncircular lines (n,l<n22→n8
<n22,l 8) in mN andmO formed in molecules than inmNe
from the atomic target. The same effect, but much more
vious, is found in Fig. 3. The muonic carbon from the C2H6
target shows a more noncircular cascade than the mu
carbon formed in CH4. Since these cascades are not affec
by pressure, the difference demonstrates the presence o
trinsic molecular effects, i.e., the molecule in which form
tion takes place influences the muonic atom cascade.

The measured absolute yields for the different x-ray se
are given in Tables I, II, and III. Similarities in the dat
suggested grouping the results for N, O, Ne and B, C,
spectively. For C4H10 only data for theK series are available
The tables also summarize the results of the cascade c
lations. These calculations of the quantum cascades w
started at principal quantum numbern516. Initially an as-
sumption that atomic muon capture takes place forn>16
was confirmed by agreement with measured yields. The
tribution of initial angular momental is described byP( l )
}(2l 11)ea l with one adjustable parametera. The number
ne of initially available electrons is not necessarily an int
ger, i.e., a value of 5.5 suggests thatne is 5 in 50% of the
cascades and 6 in the remaining 50%. The values fora and
ne given in the table captions lead to the least mean squ
deviations between measured and calculated yields.

tion

FIG. 4. Muonic x-ray spectra taken with a Si~Li ! detector in
N2 , O2, and Ne at 1.33 kPa. There are contaminations due to
linesmC(3-2) andmAl(4-3). The binning is 0.0215 keV per chan
nel.
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TABLE I. Measured and calculated absolute muonic transition yields ofmN, mO, and mNe from
N2 (ne54.720.4

10.3, a50.04020.015
10.010), O2 (ne56.220.2

10.3, a50.06520.010
10.015), and Ne (ne54.720.3

10.8, a
50.09020.015

10.035), respectively. The highest and not resolved transitions of one series are grouped togethe
yield YR→••• . Starting point for the calculations is the principal quantum numbern516.

Absolute N2 O2 Ne
yields Measured Calculated Measured Calculated Measured Calcula

Y7→6 0.719~61! 0.702
Y6→5 0.621~56! 0.658 0.654~50! 0.605 0.689~44! 0.741
Y7→5 0.090~12! 0.065 0.080~11! 0.078 0.044~8! 0.052
Y5→4 0.708~35! 0.701 0.661~33! 0.649 0.775~30! 0.772
Y6→4 0.069~10! 0.049 0.079~9! 0.066 0.042~4! 0.044
Y7→4 0.038~7! 0.033 0.050~7! 0.040 0.022~6! 0.026
Y4→3 0.766~25! 0.760 0.740~25! 0.717 0.820~30! 0.818
Y5→3 0.044~8! 0.042 0.044~7! 0.052 0.031~7! 0.035
Y6→3 0.019~6! 0.020 0.024~7! 0.029 0.019~5! 0.018
Y7→3 0.020~6! 0.023 0.024~7! 0.028 0.011~3! 0.017
Y8→3 0.009~4! 0.014 0.008~5! 0.006 0.003~2! 0.004
Y3→2 0.834~9! 0.832 0.801~24! 0.802 0.872~13! 0.875
Y4→2 0.037~1! 0.037 0.029~21! 0.044 0.028~5! 0.030
Y5→2 0.012~1! 0.012 0.017~2! 0.016 0.010~4! 0.010
Y6→2 0.003~2! 0.011 0.012~3! 0.019 0.011~4! 0.011
Y7→2 0.017~2! 0.022 0.010~4! 0.013
Y8→2 0.009~3! 0.006 0.005~2! 0.004
YR→2 0.039~3! 0.031 0.003~3! 0.000
Y2→1 0.927~8! 0.925 0.888~10! 0.911 0.938~4! 0.945
Y3→1 0.027~7! 0.029 0.040~7! 0.034 0.024~3! 0.022
Y4→1 0.012~1! 0.009 0.022~3! 0.011 0.007~2! 0.006
Y5→1 0.006~1! 0.005 0.011~2! 0.008 0.008~1! 0.004
Y6→1 0.014~3! 0.013 0.009~1! 0.007
Y7→1 0.019~3! 0.017 0.009~1! 0.009
YR→1 0.029~2! 0.032 0.006~3! 0.006 0.005~1! 0.005
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V. DISCUSSION

The comparison of experimental and theoretical yields
Tables I, II, and III is based on calculations starting at pr
cipal quantum numbern516. This specificn value was cho-
sen in order to treat the seven muonic atoms on the s
footing. It is important to keep in mind that starting the ca
culation at a particularn value implies only that muonic
atom formation takes place forn8 with n8>n.

A. Pressure independence of the yields

The aim of the experiment was to measure muonic x-
yields in isolated atoms and molecules. Therefore the m
surements had to be performed in a pressure region at w
the cascade yields were no longer pressure dependent.
measurements of the present experiment were performe
that region. The two muonic nitrogen transitionsmN4→1 and
mN5→1 of Fig. 2 are best suited to demonstrate the consta
of the yields at low pressures. There are technical reason
well as physical motivations for this choice. The technic
reasons are the following: the measurable transition inte
ties are nearly independent of the muon stop distributi
they are insensitive to self-absorption in the target becaus
their relatively high energy~larger 120 keV!; the transition
energy cannot be produced in a coincidence of two circu
n
-
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a-
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transitions because the transitions haveDn.2; and, finally,
these transitions are—depending on the state of the elec
shell—in competition with dipoleDn51 Auger transitions
and because of their low yields they can therefore show la
relative effects.

The physics motivation to look at the nitrogen transitio
arises because the cascade ofmN formed in the diatomic
nitrogen molecules has already proven to be much more
pendent on the target gas pressure than the cascade of
originating in an atomic target@35#. This difference in pres-
sure dependence has been explained in terms of a Cou
explosion of the nitrogen molecule following the ejection
several electrons.

In the carbon cascade in CH4 only H ions might acceler-
ate themC system. This explains the result of the prese
investigation that themC cascade is less pressure depend
than the one ofmN. The fact that the carbon cascade in C2H6
was also found to be less pressure dependent than themN
cascade indicates that the Coulomb explosion of that m
ecule could be buffered due to the additional hydrogen
oms. As already stressed above, the statements about
sure independence are valid only for the prompt casc
~these values are contained in Table II!, not for themC cas-
cade following a transfer reaction after muon capture on
drogen~see below!.
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TABLE II. Measured and calculated absolute muonic transition yields ofmB and mC from B2H6 (ne

58.460.2, a520.0660.01), CH4 (ne55.760.1, a520.06560.005), and C2H6 (ne57.860.1, a
520.08060.005). The highest and not resolved transitions of one series are grouped together in th
YR→•••

. Starting point for the calculations is the principal quantum numbern516.

Absolute B2H6 CH4 C2H6

yields Measured Calculated Measured Calculated Measured Calcula

Y5→4 0.50~30! 0.44 0.501~11! 0.494 0.386~11! 0.391
Y6→4 0.11~4! 0.09 0.070~5! 0.069 0.087~5! 0.097
Y7→4 0.02 0.051~5! 0.048 0.052~4! 0.029
Y4→3 0.490~40! 0.502 0.571~7! 0.570 0.454~8! 0.456
Y5→3 0.080~20! 0.077 0.066~3! 0.060 0.094~4! 0.078
Y6→3 0.042~2! 0.036 0.062~2! 0.066
Y7→3 0.033~2! 0.038 0.024~2! 0.023
Y8→3 0.014~2! 0.018 0.004~2! 0.002
YR→3 0.120~30! 0.078
Y3→2 0.621~19! 0.607 0.665~8! 0.678 0.556~8! 0.570
Y4→2 0.062~11! 0.063 0.065~2! 0.056 0.085~2! 0.066
Y5→2 0.037~8! 0.049 0.029~2! 0.023 0.051~2! 0.048
Y6→2 0.026~2! 0.028 0.044~2! 0.062
Y7→2 0.024~5! 0.035 0.022~6! 0.023
Y8→2 0.024~2! 0.018 0.010~2! 0.025
YR→2 0.063~13! 0.073 0.009~2! 0.002 0.002~2! 0.000
Y2→1 0.783~9! 0.798 0.842~3! 0.842 0.770~4! 0.776
Y3→1 0.073~5! 0.063 0.061~2! 0.052 0.082~2! 0.068
Y4→1 0.040~3! 0.031 0.020~2! 0.019 0.040~2! 0.032
Y5→1 0.036~4! 0.040 0.012~1! 0.014 0.032~2! 0.040
Y6→1 0.036~4! 0.049
Y7→1 0.022~4! 0.018
YR→1 0.011~4! 0.001 0.065~2! 0.072 0.076~2! 0.083
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B. Muonic neon

The best agreement between calculation and the exp
mental yields is obtained formNe. This is not very surprising
because atomic neon is the simplest of the targets used
the one for which the atomic cascade code is best su
Figure 5 shows the 1s (x25xmin

2 11) and 2s (x25xmin
2

14) contours of the sum of the squared deviations

x25 (
n,n8

~Yn→n8
calc

2Yn→n8
expt

!2/~DYn→n8
expt

!2

between calculated and measured yields in the plane oa
versusne . The correlation of the two parameters is obviou
The x2 value reaches a minimum ofxmin

2 '13 for the 24
transitions, indicating overestimation of systematic expe

TABLE III. Measured and calculated absoluteK yields of mC
from C4H10 (n516, a50.0, ne513.561.0).

Absolute C4H10

yields Measured Calculated

Y2→1 0.689~20! 0.695
Y3→1 0.129~13! 0.109
Y4→1 0.109~10! 0.126
Y5→1 0.055~9! 0.057
YR→1 0.018~7! 0.013
ri-

nd
d.

.

i-

mental errors. The main systematic error is caused by
unknown shape of the background in the spectra from wh
transition line intensities are extracted. The error valu
given in this paper are always conservatively estimated
thus might yield the lowxmin

2 . Consequently, the error
given for a andne might be slightly overestimated.

FIG. 5. x2 contour plot in thea-ne plane formNe. The starting
point of the calculation is atn516. One extractsne54.720.3

10.8 and
a50.09020.015

10.035.
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TABLE IV. Total level energies for muonic neon at muonic principal quantum numbernm . The total
level energy is defined as the difference between the mass of the atom in a specific state and the m
the constituents~nucleus, muon, electrons!. The energy values are given in eV.

nm Electron core Level energy nm Electron core Level energy

12 He 1s2 24076.2 16 N 1s2 2s2 2p3 23921.9
13 He 1s2 23808.9 17 N 1s2 2s2 2p3 23822.5
14 He 1s2 23602.7 18 N 1s2 2s2 2p3 23742.9
15 He 1s2 23442.1 19 N 1s2 2s2 2p3 23678.4

20 N 1s2 2s2 2p3 23625.5
12 Li 1s2 2s 24264.5 21 N 1s2 2s2 2p3 23581.6
13 Li 1s2 2s 23998.0 22 N 1s2 2s2 2p3 23544.9
14 Li 1s2 2s 23792.7 23 N 1s2 2s2 2p3 23513.9
15 Li 1s2 2s 23632.9
16 Li 1s2 2s 23507.2 17 O 1s2 2s2 2p4 23859.1

18 O 1s2 2s2 2p4 23779.3
12 Be 1s2 2s2 24421.2 19 O 1s2 2s2 2p4 23714.7
13 Be 1s2 2s2 24155.3 20 O 1s2 2s2 2p4 23661.7
14 Be 1s2 2s2 23950.8 21 O 1s2 2s2 2p4 23618.0
15 Be 1s2 2s2 23791.7 22 O 1s2 2s2 2p4 23581.6
16 Be 1s2 2s2 23666.7 23 O 1s2 2s2 2p4 23551.0
17 Be 1s2 2s2 23567.6 24 O 1s2 2s2 2p4 23525.2

25 O 1s2 2s2 2p4 23503.5
14 B 1s2 2s2 2p 24063.5 26 O 1s2 2s2 2p4 23485.4
15 B 1s2 2s2 2p 23904.2
16 B 1s2 2s2 2p 23779.0 18 F 1s2 2s2 2p5 23795.5
17 B 1s2 2s2 2p 23679.6 19 F 1s2 2s2 2p5 23731.1
18 B 1s2 2s2 2p 23599.9 20 F 1s2 2s2 2p5 23678.3
19 B 1s2 2s2 2p 23535.2 21 F 1s2 2s2 2p5 23634.6

22 F 1s2 2s2 2p5 23598.1
15 C 1s2 2s2 2p2 23990.8 23 F 1s2 2s2 2p5 23567.4
16 C 1s2 2s2 2p2 23865.7 24 F 1s2 2s2 2p5 23541.6
17 C 1s2 2s2 2p2 23766.5 25 F 1s2 2s2 2p5 23519.8
18 C 1s2 2s2 2p2 23687.1 26 F 1s2 2s2 2p5 23501.7
19 C 1s2 2s2 2p2 23622.7 27 F 1s2 2s2 2p5 23487.0
20 C 1s2 2s2 2p2 23569.9 28 F 1s2 2s2 2p5 23484.9
21 C 1s2 2s2 2p2 23526.0
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Since muonic neon binds nine electrons immediately a
muon capture and, on the average four or five electrons a
starting point of the cascade calculation (n516), the atom
must have undergone four to five Auger deexcitations
reachn'16, implying its formation at a principal quantum
numbern>20. This consideration offers the possibility
determine the levels at which muon capture in neon ato
takes place. Checking the probabilities of Auger transitio
requires exact knowledge of the total binding energies of
system, which consists of the neon nucleus, the muon
different states, and electrons in different configurations.

To calculate the binding energies we used the latest
sion of Desclaux’s multiconfiguration Dirac-Fock code@37–
39#, which has been generalized by Indelicato to accomm
date exotic atoms with arbitrary electronic structure.
contrast to older codes, this program can account for
recoupling between the electrons and the exotic partic
The code is fully relativistic, and includes Breit and high
order retardation corrections. The magnetic interaction
treated self-consistently on the same footing as the Coulo
interaction @40#. In order to get accurate energy, radiati
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corrections for electrons~self-energy, self-energy screenin
and vacuum polarization@37,38#! and the muon~vacuum po-
larization! are included. More details will be published els
where.

Calculated total level energies are given in Table IV. O
result of the calculation which was not expected in adva
~compare, e.g.,@41#! was that the muonic fine structure spli
ting within principal quantum numbersnm under consider-
ation is below 0.1 eV. As another important result the dom
nance of theDn51 Auger transitions belown516 is
proven. This corroborates the possibility of treatingL elec-
trons in a relatively rough fashion in the cascade co
whereas theK-electron situation is accounted for in mo
detail. Figure 6 shows the possible Auger cascade ch
leading to the required electron configuration atn516.
There are severalDn52 Auger steps required for which
quadrupole transitions for maximuml states are necessar
At the low transition energies involved at those highn levels
the quadrupole transitions still dominate the possible rad
tive dipole transitions completely~see, e.g.,@5#!. The limit-
ing cascades~full black circles and rectangles! give four and
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six electrons atn516, both of which are quite improbable
as shown in Fig. 5. Therefore it is concluded that the mu
capture takes place at principal quantum numbers betw
20 and 24.

C. Diatomic molecules

Concerning the muonic atomsmN and mO, comparison
with mNe reveals stronger noncircular yields for the muo
atoms formed on the molecular targets. The correlation oa
andne for mN andmO is qualitatively the same as formNe
~see Fig. 5!. Both aN and aO are smaller thanaNe. Thus
describing the three cascades by one meana value requires
one electron more formN and two more formO than for
mNe. We assume that the levels into which the muons
captured have similar binding energies, implying that
would take a similar number of muonic transitions to rea
the state withn516 where our calculation starts. Ten
eleven electrons appear to be involved inmN and mO in
molecular N2 and O2, respectively, while only six or seve
electrons can be provided by an isolated constituent at
This is consistent with the pressure dependence observe
the mN cascade in N2 compared to that inmNe in Ne @35#:
similar cascades were found in both cases but at lower p
sures in N2 than in Ne. This observation has been explain
in terms of a Coulomb explosion, in which the molecu
fragments (mNi 1, Nj 1) produced in the first steps of th
cascade gain high kinetic energies due to repulsion. T
leads to increased collision rates with electron refilling a
consequently to more pressure dependent cascades inmN
than inmNe. Assuming symmetric ionizationi' j , we esti-
matei'324 and, moreover, kinetic energies of the molec
lar fragments of the order of several tens of eV.

D. Hydrocarbons: hydrogen capture probability and transfer

It has already been mentioned that the determination
the muon capture probabilitiesWH

m relies on the observation
of time delayed transfer and therefore does not take
account a very fast transfer component. Because themp at-

FIG. 6. Auger decay chains allowed by the total binding en
gies of Table IV and covering the possible electron configurati
at principal quantum numbernm516 ~compare Fig. 5!.
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oms will very probably leave the molecule on which form
tion took place only in states with low principal quantu
numbers (n'526) @1# the remaining cascade is too fast
allow for excited state transfer. A fast component can o
be due to the transfer frommp atoms in 2S states. The 2S
population in muonic hydrogen is known only formp for-
mation in hydrogen targets@42# and it is below 7% for pres-
sures at which collisional effects do not influence themp
cascade atn<5. Adopting this result to the present proble
leads to an upper limit of 7% for a fast transfer compone
The experimental errors of 11% and 14% forWH

m(CH4) and
WH

m(C2H6), respectively, take into account this conceivab
fast component. Additional confirmation that only a sm
fraction of mp belongs to a fast transfer component com
from comparison withpp data. In thepp case the 2S states
will not contribute to the transfer.

The published measurements of negative pion cap
probabilities on hydrogen in CH4 and C2H6 targets are
WH

p(CH4)52.473(53)%@43# and WH
p(C2H6)51.877(53)%

@44#. No dependence on the target density had been found
the formation probability ofpp on C2H6, even over a region
covering two orders of magnitude@45#. The fact that the
probabilities for muon capture from the present experim
are larger is due to the much lower target gas pressures,
not to any difference between pions and muons. With
most refined version of the model of large mesic molecu
@3,19# the pion data can be explained. This version of t
model does not contain an explicit pressure dependent
rameter. However, it contains a parameter which descr
the ‘‘nontransfer probability;’’ this probability should be 1 a
the lowest pressures. Assuming this value and accepting
other parameters of@3# one finds WH

p(CH4)53.5% and
WH

p(C2H6)53.0% as the ‘‘isolated molecule limit.’’ Thes
values are in a good agreement with our results.

Concerning the transfer rates, the larger value for C2H6
than for CH4 probably reflects only that the number of ca
bon atoms is twice as large in C2H6. For the small, neutra
mp system the carbon atoms are nearly isolated even in
C2H6 molecule~compare@12#!. The transfer rate in CH4 can
be compared with another measurement which found a v
of 9.5(5)31010 s-1 in a mixture of H210.17% CH4 at pres-
sures between 1 and 4 MPa@46#. At such high pressures
most of themp are thermalized at the instant of ground sta
transfer. The lower transfer rate found in the present exp
ment can be attributed to a decreasing transfer cross se
with increasingmp kinetic energy. Themp formed on the
hydrocarbon might be accelerated during the cascade, du
deexcitation in the Coulomb field of hydrogen and carb
atoms similar to the Coulomb deexcitation ofmp formed in
H2. Because of the low gas pressures, themp do not undergo
enough elastic collisions to thermalize during the muon li
time. A recent experiment with low pressure gas targ
@O(100 Pa)# found similar kinetic energy distributions o
mp in CH4 and H2, respectively@47#.

E. Hydrogen compounds: cascades

Despite the differences observed inmN, mO, andmNe,
there are similarities such as the positive values ofa, which
shift the muonicl distribution towards large values. ThemB
and mC cascades originating in hydrogen compounds

-
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quite different. Their cascades are reproduced with nega
values ofa which shift the muonicl distribution towards
lower l values.@In the case of C4H10, where the cascade ha
been reproduced with a purely statistical distributiona
50), there is less sensitivity to the exact value ofa.# The
shift in the l distribution can be explained by a simple arg
ment: the angular momenta of the states into which
muons are captured depend on the muons’ kinetic energy
the impact parameter relative to the capturing atom. As
formation process usually takes place on valence electr
the impact parameter is correlated with the distribution
these electrons in the system. In the case of the CuH or
BuH bonds of the hydrogen compounds, the electrons
usually located between the atoms and the impact param
is limited by the bond length. In the case of the monatom
or diatomic gases there is no such limitation. In fact,
orbital radius of the outer Ne electrons exceeds the CuH
bond length by 40%. Assuming similar kinetic energies
capture on the different atoms and molecules~compare
@2,48#! then indicates higher angular momenta for muon c
ture by N2, O2, and Ne. As the initial muonic cascades pr
ceed via Auger effect, which only slightly influences th
shape of thel distribution ~see@6#!, the shift in thel distri-
bution is preserved down to quantum numbers arounn
516.

Concerning the cascades inmC from different hydrocar-
bons the trend is clear: smaller molecules produce more
cular cascades. In terms of the model this correspond
fewer molecular electrons leading to more circular casca
Since it was shown that the cascade begins aboven516,
comparison with the calculation suggests that the molec
are still not completely fragmented when the muons re
orbits atn516. An isolated carbon atom would provide
most five electrons after atomic muon capture proceeding
electron ejection. However, there is no way within t
present cascade model to reproduce the measured y
without increasing the number of electrons. In the case
C4H10, the situation is extreme because even more elect
than theL shell could hold must be introduced. This suppo
the assumption that the muonic cascade proceeds insid
molecule until the molecule is destroyed by the repulsion
positively charged Coulomb centers at relatively lown val-
ues.

An interesting point concerning the cascade ofmB in
B2H6 should be mentioned: The measuredmB yields are
always between themC yields in CH4 and C2H6 but the
values of the input parameters of the cascade calculation
B2H6 are close to those for C2H6, in fact they can be repro
duced with the samea andne . This means that the differ
ences in measured yields in B2H6 and C2H6 originate mainly
from the different nuclear charges of boron and carb
Since the molecular structures of B2H6 and C2H6 are com-
pletely different, this finding corroborates the interpretati
that the molecules provide electrons as a reservoir for
muonic cascade while molecular structure has little infl
ence.

VI. CONCLUSIONS

Sets of muonic x-ray transitions in low-Z atoms have
been measured in gases at low pressures with the cyclo
ve
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trap. The gas pressures were sufficiently low that the c
cades were not influenced by collisions with the surround
atoms and molecules. Moreover, measurements of low
ergy x rays emitted in transitions between relatively hi
excited levels could be made. The following conclusions
drawn from the measurements.

~i! The measured muonic cascades are pressure inde
dent below target gas pressures of a few kPa.

~ii ! The reproduction of the measured x-ray yields is p
sible using an atomic cascade calculation starting at princ
quantum numbern516. The differences in the cascades
the various gases can be described by varying the initial
gular momentum distribution of the muons and the num
of initially available electrons to simulate molecular effec

~iii ! Most of the capture of muons by neon atoms tak
place at muonic principal quantum numbers between 20
24 and dominantly at high angular momenta. The meas
ments described might permit the calculation of the kine
energy distribution of the muons before capture by neon

~iv! The measurements clearly demonstrate that
muonic cascades depend on the capturing molecule, not
on the constituent, participating atom. This is evident in
measurements ofmC cascades in different hydrocarbons.

~v! The capture of muons by atoms and molecules
pends on the structure of the target atom or molecule its
Two groups of angular momentum distributions were foun
distributions dominated by higher angular momentum~com-
pared to the statistical distribution! observed in monatomic
or diatomic targets, and distributions dominated by low
angular momentum observed in hydrogen compounds. T
can be understood classically in terms of the limited imp
parameters in hydrogen compounds.

~vi! Since the cascade calculations are started atn516
and more electrons than one atom could provide are usu
present, it is evident that the molecules are not fully fra
mented at this stage of the cascade. Whether the muon
a molecular orbit or the molecule serves only as elect
reservoir for internal refilling to the muonic atom cannot y
be determined.

~vii ! With improved understanding of the muonic ca
cades in isolated systems, it becomes possible to study
pressure dependence. Various spectroscopic methods m
be applied to extract the kinetic energies of highly ioniz
muonic atoms~typically expected in the eV range! and elec-
tron refilling cross sections in collisions with surroundin
atoms and molecules which will be relevant to conventio
ions with nuclear chargeZ21.
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APPENDIX: MODIFICATION
OF AKYLAS-VOGEL CODE

1. Propagation of the electron configuration
through the cascade

In the modified Akylas-Vogel code the electron config
rations of K and L electrons are propagated through ea
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muonic level (n,l ) as a set of 27 different probabilitie
PnK ,nL

(n,l ) of having nK50,1,2 K electrons together with

nL50,1, . . . ,8L electrons. We start with a state with ma
quantum numbern1 and angular momentuml 1 and define
C(n1 ,l 1) as the probability that the cascade goes throu
this level. The contribution«nK ,nL

(n1 ,l 1 ;n2 ,l 2) to the elec-

tron configurationPnK ,nL
(n2 ,l 2) of a level n2 ,l 2 (n2<n1)

due to a specific (n1 ,l 1→n2 ,l 2) transition is then

«nK ,nL

rad ~n1 ,l 1 ;n2 ,l 2!

5G rad/GnK ,nL

tot ~n1 ,l 1!PnK ,nL
~n1 ,l 1!C~n1 ,l 1!,

«nK ,nL

AK ~n1 ,l 1 ;n2 ,l 2!

5GnK11
AK /GnK11,nL

tot ~n1 ,l 1!PnK11,nL
~n1 ,l 1!

3C~n1 ,l 1!, nK50,1 ~A1!

«nK ,nL

AL ~n1 ,l 1 ;n2 ,l 2!

5GnL11
AL /GnK ,nL11

tot ~n1 ,l 1!PnK ,nL11C~n1 ,l 1!, nL<7.

GnK ,nL

tot (n1 ,l 1) is the total depopulation rate~transition

rate! of the level (n1 ,l 1), G rad is the radiative transition rate

G
n

k8

AK is theK-Auger transition rate withnK8 K electrons, and

G
n

L8

AL is the L-Auger transition rate withnL8 L electrons. The

Auger rates are computed according to the original Akyl
Vogel code. TheK-Auger rates are proportional to the num
ber ofK electrons present. In the case ofL-Auger transitions
the 2S and 2P electron configurations are not propagat
separately. As in the original code, theL-Auger transition
rates are calculated for fixed relative contributionsP2S of 2S
electrons andP2P of 2P electrons (P2S1P2P51) during
the whole cascade.P2S andP2P are given by the input val-
ues N2S

i 5nL
i P2S and N2P

i 5nL
i P2P at the beginning of the

cascade, wherenL
i is the total number ofL electrons at the

starting point.
From Eq. ~A1! follows for the electron configuration

PnK ,nL
(n2 ,l 2) and the probabilityC(n2 ,l 2) that the cascade

goes throughn2 ,l 2 the relation

C~n2 ,l 2!Pn
K8 ,n

L8
~n2 ,l 2!

5 (
n1 ,l 1

@«n
K8 ,n

L8
rad

~n1 ,l 1 ;n2 ,l 2!

1«
n

K8 ,n
L8

AK ~n1 ,l 1 ;n2 ,l 2!1«
n

K8 ,n
L8

AL ~n1 ,l 1 ;n2 ,l 2!#,

~A2!

where the sum goes over all levels withn1.n2 (n15n2 is
only considered forn152) and23<( l 12 l 2)<3. The nor-
malization ofPnK ,nL

(n2 ,l 2),
h

-

(
nK8 50

2

(
nL850

8

Pn
K8 ,n

L8
~n2 ,l 2!51, ~A3!

then leads to the determination ofC(n2 ,l 2).

2. Implementation of two different ionization energies
of K electrons

The original cascade code did not distinguish between
ionization of an atom with twoK electrons remaining and o
one with only one remainingK electron. The average
K-ionization energy is replaced as input parameter by t
individual ionization energies which are usually given by t
corresponding binding energies of aZ21 atom whereZ is
the atomic number. This modification affects the calcula
K-Auger probabilities at intermediaten58, . . . ,12 where
the transition energies ofDn52 andDn51 transitions are
close to theK-ionization energy and thus allow or inhibit th
corresponding Auger transition.

3. Refilling of the K-electron shell

A simple refilling model is introduced into the casca
code which distinguishes between external and internal~ra-
diative or Auger! refilling. The internal refilling is imple-
mented only forK andL electrons and is therefore applicab
to atoms withZ<10. At low densities external refilling can
be neglected and only internal refilling of aK hole with anL
electron has to be considered. Two processes can lead
electron transition from anL shell to aK shell: Radiative
refilling GLK

ref where an x ray is emitted, and Auger refillin
GKLL

ref where a second electron from theL shell is emitted.
The refilling ratesGLK

ref and GKLL
ref are introduced as two pa

rameters which describe an atom with a completeL shell
(nL5Z22) and a singleK hole~see@36#!. The refilling rates
with nL8 L-shell electrons andnK50,1,2 K electrons are
taken as

GnK ,n
L8

ref,LK
5GLK

ref ~22nK!nL8 /~Z22!, nL8>1

~A4!
GnK ,n

L8
ref,KLL

5GKLL
ref ~22nK!nL8 /~Z22!, nL8>2.

In order to simplify the calculation the refilling of an in
termediate state is considered before the next cascade
occurs. The refilling probabilityPref corresponds to the ratio
of refilling rate and total depopulation rate~includingG ref) of
the considered staten2 ,l 2. Thus for Auger refilling (nK

<1,nL8>2) we get

PnK ,n
L8

ref,KLL
5GnK ,n

L8
ref,KLL

/@GnK ,n
L8

tot
~n2 ,l 2!

~A5!
1GnK ,n

L8
ref,KLL

1GnK ,n
L8

ref,LK
~1G ref,ext!]

and the corresponding rearrangement of the electron con
ration is then

PnK ,n
L8
~n2 ,l 2!5PnK ,n

L8
~n2 ,l 2!~12PnK ,n

L8
ref,KLL

!,

~A6!
PnK11,n

L822~n2 ,l 2!5PnK ,n
L8
~n2 ,l 2!~11PnK ,n

L8
ref,KLL

!.
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