PHYSICAL REVIEW A VOLUME 59, NUMBER 5 MAY 1999

Muonic cascades in isolated lowZ atoms and molecules
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Muonic x-ray cascades in B, C, N, O, and Ne following muonic atom formation,idgB CH,, C,Hg,

C,Hi, Ny, Oy, 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 gk Ne 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 progre®1.050-294{@9)02005-3

PACS numbd(s): 36.10.Dr

. INTRODUCTION numbers ofn=\m,/m, e.g., inuFe much higher tham

] ) _ . =20[8]. The initial angular momentum distribution of the
Muonic atoms are formed by deceleration of muons insiden ons is usually parametrized as a modified statistical dis-
the target material followed by transitions from the con-i.ip,tion P(1)=(21+1)exp(al) (see, e.g.[6,7,9,10). The

tinuum to bound states. The bound states first populated A% obability of capture into different atoms of composite tar-

highly excited, and it is not understood if they belong to onegets is known to depend on the chemical and physical struc-

atom, to several atoms of the capturing molecule, or to the .« of the target materidlL,11—19. Moreover, it has been

entire molecule. After the capture the deexcitatios., the  ghown that the cascades in any one element depend on the
muonic cascade to the muonic atom’s ground $tdevel-  -pamical bonds and the target chemigttg,16—19.

ops. When the muonic transition energy exceeds the elec- The materials’ influence on the cascades is interesting, but
tronic ionization energy the muons may deexcite via Augelyn|y ynderstanding the cascades in isolated systems can pro-
emission of electrons. Because of the energy dependence gfje the basis for investigations in complexer materials. Un-
the Auger and radiative rates the Auger effect usually domifortynately nearly all published data involve two effects:
nates at higher energy levels. At lower excitation levelscapture by the single atom or molecule, and the interaction of
when transition energies become larger, the radiative transihe system with the environment during the cascade. In the
tions dominate the cascade. At some stage of the cascade thgse of solid state targets, strong refilling from the surround-
muons are bound to single atoms and can be described iygs always provides electrons to the muonic atoms. For
hydrogenlike wave functions perturbed by electron screentight atoms the muonic cascades are then completely domi-
ing. At this stage of the cascade the further deexcitatiomated by the Auger effect down to~5 [5,20] and observ-
("quantum cascade)’ becomes calculable. Phenomenologi- able x-ray yields become insensitive to the initial state popu-
cal models exist which explain at least the gross features détion.
the data concerning captutsee, e.g.[1-3]) and cascades Little data on cascades in isolated atoms or molecules has
(see, e.g.[4,5]). yet been acquired. This is due to the difficulty of stopping
However, capture of negatively charged muéasd other ~ exotic particles at high rates in low density gas targets, where
exotic particles such as~, K~, p, or 37) by atomic or t_he exotic atoms could be isolated c_jurlng typical cascade
molecular systems and the following atomic cascade are ndfmes- Using the cyclotron trafP1], this problem was re-
understood in detail. It is generally agreed that atomic muor©/ved in the spectroscopy of antiprotonic atoms formed in
capture takes place at kinetic energies of several tens of el®W pressure[O(1 kPa) gas target$22,23. . ,
via electron emissiofi6—8]. There is evidence that the cap- ~ Measurements using the same techniques in muonic at-
ture populates highly excited states above principal quanturBMS (uNe) were limited at the same time to several tens of
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1050-2947/99/5&%)/337511)/$15.00 PRA 59 3375 ©1999 The American Physical Society



3376 K. KIRCH et al. PRA 59

kPa[24]. However, the expected charge exchange rate con- g B(2—1)

stants [(cross section X (velocity)] of order 5 c 1400 ¥

x107° cm® s (see, e.g/25]) for the relatively low veloc- s

ity of muonic atoms in gas targets and cascade times of order 2 1200 |

10 s imply that pressures below 10 kPa are needed to g

isolate the system during the muonic cascade. The measure- 3 1000 |-

ments presented below are the systematic continuation of the  © [

previous experiments in light muonic atoms, extending the 800 .

gas pressures down to typically 1 kPa. Besides the interest in I ,(,\l', T

the cascades and processes involved at large quantum num- 600 =
bers, this work was triggered by the need to know the elec- ] -~ _* 3 _
tron configuration of different muonic states for several ex- 400 | T 7 ST ToT
periments. Proposals for parity violation experiments in the i é b T % %ék
light muonic atoms boron and neon are based on the meta- 200 | 3 ] A iﬂ =
stability of the 25 state[26-28, which requires complete WJ * * /\ Q *
ionization of the electron she[l20,22,24. Laser spectros- g L. 5 Naravenairioy A o/ Rl
copy of the B-2P level splitting in the muonic Li, Be, and 50 55 60 65 70
B atoms is based on2 metastability, too[29]. Precision E [keV]

crystal spectroscopy of transition energies in pionic magne-

sium [30], pionic nitrogen, and muonic oxygd1,37 de- FIG. 1. Spectrum of the muonic boron Lyman series taken with

d K led f the elect i i f th the Ge detector in 0.27 kPgBg. The Gaussian fit of the transition
pends on knowledge ot the electron configurations Of g5 and the linear background is shown. The binning is 0.096 keV
states involved. per channel.

Thus, the aim of the present experiments is an improve-

ment in understanding of the formation and deexcitation progjye to the magnetic field of the trap, decelerated in collisions
cess of isolated o muonic atoms requiringa) as much  \ith the target gas and guided to the trap’s central region.
experimental information as possible about the muonic casyyith the cyclotron trap and the low beam momentum, the
cades andb) reliable cascade calculations that allow thefyaction of muon stops per incoming muon was of the order
prediction of unobserved features of the cascades, such as the1g9s (depending on the gas pressuaad the stop volume
electron configuration in specific states or the yields of ceryround 100 crh The two bore holes of the trap’s magnet
tain transitions. The measurements were performed at Io\ere used to flange a Ge detectarea: 2000 mr) thick-
target gas pressures at which the muonic atoms are isolatgggs: 13 mm, Be window thickness: 0.5 mand a SiLi)
from the surrounding during their cascade. Moreover, thgetector (30 mf, 5 mm, 40xm) to the target chamber.
low pressures allow the detection of low energy x rays, forrhe Ge detector was used to investigate transitions at ener-
which self-absorption in the target gas is not negligible. Ex-gies above 6 keV. At the higher energies the efficiency cali-
perimentally obtained absolute yields, independent of preéssration could be done easily with radioactive sources, at the
sure and therefore of refilling, are interpreted using an IMyoyer energies around the Gex edge the overlap in energy
proved Akylas-Vogel[4] cascade code. Transitions with ith the SiLi) detector was used to cross-check the results.
energies between 1.5 keV and 300 keV were measured in thehe efficiency of the SLi) detector below 6 keV was cali-
muonic atoms B, C, N, O, and Ne after formation in low prated using muonic x-ray transitions with a method de-
pressure gas targets obig, CH,, CoHg, C4Hio, N2, Oz seribed in detail if33]. During data taking the signals of the
and Ne. ) i . _detectors were gated with signals of the muon entrance
The paper is organized as follows: in Sec. Il the experi-coynter with a 5us gate. In the data analysis appropriate
mental setup is described; in Sec. Ill the cascade code ifne cuts were set in order to select and include in the spectra
introduced with discussion of the improvements; Sec. Vine events originating from muon stops in the gas, and to
gives the measured absolute x-ray yields of the cascade ra8gppress background events produced by muons and elec-

sitions and compares them with results of the cascade coqgyns hitting the target chamber walls. The intensities of
calculation. The findings and possible implications are diSy,onic transitions were obtained by fitting transition lines

cussed in Sec. V. and background to the spectra. As an example, Fig. 1 shows
the Lyman series of muonic boron as observed in 0.27 kPa

Il. EXPERIMENT diborane gas with the G_e detector. This was the Iowe_st pres-

sure used in that experiment, and as a result the signal-to-

The experiments were performed at the Paul Scherrer Inbackground conditions are the worst ones in the present
stitute’s wE5 beamline, which delivered negatively chargedanalysis. The fit with a Gaussian to the transitions as well as
muons at a low momentum of 31.7 Me¥/ivith a momen-  the linear fit to the background are included in Fig. 1. The
tum spread of 4% full width at half maximum. The electron lines from muonic copper and zinc are due to muon stops in
contamination of the beam was reduced considerably with ¢he brass collimators inside the bore holes of the trap. The
Wien filter. To increase the stop density of the muons in thaelative yields of the muonic transitions are obtained from
low pressure gas targets, the cyclotron tfaf] was used. the line intensities, taking into account the detector efficien-
About 1.3x10% 1~ /s hit the scintillator at the entrance of cies and corrections for the self-absorption of low energy x

the trap, which reduced the muon momentum to aboutays in the target gas and solid angle effects. Because the

20 MeV/c. The muons were then forced into circular orbits muon stop distribution inside the trap is pressure dependent
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the last correction accounts for slight changes in the photon
incident angles onto the detectors which lead to stronger ab-
sorption in the detector windows and inefficient layers at low 0.05 o
energies. The probability for coincidences in one detector
(e.g., the 21 and 3-2 transitions might simulate a 3
—1 transition) also depends on the muon stop distribution o e
and must be corrected for. The fact that the total yield of the
muonicK series amounts to 100%ee, e.g.[34]) is used to
extract absolute yieldg33].

The pressure dependence of muonic cascades, in some 5
cases down to 40 kPa, was investigated[85]. In the ¢ o 9
experiment described here the target pressures were chosen 001+ ‘} 5 uNe--s1) ]
to extend to lower pressures starting from several ten
down to a fraction of a kPa. At the order of 1 kPa no ; ¢ b unG->»
pressure dependence of the observed transition yields re- } %
mained(see Secs. IV and V The small fraction of meta-
stable X states is negligiblécomparg 28,33)). The relevant
data leading to absolute yields given in this paper were
taken at 0.27 kPafdg, 1.33 kPaCH, 0.67 kPa GHg, p [10° Pa)

4.79 kPa GH,o, and 1.33 kPa Bl O, and Ne, respectively. _ o _
Such low pressures have the advantage that the absorption of FIG- 2. Absolute yields of the muonic nitrogen Lyman transi-

the low x-ray energies inside the target gas is a small corredions 4—1 and 5-1 as a function of the Ntarget gas pressure.
tion. The high pressure data are taken frp@s].

Yield
o

0.005

0.01 0.1 1 10 100

askLL Auger effect are taken into account. The correspond-
ing rates are taken fromMi36]. The refilling probability is

In the experiment atoms witd<10 were investigated. given by the ratioy, ™ /(yk " + 73252;”) where yK ™
Therefore the cascade calculation, based on the Akylastenotes the internal refilling rate amtﬁg")gK‘”L is the total
Vogel code[4], described the cascade of muons in atomsjepopulation ratédecay ratgof the (n,1) state withng K
with fewer than ten bound electrons, i.e., olyandL elec-  gjectrons anah, L electrons.
trons. Starting with a principal quantum numberan angu- (3) In the original code an average binding energy for the
lar momentum distributiof (1), and a specific electron con-  glectrons is used. The modified version distinguishes be-
figuration, the code propagates the probabilities for thgyeen thek-ionization energies for one or twk electrons.
different deexcitation processesuger monopole transitions Thjs has an important influence on the cascade of highly
and Auger and radiative dipole, quadrupole, and octupoléynized muonic atoms betweer~12 andn~8.
transitions and the electron configuration through all pos-  The cascade code deals only with atoms and therefore
sible levels (",1") down to the ground state. The code haspeglects molecular effects during the capture process and the
been successfully applied in solidsee, e.g.[5]) and other  first cascade steps. It is, however, possible to introduce more
high density materials where the muonic atom never begectrons into the system than can be provided by a single
comes completely ionized due to electron refilling. atom of nuclear chargé. It is even possible to introduce
~ Inorder to use the code for isolated muonic systems threg,gre than the ten electrons that fill up the electrdiandL
improvements were implementethore details are found in - ghe|is, These electrons can be considered as a reservoir pro-

the Appendix. _ ~ vided by the molecule for refilling during the cascade.
(1) In the original version the number df electrons is

propagated as an average value for each)(state. The fact
that the different transitions which populate thel} state

lead to a specificl electron configuration with different Figure 2 shows the pressure dependence ofithg .,
probabilities for 0,1,2...L electrons is neglected. More- and 4N _, transitions. The data points at 0.04, 0.10, 0.62,
over, theL-Auger rates and transition probabilities are calcu-2.02, 3.52, and 5.12 MPa are taken fr§85], the low pres-
lated using the product of the average numbers of electronsyre data taken at 42.6, 10.6, 2.7, and 1.3 kPa are from the
ng’ and the - and 2P-electron Auger rates. For;'<1 this  present experiment. The investigation of the pressure depen-
leads to significant errors, because the averaging, weightagence revealed the strongest influence on the cascage of
by the dominant Auger transition rates, does not take intaind xO originating in the diatomic molecules,MNind Q.
account the cases in which no electrons are present and rhe prompt(i.e., not resolvable from the instant of muon
diative transitions are certain. In the modified version, comstop «C cascades from the hydrocarbon targets were found
bined probabilitiesW, , of having nc K electrons and to be less pressure dependent. b€ cascades are influ-
n_ L electrons are propagated through each lemell)( enced by the transfer reactigip+ C— p+ «C down to low

(2) A simple model for the rearrangement of the elec-pressures. However, it is possible to resolve the transfer
tronic shell(internal refilling after aK-Auger transition is component of the cascade yields due to its observation in the
included. This rearrangement is computed at each muonitme delayed spectra after the prompt muon stops. It was
state ,1). Both radiativeLK electronic transitions as well found thatW{(CH,)=3.6(4)% of themuons stopping in

Ill. CASCADE CODE

IV. RESULTS



3378 K. KIRCH et al. PRA 59
[ - B ) ~ _
c T |uc-3) uc(3-2) I c S L a
C = 3 % () &
—~ 3 z —
CEU B ol + N N Z
O 150 e & 78 o« (&
- 3 ég S FIV“?\A/ ; 200
2] Q ©g -
gy e cett|en B 7 s
> 3 L
o : N O 3 = 2
o 0 = & el
4C(3-2) er 0 p bt
i 0(5-4)
° = RN + # — —
150 ffe <1| 9&5 - B B
% g/ (jr zé% 200 H o \Oi/ §
\ h g Ui“ii C,He PR =
M MM M
oo +
0 15 20 e L' 2 3% 3% O,
! hy
E [keV] 0 St
) ) _ _ P uNe(5-4) 7
FIG. 3. Spectra of muonic carbon taken with & .9 detector in = 3 -
CH, at 1.33 kPa and £ at 0.67 kPa, respectively. The cascades ES £ N
reached the pressure independent regime. There is a contamination 200 It a 3
at the uC(7-2) position due to transitiongAl(4-3). The binning 25 % =
is 0.0215 keV per channel. Y S SN
[ % 2% |Ne
CH, form up atoms which contribute to the external transfer 0 bobm bttt N |
reaction, i.e., transfer to a molecule or an atom other than the 0 5 10 15 20 25
capturing molecule. The corresponding fraction faqu for- E [keV]

mation in GHg is Wi (C,Hg) =2.9(4)%. Thetransfer rates
show a linear pressure dependence and can be normalized tOF|G. 4. Muonic x-ray spectra taken with a(ti) detector in
liquid hydrogen density (4.2610?” atoms/cr); the result-  N,, O,, and Ne at 1.33 kPa. There are contaminations due to the
ing rates are)\$H4= 2.3(5)x10°s™ ! and )\$ZH6= 5.4(10) linesuC(3-2) anduAl(4-3). The binning is 0.0215 keV per chan-
X 10" 571, It should be mentioned that the determination of"€l-
the up formation probabilities does not account for the frac-
tion of up atoms which might contribute to the transfer with target. Carefully comparing the different spectra of Fig. 4
much larger rates and would thus not be present in the timggveals more pronounced noncircular linesl&n—2—n’
delayed spectra. That this fraction must be small will besn—2]") in uN and O formed in molecules than inNe
discussed below in Sec. VD. In the evaluation of a€  from the atomic target. The same effect, but much more ob-
cascade yields a correction for external transfer was appliedious, is found in Fig. 3. The muonic carbon from thgHg
This is, however, a very small correction at the lowest prestarget shows a more noncircular cascade than the muonic
sures because the muon decay rate strongly exceeds tharbon formed in Cll Since these cascades are not affected
transfer rate. The absolute yield values given below are thuBy pressure, the difference demonstrates the presence of in-
representing the limit of isolated molecules. trinsic molecular effects, i.e., the molecule in which forma-
Typical experimental spectra are shown in Fig. 1 for thetion takes place influences the muonic atom cascade.
germanium detector and in Figs. 3 and 4 for théd_Side- The measured absolute yields for the different x-ray series
tector. The muonic copper and zinc lines in Fig. 1 are due t@re given in Tables I, Il, and Ill. Similarities in the data
muon stops in brass collimators in front of the detector. Thesuggested grouping the results for N, O, Ne and B, C, re-
muonic carbon found in the spectra of Fig. 4 is due to muorspectively. For GH;, only data for theK series are available.
stops in the scintillation counter and in the polyethyleneThe tables also summarize the results of the cascade calcu-
cladding of the target chamber. The chamber itself is madéations. These calculations of the quantum cascades were
of aluminum, and muons stopping in uncladded regionsstarted at principal quantum numbes= 16. Initially an as-
cause background lines in all spectra of Figs. 3 and 4. Theumption that atomic muon capture takes placerferl6
spectrum of muonic oxygen in Fig. 4 contains a silver x-raywas confirmed by agreement with measured yields. The dis-
fluorescence line. This line originates in silver inside the detribution of initial angular momenté is described byP(l)
tector and is induced by the stropgD(3-2) transition. The (2l +1)e®" with one adjustable parameter The number
contribution of contamination lines to line intensities of in- ng of initially available electrons is not necessarily an inte-
terest was measured in another gas and was used for correger, i.e., a value of 5.5 suggests tmtis 5 in 50% of the
tion after proper normalization to the number of incomingcascades and 6 in the remaining 50%. The valuesfand
muons. Thus, for example, the carbon contamination in tha, given in the table captions lead to the least mean square
hydrocarbons was measured using the nitrogen and oxygeteviations between measured and calculated yields.
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TABLE |. Measured and calculated absolute muonic transition yieldgcdf «O, and uNe from
N, (ne=4.7"33%, «=0.040351), O, (ne=6.2'03, a=0.065301), and Ne .=4.7'05, «a
=0.090" 5533, respectively. The highest and not resolved transitions of one series are grouped together in the
yield Yg_,.... Starting point for the calculations is the principal quantum nunmsef6.

Absolute N O, Ne

yields Measured Calculated Measured Calculated Measured Calculated
Y7 6 0.71961) 0.702
Y65 0.621(56) 0.658 0.65450) 0.605 0.68944) 0.741
Y5 0.09012) 0.065 0.080L1) 0.078 0.0448) 0.052
Ys5_.4 0.70835) 0.701 0.66133) 0.649 0.77830) 0.772
Yo_4 0.06910) 0.049 0.07%9) 0.066 0.04%4) 0.044
Y7 .4 0.0387) 0.033 0.0507) 0.040 0.02%5) 0.026
Y43 0.76625) 0.760 0.74@5) 0.717 0.82030) 0.818
Ys5_.3 0.0448) 0.042 0.0447) 0.052 0.0317) 0.035
Y63 0.0196) 0.020 0.0247) 0.029 0.01%) 0.018
Y73 0.0206) 0.023 0.0247) 0.028 0.01B3) 0.017
Yg_3 0.0094) 0.014 0.00%) 0.006 0.00®8) 0.004
Y32 0.8349) 0.832 0.80124) 0.802 0.87213) 0.875
Yasn 0.03711) 0.037 0.02¢21) 0.044 0.02%) 0.030
Ys5_, 0.0121) 0.012 0.01R) 0.016 0.01(0) 0.010
Yo_2 0.0032) 0.011 0.01®) 0.019 0.0114) 0.011
Y7 0.0172) 0.022 0.01(%) 0.013
Ys_.o 0.0093) 0.006 0.0082) 0.004
Yro2 0.0393) 0.031 0.0083) 0.000

Yo_1 0.9278) 0.925 0.88810) 0.911 0.938%) 0.945
Y31 0.02717) 0.029 0.0407) 0.034 0.0283) 0.022
Yan 0.0121) 0.009 0.02®,) 0.011 0.00®2) 0.006
Ys5_1 0.0041) 0.005 0.012) 0.008 0.0081) 0.004
Y61 0.0143) 0.013 0.0091) 0.007
Y7_1 0.0193) 0.017 0.0091) 0.009
Yro1 0.0292) 0.032 0.0063) 0.006 0.0081) 0.005

V. DISCUSSION transitions because the transitions hawe>2; and, finally,

The comparison of experimental and theoretical yields inthese transitions are—depending on the state of the electron

Tables I, 1l, and Ill is based on calculations starting at prin-She"_In competmgn W'th, dipoleAn=1 Auger transitions
cipal quantum number=16. This specifia value was cho- and pecause of their low yields they can therefore show large
sen in order to treat the seven muonic atoms on the sanfglative effects. . -
footing. It is important to keep in mind that starting the cal- "€ physics motivation to look at the nitrogen transitions
culation at a particulan value implies only that muonic arises because the cascadeudf formed in the diatomic
atom formation takes place for with n’=n. nitrogen molecules has already proven to be much more de-
pendent on the target gas pressure than the cascade of neon
originating in an atomic targgB5]. This difference in pres-
sure dependence has been explained in terms of a Coulomb
The aim of the experiment was to measure muonic x-rayexplosion of the nitrogen molecule following the ejection of
yields in isolated atoms and molecules. Therefore the measeveral electrons.
surements had to be performed in a pressure region at which In the carbon cascade in Gldnly H ions might acceler-
the cascade yields were no longer pressure dependent. Thte theuC system. This explains the result of the present
measurements of the present experiment were performed investigation that the.C cascade is less pressure dependent
that region. The two muonic nitrogen transitigmbl,_.; and  than the one oftN. The fact that the carbon cascade Hg
uNs_ 1 of Fig. 2 are best suited to demonstrate the constancwas also found to be less pressure dependent thaplhe
of the yields at low pressures. There are technical reasons aascade indicates that the Coulomb explosion of that mol-
well as physical motivations for this choice. The technicalecule could be buffered due to the additional hydrogen at-
reasons are the following: the measurable transition intensbms. As already stressed above, the statements about pres-
ties are nearly independent of the muon stop distributionsure independence are valid only for the prompt cascade
they are insensitive to self-absorption in the target because d¢fhese values are contained in Tablg Hot for theuC cas-
their relatively high energylarger 120 keV; the transition cade following a transfer reaction after muon capture on hy-
energy cannot be produced in a coincidence of two circuladrogen(see below.

A. Pressure independence of the yields
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TABLE Il. Measured and calculated absolute muonic transition yieldgBfand x.C from B,Hg (ng
=8.4+0.2, «=-0.06£0.01), CH, (ng=5.7=0.1, a=—0.065-0.005), and GHg (n,=7.8£0.1, «
=—0.080+0.005). The highest and not resolved transitions of one series are grouped together in the yield
Yr_..... Starting point for the calculations is the principal quantum nunmbed.6.

Absolute BHg CH, C,Hg

yields Measured Calculated Measured Calculated Measured Calculated
Ys5_.4 0.50(30) 0.44 0.50111) 0.494 0.38611) 0.391
Ye6_.a 0.11(4) 0.09 0.0705) 0.069 0.08%) 0.097
Y74 0.02 0.0515) 0.048 0.05%4) 0.029
Yaz 0.49040) 0.502 0.5717) 0.570 0.4548) 0.456
Ys_.3 0.08020) 0.077 0.0663) 0.060 0.0944) 0.078
Ye_.3 0.0422) 0.036 0.062) 0.066
Y73 0.0332) 0.038 0.0242) 0.023
Yg_.3 0.0142) 0.018 0.00@) 0.002
Yros 0.12Q30) 0.078

Y3 0.621(19) 0.607 0.6688) 0.678 0.5568) 0.570
Yao 0.06211) 0.063 0.06®2) 0.056 0.08%2) 0.066
Ys5_, 0.0378) 0.049 0.02®2) 0.023 0.0512) 0.048
Ye_.2 0.0262) 0.028 0.0442) 0.062
Yio 0.0245) 0.035 0.0226) 0.023
Yg_.o 0.0242) 0.018 0.01®) 0.025
Yroo 0.06313 0.073 0.00%2) 0.002 0.002) 0.000
Yoo 0.7839) 0.798 0.84R,) 0.842 0.7704) 0.776
Y31 0.0735) 0.063 0.0612) 0.052 0.0822) 0.068
Ya_ 0.040Q3) 0.031 0.02() 0.019 0.04@®) 0.032
Y51 0.0364) 0.040 0.0171) 0.014 0.032) 0.040
Y61 0.0364) 0.049

Yo 4 0.0224) 0.018

Yro1 0.0114) 0.001 0.0682) 0.072 0.07) 0.083

B. Muonic neon mental errors. The main systematic error is caused by the

The best agreement between calculation and the eXperl-rl_nknown shape of the background in the spectra from which

mental yields is obtained fgzNe. This is not very surprising transition line intensities are extracted. The error values
because atomic neon is the simplest of the targets used a@i/€n in this paper are alw:;ys conservatively estimated and
the one for which the atomic cascade code is best suitedUS might yield the lowyy,,. Consequently, the errors
Figure 5 shows the @ (x2=x2.+1) and 2 (x2=x2, given for « andn, might be slightly overestimated.

min min

+4) contours of the sum of the squared deviations

04
Xo= 2 (Yol =YL )IAY )2 ot4r
n,n’ 20
1o
between calculated and measured yields in the plane of 012
versusn,. The correlation of the two parameters is obvious.
The x? value reaches a minimum of2, ~13 for the 24 [
transitions, indicating overestimation of systematic experi- orr
TABLE Ill. Measured and calculated absoluteyields of uC 0.08 -
from C4H,g (n=16, «=0.0, n,.=13.5+£1.0).
Absolute GHyg 0.06 ._
yields Measured Calculated I
Yo 0.68920) 0.695 7 Y S-S
Ys .1 0.12913) 0.109 N,
) 0.10910) 0.126
Ys_1 0.0559) 0.057 FIG. 5. 2 contour plot in thex-n, plane foruNe. The starting
Yes 0.0187) 0.013 point of the calculation is ab=16. One extract®,=4.7" 55 and

a=0.090"032.
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TABLE IV. Total level energies for muonic neon at muonic principal quantum numherThe total
level energy is defined as the difference between the mass of the atom in a specific state and the masses of
the constituentgnucleus, muon, electronsThe energy values are given in eV.

n, Electron core Level energy n, Electron core Level energy
12 He 1s? —4076.2 16 N %2252 2p® —3921.9
13 He 1s? —3808.9 17 N %2 2s22p3 —38225
14 He 1s? —3602.7 18 N %22s°2p° —3742.9
15 He 1s? —3442.1 19 N %2 2s?2p° —3678.4
20 N 1s? 2s? 2p8 —3625.5
12 Li 1s?2s —4264.5 21 N %2252 2p° —3581.6
13 Li 1s?2s —3998.0 22 N %2252 2p° —3544.9
14 Li 1s?2s —3792.7 23 N %2252 2p° —3513.9
15 Li 1s?2s —3632.9
16 Li 1s?2s —3507.2 17 O $22s? 2p* —3859.1
18 O 1s? 252 2p* —3779.3
12 Be 1s?2¢? —4421.2 19 O $?2s? 2p* —3714.7
13 Be 1s? 2¢? —4155.3 20 O $?2s? 2p* —3661.7
14 Be 1s? 2s? —3950.8 21 O $22s%2p* —3618.0
15 Be 1s? 2s? —3791.7 22 O $?2s? 2p* —3581.6
16 Be 1s? 2¢? —3666.7 23 O $?2s? 2p* —3551.0
17 Be 1s? 2¢? —3567.6 24 O $?2¢? 2p* —3525.2
25 0 1s? 28? 2p* —3503.5
14 B 15?25 2p —4063.5 26 O $22s? 2p* —3485.4
15 B 1s?2s%2p —3904.2
16 B 1s?2s?2p —3779.0 18 F $%2s?2p° —3795.5
17 B 1s?2s? 2p —3679.6 19 F $22s22p° —3731.1
18 B 15?25’ 2p —3599.9 20 F $?2s?2p° —3678.3
19 B 1s?2s?2p —3535.2 21 F $?2s?2p° —3634.6
22 F 1s? 2s? 2p°® —3598.1
15 C 1s? 2s?2p? —3990.8 23 F $?2s?2p° —3567.4
16 C 1s? 2s?2p? —3865.7 24 F $?2s?2p° —3541.6
17 C 1s? 2s?2p? —3766.5 25 F $?2s?2p° —3519.8
18 C 1s?22s?2p? —3687.1 26 F $22s?2p° —3501.7
19 C 1s? 2s?2p? —3622.7 27 F $%2s?2p° —3487.0
20 C 1s? 2s?2p? —3569.9 28 F $?2s?2p° —3484.9
21 C 1s? 2s?2p? —3526.0

Since muonic neon binds nine electrons immediately aftecorrections for electronéelf-energy, self-energy screening,
muon capture and, on the average four or five electrons at thend vacuum polarizatiof87,38) and the muorfvacuum po-
starting point of the cascade calculatiom<{16), the atom larization are included. More details will be published else-
must have undergone four to five Auger deexcitations tavhere.
reachn~ 16, implying its formation at a principal quantum  Calculated total level energies are given in Table IV. One
numbern=20. This consideration offers the possibility to result of the calculation which was not expected in advance
determine the levels at which muon capture in neon atomgcompare, e.g[41]) was that the muonic fine structure split-
takes place. Checking the probabilities of Auger transitionding within principal quantum numbens, under consider-
requires exact knowledge of the total binding energies of thetion is below 0.1 eV. As another important result the domi-
system, which consists of the neon nucleus, the muon imance of theAn=1 Auger transitions belown=16 is
different states, and electrons in different configurations. proven. This corroborates the possibility of treatinglec-

To calculate the binding energies we used the latest vettrons in a relatively rough fashion in the cascade code,
sion of Desclaux’s multiconfiguration Dirac-Fock co@—  whereas theK-electron situation is accounted for in more
39], which has been generalized by Indelicato to accommoeetail. Figure 6 shows the possible Auger cascade chains
date exotic atoms with arbitrary electronic structure. Inleading to the required electron configuration rat 16.
contrast to older codes, this program can account for fulllThere are severahn=2 Auger steps required for which
recoupling between the electrons and the exotic particlegguadrupole transitions for maximuinstates are necessary.
The code is fully relativistic, and includes Breit and higher At the low transition energies involved at those higlevels
order retardation corrections. The magnetic interaction ighe quadrupole transitions still dominate the possible radia-
treated self-consistently on the same footing as the Coulomtive dipole transitions completelisee, e.g.[5]). The limit-
interaction[40]. In order to get accurate energy, radiative ing cascade#full black circles and rectanglggive four and
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ny oms will very probably leave the molecule on which forma-
1 tion took place only in states with low principal quantum
261 numbers (~5—6) [1] the remaining cascade is too fast to
24: o »'(; allow for excited state transfer. A fa§t component can only
| o o be due to the transfer fromp atoms in 5 states. The 3
27 4 o o 1§ population in muonic hydrogen is known only faep for-
1 e i mation in hydrogen targefgl2] and it is below 7% for pres-
20 A . .= sures at which collisional effects do not influence flap
1 S E g . cascade ab<5. Adopting this result to the present problem
181 ‘E' leads to an upper limit of 7% for a fast transfer component.
16: .", /:13:2/”' The experimental errors of 11% and 14% W/ (CH,) and
1 e 7 W (C,Hg), respectively, take into account this conceivable
14 1 /13"/-” fast component. Additional confirmation that only a small
1 EF:/I’/ fraction of up belongs to a fast transfer component comes
127 w from comparison withrp data. In therp case the 3 states

will not contribute to the transfer.
The published measurements of negative pion capture
FIG. 6. Auger decay chains allowed by the total binding ener-probabilities on hydrogen in CHand GHg targets are
gies of Table IV and covering the possible electron configurationqN;'T(CH4) =2.473(53)%[43] and W};(C,Hg) =1.877(53)%
at principal quantum number, =16 (compare Fig. 5 [44]. No dependence on the target density had been found for
the formation probability ofrp on G,Hg, even over a region
six electrons ah=16, both of which are quite improbable, covering two orders of magnitudet5]. The fact that the
as shown in Fig. 5. Therefore it is concluded that the muorprobabilities for muon capture from the present experiment
capture takes place at principal quantum numbers betweeare larger is due to the much lower target gas pressures, and
20 and 24. not to any difference between pions and muons. With the
most refined version of the model of large mesic molecules
[3,19] the pion data can be explained. This version of the
model does not contain an explicit pressure dependent pa-
Concerning the muonic atomsN and O, comparison rameter. However, it contains a parameter which describes
with uNe reveals stronger noncircular yields for the muonicthe “nontransfer probability;” this probability should be 1 at
atoms formed on the molecular targets. The correlatioa of the lowest pressures. Assuming this value and accepting the
andn, for uN and O is qualitatively the same as fatNe  other parameters of3] one finds W/j(CH,)=3.5% and
(see Fig. 5 Both ay and ag are smaller thaneye. Thus  W[(C,Hg) =3.0% as the “isolated molecule limit.” These
describing the three cascades by one mearalue requires values are in a good agreement with our results.
one electron more forN and two more foruO than for Concerning the transfer rates, the larger value feH{C
uNe. We assume that the levels into which the muons ar¢han for CH, probably reflects only that the number of car-
captured have similar binding energies, implying that itbon atoms is twice as large in,Bs. For the small, neutral
would take a similar number of muonic transitions to reachup system the carbon atoms are nearly isolated even in the
the state withn=16 where our calculation starts. Ten to C,Hs molecule(comparg12)]). The transfer rate in CjHcan
eleven electrons appear to be involvediMN and £O in  be compared with another measurement which found a value
molecular N and Q, respectively, while only six or seven of 9.5(5)x 10'° st in a mixture of H+0.17% CH, at pres-
electrons can be provided by an isolated constituent atonsures between 1 and 4 MR46]. At such high pressures
This is consistent with the pressure dependence observed inost of theup are thermalized at the instant of ground state
the uN cascade in Bl compared to that ieNe in Ne[35]: transfer. The lower transfer rate found in the present experi-
similar cascades were found in both cases but at lower presaent can be attributed to a decreasing transfer cross section
sures in N than in Ne. This observation has been explainedwith increasingup kinetic energy. Theup formed on the
in terms of a Coulomb explosion, in which the molecularhydrocarbon might be accelerated during the cascade, due to
fragments £N'", N'*) produced in the first steps of the deexcitation in the Coulomb field of hydrogen and carbon
cascade gain high kinetic energies due to repulsion. Thiatoms similar to the Coulomb deexcitation @p formed in
leads to increased collision rates with electron refilling andH,. Because of the low gas pressures, gigedo not undergo
consequently to more pressure dependent cascadgiNin enough elastic collisions to thermalize during the muon life-
than in uNe. Assuming symmetric ionizatior~j, we esti- time. A recent experiment with low pressure gas targets
matei ~3—4 and, moreover, kinetic energies of the molecu-[ O(100 Pa) found similar kinetic energy distributions of
lar fragments of the order of several tens of eV. up in CH, and H,, respectively{47].

2 3 4 5 6 7 8 9 Ne

C. Diatomic molecules

D. Hydrocarbons: hydrogen capture probability and transfer E. Hydrogen compounds: cascades

It has already been mentioned that the determination of Despite the differences observed N, ©O, and uNe,
the muon capture probabilitied/t; relies on the observation there are similarities such as the positive valueg ofvhich
of time delayed transfer and therefore does not take intehift the muonid distribution towards large values. TheB
account a very fast transfer component. Becauseufh@at- and uC cascades originating in hydrogen compounds are
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quite different. Their cascades are reproduced with negativeap. The gas pressures were sufficiently low that the cas-
values of @ which shift the muonid distribution towards cades were not influenced by collisions with the surrounding
lower | values[In the case of gH,,, where the cascade has atoms and molecules. Moreover, measurements of low en-

been reproduced with a purely statistical distributiom ( €rgy x rays emitted in transitions between relatively high
=0), there is less sensitivity to the exact valuecol The  €xcited levels could be made. The following conclusions are

shift in thel distribution can be explained by a simple argu- drawn from the measurements. _

ment: the angular momenta of the states into which the (1) The measured muonic cascades are pressure indepen-
muons are captured depend on the muons’ kinetic energy aern_t_ belhow targ%t gas prefs.;ures of a f%W kPa. ields i

the impact parameter relative to the capturing atom. As the. (if) The reproduction of the measured x-ray yields is pos-
formation process usually takes place on valence electron§!ble using an atomic cascade calculation starting at principal

the impact parameter is correlated with the distribution ofduantum numben=16. The d|ff(_erences In the cascgdgs of
these electrons in the system. In the case of theFCor the various gases can be described by varying the initial an-

B—H bonds of the hydrogen compounds, the electrons grdular momentum distribution of the muons and the number
usually located between the atoms and thé impact parametgF initially available electrons to simulate molecular effects.

is limited by the bond length. In the case of the monatomic | (iii) ':AOSt Of_ the_ ca_ptulre of [nuons bg ne(:)n tatomsztgkesd
or diatomic gases there is no such limitation. In fact, theP'ace al muonic principal quantum numbers between 9 an

orbital radius of the outer Ne electrons exceeds theHC 24 and domi_nantly at high angular momenta. The measure-
bond length by 40%. Assuming similar kinetic energies forments d"rscf'beq might permit the calculation of the kinetic
capture on the different atoms and moleculesmpare energy distribution of the muons before capture by neon.
[2,48]) then indicates higher angular momenta for muon cap- ('V). The measurements clearly d_emonstrate that the
ture by N, O,, and Ne. As the initial muonic cascades pro- muonic cascades depend on the capturing molecule, not only
ceed via Auger effect, which only slightly influences the on the constituent, part|C|pat|ng atpm. This is evident in the
shape of thd distribution (see[6]), the shift in thel distri- measurements QiC cascades in different hydrocarbons.

bution is preserved down to quantum numbers aroand (v) The capture of muons by atoms and moleculeg de-
—16. pends on the structure of the target atom or molecule itself.

. . . _ Two groups of angular momentum distributions were found:
Concering the cascades aC from different hydrocar distributions dominated by higher angular momenti@gom-

bons the trend is clear: smaller molecules produce more Clhared to the statistical distributipmbserved in monatomic

cular cascades. In terms of the model this corresponds or diatomic targets, and distributions dominated by lower
fewer molecular electrons leading to more circular cascades gets, y

Since it was shown that the cascade begins above6, angular momentum observed in hydrogen compounds. This

comparison with the calculation suggests that the molecule& be understood classically in terms of the limited impact

are still not completely fragmented when the muons reaci‘?"’w’me'[erS in hydrogen compounds.

orbits atn=16. An isolated carbon atom would provide at (vi) Since the cascade calculations are stz_;\rted 216
. . . .and more electrons than one atom could provide are usually
most five electrons after atomic muon capture proceeding via

electron ejection. However, there is no way within thepresent, it is evident that the molecules are not fully frag-

present cascade model to reproduce the measured yielawsented at this stage of the cascade. Whether the muon is in
molecular orbit or the molecule serves only as electron

without increasing the number of electrons. In the case oft ; : o .
T reservoir for internal refilling to the muonic atom cannot yet
C4H1g, the situation is extreme because even more electrorg .
X : e determined.
than thelL shell could hold must be introduced. This supports (vii) With improved understanding of the muonic cas

the assumption that the muonic cascade proceeds inside the

. : : ddes in isolated systems, it becomes possible to study the
molecule until the molecule is destroyed by the repulsion o : . )
e . pressure dependence. Various spectroscopic methods might
positively charged Coulomb centers at relatively lowal-

be applied to extract the kinetic energies of highly ionized
ues. - . . . . muonic atomgtypically expected in the eV rangand elec-
An interesting point concerning the cascade (d8 in

B.H- should be mentioned: The measura® vields are tron refilling cross sections in collisions with surrounding
2''6 AR R® Y atoms and molecules which will be relevant to conventional
always between the.C yields in CH, and GHg but the

. . ions with nuclear chargg—1.
values of the input parameters of the cascade calculation for 9

BoHg are close to those for fElg, ir7 fact they can be repro- ACKNOWLEDGMENTS
duced with the same andn.. This means that the differ-
ences in measured yields inBs and GHg originate mainly It is a pleasure to thank B. Leoni for his great technical

from the different nuclear charges of boron and carbonsupport, the PSI staff for providing us with excellent condi-
Since the molecular structures ofl; and GHg are com-  tions for our experiments, and R. Pohl, S. Romanov, and D.
pletely different, this finding corroborates the interpretationTaqqu for fruitful discussions.

that the molecules provide electrons as a reservoir for the

muonic cascade while molecular structure has little influ- APPENDIX: MODIFICATION
ence. OF AKYLAS-VOGEL CODE
1. Propagation of the electron configuration
VI. CONCLUSIONS through the cascade
Sets of muonic x-ray transitions in lo&-atoms have In the modified Akylas-Vogel code the electron configu-

been measured in gases at low pressures with the cyclotraations of K and L electrons are propagated through each
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muonic level @,I) as a set of 27 different probabilities
Pn. . (N,1) of havingn=0,1,2K electrons together with
n_=0,1,...,8L electrons. We start with a state with main
guantum numben; and angular momenturhy and define

C(n4,l;) as the probability that the cascade goes through

this level. The contributiormnK ,nL(”1-|1in21|2) to the elec-
tron configurationPnK,nL(nz,Iz) of a leveln,,l, (n,<n,)
due to a specificr{;,I;—n,,l,) transition is then

rad

snK,nL(nlall;nZvlz)

:Frad/l_‘}lolz,nL(nl’ll)PnK ’nL(nlill)C(nl’ll)’

A .
Sn:,nL(nlJl,nza'z)

= F'::+1/Ftnoé+l,nL(nlll 1) PnK+1,nL(n1,|1)
X C(Nny,ly), ng=0,1 (A1)

A .
Sn;,nL(nllenz:'z)

=T

tot
nL+1/FnK ,n|_+1(n11|1) PnK,nLHC(nl,Il), n.<7.

FLO':’HL(nl,Il) is the total depopulation ratéransition
rate) of the level f1,,1,), I'"™is the radiative transition rate,
Ag . . .
Fn,K is the K-Auger transition rate witm, K electrons, and
k

F:,L is the L-Auger transition rate wittn| L electrons. The
L

Auger rates are computed according to the original Akylas
Vogel code. TheK-Auger rates are proportional to the num-
ber ofK electrons present. In the caselefuger transitions
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2

>

I7
ng=0

8
> Por (N2 l)=1, (A3)
n =0

then leads to the determination G{n,,l5,).

2. Implementation of two different ionization energies
of K electrons

The original cascade code did not distinguish between the
ionization of an atom with twd electrons remaining and of
one with only one remainingk electron. The average
K-ionization energy is replaced as input parameter by two
individual ionization energies which are usually given by the
corresponding binding energies ofZa-1 atom whereZ is
the atomic number. This modification affects the calculated
K-Auger probabilities at intermediate=8, . ..,12 where
the transition energies din=2 andAn=1 transitions are
close to theK-ionization energy and thus allow or inhibit the
corresponding Auger transition.

3. Refilling of the K-electron shell

A simple refilling model is introduced into the cascade
code which distinguishes between external and intefrzal
diative or Augey refilling. The internal refilling is imple-
mented only foK andL electrons and is therefore applicable
to atoms withZ=<10. At low densities external refilling can
be neglected and only internal refilling okahole with anL
electron has to be considered. Two processes can lead to an
electron transition from am shell to aK shell: Radiative
refilling F[eé where an x ray is emitted, and Auger refilling
¥ where a second electron from theshell is emitted.
The refilling ratesI'[® and 'S, are introduced as two pa-
rameters which describe an atom with a completshell

(n_.=Z-2) and a singl& hole (see[36]). The refilling rates

the 2S and 2P electron configurations are not propagatedWith ni L-shell electrons anch=0,1,2K electrons are

separately. As in the original code, theAuger transition
rates are calculated for fixed relative contributidhs of 2S
electrons andP,p of 2P electrons P,s+ P,p=1) during
the whole cascadé,s and P,p are given by the input val-
ues Nyg=n| P,s and Nyp=n| Pop at the beginning of the
cascade, wherg, is the total number of electrons at the
starting point.

From Eqg. (Al) follows for the electron configuration
PnK,nL(n21|2) and the probabilityC(n,,l,) that the cascade

goes throughs,,l, the relation

C(n21|2) Pn'

K

_ E [Srad

!
Nes
nqy,ly K

,nﬁ(nz A2)

nl/_(nlill;n21|2)

Ak
+e ,
Nk

L

A
o (Nnlng ) +e o (ngliing, 1) ],
L KL

(A2)
where the sum goes over all levels with>n, (n;=n, is

only considered fon;=2) and—3<(l,—1,)<3. The nor-
malization OanK,nL(anz),

taken as
rrner,Ln'f:F[e;(z—nK)nU(z_2), ni=1
L
(A4)
f KLL , )
l—1Ir’1eK,n|’_ :FI}?[L(Z_nK)nL/(Z—Z), I'l|_>2.

In order to simplify the calculation the refilling of an in-
termediate state is considered before the next cascade step
occurs. The refilling probabilitf"® corresponds to the ratio
of refilling rate and total depopulation raiecludingI""®") of
the considered stata,,l,. Thus for Auger refilling (g
<1,n/=2) we get

ref, KLL _ ~ref KLL tot
ng Ny _FnK,nI’_ /[FnK,nl’_(nz'|2)
(A5)
ref,KLL ref,LK ref,ex
o Tl (FT 9]

and the corresponding rearrangement of the electron configu-
ration is then

fKLL
Prg.nt (N2:12)=Pn, 7 (N2, 1) (1=P705),
(A6)
f,KLL
PnK+1‘n|’__2(n2,|2) = PnK ’nll_(nz ,|2)(1+ PrneK ,nl'_ )
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