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Muon transfer from thermalized muonic hydrogen isotopes to argon
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Recent experimental results on the muon exchange from muonic hydrogen to argon show that the reaction
rate is energy dependent near 0.1 eV. A muonic hydrogen atom, formed by muon capture in H2 gas at 15 bars,
is thermalized in a few hundreds of nanoseconds. If the muon transfer reaction occurs before that time, the rate
is shown to be slightly lower compared to thermalized muonic atoms@lpAr5(1.6360.09)31011 s21#. As an
indirect consequence, the muon transfer rate frommp to helium, determined by our group@R. Jacot-
Guillarmod and co-workers, Phys. Rev. A38, 6151 ~1988!# is lowered by about 40%. The present value
lpHe5(0.5160.19)3108 s21 is in good agreement with other experiments. The transfer rate from muonic
deuterium to argon shows also an energy dependence. The muon transfer rate to argon from the deuteron is
ldAr5(0.8660.04)31011 s21 at room temperature. The intensity patterns of the muonic Lyman series of
argon obtained by muon transfer from both hydrogen isotopes are determined and compared with theoretical
predictions.@S1050-2947~97!02705-4#

PACS number~s!: 36.10.Dr, 34.70.1e, 82.30.Fi
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I. MOTIVATION FOR NEW MEASUREMENTS

Our first measurements of muon transfer to argon w
performed almost ten years ago@1,2#. We needed a reliable
and precise transfer rate to argon in order to deduce
transfer rate to helium from the time distributions of muon
argon x rays measured in triple gas mixtures
H21He1Ar. In mixtures of heavy hydrogen isotopes, th
muon catalyzed fusion (mCF! cycle can be drastically short
ened due to the muon transfer to helium nuclei. Besides
importance of this rate for themCF research, the mechanis
of muon transfer from hydrogen isotopes toZ>2 elements
can be used to test the precision of three-body calculati
Hence this fundamental process is of genuine interest o
own.

The mean values of the normalized~to the atomic density
of liquid hydrogenN054.2531022 cm23) transfer rates to
argon, known at that time from nine different measureme
contradicted each other and were centered around three
ues: 1.431011 s21 @3,4#, 3.631011 s21 @5,6#, and
931011 s21 @7#. The lowest of these values was obtain
from time spectra of the muon decay electrons, and one
pected@6# that the decay electron method yielded, for so
yet unknown reason, smaller rates than the x-ray meth
Our measurements used the muonic x-ray method. T
have shown that in the range from 10 to 140 bars, the tra
fer rate is independent of the hydrogen pressure and tha
relative argon concentrations between 60 ppm and 2%
normalized transfer rate is reproducible. Our four experim
tal rates, lying between 1.4231011 s21 and 1.4831011 s21

agreed with each other and with the lowest of the publis
values @1,2#. We planned to use the time spectra of t
muonic argon x rays measured in H21Ar to check experi-
mental results obtained from the triple mixtures.

There were two main motivations for performing ne
551050-2947/97/55~5!/3447~6!/$10.00
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measurements of muon transfer from muonic hydrogen
topes~protium and deuterium! to argon.

~i! Epithermal effects have been recently discovered
muon transfer to light elements such as carbon, oxygen, fl
rine, and neon@8–10#. Until then, one believed that thes
were absent in transfer to argon. In this context, where m
of the elements studied showed an energy-dependent tra
rate, the case of argon was surprising, because of the ‘‘re
larity’’ ~i.e., single exponential time distribution! of its be-
havior.

~ii ! The transfer rate to helium determined from our trip
mixtures H21He1Ar @2# was in contradiction with anothe
value, measured in H21He1Xe at comparable pressure
which was independent of the knowledge of the transfer r
to the third element@11#. The year after our result on th
transfer rate to helium was published, another measurem
appeared that yielded a rate more than an order of magni
less than ours@12#. The measurement was performed in b
nary mixtures H21He and the method of analysis was bas
on the intensity of the 6.85-keV line that is emitted durin
the deexcitation of the (mp4He)1 complex in the 2ps state.
It was found later that this rate was in agreement with
value of Ref.@11# by taking the particle decay channel of th
deexcitation into account@13#.

The time spectrum of the muonic x rays following th
transfer mechanism is generally used to extract the rate o
process. From the intensity pattern of these x rays, espec
those of the Lyman series, complementary informations
be obtained with the help of a cascade calculation progr
Thus, at first sight, one would expect that the leveln of an
elementZ, to which the muon is transferred, is the sam
from both hydrogen isotopes’ ground state. More precise
since the muon is slightly more bound in deuterium, t
transfer leveln should be at the very most lower from de
terium. In oxygen@9# and neon, however@8#, the observed
3447 © 1997 The American Physical Society
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3448 55R. JACOT-GUILLARMOD et al.
transfer level is by one unit higher from deuterium compa
to that from protium. Hence new measurements of time sp
tra and intensity patterns of the muonic argon x rays in
mixtures H21Ar and D21Ar should contribute to clarify the
situation.

II. EXPERIMENT

The measurements have been performed at themE4 chan-
nel of the Paul Scherrer Institute in Switzerland. Negat
muons were stopped in gas mixtures contained in a stain
steel vessel of about 9 l@2#. The mixtures have been prepare
at about 150 bars by an industrial factory~Carbagas, Bern!,
which certified their homogeneity and the relative concen
tion of the components within62% precision. A mixture of
H210.284%Ar was measured at room temperature at a p
sure of 15.1 bars and another of D210.302%Ar at pressure
of 14.6 and 10.0 bars. Following this notation, the conc
tration corresponds to the ratio of partial argon pressure
the total pressure~for the sake of simplicity, both mixture
will be further labeled with a 0.3% argon concentration!. The
mixture of H210.3%Ar contained some deuterium at th
natural isotopic concentration level~about 150 ppm!. All
measurements have been performed during the same
taking period without any change, but the gas composit
in the experimental setup. The muon beam was tuned to
MeV/c for a gas pressure of 15 bars and to 32.0 MeV/c at 10
bars.

The performances of our experimental setup can be c
acterized as follows: energy and timing resolution 1.42 k
and 6.3 ns, respectively@both full width at half maximum
~FWHM! at 643 keV, the energy of themAr~2-1! transition#.
Gating the time spectra with this transition, signal to ba
ground ratios of 18.6 and 14.1 were achieved for time in
vals from 15 ns to 200 ns and 1ms, respectively~time zero is
defined by the prompt peak centroid!. The time-to-digital
converters had a time resolution of 1 ns per bin. An an
ileup system rejected events caused by muons entering
gas target within a65 ms time gate. The fitted time spectr
were formed by selecting the events in a 1.85-keV wide w
dow centered on the line of interest, and on its nearby lo
and high-energy sides in order to subtract the contribution
the background events from the raw spectrum.

The value of the time resolution was obtained from se
rate measurements performed in mixtures containing ar
gas but no hydrogen. In this case the time spectrum of
argon lines followed a Gaussian distribution around ti
zero; no delayed events were observed then.

The energy-dependent efficiency of our detection sys
was determined using off-line calibration sources of133Ba
and 152Eu. Further details concerning the experimental se
the x-ray detection, the data acquisition system, the met
of analysis, and in particular the background subtraction
the time spectra were similar to earlier experiments@2,8,9#.

III. DATA ANALYSIS

A. Muon transfer rate from protium to argon lpAr

The time spectrum of themAr~2-1! x-ray transition of the
present measurement in H210.3%Ar at 15 bars is shown in
Fig. 1. A clear deviation from the single exponential shape
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observed at timest,100 ns. The experimental intensity
systematically smaller by several standard deviations.
higher transitions of the muonic Lyman series show the sa
behavior. In our earlier measurements@2#, such deviations
were not observed either in the mixture H210.4%Ar at 10
bars or in H212%Ar at 15 bars. In the latter mixture, th
mp-atom lifetime was only 40 ns@2#. In the present measure
ment, the statistics is higher and the peak-to-background
tio improved by a factor of about 3–10, depending on t
time interval. This improvement has been achieved mai
by reducing the muon beam size at the entrance of the ve
~causing less muon stops in the stainless-steel front flan!
and narrowing the energy window set on the transition
order to lower the amount of background counts, witho
losing dramatically in the intensity of the transition.

By fitting the whole delayed time spectrum of th
mAr~2-1! transition with a single exponential function

dNmAr

dt
~ t !}e2lt, ~3.1!

wherel is the disappearance rate of the muonic hydrog
atoms in the mixture, the transfer rate to argonlpAr ~normal-
ized to the atomic density of liquid hydrogen! can be deter-
mined by

lpAr5
1

cAr
H l2l0

w
2~cplppm1cdlpd!J , ~3.2!

where w is the atomic density of the mixture relative t
N0, l0 is the free muon decay rate (0.4553106 s21),
lppm52.53106 s21 is the ppm formation rate,
lpd51.6831010 s21 is the transfer rate to deuterium, an
cp andcd are the atomic fractions of each hydrogen isoto
(cp1cd1cAr51). By fitting the whole delayed

FIG. 1. Top: the time spectrum of the muonic Ar~2-1! x-ray
transition measured in H210.3%Ar at 15 bars. The sharp pea
aroundt50 is due to direct muon capture in argon and muon tra
fer from excitedmp* states. The dashed line corresponds to a
done with a single exponential function after timet5200 ns. Bot-
tom: the corresponding relative deviation expressed in terms
(ymeas2yfit)/s(ymeas). One observes a strong and negative dev
tion of the experimental data from the single exponential distri
tion beforet5100 ns. The bin size is 8 ns.
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55 3449MUON TRANSFER FROM THERMALIZED MUONIC . . .
time spectrum (t.15 ns! with one single exponential func
tion, one obtains a transfer rate to argon that is compat
with our preceding values, but at the expense of a poo
(x2.1.5). By fitting only the late part (t.200 ns!, which
has a single exponential shape, the transfer rate to a
increases tolpAr51.6331011 s21. This value is confirmed
by fitting in the same manner the time spectra of the hig
members of the Lyman series.

This value is interpreted as the transfer rate from therm
ized muonic hydrogen atoms in the ground state to argon
early times, due to collisional deexcitation, muonic hydrog
atoms may well have a nonthermal distribution when th
reach the ground state. Indeed, simulations have shown@14#
that at pressures around 10 bars, about half of themp1s at-
oms have high energies, i.e.,E.10 eV, at the time of for-
mation. Thermal energy is only reached after further co
sions. We have verified that the time distributions of o
present and preceding measurements can be both reprod
by Monte Carlo~MC! simulations using the same set of p
rameters for the energy dependence of the transfer rat
argon. The code makes use of the energy depen
mp1s1H2 andmd1s1D2 scattering cross sections@15,16#.

For the energy spectrum of themp1s atoms at time
t50, we assumed a sum of two Maxwellian distributions
equal weights, one centered atE1520 eV and the other a
thermal energyE250.04 eV. This choice has been trigger
by the extensive simulations made for H21O2 mixtures,
which are found to be very sensitive to the energy distri
tion of themp1s atoms at the time of transfer@17#. For the
energy dependence of the transfer rate, we assumed fo
sake of simplicity a step functionlpAr

e for E.E0 andlpAr
t

for E<E0, with lpAr
e ,lpAr

t . The last inequality is suggeste
by the shape of the experimental time spectra.

In the MC simulations, only the three paramete
lpAr
e , lpAr

t , andE0 related to the energy dependence of t
transfer rate were varied. The experimental and simula
histograms were compared using ax2-minimization method.
For the present measurement, i.e., the mixt
H210.3%Ar, themAr~2-1! time spectrum~cf. Fig. 1! was
compared with simulated spectra in the time interval from
ns to 635 ns. With the parameterslpAr

e 51.331011 s21,
lpAr
t 51.831011 s21, andE050.06 eV, ax2 of 0.98 was

obtained. The precision onlpAr
e and lpAr

t depends on the
empirical function used for the transfer rate and is estima
to be about60.131011 s21. The comparison of the corre
sponding time distributions measured in the mixtu
H210.4%Ar and H212%Ar @2# with the simulations using
the same values for the three parameters yielded in b
casesx251.07. A 20% variation of one of the paramete
gave unacceptablex2 values, such that the given values c
be considered as best values in the present approximati

One observes that the value oflpAr
t is higher than the

transfer ratelpAr from thermalizedmp1s atoms determined
by the analytical fit. This is expected because one has to
into account that the energy cutE0 is so low that, even in a
totally thermalized situation, as much as 21% of themp1s
atoms are above this energy threshold~with an argon con-
centration of 0.3% at a total pressure of 15 bars!. Hence one
can determine from the two valueslpAr

e andlpAr
t an approxi-

mate weighted mean value for the transfer rate to argon f
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thermalizedmp1s atoms: ^lpAr&51.6931011 s21, a value
that is compatible with the transfer rate determined by
analytical fit for t.200 ns.

At kinetic energiesE@8/Z2 ~eV!, the transfer rate for the
Swave should be of the forml}1/v, wherev is the relative
velocity of the collision partners@18#. In the case of argon
this energy (0.025 eV! has to be compared with the energ
cut of E050.06 eV. Our values for the two paramete
lpAr
e and lpAr

t might point to such a velocity dependenc
This result suggests that the transfer rate should increas
lowering the gas temperature.

From the analysis of the present measurement in the m
ture H210.3%Ar at 15 bars, we deduce a mean normaliz
transfer rate

lpAr5~1.6360.09!31011 s21 ~3.3!

from thermalizedmp1s atoms at room temperature (.300
K! to argon. Taking into account that the contribution
muon transfer to deuterium on the total disappearance ra
the mp1s atoms is only 1%, the transfer reactio
md1Ar→mAr1d introduces a negligible correction on th
value oflpAr , well within the given uncertainty.

B. Consequence for the muon transfer rate
from protium to helium lpHe

The average value for the transfer rate to helium, wh
we deduced some years ago from measurements in triple
mixtures H21He1Ar, was lpHe5(0.8860.09)3108 s21

@2#. This value is about twice as large as the transfer ra
measured by Bystritskyet al. @11#, von Arb et al. @12# ~see
also Kravtsovet al. @13#!, and the theoretical calculation
@19,20#.

To clarify this disagreement, we studied the transfer r
to helium using a triple gas mixture made
H21He1CH4. The transfer rate to carbon was first dete
mined in a binary mixture of H210.18%CH4 at pressures of
10, 15, and 40 bars. The time distributions of the muo
carbon x rays strongly deviated from the expected sin
exponential structure. The analysis revealed that the dura
of the deviation was about proportional to the inverse of
total pressure, i.e., characteristic of a thermalization proc
In the triple mixture H2150%He10.18%CH4 at 15 bars,
the duration of the deviation was much shorter than in
binary mixture at the same pressure@10#. This indicated that
the mp1s atoms slow down much faster in collisions wit
helium atoms than with hydrogen molecules.

By using the value of the transfer rate from thermaliz
mp1s atoms to carbon determined in the binary mixture@21#,
one deduced a transfer rate to helium from the total de
rate measured in the triple mixture. Unfortunately, this dec
rate was due by more than 80% to muon transfer to carb
As a consequence, the uncertainty in the transfer rate to
bon @lpC5(0.9560.05)31011 s21 from the measuremen
with the binary mixture# was too large and the statistics a
cumulated insufficient to allow a precise determination of
transfer rate to helium. The upper limit that could be deduc

lpHe,0.631011 s21 ~carbon data!

was in contradiction with the average value deduced fr
our preceding measurements performed in the triple mixtu
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3450 55R. JACOT-GUILLARMOD et al.
H21He1Ar @2#. It agreed, however, with the theoretic
predictions and the other experimental values.

Since the deceleration of the epithermalmp1s atoms in
collisions with helium atoms is much faster than with hydr
gen molecules, themp1s atoms reach thermal energies
mixtures H21He at 15 bars with a 35–50 % helium conce
tration in a few tens of nanoseconds@10#. The time spectra of
the muonic argon x rays, measured in the triple mixtu
H21He1Ar, extended up to about 1ms and their shape
followed single exponential distributions@see Fig. 4~b! of
Ref. @2##. With the present value for the transfer rate to arg
@see Eq.~3.3!# from thermalizedmp1s atoms, one deduces
different value for the transfer rate to helium, namely,

lpHe5~0.5160.19!3108 s21 ~present argon data!.

This rate agrees with the upper limit deduced from the tri
mixture H21He1CH4.

C. Muon transfer rate from deuterium to argon ldAr

Time spectra of themAr~2-1! x-ray transition measured in
the mixture D210.3%Ar at 10 and 15 bars are shown in F
2. Clear deviations from the shape of a single exponential
observed in the time intervalt,200 ns. The fits show tha
the deviation extends further at 10 bars compared to 15 b
due to the longer time needed by themd1s atoms to thermal-
ize at lower pressure.

FIG. 2. Top: the time spectra of the muonic Ar~2-1! x-ray tran-
sition measured in D210.3%Ar at~a! 10 bars and~b! 15 bars. The
sharp peak aroundt50 is due to direct muon capture in argon a
muon transfer from excitedmd* states. The dashed lines corr
spond to fits with single exponential functions after timet5250 ns.
Middle and bottom: the corresponding relative deviation expres
in terms of (ymeas2yfit)/s(ymeas) at ~a! 10 bars and~b! 15 bars,
respectively. One observes strong and positive deviations of
experimental data from the single exponential distribution bef
t5200 ns. The bin size is 8 ns.
-

s

n

e

re

rs,

In comparison with the time spectrum measured
H210.3%Ar, the deviation goes in the opposite directi
and extends to about twice longer times. The positive am
tude of the deviation suggests that the transfer rate from
thermalmd1s atoms is higher than from thermalized ones.
the case of H210.3%Ar, the deviation could be explained b
the behavior of theS-wave transfer ratelpAr}1/v, i.e., its
decrease with energy. Obviously, the positive deviation
D21Ar cannot be explained by the same argument. It mig
however, be due toP-wave transfer@22# or higher waves
with a different energy dependence. The fact that the de
tion extends to longer times than in H21Ar indicates that
either the energy cutE0 has a lower value or that the the
malization ofmd1s atoms in D2 takes longer than the one o
mp1s atoms in H2.

Following Eq. ~3.1!, the normalized muon transfer rat
from deuterium to argon can be calculated as

ldAr5
1

cAr
H l2l0

w
2cdvs

ddlddmJ , ~3.4!

wherelddm is the formation rate of theddm molecule and
vs
dd is the effective muon sticking coefficient after the fusio

reaction.
By fitting only the late part (t.250 ns! of themAr~2-1!

time spectra with an exponential distribution, one dedu
transfer rates to argon ofldAr5@0.8860.04 (statistical)#
31011 s21 for the mixture D210.3%Ar at 10 bars and
ldAr5@0.8460.04 (statistical)#31011 s21 at 15 bars. The
weighted mean value of

ldAr5~0.8660.04!31011 s21

is then the transfer rate from thermalizedmd1s atoms to ar-
gon at room temperature~the specified uncertainty include
both statistical and systematic ones!. This value is slightly
smaller than the rateldAr5(0.9460.08)31011 s21 deduced
from the time distribution of the muon decay electrons in
mixture of D21Ar at 6 bars@23#.

D. Muon cascade in argon following a transfer reaction

By using the same approximations as those made
Holzwarth and Pfeiffer@24# for the case of muon transfer t
fluorine, the atomic level to which bothmp1s andmd1s at-
oms transfer their muon in collisions with argon should
n512, the transfer probability to levelsnÞ12 being practi-
cally negligible. The population of each angular momentu
statel can be approximated by the formula

Pl5~2l11!
@~n21!! #2

~n1 l !! ~n2 l21!!
, ~3.5!

which favors low angular momenta@24#. From this angular
momentum distribution, one can determine the intensity p
tern of the muonic Lyman series of argon following muo
transfer by a cascade calculation.

For the mixture H210.3%Ar, the intensities of the de
layed muonic x rays of the Lyman series resulting fro
muon transfer have been determined separately for ther
izedmp1s atoms~time window 340 ns,t,1140 ns; cf. Fig.
1! and for epithermal ones~time window 40 ns,t,340 ns!.
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55 3451MUON TRANSFER FROM THERMALIZED MUONIC . . .
No significative differences have been observed in the r
tive intensitiesI (n-1)/I (2-1). In both cases, the highest tra
sition is the ~11-1! with an intensity comparable to th
~10-1!. The x-ray spectrum in this energy range is shown
Fig. 3. The background line at 846.8 keV~due to nuclear
reaction with56Fe!, which coincides in energy with the tran
sition mAr~6-1!, has been strongly suppressed compared
earlier measurements~see, e.g., Fig. 5 of Ref.@2#! from more
than 50% down to 20% of the peak intensity. The prec
contribution of this background line has been determin
from measurements performed in mixtures of hydrogen c
taining no argon. In Ref.@2#, the intensity of themAr~6-1!
transition could only be estimated using a cascade calc
tion.

The intensity of the muonic argon transitions have be
evaluated by correlating their position and FWHM in ord
to reduce as much as possible the effects due to statis
fluctuations on the precision of the fit. By normalizing th
sum of the measured muonic x-ray intensities of the Lym
series to unity, one can compare them with cascade calc
tions. Such calculations were performed by assuming tha
refilling rate of the electronicK shell is as fast as in a neutra
atom @25#. Table I shows that the agreement between m
sured and calculated intensities is very satisfactory if o
assumes that the muon transfer occurs to a leveln511. If
muon transfer proceeded to the leveln512, one should have
observed a~12-1! transition with a relative intensity o
0.0270, which is well within the experimental level of se
sitivity.

For the mixture D210.3%Ar at 10 and 15 bars, the inten
sities of the delayed muonic x rays of the Lyman series h
been determined in the same manner. No pressure de
dence has been observed. The relative x-ray intensities
the same for thermal and epithermalmd1s atoms. For the
highestK-series transitions@~9-1!, ~10-1!, and ~11-1!#, they
are different from those in H210.3%Ar ~see Table I and Fig
3!. In particular, the~11-1! transition is almost completely
missing. The relative intensities deduced from cascade
culations done withn5 11 or 12 disagree with those me
sured in the mixture D210.3%Ar, but these are fairly repro
duced by assuming that the muon from the deuteron
transferred to the argon leveln510. Calculations performed

FIG. 3. Energy spectra of the delayed muonic x rays~5-1 to
11-1! of the argon Lyman series measured in the mixtu
H210.3%Ar and D210.3%Ar, both at 15 bars. The yields hav
been normalized to 106 incident muons, in order to help the com
parison between the spectra~the zero line for H21Ar has been
raised by 1.5 to ease the comparison!. The characteristic energy o
each transition is indicated on the horizontal axes.
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by lowering or increasing the refilling rate of the electron
K shell do not improve the overall agreement.

IV. CONCLUSION

The time spectra of the muonic argon x rays, measure
gas mixtures of H210.3%Ar and D210.3%Ar, show devia-
tions from a single exponential distribution. These deviatio
can be explained as due to an energy dependence o
muon transfer rates from muonic protium and deuterium,
spectively, to argon. Our previous measurements of m
transfer from protium to argon@2# are in agreement with
such a dependence. By approximating the energy dep
dence of the transfer rate with a step function, MC simu
tions show a decrease of the rate by about 40% for ener
above 0.06 eV. At room temperature, about 20% of
(mp)1s atoms in thermal equilibrium have such energie
From the present analysis, one gets a value for the tran
rate from protium to argon that is a mean over the therm
energy distribution at room temperature:lpAr
5(1.6360.09)31011 s21. The discrepancy with the result
of other authors remains.

As a consequence of the updated value oflpAr , the trans-
fer rate from protium to helium, measured in triple gas m
tures of H21He1Ar @2#, is lowered. One obtains
lpHe5(0.5160.19)3108 s21. This value is in good agree
ment with other experimental results and theoretical calcu
tions. The relatively high uncertainty on this result is main
due to the uncertainty inlpAr .

A comparison between the time distributions from Figs
and 2 indicates different energy dependences for the tran
rate from the two hydrogen isotopes. If the first is basica
in agreement with the explanation from Gershtein, who o
studied theS-wave transfer, it appears that for the muo
transfer from deuterium one may have to take into acco
higher angular momenta to explain the increase of the tra
fer rate at epithermal energies compared to thermal one
detailed study of the energy dependence of the muon tran
from muonic deuterium would require complementary me
surements performed at different concentrations and p
sures. This is, however, beyond the scope of this study.

s

TABLE I. Intensity patterns of the muonic Lyman series
argon after muon transfer from protium and deuterium~15 bars!.
The calculated intensities~last two columns! were obtained by a
cascade program@25#, using formula~3.5! for the initial angular
momentum distribution.

Experiment Calculation
Transition H210.3%Ar D210.3% Ar n510 n511

Ar~2-1! 0.418~11! 0.407~11! 0.4183 0.4172
Ar~3-1! 0.0956~27! 0.0934~25! 0.0930 0.0925
Ar~4-1! 0.0618~19! 0.0610~18! 0.0646 0.0642
Ar~5-1! 0.0899~26! 0.0934~26! 0.0962 0.0953
Ar~6-1! 0.112~14! 0.117~14! 0.1176 0.1167
Ar~7-1! 0.0837~24! 0.0918~25! 0.0934 0.0930
Ar~8-1! 0.0484~20! 0.0564~20! 0.0510 0.0525
Ar~9-1! 0.0333~11! 0.0194~8! 0.0097 0.0188
Ar~10-1! 0.0304~11! 0.0578~16! 0.0561 0.0205
Ar~11-1! 0.0265~11! 0.0024~5! 0.0292
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The ratio of the transfer rates from both thermaliz
muonic hydrogen isotopes islpAr /ldAr51.9160.13, which
is compatible with the reduced masses ratio of the collid
partners. Therefore, this result tends to support a depend
of the transfer rate going with the inverse of the mass, as
measured by other experiments@4#. This observation is no
valid in the cases of oxygen@17#, neon@8#, and sulfur@9#.

The intensity patterns of the argon Lyman series due
transfer from both hydrogen isotopes are found to be ide
cal at short~strong deviation from the exponential distrib
tion! and long~from 200–250 ns to about 1ms! times. This
indicates that the muonic argon atom is always formed w
the same characteristic distribution over (n,l ) states, inde-
pendently of the collision energy~and the corresponding
transfer rate!.
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The intensity patterns of the Lyman series resulting fro
muon transfer~cf. Table I! show good agreement betwee
both hydrogen isotopes up to the~8-1! transition. The higher
K-series transitions are not reproduced by cascade calc
tions assuming an initial distribution over angular mome
tum states given by formula~3.5!. The intensity pattern of
the transitionsmAr~9-1! to mAr~11-1! in D21Ar compared
to the pattern in H21Ar might indicate that the muon trans
fer frommd1s atoms proceeds predominantly to a lower lev
(n510) than frommp1s atoms (n511).

ACKNOWLEDGMENT

This work was supported by the Swiss National Foun
tion for Scientific Research.
n

-
u-

,

B

.
S.

-

@1# F. Bienz, P. Bergem, M. Boschung, R. Jacot-Guillarmod,
Piller, W. Reichart, L. A. Schaller, L. Schellenberg, H
Schneuwly, and G. Torelli, J. Phys. B21, 2725~1988!.

@2# R. Jacot-Guillarmod, F. Bienz, M. Boschung, C. Piller, L.
Schaller, L. Schellenberg, H. Schneuwly, W. Reichart, and
Torelli, Phys. Rev. A38, 6151~1988!.

@3# G. Basiladze, P. F. Ermolov, and K. O. Oganesyan, Zh. E´ksp.
Teor. Fiz.49, 1042~1965! @Sov. Phys. JETP22, 725 ~1966!#.

@4# A. Placci, E. Zavattini, A. Bertin, and A. Vitale, Nuovo Ci
mento A64, 1053~1969!.

@5# A. Alberigi Quaranta, A. Bertin, G. Matone, F. Palmonari, A
Placci, P. Dalpiaz, G. Torelli, and E. Zavattini, Nuovo C
mento B42, 236 ~1967!.

@6# E. Iacopini, G. Carboni, G. Torelli, and V. Trobbiani, Nuov
Cimento A67, 201 ~1982!.

@7# H. Daniel, H.-J. Pfeiffer, P. Stoeckel, T. von Egidy, and H.
Povel, Nucl. Phys. A345, 409 ~1980!.

@8# R. Jacot-Guillarmod, Phys. Rev. A51, 2179~1995!.
@9# F. Mulhauser and H. Schneuwly, J. Phys. B26, 4307~1993!.

@10# L. Schellenberg, P. Baeriswyl, R. Jacot-Guillarmod, B. M
chler, F. Mulhauser, C. Piller, and L. A. Schaller, inMuonic
Atoms and Molecules, edited by L. A. Schaller and C. Petitjea
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