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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 captyrgdn &t 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 afomg, = (1.63+0.09)x 10'* s™!]. As an
indirect consequence, the muon transfer rate fram to helium, determined by our groufR. Jacot-
Guillarmod and co-workers, Phys. Rev. 38, 6151 (1988] is lowered by about 40%. The present value
Apre=(0.51+0.19)X 10° s ' 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
Naar=(0.86+0.04)x 10'! s~ 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[S1050-294{®7)02705-4

PACS numbds): 36.10.Dr, 34.70te, 82.30.Fi

I. MOTIVATION FOR NEW MEASUREMENTS measurements of muon transfer from muonic hydrogen iso-
topes(protium and deuteriuito argon.

Our first measurements of muon transfer to argon were (i) Epithermal effects have been recently discovered in
performed almost ten years afib,2]. We needed a reliable muon transfer to light elements such as carbon, oxygen, fluo-
and precise transfer rate to argon in order to deduce thene, and neor{8—10. Until then, one believed that these
transfer rate to helium from the time distributions of muonicwere absent in transfer to argon. In this context, where most
argon x rays measured in triple gas mixtures ofofthe elements studied showed an energy-dependent transfer
H,+He+ Ar. In mixtures of heavy hydrogen isotopes, the rate, the case of argon was surprising, because of the “regu-
muon catalyzed fusioniCF) cycle can be drastically short- larity” (i.e., single exponential time distributipif its be-
ened due to the muon transfer to helium nuclei. Besides thbavior.
importance of this rate for the CF research, the mechanism (i) The transfer rate to helium determined from our triple
of muon transfer from hydrogen isotopesZe=2 elements mixtures B+ He+Ar [2] was in contradiction with another
can be used to test the precision of three-body calculationsialue, measured in H He+ Xe at comparable pressures,
Hence this fundamental process is of genuine interest on itwhich was independent of the knowledge of the transfer rate
own. to the third elemenfll]. The year after our result on the

The mean values of the normalizéd the atomic density transfer rate to helium was published, another measurement
of liquid hydrogenNy=4.25x< 10?2 cm %) transfer rates to appeared that yielded a rate more than an order of magnitude
argon, known at that time from nine different measurementsless than our$12]. The measurement was performed in bi-
contradicted each other and were centered around three valary mixtures H+ He and the method of analysis was based
ues: 1.410% s ! [34], 3.6x10" s ! [56], and on the intensity of the 6.85-keV line that is emitted during
9x 10" s71 [7]. The lowest of these values was obtainedthe deexcitation of theyp*He)* complex in the po state.
from time spectra of the muon decay electrons, and one sudt was found later that this rate was in agreement with the
pected[6] that the decay electron method yielded, for somevalue of Ref[11] by taking the particle decay channel of the
yet unknown reason, smaller rates than the x-ray methodleexcitation into accourjtL3].

Our measurements used the muonic x-ray method. They The time spectrum of the muonic x rays following the
have shown that in the range from 10 to 140 bars, the trandransfer mechanism is generally used to extract the rate of the
fer rate is independent of the hydrogen pressure and that f@rocess. From the intensity pattern of these x rays, especially
relative argon concentrations between 60 ppm and 2% ththose of the Lyman series, complementary informations can
normalized transfer rate is reproducible. Our four experimenbe obtained with the help of a cascade calculation program.
tal rates, lying between 1.4210'* s™! and 1.4&10'* st Thus, at first sight, one would expect that the lenedf an
agreed with each other and with the lowest of the publishe@&lementZ, to which the muon is transferred, is the same
values[1,2]. We planned to use the time spectra of thefrom both hydrogen isotopes’ ground state. More precisely,
muonic argon x rays measured i, HAr to check experi- since the muon is slightly more bound in deuterium, the
mental results obtained from the triple mixtures. transfer leveln should be at the very most lower from deu-

There were two main motivations for performing new terium. In oxygen[9] and neon, howevds8], the observed
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transfer level is by one unit higher from deuterium compared I L .
to that from protium. Hence new measurements of time spec-

tra and intensity patterns of the muonic argon x rays in gas 10° 4 =
mixtures H+ Ar and D, + Ar should contribute to clarify the 3 E
situation. < ] F
3 10° =
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The measurements have been performed atBé chan-
nel of the Paul Scherrer Institute in Switzerland. Negative T S T T
muons were stopped in gas mixtures contained in a stainless-
steel vessel of about 92]. The mixtures have been prepared
at about 150 bars by an industrial factqarbagas, Bedn
which certified their homogeneity and the relative concentra- — T 1 v T T
tion of the components withirt 2% precision. A mixture of 0 500 1000
H,+ 0.284%Ar was measured at room temperature at a pres- Time (ns)
sure of 15.1 bars and another_o{DO._SOZ%Ar at pressures FIG. 1. Top: the time spectrum of the muonic (&) x-ray
of ]_'4'6 and 10.0 bars. Follovv_mg this n_otatlon, the concenyansition measured in H0.3%Ar at 15 bars. The sharp peak
tration corresponds to the ratio of partial argon pressure @ oundi=0 is due to direct muon capture in argon and muon trans-
the total pressuréfor the sake of simplicity, both mixtures fer from excitedup* states. The dashed line corresponds to a fit
will be further labeled with a 0.3% argon concentrajiofhe  done with a single exponential function after tie 200 ns. Bot-
mixture of H,+0.3%Ar contained some deuterium at the tom: the corresponding relative deviation expressed in terms of
natural isotopic concentration leveéabout 150 ppm All  (yieas Vi)/o(Ymead. One observes a strong and negative devia-
measurements have been performed during the same dat@n of the experimental data from the single exponential distribu-
taking period without any change, but the gas compositiontion beforet=100 ns. The bin size is 8 ns.
in the experimental setup. The muon beam was tuned to 33.0
MeVi/c for a gas pressure of 15 bars and to 32.0 Med/10  observed at time$<<100 ns. The experimental intensity is
bars. systematically smaller by several standard deviations. The

The performances of our experimental setup can be chahigher transitions of the muonic Lyman series show the same
acterized as follows: energy and timing resolution 1.42 keVbehavior. In our earlier measuremefgy, such deviations
and 6.3 ns, respectivelyjboth full width at half maximum were not observed either in the mixture H0.4%Ar at 10
(FWHM) at 643 keV, the energy of theAr(2-1) transitiorl.  bars or in B+2%Ar at 15 bars. In the latter mixture, the
Gating the time spectra with this transition, signal to back-up-atom lifetime was only 40 ni2]. In the present measure-
ground ratios of 18.6 and 14.1 were achieved for time interment, the statistics is higher and the peak-to-background ra-
vals from 15 ns to 200 ns andds, respectivelytime zerois  tio improved by a factor of about 3—10, depending on the
defined by the prompt peak centrpidrhe time-to-digital time interval. This improvement has been achieved mainly
converters had a time resolution of 1 ns per bin. An antip-by reducing the muon beam size at the entrance of the vessel
ileup system rejected events caused by muons entering tiieausing less muon stops in the stainless-steel front flange
gas target within a5 us time gate. The fitted time spectra and narrowing the energy window set on the transition in
were formed by selecting the events in a 1.85-keV wide win-order to lower the amount of background counts, without
dow centered on the line of interest, and on its nearby lowlosing dramatically in the intensity of the transition.
and high-energy sides in order to subtract the contribution of By fitting the whole delayed time spectrum of the

o O
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Deviation

the background events from the raw spectrum. MAr(2-1) transition with a single exponential function
The value of the time resolution was obtained from sepa-
rate measurements performed in mixtures containing argon dNMAr(t)xe—}\t 3.1)
gas but no hydrogen. In this case the time spectrum of the dt ' '
argon lines followed a Gaussian distribution around time
zero; no delayed events were observed then. where\ is the disappearance rate of the muonic hydrogen

The energy-dependent efficiency of our detection systematoms in the mixture, the transfer rate to arggp, (normal-
was determined using off-line calibration sources'®Ba  ized to the atomic density of liquid hydrogecan be deter-
and *5%Eu. Further details concerning the experimental setupmined by
the x-ray detection, the data acquisition system, the method

of analysis, and in particular the background subtraction in 1 {N—Ng
the time spectra were similar to earlier experimd$,9. )‘pAr:C_Ar ® —(CpNpput Calpa) ( 32
IIl. DATA ANALYSIS where ¢ is the atomic density of the mixture relative to

_ No, \o is the free muon decay rate (0.485C° s 1),
A. Muon transfer rate from protium to argon Ap,, A =25x10f s ! is the ppu formation rate,
The time spectrum of the Ar(2-1) x-ray transition of the  \,q=1.68<10" s™! is the transfer rate to deuterium, and
present measurement in,#H0.3%Ar at 15 bars is shown in ¢, andcy are the atomic fractions of each hydrogen isotope
Fig. 1. A clear deviation from the single exponential shape igc,+c4+ca=1). By fitting the whole delayed
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time spectrum {>15 n9 with one single exponential func- thermalizedup;s atoms: (A pa) = 1.69x 10" s71 a value
tion, one obtains a transfer rate to argon that is compatiblehat is compatible with the transfer rate determined by the
with our preceding values, but at the expense of a poor fitinalytical fit fort>200 ns.
(x?=1.5). By fitting only the late partt(->200 ng, which At kinetic energie€E>8/Z? (eV), the transfer rate for the
has a single exponential shape, the transfer rate to argddwave should be of the formmec1/v, wherev is the relative
increases to\pa,=1.63< 10" s™*. This value is confirmed velocity of the collision partnerfl8]. In the case of argon,
by fitting in the same manner the time spectra of the highethis energy (0.025 eVhas to be compared with the energy
members of the Lyman series. cut of Eg=0.06 eV. Our values for the two parameters
This value is interpreted as the transfer rate from thermalkf,Ar and )\‘pAr might point to such a velocity dependence.
ized muonic hydrogen atoms in the ground state to argon. Athis result suggests that the transfer rate should increase by
early times, due to collisional deexcitation, muonic hydrogeriowering the gas temperature.
atoms may well have a nonthermal distribution when they From the analysis of the present measurement in the mix-
reach the ground state. Indeed, simulations have stigédin  ture H+0.3%Ar at 15 bars, we deduce a mean normalized
that at pressures around 10 bars, about half ofithgs at-  transfer rate
oms have high energies, i.&£>10 eV, at the time of for- _ 1 -1
mation. Thergr]nal enegrgy is only reached after further colli- Npar=(1.63+0.09x 10" s @3
sions. We have verified that the time distributions of ourfrom thermalizedup,;s atoms at room temperature=@00
present and preceding measurements can be both reprodugefi to argon. Taking into account that the contribution of
by Monte Carlo(MC) simulations using the same set of pa- muon transfer to deuterium on the total disappearance rate of
rameters for the energy dependence of the transfer rate the up,, atoms is only 1%, the transfer reaction
argon. The code makes use of the energy dependentd+ Ar— uAr+d introduces a negligible correction on the

mPp1stHy and ud; s+ D, scattering cross sectiofh$5,16. value of\ s, Well within the given uncertainty.
For the energy spectrum of thgp,s atoms at time

t=0, we assumed a sum of two Maxwellian distributions of B. Consequence for the muon transfer rate

equal weights, one centered B{=20 eV and the other at from protium to helium X\ pe

thermal energye,=0.04 eV. This choice has been triggered 1 average value for the transfer rate to helium, which
by the extensive simulations made fo, HO, mixtures, \ye geduced some years ago from measurements in triple gas
WhICh are found to be very se_nsmve to the energy distribupiviires H+He+Ar, was \pe=(0.88+0.09)X 108 51
tion of the up;s atoms at the time of transf¢l 7). For the 151 This value is about twice as large as the transfer rates
energy dependence of the tra_nsfgr rate, we assumetd for theasured by Bystritskgt al. [11], von Arb et al. [12] (see
sake of simplicity a step functionp,, for E>Eq andApa also Kravtsovet al. [13]), and the theoretical calculations
for E<E,, with )\SAr<)\tpA,. The last inequality is suggested [19,20|.
by the shape of the experimental time spectra. To clarify this disagreement, we studied the transfer rate
In the MC simulations, only the three parameterstg helium using a triple gas mixture made of
Npar: Npar» andE related to the energy dependence of theH, + He+ CH,. The transfer rate to carbon was first deter-
transfer rate were varied. The experimental and simulatiomined in a binary mixture of kH0.18%CH, at pressures of
histograms were compared using‘&minimization method. 10, 15, and 40 bars. The time distributions of the muonic
For the present measurement, i.e., the mixturecarbon x rays strongly deviated from the expected single
H,+0.3%Ar, the uAr(2-1) time spectrum(cf. Fig. 1) was  exponential structure. The analysis revealed that the duration
compared with simulated spectra in the time interval from 3%f the deviation was about proportional to the inverse of the
ns to 635 ns. With the parametekg, =1.3x 10" s, total pressure, i.e., characteristic of a thermalization process.
Npar=1.8x10" s71, and Ey=0.06 eV, ax® of 0.98 was In the triple mixture H+50%Het0.18%CH, at 15 bars,
obtained. The precision oRj,, and )\tpAr depends on the the duration of the deviation was much shorter than in the
empirical function used for the transfer rate and is estimateinary mixture at the same press{i#)]. This indicated that
to be about+0.1x 10! s™1. The comparison of the corre- the up;s atoms slow down much faster in collisions with
sponding time distributions measured in the mixtureshelium atoms than with hydrogen molecules.
H,+0.4%Ar and B+ 2%Ar [2] with the simulations using By using the value of the transfer rate from thermalized
the same values for the three parameters yielded in bothP1s atoms to carbon determined in the binary mixt{2#],
casesy’=1.07. A 20% variation of one of the parameters One deduced a transfer rate to helium from the total decay
gave unacceptablg? values, such that the given values canrate measured in the triple mixture. Unfortunately, this decay
be considered as best values in the present approximationfate was due by more than 80% to muon transfer to carbon.
One observes that the value bf,, is higher than the AS & consequence, the uncertainty in the transfer rate to car-
transfer rate\ ,,, from thermalizedup atoms determined PON [Apc=(0.95+0.05)x 10" s™* from the measurement

by the analytical fit. This is expected because one has to tak#ith the binary mixturé¢ was too large and the statistics ac-
into account that the energy cHt, is so low that, even in a cumulated insufficient to allow a precise determination of the

totally thermalized situation, as much as 21% of fbp;s transfer rate to helium. The upper limit that could be deduced
atoms are above this energy thresh@hth an argon con-
centration of 0.3% at a total pressure of 15 parfence one
can determine from the two valug$,, and)\;Ar an approxi-  was in contradiction with the average value deduced from
mate weighted mean value for the transfer rate to argon fromur preceding measurements performed in the triple mixtures

ApHe<0.6x 10" s™! (carbon datp
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L L , In comparison with the time spectrum measured in

the behavior of theS-wave transfer rate. ;5 1/v, i.e., its
decrease with energy. Obviously, the positive deviation in
L L L D,+ Ar cannot be explained by the same argument. It might,
TTE S L EENE however, be due t®-wave transfef22] or higher waves
with a different energy dependence. The fact that the devia-
tion extends to longer times than in,HAr indicates that
either the energy cUEy has a lower value or that the ther-

@ ] H,+0.3%Ar, the deviation goes in the opposite direction
R i and extends to about twice longer times. The positive ampli-
207 3 tude of the deviation suggests that the transfer rate from epi-
5 ] C thermalud, atoms is higher than from thermalized ones. In
o 02 T i the case of B+ 0.3%Ar, the deviation could be explained by
£
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2 r . v 1 T T malization ofud,;s atoms in ) takes longer than the one of
% 3 £ MuP1s atoms in H.

o 543 - Following Eg. (3.1), the normalized muon transfer rate

o E 3 from deuterium to argon can be calculated as
- 7 T T T T T T T T T — 1 )\_)\O dd
0 500 1000 Naar=~ —CqWs Ngdy | (3.4
Time (ns) Ar ¢

where yq, is the formation rate of theldu molecule and
w3%is the effective muon sticking coefficient after the fusion
reaction.

FIG. 2. Top: the time spectra of the muonic(&+1) x-ray tran-
sition measured in P+0.3%Ar at(a) 10 bars andb) 15 bars. The

sharp peak arount=0 is due to direct muon capture in argon and _
muon transfer from exciteghd* states. The dashed lines corre- By fitting only the late partt(>250 ns of the uAr(2-1)

spond to fits with single exponential functions after titre250 ns. time spectra with an exponential distribution, one .deduces
Middle and bottom: the corresponding relative deviation expresseEIranSfler _rf‘tes to argc_)n 0f 4o, =[0.88£0.04 (statistical)

in terms of §/yeacYi)/ o(Ymea) at (8 10 bars andb) 15 bars, X 10" s7* for the mixture B+0.3%Ar at 10 bars and
respectively. One observes strong and positive deviations of thddar=[0.84+0.04 (statistical)x 10'* s™* at 15 bars. The
experimental data from the single exponential distribution beforaveighted mean value of

t=200 ns. The bin size is 8 ns. 1.1
Agar=(0.86+0.04 x 10" s

Hy+He+Ar [2]. It agreed, however, with the theoretical js then the transfer rate from thermalized; atoms to ar-
predictions and the other experimental values. gon at room temperaturghe specified uncertainty includes
Since the deceleration of the epithermap,s atoms in  poth statistical and systematic ohe$his value is slightly

collisions with helium atoms is much faster than with hydro-smaller than the rate s, = (0.94+0.08)x 10" s~* deduced
gen molecules, theip,s atoms reach thermal energies in from the time distribution of the muon decay electrons in a
mixtures H+He at 15 bars with a 35-50 % helium concen- mixture of D,+ Ar at 6 bars[23].

tration in a few tens of nanosecord€)]. The time spectra of
the muonic argon x rays, measured in the triple mixtures
H,+He+ Ar, extended up to about Ls and their shapes . o
followed single exponential distributior{see Fig. 4b) of By using the same approximations as those made by
Ref.[2]]. With the present value for the transfer rate to argonHolzwarth and Pfeiffef24] for the case of muon transfer to
[see Eq(3.3)] from thermalizedup,s atoms, one deduces a fluorine, the atomic level to which bothp,s and d;s at-
different value for the transfer rate to helium, namely, oms transfer their muon in collisions with argon should be
n=12, the transfer probability to levels# 12 being practi-
cally negligible. The population of each angular momentum
statel can be approximated by the formula

D. Muon cascade in argon following a transfer reaction

ApHe=(0.510.19 X 10° s™* (present argon data

This rate agrees with the upper limit deduced from the triple P =(21+1) [(n—1)!17? 3.5
mixture H,+ He+ CH,. - (n+D!I(n—=1-1)1" '

which favors low angular momen{&4]. From this angular

momentum distribution, one can determine the intensity pat-
Time spectra of thetAr(2-1) x-ray transition measured in tern of the muonic Lyman series of argon following muon

the mixture B+ 0.3%Ar at 10 and 15 bars are shown in Fig. transfer by a cascade calculation.

2. Clear deviations from the shape of a single exponential are For the mixture H+0.3%Ar, the intensities of the de-

observed in the time intervak: 200 ns. The fits show that layed muonic x rays of the Lyman series resulting from

the deviation extends further at 10 bars compared to 15 barsjuon transfer have been determined separately for thermal-

due to the longer time needed by thd,; atoms to thermal- ized wp,s atoms(time window 340 ns<t<1140 ns; cf. Fig.

ize at lower pressure. 1) and for epithermal oneggime window 40 ns<t<340 n3.

C. Muon transfer rate from deuterium to argon Aya,
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TABLE |I. Intensity patterns of the muonic Lyman series of
argon after muon transfer from protium and deuteri(tf bars.
r The calculated intensitiedast two columny were obtained by a
cascade progran5], using formula(3.5) for the initial angular
momentum distribution.

~
|
T

1

W
!
I

Experiment Calculation
Transition H+0.3%Ar D,+0.3% Ar n=10 n=11

Normalized Yield
N

i ' ar g aao a0 Ar(2-1) 0.41811) 0.40711)  0.4183 0.4172
Energy (keV) Ar(3-1) 0.095627)  0.093425  0.0930 0.0925

Ar(4-1) 0.061819)  0.061G18  0.0646 0.0642

Ar(5-1) 0.089926)  0.093426)  0.0962  0.0953

FIG. 3. Energy spectra of the delayed muonic x réysl to

11-1) of the argon Lyman series measured in the mixtures " (6-1) 0.11214) 0.11714) 0.1176  0.1167
H,+0.3%Ar and D+ 0.3%Ar, both at 15 bars. The yields have Ar(7-1) 0.083724) 0.091829) 0.0934  0.0930
been normalized to Mincident muons, in order to help the com- Ar(8-1) 0.048420) 0.056420)0  0.0510  0.0525
parison between the specttthe zero line for H+Ar has been  Ar(9-1) 0.03331)) 0.01948) 0.0097 0.0188
raised by 1.5 to ease the comparisofhe characteristic energy of Ar(10-1) 0.030411) 0.057816) 0.0561  0.0205
each transition is indicated on the horizontal axes. Ar(11-1) 0.026511) 0.00245) 0.0292

No significative differences have been observed in the rela-

tive intensitied (n-1)/1(2-1). In both cases, the highest tran- py |owering or increasing the refilling rate of the electronic
sition is the (11-1) with an intensity comparable to the K shell do not improve the overall agreement.
(10-1). The x-ray spectrum in this energy range is shown in

Fig. 3. The background line at 846.8 kedue to nuclear
reaction with®Fe), which coincides in energy with the tran-
sition wAr(6-1), has been strongly suppressed compared to The time spectra of the muonic argon x rays, measured in
earlier measurementsee, e.g., Fig. 5 of Ref2]) from more  gas mixtures of K+ 0.3%Ar and B+ 0.3%Ar, show devia-
than 50% down to 20% of the peak intensity. The precisdions from a single exponential distribution. These deviations
contribution of this background line has been determinedan be explained as due to an energy dependence of the
from measurements performed in mixtures of hydrogen conmuon transfer rates from muonic protium and deuterium, re-
taining no argon. In Ref2], the intensity of thewAr(6-1) spectively, to argon. Our previous measurements of muon
transition could only be estimated using a cascade calcularansfer from protium to argof2] are in agreement with
tion. such a dependence. By approximating the energy depen-
The intensity of the muonic argon transitions have beerdence of the transfer rate with a step function, MC simula-
evaluated by correlating their position and FWHM in ordertions show a decrease of the rate by about 40% for energies
to reduce as much as possible the effects due to statisticabove 0.06 eV. At room temperature, about 20% of the
fluctuations on the precision of the fit. By normalizing the (up)1s atoms in thermal equilibrium have such energies.
sum of the measured muonic x-ray intensities of the LymarFrom the present analysis, one gets a value for the transfer
series to unity, one can compare them with cascade calculaate from protium to argon that is a mean over the thermal
tions. Such calculations were performed by assuming that thenergy  distribution at  room  temperature:\ pa,
refilling rate of the electroni& shell is as fast as in a neutral =(1.63+0.09)x 10! s™1. The discrepancy with the results
atom[25]. Table | shows that the agreement between meaef other authors remains.
sured and calculated intensities is very satisfactory if one As a consequence of the updated valua gf; , the trans-
assumes that the muon transfer occurs to a lewell. If  fer rate from protium to helium, measured in triple gas mix-
muon transfer proceeded to the lewet 12, one should have tures of H+He+Ar [2], is lowered. One obtains
observed a(12-1) transition with a relative intensity of \p,.=(0.51+0.19)X 10® s 1. This value is in good agree-
0.0270, which is well within the experimental level of sen- ment with other experimental results and theoretical calcula-
sitivity. tions. The relatively high uncertainty on this result is mainly
For the mixture R+ 0.3%Ar at 10 and 15 bars, the inten- due to the uncertainty in .
sities of the delayed muonic x rays of the Lyman series have A comparison between the time distributions from Figs. 1
been determined in the same manner. No pressure depemnd 2 indicates different energy dependences for the transfer
dence has been observed. The relative x-ray intensities arate from the two hydrogen isotopes. If the first is basically
the same for thermal and epithermatl,; atoms. For the in agreement with the explanation from Gershtein, who only
highestK-series transition§(9-1), (10-1), and(11-1)], they  studied theS-wave transfer, it appears that for the muon
are different from those in §# 0.3%Ar (see Table | and Fig. transfer from deuterium one may have to take into account
3). In particular, the(11-1) transition is almost completely higher angular momenta to explain the increase of the trans-
missing. The relative intensities deduced from cascade cafer rate at epithermal energies compared to thermal ones. A
culations done witm= 11 or 12 disagree with those mea- detailed study of the energy dependence of the muon transfer
sured in the mixture P+ 0.3%Ar, but these are fairly repro- from muonic deuterium would require complementary mea-
duced by assuming that the muon from the deuteron isurements performed at different concentrations and pres-
transferred to the argon levelk= 10. Calculations performed sures. This is, however, beyond the scope of this study.

V. CONCLUSION



3452 R. JACOT-GUILLARMOD et al. 55

The ratio of the transfer rates from both thermalized The intensity patterns of the Lyman series resulting from
muonic hydrogen isotopes Myar /A gar=1.91=0.13, which  muon transfer(cf. Table ) show good agreement between
is compatible with the reduced masses ratio of the collidingooth hydrogen isotopes up to tk@-1) transition. The higher
partners. Therefore, this result tends to support a dependenbgeseries transitions are not reproduced by cascade calcula-
of the transfer rate going with the inverse of the mass, as alstions assuming an initial distribution over angular momen-
measured by other experimerd. This observation is not tum states given by formulé3.5). The intensity pattern of
valid in the cases of oxygeri7], neon[8], and sulfur[9]. the transitionsuAr(9-1) to wAr(11-1) in D,+ Ar compared

The intensity patterns of the argon Lyman series due tdo the pattern in K+ Ar might indicate that the muon trans-
transfer from both hydrogen isotopes are found to be identifer from ud; atoms proceeds predominantly to a lower level
cal at short(strong deviation from the exponential distribu- (n=10) than fromup,s atoms =11).
tion) and long(from 200-250 ns to about is) times. This
indicates that the muonic argon atom is always formed with
the same characteristic distribution ovaer,l() states, inde-
pendently of the collision energyand the corresponding This work was supported by the Swiss National Founda-
transfer ratg tion for Scientific Research.
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