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Muon transfer from excited states of hydrogen and deuterium to nitrogen, neon, and argon

Y.-A. Thalmann, R. Jacot-Guillarmod, F. Mulhauser, L. A. Schaller, L. Schellenberg, H. Schneuwly,
S. Tresch, and A. Werthmu¨ller

Institut de Physique de l’Universite´ de Fribourg, CH-1700 Fribourg, Switzerland
~Received 28 July 1997!

Muon transfer from excitedmp* and md* atoms to the three gases nitrogen, neon, and argon is studied.
Variations of the experimental conditions such as pressure and relative concentrations on the fractionsapZ and
adZ of excited state events in prompt muonic x rays are analyzed. The differences between excited-state
transfer frommp* andmd* to N2, Ne, and Ar are discussed. For these elements, capture ratiosA(H2 ,Z) and
A(D2 ,Z) are given, from which an indirect valueA(H2 ,D2) is deduced.@S1050-2947~98!01403-6#

PACS number~s!: 36.10.Dr, 34.70.1e, 82.30.Fi
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I. INTRODUCTION

In a previous work@1#, we developed a method for study
ing the charge transfer of negative muons from exci
muonic hydrogen atoms to elements withZ.2. As a first
illustration, two measurements performed in H21Ar mix-
tures were analyzed. About one-third of the prompt muo
x-ray intensity of the argon Lyman series was found to be
consequence of direct capture by argon atoms, and t
thirds to muon transfer from excited muonic hydrogen
argon. However, our analysis was restricted to the low
transitions in the Lyman series (n,6), and experiments
were performed at fixed pressure and at only two differ
relative concentrations.

In the present paper, we report on results about exci
state transfer obtained in gaseous mixtures of hydrogen2
1Z) and of deuterium (D21Z) containing small amounts o
nitrogen, neon, or argon. We broach variations in press
and consider a number of relative concentrations. Tak
into account excited-state transfer, we determine the C
lomb capture ratios of negative muonsA(H2 ,Z) and
A(D2 ,Z) @1# in all investigated gas mixtures. Finally, w
discuss the implications of the existence of a long-lived fr
tion of metastable muonic hydrogen in the 2s state@2# on our
results.

II. METHOD

A negative muon stopped in a gas mixture H21Z is
trapped either by aZ atom or by hydrogen. With a hydroge
nucleus, it forms a muonic hydrogen atommp* in an excited
state. In collisions, the muon can be transferred to aZ atom
before having reached the ground state@1#. Excited-state
transfer, as well as ground-state transfer, populates exc
states of themZ* atom. Hence the muonic x rays from th
cascade of the muon toward the ground state of themZ atom
can originate from three different processes: from direct c
ture and excited-state transfer, for which the x rays
prompt with regard to the entrance of a muon into the targ
and from ground-state transfer where the x rays are dela
due to the relatively long lifetime of themp1s atom@1#. From
the measurement of the x-ray time distribution of any tra
sition, one can determine the yields of the prompt and
delayed parts~see Fig. 1!.
571050-2947/98/57~3!/1713~8!/$15.00
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The direct capture and excited-state transfer processe
both faster than our time resolution. To determine the fr
tion of the prompt x rays which is due to excited-state tra
fer to an elementZ, we make use of characteristic patterns
the muonic x-ray intensities inmZ @1#. Indeed, the relative
intensities~normalized to the sum of the the whole Lyma
series! are characteristic signatures of direct capture by
elementZ @3–5# or of ground-state transfer toZ @6–8#. Since
the prompt x rays are composed of events resulting fr
direct capture and from excited-state transfer, the prompt
tensity patternPn is a superposition of the direct captu
patternCn and excited-state transfer patternTn* . Pn , Cn ,
andTn* are the normalized relative x-ray intensities of then
to 1 transition of the prompt events, of those of direct capt
~which are known from measurements in a pureZ gas! and
those of excited-state transfer, respectively. The last o
cannot be determined directly from a measurement.

By assuming that the ground-state transfer intensity p
tern Tn is a good approximation for the pattern resultin
from excited-state transfer@1#, i.e., Tn* >Tn , the prompt in-
tensity patternPn can be expressed as a linear combinat
of the patterns of ground-state transfer and direct capt
For every transitionn to 1, we may write

FIG. 1. Background-subtracted time spectrum of themN(2
21) transition measured in D211.07% N2 at 5 bar and room tem-
perature. The solid line represents a fit made with the sum o
prompt Gaussian peak~dashed line! and a delayed exponential pa
~dotted line!.
1713 © 1998 The American Physical Society
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1714 57Y.-A. THALMANN et al.
Pn5anTn1~12an!Cn. ~2.1!

For every transition of the Lyman series inmZ, we obtain
the fractionan of prompt events which are due to transf
from excited states of themp* atoms. When hydrogen i
replaced by deuterium in the mixtures, the same method
be applied without restriction, by using the patternTn fol-
lowing transfer from themd1s atoms@7,8#. For the element
Z, the fractionsapZ andadZ are then defined as the avera
of the respectivean values over all transitions of the Lyma
series inmZ. HenceapZ and adZ represent the fraction o
prompt muonic x rays due to excited-state transfer frommp*
andmd* atoms toZ.

III. COULOMB CAPTURE RATIO

Because a significant part of the prompt x rays proce
from transfer from excited states ofmp* atoms, the formula
proposed by Schneuwly@9# to evaluate the per-atom
~-molecule! capture ratio in H21Z mixtures has to be modi
fied @1#. Indeed, this formula considers the whole prom
intensity as due to direct capture byZ atoms. With the
knowledge of the fractionapZ , we can subtract the part o
the prompt intensity due to excited-state transfer. In orde
have the number of muons captured by hydrogen, this
has to be added to the delayed intensity. One may write
per-atom~-molecule! Coulomb capture ratio@1#

A~H2 ,Z!5
cZ

~12cZ!

ND

l

fcZlpZ
1apZNP

~12apZ!NP
, ~3.1!

whereNP andND are the sum over the Lyman series of t
prompt and delayed x-ray intensities ofmZ ~note thatND
was calledNT in Ref. @1#!. The ratel is the total disappear
ance rate of themp1s atoms in the mixture;lpZ is the trans-
fer rate toZ from the ground state of themp atoms, normal-
ized to the atomic density of liquid hydrogen@7,8#, f the
atomic gas density relative to the atomic density of liqu
hydrogen, and, finally,cZ the gas concentration relative t
hydrogen, quoted as the ratio of partial pressure of the m
ture.
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The productNDl/fcZlpZ corresponds to the number o
mp atoms which reach the ground state. WithapZ being the
part of the prompt events due to transfer from excited sta
apZNP represents then the number ofmp* atoms which
transfer their muon from an excited state toZ. The sum of
these two terms consequently corresponds to the numbe
muons captured by hydrogen. (12apZ)NP is the number of
mZ atoms formed by direct capture. With the factorcZ /(1
2cZ), which gives the ratio of the number ofZ atoms to the
number of hydrogen molecules per unit of volume in t
H 21Z gas mixture, one obtains the per-atom~-molecule!
capture ratio.

Equation~3.1! can be applied without restriction to th
corresponding data from deuterium mixtures to determ
the capture ratiosA~D 2,Z).

IV. MEASUREMENTS AND DATA ANALYSIS

All measurements were performed at the Paul Sche
Institute~Switzerland! in a similar way as for the two argon
measurements already mentioned@1#. A total of three series
of measurements were performed at room temperat
namely, binary mixtures of nitrogen, neon, and argon w
hydrogen as well as with deuterium. Relative concentrati
and total pressures of the mixtures were varied.

TABLE I. Intensity patternsCn following direct capture in neon
and in nitrogen, measured in different Ne1 Ar, N21Ar, and N2

1Ne mixtures between 5 and 15 bar. Results of cascade calc
tions ~see text! are indicated for both elements. The intensity of t
contaminatedmNe(521) and mNe(621) transitions have been
evaluated using calculations.

Transition Cn in Ne Calculations Cn in N Calculations

~2-1! 0.9209~93! 0.9211 0.840~33! 0.8416
~3-1! 0.0341~4! 0.0346 0.069~3! 0.0634
~4-1! 0.0103~2! 0.0096 0.030~1! 0.0302
~5-1! 0.0051~3! 0.0049 0.020~1! 0.0212
~6-1! 0.0043~3! 0.0042
(n-1) 0.0253~6! 0.0256 0.041~2! 0.0436
(Lyman 1.000 1.000 1.000 1.000
TABLE II. Prompt relative intensitiesPn and an values for the transitionsmAr(n→1) measured in
hydrogen and in deuterium mixtures at 15 bar and room temperature. The intensities of themAr(621)
transition are based on estimations and are only indicative.mAr(n-1) represents the sum of themAr(9
21) to themAr(1121) transitions.

Transition H211.98%Ar H210.284%Ar D210.302%Ar
Ar Pn an Pn an Pn an

~2-1! 0.591~21! 0.62~5! 0.570~26! 0.66~5! 0.721~25! 0.37~5!

~3-1! 0.090~4! 0.81~7! 0.084~12! 0.71~19! 0.083~4! 0.70~6!

~4-1! 0.043~3! 0.62~5! 0.049~9! 0.73~17! 0.030~4! 0.38~7!

~5-1! 0.063~4! 0.63~4! 0.063~7! 0.63~8! 0.035~4! 0.30~5!

~6-1! 0.076 0.076 0.042
~7-1! 0.056~3! 0.60~4! 0.053~5! 0.57~6! 0.037~5! 0.37~6!

~8-1! 0.027~2! 0.51~7! 0.039~6! 0.82~17! 0.027~4! 0.50~11!

(n-1) 0.054~4! 0.45~5! 0.066~10! 0.60~14! 0.025~8! 0.24~7!

(Lyman 1.000 1.000 1.000
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TABLE III. apAr and adAr fractions as well as Coulomb capture ratiosA~H2,Ar! and A~D2,Ar! deter-
mined in hydrogen and deuterium mixtures at given pressure and room temperature.

Ar concentration~%! Pressure~bar! apAr A(H2 ,Ar) adAr A(D2 ,Ar)

0.284 15 0.64~3! 0.19~2!

1.98 15 0.60~3! 0.18~2!

0.302 15 0.40~5! 0.17~2!

0.302 10 0.30~4! 0.16~2!

Mean 0.62~2! 0.19~1! 0.35~4! 0.17~1!
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The target vessel and the electronic setup are describe
Ref. @6#; supplementary details about the pile-up reject
system can be found in Ref.@10#. The gas mixtures were a
prepared by the manufactoring plant Carbagas~Switzerland!,
which guaranteed the relative concentrationscZ , quoted as
ratios of partial pressures in the mixtures, to be accurat
61%. The purity was better than 50 ppm for eachZ com-
ponent, about 5 ppm for natural hydrogen~with 150 ppm
deuterium!, and around 0.3% for deuterium. Three germ
nium detectors were employed. Their time resolutions w
typically about 12 ns for themN(221) transition at 101
keV, 9 ns formNe(221) at 207 keV, and 5 ns formAr(2
21) at 643 keV.

Time and energy spectra were constructed off line. T
prompt intensitiesPn of the mN, mNe, andmAr Lyman
transitions were determined from background-subtrac
time spectra@1#. The delayed intensities ofmN were deter-
mined from delayed energy spectra, whereas the delaye
tensity patterns of bothmNe andmAr were taken from pre-
vious measurements@6–8#. Some muonic lines of interes
such asmNe(521), mNe(621), ormAr(621), were con-
taminated by background events. Particular attention ha
be paid to this contamination, as the relative intensity p
terns Pn , Tn , and Cn are normalized to the sum of th
respective intensities of all the Lyman transitions in the e
ment studied.

To determine the intensity patterns of the Lyman tran
tions in direct capture in nitrogen, neon, and argon, we p
formed measurements in several N21Ar, N21Ne, and Ne
1 Ar mixtures at pressures between 5 and 15 bar. The res
for argon were already presented in Ref.@1#. The mean in-
tensity patterns obtained for nitrogen and neon could be
produced by cascade calculations using code written by A
las and Vogel@11#, where theK-shell refilling width can be
in
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adjusted. Table I shows the Lyman intensities measure
mNe andmN, and the corresponding values calculated w
an initial statistical distribution of angular momenta at a lev
n514 and aK-shell refilling width equal to 0.15% and 1.4%
of the width of the corresponding neutral atom. Thanks to
good agreement between the first threemNe Lyman transi-
tions, the calculations have been used to estimate the in
sities of themNe(521) and mNe(621) transitions con-
taminated by muonic x rays from the iron of the target wa

V. RESULTS

A. Argon

Two measurements performed in hydrogen with differe
argon concentrations at a pressure of 15 bar were analy
as well as one mixture of argon and deuterium at pressure
10 and 15 bar. The prompt intensities of the Lyman tran
tions were determined individually up to themAr(821)
transition, whereas the intensities of the higher transitio
mAr(921) to mAr(1121) were summed up. The intensit
of the mAr(621) peak contained background events due
g rays from excited56Fe nuclei in the walls of the targe
vessel. This nuclear reaction yielded delayed as well
promptg rays with regard to the entering muons. Hence o
could not subtract their intensity to correct the prompt inte
sity of themAr(621) transition. To estimate this particula
muonic intensity, we use an evaluation of the fractionsapAr
@1# andadAr based on the lower Lyman transitions (n,6) of
argon. The knowledge of the two intensity patternsTn @7#
andCn @1#, together withapAr andadAr , gives an estimate
of the prompt intensity of themAr(621) transition by using
Eq. ~2.1!.

Table II shows the prompt relative intensitiesPn , normal-
ized to the sum of the Lyman series, and thean values of the
TABLE IV. Prompt relative intensitiesPn and an values for the transitionsmNe(n→1) measured in
hydrogen and in deuterium mixtures at different pressures and room temperature.

Transition H211.51%Ne D210.400%Ne
15 bar 10 bar 7 bar

Ne Pn an Pn an Pn an

~2-1! 0.700~17! 0.41~4! 0.690~19! 0.43~4! 0.823~25! 0.17~5!

~3-1! 0.102~5! 0.59~5! 0.102~6! 0.59~5! 0.059~7! 0.23~7!

~4-1! 0.081~5! 0.36~3! 0.091~6! 0.41~3! 0.050~6! 0.20~3!

~5-1! 0.084~8! 0.48~6! 0.084~8! 0.48~5! 0.042~9! 0.20~5!

~6-1! 0.033~7! 0.34~8! 0.033~7! 0.34~8! 0.022~8! 0.19~9!

(Lyman 1.000 1.000 1.000
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TABLE V. apNe andadNe fractions as well as Coulomb capture ratiosA(H2 ,Ne) andA(D2 ,Ne) deter-
mined in hydrogen and deuterium mixtures at given pressure and room temperature.

Ne concentration~%! Pressure~bar! apNe A(H2 ,Ne) adNe A(D2 ,Ne)

0.687 15 0.47~4! 0.28~2!

1.43 15 0.45~4! 0.25~2!

1.51 15 0.42~4! 0.28~3!

1.51 10 0.45~3! 0.27~3!

1.98 15 0.42~3! 0.21~2!

2.98 15 0.41~3! 0.25~2!

0.400 7 0.19~2! 0.25~3!

0.434 15 0.14~4! 0.22~6!

Mean 0.43~1! 0.25~1! 0.18~2! 0.24~3!
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Lyman transitions for the three mixtures measured at 15
The Pn values in the hydrogen mixtures were slight
changed between the previous paper@1# and this final analy-
sis, because of a more precise evaluation of the intensit
themAr~6-1! transition. The pattern of the relative intensiti
of direct capture in argon,Cn , used to determine thean
values, is taken from the measurements of Ref.@1#. Earlier
measurements@7# provided the ground-state transfer patter
Tn for the transfer from themp and md atoms to argon.
Table III shows theapAr and adAr fractions for the four
mixtures. For each measurement,apAr and adAr are mean
values of thean from all the analyzedmAr(n→1) transi-
tions exceptmAr(621). The fractionsapAr of x rays due to
excited-state transfer in prompt events represent about
thirds in hydrogen mixtures, and about one-third in the c
of deuterium mixtures.

B. Neon

The measurements of themNe x rays were performed in
mixtures of hydrogen with five different neon concentr
tions, and in deuterium with two different neon concent
tions. Pressures varied between 7 and 15 bar. The pro
Lyman intensities were determined up to themNe(621)
transition in hydrogen mixtures, and up tomNe(721) in
deuterium mixtures. The higher Lyman transitions h
prompt intensities too low to provide a significant value
an . Background lines of muonic x rays from the iron of th
target walls contaminated themNe(521) and mNe(621)
transitions. Resulting from direct muon capture in iron, the
x rays were prompt with regard to the entering muons. Th
r.
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intensities could be estimated from other measurements
formed under similar experimental conditions. For instan
we used H21N2 and D21N2 mixtures to determine the
mFe(322) intensities around 265 keV. Taking themCu(3
22) transitions at 331 keV in the neon and nitrogen m
tures as reference lines, we could thus estimate the iron
tensity in the neon mixtures and deduce the part due to c
tamination in the mNe(521) and mNe(621) prompt
intensities.

The Pn and an values of measurements performed
three different pressures are shown in Table IV. Only
first five Lyman transitions are explicitly mentioned, a
though amNe(721) prompt intensity was determined in th
deuterium mixture. The relative intensity patternsTn follow-
ing ground-state transfer from hydrogen and deuterium
oms to neon were taken from Ref.@8#. The measured patter
Cn of direct capture in neon shown in Table I was used
determine thean values. Table V shows theapNe andadNe
fractions, which are the average values of thean’s of the
Lyman transitions up to themNe(621) in both cases. For
the six H21Ne mixtures, the mean valuesapNe amount to
about 40%, whereas the correspondingadNe for the two D2
1Ne mixtures are about half as small.

C. Nitrogen

Two measurements of muonic nitrogen x rays were p
formed in hydrogen mixtures, and one in a deuterium m
ture. The relative intensity patternsTn for transfer frommp
and md atoms to nitrogen were determined from delay
energy spectra. TheTn values for hydrogen and deuterium
d

TABLE VI. Relative intensitiesTn for ground-state transfer from bothmp andmd atoms to nitrogen, as

well as prompt relative intensitiesPn andan values for the transitionsmN(n→1) measured in hydrogen an
in deuterium mixtures at 5 bar and room temperature.

Transition H211.99%N2 D211.07%N2

N Tn Pn an Tn Pn an

~2-1! 0.363~14! 0.727~59! 0.24~14! 0.370~9! 0.820~75! 0.05~17!

~3-1! 0.252~5! 0.105~7! 0.20~4! 0.252~5! 0.069~19! 0.03~11!

~4-1! 0.263~5! 0.075~5! 0.19~3! 0.251~5! 0.031~11! 0.00~5!

~5-1! 0.122~3! 0.065~5! 0.44~6! 0.127~3! 0.046~15! 0.23~19!

(Lyman 1.000 1.000 1.000 1.000
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TABLE VII. apN and adN fractions as well as Coulomb capture ratiosA(H2 ,N) and A(D2 ,N) deter-
mined in hydrogen and deuterium mixtures at given pressure and room temperature.

N2 concentration~%! Pressure apN A(H2 ,N) adN A(D2 ,N)

0.473 15 0.26~6! 0.26~6!

1.99 5 0.23~5! 0.24~4!

1.07 5 0.02~4! 0.22~2!

Mean 0.24~4! 0.25~3! 0.02~4! 0.22~2!
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mixtures shown in Table VI were determined from measu
ments at 5 bar. The patternTn for transfer frommp to nitro-
gen is in good agreement with this of an older measurem
@12#. In both hydrogen and deuterium mixtures, the high
Lyman transition clearly observed was themN(521) tran-
sition, which is in good agreement with the predictions
Holzwarth and Pfeiffer@13#. Hence we could consider th
transitions up tomN(521) in both cases to determine thean
values. The patternCn of direct capture in nitrogen used t
determine thean values is given in Table I.

The Pn patterns and thean values for the two mixtures
are also presented in Table VI, and theapN andadN fractions
are summarized in Table VII for all the measurements w
nitrogen. Whereas theapN fractions represent about one
quarter of the prompt muonic intensity ofmN, one notices
that theadN value is zero within the limits of the uncertain
ties. Hence no transfer seems to occur from the excited s
of the md atom to nitrogen.

D. Capture ratios

The Coulomb capture ratiosA(H2 ,Z) andA(D2 ,Z) were
evaluated using Eq.~3.1! for all the mixtures measured. Th
number of prompt x-ray events of the Lyman series ofmZ,
NP , was in every evaluated mixture higher than 25 0
counts. The correction of the delayed intensities due to
decay channels other than ground-state transfer toZ,
(fcZlp(d)Z)/l, ranged from a few percent to 50% in th
extreme case of the H210.69% Ne mixture. By using one
single or two exponential functions to fit the delayed part
the time spectra of the H21Ar and D21Ar mixtures ~see
Ref. @7#!, the variation of the capture ratios did not exce
2% for A(H2 ,Ar) and 4% forA(D2 ,Ar). This was taken into
account by adding a systematic error to the measured in
sities. The transfer rates used for the determination of
capture ratios were those of Ref.@7# for argon, and of Ref.
@8# for neon. The transfer ratelpN50.34(7) 1011 s21 of
Ref. @12# was used for the capture ratiosA(H2 ,N), but ldN
51.00(30) 1011 s21 from the same reference~measure-
ment with poor statistics! was replaced by a more accura
value, ldN51.45(2) 1011 s21, deduced from the presen
measurements.

Tables III, V, and VII show the results of the captu
ratios A(H2 ,Z) and A(D2 ,Z) determined in H21Z and D2
1Z mixtures at different pressures and with different co
centrations of argon, neon, and nitrogen. These per-a
~-molecule! capture ratios are fairly similar for a same el
ment measured in hydrogen and in deuterium. Table V
shows values for the capture ratioA(H2 ,D2) deduced from
the ratiosA(H2 ,Z)/A(D2 ,Z) for argon, neon, and nitroge
-
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measurements, with a mean value ofA(H2 ,D2)51.10(7).

VI. DISCUSSION

A. Excited-state transfer

The prompt intensity patternsPn determined in hydrogen
mixtures are observed to remain constant when increa
the concentration of the elementZ up to a factor of 7 in the
case of argon, and a factor of 4 in the cases of neon
nitrogen. In addition, they do not vary with pressures b
tween 5 and 15 bar. Hence all our observations show tha
our experimental range the patternsPn are independent on
both the relative concentration of the elementZ and the total
gas pressure. On the other hand, the patternsPn depend on
the elementZ and on the hydrogen isotope used. Simi
conclusions were already drawn for the intensity patternsTn
following ground-state transfer, e.g., to neon@6#, argon@8#,
or oxygen@14#.

For several mixtures, some transitions (n→1) yield indi-
vidual valuesan which are systematically higher than th
respectiveapZ or adZ mean values. In the two D21Ar mix-
tures, e.g., thea3 value is about twice as high than the me
fraction adAr . The same is true for thea5’s in the two H2
1N2 mixtures. In addition, in the H21Ne mixtures thea3’s
exceed the mean valueapNe by more than two standard de
viations in the six mixtures measured. These systematic
crepancies are interpreted as a limit to our hypothesis tha
excited-state transfer patternTn* is equal to the ground-stat
transfer patternTn . This assumption yields good results o
average, but the above-mentioned particular Lyman tra
tions show that the excited-state transfer patternsTn* cannot
be considered strictly the same as the ground-state tran
patternsTn . Nevertheless, one concludes that excited-s
transfer favors the population of low-l states ofmZ.

From Tables III, V, and VII, one sees that most of th
fractionsapZ andadZ for argon, neon, and nitrogen, respe

TABLE VIII. Mean capture ratiosA(H2 ,Z) and A(D2 ,Z) for
nitrogen, neon, and argon, as well as deduced capture ra
A(H2 ,D2). For comparison, pionic capture ratiosAp(H2 ,Z) of Ref.
@18# are given.

Element A~H2 ,Z) Ap~H2 ,Z) A~D2 ,Z) A~H2,D2)

N 0.25~3! 0.303~14! 0.22~2! 1.14~17!

Ne 0.25~1! 0.261~12! 0.24~3! 1.04~14!

Ar 0.19~1! 0.172~6! 0.17~1! 1.12~9!

Mean 1.10~7!
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tively, measured under different experimental conditio
scatter around mean values; no real dependence on con
tration or pressure can be found within the limits of the u
certainties. The valueapAr indicates that more than 60% o
the prompt muonic intensity ofmAr is due to excited-state
transfer, whereas the corresponding fractions amount to 4
in Ne and 24% in N2. A significant difference is found be
tween the fractionsapZ measured in hydrogen andadZ mea-
sured in deuterium. In the cases of neon and argon, the q
tities adZ are about half as small asapZ . For nitrogen,adN is
surprisingly compatible with zero, meaning that no trans
occurs from the excited states of themd atom to nitrogen.

Because a higher concentrationcZ implies an increase o
the probability of both direct capture inZ and transfer toZ,
we expect the fractionsapZ andadZ to be stable with regard
to the concentrationcZ . In addition,Cn as well asTn inten-
sity patterns were shown to depend only weakly on para
eters such as relative concentrations or pressure of the
tures @3–8#. As the Pn patterns do not depend on ou
experimental conditions either, this also leads to cons
apZ andadZ fractions.

To our knowledge, no predictions for transfer rates fro
excited states of muonic hydrogen and deuterium,lpZ* and
ldZ* , to elements withZ.2 are available~except from the
2s state!. If explicit transfer rates cannot be deduced fro
the apZ or adZ fractions, qualitative comparisons of th
transfer rates from excitedmp* and md* atoms toZ are
nevertheless possible. Indeed, the fractionsapZ for nitrogen,
neon, and argon are systematically higher than the fract
adZ , meaning that more excited-state transfer with regard
direct capture has occurred to an elementZ from mp* atoms
than frommd* atoms. Because of the comparable values
the capture ratiosA(H2 ,Z) andA(D2 ,Z), we conclude that
the transfer rateslpZ* are systematically higher than th
transfer ratesldZ* for nitrogen, neon, and argon. Regardin
ground-state transfer rates, differences betweenmp andmd
atoms have already been observed: in the case of oxy
@14# and argon@7#, lpZ is higher thanldZ , contrary to ni-
trogen~see Sec. IV D!, neon@8# and sulfur@14#.

For elementsZ which differ in their capture ratios
A(H 2 ,Z), a comparison of excited-state transfer rateslpZ* is
made possible by using a normalization. The number
muons transferred toZ from excitedmp* atoms is given by
the number of muons directly captured byZ multiplied by
the factor apZ /(12apZ) @see explanations for Eq.~3.1!#.
Since our results do not depend on the experimental co
tions, a concentrationcZ51% is chosen as a reference. T
proportion of muons transferred from excited states to
number ofmp* atoms initially formed can be interpreted a
the probability that a muon is transferred to aZ atom from
one of the excited states of themp* atom. In a reference
mixture H211% Z, this probability is evaluated to b
around 9% for argon, 3% for neon, and 1% for nitroge
With the excited-state transfer rateslpZ* being proportional
to this probability, we conclude thatlpAr* .lpNe* .lpN* . This
is not true for the ground-state transfer rates. The va
lpNe, e.g., is more than one order of magnitude smaller t
lpAr andlpN .

Since the probabilities of excited-state transfer from
md* atoms are evaluated to be around 3% for argon, 1%
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neon, and 0% for nitrogen, corresponding arguments in
case of muonic deuterium lead to a similar progression
excited-state transfer rates.

In our analysis, every excited-state transfer event w
considered as prompt with regard to a muon entering
target. Actually, a long-lived metastablemp2s state in H2

mixtures was predicted, with a lifetime of about 100ms at 1
mbar@2#. Such a long lifetime may allow muons to be tran
ferred frommp2s to an elementZ present in the mixture, thus
yielding delayed x rays frommZ. The metastability of the
mp2s state is strongly dependent on the pressure of the m
ture, because themp2s atoms quickly decay to the groun
state via the 2p state after collisions with ordinary H2 mol-
ecules. Themp2s lifetime decreases, due to collisions, fro
100 ms at 1 mbar to 20 ns at pressures of 5 bar, and to 7
at pressures of 15 bar. In the case of a mixture H21Z, the
lifetime of mp2s is further reduced by muon transfer toZ.
The transfer rates frommp2s to Z are predicted to exceed th
ground-state transfer rateslZ by a large factor, i.e., by 1–2
orders of magnitude@15#. In our mixtures, the lifetime of the
mp2s state can be estimated to be about 14 ns at 5 bar a
ns at 15 bar. Hence, transfer from themp2s metastable state
to an elementZ should produce x rays which cannot b
distinguished from the prompt x rays within our time res
lution.

Besides excited-state transfer, one cannota priori exclude
that part of the prompt muonic x-ray result from ground-st
transfer from hot (E.1eV) muonic hydrogen atoms. Mont
Carlo simulations, using the programTRANSFER written by
Adamczak@16#, showed however, that such x rays wou
significantly contribute to the measured prompt x rays o
in the case of a resonant process, i.e., if the transfer rate f
the hotmp’s were at least one order of magnitude larger th
the rate from thermal muonic hydrogen atoms.

B. Capture ratios

For the Coulomb capture ratios determined in H21Z and
D21Z mixtures~Tables III, V, and VII!, only the intensities
of the mZ Lyman series were needed, so that the uncerta
ties in efficiency and absorption remain small in comparis
to methods using the x-ray intensities from two differe
elements~see, e.g., Ref.@17#!. Our results for argon and ni
trogen mixtures show that the per-atom~-molecule! capture
ratios do not depend on the pressure or relative concen
tions within our experimental range. In the case of ne
some variations are noticed, but a clear dependence on p
sure or concentration within the given uncertainties can
be deduced. Hence mean capture ratiosA~H 2,Z) and
A~D 2,Z) are meaningful for argon, neon, and nitrog
~Table VIII!.

An invariance of these capture ratios with regard to
concentrationcZ is expected, because all mixtures contain
at least 97% of hydrogen or deuterium, and the capture ra
are known to vary only with significant changes in relati
concentration. For instance, the capture ratiosA(Ar,Ne)
measured in mixtures of neon and argon show variati
only when the proportion of one gas to the other chan
drastically, from 1:1 to 4:1, e.g., Ref.@17#.

Our result forA(H2 ,Ar)50.19(1) is in better agreemen
with the corresponding pion capture ratioAp(H2 ,Ar)
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50.172(5)@18# than an earlier estimate@19#, where excited-
state transfer was neglected. In addition, our capture ra
A(H2 ,Ne) andA(H2 ,N) are also in satisfactory agreeme
with the corresponding pion capture ratios, where excit
state transfer is included~see Table VIII!.

For each mixture with deuterium, the per-ato
~-molecule! capture ratioA(D2 ,Z) is also provided in Table
VIII. As expected, because of the electromagnetic nature
the capture process, these ratios are observed to be very
lar when measured in hydrogen or deuterium.

Finally, one can extract capture ratiosAZ(H2 ,D2) be-
tween H2 and D2 molecules using the capture inZ as a
reference. The results are shown in Table VIII for nitroge
neon, and argon. All three ratios are somewhat higher t
unity, with a mean value ofA(H2 ,D2)51.10(7). Hence, an
experimental value for the Coulomb capture ratio of nega
muons between hydrogen and deuterium can be provide

VII. CONCLUSION

In measuring muonic x rays in hydrogen mixtures with
small admixture of an elementZ where both energy and tim
information are provided, our study of excited-state cha

FIG. 2. apZ ~circles! and adZ ~diamonds! fractions in function
of the atomic numberZ. For Z57, 10, and 18, these fractions a
the mean values from our measurements, and forZ58 and 16, they
were determined from the results of Ref.@14#.
.
A

A.
ic

ys

J.

A.
G

os

-

of
mi-

,
n

e
.

e

transfer of negative muons frommp* and md* atoms pro-
vide consistent results. For nitrogen, neon, and argon,
fractionsapZ andadZ of prompt x rays due to excited-stat
transfer~or transfer from hotmp’s and md’s, respectively!
do not depend on the relative concentrations or on the t
gas pressure in our range of experimental conditions (0.
<cZ<3%, 5 bar<P<15 bar!.

Figure 2 summarizes the mean values obtained for
fractionsapZ andadZ , including those for oxygen and su
fur. Although the fractionsapZ and adZ generally increase
with the charge numberZ, our results, together with the dat
of Ref. @14# in H21SO2 and D21SO2 mixtures, show that
they are not directly proportional to the charge numberZ.
For a given element, the fractions are systematically hig
~or at most equal! in hydrogen mixtures than in deuterium
mixtures.

The fractionsapZ andadZ are used to evaluate the Cou
lomb capture ratiosA(H2 ,Z) and A(D2 ,Z), respectively.
The per-atom~-molecule! capture ratios for nitrogen, neon
and argon are independent of relative concentration and p
sure in our experimental range, and also in agreement w
the corresponding pion capture ratios. In addition, an indir
value for the capture ratio of muons between hydrogen
deuterium molecules could be deduced, which is not inco
patible with unity.

No quantitative estimate of excited-state transfer rateslpZ*
or ldZ* can be given with our analysis. However, with th
knowledge of the capture ratiosA(H2 ,Z), a comparison of
these transfer rates is possible. From our data, we conc
that the excited-state transfer rate from protium to nitroge
smaller than the one to neon, and the excited-state tran
rate from protium to neon is smaller than the one to arg
The same conclusion is drawn for excited-state transfer r
from deuterium. In addition, for a given element, the excite
state transfer rate is found to be systematically higher~or at
least equal! from mp* than frommd* atoms.

ACKNOWLEDGMENTS

The authors thank C. Piller and O. Huot for their precio
help during the experiments. This work was partially su
ported by the Swiss National Science Foundation.
L.
A.

L.
@1# Y.-A. Thalmann, R. Jacot-Guillarmod, F. Mulhauser, L. A
Schaller, L. Schellenberg, H. Schneuwly, S. Tresch, and
Werthmüller, Phys. Rev. A56, 468 ~1997!.

@2# J. S. Cohen and J. N. Bardsley, Phys. Rev. A23, 46 ~1981!.
@3# R. Jacot-Guillarmod, F. Bienz, M. Boschung, C. Piller, L.

Schaller, L. Schellenberg, H. Schneuwly, and D. Siradov
Phys. Rev. A37, 3795~1988!.

@4# P. Ehrhart, F. J. Hartmann, E. Koehler, and H. Daniel, Z. Ph
A 311, 259 ~1983!.

@5# J. D. Knight, C. J. Orth, M. E. Schillaci, R. A Naumann, F.
Hartmann, and H. Schneuwly, Phys. Rev. A27, 2936~1983!.

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

,

.

.

@7# R. Jacot-Guillarmod, F. Mulhauser, C. Piller, L. A. Schaller,
Schellenberg, H. Schneuwly, Y.-A. Thalmann, S. Tresch,
Werthmüller, and A. Adamczak, Phys. Rev. A55, 3447
~1997!.

@8# R. Jacot-Guillarmod, Phys. Rev. A51, 2179~1995!.
@9# H. Schneuwly, Nucl. Instrum. Methods Phys. Res. B9, 97

~1985!.
@10# P. E. Knowleset al., Phys. Rev. A56, 1970~1997!.
@11# V. R. Akylas and P. Vogel, Comput. Phys. Commun.15, 291

~1978!.
@12# R. Jacot-Guillarmod, F. Mulhauser, C. Piller, L. A. Schaller,

Schellenberg, and H. Schneuwly, inElectromagnetic Cascade
and Chemistry of Exotic Atoms, edited by L. M. Simonset al.
~Plenum Press, New York, 1990!, p. 223.



r,
n

.
rt,

1720 57Y.-A. THALMANN et al.
@13# G. Holzwarth and H. J. Pfeiffer, Z. Phys. A272, 311 ~1975!.
@14# F. Mulhauser and H. Schneuwly, J. Phys. B26, 4307~1993!.
@15# L. Bracci and G. Fiorentini, Nuovo Cimento A50, 373~1979!.
@16# A. Adamczak~private communication!.
@17# Y. A. Thalmann, R. Jacot-Guillarmod, F. Mulhauser, C. Pille

L. A. Schaller, L. Schellenberg, H. Schneuwly, S. Tresch, a
 d

A. Werthmüller, Z. Phys. A359, 219 ~1997!.
@18# V. I. Petrukhin and V. M. Suvorov, Zh. E´ ksp. Teor. Fiz70,

1145 ~1976! @ Sov. Phys. JETP43, 595 ~1976!#.
@19# R. Jacot-Guillarmod, F. Bienz, M. Boschung, C. Piller, L. A

Schaller, L. Schellenberg, H. Schneuwly, and W. Reicha
Phys. Rev. A39, 387 ~1989!.


