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Investigation of charge transfer from excited muonic hydrogen atoms to 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 18 November 1996!

A method is proposed for investigating muon transfer from excited muonic hydrogen atoms to an element
Z.2, and is applied to argon measurements. It makes use of a comparison between the muonic x-ray intensity
patterns of the Lyman series of this element measured in mixtures with and without hydrogen. The analysis of
the data taken in two gas mixtures H2 1 Ar at 15 bar with argon concentrations of 2%~0.3%!, yields
consistent results. In both mixtures, two thirds of the prompt argon x rays proceed from transfer from excited
mp* states. The Coulomb capture ratio determined in both mixtures yields a mean value ofA~H2,Ar! 5

0.21~2!, and agrees with the corresponding pionic ratio.@S1050-2947~97!06207-0#

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

Charge transfer from the ground state of muonic proti
and deuterium has already been extensively investig
@1–7#. To our knowledge, no data about muon transfer fr
excited states to elements withZ.2 have been reported a
yet.

A muonic hydrogen atom in a highly excited circular sta
would have a lifetime of several tens of nanoseconds if it
not collide with ordinary atoms and molecules. In such c
lisions, it can deexcite by external Auger effect and by St
mixing. In Coulomb deexcitations, the transition energy
vides into the recoil of the heavy particle and to the muo
hydrogen atom, which can so gain tens of eV@8#. Hence, the
mp systems in the ground state have a kinetic-energy di
bution the further away from a thermal energy and the hig
the hydrogen pressure@9#.

From excited states of muonic hydrogen atoms, the m
can also be transferred to a collision partner@10#. These
transfer rates to very light elements are comparable with
rates of competing deexcitation processes@11,12#, whereas
those to heavier elements such as neon are estimated
much higher than the corresponding transfer rates from
ground state@13#.

In the present paper, we develop a method to investig
transfer from excited states. The proposed method, wh
requires a knowledge of the muonic x-ray time structure
the investigated elementZ, makes use of a comparison of th
x-ray intensity pattern due to direct capture measured in p
Z, and the transfer pattern measured in mixtures of H2 1
Z. Two measurements performed in gaseous mixtures of
drogen with argon serve as illustration. In addition, a va
of the Coulomb capture ratioA~H2,Ar! more precise than a
previous one@14# is given.

II. DESCRIPTION OF THE METHOD

Time spectra of muonic x rays measured in mixtures
hydrogen with a small admixture of elementZ have been
used for more than 20 years to investigate the transfer
cess from the ground state of muonic hydrogen atoms@1–7#.
Figure 1 shows such a time distribution, typically compos
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of a prompt peak and a delayed part. In a usual experime
setup, muons entering the target vessel cross a plastic
tillator which gives a start signal to a time-to-digital co
verter. The stop signal is given by the x-ray detection, u
ally by a Ge diode with a good energy resolution. Thus ea
event recorded by the data-acquisition system include
time information besides the energy information. Bac
ground subtracted time spectra are then constructed off-
for the measured muonic transitions by setting windows
the energy spectrum~a more detailed description can b
found in Ref.@6#!.

Muons slowed down in the H2 1 Z gas mixture are
trapped either by hydrogen or by aZ atom. The muonic x
rays resulting from direct capture inZ are prompt events
Muonic hydrogen atoms are originally formed in highly e
cited states. They deexcite very fast, in about 10210 s in a gas
of several bar@9#. If the muon does transfer from hydroge
in an excited state to aZ atom, the resulting x rays als
appear as prompt events, the sum of cascade and tra
times being shorter than the time resolution of the detec
system. Otherwise the muonic hydrogen atom reaches

FIG. 1. Typical time spectrum after background subtractio
Here themAr~2-1! transition measured in H2 1 2% Ar at 15 bar.
The solid line represents a fit made with the sum of a prom
Gaussian peak~dashed line! and a delayed exponential part~dotted
line!.
468 © 1997 The American Physical Society
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56 469INVESTIGATION OF CHARGE TRANSFER FROM . . .
ground state. It may collide with aZ atom and transfer its
muon. In this latter case, the resulting muonic x rays
delayed relative to those from direct capture and consti
the delayed part of the time distribution.

By comparing the relative intensity structure of th
prompt events belonging to the transitions of the Lyman
ries of argon measured in H2 1 Ar mixtures with the direct
capture pattern measured in pure argon, a significant dif
ence is noticed. Such a difference has already been obse
for sulphur and oxygen in the SO2 molecule in mixtures with
and without hydrogen@7#. For the above-mentioned reason
we assume that this difference is due to muon transfer f
excited states. Hence, in H2 1 Ar mixtures, the prompt
muonic argon x-ray intensitypn is, for eachmAr(n→1)
transition, a superposition of direct muon capture events
argon,cn , and events following muon transfer from excite
mp* states,tn* :

pn5tn*1cn . ~2.1!

If one could subtract those events due to direct muon cap
from the prompt events, one would be left with events fro
excited-state transfer.

For the sum over the Lyman series, one can write

( pn5( tn*1( cn . ~2.2!

When normalizing the intensities of the prompt, transfer, a
direct capture events such that(Pn5(Tn*5(Cn 5 1, Eq.
~2.2! writes

( Pn5a( Tn*1b( Cn . ~2.3!

With this normalization, one hasb512a for the relative
intensitiesPn , Tn* , andCn of the transitions of the Lyman
series, and one can write

Pn5aTn*1~12a!Cn . ~2.4!

Every transition can therefore be used to determine the f
tion a of the prompt events which is due to muon trans
from excitedmp* states.

In Eq. ~2.4!, the relative prompt x-ray intensities,Pn , are
those measured in H2 1 Z gas mixtures. The relative inten
sitiesCn are determined from a measurement of direct mu
capture in elementZ in pure Z or a gas mixture without
hydrogen. The relative intensitiesTn* from transfer from ex-
cited states are unknown yet.

The muonic x-ray intensity pattern resulting from mu
transfer from the ground state of muonic hydrogen to arg
is well known@6,15#. The population ofl states is predicted
by theory @16# and explicit calculations show that low-l
states are favored@17#. The measured relative intensities a
in satisfactory agreement with the calculated ones@6,15#. For
energy reasons, transfer from excitedmp* atoms should oc-
cur to levels of theZ atom with higher principal quantum
numbern than from the ground state. The transfer mec
nism being the same, one imagines that the population
low-l states is also favored. Cascade calculations@18# show
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by scaling the initiall -population that the relative intensitie
of the lower Lyman transitions of argon change by less th
6% if the transfer level is increased fromn 5 10 to 18. A
similar observation is made in the case of neon between
levelsn 5 6 and 14.

Considering the above arguments and for lack of kno
relative intensitiesTn* , we consequently use the intensities
ground-state transferTn to replace the one from excited-sta
transferTn* . The observation~Fig. 2! that the prompt relative
intensities of the lower transitions of the Lyman series ha
values between the direct capture intensities and those
lowing transfer from the ground state also strengthens
assumption.

The use ofTn instead ofTn* leads to individual values o
a, called an , for eachn→1 transition. Thus Eq.~2.4! is
replaced by

Pn5anTn1~12an!Cn . ~2.5!

The meaning of these parametersan is the same as the on
of a. If our approximation is justified, the valuesan should
scatter around a mean valuea for all transitions of the Ly-
man series.

III. ARGON MEASUREMENTS

To test the consistency of our method, we have analy
measurements performed in two gas mixtures H2 1 1.98%
Ar and H2 1 0.284% Ar at 15 bar. The quoted concentr
tions are given as ratios of partial pressure of the mixtu
The gas mixtures have been prepared at 150 bar by an in
trial factory ~Carbagas, Switzerland!. The purity of each
component was better than 5 ppm, and the precision of
concentration6 1%. For both measurements, the time res
lution of themAr~2-1! transition was about 6-ns full width a

FIG. 2. Relative intensities of the lower transitions of the arg
Lyman series. The promptPn and delayedTn intensities are the
result of a H2 1 2% Ar measurement, the direct captureCn ones
are mean values of measurements performed in Ne1 Ar mixtures.
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half maximum, with a signal-to-background ratio better th
10. We have determined the prompt and the delayed inte
ties of the argon Lyman series transitions by fitti
background-subtracted time spectra.

The precise shape of the prompt peak is determined f
a measurement in a gas mixture containing no hydrog
namely Ne1 Ar. The prompt peak is well fitted by a Gaus
ian curve, which represents the time response of the de
tion system. The timet50 is defined as the centroid of th
curve. We use a single exponential function convoluted w
the Gaussian to fit the delayed part in order to determine
disappearance ratel of the mp atoms in the ground state
The number ofmp1s atoms remaining at timet, Nmp(t), is
given by

Nmp~ t !5Nmp
0 e2lt, ~3.1!

whereNmp
0 is the number ofmp systems in the 1s state at

time t50. The total disappearance ratel can be written as

l5l01f~cplppm1cArlAr!, ~3.2!

wherel0 is the free muon decay rate,lppm the mesomol-
ecule formation rate@19,20#, lAr the transfer rate to argon
f the atomic gas density normalized to the atomic den
of liquid hydrogen, andcx the relative atomic gas con
centrations. The rateslppm ~2.5 3106 s21) and lAr
@1.63~9! 31011 s21 for thermalizedmp# are normalized to
the atomic density of liquid hydrogen~see Ref.@15#!.

By fitting a time spectrum, we determine the disappe
ance ratel and also the intensities of the prompt peak a
the delayed part. The background subtraction is made w
an average of two background time spectra gated with ev
around the respective Lyman line. Detector efficiency a
absorption in the target wall are accounted for each tra
tion. The relative intensitiesPn and Tn , to be inserted in
formula ~2.5!, are obtained by normalizing the sum of th
Lyman series transitions to unity for both prompt and d
layed muonic x rays.

The relative intensities for direct capture,Cn , are ob-
tained from measurements in argon gas mixtures contai
no hydrogen. The measured intensity patterns show a w
density or pressure dependence@21–23#. Cascade calcula
tions reproduce this dependence by assuming a faster r

TABLE I. Relative intensitiesCn for direct capture in argon
measured at 15 bar, and calculated.

Ar1Ne 10% Ar110% Ne Pure Ar Calculation
Transition Average 180% He @21# @23#

Ar~2-1! 0.9081~49! 0.903~14! 0.9102~86! 0.9098
Ar~3-1! 0.0389~4! 0.0436~13! 0.0416~34! 0.0392
Ar~4-1! 0.0108~2! 0.0120~8! 0.0102~35! 0.0111
Ar~5-1! 0.0087~2! 0.0084~7! 0.0050~38! 0.0065
(Lyman 1.0000 1.0000 1.0000 1.0000
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ing of the electron holes in denser media during the muo
cascade. In H2 1 Ar mixtures with low argon concentra
tions, the refilling proceeds essentially through collisio
with hydrogen molecules, which have larger velocities th
argon atoms. At a given pressure, the collision frequency
muonic argon atoms with hydrogen in H2 1 Ar mixtures is
higher than with argon atoms in pure argon. Even if t
refilling is not only governed by the speed of the hydrog
molecules but also by the number and the binding ener
of the electrons in the collision partners, one might exp
that the electron refilling is faster~or different in some other
respect! in our H2 1 Ar mixtures than, e.g., in Ne1 Ar or
pure Ar.

To test whether the refilling of the electron holes throu
hydrogen collisions changes the muonic argon x-ray p
terns, we have measured the relative intensities of the Lym
series in a gas mixture of 80% He1 10% Ne1 10% Ar at
15 bar. The refilling width through collisions with helium
should be comparable to the one with hydrogen. The co
parison of the measured intensity pattern with the relat
argon intensities observed in Ne1 Ar mixtures at 15 bar
shows no significant differences~cf. Table I!. Thus we use
the mean values of the measurements in Ne1 Ar mixtures
as relative intensitiesCn for direct capture.

For both mixtures H2 1 2% Ar and H2 1 0.3% Ar, the
measured relative intensities of the muonic argon Lyman
ries due to transfer from the ground state ofmp atoms are
given in Table II~see Ref.@15# for the details of H2 1 0.3%
Ar measurement!. Their absolute intensities together with th
prompt intensities have been determined from time distri
tions ~see Fig. 1!. Only the intensities of the first four tran
sitions are given, themAr~6-1! transition being contaminate
by backgroundg rays due to muons stopped in the targ
walls. They are in good agreement with those of Refs.@6,15#,
which are more precise, because they are the mean over

TABLE II. Relative intensitiesTn due to transfer from the
ground state, measured in H2 1 Ar mixtures, compared with results
from delayed energy spectra method and with calculation.

This work Ref.@6# Calculation
Transition H212% Ar H210.3% Ar Average @15#

Ar~2-1! 0.398~10! 0.421~12! 0.396~6! 0.417
Ar~3-1! 0.099~3! 0.0095~3! 0.102~1! 0.093
Ar~4-1! 0.067~3! 0.061~3! 0.063~1! 0.064
Ar~5-1! 0.102~5! 0.089~3! 0.095~2! 0.095
(Lyman 1.000 1.000 1.000 1.000

TABLE III. Relative intensities for prompt eventsPn measured
in Ar 1 H2 mixtures andan values for muonic Ar(n-1! transitions.

Transition H212% Ar an H210.3% Ar an

Ar~2-1! 0.601~22! 0.60~5! 0.570~27! 0.69~6!

Ar~3-1! 0.091~5! 0.86~9! 0.088~12! 0.87~22!
Ar~4-1! 0.044~3! 0.59~6! 0.051~9! 0.80~18!
Ar~5-1! 0.065~3! 0.60~5! 0.066~7! 0.71~9!

(Lyman 1.000 1.000
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56 471INVESTIGATION OF CHARGE TRANSFER FROM . . .
measurements and have been determined from delayed
ergy spectra. They are also in agreement with those predi
by theory.

For both measurements, the relative intensities of
prompt events and the calculated valuesan are presented in
Table III. The normalized intensity structures of the prom
argon x rays are very similar although the argon concen
tions differ by almost one order of magnitude between
two mixtures. For each measurement, the valuesan form
two statistically coherent sets. From Table III, for both m
tures we obtain mean values for the parametera:

H212.0% Ar a50.6260.05,

H210.3% Ar a50.7160.05.

We conclude that in both mixtures about two-thirds of t
prompt events are due to muon transfer from excited sta
even if the argon concentrations differ by one order of m
nitude. The agreement between both mixtures was not u
pected, since the collision probabilities with an argon at
of both the free muon as well as the excitedmp* atom are
proportional to the argon concentration.

IV. EVALUATION OF THE CAPTURE RATIO A„H2,Ar …

The ratio of delayed to prompt x-ray intensities of t
Lyman series in argon, together with the parametera, allows
us to estimate the capture ratioA~H2,Ar! in gas mixtures,
since the muonic Lyman series transitions are almost ex
sively radiative and the muonic cascade ends up alway
the ground state of the atom. Because an important pa
the prompt x rays proceeds from transfer from excitedmp*
states, the formula proposed by Schneuwly@24# to evaluate
the Coulomb capture ratio of negative muons in H2 1 Z
mixtures has to be modified. The new formula is

A~H2 ,Ar !5
cAr

~12cAr!

NT

l

l2l02fcplppm
1aNP

~12a!NP
~4.1!

whereNT is the sum over the Lyman series of the muon
argon x-ray yields resulting from transfer from the grou
state of themp atoms, andNP the sum over the Lyman serie
of the prompt muonic argon x-ray event
NTl/(l2l02fcplppm) corresponds then toNmp

0 , the num-
ber ofmp atoms formed which reach the ground state, a
aNP to those which transfer their muon from an excit
state. (12a)NP is the number of muonic argon atom
formed by direct capture. With the factorcAr /(12cAr),
which gives the ratio of the number of argon atoms to
number of hydrogen molecules per unit volume in the H2 1
Ar gas mixture, one obtains a per-atom~molecule! capture
ratio.

We have determined the capture ratios for both mixtur
The uncertainty on these ratios is mainly determined by
en-
ed

e

t
a-
e

s,
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x-

u-
in
of

d

e

s.
e

error on the meana values. The per molecule ratios a
A~H2,Ar! 5 0.19~3! for the H2 1 2% Ar mixture and
0.22~3! for H2 1 0.3% Ar, with a mean value of 0.21~2!.
This mean ratio is in satisfactory agreement with both
corresponding pion capture ratioAp~H2,Ar! 5 0.172~5! @25#
and the prediction of the mesomolecular model,A~H2,Ar! 5
0.250,@26#. An earlier estimate of the ratioA~H2,Ar! by our
group@14#, where transfer from excited states was neglect
was about twice smaller.

V. CONCLUSION

The analysis of the data taken in two gas mixtures H2 1
Ar with very different argon concentrations shows that t
results are consistent. Hence the proposed method ca
used to study muon transfer from excited states of muo
hydrogen atoms to other elements. In particular, the assu
tion that the muonic x-ray intensity pattern of the lower L
man series transitions (n,6) resulting from excited-state
transfer is approximately equal to the one from the grou
state transfer seems to be confirmed. In this case one
conclude that the population of low-l states is favored by
excited-state transfer in the same manner as for ground-
transfer.

With the present analysis of muonic x-ray data in m
tures H2 1 Ar, we have obtained quantitative information
for muon transfer from excited states of muonic hydrogen
argon. Specifically, this shows that about one third of
prompt muonic x-ray intensity is due to direct muon captu
by argon atoms, and two-thirds to muon transfer from e
cited states of muonic hydrogen. The Coulomb capture pr
ability of a negative muon by an argon atom is about
times larger than by a hydrogen atom. Hence the probab
that during its deexcitation an excitedmp* atom transfers in
collisions its muon to argon in a mixture H2 1 1% Ar is
about 10%, i.e., much higher than the relative concentrat
This high probability indicates that in collisions of an excite
mp* atom with an argon atom the transfer rate must
higher than the deexcitation rate.

This analysis of argon measurements shows that the
posed method can be generalized to obtain estimates of
muon transfer from excited states and muonic capture ra
A~H2,Z) in mixtures of hydrogen with a small admixture o
element Z. 1. The analysis of other measurements, wh
argon has been replaced by nitrogen or neon, as wel
measurements where natural hydrogen has been replace
deuterium, is in progress. A comparison of the capture ra
A~H2,Z) andA~D2,Z), and of the transfer from the groun
and excited states between the two hydrogen isotopes wi
of particular interest. These results, as well as an exhaus
analysis of argon measurements including the higher Lym
transitions (n.5), will be the subject of a forthcoming pa
per.
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