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Measurement of the formation rate and the radiative decay of the muonic molecules
„pµ3He…* and „pµ4He…*
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Formation and decay of the (pm 3He!* and (pm 4He!* molecules have been studied in binary-gas mixtures
of H21 3He and H21 4He at 30 K. The muon ground-state transfer rates from hydrogen to the two helium
isotopes were extracted from the time distribution of the 7-keV decay x rays of the muonic hydrogen-helium
molecules, measured with a Ge detector. The obtained transfer rates arelp3He5(0.4660.15)3108 s21 and
lp4He5(0.4260.07)3108 s21. The radiative branching ratios of the decay of the (pm 3He!* and (pm 4He!*
molecules were determined by comparing the yields of the Lyman series of muonic hydrogen with the one of
the 7-keV line with charge-coupled-device detectors. The ratios are in agreement with theoretical predictions.
Muon transfer from excited states of muonic hydrogen to both helium isotopes was also observed.
@S1050-2947~98!07010-3#

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

The muon transfer from hydrogen isotopes to helium i
topes acts as a scavenger in the muon-catalyzed fusion c
reducing the fusion yield, since helium is produced in bo
nuclear reactions and tritium decay. In contrast to the tran
mechanism from muonic hydrogen to heavier elements,
muonic charge exchange to helium proceeds mainly via
formation of a metastable muonic hydrogen-helium molec
@1,2#

~mx!1s1He→@~xmHe!* e2#11e2, ~1.1!

wherex is either a proton (p), a deuteron (d), or a triton (t).
This short living molecule (;10212 s! is formed in the ex-
cited state 2ps, and decays to its unbound ground state 1s
either by particle decay~dissociation!, by Auger emission, or
by the emission of a 7-keV x ray. The end products ar
hydrogen nucleus and a muonic helium atom in the gro
state. Therefore the detection of the characteristic x rays
keV is a direct evidence of the formation and decay of su
molecules.

The direct transfer ratelpHe
dir to the ground state,

*Present address: Institut de Physique de l’Universite´, Pérolles,
CH-1700 Fribourg, Switzerland.
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~mp!1s1He→p1~mHe!1s, ~1.2!

was calculated by Matveenko and Ponomarev@3#. This rate
is about one order of magnitude smaller than the transfer
molecular formationlpmHe @Eq. ~1.1!#. The total muon trans-
fer rate from the ground state of muonic hydrogen to heli
lpHe is defined as the sum of the rateslpmHe @Eq. ~1.1!# and
lpHe

dir @Eq. ~1.2!#.
This total muon transfer rate from hydrogen to4He has

been measured in several experiments@4–8#, and recently
the transfer rate to3He was determined by the present co
laboration @8#. Although different methods were used, th
transfer rates have not been determined directly from
time distribution of the 7-keV line up to this experiment.
the lifetime measurements@4–6,8# a third gas was used as a
indicator, and in the yield measurement@7# one had to rely
on the calculated radiative branching ratio of the molecu

In the present measurements, the total muon transfer
from the ground state of hydrogen to3He and 4He was
determined by measuring the time distributions of the 7-k
x rays with a germanium detector in binary-gas mixtur
H21 3He and H21 4He at 30 K. Using our transfer rates, th
radiative branching ratio of the molecules was determined
measuring the yields of the Lyman series of muonic hyd
gen at;2 keV, and of the 7-keV molecular decay x ray
using CCD~charged coupled device! detectors@9#. In addi-
tion, several characteristics of the transfer from excited sta
3528 ©1998 The American Physical Society
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could be deduced from the measurements in the binary m
tures.

II. EXPERIMENTAL METHOD

The main processes of the muon in a binary mixture
H21He are presented in Fig. 1. A negative muon enter
the gas target will be captured either by hydrogen or heliu
The excited (mp)* or (mHe!* atoms deexcite to their re
spective ground state (mp)1s and (mHe!1s . The muon trans-
fer from an excited state of the muonic hydrogen (mp)* to
an excited state of the muonic helium competes with
deexcitation of the (mp)* atom. From the ground stat
(mp)1s , the muon disappears either by decay with a r
l054.55163105 s21 @10#, by formation of appm molecule
with a ratelppm5(2.3460.17)3106 s21 @11#, by transfer to
helium (lpHe) or by transfer to impurities such as deuteriu
with a ratelpd5(1.4360.13)31010 s21 @12#. The transfer
and formation rates are all normalized to the atomic liq
hydrogen density~LHD, 4.2531022 atoms cm23). As al-
ready mentioned~see also Fig. 1!, the muon transfer from the
(mp)1s ground state to helium proceeds either by an int
mediate molecule or by direct transfer. The latter is s
pressed by one order of magnitude@3#. In this experiment the
total transfer ratelpHe is measured, which is the sum of th
direct transfer ratelpHe

dir and the molecular formation rat
lpmHe. The observed disappearance rateLmp1s

of the (mp)1s

level is equivalent to the sum of the rates of the vario
disappearance channels:

Lmp1s
5

1

tmp1s

5l01f~cplppm1cdlpd1cHelpHe!.

~2.1!

Heretmp1s
is the measured lifetime of the (mp)1s atom,f is

the atomic gas density relative to the LHD, andcj is the
atomic concentration of the elementj .

Contrary to the triple-gas mixture method@8#, where the
disappearance rate is determined from the time distribut
of the muonic x rays from the added third gas component

FIG. 1. Scheme of the main processes induced by am2 in a
binary-gas mixture H21He. The starting processes are the form
tion of a muonic hydrogen atom (mp)* or a muonic helium atom
(mHe!* in an excited state. See text for an explanation of the sy
bols.
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binary mixturesLmp1s
is obtained from the time distribution

of the 7-keV molecular decay x rays. Therefore, the to
muon transfer rate from hydrogen to heliumlpHe can be
calculated using Eq.~2.1!.

The radiative branching ratiok of the (pmHe!* mol-
ecules is given by

k5
lg

lp1le1lg
, ~2.2!

wherelp , le , andlg are the decay rates of the molecu
due to particle decay, Auger transition, and radiative dec
respectively. The ratiok can be extracted from the relation

N7-keV

Nmp
5kW, ~2.3!

whereN7-keV is the yield of the 7-keV decay x rays, andNmp
the yield of the Lyman series intensities from muonic hyd
gen, i.e., the number ofmp atoms reaching the ground stat
W is the probability that a (pmHe!* molecule is formed
from the ground state of the muonic hydrogen atom. It
expressed by

W5
fcHelpmHe

l01f~cplppm1cdlpd1cHelpHe!

5
fcHelpmHe

Lmp1s

. ~2.4!

The yields ofN7 keV and Nmp are measured with CCD de
tectors. A contribution to the yield ofN7 keV from excited-
state transfer can be neglected, since this transfer occurs
dominantly by direct charge exchange and not via molecu
formation @13#.

It should be mentioned that a small deuterium contami
tion strongly contributes to the yield of the radiative decay
rays of the (pmHe!* molecules. This is due to the high tran
fer rate to deuterium (lpd), the high molecular formation
rateldmHe ~about 5–25 timeslpmHe @14#, depending on the
helium isotope!, and the high radiative branching ratiok in
the decay of the (dmHe!* molecules@about 30–50 % com-
pared to only 3–7 % of the (pmHe!* molecules@15##. There-
fore, the use of pure hydrogen gas is extremely importan

III. TARGET AND DETECTION SYSTEM

The experiment was performed at themE4 channel of the
Paul Scherrer Institute~PSI! in two run periods, a first one
for the mixture H21 4He and a second for the mixtur
H21 3He ~see Table I!. The hydrogen gas was produced b
electrolysis of deuterium depleted water, where a deuter
contamination of less than 2 ppm is guaranteed. The on
analysis of the gas mixture with a high-resolution mass sp
trometer revealed no impurities. For a possible deuteri
contamination due to the filling system, a conservative up
limit of 20 ppm has been estimated.

The primary proton beam current was 1.0 mA in the fi
run and 1.5 mA in the second run. Negative muons with
momentum of 35.6 MeV/c were focused on the target cent
as a 2.031.5 cm2 beam spot. Under these conditions, typ

-

-
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TABLE I. Characteristics of the gas mixtures H21He and of the pure helium targets.

Atomic gas concentration Densityf Pressure Temperature
Gas cH ~%! cHe ~%! ~% of LHD! ~bar! ~K!

H21 3He 88.260.3 11.860.3 (3He! 5.2060.05 3.7260.01 26.260.1
H21 4He 86.8060.04 13.2060.04 (4He) 7.3660.08 5.1560.01 26.560.2
4He 100 (4He) 3.9560.03 4.7160.01 20.560.2
3He 100 (3He! 2.6060.02 3.1960.01 21.060.1
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cally 26 000 muons/s entered the target. In each run per
the target cell was filled with pure hydrogen and pure heli
gas to observe the cascade x rays undisturbed from tran
processes.

Target apparatus and gas handling system were use
our previous experiment@8#, and more details can be foun
in Refs. @16–18#. The detector arrangement for the prese
experiment is shown schematically in Fig. 2. The target c
was made from aluminum and was coated by a thin sil
layer in the H21 3He run. The target cell windows coul
withstand pressures up to 6 bar. Hence a high muon stop
rate was achieved at low temperatures around 30 K. X-
detectors were placed on both sides of the target cell: a C
detection system on one side and a germanium detecto
the other side. The target windows were a 23-mm Hostaphan
foil on the CCD side and a 50-mm Kapton foil on the ger-
manium detector side. The CCD’s were kept in vacuu
separated from the target by a 12-mm Mylar window.

Four plastic scintillators of 0.5-cm thickness were plac
around the target vessel. These scintillators were use
muon decay electron counters. The background for
muonic x-ray spectra could be strongly reduced by requir
for each x-ray event a delayed electron from the muon de
within 0.2–4.0 ms relative to the muon stop~delayed-
electron condition!.

The time and energy information for the determination
the muon ground-state transfer rate was obtained from
germanium detector. In the H21 4He run, a 0.25-cm3 detec-
tor was placed at a distance of 8 cm from the target cen
Its useful energy range started at 5 keV and extended u
70 keV. In the H21 3He run, a 0.17-cm3 detector was used

FIG. 2. Schematic target setup as viewed by the entering mu
The thin lines represent target and detector windows, as desc
in the text. The drawing is not to scale.
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with a useful energy range from 3 to 30 keV. For th
mHe~2–1! transition at 8.2 keV in pure helium, the tim
resolution was 25 ns~30 ns! and the energy resolution 25
eV ~170 eV! for the 0.25-cm3 (0.17-cm3) Ge detector.

Radiative transitions in the energy range between 1.5
11 keV were detected by two CCD detectors. CCD’s as s
x-ray detectors have been described in detail, e.g., in R
@9,19#. Each CCD chip had a size of 4.5 cm2 (77031152
pixels of area 22.5322.5 mm2!. The depletion depth was
;30 mm @20#. The useful energy range was between;1.5
~limited by the thickness of the pixel electrodes! and 12 keV
~limited by the depletion depth!. An energy resolution of 120
eV @full width at half maximum~FWHM!# was obtained in
the measurement of themH~2–1! transition at 1.9 keV. The
CCD’s yielded no timing information. The data were re
out approximately every 3 min by a data-acquisition syst
which operated independently from the data acquisition
the other detectors.

The excellent two-dimensional spatial resolution of t
CCD’s turns out to be decisive to extract a weak signal
of a large background. In most cases, x rays produce sin
pixel events, whereas the track of charged particles produ
events in a cluster of pixels. The usual way to distingu
soft-x-ray events from background is to require a hit in o
single pixel with none of the eight surrounding pixels havi
a charge above the noise level. The CCD analysis and b
ground rejection are described in detail in Refs.@18,19,21#.

The relative efficiency of the CCD detection system
determined by the transmission of the x rays through

s.
ed

FIG. 3. Relative efficiency of the CCD detection system inclu
ing absorption by the target windows. The small but sharp fall
the curve at 1.7 keV is due to theK edge of silicon, the main
material of the CCD. The dashed lines represent the limits of
1s error band.
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different foils, and the intrinsic efficiency of the CCD chip
The efficiency due to photoabsorption in the material w
calculated using known absorption coefficients@22#. The
chemical composition of the Mylar, Hostaphan and Kap
foils can be found in Refs.@23–25#, and the CCD composi
tion in Refs. @20,21#. The relative efficiency of the CCD
detection system~CCD’s with target windows! is shown in
Fig. 3. Small corrections such as those for the deformatio
the target windows~due to the target pressure! and the varia-
tion of thickness of the CCD absorption layers~due to the
angular spread of incident x rays! @18# have been considered
The calculated uncertainties are 17% at 2 keV and 8%
keV. Our intrinsic efficiency agrees with the one given
Ref. @19#, and with the measured efficiency of Ref.@18#
~measurements of antiprotonic gases at very low pres
and Kb/Ka ratios of electronic x rays!.

IV. RESULTS AND DISCUSSION

A. Muon transfer rates from „µp…1s to 3He and 4He

The 7-keV decay x rays from the molecules (pm 3He!*
and (pm 4He!* have been measured with Ge detectors
binary hydrogen plus helium gas mixtures~see Table I!. The
energy spectra in Fig. 4 show the 7-keV molecular tran
tions of the (pm 3He!* and (pm 4He!* molecules, which
show the formation of such molecules by muon transfer fr

FIG. 4. Energy spectra of the decay x rays from the molecu
(pm3He!* and (pm 4He!* taken with Ge detectors. The give
events are delayed with respect to stopping muons and in del
coincidence with muon decay electrons. The dashed lines indi
the energy range of the events of which the time distributions w
analyzed~cf. Fig. 5!.
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n

i-

hydrogen to 3He and to 4He, respectively. These spect
contain only events which are delayed with respect to
muon stop in the target, and followed by a muon decay e
tron. Under these conditions, electronic x rays from s
rounding materials and the prompt muonic x rays from dir
capture in helium are suppressed. The wide ‘‘bump’’arou
4 keV in the H21 4He spectrum@Fig. 4~b!# is due to the
increasing background and the decreasing sensitivity of
constant fraction module at the low-energy side. In t
H21 3He run@see Fig. 4~a!#, a smaller Ge detector was use
resulting in less background at low energies. The stron
asymmetry on the left side of the 7-keV line in (pm 3He!* is
mainly due to background.

The positions of the maximum height of the 7-keV pea
are determined to be 7.0060.06 keV for the (pm3He!* mol-
ecule and 7.0560.04 keV for (pm 4He!* . A direct compari-
son of our measured spectrum@Fig. 4~b!# with predictions of
energy and shape of the 7-keV line in the molecu
(pm 4He!* , was performed in Refs.@26,27#. These compari-
sons show good agreement for the energy, the asymm
and the width of about 850 eV~FWHM!.

The time distributions of the 7-keV x rays were obtain
by using only events in the energy interval 6.1 keV,E,7.5
keV. These distributions are shown in Fig. 5. The time sp
tra were fitted by a sum of two exponential functions, one
the lifetime of the (mp)1s atom, and one to take into accou

s

ed
te

re
FIG. 5. Time distributions of the decay x rays from (pm3He!*

molecules~a! and from (pm 4He!* molecules~b!. The full lines
represent the fit to the data.
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TABLE II. Experimental and theoretical muon transfer rates from hydrogen to4He at low (;30 K! and
at room temperature.

Temperature
~K! Mixture

Experiment
lp4He (108 s21)

Theory
lpm4He (108 s21) Reference

26 H21 4He 0.4260.07 this work
27.8 H21 4He1Ne 0.5560.07 @8#

27 average 0.4960.05a

30 0.47 @1#

30 0.43 @29#

30 0.46–0.64 @14#

300 H21 4He1Xe 0.3660.10 @4#

300 H21 4He1Ar 0.5160.19 @6#

300 H21 4He 0.4460.20b @7#

300 H21 4He1Ne 0.4360.04 @30#

300 0.32–0.52 @1,29,14#

aAverage value of Ref.@8# and this experiment.
bThis rate was corrected from the original work by taking into account the particle decay rate of Ref.@15#.
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the background. The spectra were fitted in the time inter
0.3 ms,T,3.0 ms after the prompt peak. The analys
yielded (mp)1s lifetimes of tmp1s

511806150 ns in the H2
13He mixture andtmp1s

5990661 ns in the H21 4He mix-
ture. Using Eq.~2.1!, the total transfer rates from the groun
state of muonic hydrogen to3He and4He were evaluated to
be

lp
3He5~0.4660.15!3108 s21,

lp
4He5~0.4260.07!3108 s21.

For both rates, the main contribution to the error is the
certainty of the determined lifetimetmp1s

. Other contribu-
tions, such as the uncertainty of the gas densities, the
concentrations, and the other rates, are relatively small.

Our experimental results on the total muon transfer ra
from hydrogen to the two helium isotopes, and the theor
cal predictions of the molecular formation rates are presen
in Tables II and III. The muon transfer rates obtained by o
group from the triple-gas mixture method@8# are, within the
error limits, in agreement with the present rates. Hence
weighted average muon transfer rate at 30 K from hydro
to the two helium isotopes arêlp3He&5(0.3660.08)
al
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3108 s21 and^lp4He&5(0.4960.05)3108 s21. These rates
correspond to the sum of molecular formation and dir
transfer. If direct transfer can be neglected@28#, our total
transfer rates would be molecular formation rates. If dir
transfer cannot be neglected@3#, we would obtain the mol-
ecule formation rateslpm3He5(0.3060.08)3108 s21 and
lpm4He5(0.4360.05)3108 s21 by subtracting from our av-
eraged total rates the direct transfer rates as calculate
Matveenko and Ponomarev@3#.

In both cases, the obtained transfer rates at 30 K to4He
agree well with the predicted rates in Refs.@1,14,29#. To-
gether with a measurement at room temperature@30#, they do
not contradict the expected temperature dependences. In
trast to the good agreement in the4He case, the rates for3He
(lp3He, lpm3He) are smaller by a factor of 2–3 than th
corresponding theoretical predictions~cf. Table III!. This
discrepancy remains unexplained.

B. Radiative decay ratiok of the molecules
„pµ 3He…* and „pµ 4He…*

The x-ray yields of the Lyman series of muonic hydroge
muonic helium, and the 7-keV line were simultaneously o
served with CCD detectors. The energy spectrum for
H21 4He gas mixture is shown in Fig. 6. The good ener
TABLE III. Experimental and theoretical muon transfer rates from hydrogen to3He at low temperature
(;30 K!.

Temperature
~K! Mixture

Experiment
lp3He (108 s21)

Theory
lpm3He (108 s21) Reference

26 H21 3He 0.4660.15 this work
26 H21 3He1Ne 0.2960.12 @8#

26 average 0.3660.08a

30 0.91 @1#

30 0.64 @29#

30 0.81–1.10 @14#

aAverage value of Ref.@8# and this experiment.
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resolution at 2 keV@themH~2–1! and themH~3–1! lines are
clearly separated# and the excellent peak-to-background ra
should be noted. Compared to the muonic hydrogen and
lium x rays, the yield of the 7-keV line is rather small~also
see Fig. 7!.

In the vicinity of the 7-keV line, the smooth accident
background was approximated by a polynomial function
second order. This background was subtracted. The resu
energy spectra are shown in Fig. 7. Since timing conditio
and in particular the delayed-electron condition, cannot
applied in the analysis of the CCD-detection system,
electronic x rays of Cr, Mn, Fe, and Ni could not be su
pressed. In the H21 3He run, the target was coated by a th
silver layer. This way the yield of the electronic x-ray line
could be reduced. As a result, the CrKa peak almost disap
peared, and much smaller MnKa and FeKa peaks are
observed~see Fig. 7!.

To fit the asymmetric 7-keV lines, we used the theoreti
line shapes as given for the decay from the molecular s
with total angular momentumJ51 @26#, taking the efficiency
of the CCD detection system into account. The electro
x-ray lines were fitted by Gaussian functions. The intens
ratios Ka/Kb and the corresponding energy differenc
were taken from Ref.@31#. The yields of the 7-keV decay x
rays areN7-keV518 40063 000 for the (pm3He!* molecule
and N7-keV561 80066 400 for the (pm 4He!* molecule.
The errors include the uncertainty of the detector efficien
the statistical error as taken from the fit, and the uncerta
of the background subtraction.

The yields of the Lyman series of muonic hydrogenNmp
were derived from fits with Gaussians. We obtainedNmp
5(1.160.2)3106 events in the H21 3He mixture andNmp
5(2.160.3)3106 events in the H21 4He mixture. The er-
rors are mainly due to the uncertainty in the efficiency. T
contribution of the Balmer series of muonic helium in t
region of the Lyman series of muonic hydrogen can be
tained in the pure He CCD spectra, and is less than 2%

The radiative branching ratiok is determined by using
Eqs.~2.3! and ~2.4!. Under the assumption that one can n
glect direct ground-state transfer to helium@28#, the total

FIG. 6. Energy spectrum measured by the CCD detectors in
H21 4He gas mixture. One observes the Lyman series of muo
hydrogen at;2 keV, electronic x rays of Cr, Mn, Fe, Ni, and Cu i
the region of the (pm 4He!* decay x rays, and the Lyman series
muonic helium.
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transfer rateŝ lp4He&5(0.4960.05)3108 s21 and ^lp3He&
5(0.3660.08)3108 s21 become equal to the molecular fo
mation rates. The resulting ratiosk are

pm3He:k50.06060.019,

pm4He:k50.06060.012.

If we take direct ground-state transfer to helium into acco
@3#, the molecular formation rates change tolpm4e5(0.43
60.05)3108 s21 and lpm3He5(0.3060.08)3108 s21. In
this case, the branching ratiosk become

pm3He:k50.07060.023,

pm4He:k50.06860.014.

The uncertainties are root-mean-square~rms! errors of
statistical and systematical uncertainty, such as backgro
subtraction, the efficiency of the CCD’s, the absorption
the target window, the gas density, the gas concentrat
and the transfer and formation rates. As mentioned in Sec
a small deuterium contamination has a strong influence
the yield of the 7-keV line. With an estimated upper limit

e
ic

FIG. 7. Energy spectra of the CCD’s with accidental bac
ground subtracted in the region of the decay x rays of the molec
(pm3He!* and (pm 4He!* . The decay x-ray peaks at 7 keV ar
shown as bold lines. The full line represents the fit to the data.
dashed lines are the contribution of the various electronicKa and
Kb x rays.
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20 ppm of deuterium, an additional systematical error

20.020
10.000 has to be included in the above values.

The experimental branching ratiosk are compared with
theory@15,26,32# in Table IV. Our results confirm the sma
radiative branching ratio for the (pmHe!* molecules in com-
parison with the ones for the (dmHe!* molecules.

C. Transfer from excited µp* atoms to 3He and 4He

Theory predicts rates for muon transfer from the exci
states of muonic hydrogen to helium of the order
1011– 1012 s21 @13#. With such high rates, the muon transf
competes with the deexcitation process of the muonic hyd
gen atom. The intensity pattern of the Lyman series
muonic helium in H21He mixtures~the sum of the ‘‘direct
cascade’’ plus ‘‘excited state transfer cascade’’! is then ex-
pected to be different from the one in pure helium, whe
only direct muon capture occurs~direct cascade!. We assume
that the intensity ratios of the direct cascade in the gas m
ture do not differ significantly from those measured in pu
helium gas. Nonradiative transitions to the ground state
considered to be negligible. Measurements of the muo
Lyman series intensities in pure3He and 4He were per-
formed at gas densities comparable to those for the bin
mixtures~Table I!. The analysis of the muonic x-ray spect
taken with the CCD detectors yielded the same intensity
tern for both helium isotopes. The mean values for the tr
sition intensities are given in Table V. Our result agrees w
with the result of Ref.@33#. The energy differenceDE( 4He

TABLE IV. Measured values and predictions for the radiati
branching ratiok of the decay of the (pm3He!* and (pm 4He!*
molecules.

(pm3He!* (pm 4He!*

This work 0.06060.019a,b 0.06060.012a,b

This work 0.07060.023c,b 0.06860.014c,b

Theory @15# 0.051 0.069
Theory @26# 0.034 0.045
Theory @32# 0.034 0.048

aWith the assumption that the direct transfer rate may be negle
@28#.
bWith an estimated upper limit of 20 ppm deuterium content in
target, an additional systematic error of (20.020

10.000) has to be included.
cDetermined using the calculated rates@3# for the direct muon trans-
fer. lp3He

dir
50.0633108 s21 andlp4He

dir
50.0553108 s21.
f

d
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2 3He)575.061.0 eV of the 2p-1s transitions between the
two helium isotopes corresponds to the expected energy
@34#.

Significant differences are observed between the inten
patterns of the Lyman series of muonic helium in pure4He
gas ~Fig. 8! and in the H21 4He mixture ~Fig. 6!. In the
mixture, themHe~2–1! andmHe~3–1! transitions are clearly
favored and the higher transitions are strongly suppres
This is further illustrated in Fig. 9, where the spectrum
muonic helium from pure4He ~only direct muon capture! is
subtracted from the spectrum taken in the binary mixt
H21 4He. For this purpose, the spectrum of pure4He was
normalized to the4He density in the mixture, and to the tota
muon stops by comparing the background in the 3–5 k
region. What remains are the events due to excited-s
transfer. This leads to the conclusion that the muon tran
from the excited (mp)* states populates mainly levels wit
quantum numbersn52 andn53, as was also observed wit
a measurement performed at about ten times lower den
@35#. The same holds true for the excited-state transfer
3He, as can be seen from Table V. The small dips in
region of themHe(n–1! transitions,n.3 ~Fig. 9!, points to
the limits of the chosen subtraction procedure.

With the assumption that no levels withn.3 are popu-
lated by transfer, the intensity of themHe~4–1! transition can
be used as another normalization. Again the He spectrum
subtracted from the one obtained in H21He. The resulting
energy spectrum is in good agreement with the one obta
by the first normalization. The intensities of the Lyman s

FIG. 8. Energy spectrum of the muonic Lyman x rays measu
from pure 4He as measured with CCD detectors.

ed

e

ing

TABLE V. Relative muonic x-ray intensities of the Lyman series in helium measured in pure He (3He,

4He) and in the mixtures H21 3He and H21 4He. The last two columns show the relative intensities result
from excited-state transfer~cf. text!. The sum of the Lyman series intensities is normalized to 100.

Muonic x-ray intensities~%! Excited-state transfer~%!

Transition He H21 3He H21 4He 3He 4He

mHe~2–1! 47.060.2 64.060.2 71.160.2 67.960.3 75.360.3
mHe~3–1! 20.360.1 27.660.1 24.160.1 32.161.3 24.761.3
mHe~4–1! 19.860.1 5.360.1 3.560.1 0 0
mHe~5–1! 8.860.1 2.060.1 0.960.1 0 0
mHe(.5–1! 4.161.6 1.160.4 0.460.1 0 0
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ries due to the excited-state transfer are given in Table
From the total Lyman series intensities in the binary m
tures at our experimental conditions, about4

5 are due to trans-
fer from excited states in the H21 4He mixture, and approxi-
mately 3

4 in the H213He mixture.
The fraction of muons reaching the ground state

muonic hydrogen after initial (mp)* formation is given by
q1s

He5Nmp /(Nmp1Nmp* ). HereNmp is the yield of the Lyman
series of muonic hydrogen in the binary mixture.Nmp* corre-
sponds to the number ofmp atoms in an excited state whic
do not reach the ground state.Nmp* is determined from the
yield of the Lyman series in muonic helium due to t
excited-state transfer. The value ofq1s

He depends on the den
sity as well as on the concentration. In the H21 4He mixture,
we obtainedq1s

He50.6560.10, which is in agreement with
the theoretical prediction of Ref.@36#. For the H21 3He mix-
ture, the result isq1s

He50.5060.10.

V. CONCLUSION

In our systematic study of the charge exchange of muo
hydrogen to helium@8,16,30,37,38#, we investigated the for-
mation and decay of the muonic hydrogen-helium molecu

FIG. 9. Spectrum of the Lyman series x rays fromm 4He result-
ing from excited-state transfer. This spectrum was obtained by
tracting from the total spectrum measured in H21 4He the part due
to direct capture in4He.
iz.
.
-

ic

s

as well as the excited state transfer to the two helium i
topes 3He and 4He.

In binary-gas mixtures H21 3He and H21 4He at about
30 K, the decay of the (pm3He!* and the (pm 4He!* mol-
ecules was observed with germanium and CCD detect
The predicted energies, widths, and asymmetrical shape
the 7-keV transitions are confirmed by our measureme
The total transfer rateslpHe from the muonic hydrogen
ground state to3He and 4He were also obtained from th
time distributions of the 7-keV decay x rays. These rates
in agreement with our previous measurements@8#, using the
triple-gas mixture method. Therefore, average total tran
rates from muonic hydrogen to the two helium isotopes w
determined: ^lp3He&5(0.3660.08)3108 s21 and ^lp4He&
5(0.4960.05)3108 s21. The transfer rate to the4He iso-
tope is in agreement with theoretical predictions@1,14,29#.
However, our transfer rate to3He is lower by a factor of 2–3
than theory. The radiative branching ratiosk for the decay of
the muonic hydrogen-helium molecules agree with the
@15,26,32#, and confirm the much smaller ratios for th
(pmHe!* molecules than for the (dmHe!* molecules.

In the mixtures H213He and H21 4He, the muonic x-ray
intensity patterns of the Lyman series in He are significan
different from those in pure He. The difference is due
muon transfer from excited states of muonic hydrogen. T
excited-state transfer populates mainly levels with princi
quantum numbersn52 and n53. Under our experimenta
conditions, in the H21 4He measurement, about4

5 of the
whole mHe Lyman intensities are due to excited-state tra
fer, and approximately34 in the H21 3He measurement. The
fractions of muons reaching the ground state in muonic
drogen areq1s

He50.6560.10 in H21 4He and q1s
He50.50

60.10 in H21 3He.
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