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Muon transfer rates from hydrogen to 3He and 4He measured at low temperature
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The transfer reaction of negative muons from (mp)1s atoms to3He and4He was studied at 30 K, and the
transfer rate to3He was determined. Germanium detectors were employed to measure the time distribution of
muonic neon x rays in triple-gas mixtures H213,4He1Ne. The rates for the two helium isotopes, normalized
to the atomic density of liquid hydrogen, are determined aslp3He5(0.2960.12)3108 s21 andlp4He5~0.55
60.07!3108 s21. The transfer rate to neon was obtained from binary H21Ne gas mixtures, measured at the
same experimental conditions as for the triple-gas mixtures, with the resultlpNe5~0.067760.0032!31011 s21.
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PACS number~s!: 36.10.Dr, 34.70.1e, 82.30.Fi
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I. INTRODUCTION

The charge-exchange process of negative muons from
drogen isotopes to helium nuclei is important in muo
catalyzed fusion (mCF!. Since helium is produced both i
nuclear fusion reactions as well as in tritium decay, the
lium atoms act as muon scavengers either by direct m
capture in helium or by muon transfer from hydrogen is
topes to helium nuclei, hence limiting the fusion yield.

Aside from its importance formCF, the charge-exchang
mechanism from muonic hydrogen isotopes to helium i
topes is interesting in itself. In contrast to elements w
Z.3, where the direct ground-state transfer process

~mp!1s1Z→p1~mZ!* ~1.1!

occurs generally with rates of the order of 1011 s21, direct
transfer to helium isotopes occurs at a low rate of ab
105–106 s21 @1,2# ~the rates are normalized to the atom
density of liquid hydrogen!. This is due to the absence o
crossing and pseudocrossing points in the potential cu
between themp1He21 and the p1(mHe! 1 system. In
1981, another transfer mechanism was proposed@3#, namely,
via the formation and decay of a metastable muo
hydrogen-helium molecule in the (2ps) excited state

~mp!1s1He→@~pmHe!* e2#11e2. ~1.2!

From this process, much higher transfer rates (;108 s21)
are expected. According to Ref.@3#, the molecule should
decay to the unbound (1ss) ground state with a rate of abou
571050-2947/98/57~4!/2496~6!/$15.00
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1012 s21, either by Auger effect or by a radiative transitio
emitting a;7 keV x ray, leaving a hydrogen nucleus and
muonic helium atom in its ground state.

Several experiments measuring muon transfer from
drogen to 4He were performed at room temperature, usi
different experimental methods. The triple-gas mixtu
method was employed in Refs.@4–6#, with xenon or argon
being the third gas. The analysis of the time distribution
the muonic xenon and argon x rays yielded transfer rate
the order of 108 s21, confirming indirectly the assumption o
the molecular transfer process. However, the analysis of
other experiment@7#, measuring the x-ray yield of the radia
tive decay of the molecule in a binary H21 4He mixture,
showed an order of magnitude lower transfer rate. This re
was in disagreement with the theoretical calculations@3,8,9#
and the other experimental results@4–6#.

Several years later, the discrepancy between the lifet
and yield measurements could be explained@10# by the ex-
istence of a third decay channel, namely, the direct part
decay of the molecule, where the excess energy is sh
between the hydrogen nucleus and the muonic helium at
In addition, a strong isotopic dependence for this dec
channel is predicted@10–15#: The rate decreases rapidly wit
increasing reduced mass of the two heavy particles. The
served strong isotopic dependence in the yield of the ra
tive decay of the respective molecules in liquid D21 3He and
D 21 4He targets@16# could indeed be explained by this de
cay channel. Including direct particle decay, the former d
crepancy in the transfer ratelp4He between the lifetime and
the yield measurements also disappears@12#.
2496 © 1998 The American Physical Society
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57 2497MUON TRANSFER RATES FROM HYDROGEN TO3He . . .
The experimental situations for the transfer rates from
drogen to4He and3He are quite different. For the4He case,
several experimental values@4–7# exist, which are generally
in agreement with theory. On the other hand, no experim
tal data are available for the muon transfer rate from hyd
gen to 3He. In addition, the theoretical predictions for3He
vary considerably more than for4He ~see Sec. V!. Hence the
main objective of the present experiment was the determ
tion of the transfer rate from the ground state of themp atom
to 3He. In order to achieve a high muon stop rate at low g
pressure, the experiment was performed at low tempera
around 30 K. The same method was also used to study
muon transfer rate to4He. Preliminary results of this exper
ment were communicated at themCF conference at the Join
Institute for Nuclear Research~JINR! in Dubna@17#.

II. EXPERIMENTAL METHOD

The muon transfer rates from hydrogen to3He and 4He
were determined using the triple gas mixture method, wh
was described in detail in Ref.@5#. This method is favored
with respect to the direct observation of the 7-keV x ra
from the radiative decay of the (pmHe! * molecules, becaus
the x-ray yield is predicted to be only about 3–7 %@10–15#.
The latter measurement would require long running tim
while the triple-gas mixture method does not depend on
decay channels of the molecule. Indeed, the transfer rat
helium can be determined from the time distribution of t
muonic x rays of the third gas component of higherZ. Since
these muonic x rays are more energetic, they are more e
detectable. However, the triple-gas mixture method requ
precise knowledge of both the muon transfer rate from
drogen to the third gas component and the concentratio
this component. The uncertainties of these quantities e
crucially into the final error of the transfer rate to helium.

In the present experiment, neon was chosen as the
gas component, because it remains gaseous under the
experimental conditions. In addition, the transfer rate fr
muonic hydrogen to neon is about one order of magnit
lower than that to other elements@18,19#. Therefore, a higher
concentration of the third gas can be used, which in turn
be determined more accurately.

The kinetic processes in a triple-gas mixture
H21He1Ne, including a possible deuterium contaminatio
are displayed in Fig. 1. After the muon has reached
ground state (mp) 1s , it either decays with a ratel054.5516
3105 s21 or forms appm molecule with a ratelppm , or
transfers to helium (lpHe), to neon (lpNe), to deuterium
(lpd), or to other impurities (lpi). The rateslpHe, lppm ,
lpNe, lpd , andlpi are all normalized to the atomic liqui
hydrogen density~LHD, 4.2531022 atoms cm23). The total
measured disappearance rateLmp1s

of the initially formed

(mp) 1s atoms can then be written as

Lmp1s
5

1

tmp1s

5l01f~cHelpHe1cplppm

1cNelpNe1cdlpd1cilpi!. ~2.1!

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

the atomic gas density relative to LHD, andcj are the atomic
-
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gas concentrations of thej elements. The rateslpd5~1.43
60.13!31010 s21 @20# and lppm5~2.3460.17!3106 s21

@21# are used in this paper.
If the gas mixture is slightly contaminated by deuteriu

direct atomic capture of the muon in deuterium can still
neglected, but not the formation of (md) 1s atoms by transfer
from mp atoms. As a consequence, the muon is also tra
ferred from muonic deuterium to helium and neon. The d
appearance rateLmd1s

becomes, analogously to Eq.~2.1!,

Lmd1s
5

1

tmd1s

5l01f~cHeldHe1cNeldNe1cplpdm1cildi!,

~2.2!

wherelpdm5~5.5360.16!3106 s21 @21# is the normalized
formation rate ofpdm molecules. At our experimental con
ditions, theddm formation rate@22# contributes less than 7
ppm, and is therefore omitted in Eq.~2.2!.

Assuming that all transfer ratesl are energy independen
and that the (md) 1s atoms are only formed via transfer from
the (mp) 1s atoms, the time distribution of the muonic neon
rays, due to transfer from the ground state of muonic hyd
gen and deuterium, can be written as

dNgNe

dt
~ t !5N0fcNeFlpNee

2Lmp1s
t

1
fcdldNelpd

Lmd1s
2Lmp1s

~e2Lmp1s
t2e2Lmd1s

t!G ,

~2.3!

with N0 the number of (mp) 1s atoms formed at time zero
The disappearance ratesLmp1s

and Lmd1s
are obtained by

fitting the measured time distribution of the muonic neon
rays. If the transfer to deuterium in the mixture is negligib

FIG. 1. Kinematics of the muon-induced processes in a trip
gas mixture H21He1Ne ~bold!. The starting point is the formation
of a muonic hydrogen atom in the ground state (mp) 1s . The pro-
cess chain in the presence of a deuterium contamination is
included.
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2498 57S. TRESCHet al.
the second term in the angular brackets of Eq.~2.3! vanishes
and a simple exponential time distribution of the muon
neon x rays is expected. Given the muon transfer rate
neon, the muon transfer rate from hydrogen to helium
then be calculated using Eq.~2.1!.

The transfer ratelpNe has already been determined@18#.
However, these measurements were performed at room
perature. In our triple-gas mixtures, the determination
lpHe depends decisively on the precision oflpNe. Hence we
measured this rate in binary H21Ne gas mixtures at;30 K.

III. TARGET AND DETECTION SYSTEM

The experiments were performed at themE4 channel of
the ring accelerator of the Paul Scherrer Institute~PSI! in two
run periods. Target and gas handling system@23,24# were
optimized for low-temperature gas measurements aroun
K. The experimental setup is schematically presented in
2. The target cell was made from aluminum with outer
mensions of 6.536.5311 cm3 and a total useful volume o
about 250 cm3. The ports, through which radiation cou
exit to the external detectors, were covered by thin hostap
or kapton foils. The muon entrance window of the target c
was made of 75-mm kapton. Kapton foils covered also th
windows of the vacuum vessel on the detectors sides. A 1
mm-thick aluminum foil was used for the muon beam e
trance window.

Two germanium detectors with active volumes of 10 a
75 cm3 were placed at an average distance of 8 cm from
target center. They covered the energy range of the Bal
and Lyman series of the muonic neon x rays~39–64 and

FIG. 2. Schematic front view of the target setup. The muo
enter perpendicularly to the drawing. The thin lines represent ta
and detector windows, as described in the text.
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207–270 keV, respectively!. The time resolutions were de
termined from the widths of the prompt muonic neon lines
a measurement with neon only. The time resolution of
10-cm3 detector was typically 12 ns for the Balmer and 7
for the Lyman series. The 75-cm3 detector had a time reso
lution of 12 ns for the Lyman series.

The muon beam with a nominal momentum of 37
MeV/c was defined by a 638.530.1 cm3 plastic scintillator
in anticoincidence with a second scintillator, which had
aperture of 4-cm diameter centered at the axis of the tar
With a primary proton beam current of 1 mA and muo
beam defining slits of 1.731.7 cm2, around 13 000 muons/
entered the target. A pile up rejection circuit of69-ms gate
length reduced the muon rate to 7500/s, resulting in a ga
counting rate for the 10 and 75 cm3 detectors of 180 and 650
counts/s, respectively. The energy signals were digitized
an analog-to-digital converter~ADC! and the time events in
a time-to-digital converter~TDC! with a resolution of 1 ns
per channel.

The gas mixture was obtained by filling the target ves
with the corresponding partial pressures of each gas com
nent. The hydrogen gas was flushed through a pallad
filter to remove impurities. For the second run, hydrog
with less than 20-ppm deuterium content was produced
electrolysis of deuterium depleted water. From a capilla
leading directly into the target cell, several samples w
taken before, during, and after the run, in order to moni
the stability of the concentrations. The samples were a
lyzed by a quadrupole mass spectrometer with high res
tion.

The time distributions of the neon x rays were analyzed
four different gas mixtures: two binary H21Ne mixtures to
determine the transfer rate to neon, one in each of the
run periods, and two triple mixtures to determine the trans
rate to the helium isotopes, namely,3He and4He. The char-
acteristics of these mixtures are listed in Table I.

IV. RESULTS

A typical energy spectrum~prompt and delayed events! of
the muonic Lyman series of neon is shown in Fig. 3. Due
the small percentage of neon in this mixture, the relat
intensities of the lines are essentially determined by
structure of the delayed events. The four runs with binary-
triple-gas mixtures~see Table I! were all analyzed in the
same way. In the first step, the time spectra were constru
by setting energy windows on the photopeaks of each of
muonic neon x rays having sufficient statistics, namely,
mNe~2–1!, and themNe~3–2! to mNe~5–2! lines for the
10-cm3 detector, and themNe~2–1! to mNe~5–1! lines for
the 75-cm3 detector. To subtract the background from the

s
et
TABLE I. Target characteristics of the gas mixtures. The mixtures (A) and (C) contained less than
20-ppm deuterium.

Mixture: H2 1

Label cd ~%! cNe ~%! cHe ~%!
Densityf

~% of LHD!
Pressure

~bar!
Temperature

~K!

(A) ,0.002 0.6560.03 0 7.3960.07 4.5660.01 27.560.2
(B) 0.05560.01 0.2460.01 0 5.5060.05 3.7260.01 27.860.2
(C) ,0.002 0.4160.02 17.160.5 3He 7.3360.11 5.5660.01 26.060.2
(D) 0.03560.007 0.3360.01 36.460.6 4He 5.8160.09 5.6660.01 27.860.2
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time spectra, events in the energy range below and above
respective x-ray lines were used. The (mp) 1s lifetimes ob-
tained from each of these spectra agreed with each o
Therefore, in a second step, all time spectra of a given
have been summed up. Before the final fit, the resulting t
spectrum was compressed to 8 ns per bin. Since the tran
rate to neon must be known in our triple-gas measuremen
determine the transfer rate to helium, it will be discuss
first.

A. Transfer rate to Ne

Two measurements with binary mixtures (A) and (B)
have been performed; see Table I. The time distribution
the delayed muonic neon x rays in mixture (A) shows a pure
exponential decay@see Fig. 4~a!#. Hence, this time distribu-
tion was fitted by a single exponential function. The prom
peak, which is mainly due to direct muon capture in ne
and excited-state transfer from muonic hydrogen to ne
was fitted by a Gaussian function. The lifetime obtain
from the fit to the delayed part amounts totmp1s

5257.761.0
ns. With this value and the use of Eq.~2.1!, the transfer rate
from muonic hydrogen to neon is calculated as

lpNe5~0.067760.0003stat.60.0032syst.!31011 s21.

This rate, measured at low temperature (;30 K!, is clearly
smaller than the one measured at room temperature, nam
lpNe~300 K!5~0.084960.0018!31011 s21 @18#. The sys-
tematical error will be discussed later.

The main difference of the binary mixture (B) compared
to mixture (A), besides the different neon gas concentrati
is the presence of 0.055% deuterium in the hydrogen
which was unexpectedly introduced by a deuteriu
contaminated palladium filter. The triple mixture (D), mea-
sured during the same running period, was therefore
affected. Although such a deuterium contamination is l
enough to neglect the contribution from direct muon capt
in deuterium, (md) 1s atoms are formed with a high rate b
transfer from (mp) 1s atoms (lpd51.43 31010 s21). As a
consequence, the detected muonic neon x rays are not
due to the transfer (mp) 1s1Ne→p1(mNe! * , but also due
to the two step transfer process (mp) 1s1d→p1(md) 1s fol-
lowed by (md) 1s1Ne→d1(mNe! * ; see Fig. 1. At the
given experimental conditions, the lifetimetmp1s

is much

longer thantmd1s
. With a significant fraction~in our case

FIG. 3. Typical energy spectrum~prompt and delayed! of
muonic neon x rays measured by the 75-cm3 Ge detector in the
H21

3He1Ne triple-gas mixture (C).
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45%! of muonic neon x rays due to transfer from (md) 1s ,
one expects a deviation from a single exponential shap
the time distribution of the muonic neon x rays. This is i
deed the case, as shown in Fig. 4~b! and described by Eq
~2.3!. The spectrum was fitted using a Gaussian function
the prompt peak and two exponential functions for the
layed part. This allows to determine the lifetimes of both t
(mp) 1s and (md) 1s atoms, with the resultstmp1s

5531.6

63.9 ns andtmd1s
552.267.8 ns, respectively. With the hel

of Eq. ~2.1!, the transfer rate obtained from mixture (B)
becomes then lpNe5~0.065560.0011stat.60.0071syst.)
31011 s21. This confirms the rate obtained from measu
ment (A) and corroborates at the same time a tempera
effect in lpNe.

In both mixtures, the systematic error dominates the s
tistical one. The former encompasses the uncertainties o
gas concentrations, the gas density and the transfer r
other than to neon in Eq.~2.1!. In mixture (A), the main
contribution is due to the uncertainty of the neon gas c
centration; in mixture (B), it is due to the uncertainty of the
deuterium gas concentration. The ratelpNe, deduced from
mixture (A), has a four times higher statistical precision a
does not suffer from a deuterium contamination. Hence
value was used in the calculations to extract the transfer r
to helium from the measurements performed in the triple-
mixtures.

As a special dividend, so to speak, the deuterium conta
nated binary mixture (B) also yielded a transfer rate from
muonic deuterium to neon with the resultldNe5~1.3960.20!
31011 s21. This value is close to the result of a measu

FIG. 4. Background-subtracted time spectra of themNe x rays
measured with the 10-cm3 Ge detector.~a! shows a pure exponen
tial decay of the x rays in the binary mixture (A). In ~b!, a deviation
from the single exponential shape, due to a deuterium contam
tion in the binary mixture (B), is clearly seen.
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2500 57S. TRESCHet al.
ment performed at room temperature, namely,ldNe~300 K!
5~1.01060.026!31011 s21 @18#.

B. Transfer rates to 3He and 4He

With the knowledge of the transfer rate to neon, the tra
fer rates to3He and4He can be extracted from the triple-ga
mixtures (C) and (D). The time spectra of the neon x ray
and the disappearance rate of the (mp) 1s atoms were deter
mined by the same procedure as for the binary mixtures

The muon transfer rate from hydrogen to3He was ob-
tained from the time distribution of the muonic neon x ra
measured in the triple-gas mixture (C). This distribution can
be reproduced by a single exponential function~see Fig. 5!.
A Gaussian function was added to fit the prompt events.
lifetime of the (mp) 1s atoms was determined to b
tmp1s

5331.163.3 ns andtmp1s
5335.661.9 ns for the 10-

and 75-cm3 detectors, respectively, yielding an avera
value oftmp1s

5334.562.0 ns. With Eq.~2.1!, and using our

experimentally obtained transfer rate to neon at;30 K, the
normalized transfer rate from muonic hydrogen to3He is
obtained as

lp3He5~0.2960.02stat.60.12syst.!3108s21.

This value is the first experimental determination oflp3He,
to our knowledge.

The transfer rate to4He was deduced from measureme
(D). This mixture had a 0.035% deuterium contaminat
due to the same circumstances as in mixture (B).However, if
we compare the time spectrum of the triple-gas mixture (D,
Fig. 6! with the one of the binary mixture@B, Fig. 4~b!#, no
deviation from a single exponential shape is observed.
reason is the following: In the binary mixture (B), about
45% of the detected muonic neon x rays result from tran
of (md) 1s atoms to neon. In the triple-gas mixture, the co
tribution of these x rays to the total time spectrum is on
15%. Furthermore, due to the additional transfer to heliu
the respective lifetimes of the (md) 1s atoms and (mp) 1s
atoms are smaller by about a factor of 2 than in the bin
mixture. Due to the smaller number of muonic neon x ra
after transfer from the (md) 1s atoms, together with thei
short lifetime of about 20 ns, a deviation from a single e
ponential function in the time distribution of the muon
neon x rays in the triple-gas mixture was not observ

FIG. 5. Background-subtracted time spectrum of muonic neo
rays @sum ofmNe~2–1!, mNe~3–2! to mNe~5–2! transitions# mea-
sured by the 10-cm3 Ge detector in the triple H213He1Ne mixture
(C).
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Hence, the delayed part of the time distribution in mixtu
(D) could be fitted with a single exponential function, yiel
ing a lifetime of the (mp) 1s atom of tmp1s

5303.065.0 ns.

The normalized transfer rate from muonic hydrogen to4He
becomes then, again using Eq.~2.1!,

lp4He5~0.5560.03stat.60.06syst.!3108 s21.

For both transfer rates to the two helium isotopes,
systematic errors dominate the statistical ones, as was
ready the case for neon. The main contribution to the s
tematic errors is the uncertainty of the transfer rate to ne
and in the case of4He also that of the deuterium contam
nation. In the3He mixture (C), the uncertainty in the neon
gas concentration and the uncertainty in the transfer rat
neon influences the final error more than in the4He mixture
(D). Due to the lower concentration of3He in (C) than of
4He in (D), the helium term in Eq.~2.1! contributes only
12% to the total rateLmp1s

compared to 67% for the neo

term. Therefore, a small change of 1% in the ratelpNe or in
the neon gas concentration changes the transfer rate to
lium by 6%. In the 4He case, the helium and neon term
contribute both about equally~35%!. Hence, a change in th
neon term of 1% changes the helium term by the sa
amount.

V. CONCLUSION

In conclusion, muon transfer measurements have b
performed at a low temperature of around 30 K. The trans
rate from the ground state of muonic hydrogen to3He has
been measured. The transfer rate to neon, employed in t
triple-gas mixtures, was redetermined in binary mixtures
;30 K, and a 20% smaller rate was obtained than in sim
measurements at 300 K.

Our results are compared to theoretical expectations a
in the case oflp4He, also to experimental transfer rates~see
Table II!. A variety of theoretical calculations@3,8,9# using
different approximations have been performed, yielding
certain range of values for both rateslp3He and lp4He at
different temperatures. Comparing our experimental res
with theory and other experiments@4–7# we arrive at the
following conclusions:

~i! Our measured muon transfer rate from hydrogen
3He is smaller than any theoretical prediction. Depending

x FIG. 6. Background-subtracted time spectrum of muonic neo
rays @sum ofmNe~2–1!, mNe~3–2! to mNe~5–2! transitions# mea-
sured by the 10-cm3 Ge detector in the triple H214He1Ne mixture
(D).
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TABLE II. Experimental and theoretical muon transfer rates from hydrogen to helium isotopes at;30
and 300 K.

Rate Temperature
~K!

Mixture Experiment
(108 s21)

Theory
(108 s21)

Reference

lp3He 26 H213He1Ne (C) 0.2960.12a this experiment
lp3He 30 0.91 @3#

lp3He 30 0.64 @8#

lp3He 30 0.81–1.10 @9#

lp4He 27.8 H214He1Ne (D) 0.5560.07a this experiment
lp4He 30 0.47 @3#

lp4He 30 0.43 @8#

lp4He 30 0.46–0.64 @9#

lp4He 300 H214He1Xe 0.3660.10 @4#

lp4He 300 H214He1Ar 0.5160.19 @5,6#
lp4He 300 H214He 0.4460.20b @7,12#
lp4He 300 0.32–0.52 @3,8,9#

aThe errors are rms errors of statistical and systematical uncertainties.
bThis rate was corrected from the original work by taking into account the particle decay of the mole
ts
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the theoretical assumption used, the discrepancy amoun
a factor 2 to 4.

~ii ! All three formerly measured muon transfer rates fro
hydrogen to4He at room temperature agree with each oth
yielding an average value oflp4He~300 K!5~0.4060.08!
3108 s21. Our rate, measured at low temperature (;30 K!,
is by about two standard deviations larger. A similar trend
seen in the theoretical predictions@3,8,9#. Contrary to the
3He case, experiment and theory are in agreement. Ne
theless, the precision is not sufficient to distinguish betw
the different theoretical assumptions@3,8,9#.
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