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We present experimental results ofm-atomic andm-molecular processes induced by negative muons in pure
helium and helium-deuterium mixtures. The experiment was performed at the Paul Scherrer InstitutesSwit-
zerlandd. We measured relative intensities of muonic x-rayK series transitions insm3,4Hed* atoms in pure
helium as well as in helium-deuterium mixtures. Thedm3He radiative decay probabilities for two different
helium densities in D2+3He mixture were also determined. Finally, theq1s

He probability for adm atom formed
in an excited state to reach the ground state was measured and compared with theoretical calculations using a
simple cascade model.
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I. INTRODUCTION

The experimental study of atomic and molecular pro-
cesses induced by negative muons captured in hydrogen and
helium provides a test of many-body calculationsf1g com-
prising different methods of atomic, molecular, and nuclear
physics. In spite of about 50 years of experimentalf2–6g and
theoreticalf7–11g studies for processes occurring in helium
and deuterium, as well as helium-deuterium mixtures, there
still exist some open questions. The most important are direct
atomic muon capture inH-He mixturessH=H2,D2,T2 and
He=3He,4Hed, initial population ofmh sh=p,d,td and mHe
excited states for various deexcitation processes of muonic
atomsse.g., Stark mixing, Auger and Coulomb deexcitation
processesf12–16gd, muon transfer between excited states of
mh and mHe f16–20g, the probabilityq1s to reach themh
ground state in aH-He mixturef16,17,20–23g, and ground-
state muon transfer frommh to helium via the intermediate
2ps molecular statehmHe f24–28g and the subsequent decay
to the unbound 1ss statef2,20,22,29,30g.

In the case of a deuterium-helium mixture, thesdmHed*

molecule, created indm+He collisions, has three possible
decay channels:

dm + He →
ldmHe

fsdmHed*e−g+ + e−

↓

→
lg

fsmHed1s
+ e−g + d + g, s1ad

→
lp

fsmHed1s
+ e−g + d, s1bd

→
le

smHed1s
+ + d + e−. s1cd

Here,lg is the sdmHed* molecular decay channel for the
6.85 keVg-ray emission,le for the Auger decay, andlp for
the break-up process. ThesdmHed molecule is formed, with a
rateldHe, in either aJ=0 or aJ=1 rotational statesJ denotes
the total angular momentum of the three particlesd. The J
=1 state is mostly populated at slowdm-He collisions. The
J=1→J=0 deexcitation due to inner or external Auger tran-
sition is also possiblef31–33g. In principle, it competes with
the decay processes of Eq.s1ad, and can be followed by
another decay due to nuclear deuterium-helium fusion from
the J=0 statef34,35g.

In this paper we present experimental results for funda-
mental characteristics ofm-atomic sMA d and m-molecular
sMM d processes in a D2+3He mixture, namely, the muon
atomic capture ratio, theq1s

He probability, the radiative
branching ratio for the radiative decay of thesdm3Hed* mol-
ecules1ad, and delayed Lyman series transitions inmHe at-
oms for two different target densities and at nearly constant
helium concentrations. Results for relative intensities ofmHe
K series transitions in pure3,4He and D2+3He for different
target densities are also presented.

II. EXPERIMENTAL CONDITIONS

A study of MA and MM processes mentioned above re-
quires the simultaneous use of miscellaneous detectors ap-
propriate for the detection of the muon beam, the muonic x
rays ofmh andmHe atomssformed in the target due to direct
muon capture by the correspondent nuclei or due to muon
transfer from hydrogen to heliumd, products of nuclear reac-
tions occurring inmh - He complexes, and muon decay elec-
trons. Detection of the latter is necessary not only for yield
normalization but also for background reduction. This was
realized by requesting that the muon survives atomic and
molecular processes. Thus, muon decay electrons were de-*Electronic address: bystvm@nusun.jinr.ru
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tected within a certain time interval after the principal par-
ticle detection. For a precise measurement of the character-
istics of MA and MM processes the detection system and the
associated electronics should have high energy and time
resolutions.

The experiment was performed at the Paul Scherrer Insti-
tute sPSId at themE4 muon channel. It is described in detail
in Refs. f36–38g. A schematic muon view of the setup is
given in Fig. 1.

The experimental setup was designed and developed to
study nuclear reactions in charge asymmetric muonic mol-
ecules such assdm3Hed f34,35,37,39–44g:

dm3He→ as3.66 MeVd + m + ps14.64 MeVd. s2d

Charged reaction products were detected by three silicon
telescopes located directly in front of the kapton windows
but still within the cooled vacuum environmentsSiUP, SiRI,
and SiDOd. Muon decay electrons were detected by four pairs
of plastic scintillatorssELE,EUP,ERI,EDOd placed around the
target. The cryogenic target body was made of pure alu-
minium and had different kapton windows in order to detect
in particular the,34 MeV/c momentum muon beam, the
6.85 keVg rays emitted via the radiative decay given in Eq.
s1ad, and the x-ray Lyman series transitions from themHe
deexcitationsKa at 8.2 keV,Kb at 9.6 keV, andKg at 10.2
keVd. The 0.17 cm3 germanium detectorsGesd used for the
g- and x-ray detection was placed just behind a 55-mm-thick
kapton window.

The experiment includes four groups of measurements as
depicted in Table I. The first two groups I and II are3He and
4He measurements at different temperatures and pressures.
The remaining measurements III and IV were performed
with D2+3He mixtures at two different densities. The density
w is normalized to the liquid hydrogen densitysLHDd, N0
=4.2531022 cm−3. Run III was by far the longest run be-
cause its original purpose was to measure the fusion rate in

the dm3He molecule, Eq.s2d, and the muon transfer rate
ld3He from dm atoms to3He nuclei f37g. The germanium
detector energy calibration was carried out during the data
taking period using standard sources, namely,60Co, 57Co,
55Fe, and137Cs.

III. MEASUREMENT METHOD

The atomic and molecular processes which occur when
muons stop in a D2+3He mixture are explained in detail in
Ref. f38g. Figure 2 schematically presents the essential char-
acteristics of those processes. One distinguishes between
prompt and delayed processes. Events occurring within
±0.03 ms relative to the muon stop time are called prompt
events. The other processes are called delayed ones.

In particular, the prompt processes are the slowing down
of muons entering a target to velocities enabling an atomic
capture into the excited states ofmh or mHe, with a charac-
teristic moderation timetmod,10−9 s for target densitiesw
.10−3 f7,45–48g, the formation of excited muonic atoms
smhd* , smHed* , tform,10−11 s f14g, the cascade transitions in
smhd* and smHed* muonic atomstcasc,10−11 s f49g, the
muon transfer from exited states ofsmhd* to helium soccur-
ring in D2+3He mixturesd, tø10−10 s f17,19,20,22g.

The delayed processes are the ground-state muon transfer
from muonic deuterium to heliumf22,28g and the formation
of excitedsdm3Hed* moleculesswith the subsequent prompt
decay after about 10−11 s f29,30gd.

A. Pure helium

One of the main characteristics of MA processes occur-
ring in pure helium are absolute and relative intensities of
muonic K series x-ray transitions insmHed* atoms. Their
knowledge provides important information about the excited
state initial population of themHe atoms and the dynamics of

FIG. 1. Scheme of the experimental setup. The view is that of
the incoming muon.

TABLE I. Experimental conditions, such as temperature, pres-
sure, density, and helium concentration. The last column presents
the number of muon stops in the gas.

Run Gas
Temp.

fKg
Pressure

fatmg
w

fLHDg
cHe

f%g
Nstop

f106g

I 3He 32.9 100

Ia 6.92 0.0363 640.4

Ib 6.85 0.0359 338.1

Ic 6.78 0.0355 375.3

Id 6.43 0.0337 201.7

II 4He 100

IIa 20.3 12.55 0.1060 239.4

IIb 19.8 9.69 0.0844 554.1

IIc 20.0 4.52 0.039 32.3

D2+3He 32.8 4.96

III 5.11 0.0585 4215.6

IV 12.08 0.1680 2615.4
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deexcitation. According to the above given classification of
MA processes and the conditions of runs I and II it is clear
that only promptK series transitions frommHe were ob-
served. The chosen prompt time range of630 ns is a conse-
quence of the detector and its related electronic time resolu-
tion. The relative intensitiesIx

He of the Kx lines sx;a ,b ,gd
are

Ix
He =

Yx
He

Ytot
He with o

x=a,b,g
Ix
He = 1, s3d

whereYa
He,Yb

He,Yg
He are the yields ofmHe Kx lines with ener-

gies 8.17, 9.68, and 10.2 keV, respectively. These yields are
determined as follows:

Yx
He =

Nx
He

hx«x
, Ytot

He = o
x=a,b,g

Yx
He s4d

with Ytot
He being the total yield of allKx lines. The quantities

Nx
He are the numbers of prompt events corresponding to the

mHe Kx lines, the factorshx describe the attenuation of these
lines when passing through the gas mixture and kapton win-
dows toward the GeS detector, and«x are the corresponding
detection efficiencies. TheIg

He intensity is the cumulative
photon yield of the Lyman seriesnù4.

In fact, only detection efficiency ratioss«xa=«x/«ad are
required for the determination of the relative intensities.
Therefore Eq.s3d can be rewritten as

Ix
He =

Nx
He

Ntot
Hehx«xa

, s5d

with

Ntot
He = o

x=a,b,g

Nx
He

hx«xa

s6d

being the total yield normalized to the detection efficiency
«a. This fact significantly increases the accuracy ofIx

He mea-
sured in the experiment. The corresponding errors were
mainly due to insufficient knowledge of the respective at-
tenuation factorshx. However, on the basis of the attenuation
coefficient values compiled in Ref.f50g, we estimated that
these factors differ only slightly because the differences be-
tween the energies ofKx lines fDEb−a=EsKbd−EsKad
=1.51 keV,DEg−a=EsKgd−EsKad=2.03 keVg are relatively
small, and the thickness of all the layers placed before the
GeS detector are small too. In recent experiments, similar
assumptions were also usedssee Refs.f20,28gd.

The detection efficiencies«x are determined using Eqs.
s3d and s4d via

«x =
Nx

He

Nstop
He Ix

He, s7d

where Nstop
He is the number of muons stopping in helium,

given in Table I. For an accurate determination of the attenu-
ation of theK series transitions we performed Monte Carlo
sMCd calculations taking into account the experimental ge-
ometry and all material layers placed between the x-ray
emission and the germanium detector. The attenuation factor
hx for eachKx line includes the x-ray attenuation when pass-
ing through the gas target and the chamber kapton window,
and through the germanium detector Be windowssee also
Ref. f51gd. We obtained ha=0.844, hb=0.915, and hg

=0.925.
A significant reduction of the germanium detector back-

ground was achieved by using delayed coincidences between
x-rays and electrons. This method is called the “del-e” crite-

FIG. 2. Scheme ofm-atomic
and m-molecular processes in a
D2+3He mixture. Details for all
processes and rates are found in
Ref. f37g.
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rion. Ground state muonic helium atoms disappear mainly by
muon decay,

m− → e− + nm + n̄e, s8d

and by nuclear muon captureswith proton, deuteron, or triton
emissionf38,52,53gd. The average disappearance rate is

lHe = l0 + lcap
He < 0.4573 106 s−1, s9d

where l0=0.4553106 s−1 and lcap
He =2216s70d s−1 f52g.

Thus, delayed electrons were measured during a time inter-
val corresponding to twomHe atom lifetimesstHe=2.19ms
f54gd.

The relative intensities of theKx lines Ix-e
He, detected in

coincidence with muon decay electrons, are given by

Ix-e
He =

1

«ef t

Nx-e
He

Ntot,e
He hx«xa

s10d

with

Ntot,e
He =

1

«ef t
o

x=a,b,g

Nx-e
He

hx«xa

, s11d

whereNx-e
He are the number of events in pure helium detected

by the germanium detector in coincidence with muon decay
electrons within a fixed time intervalDt= te− tg, with tg andte
the time of a detected events in the germanium and decay
electron counters, respectively. Both times are measured
relative to the muon stop timet=0. «e is the detection effi-
ciency of muon decay electrons and the time factor

f t = 1 −e−lHeDt s12d

is the probability that a muon decays in the ground state of
mHe during the time intervalDt.

It should be noted, that the coefficient«ef t is not required
as an absolute number for the determination of the intensities
Ix-e
He as it enters the numerator and denominator of Eq.s10d in

the same manner. However, it is needed for the D2+3He
analysis. The quantity«ef t is determined by comparing Eqs.
s5d and s10d yielding

«ef t =
Nx-e

He

Nx
He . s13d

Another interesting problem is the study ofmHe atoms in
excited metastable 2s states. One can expect, according to
Refs. f55–58g, that thesmHed2s atom population varies be-
tween 5 and 7% under our experimental conditions for runs
I and II. The two possible channels for 2s→1s deexcitation
are two-photon transition with a ratel2g,1.063105 s−1

f59,60g and Stark 2s→2p→1s deexcitationf55–57g induced
by collisions ofsmHed2s atoms with the surrounding atoms or
molecules. The corresponding rate for the experimental con-
ditions of runs I and II isl,2.23107 s−1. If the time of
Stark 2s→2p→1s deexcitation is shorter than the resolution
time of the germanium detector, the correspondingKa tran-
sition would be experimentally classified as a prompt event.
Otherwise, it would be possible to extract an upper bound for
the rates of Stark induced transitions.

B. D2+3He mixtures

In a D2+3He mixture one observesKx lines arising from
the deexcitation ofmHe atoms formed not only due to direct
muon capture by helium nucleisas in pure heliumd but also
due to muon transfer from muonic deuterium to helium. Be-
cause thedm atom deexcitation time is of the order 10−11 s
sunder our experimental conditionsd the corresponding emis-
sion of K series transitions occurs practically immediately
after a muon stop in the mixture and can be classified as a
prompt event. Muons are captured by D2 and3He according
to the capture lawf2g. The corresponding relative probability
has the following formf21,61–64g:

WD =
1

1 + Ac
, WHe =

Ac

1 + Ac
, s14d

wherec=cHe/cD is the ratio of atomic concentrations of he-
lium to deuterium,cHe andcD are the relative atomic helium
and deuterium concentrations in the D2+3He mixture,A is
the muon atomic capture ratio

A =
AHe

AD
, s15d

with AHe and AD the muon capture probability per one he-
lium and deuterium atom, respectively. We used the averaged
valueA=s1.7±0.2d f2,21,61–67g for the analysis of our mea-
surements. Information about the probabilityq1s

He, that an ex-
cited sdmd* atom reaches its ground state when the muon
also has the possibility of transferring directly from an ex-
cited state to a heavier nucleussin our case heliumd is of
unquestionable importance for understanding kinetics in
muon catalyzed fusionsmCFd. A method for determining the
characteristics of MA processes in the D2+3He mixture is
presented in the following subsections.

1. The q1s
He probability

Prompt Lyman series transitions inmHe atoms are ob-
served in a D2+3He mixture. As mentioned previously, they
originate from direct muon capture by deexcitation of
smHed* atoms or by muon transfer from excited muonic deu-
terium to helium. However, the relative intensities ofK se-
ries transitions measured in a D2+3He mixture differ from
the ones in pure helium because effective reaction rates of
mHe deexcitation processes depend on the target conditions.

q1s
He represents thesdmd* atom probability to reach the

ground state in a D2+3He mixture and is defined as

q1s
He =

ndm
1s

ndm
* , s16d

wherendm
* is the number ofdm atoms created in the excited

state due to direct muon capture in deuterium atoms andndm
1s

is the number of thedm atoms which reach the ground state
during the cascade. The number ofdm atoms created in the
excited state can be written as

ndm
* = Nstop

D/HeWD, s17d

where Nstop
D/He represents the number of muon stops in the

D2+3He gas mixture.
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Since our setup is not able to measurendm
1s , we used an-

other method to determineq1s
He. The number ofmHe atoms

formed in excited states due to muon transfer fromsdmd* to
helium, sdmd* +He→ sHemd* +d, is nHem*

transf and corresponds to

nHem*
transf= ndm

* − ndm
1s . s18d

The total number ofmHe atoms created in the excited states
and emitting promptKx lines is given by the yield

Ytot
D/He = o

x=a,b,g

Nx
D/He

hx«x
. s19d

On the other hand,nHem*
dir is the number ofmHe atoms formed

in the excited states in a D2+3He mixture due to direct muon
capture by helium atoms

nHem*
dir = Ytot

D/He − nHem*
transf= Nstop

D/HeWHe. s20d

Isolating ndm
1s in Eq. s18d and using Eqs.s17d and s20d, we

obtain theq1s
He probability as

q1s
He = s1 + AcHedF1 −

Ytot
D/He

Nstop
D/HeG . s21d

In the case of detecting events by the germanium detector in
coincidence with muon decay electrons, the total yieldYtot

D/He

in Eq. s21d has to be replaced by

Ytot,e
D/He =

1

«ef t
o

x=a,b,g

Nx-e
D/He

hx«x
. s22d

2. Radiative molecular peak

The delayed muonic x-rays are generated by two different
mechanisms initiated bydm atoms in their ground state. The
first mechanism described in this section is simply molecular
muon transfer, specifically Eq.s1ad accompanied by a 6.85
keV g ray. Experimental molecular muon transfer from
muonic deuterium to heliumld3He is presented in detail in
many papers, in particular in Refs.f31,38g together with the
corresponding reaction rates. The radiative decay rate of the
dm3He complex Eq.s1ad can be measured as follows.

The time distribution of theg rays srelative to the muon
stop timed decreases experimentally with the disappearance
rate of the muonic deuterium ground stateldm,

dN6.85

dt
= Adme−ldmt, s23d

with Adm the amplitude and

ldm = l0 + ld3HewcHe + l̃ddmwcDf1 − WDq1s
Hes1 − bvddg.

s24d

ld3He is the molecular formation rate for thedm3He molecule

andl0=0.4553106 s−1 is the free muon decay rate.l̃ddm is
the effectiveddm molecule formation rate,b the relative
probability of nuclear fusion inddm with neutron production
in the final channel, andvd is the muon sticking probability
to helium produced in nucleard-d fusion ssee Ref.f38gd.

The probability of the radiative decay of the Dm3He sys-
tem scorresponding to the 2ps→1ss transitiond is defined
by

kdmHe =
lg

lp + lg + le
, s25d

where lg, lp, and le are the reaction rates for thedm3He
molecular decay according to the three channelss1ad–s1cd,
respectively, also shown in Fig. 2. The formation of the
dm3He molecule practically coincides with the subsequent
g-ray emission because of the very short average lifetime of
dm3He molecules,10−11 s f2,20,22,28,29gd.

In the present experiment only the radiative decay channel
is detected. The correspondingkdmHe probability is deter-
mined by the ratio

kdmHe =
Ng

dm3He

Ntot
dm3He

, s26d

whereNtot
dm

3He andNg
dm

3He are the total number ofdm3He mol-
ecules formed in the mixture and the number of molecules
subsequently decaying via the radiative channel. The latter
quantity may be expressed as

Ng
dm3He =

N6.85

«6.85Fth6.85
, s27d

whereN6.85 is the number of 6.85 keVg rays detected during
the timeDtg elapsed after a muon stop and«6.85 is the cor-
responding detection efficiency. The factorFt

FIG. 3. Energy distribution of prompt events in run I withoutsad and with coincidences with muon decay electronssbd.
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Ft = e−ldmts1 − e−ldmDtgd s28d

is the g-ray detection time factor andh6.85 is the 6.85 keV
g-ray attenuation factor. For theg rays detected with the del-

e criterion, a correspondingNg
dm

3He value is obtained using
Eq. s27d divided by the«ef t coefficients.

A comparison of theNg
dm

3He value measured with and
without the del-e criterion provides also a test for the validity
of our coefficients«e, f t, andN6.85. The detection efficiency
«6.85 was determined by MC simulations including feasible
space distributions of muon stops in the target volume and
experimental detection efficiencies ofKx lines for the pure
3He runs.

The total number of thedm3He molecules formed in a
D2+He mixture is determined by analyzing the 6.85 keV
g-ray time distribution. It is expressed as

Ntot
dm3He =

ld3HewcHe

ldm

ndm
1s , s29d

wherendm
1s is the number ofdm atoms formed via direct muon

capture and reaching the ground state after deexcitation. By
measuring the exponential time distributions23d and using

the known quantitiesl0, l̃ddm, WD, vd, q1s
He, andb f68–70g

one can determine the molecular formation rateld3He from

Eq. s24d. The determination ofNdm3He
tot from Eq.s29d requires

in addition the knowledge ofndm
1s , determined from Eqs.s16d

ands17d. By substitutingNg
dm

3He andNtot
dm

3He into Eq.s26d one
finally obtains thekdmHe probability.

3. Delayed K series transitions from muonic helium

As previously said, the delayed muonic x rays are gener-
ated by two different mechanisms initiated from the ground
statedm atoms. The second one discussed here starts with the
ddm formation, due to collision of asdmd1s atom with a D2

molecule, subsequently followed by nucleard-d fusion.
Muons freed after fusion form excited muonic helium atoms
due to direct muon capture by helium or due to muon capture
by deuterium and subsequent muon transfer to helium. Then
the delayed x rays of muonic heliumK series transitions are
observed.

The time distribution is also determined byldm. In addi-
tion, the relative intensitiesIx,del sor Ix-e,deld of the delayedK
series transitions are assumed to be the same as those of the
prompt radiation ofKx lines. It is worthwhile to note that the
measurement of the corresponding absolute intensities en-
abled us to determine the third component ofldm in Eq. s24d
and, consequently, to extract the effective formation rate of
the ddm molecule in the D2+3He mixture using the coeffi-
cientsWD, q1s

He salso obtained in this paperd and average val-
ues forb andvd staken from Refs.f68–70gd.

IV. ANALYSIS

A. Relative intensities ofK series transitions

To obtain the relative intensities of muonic x-rayK series
transitions ofm3He andm4He atoms in helium targets, we
analyzed the corresponding energy and time distributions de-
tected by the germanium detector in runs I and II. Figures 3
and 4 present the energy and time distributions obtained in
runs I with and without muon decay electrons coincidences.

TABLE II. Prompt x-ray yields ofm3,4He K series transitions measured in runs with pure3He and4He.

Ka Kb Kg Yield

RangefkeVg f7.83−8.53g f9.43−9.96g f9.98−10.6g f108g f108g f108g
Runs Na

He Na−e
He Nb

He Nb−e
He Ng

He Ng−e
He Ya

He Yb
He Yg

He

I s3Hed 34 319s190d 4785s70d 17 835s139d 2551s52d 20 045s150d 2834s54d 7.536s90d 3.795s53d 4.231s62d
IIa s4Hed 7295s87d 985s32d 4919s72d 688s26d 2616s55d 408s20d 0.897s14d 0.585s10d 0.309s8d
IIb s4Hed 11 587s111d 1593s40d 7547s91d 1009s32d 4627s76d 613s25d 1.766s25d 1.126s18d 0.677s13d
IIc s4Hed 1303s38d 174s14d 709s29d 91s10d 846s33d 123s12d 0.287s9d 0.151s6d 0.178s7d

FIG. 4. Time distribution in run I withoutsad and with coincidences with muon decay electronssbd.
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As seen, the del-e criterion significantly suppressed the back-
ground level and improved the signal-to-background ratio.
As already mentioned before, events detected within a time
interval tg=fs−0.03d−s+0.03dg ms relative to muon stops
were classified as prompt ones. The promptKx lines events
Nx

He, Nx-e
He were determined by fitting the experimental ampli-

tude distributions by a Gaussian distribution

dNx
He

dEx
= Ax expF−

sEx − Ēxd2

2sx
2 G + SEx + O, s30d

where Ēx is the mean value of the correspondingKx line
energy,sx the standard deviation for theKx line andAx the
normalization constant. The germanium detector background
is taken into account by a straight line, withS andO being
the constants. Results obtained in measurements I and II are
presented in Tables II and III. The agreement with other ex-
perimentsf20,22g as well as with the theoretical prediction
f9g is very good. Statistical errors are quoted in parentheses
throughout the whole text.

The analysis performed for both mixtures is similar. The
prompt intensities are measured within the same time inter-
val as for the pure helium runs, both with and without the
delayed electron coincidence condition. The results, given in
Table IV, depend on the pressure of the D2+3He mixture.
For comparison, results of Augsburgeret al. f20g taken at a
similar pressure as in run III, are also shown in the table. The
differences in relative intensity between pure helium and the
deuterium-helium mixtures are essentially due to excited
state transfer. Additionally, such an analysis allows us to de-
termine theKx transition energy differences between the two

helium isotopes. TheDEs4He−3Hed energy difference is
given in Table V for the different transitions. A theoretical
prediction for theKa transition f71g is slightly lower than
our measured value.

B. q1s
He probability

One of the main aim of runs III and IV was a measure-
ment of theq1s

He probability. In order to determine this quan-
tity it was necessary to knowfaccording to Eqs.s16d–s21dg
the muon atomic capture ratioA, the promptK series transi-
tion yields ofm3He atoms in pure3He and in D2+3He mix-
turesNx

He and Nx
D/He and the number of muon stops in pure

3He and in D2+
3He mixturesNstop. Significant background

reduction was achieved by using the del-e criterion. The re-
sults are presented in Table VI. Note the excellent agreement
between full statistics and del-e analysis.

Figure 5 shows the energy dependence of the theoretical
q1s

He values vsdm+3He collision energy calculated for runs
III and IV in the framework of the simplesdmd* cascade
modelf16,17,72g and their comparison with experiment. The
model assumes that the kinetic energy ofsdmd* atoms re-
mains unchanged during deexcitation. Theq1s

He value is de-
termined from deexcitation and muon transfer to helium. The
complicated interplay between these two processes is de-
scribed by a system of linear first-order differential equations
for level populationsNnlstd, with nø12. Theq1s

He is defined
as

q1s = N1sst → `d. s31d

The deexcitation scheme is taken from Ref.f17g and the
corresponding reaction rates are collected in Refs.f16,17g.

TABLE V. Kx transition energy differences between the two
helium isotopes. The last column gives a theoretical prediction for
the Ka transition.

Transitions DEs4He−3Hed feVg
Our work Treschet al. f22g Rinker f71g

Ka 77.8±0.9 75.0±1.0 74.2

Kb 92.9±1.1

Kg 103.4±3.4

TABLE III. Relative intensities of prompt x rays ofm3,4HeK series transitions measured in runs with pure
helium. For each run, results from both the full statistics and the del-e condition are given.

Ia
He

f%g
Ia−e
He

f%g
Ib
He

f%g
Ib−e
He

f%g
Ig
He

f%g
Ig−e
He

f%g

I s3Hed 48.4s4d 47.8s5d 24.4s3d 24.8s4d 27.2s3d 27.4s5d
IIa s4Hed 50.0s5d 47.3s11d 32.7s5d 33.1s10d 17.3s4d 19.6s9d
IIb s4Hed 49.5s5d 49.5s9d 31.5s4d 31.4s8d 19.0s3d 19.1s7d
IIc s4Hed 46.6s10d 44.8s27d 24.5s9d 23.5s23d 28.9s10d 31.7s25d

Augsburgeret al. f20g s4Hed 46.9s45d 27.9s28d 25.2s19d
Treschet al. f22ga 47.0s2d 20.3s10d 32.7s16d

aFor 3He sw=0.026d and for4He sw=0.0395d.

TABLE IV. Relative intensities, in percent, of prompt x rays of
m3He K series transitions measured in runs III and IV. “Full” stands
for full statistics, whereas del-e represents the delayed electron cri-
terion. The last column shows the results of Augsburgeret al. f20g.

Runs III IV Augsburgeret al.

Transitions full del-e full del-e f20g

Ia
D/He 66.4s4d 65.7s7d 72.0s3d 72.9s6d 68.6s51d

Ib
D/He 26.6s3d 26.5s6d 24.5s2d 24.1s6d 24.5s19d

Ig
D/He 7.0s3d 7.8s4d 3.5s1d 3.0s3d 6.9s6d
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As seen from Fig. 5, the experimental values ofq1s
He coin-

cide with the theoretical ones for an averagedm-He collision
energy of around 8 eV. Note the pronounced difference be-
tween the experimental values ofq1s

He and the theoretical ones
corresponding to fully thermalizeddm atoms. However,
more refined theoretical calculations ofq1s

He based on Monte
Carlo simulations of acceleration ofdm atoms due to deex-
citation processes and muon transfer to helium as well as
thermalisation due to elastic collisions are required to arrive
at definite conclusions. It should also be noted that experi-
mental results presented in this paper agree with earlier ones
ssee Ref.f73gd. On the other hand, an analogous comparison
with results presented in Refs.f20–22,62g is not possible due
to significantly different helium concentrations and densities.

C. Radiative branching ratio kdmHe

The experimental method to determine thedm3He radia-
tive decay branching ratiokdmHe is described in Sec. III B 2.
Energy and time distributions of prompt and delayed events
detected in runs III and IV with muon decay electrons coin-
cidences are presented in Figs. 6–8.

To determine theldm and ld
3He ratesfsee Eq.s24dg the

g-ray time distributions were fitted within an energy range
5.74−7.50 keV using the expression

dN6.85

dt
= Adm

g e−ldmt + AAu
g e−lAut + AAl

g e−lAl t + Dge−l0t + Fg,

s32d

whereAdm
g , AAu

g , andAAl
g are the normalization constants of

the different target elements.Dg and Fg are the constants
describing the germanium background.

The results of runs III and IV for the ground state disap-
pearance rate of muonic deuterium and the molecular forma-
tion rateld

3He, using Eq.s24d, are shown in Table VII. The
averaged valueld

3He=242s20d ms−1, where the errors in-
clude statistical as well as systematic errors is consistent with
the measurement of Maevet al. f74g, but in disagreement
with the work of Gartneret al. f28g.

According to Eq.s26d the determination of the branching
ratio kdmHe requires the knowledge of both the total number
of dm3He molecules formed in a mixture and the number of
dm3He’s decaying via the radiative channel, Eq.s1ad. The

corresponding numbersNtot
dm

3He and Ng
dm

3He were determined
using Eqs.s27d ands29d. Theg rays were measured during a
time tg and the del-e time interval waste− tg. The detection
efficiency «6.85 was determined using detection efficiencies
of m3He atomK series transitions in runs I and II by a MC
simulation. This MC calculation took into account theh6.85
attenuation ofg rays passing through all layers between the
germanium detector and the gas. The time factorsf t for the
electrons andFt for the g rays are slightly different for both
runs, f t=0.84 andFt=0.94 for run III and f t=0.86 andFt
=0.99 for run IV. All results are presented in Table VIII.

The kdmHe values obtained in the present experiment for
two different D2+3He densities differ somewhat from the

TABLE VI. Experimental values ofq1s
He obtained from the D2

+3He experiments. Full stands for the full statistics, whereas del-e
represent the delayed electron criterion.

Runs Statistics o
x=a,b,g

Nx
D/He Ytot

D/He q1s
He

f108g

III full 35 376s270d 7.70s15d 0.882s18d
del-e 4968s72d 7.60s29d 0.885s21d

IV full 37 402s205d 5.71s11d 0.844s20d
del-e 5161s75d 5.85s23d 0.838s23d

FIG. 5. Energy dependence ofq1s
He in the D2+3He mixture cal-

culated for runs IIIscurve ad and IV scurve bd. Experimental values
of q1s

He measured in the present workfq1s
He=s0.882±0.018d andq1s

He

=s0.844±0.020dg are represented by hatched boxes.

FIG. 6. Energy spectra of the prompt events in runs IIIsleftd and IV srightd.
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experimental result of Ref.f20g, i.e., kdmHe=s0.301±0.061d
performed under slightly different experimental conditions
sw=0.0697,cHe=0.0913d. Our results differ slightly from the
calculatedkdmHe value in Ref.f30g for a total angular mo-
mentumJ=0 of thedm3He complex. However, they are in a
good agreement with the calculations of Refs.f29,75g for a
total angular momentumJ=1.

A close comparison of the existing theoretical results for
kdmHe, f27,29,30,75–77g, with the experimental results ob-
tained in the present paper and in Ref.f20g may throw some
light on the mechanism of rotationalJ=1→J=0 transitions

of dm3He molecules in the 2ps state, labeledl̃10 in Fig. 2.
Specifically, two different mechanism of theJ=1→J=0
transition were proposed in Refs.f31–34g. Both mechanisms
start with an Auger transition in adm+3He collision

dm + 3He→ fsdm3Hed2ps,J=1
2+ eg+ + e. s33d

The first mechanismf31–33g consists of a two stage process,
namely, the formation of a neutral complex in the collision

fsdm3Hed2ps,J=1
2+ eg+ + He→

ln

fsdm3Hed2ps,J=1
2+ 2eg + He+,

s34d

followed by a subsequent deexcitation due to external Auger
effect

fsdm3Hed2ps,J=1
2+ 2eg + DsD2d →

lAug
ext

fsdm3Hed2ps,J=0
2+ 2eg

+ D+sD2
+d + e. s35d

In the second mechanismf34g, the J=1→J=0 transition
involves a number of molecular processes. However, the cor-
responding transition rate is essentially determined by a for-
mation of molecular cluster

fsdm3Hed2ps,J=1
2+ eg+ + D2→

lcl

fsdm3Hed2ps,J=0
2+ egD2 s36d

and a subsequent inner electron conversion

fsdm3Hed2ps,J=1
2+ egD2 →

lAug
inn

fsdm3Hed2ps,J=0
2+ egD2

+ + e. s37d

The first mechanism yields an effectiveJ=1→J=0 tran-
sition rate

l̃10 =
lnlAug

ext w2cDcHe

ldec
1 + lAug

ext wcD + lnwcHe
s38d

the second mechanism gives

l̃10 =
lcllAug

inn wcD

ldec
1 + lAug

inn + lclwcD
s39d

ssee Refs.f43,44gd. The effectivedm3He decay rates for both
rotational states,J=0 andJ=1 are defined as

ldec
J = lg

J + le
J + lp

J . s40d

FIG. 7. Energy spectra of the delayed events in runs IIIsleftd and IV srightd.

FIG. 8. Time distributions in runs IIIsleftd and IV srightd within the energy range 5.74−7.50 keV.
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Because the effective transition ratel̃10 is model depen-

dent, the ratiol̃10/ldec
1 may allow us to check the validity of

both models. A proposal for a corresponding experiment was
presented in Refs.f43,44g. It exploits theJ dependence of the
probability for the radiativedm3He decay ratiokdmHe. An
unequivocal identification of theJ=1→J=0 transition
mechanism should be possible by measuring the 6.85 keV
g-ray yields for a series of different densities of D2+3He
mixtures. The density dependence ofkdmHe normalized to a
singledm3He molecule is

kdmHe =
1

ldec
1 + l̃10

Flg
1 +

l̃10lg
0

ldec
0 G . s41d

Here, the decay ratesldec
0 =631011 s−1, lg

0=1.831011 s−1

f30g, ldec
1 =731011 s−1, andlg

1=1.5531011 s−1 sobtained by
averaging the corresponding results taken from Refs.
f27,29,30,75–80gd are model independent. Concerning the
first mechanism, we usedln=231013 s−1, lAug

ext =8.5
31011 s−1 f31g, and lAug

ext =1010 s−1 f32,33g. For the second
mechanism, we usedlcl=331013 s−1 and lAug

inn =1012 s−1

f34g. All density dependent rates are normalized to LHD.
As can be seen from Fig. 9, our experimental values of

kdmHe are in better agreement with the theoretical results cor-
responding to the first mechanism as described in Czapliński
et al. f31–33g. More refined calculations of theJ=1→J=0

transition including realisticsD−dm3Hed0,s+ or 2+d interaction
potentials have, however, to be performed before definite
conclusions can be drawn. Calculations in Refs.f32,33g go
in this sense but within the framework of a semiclassical
treatment. Such a treatment seems rather problematic consid-
ering the collision energies in such a system. More accurate,
i.e., purely quantum mechanical calculations are now in
progress.

D. DelayedK series transitions ofmHe atoms

The relative intensitiesIdel,x and Idel,x-e of delayedmHe K
series transitions were determined by measuring theNdel,x
events during a time intervaltg after the muon stopssee
Table IXd. The corresponding relative intensities were ob-
tained from the ratios

Idel,x =
Ndel,x

fhx«xagY o
x=a,b,g

Ndel,x

fhx«xag
. s42d

Our results should, in principle, coincide with the prompt
intensities ofK series transitions if we assume that the en-

TABLE VII. Experimental results for the muonic deuterium
ground state disappearance rate and thedm3He molecular formation
rate.

Runs
ldm

sms−1d
ld3He

sms−1d

III 1.152s36dstats30dsyst 240s13dstats15dsyst

IV 2.496s58dstats100dsyst 244s6dstats16dsyst

Average 242s20d
Maev et al. f74g 232s9d, 233s16da

Gartneret al. f28g 185.6s77d
aAt 50 and 39.5 K, respectively.

TABLE VIII. Experimental results concerning formation and decay processes ofdm3He molecules ob-
tained from runs III and IV. “Full” stands for the full statistics, whereas del-e represents the delayed electron
criterion. The 6.85 keVg rays were measured within an energy range 5.74−7.55 keV. The time intervals for
the g rays and electrons are also given.

Parameter Units Run III Run IV

full del-e full del-e

tg smsd fs−0.03d−s+2.5dg fs−0.03d−s+2.5dg fs−0.03d−s+1.8dg fs−0.03d−s+1.8dg
te− tg smsd s0.08−4.6d s0.08−4.9d
N6.85 s103d 17.42s21d 2.15s6d 20.07s23d 2.63s7d

Ntot
dm

3He s103d 20.81s136d 20.86s136d 16.50s70d 16.41s72d

Ng
dm

3He s103d 4.20s10d 4.37s17d 3.76s10d 3.53s18d

«6.85s1−h6.85d s10−5d 4.15s8d 5.76s15d 6.26s19d 8.72s32d
kdmHe 0.203s14d 0.209s17d 0.228s12d 0.213s15d

FIG. 9. Density dependence of theg-decay branching ratio
kdmHe. Points with error bars are our experimental values. The solid
line corresponds to the second mechanism withlAug

inn =1012 s−1 f34g.
The dashed lines represents the first mechanism withlAug

ext

=8.531011 s−1 f31g, whereas the dotted lines is given forlAug
ext

=1010 s−1 f32,33g.
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ergy distribution of the incoming muon as well as the pri-
mary mHe atom excited states distribution due to direct
muon capture are the same as the corresponding ones for
muons freed after thed-d fusion. The observed prompt rela-
tive intensities of the correspondingK series transitionsssee
Table IIId are, however, different from the delayed ones in-
dicating that the above conditions are probably not fulfilled.

V. CONCLUSIONS

The measured relative intensities of muonicK x rays in
m3He andm4He atomsssee Tables III and Vd agree well with
other experiments. Regarding theq1s

He probability for a dm
atom to reach its ground state in a D2+3He mixture at two
different densities, our results are

q1s
He = s0.882 ± 0.018d w = 0.0585

and

q1s
He = s0.844 ± 0.020d w = 0.1680, s43d

in agreement with theoretical calculations for an average
dm-He collision energy of around 8 eV.

As for thedm3He molecular formation rateld
3He for both

our mixtures, our averaged value is

ld
3He =s242 ± 20d ms−1. s44d

Our result agrees very well with the measurement of Maevet
al. f74g, but is in disagreement with the work of Gartneret
al. f28g. This difference has not yet been understood.

Concerning the radiative decay branching ratiokdmHe for
dm3He, also measured for two different densities of the D2
+3He mixture, the measured values

kdmHe = s0.203 ± 0.014d w = 0.0585

and

kdmHe = s0.228 ± 0.012d w = 0.1680 s45d

are in agreementswithin both error limitsd for both densities,
but disagree somewhat with the recent results by Augsburger
et al. f20g, kdmHe=s0.301±0.061d, measured at an helium
concentration approximately twice as big, namely,cHe
=0.0913.

Finally, the relative intensities of the delayedK series
transitionsIdel,x

D/He of mHe atoms, due to direct3He muon cap-
ture or due to muon transfer from deuterium to helium, after
the muons were freed afterd-d fusion, were also measured.
They differ from the prompt relative intensities, probably
due to a different primary distribution of excited states.

In conclusion, we were able to measure various interest-
ing characteristics of muonic atomsMA d and muonic mol-
ecule sMM d processes occurring in pure helium and in D2
+3He mixtures with good accuracy. This was possible by
exploiting different germanium detectors forg-ray detection
in a wide energy rangef3 keV−10 MeVg, silicon SisdE
−Ed telescopes for the detection of charged particles coming
from nuclear fusion or nuclear muon capture by3He and
muon decay electron detectors. The self-consistent methods
increased the reliability of the presented results. Further mea-
surements of quantities such as theq1s

He probability and the
kdmHe branching ratio in a wider range of target densities and
helium concentrations should significantly improve the accu-
racy of the corresponding values and clarify the complicated
picture of muonic processes occurring in deuterium-helium
targets.
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