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We present experimental results@fatomic andw-molecular processes induced by negative muons in pure
helium and helium-deuterium mixtures. The experiment was performed at the Paul Scherrer I(SWitite
zerland. We measured relative intensities of muonic x-i@yseries transitions iriu®*He)* atoms in pure
helium as well as in helium-deuterium mixtures. Tthe*He radiative decay probabilities for two different
helium densities in B+3He mixture were also determined. Finally, th%e probability for adu 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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[. INTRODUCTION Here,\, is the (duHe)" molecular decay channel for the

The experimental study of atomic and molecular pro-6.85 keVy-ray emission), for the Auger decay, ani, for
cesses induced by negative muons captured in hydrogen aff#e break-up process. ThexHe) molecule is formed, with a
helium provides a test of many-body calculatiqi$ com-  raté\gue, in either aJ=0 or aJ=1 rotational stat¢J denotes
prising different methods of atomic, molecular, and nucleathe total angular momentum of the three particléghe J
physics. In spite of about 50 years of experimef2alg] and =1 state is mostly populated at sladu-He collisions. The
theoretical[7-11] studies for processes occurring in helium J=1—J=0 deexcitation due to inner or external Auger tran-
and deuterium, as well as helium-deuterium mixtures, thergition is also possiblg31-33. In principle, it competes with
still exist some open questions. The most important are diredhe decay processes of Efla), and can be followed by
atomic muon capture itd-He mixtures(H=H,,D,, T, and another decay due to nuclear deuterium-helium fusion from
He=He*He), initial population ofuh (h=p,d,t) anduHe theJ=0 state[34,35.
excited states for various deexcitation processes of muonic In this paper we present experimental results for funda-
atoms(e.g., Stark mixing, Auger and Coulomb deexcitationmental characteristics ofi-atomic (MA) and u-molecular
processe§12—16), muon transfer between excited states of(MM) processes in a B-°He mixture, namely, the muon
uh and uHe [16-20, the probabilityqy to reach theuh  atomic capture ratio, theg'® probability, the ra*ldiative
ground state in &-He mixture[16,17,20-2% and ground- branching ratio for the radiative decay of ttuu°He)" mol-
state muon transfer fromh to helium via the intermediate ecule(1a), and delayed Lyman series transitionsiinle at-
2po molecular statéuHe[24—28 and the subsequent decay oms for two different target densities and at nearly constant
to the unbound 4o state[2,20,22,29,3] helium concentrations. Results for relative intensitiegbie

In the case of a deuterium-helium mixture, tfuHe)® K series transitions in puré*He and Q+°He for different
molecule, created imlu+He collisions, has three possible target densities are also presented.

decay channels:
A

duHe .
du+He — [(duHe)'e]" +e Il. EXPERIMENTAL CONDITIONS
! A study of MA and MM processes mentioned above re-
Ay quires the simultaneous use of miscellaneous detectors ap-
—[(uHe) &1 +d+, (18  propriate for the detection of the muon beam, the muonic x
Ap rays of uh and uHe atomgformed in the target due to direct
—[(uHe)1 7] +d, (1b)  muon capture by the correspondent nuclei or due to muon

\ transfer from hydrogen to heliumproducts of nuclear reac-

j(MHe)IsJ' d+e. (10 tions occurrin_g inuh - He com_plexes, and muon decay elt_ac-
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
*Electronic address: bystvm@nusun.jinr.ru molecular processes. Thus, muon decay electrons were de-
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E TABLE |. Experimental conditions, such as temperature, pres-
Si NE213 vp sure, density, and helium concentration. The last column presents
vp / ) the number of muon stops in the gas.
L 1 Sirs
ELg ] - Y Temp. Pressure @ CHe Nstop
v Run Gas K] [atm]  [LHD] [%] [1CF]
2 [ 3He 32.9 100
Ges | T Gen la 6.92  0.0363 640.4
1 Ib 6.85  0.0359 338.1
)E Ic 6.78 0.0355 375.3
L] L Id 6.43 0.0337 201.7
[ ]
Sipo ‘\‘\ Eni I *He 100
Gep B lla 20.3 12.55 0.1060 239.4
bo lib 198 969  0.0844 554.1
— lic 20.0 4.52 0.039 32.3
0 10 cm D,+3He 328 4.96
FIG. 1. Scheme of the experimental setup. The view is that of Il 5.11 0.0585 4215.6
the incoming muon. \Y 12.08 0.1680 2615.4

tected within a certain time interval after the principal par- 3

ticle detection. For a precise measurement of the charactede du”He molecule, E%.(Z), and the muon transfer rate
istics of MA and MM processes the detection system and théd+e from du atoms to°He nuclei[37]. The germanium
associated electronics should have high energy and timaetector energy calibration was carried out during the data
resolutions. taking period using standard sources, nam&igo, °’Co,

The experiment was performed at the Paul Scherrer Inst2Fe, and"*'Cs.
tute (PS) at the uE4 muon channel. It is described in detall
in Ref;. [36—38. A schematic muon view of the setup is IIl. MEASUREMENT METHOD
given in Fig. 1.

The experimental setup was designed and developed to The atomic and molecular processes which occur when
study nuclear reactions in charge asymmetric muonic molmuons stop in a P+3He mixture are explained in detail in
ecules such a@lu’He) [34,35,37,39—4) Ref.[38]. Figure 2 schematically presents the essential char-

acteristics of those processes. One distinguishes between
dulHe — (3.66 MeV) + w + p(14.64 Me\). (2) prompt and delayed processes. Events occurring within
+0.03 us relative to the muon stop time are called prompt
Charged reaction products were detected by three silicosvents. The other processes are called delayed ones.
telescopes located directly in front of the kapton windows In particular, the prompt processes are the slowing down
but still within the cooled vacuum environme(®iyp, Sig;, of muons entering a target to velocities enabling an atomic
and Spo). Muon decay electrons were detected by four pairscapture into the excited states @h or uHe, with a charac-
of plastic scintillatorSE, g, Eyp, Er|, Epo) placed around the teristic moderation time,,,q<10° s for target densitiegp
target. The cryogenic target body was made of pure alus1072 [7,45-4§, the formation of excited muonic atoms
minium and had different kapton windows in order to detect(uh)”, (uHe)", tiom~ 1011 s[14], the cascade transitions in
in particular the~34 MeV/c momentum muon beam, the (uh)” and (uHe)" muonic atomst,,.~10*ts [49], the
6.85 keVy rays emitted via the radiative decay given in EQ. muon transfer from exited states @ih)" to helium (occur-
(1a), and the x-ray Lyman series transitions from thele  ring in D,+°He mixtures, t<10°s[17,19,20,22
deexcitation(Ke at 8.2 keV,Kg at 9.6 keV, anKy at 10.2 The delayed processes are the ground-state muon transfer
keV). The 0.17 cr germanium detectaiGey) used for the  from muonic deuterium to heliuf22,28 and the formation
y- and x-ray detection was placed just behind g#b-thick  of excited(du*He)* molecules(with the subsequent prompt
kapton window. decay after about I&' s [29,30).

The experiment includes four groups of measurements as
depicted in Table I. The first two groups | and Il &té¢e and
“He measurements at different temperatures and pressures.
The remaining measurements Ill and IV were performed One of the main characteristics of MA processes occur-
with D,+3He mixtures at two different densities. The densityring in pure helium are absolute and relative intensities of
¢ is normalized to the liquid hydrogen densifiyHD), N,  muonic K series x-ray transitions itiuHe)" atoms. Their
=4.25x 10?2 cm3. Run Il was by far the longest run be- knowledge provides important information about the excited
cause its original purpose was to measure the fusion rate istate initial population of theHe atoms and the dynamics of

A. Pure helium
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p*He )  CapeAaiHe processes and rates are found in
\He Ref. [37].
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deexcitation. According to the above given classification of He NXHe
MA processes and the conditions of runs | and Il it is clear Niot = > (6)

that only promptK series transitions fronuHe were ob- x=afry iExa

served. The chosen prompt time range*d0 ns is a conse- being the total yield normalized to the detection efficiency

quence of the detector and its related electronic time resolu-
o « This fact significantly increases the accuracyi?fmea—
tion. The relative mtensmelé;| of the Kx lines (x=a,,7v)
sured in the experiment. The corresponding errors were
are mainly due to insufficient knowledge of the respective at-
He tenuation factorsy,. However, on the basis of the attenuation
IHe Y with S He=1 3) coefficient values compiled in Ref50], we estimated that
Yt'j,? x ' these factors differ only slightly because the differences be-
tween the energies oKx lines [AE; ,=E(KpB)-E(Ka)
=1.51 keV AE, ,=E(Ky)-E(Ka)=2.03 keV] are relatively
all, and the thickness of all the layers placed before the
e; detector are small too. In recent experiments, similar
assumptions were also us&ske Refs[20,28).
The detection efficiencies, are determined using Egs.

X=a,B,y

where Y}, Y i°,Y'® are the yields ofxHe Kx lines with ener-
gies 8.17, 9.68, and 10.2 keV, respectively. These yields a
determined as follows:

He

N .
XEX X=a,B,y NHe
He pa , - " Ex= e e (7)
W|th Y. being the total yield of alKx lines. The quantities Nstod x

N are the numbers of prompt events corresponding to the

,uHe Kx lines, the factorsy, describe the attenuation of these Where N5 is the number of muons stopping in helium,
lines when passmg through the gas mixture and kapton nglven in Table I. For an accurate determination of the attenu-
dows toward the Gedetector, ang:, are the corresponding ation of theK series transitions we performed Monte Carlo

detection efficiencies. Thé® intensity is the cumulative (MC) calculations taking into account the experimental ge-
photon yield of the Lyman serigs=4. ometry and all material layers placed between the x-ray

In fact, only detection efficiency ratio&,,=e./e,) are emission and the germanium detector. The attenuation factor
required for the determination of the relative intensities.?x for eachKx line includes the x-ray attenuation when pass-
Therefore Eq(3) can be rewritten as ing through the gas target and the chamber kapton window,

and through the germanium detector Be wind@see also

N Ref. [51]). We obtained 7,=0.844, 7,=0.915, and 7,
|;“3=He—x, (5) =0.925.
Niot 7xExa A significant reduction of the germanium detector back-
ground was achieved by using delayed coincidences between
with x-rays and electrons. This method is called the ‘&etrite-
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rion. Ground state muonic helium atoms disappear mainly by B. D,+>He mixtures

muon decay, In a D,+3He mixture one observeséx lines arising from

the deexcitation oxHe atoms formed not only due to direct
muon capture by helium nucléas in pure heliumbut also
and by nuclear muon captufeith proton, deuteron, or triton due to muon transfer from muonic deuterium to helium. Be-
emission[38,52,53). The average disappearance rate is  cause thedu atom deexcitation time is of the order 10s
B He . (under our experimental conditionthe corresponding emis-
Me=No* Aeap™ 0.457X 100 s, ©) sion of K series transitions occurs practically immediately
where \o=0.455<10° st and )\CHaep: 221670 s [52]. after a muon stop in the mixture and can be classified as a

3 .
Thus, delayed electrons were measured during a time intePrOMPt event. Muons are captured by &nd“He according
val corresponding to twaHe atom lifetimes(7y,=2.19 us to the capture lay2]. The corresponding relative probability

W € v, g, (8)

[54]). has the following forn{21,61-64:
The relative intensities of th&x lines I}, detected in 1 AC
coincidence with muon decay electrons, are given by Wp = 1T+AC Whe= 1+AC (14

He
He _ 1 Nx—e

He = (100 Wherec=ce/Cp is the ratio of atomic concentrations of he-

geft Ngienxsm lium to deuteriumgy, andcp are the relative atomic helium
and deuterium concentrations in thg#9He mixture, A is

with the muon atomic capture ratio
NHe = i N;‘—‘; (11) _ AHe
tote eefo s A= A (15

whereN)'j_f_, are the number of events in pure helium detectedvith A, and Ay the muon capture probability per one he-

by the germanium detector in coincidence with muon decayium and deuterium atom, respectively. We used the averaged
electrons within a fixed time intervdit=t,—t,, with t, andt,  valueA=(1.7+0.2 [2,21,61-67 for the analysis of our mea-
the time of a detected events in the germanium and decagurements. Information about the probabiliff, that an ex-
electron counters, respectively. Both times are measuregited (du)” atom reaches its ground state when the muon
relative to the muon stop time=0. &, is the detection effi- also has the possibility of transferring directly from an ex-
ciency of muon decay electrons and the time factor cited state to a heavier nucle(i® our case heliumis of
f= 1 — e hwelt (12) unquestionable importance for understanding .ki.netics in
t muon catalyzed fusiofwCF). A method for determining the
is the probability that a muon decays in the ground state ofharacteristics of MA processes in the £He mixture is
pHe during the time intervaht. presented in the following subsections.
It should be noted, that the coeffici is not required e -
as an absolute number for the determierfifon of the?ntensities 1. The 5 probability
I*® as it enters the numerator and denominator of(E6). in Prompt Lyman series transitions juHe atoms are ob-
the same manner. However, it is needed for therible  served in a R+He mixture. As mentioned previously, they
analysis. The quantitg.f, is determined by comparing Egs. originate from direct muon capture by deexcitation of

(5) and (10) yielding (uHe)" atoms or by muon transfer from excited muonic deu-
He terium to helium. However, the relative intensitiestofse-
_ Nce ries transitions measured in a®’He mixture differ from
8eft_ He " (13) . . . .
N the ones in pure helium because effective reaction rates of

pHe deexcitation processes depend on the target conditions.
a;¢ represents thédu)” atom probability to reach the
ground state in a P+*He mixture and is defined as

Another interesting problem is the study @He atoms in
excited metastables?states. One can expect, according to
Refs.[55-58, that the(uHe),s atom population varies be-
tween 5 and 7% under our experimental conditions for runs He _ Ny
I and Il. The two possible channels fos2 1s deexcitation Qs = > (16)
are two-photon transition with a rate,,~1.06x 10° s™* . o
[59,60 and Stark 8— 2p— 1s deexcitatior{55-57 induced ~ wheren,, is the number ofix atoms created in the excited
by collisions of(uHe),s atoms with the surrounding atoms or state due to direct muon capture in deuterium atomsréi]d
molecules. The corresponding rate for the experimental coris the number of thelx atoms which reach the ground state
ditions of runs | and Il is\~2.2x 10" s, If the time of  during the cascade. The numberdyi atoms created in the
Stark Z— 2p— 1s deexcitation is shorter than the resolution excited state can be written as
time of the germanium detector, the correspondfagtran- n. = NOMH 17)
sition would be experimentally classified as a prompt event. du — stop 7D
Otherwise, it would be possible to extract an upper bound fowhere ND”;e represents the number of muon stops in the

Sto|
the rates of Stark induced transitions. D,+3He gas mixture.
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FIG. 3. Energy distribution of prompt events in run | withdat and with coincidences with muon decay electrés

Since our setup is not able to measué%, we used an- dNs g5 N
other method to determing;®. The number ofuHe atoms BPTEA (23
formed in excited states due to muon transfer fr@n)” to
helium, (du)* +He— (Hew)" +d, is n"a”Sfand corresponds to  With Aq,, the amplitude and

Mo = Ny, = N (19) Ndu = Mo+ APhe@Crie + Mg eCol 1 ~WoalS(1 - Bwg)].
The total number ofuHe atoms created in the excited states (24)
and emitting prompKx lines is given by the yield

Aeue is the molecular formation rate for thig:*He molecule

ND/He and\y=0.455x 1P s7! is the free muon decay ratEdd# is

the effectiveddu molecule formation rateB the relative
probability of nuclear fusion ildu with neutron production
On the other hand1dlr is the number ofxHe atoms formed in the final channel, andy is the muon sticking probability

in the excited states in aB3He mixture due to direct muon to helium produced in nucleat-d fusion (see Ref[38]).

Yoro= 2

X=a,B,y x€x

(19

capture by helium atoms The probabilit_y of the radiative decay (_)f_ thqzﬁHe sys-
di DiHe  _transf_ (D/H tem (corresponding to ther— 1so transition is defined
Ir rans
Nheu* = Yot °- TN = Nstopw (20) by
Isolatingn in Eq. (18) and using Eqgs(17) and (20), we _ A,
KduHe = , (25)

obtain theq probability as Ao+ N, + e
Dite whereX,, \,, and )\, are the reaction rates for thiu*He
qls (1+Acqe)| 1~ ND/He | (21) molecular decay according to the three chanrigs—(1c),
stop respectively, also shown in Fig. 2. The formation of the
In the case of detecting events by the germanium detector ilu’He molecule practically coincides with the subsequent
coincidence with muon decay electrons, the total yMj*®  y-ray emission because of the very short average lifetime of

in Eg. (21) has to be replaced by du®He molecule(~10711 s[2,20,22,28,29.
Olhe In the present experiment only the radiative decay channel
yoHe— 1 Nice (22 IS detected. The corresponding,,. probability is deter-
O eefixmpy ThEx mined by the ratio
Nd,u3He
2. Radiative molecular peak KduHe = —m, (26)
I
The delayed muonic x-rays are generated by two different tot
mechanisms initiated bgi atoms in their ground state. The ereNtdg{ He ande“ He are the total number afu*He mol-
first mechanism described in this section is simply molecula

Ecules formed in the mixture and the number of molecules
subsequently decaying via the radiative channel. The latter
quantity may be expressed as

muon transfer, specifically Eqla accompanied by a 6.85
keV y ray. Experimental molecular muon transfer from
muonic deuterium to helium gy is presented in detail in
many papers, in particular in Ref81,38 together with the duPHe N6 g5
corresponding reaction rates. The radiative decay rate of the N, 7= oo o5 (27)
du®He complex Eq(1a) can be measured as follows. 685 176.85
The time distribution of they rays (relative to the muon whereNg g5is the number of 6.85 ke rays detected during
stop time decreases experimentally with the disappearancthe timeAt, elapsed after a muon stop anglgs is the cor-
rate of the muonic deuterium ground statg,, responding detection efficiency. The factgr

032723-5



BYSTRITSKY et al. PHYSICAL REVIEW A 71, 032723(2005

101 (a) 5 107 (k)
E 10°; é 107
% :) L, é 105 ;
Ty 2 Wbttt
o 1 2 3 4 5 6 0 2
time [ps] time [ps]

FIG. 4. Time distribution in run | withoufa) and with coincidences with muon decay electréns

Fo = eMaul(1 — e Mdudly) (28) 3. Delayed K series transitions from muonic helium

As previously said, the delayed muonic x rays are gener-
is the y-ray detection time factor anefg g5 is the 6.85 keV  ated by two different mechanisms initiated from the ground
y-ray attenuation factor. For therays detected with the del-  statedu atoms. The second one discussed here starts with the
e criterion, a correspondindi®* ™ value is obtained using ddu formation, due to collision of &du),s atom with a B
Eq. (27) divided by theef, coefficients. molecule, subsequently followed by nucledsd 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 heliukd series transitions are
8bserved.

The time distribution is also determined hy,,. In addi-

tion, the relative intensitiel, ge (OF 4. ge) Of the delayedK
series transitions are assumed to be the same as those of the
prompt radiation oKx lines. It is worthwhile to note that the
measurement of the corresponding absolute intensities en-
abled us to determine the third componenigf in Eq. (24)
and, consequently, to extract the effective formation rate of
Nd;/,sHe: )‘d3He¢CHenls (29) the ddw molecule in the D+3He mixture using the coeffi-

tot Ag du? cientsWp, ¢ (also obtained in this papeand average val-
ues forB and wy (taken from Refs[68-7Q).

J
wherenéi is the number oflu atoms formed via direct muon
capture and reaching the ground state after deexcitation. By IV. ANALYSIS
measuring the exponential time distributi@®3) and using
the known quantitied\y, Agg., Wp, wg, i, and B [68-70 _ o - _ _
one can determine the molecular formation raje, from To obtain the relative intensities of muonic x-ryseries

Eq. (24). The determination oK('s,_from Eq.(29) requires ~ ransitions ofu”He andu'He atoms in helium targets, we
M analyzed the corresponding energy and time distributions de-

in addition the knowledge afy,, determined from Eqs16)  tected by the germanium detector in runs | and II. Figures 3
and(17). By substituting\ld“ He andNﬂ;{ Heinto Eq.(26) one  and 4 present the energy and time distributions obtained in
finally obtains thexg,ne probability. runs | with and without muon decay electrons coincidences.

A comparison of theNd“3He value measured with and
without the dele criterion provides also a test for the validity
of our coefficientse,, f;, andNg g5 The detection efficiency
g¢.85 Was determined by MC simulations including feasible
space distributions of muon stops in the target volume an
experimental detection efficiencies Kk lines for the pure
He runs.

The total number of thelu®He molecules formed in a
D,+He mixture is determined by analyzing the 6.85 keV
y-ray time distribution. It is expressed as

A. Relative intensities ofK series transitions

TABLE II. Prompt x-ray yields ofu®“He K series transitions measured in runs with ptiie and*He.

Ka KB Ky Yield
Range[keV] [7.83-8.53 [9.43-9.96 [9.98-10.6 [10°] [10°] [10°]
Runs Nfte e, Nj® N2 NP NP, yHe Yie Yoe
I (®He) 34319190 478570) 17 835139 255152 20 045150 283454) 7.53690) 3.79553) 4.23162)
lla (“He) 729587 98532) 491972) 688(26) 261655) 408200 0.897114) 0.58510)  0.3098)
b (*He)  11587111) 159340)  754791) 100932  462776) 61325 176625 1.12618 0.677113)
lic (*He) 130338 174(14) 70929) 91(10) 846(33) 12312)  0.2879)  0.1516)  0.1787)
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TABLE lll. Relative intensities of prompt x rays qt3'4He K series transitions measured in runs with pure
helium. For each run, results from both the full statistics and thes@elrdition are given.

e e Iy 15 15 1
[%] [%] [%] [%] [%] [%]
| (3He) 48.44) 47.895) 24.43) 24.94) 27.23) 27.45)
lla (4He) 50.05) 47.311) 32.15) 33.1(10) 17.34) 19.69)
Ilb (4He) 49.55) 49.59) 31.54) 31.48) 19.003) 19.1(7)
llc (4He) 46.610) 44.827) 24.59) 23.523) 28.910) 31.725)
Augsburgeret al.[20] (*He) 46.945) 27.928) 25.219)
Treschet al. [22]* 47.02) 20.310) 32.7116)

3or 3He (¢=0.026 and for*He (¢=0.0395.

As seen, the ded-criterion significantly suppressed the back- helium isotopes. TheAE(*He—°He) energy difference is
ground level and improved the signal-to-background ratiogiven in Table V for the different transitions. A theoretical
As already mentioned before, events detected within a tim@rediction for theKa transition[71] is slightly lower than
interval t,=[(-0.03-(+0.03] us relative to muon stops our measured value.

were classified as prompt ones. The pronqgtlines events

Nt NHe were determined by fitting the experimental ampli-

tude distributions by a Gaussian distribution
. One of the main aim of runs Ill and IV was a measure-
de(‘e (E,— E))? ment of theq?se probability. In order to determine this quan-
doE, Acexp| - oz |7 SE+0O, (30) ity it was necessary to knofaccording to Eqs(16)—(21)]
X the muon atomic capture ratiy, the promptK series transi-
tion yields of u®He atoms in puréHe and in B+°3He mix-
turesNH® and NPHe and the number of muon stops in pure
*z’ﬁe and in Q+He mixturesNg,, Significant background

B. g probability

WhereEX is the mean value of the correspondikg line
energy,oy the standard deviation for th€x line andA, the

normalization constant. The germanium detector backgroun : . > o
is taken into account by a straight line, wihand O being reduction was achieved by using the @atriterion. The re-

the constants. Results obtained in measurements | and |l aﬁé"ts are presented in Table VI. Note the excellent agreement

presented in Tables Il and Ill. The agreement with other ex- etl\:A(een f;" ?]tatlsntchs and deladnaly5|3. f the th tical
periments[20,22 as well as with the theoretical prediction igure 5 s 0WS3 € energy dependence of he theoretica
values vsdu+°He collision energy calculated for runs

9] is very good. Statistical errors are quoted in parenthesesls . ! .
'Ehgoughoﬁtq[he whole text. a P %Il and IV in the framework of the simplédu)” cascade

The analysis performed for both mixtures is similar. TheM0del[16,17,73 and their comparison with experiment. The

prompt intensities are measured within the same time intefM0del assumes that the kinetic energy(di) atoms re-

val as for the pure helium runs, both with and without themMains unchanged during deexcitation. T4i¢ value is de-

delayed electron coincidence condition. The results, given ifermined from deexcitation and muon transfer to helium. The

Table IV, depend on the pressure of thg+3He mixture. ~cOmPplicated interplay between these two processes is de-

For comparison, results of Augsburgaral. [20] taken at a  SCribed by a system of linear first-order differential equations
i Py i dor level populationsN,(t), with n<12. Thed}¥ is defined

similar pressure as in run lll, are also shown in the table. Th nitt), . 1s

differences in relative intensity between pure helium and théS

deuterium-helium mixtures are essentially due to excited e = Nyt — ). (31)

state transfer. Additionally, such an analysis allows us to de-

termine theKx transition energy differences between the twoThe deexcitation scheme is taken from REf7] and the

corresponding reaction rates are collected in Réf§,17).

TABLE |V. Relative intensities, in percent, of prompt x rays of
w’He K series transitions measured in runs Il and IV. “Full” stands ~ TABLE V. Kx transition energy differences between the two
for full statistics, whereas d@+epresents the delayed electron cri- helium isotopes. The last column gives a theoretical prediction for

terion. The last column shows the results of Augsbuggeal. [20]. the Ka transition.

Runs 1]} v Augsburgeret al. Transitions AE(*He-*He) [eV]

Transitions  full dele full del-e [20] Our work Treschet al. [22] Rinker[71]
IDHe  66.44) 65.77) 72.03) 72.96) 68.651) Ka 77.8+0.9 75.0£1.0 74.2
|2’He 26.63) 26.56) 24.52) 24.1(6) 24.519) KB 92.9+1.1
1o 7.09 7.84) 351) 3.00 6.96) Ky 103.4+3.4
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' ' TABLE VI. Experimental values off;'¢ obtained from the B
+3He experiments. Full stands for the full statistics, whereasdel-
0.90 represent the delayed electron criterion.
a) Z
0.85 4 - Runs  Statistics s NDMe yDrHe e
b) -
Y X=a,B,y [108]
= 0.80 L
o 1] full 35 376(270 7.7015) 0.88219)
0754 L dele 496972 7.6029  0.88521)
l/ 1\ full 37 402(205 5.71(11) 0.84420)
0.70 - dele 5161(75) 5.8523  0.83823
0.65 T T T T
0 2 4 6 8 10 NG g5
collision energy (eV) T = Ag'ue_)‘d#t +AJ et + AL et + DYe o + F,
FIG. 5. Energy dependence qf° in the D,+3He mixture cal- (32)

culated for runs Ill(curve @ and IV (curve b. Experimental values ) ) » o
of ¢ measured in the present wafitf,®=(0.882+0.018 andqle ~ WhereAj,, A%, andAj are the normalization constants of
=(0.844+0.020] are represented by hatched boxes. the different target element®? and F” are the constants

describing the germanium background.
The results of runs Il and IV for the ground state disap-

As seen from Fig. 5, the experimental valuesqﬁj coin- . .
cide with the theoretical ones for an averatyeHe collision pearance rate of muonic deuterium and the molecular forma-
tion rate\°He, using Eq(24), are shown in Table VII. The

energy of around 8 eV. Note the pronounced difference be- U\ Ho= 1 wh h ;
tween the experimental valuesa}f and the theoretical ones averaged value"He=24220) us™, where the erors in-

corresponding to fully thermalizedi atoms. However, clude statistical as well as systematic errors is_ consistent with
more refined theoretical calculations gf® based on Monte the measurement of Maest al. [74], but in disagreement
Carlo simulations of acceleration dfx atoms due to deex- With the work of Gartneet al.[28]. _
citation processes and muon transfer to helium as well as According to Eq.(26) the determination of the branching
thermalisation due to elastic collisions are required to arrivéali0 Kgure requires the knowledge of both the total number
at definite conclusions. It should also be noted that experi®f d«"He molecules formed in a mixture and the number of

3 , . . ..
mental results presented in this paper agree with earlier on&lt "He's decaying via the radiative channel, Ega). The

3 3
(see Ref[73]). On the other hand, an analogous comparisorcorresponding numberrsl?gf He and N% ™ were determined

with results presented in RefR0-22,62 is not possible due using Eqs(27) and(29). The y rays were measured during a
to significantly different helium concentrations and densitiestime t,, and the dek time interval wast.—t,. The detection
o ) ) efficiency eg g5 was determined using detection efficiencies
C. Radiative branching ratio sgye of u®He atomK series transitions in runs | and Il by a MC
The experimental method to determine the®He radia-  simulation. This MC calculation took into account the g5
tive decay branching ratigy,c is described in Sec. Il B 2. attenuation ofy rays passing through all layers between the
Energy and time distributions of prompt and delayed eventgiermanium detector and the gas. The time facfpfsr the
detected in runs Il and 1V with muon decay electrons coin-electrons andr; for the y rays are slightly different for both
cidences are presented in Figs. 6-8. runs, f;=0.84 andF;=0.94 for run Ill andf,=0.86 andF;
To determine the\y, and \¢He rates[see Eq.24)] the  =0.99 for run IV. All results are presented in Table VIII.
y-ray time distributions were fitted within an energy range  The gy, Values obtained in the present experiment for

5.74-7.50 keV using the expression two different D,+°He densities differ somewhat from the
250
200 817 8.17
@ | Z 2004 l
§ 160 §
o & 150
kS 1201 9.68 3 9.68
5 g0 | 5 1004 |
F.é 10.2 @
= 407 6.85 | = 504 6.?5 101.2
.
0 Sl lesiipal ' .M. 0 g st | : o :
5 6 7 8 9 10 11 12 5 6 7 8 9 10 11 12
energy [keV] energy [keV]

FIG. 6. Energy spectra of the prompt events in rungléft) and IV (right).
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45
40 6.85 40 1 Gf5
| g
2 30 2
o 2 254
e E 20
g 27 8.17 8 8.17
L 154 £ 154 l
g 9.68 g o] 9.68
2 199 = |
54 5 |
0 1 LIl 0L NINATITEY O LA LICT N T T unamo) 0 -
5 6 7 8 9 10 11 12 5 6 7 8 9 10 11 12
energy, keV energy [keV]
FIG. 7. Energy spectra of the delayed events in rungléft) and IV (right).
experimental result of Ref20], i.e., xg,1e=(0.301£0.061 A

Au

performed under slightly different experimental conditions [ (du*He)3., ;-12e] + D(D,) Hg[(dﬁHe)%;mJ:OZe]
(¢=0.0697 £,,=0.0913. Our results differ slightly from the +D*(DY) +e (35)
calculatedkq,e vValue in Ref.[30] for a total angular mo- 2 '
mentumJ=0 of thedu*He complex. However, they are ina  In the second mechanis[84], the J=1—J=0 transition
good agreement with the calculations of R¢f9,75 for a involves a number of molecular processes. However, the cor-
total angular momenturd=1. responding transition rate is essentially determined by a for-

A close comparison of the existing theoretical results formation of molecular cluster
KduHe [27,29,30,75-7F with the e>§[)eri]mental results ob- A
tained in the present paper and in R@0] may throw some 3y a2+ 1D 3y 2+
light on the mechanism of rotationdk1— J=0 transitions [(@*He)Z5, -]+ Do [ (Ao, -0e]Dz - (36
of du®He molecules in the (@ state, labeled, in Fig. 2.
Specifically, two different mechanism of thé&=1—J=0 Nabg
transition were proposed in Ref&1-34. Both mechanisms [(du*He)%, 1-1e]D, — [ (du®He)3, 1-0e] D5 +e. (37)
start with an Auger transition in du+°He collision

and a subsequent inner electron conversion

The first mechanism yields an effectide1— J=0 tran-

sition rate

du +°He — [(du’He)s), 1 €] +e. (33 t

' e MM Auig® CoCre 39)
' . . 10—
The first mechanisiB31-33 consists of a two stage process, Nect )\gﬁg(tDCD + Mn¢Che
namely, the formation of a neutral complex in the collision the second mechanism gives
An N kclhi’ﬂgwco

3142 32 Nio= - 39
[(du "'e)z;;a,lee‘]+ +He—[(du He)250,3:12e] +He", 10 Aot Naug * Nei®Cpo 39

(34) (see Refs[43,44)). The effectivedu®He decay rates for both

o rotational states)=0 andJ=1 are defined as
followed by a subsequent deexcitation due to external Auger

effect Nec™ N+ A3+ ;. (40)

10° 4 1073

% , 5 1073
o 10 =

E %WMWW E 10'
§ 10' 4 W §

10"+

0 1 2 3 4 5 6 0 2 4 6
time [ps] time [ps]

FIG. 8. Time distributions in runs Il{left) and IV (right) within the energy range 5.74-7.50 keV.
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TABLE VII. Experimental results for the muonic deuterium 0.28
ground state disappearance rate andifaéHe molecular formation
rate. , 0.26-
o o
Ny NeHe = 0.24 I
Runs (us™ (us™) =
% 0.22_ _______ F e T
Il 1.152(36)5ia(30)syst  240(13)staf 15)syst 2
v 2-496(58)sta£100)syst 244(6)sta£16)syst = 0201
Average 2420)
a 0.18 T T T T
Maev et al. [74] 23209), 23316) 0.0 02 0.4 0.6 08 10
Gartneret al. [28] 185.677) density, ¢

At 50 and 39.5 K, respectively.
FIG. 9. Density dependence of thgdecay branching ratio

) . ~ KduHe POINts with error bars are our experimental values. The solid

Because the effective transition rate, is model depen- jine corresponds to the second mechanism Wi =102 s [34].
dent, the ratio\ 1o/ A, may allow us to check the validity of The dashed lines represents the first mechanism wdf,
both models. A proposal for a corresponding experiment was 8.5x 10t s [31], whereas the dotted lines is given faRky,
presented in Ref$43,44). It exploits the] dependence of the =10's™[32,33.
probability for the radiativedu®He decay ratiokg e AN
unequivocal identification of theJ=1—J=0 transition transition including realisti¢D —du>He)*™* o 29 interaction
mechanism should be possible by measuring the 6.85 kelotentials have, however, to be performed before definite
y-ray yields for a series of different densities ob©He  conclusions can be drawn. Calculations in RE&2,33 go
mixtures. The density dependence «f,..e Normalized to @ in this sense but within the framework of a semiclassical

single du*He molecule is treatment. Such a treatment seems rather problematic consid-
~ 0 ering the collision energies in such a system. More accurate,
_ 1 AL+ Aioh, 41 i.e., purely quantum mechanical calculations are now in
Kduhe™ 1y~ o |’ (4D rogress
)\dec+ )\10 )\dec prog .
Here, the decay ratesd,=6x 10** s, A\%=1.8x 10! s} D. DelayedK series transitions of uHe atoms

dec
averaging the corresponng results taken from I?e‘cSSeries transitions were determined by measuring Njgy

]E_27t,29,30,r7]5—.8]) are model &'dfginfglgt'_lco';\%i”l'ggg’theevents during a time interval, after the muon stosee
>|<rslonm_elc gf'sm’d;\'\éi _li%‘lao n 323 IS: " th Aug™ q Table 1X). The corresponding relative intensities were ob-
s [31], andAxg=10" s [32,33. For the second e from the ratios

1 _ 1s1 1_ 1s1 i
[30], Age=7> 10 7%, and),=1.55x 10" s™* (obtained by The relative intensities;e x andl e 5. of delayeduHe K

mechanism, we used;=3x10%s? and Ajj,=10's™
[34]. All density dependent rates are normalized to LHD. _ Ngeix Ngelx
As can be seen from Fig. 9, our experimental values of lgelx = : (42)
[7Exal X=a,B,y [ 7€xal

Kqure are in better agreement with the theoretical results cor-
responding to the first mechanism as described in Gzslpli Our results should, in principle, coincide with the prompt
et al. [31-33. More refined calculations of th&=1—J=0 intensities ofK series transitions if we assume that the en-

TABLE VIII. Experimental results concerning formation and decay processeifie molecules ob-
tained from runs Il and IV. “Full” stands for the full statistics, whereas eletpresents the delayed electron
criterion. The 6.85 ke rays were measured within an energy range 5.74-7.55 keV. The time intervals for

the y rays and electrons are also given.

Parameter Units Run 111 Run IV
full del-e full del-e
t, (us)  [(-0.03-(+2.5] [(-0.03-(+2.5] [(-0.03-(+1.8] [(-0.03-(+1.8]

te—t, (us) (0.08-4.6 (0.08-4.9
Ne.ss (109 17.4221) 2.156) 20.0723) 2.637)

N He (10% 20.81136) 20.86136) 16.5070) 16.4172)
N(iMsHe (1% 4.2010 4.3717) 3.7610) 3.5319)
gesedl-7g9 (1079 4.158) 5.7615) 6.26119) 8.7232

KduHe 0.20314) 0.20917) 0.22812) 0.21315)
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TABLE IX. Delayed relative muonic x-ray intensities fdHe
and“He atoms.

Run Units 1l (3He) IV (*He)
t, (us) (0.1-2.5 (0.1-1.8
te—t, (us) (0.08-4.6 (0.08-4.9
I dele (%) 0.60575) 0.72§85)
lder s (%) 0.18547) 0.16048)
ldel,y (%) 0.20962) 0.11260)

PHYSICAL REVIEW A 71, 032723(2005

Kdune = (0.203+0.014 ¢=0.0585
and

Kdune = (0.228£0.012 ¢=0.1680 (45)

are in agreemeritvithin both error limitg for both densities,

but disagree somewhat with the recent results by Augsburger
et al. [20], xg,ne=(0.301£0.06], measured at an helium
concentration approximately twice as big, namety,
=0.0913.

Finally, the relative intensities of the delaydd series
D/He

ergy distribution of the incoming muon as well as the pri- transitionsl gy of xHe atoms, due to dire¢He muon cap-
mary uHe atom excited states distribution due to directture or due to muon transfer from deuterium to helium, after
muon capture are the same as the corresponding ones fde muons were freed afterd fusion, were also measured.
muons freed after thd-d fusion. The observed prompt rela- They differ from the prompt relative intensities, probably

tive intensities of the correspondifgseries transitiongsee

Table Ill) are, however, different from the delayed ones in-

due to a different primary distribution of excited states.
In conclusion, we were able to measure various interest-

dicating that the above conditions are probably not fulfilled.ing characteristics of muonic atofiMA) and muonic mol-

V. CONCLUSIONS

The measured relative intensities of muokicx rays in
u>He andu*He atomgsee Tables Ill and Vagree well with
other experiments. Regarding tlu@se probability for adu
atom to reach its ground state in 3He mixture at two
different densities, our results are

0= (0.882 +0.018 ¢ = 0.0585
and

= (0.844+0.020 ¢=0.1680, (43)

ecule (MM) processes occurring in pure helium and in D
+3He mixtures with good accuracy. This was possible by
exploiting different germanium detectors fgsray detection

in a wide energy rangé3 keV-10 MeV], silicon Si(dE

—E) telescopes for the detection of charged particles coming
from nuclear fusion or nuclear muon capture Hiye and
muon decay electron detectors. The self-consistent methods
increased the reliability of the presented results. Further mea-
surements of quantities such as i€ probability and the
KguHe Dranching 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

in agreement with theoretical calculations for an averagdicture of muonic processes occurring in deuterium-helium

du-He collision energy of around 8 eV.
As for thedu®He molecular formation rate;°He for both
our mixtures, our averaged value is

A He =(242 + 20 us?. (44)

targets.
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