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Measurement of the formation rate and the radiative decay of the muonic molecules
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Formation and decay of thef *He)* and (pu *He)* molecules have been studied in binary-gas mixtures
of H,+ 3He and H+ *He at 30 K. The muon ground-state transfer rates from hydrogen to the two helium
isotopes were extracted from the time distribution of the 7-keV decay x rays of the muonic hydrogen-helium
molecules, measured with a Ge detector. The obtained transfer ratagsage (0.46+0.15)X 10®s ! and
A pine=(0.42+0.07)x 108 s~ 1. The radiative branching ratios of the decay of tipg.fHe)* and (pu *He)*
molecules were determined by comparing the yields of the Lyman series of muonic hydrogen with the one of
the 7-keV line with charge-coupled-device detectors. The ratios are in agreement with theoretical predictions.
Muon transfer from excited states of muonic hydrogen to both helium isotopes was also observed.
[S1050-294{@8)07010-3

PACS numbd(s): 36.10.Dr, 34.70te, 82.30.Fi

. INTRODUCTION (p)1s+He—p+(uHe) g, 1.2

The muon transfer from hydrogen isotopes to helium iso-
topes acts as a scavenger in the muon-catalyzed fusion cycw@as calculated by Matveenko and Ponomd@ This rate
reducing the fusion yield, since helium is produced in bothis about one order of magnitude smaller than the transfer via
nuclear reactions and tritium decay. In contrast to the transfgnolecular formatiom 14 [EQ. (1.1)]. The total muon trans-
mechanism from muonic hydrogen to heavier elements, théer rate from the ground state of muonic hydrogen to helium
muonic charge exchange to helium proceeds mainly via tha e is defined as the sum of the rateg, ;. [Eq. (1.1)] and
formation of a metastable muonic hydrogen-helium molecule)\f',[|e [Eq. (1.2)].
[1,2] This total muon transfer rate from hydrogen 4ble has
been measured in several experimegrts8|, and recently
(1.1) the transfer rate t6He was determined by the present col-
laboration[8]. Although different methods were used, the
transfer rates have not been determined directly from the
wherex is either a proton(f), a deuterond), or a triton ¢).  time distribution of the 7-keV line up to this experiment. In
This short living molecule £ 10" %2 ) is formed in the ex- the lifetime measuremenfd—6,9 a third gas was used as an
cited state Bo, and decays to its unbound ground state 1s indicator, and in the yield measuremdi one had to rely
either by particle decagdissociation, by Auger emission, or on the calculated radiative branching ratio of the molecule.
by the emission of a 7-keV x ray. The end products are a In the present measurements, the total muon transfer rate
hydrogen nucleus and a muonic helium atom in the groundrom the ground state of hydrogen ftHe and “He was
state. Therefore the detection of the characteristic x rays at determined by measuring the time distributions of the 7-keV
keV is a direct evidence of the formation and decay of suctx rays with a germanium detector in binary-gas mixtures
molecules. _ H,+ 3He and B+ “He at 30 K. Using our transfer rates, the
The direct transfer ratﬂg',ﬂe to the ground state, radiative branching ratio of the molecules was determined by
measuring the yields of the Lyman series of muonic hydro-
gen at~2 keV, and of the 7-keV molecular decay x rays
*Present address: Institut de Physique de I'Univergieolles, using CCD(charged coupled deviteletectord9]. In addi-
CH-1700 Fribourg, Switzerland. tion, several characteristics of the transfer from excited states

(ux) 15+ He—[(xuHe)*e ]  +e7,
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I binary mixtures/\MplS is obtained from the time distribution

of the 7-keV molecular decay x rays. Therefore, the total
muon transfer rate from hydrogen to heliup,, can be
calculated using Eq2.1).

The radiative branching ratia of the (puHe)* mol-

pereA . ecules is given by
A
Y

= 2.2

Ae TNt et N, 22
A eApuHe
®—(up1s fenedpum (puHe)* A @ whereh,, \e, and\,, are the decay rates of the molecule
Ap due to particle decay, Auger transition, and radiative decay,
¢cp)‘pw

excited state transfer A

pHe

respectively. The ratia can be extracted from the relation

N7_kev
FIG. 1. Scheme of the main processes induced hy ain a N—e=

binary-gas mixture ki-He. The starting processes are the forma- ©P

tion of a muonic hydrogen atomu()* or a muonic helium atom . .

. . . whereN7_,ey is the yield of the 7-keV decay x rays, ahg,,
(uHe)* in an excited state. See text for an explanation of the sym,[he yield of the Lyman series intensities from muonic hydro-
bols. . ;

gen, i.e., the number gip atoms reaching the ground state.
W is the probability that a fuHe)* molecule is formed
Xfrom the ground state of the muonic hydrogen atom. It is

expressed by

kW, 2.3

could be deduced from the measurements in the binary mi
tures.

Il. EXPERIMENTAL METHOD PChiek putie

W:
The main processes of the muon in a binary mixture of Ao+ @(CpApput Calpat Chel pre)

H,+He are presented in Fig. 1. A negative muon entering BCoh

the gas target will be captured either by hydrogen or helium. — I rHeTpute
The excited fup)* or (uHe)* atoms deexcite to their re- Aupyg
spective ground stateu(p),s and (uHe);s. The muon trans-

fer from an excited state of the muonic hydrogerpj* to ~ The vields ofN7 ey andN,,, are measured with CCD de-

an excited state of the muonic helium competes with thdectors. A contribution to the yield dfi; .y from excited-
deexcitation of the gp)* atom. From the ground state State transfer can be neglected, since this transfer occurs pre-
(up)1s, the muon disappears either by decay with a ratéjomingntly by direct charge exchange and not via molecular
No=4.5516x 10° s~1 [10], by formation of appu molecule ~ formation[13]. _ _ _
with a ratex ,p, = (2.34+ 0.17)x 10° s~ [11], by transferto It should be mgntloned that a_small deuterll_Jm_ contamina-
helium (\ pe) OF by transfer to impurities such as deuterium tion strongly contributes to the y|elld.of the radlatlv_e decay x
with a ratex ,q=(1.43+0.13)x 10'°s~1 [12]. The transfer fays of the (:),uHe)*. molecules. Th]s is due to the high trans-
and formation rates are all normalized to the atomic liquidf€r rate to deuteriumXpg), the high molecular formation
hydrogen density(LHD, 4.25x 10?2 atoms cm®). As al-  rateéAq,ue (@bout 5-25 timed., e [14], depending on the
ready mentionedsee also Fig. Yl the muon transfer from the helium isotopg and the high radiative branching ratioin
(4p)1s ground state to helium proceeds either by an interthe decay of theduHe)* moleculesabout 30-50 % com-
mediate molecule or by direct transfer. The latter is supPared to only 3—7 % of thepiHe)* moleculed 15]]. There-
pressed by one order of magnityda. In this experiment the ~ fore, the use of pure hydrogen gas is extremely important.
total transfer rate\ ., is measured, which is the sum of the

direct transfer rate\g',ﬂe and the molecular formation rate lIl. TARGET AND DETECTION SYSTEM

)\p“Hef The gbserved disappearance rmﬁ"ls of the (’“Lp)ls_ The experiment was performed at th&€4 channel of the
level is equivalent to the sum of the rates of the variouspy| scherrer InstitutéPS) in two run periods, a first one

(2.9

disappearance channels: for the mixture B+ *He and a second for the mixture
1 H,+ 3He (see Table)l The hydrogen gas was produced by

= ——=Ng+ H(Cyhpp,+ CqhpgtC ). electrolysis of deuterium depleted water, where a deuterium

#P1s “P1s 0 #(Cphpps* Cahpa™ Criehpre contamination of less than 2 ppm is guaranteed. The online

(2.2 analysis of the gas mixture with a high-resolution mass spec-

trometer revealed no impurities. For a possible deuterium

Herer,, isthe measured lifetime of the.p),s atom,¢ is  contamination due to the filling system, a conservative upper

the atomic gas density relative to the LHD, andis the  limit of 20 ppm has been estimated.

atomic concentration of the elemejnt The primary proton beam current was 1.0 mA in the first
Contrary to the triple-gas mixture methd8], where the run and 1.5 mA in the second run. Negative muons with a
disappearance rate is determined from the time distributionsyomentum of 35.6 Me\¢/ were focused on the target center
of the muonic x rays from the added third gas component, iras a 2.<1.5 cnf beam spot. Under these conditions, typi-
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TABLE |. Characteristics of the gas mixturesHHe and of the pure helium targets.

Atomic gas concentration Density Pressure Temperature
Gas cy (%) Che (%) (% of LHD) (ban (K)
H,+ 3He 88.2-0.3 11.8-0.3 (He) 5.20+0.05 3.72-0.01 26.2-0.1
H,+ “He 86.80-0.04 13.26:0.04 (*He) 7.36-0.08 5.15-0.01 26.5-0.2
“He 100 (*He) 3.95-0.03 4.710.01 20.5-0.2
3He 100 fHe) 2.60+0.02 3.19-0.01 21.0:0.1

cally 26 000 muons/s entered the target. In each run periodyith a useful energy range from 3 to 30 keV. For the
the target cell was filled with pure hydrogen and pure heliumuHe(2—-1) transition at 8.2 keV in pure helium, the time
gas to observe the cascade x rays undisturbed from transfagsolution was 25 n§30 n9 and the energy resolution 250
processes. . eV (170 eV for the 0.25-cm (0.17-cni) Ge detector.

Target apparatus and gas handling system were used in Radiative transitions in the energy range between 1.5 and
our previous experimeri8], and more details can be found 11 kev were detected by two CCD detectors. CCD’s as soft-
in Refs.[16-18. The detector arrangement for the presenty 4y detectors have been described in detail, e.g., in Refs.
experiment is shown schematically in Fig. 2. The target celtg 19]. Each CCD chip had a size of 4.5 &n{770x 1152
}Nas maciﬁ fronl gtll_LlJmlnumTindtwas tcoahed ,bi'j a thin S'Ilge[)ixels of area 22.522.5 um?). The depletion depth was
ayer in the b € run. Tne larget cell windows could —_ 5, um [20]. The useful energy range was betweef.5
withstand pressures up to 6 bar. Hence a high muon stoppi ; . .

; mited by the thickness of the pixel electrodlesd 12 keV
rate was achieved at low temperatures around 30 K. X-ra imited by the depletion depthAn energy resolution of 120
detectors were placed on both sides of the target cell: a CC V [full width at half maximum(FWHM)] was obtained in

detection system on one side and a germanium detector ¢ o K h
the other side. The target windows were a2®Hostaphan 1€ measurement of theH(2-1) transition at 1.9 keV. The

foil on the CCD side and a 5@m Kapton foil on the ger- CCD’s yielded no timing information. The data were read

manium detector side. The CCD’s were kept in vacuum out approximately every 3 min by a data-acquisition system

separated from the target by a 2a Mylar window. which operated independently from the data acquisition of
Four plastic scintillators of 0.5-cm thickness were placedhe other detectors. _ _ _

around the target vessel. These scintillators were used as 'he excellent two-dimensional spatial resolution of the

muon decay electron counters. The background for th&CD's turns out to be decisive to extract a weak signal out

muonic x-ray spectra could be strongly reduced by requiring @ large background. In most cases, x rays produce single-
for each x-ray event a delayed electron from the muon decaljixel events, whereas the track of charged particles produces

within 0.2—-4.0 us relative to the muon stogdelayed- €VENts in a cluster of pixels. The gsual way to dis_tinguish
electron condition soft-x-ray events from background is to require a hit in one

The time and energy information for the determination ofSingle pixel with none of the eight surrounding pixels having
the muon ground-state transfer rate was obtained from th@ charge above the noise level. The CCD analysis and back-
germanium detector. In the,H *He run, a 0.25-cfhdetec-  9round rejection are described in detail in R¢f3,19,23.
tor was placed at a distance of 8 cm from the target center, 1he relative efficiency of the CCD detection system is
Its useful energy range started at 5 keV and extended up getermined by the transmission of the x rays through the
70 keV. In the B+ 3He run, a 0.17-crhdetector was used,

8 T T T T T T
—— mean efficiency
Ivacuum vessel!  §H N\~ upper limit
w6 - - = - lower limit
=t
=
=t
4
©
o
=
CCD gas target I 2
g2 |
Ge-detector
N
0
2 4 6 8 10 12
energy (keV)

scintillator

FIG. 3. Relative efficiency of the CCD detection system includ-
ing absorption by the target windows. The small but sharp fall in
FIG. 2. Schematic target setup as viewed by the entering muonshe curve at 1.7 keV is due to th€ edge of silicon, the main
The thin lines represent target and detector windows, as describedaterial of the CCD. The dashed lines represent the limits of the

in the text. The drawing is not to scale. 1o error band.
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FIG. 4. Energy spectra of the decay x rays from the molecules 10

(puPHe* and (pu*He)* taken with Ge detectors. The given
events are delayed with respect to stopping muons and in delayeu
coincidence with muon decay electrons. The dashed lines indicate r|G, 5. Time distributions of the decay x rays fropyHe)*
the energy range of the events of which the time distributions Wergnolecules(a) and from (Qu*He)* molecules(b). The full lines
analyzed(cf. Fig. 5. represent the fit to the data.

time (us)

different foils, and the intrinsic efficiency of the CCD chips. hydrogen to3He and to *He, respectively. These spectra
The efficiency due to photoabsorption in the material wasontain only events which are delayed with respect to the
calculated using known absorption coefficied®2]. The  muon stop in the target, and followed by a muon decay elec-
chemical composition of the Mylar, Hostaphan and Kaptortron. Under these conditions, electronic x rays from sur-
foils can be found in Ref§23-295, and the CCD composi- rounding materials and the prompt muonic x rays from direct
tion in Refs.[20,21]. The relative efficiency of the CCD capture in helium are suppressed. The wide “bump”around
detection systentCCD’s with target windowpis shown in 4 keV in the H+ *He spectrum[Fig. 4b)] is due to the
Fig. 3. Small corrections such as those for the deformation ofncreasing background and the decreasing sensitivity of the
the target windowgdue to the target pressirend the varia-  constant fraction module at the low-energy side. In the
tion of thickness of the CCD absorption layddue to the  H,+ 3He run[see Fig. 4a)], a smaller Ge detector was used,
angular spread of incident x rays.8] have been considered. resulting in less background at low energies. The stronger
The calculated uncertainties are 17% at 2 keV and 8% at Asymmetry on the left side of the 7-keV line ipg *He)* is
keV. Our intrinsic efficiency agrees with the one given in mainly due to background.

Ref. [19], and with the measured efficiency of R¢Lg] The positions of the maximum height of the 7-keV peaks
(measurements of antiprotonic gases at very low pressuigre determined to be 7.8M.06 keV for the pu2He)* mol-
and KB/Ka ratios of electronic x rays ecule and 7.050.04 keV for (pu *He)*. A direct compari-
son of our measured spectriffig. 4(b)] with predictions of

IV. RESULTS AND DISCUSSION energy and shape of the 7-keV line in the molecule

(pu*He)* , was performed in Ref$26,27). These compari-
sons show good agreement for the energy, the asymmetry
The 7-keV decay x rays from the moleculgsy(°*He)* and the width of about 850 etFWHM).
and (pu*He)* have been measured with Ge detectors in  The time distributions of the 7-keV x rays were obtained
binary hydrogen plus helium gas mixturesee Table)l. The by using only events in the energy interval 6.1 kel<7.5
energy spectra in Fig. 4 show the 7-keV molecular transikeV. These distributions are shown in Fig. 5. The time spec-
tions of the pu3He)* and (pu*He)* molecules, which tra were fitted by a sum of two exponential functions, one for
show the formation of such molecules by muon transfer fronthe lifetime of the f.p);s atom, and one to take into account

A. Muon transfer rates from (up);s to ®He and “He
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TABLE II. Experimental and theoretical muon transfer rates from hydrogéiH®at low (~30 K) and
at room temperature.

Temperature Experiment Theory

K) Mixture Apipe (10° s79) Npune (107 s71) Reference
26 H+ “He 0.42+0.07 this work
27.8 H+ “He+Ne 0.55-0.07 (8]
27 average 0.490.052
30 0.47 [1]
30 0.43 [29]
30 0.46-0.64 [14]
300 H+ *He+Xe 0.36-0.10 [4]
300 H+ *“He+Ar 0.51+0.19 [6]
300 H+ *He 0.44+0.20° [7]
300 H,+ “He+Ne 0.43+0.04 [30]
300 0.32-0.52 [1,29,14

8Average value of Ref[8] and this experiment.
®This rate was corrected from the original work by taking into account the particle decay rate ¢LRef.

the background. The spectra were fitted in the time intervak 108 571 and(\ pape) = (0.49+0.05)x 108 s !. These rates
0.3 us<T<3.0 us after the prompt peak. The analysis correspond to the sum of molecular formation and direct
yielded (up);s lifetimes of 7, =1180+150 ns in the | transfer. If direct transfer can be neglect@s], our total
+3He mixture andr,, =990+61 ns in the H+ “He mix-  transfer rates would be molecular formation rates. If direct

ture. Using Eq(2.1), the total transfer rates from the ground fransfer cannot be neglect¢#l], we would obtain the mol-
state of muonic hydrogen t8He and“He were evaluated to ecule formation rates\,,3.e=(0.30+0.08)x 10° s™! and
be N putre= (0.43£0.05)x 10° s~* by subtracting from our av-
eraged total rates the direct transfer rates as calculated by
3 ya -1 Matveenko and Ponomargg].
ApHe=(0.46=0.15x 16°s7%, In both cases, the obtained transfer rates at 30 KHe
agree well with the predicted rates in Ref§,14,29. To-
)\gHe= (0.42+0.07x10° s L. gether with a measurement at room temperdi8@ they do
not contradict the expected temperature dependences. In con-
For both rates, the main contribution to the error is the untrast to the good agreement in thide case, the rates fdHe

certainty of the determined lifetime,, . Other contribu-  (Mp3ue, Apusne) are smaller by a factor of 2-3 than the

tions, such as the uncertainty of the gas densities, the g&9"mesponding theoretical predictiortsf. Table IIl). This
concentrations, and the other rates, are relatively small.  discrepancy remains unexplained.

Our experimental results on the total muon transfer rates
from hydrogen to the two helium isotopes, and the theoreti- . )
cal predictions of the molecular formation rates are presented B. Radiative decay ratio « of the molecules
in Tables Il and 1. The muon transfer rates obtained by our (pu~He)™ and (pu"He)
group from the triple-gas mixture meth¢d] are, within the The x-ray yields of the Lyman series of muonic hydrogen,
error limits, in agreement with the present rates. Hence thenuonic helium, and the 7-keV line were simultaneously ob-
weighted average muon transfer rate at 30 K from hydrogeserved with CCD detectors. The energy spectrum for the
to the two helium isotopes aré\,s;e)=(0.36:0.08) H,+ *He gas mixture is shown in Fig. 6. The good energy

TABLE lIl. Experimental and theoretical muon transfer rates from hydrogetHm at low temperature

(~30 K).
Temperature Experiment Theory

(K) Mixture Apsne (10F s79) Npushe (107 s71) Reference
26 H,+ SHe 0.46+0.15 this work
26 H,+ 3He+Ne 0.29+0.12 (8]

26 average 0.36+0.08

30 0.91 [1]

30 0.64 [29]

30 0.81-1.10 [14]

8Average value of Ref(8] and this experiment.
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FIG. 6. Energy spectrum measured by the CCD detectors in the ! l T
H,+ “He gas mixture. One observes the Lyman series of muonic 6 -
hydrogen at- 2 keV, electronic x rays of Cr, Mn, Fe, Ni, and Cu in 103
the region of the ffu “He)* decay x rays, and the Lyman series of 5
muonic helium.
4 -
resolution at 2 ke\[the uH(2-1) and theuH(3-1) lines are "
clearly separatdcand the excellent peak-to-background ratio £33
should be noted. Compared to the muonic hydrogen and he- 9
lium x rays, the yield of the 7-keV line is rather smédliso 2r
see Fig. 7. :
In the vicinity of the 7-keV line, the smooth accidental Yo ) A o
background was approximated by a polynomial function of 0 il
second order. This background was subtracted. The resulting 5.0 5.5 6.0 6.5 7.0 7.5 8.0
energy spectra are shown in Fig. 7. Since timing conditions, energy (keV)

and in particular the delayed-electron condition, cannot be o .
applied in the analysis of the CCD-detection system, the " 'C: 7- Energy spectra of the CCD's with accidental back-

. X ground subtracted in the region of the decay x rays of the molecules
electronic x rays of Cr, Mn, Fe, and Ni could not be sup-

3 * 4 *
3 " (pp°He* and (pu*He)*. The decay x-ray peaks at 7 keV are
pressed. In the k- “He run, the target was coated by a thin shown as bold lines. The full line represents the fit to the data. The

silver layer. This way the yield of the electronic X'fa}/ lines dashed lines are the contribution of the various electrénricand
could be reduced. As a result, the i peak almost disap- g x rays.

peared, and much smaller Mie and FeKa peaks are

observedsee Fig. J. transfer rateg\ pape) = (0.49+0.05)x 10 s™1 and (A y3e)

To fit the asymmetric 7-keV lines, we used the theoretical_ (0.36+0.08)< 1% s 1 become equal to the molecular for-
line shapes as given for the decay from the molecular Statﬁ]atibn ratés The resulting ratiasare

with total angular momenturd=1[26], taking the efficiency

of the CCD detection system into account. The electronic puiHe:k=0.060+0.019,
x-ray lines were fitted by Gaussian functions. The intensity
ratios Ka/KB and the corresponding energy differences pu*He:k=0.060+0.012.

were taken from Refl31]. The yields of the 7-keV decay x

rays areN;_ey=18 400+ 3 000 for the pu*He)* molecule  If we take direct ground-state transfer to helium into account
and Ny_ie,=61800:6 400 for the pu*He)* molecule. [3], the molecular formation rates change Xg,«.=(0.43
The errors include the uncertainty of the detector efficiency:£0.05)x10°s™! and \,,34e=(0.30£0.08)x10° s™*. In

the statistical error as taken from the fit, and the uncertaintyhis case, the branching ratiasbecome

of the background subtraction.

The yields of the Lyman series of muonic hydrogep, pu’He:xk=0.070+0.023,
were derived from fits with Gaussians. We obtairfég,
=(1.1x0.2)x 10° events in the B+ 3He mixture andN,,, pu*He:k=0.068+0.014.

=(2.1+0.3)x 1C° events in the B+ *He mixture. The er-
rors are mainly due to the uncertainty in the efficiency. The The uncertainties are root-mean-squémms) errors of
contribution of the Balmer series of muonic helium in the statistical and systematical uncertainty, such as background
region of the Lyman series of muonic hydrogen can be obsubtraction, the efficiency of the CCD’s, the absorption by
tained in the pure He CCD spectra, and is less than 2%. the target window, the gas density, the gas concentration,
The radiative branching ratia is determined by using and the transfer and formation rates. As mentioned in Sec. I,
Egs.(2.3) and(2.4). Under the assumption that one can ne-a small deuterium contamination has a strong influence on
glect direct ground-state transfer to heli28], the total the yield of the 7-keV line. With an estimated upper limit of
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TABLE IV. Measured values and predictions for the radiative 5 T T . T T 1
branching ratiox of the decay of the fu3He)* and (pu *He)* x108
molecules.
4 — —
(puHe)* (pu*He)* T T T
3 [ ~ ~ ~ .
This work 0.060- 0.019*° 0.060+0.012° & - &
This work 0.076-0.023F" 0.068+0.014"° = 1 3 S
Theory[15] 0.051 0.069 32 r 7
Theory[26] 0.034 0.045 ©
Theory[32] 0.034 0.048 1 b -
aVith the assumption that the direct transfer rate may be neglected

[28]. o =t ' : '
bWith an estimated upper limit of 20 ppm deuterium content in the 8.0 8.5 %gergygh(ﬁ)kev)lo'o 105 110
target, an additional systematic error 6099 has to be included.

“Determined using the calculated raf8$for the direct muon trans- FIG. 8. Energy spectrum of the muonic Lyman x rays measured
fer. Af3e=0.063x 10° s~* and A 4,,= 0.055< 10 s, from pure *He as measured with CCD detectors.

20 ppm of deuterium, an additional systematical error of— 3He)=75.0+1.0 eV of the D-1s transitions between the

300 has to be included in the above values. two helium isotopes corresponds to the expected energy shift
The experimental branching raties are compared with [34].

theory[15,26,33 in Table IV. Our results confirm the small Significant differences are observed between the intensity

radiative branching ratio for thepeHe)* molecules in com-  patterns of the Lyman series of muonic helium in pdke

parison with the ones for thedgtHe)* molecules. gas (Fig. 8 and in the H+ *He mixture (Fig. 6). In the

mixture, theuHe(2—-1) and uHe(3-1) transitions are clearly
) . 5 A favored and the higher transitions are strongly suppressed.
C. Transfer from excited pp* atoms to "He and "He This is further illustrated in Fig. 9, where the spectrum of
Theory predicts rates for muon transfer from the excitednuonic helium from pureé'He (only direct muon captujes
states of muonic hydrogen to helium of the order ofsubtracted from the spectrum taken in the binary mixture
10M-10"2 571 [13]. With such high rates, the muon transfer Ho+ “He. For this purpose, the spectrum of pifige was
competes with the deexcitation process of the muonic hydrorormalized to theé'He density in the mixture, and to the total
gen atom. The intensity pattern of the Lyman series ofmuon stops by comparing the background in the 3-5 keV
muonic helium in H+He mixtures(the sum of the “direct region. What remains are the events due to excited-state
cascade” plus “excited state transfer cascadis’then ex- transfer. This leads to the conclusion that the muon transfer
pected to be different from the one in pure helium, wherefrom the excited p)* states populates mainly levels with
only direct muon capture occudirect cascadeWe assume quantum numbera=2 andn=3, as was also observed with
that the intensity ratios of the direct cascade in the gas mixa measurement performed at about ten times lower density
ture do not differ significantly from those measured in pure[35]. The same holds true for the excited-state transfer to
helium gas. Nonradiative transitions to the ground state aréHe, as can be seen from Table V. The small dips in the
considered to be negligible. Measurements of the muonitcegion of theuHe(n—1) transitions,n>3 (Fig. 9), points to
Lyman series intensities in puréHe and “He were per- the limits of the chosen subtraction procedure.
formed at gas densities comparable to those for the binary With the assumption that no levels witi>3 are popu-
mixtures(Table ). The analysis of the muonic x-ray spectra lated by transfer, the intensity of theHe(4—1) transition can
taken with the CCD detectors yielded the same intensity pathe used as another normalization. Again the He spectrum is
tern for both helium isotopes. The mean values for the transubtracted from the one obtained i +HHe. The resulting
sition intensities are given in Table V. Our result agrees wellenergy spectrum is in good agreement with the one obtained
with the result of Ref[33]. The energy differencAE(*He by the first normalization. The intensities of the Lyman se-

TABLE V. Relative muonic x-ray intensities of the Lyman series in helium measured in puréHie (
“He) and in the mixtures st 3He and H+ *He. The last two columns show the relative intensities resulting
from excited-state transfécf. text). The sum of the Lyman series intensities is normalized to 100.

Muonic x-ray intensitieg%) Excited-state transfg@o)
Transition He H+ 3He H,+ “He %He “He
uHe(2-1) 47.00.2 64.0+0.2 71.1-0.2 67.9-0.3 75.3:0.3
uHe(3-1) 20.3t0.1 27.6:0.1 24.10.1 32.1+1.3 24. 7%+ 1.3
uHe(d-1) 19.8+0.1 5.3t0.1 3.5:0.1 0 0
uHe(5-1) 8.8+0.1 2.0-0.1 0.9-0.1 0 0

nHe(>5-1 41+1.6 1.1x0.4 0.4-0.1 0 0




PRA 58 MEASUREMENT OF THE FORMATION RATE AND THE.. .. 3535

20 1 as well as the excited state transfer to the two helium iso-
x10? topes3He and*He.
In binary-gas mixtures ki He and H+ “He at about
15 = = 7 30 K, the decay of thegu®He)* and the pu *He)* mol-
& - ecules was observed with germanium and CCD detectors.
o o The predicted energies, widths, and asymmetrical shapes of
0 % % 7 the 7-keV transitions are confirmed by our measurements.

The total transfer rates. .. from the muonic hydrogen
ground state to’He and “He were also obtained from the
5 7 time distributions of the 7-keV decay x rays. These rates are
in agreement with our previous measuremgBsis using the
triple-gas mixture method. Therefore, average total transfer

counts

0 | | \ . \ ‘ rates from muonic hydrogen to the two helium isotopes were
80 85 90 95 100 105 1.0 determined: (X p3pe) = (0.36£0.08)x 10° s and (N pae)
energy (keV) =(0.49+0.05)x 10° s~ 1. The transfer rate to théHe iso-

tope is in agreement with theoretical predictiqisl14,29.
FIG. 9. Spectrum of the Lyman series x rays frarfiHe result-  However, our transfer rate ttHe is lower by a factor of 2—3
ing from excited-state transfer. This spectrum was obtained by sulthan theory. The radiative branching ratiogor the decay of
tracting from the total spectrum measured igH'He the part due  the muonic hydrogen-helium molecules agree with theory
to direct capture irfHe. [15,26,33, and confirm the much smaller ratios for the
(puHe)* molecules than for thedwHe)* molecules.

ries due to the excited-state transfer are given in Table V. In the mixtures H+°He and H+ “He, the muonic x-ray
From the total Lyman series intensities in the binary mix-intensity patterns of the Lyman series in He are significantly
tures at our experimental conditions, abdaire due to trans- different from those in pure He. The difference is due to
fer from excited states in the,H *He mixture, and approxi- Muon transfer from excited states of muonic hydrogen. This
mately 2 in the H,+3He mixture. excited-state transfer populates mainly levels with principal
The fraction of muons reaching the ground state induantum numbersi=2 andn=3. Under our experimental

muonic hydrogen after initial £p)* formation is given by ~conditions, in the h+ 4H'e. measurement, apo@t of the
qie= N,.p/(N,p+N%0). HereN,,, is the yield of the Lyman whole uHe Lyman intensities are due to excited-state trans-

fer, and approximately in the H,+ *He measurement. The
h fractions of muons reaching the ground state in muonic hy-

He__ . 4 He__
do not reach the ground statsy,, is determined from the drogen areq;3=0.65-0.10 in H+"He and q;s=0.50

yield of the Lyman series in muonic helium due to theio‘10 in b+ “He.
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