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Muon transfer from deuterium to helium
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We report on an experiment at the Paul Scherrer Institute, Villigen, Switzerland measuring x rays from muon
transfer from deuterium to helium. Both the ground-state transfer via the exitit*e)* molecules and the
excited-state transfer fromu(d)* were measured. The use of charge-coupled device detectors allowed x rays
from 1.5 keV to 11 keV to be detected with sufficient energy resolution to separate the transitions to different
final states in both deuterium and helium. The x-ray peaks of dhe’le)* and (du*He)* molecules were
measured with good statistics. For the#FHe mixture, the peak has its maximum Bt;,3He=6768
*12 eV with full width at half maximum{(FWHM) I'y,,3,e=863+ 10 eV. Furthermore, the radiative branch-
ing ratio was found to beg,sne=0.301+0.061. For the B+“*He mixture, the maximum of the peak lies at
Eguone=6831£8 eV and the FWHM isl'y,44,=856+10 eV. The radiative branching ratio i8g,ape
=0.636:0.097. The excited-state transfer is limited by the probability to reach the deuterium ground state,
gis. This coefficient was determined for both mixturq%';'e: 68.9+2.7% andqi';ez 90.1+1.5%.
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. INTRODUCTION row. Ground-state transfer is shown with a ratg, via the
(duHe)* molecule. The duHe)* molecule decay channels
Muon transfer from hydrogen to helium is a loss channelare shown with rates, for the Auger decay , for the x-ray
in muon catalyzed fusionyCF), the muon induced fusion channel, and, for the break-up channel.
of hydrogen isotope nuclgi]. In the u«CF cycle, where in The energies and widths of the molecular states have been
favorable cases a negative muon can catalyze up to 200 fgharacterized by measuring the x-ray energy spectra. The
sions, muon transfer to helium limits the fusion yield. Muon most precise experiment opHe)*, with its intrinsically
transfer from hydrogen to helium can happen during the cadow x-ray yield, was carried out by our collaboratif8i. The
cade in muonic hydrogefexcited-state transfeor from the ~ (duHe)* molecules were also studied by our collaboration
muonic hydrogen & ground state through the formation of [4] and recently an experiment was performed opHe)*
an excited, metastable hydrogen-helium molectigHe)* [5]. In those pubhcatlor)s, earller. less precise experiments
(h=protonp, deuterord, or tritont, and He="3He or *He),  Were referenced and_d|scussed in detail. O_ur precision of
a reaction first proposed by Aristost al. [2]. These mol- ~0.2% for the energies and 1.2% for the widths of the

» - . .
ecules decay from the excited state to the unbound groun(ﬁj'“He). molecular. deex0|tat|pns make' detailed compari-
state mostly by x-ray emissionE(~6.8 keV). Auger- S°NS with calculations possible. Precise results on the

electron emission antiuHe breakup are also possible. The excited-state transfer probabilities were also obtained. The

scheme of the principal transfer and decay processes is pre- -

sented in Fig. 1. The muon entering a deuterium-helium mix- Wa Whe
ture may be captured either by deuterigwith probability
W) or by helium(with probability Wy,) via direct capture.
The two vertical arrows indicate the cascade of the muon to
the 1s ground state. The\ represents the probability for
the ud* to reach the ground state in the presence of helium. qis
Excited-state transfer is shown by the upper horizontal ar-

excited state transfer

A

AdpHe /—\/\

*Corresponding author.
Electronic address: Jean-Pierre.Egger@unine.ch

TCorresponding author. FIG. 1. Scheme of the main processes induced Qy ain a
Electronic address: Francoise.Mulhauser@unifr.ch binary-gas mixture of deuterium and helium. The fusion reactions
*Deceased. are not drawn. The symbols are defined in the text.
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Scintillators B. CCDs as low-energy x-ray detectors

T —— CCDs are excellent x-ray detectors in the energy range
I from 1 keV to 15 keV(details can be found in Ref8]). In

most cases, an x ray produces charge in only a single pixel,
whereas charged particles produce cluster events or tracks
with more than one adjacent pixel hit. The usual way to
distinguish x-ray event pixels from charged particle, neutron,
and higher energy-ray background is to require that none

CCD Gas Target I

Ge-Detector of the eight surrounding pixels have a charge that is consid-
erably above the noise level. The CCD type used for this
' experiment was a silicon based metal oxide semiconductor
type, model CCD-05-20 by E2VEach CCD chip has a size
Si—Detectol of 4.5 cnt (770x 1152 pixels of area 22:622.5 um?) and
ITn jsassnaseasanan)

a depletion depth of-30 uwm. In this experiment the energy

FIG. 2. Schematic target setup as viewed by the entering muon&€Solution of the muonic deuteriupD(2—1) line was 130
The thin lines represent target and detector windows. The drawin V_fU” width at half-ma_x!mum(FWHM) anq the muonic
is not to scale. elium uHe(2—1) transition had a resolution of 215 eV

FWHM.
Unfortunately, our CCDs cannot be triggered so there is

combined use of results obtained with standard detectors and, timing information. The CCD data were read out approxi-

charge-coupled devic€CCD) techniques allowed us to de- mately every 3 min by a data-acquisition system which op-

. o . : " )
termine the radiative branching ratio of thd(He)* mol .erated independently from the data acquisition of the other

ecules, a value that has been of considerable theoretical Wetectors. Therefore, we cannot normalize the collected data

terest in recent years due to its direct and unique connectiot% the incoming muon rate. The results of CCD's measure-

to the waye—functlon overlap n the muonic molecf. ments can only be analyzed using absolute numbers.
The experimental challenges in obtaining the results were

overcome thanks to months of beam time, and the use of
large area CCD x-ray detectors, as well as germanium detec-
tors[4]. A more detailed description of the present work can A. Analysis of the x-ray energy spectra
be found in Augsburger’s thesjg].

IIl. ANALYSIS AND RESULTS

We present in this section the different spectra obtained
and explain the fitting procedures. Two CCDs were used.
Since each CCD half was read out separately, we have four
Il EXPERIMENT sets of measurements. At first, the data from each half CCD
The experiment was performed at th&4 channel at the were analyzed separately in order to detect any possible mal-
Paul Scherrer Institut€PS)), Villigen, Switzerland. Setup, function and to perform the energy calibration and back-
Ge and giLi) detector, gas handling and target conditionsground reduction by single-pixel analysis. After checking
can be taken from Ref43] and [4]. Figure 2 shows the that the separate treatment of each half CCD gave consistent
target setup with the detectors. Detailed information aboutesults, the calibrated energy spectra were added and the fits
the large area CCD x-ray detectors is found in Treschl.  performed on the summed spectra.
[3].

1. Pure element spectra
The x-ray spectra from single-element targets were stud-
ied in detail to find as much information as possible about
The experimental setup consisted of a gas target, Ge arttle detector response function and target related back-
Si(Li) detectors, scintillators, and CCD detectors, as showmgrounds. The final results required that the entire energy

in Fig. 2. Both Tresctet al. [3] and Gartneet al. [4] mea- range be fit at once and this was accomplished in several
sured the molecular formations rateg, ;e in protium and  steps.

A. Experimental conditions

deuterium. The CCDs were used by Tresttal. [3] for the The final result for the muonic deuterium x-ray spectrum
protium measurement. The present work shows our resulis presented in Figs. 3 and 4, namely, jbé x-ray transition
for the deuterium measurement using CCDs. to the 1s ground state and a series of contaminant peaks

The deuterium and related measurements as well as thessentially at higher energies. Also visible are the electronic
gas handling and mixture analysis are described in detail il « andK 8 transitions of S{(CCD), Cr, Mn, Fe, Ni, and Cu
Ref. [4]. From this reference, we summarized in Table | the(targe}, although only the positions of thK« peaks are
gas mixtures used for our analysis. The choice of heliumndicated in Fig. 4(except for Fe, where both lines are
concentration was dictated by the goal of Garteeal. [4]  clearly visiblg. In addition, muonic aluminum at 10.66 keV
measurement, namely the molecular formation rates. Due to
the different theoretical values for the rates inH#He and
D,+“He, the relative concentrations dHe and *He are 1E2V, Technologies Inc, Waterhouse Lane, Chelmsford, Essex,
very different. CM1 2QU, Englandpreviously EEV and Marcoii
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TABLE |. Parameters of the Pr3He and B+ “He gas mixtures. The densit is given relative to the
liquid hydrogen density (LHB-4.25x 10?? atoms cm °).

Temperature Pressure 1) Cpe(atomio
Target (K) (ban (103X LHD) (%)
D,+3He 30.5-0.2 5.58£0.01 69.70.7 9.13£0.27
D,+*He 31.5:0.2 5.510.01 79.2-0.8 3.25-0.05

from the wAl(5—4) transition is clearly visible. Other line, shown in Fig. 6, to fit the data correctly. As one can see,
muonic aluminum transitionstAl(6 —5) at 5.79 keV and it looks like a Gaussian with an asymmetry on the left side.
wAl(7 —6) at 3.49 keV, are also present but much weakerThis same peak shape was then used to represent all other
than thenAl(5 —4) line. lines, replacing the Gaussian shape, and the spectra refit. In

The first fits were made using Gaussian peak shapes andlarticular, the FWHM of each peak was obtained by using a
standard CCD background with the goal of locating all linesscaling factor from the FWHM given in Fig. 6. In addition,
and characterizing the continuous background. The CCI peak positions were defined by the center of gradyt
background in a high-noise environment was studied in deby the maximum The values for the resolution of the
tail in Ref.[7]. The large hill starting at 7 keV seen in Fig. 4 nHe(2—1) transition as well as the electronic lines are
is due essentially to energy deposited by electrons crossingiown in Fig. 7. The fitting procedure was repeated for both
the CCD. The relative importance of each contaminant waguonic deuterium and muonic helium spectra until a mini-
estimated with thé /K « intensity ratio held fixed accord- Mum y* was obtained. Replacing the Gaussian line shape
ing to values given in Rej[g] Once the relative intensities With the final fit function including background parametriza-
of the contaminant peaks were known, the first fits to the fulltion and asymmetric line shapes reduced #fg; from 5 to
spectra were carried out. The variations of the contaminarabout 1.4 for both spectra.
intensities for the different spectra were found to be small,
and hence could be well parametrized. 2. Spectra of theD,+“He and D,+°He mixtures

Figure 5 presents the spectrum for pdige. The Lyman Figure 8 presents the energy spectrum of thetfHe
series between 8 and 11 keV and the Balmer series aroundrgixture. In addition to the peaks from muonic deuterium,
ke\_/ are clearly_seen anq the contaminant peaks are the samfg onic helium, and the contaminants, a large x-ray peak
as in the muonic deuterium spectrum. from the decay of thedu*He)* molecule appears around

To further refine the fit, the muonic heliumHe(2-1) 6.8 keV. Again, the fitting procedure outlined above was used
transition was examined in detail to fully understand the trugor all peaks except the molecular peak, for which the theo-
CCD response function for the line shape. This peak wagetical curve has been calculated and is given in Red].
chosen, even though it contained a small copper contamingrhe difference in shape corresponding to decays oflthe
tion (less than 1% since it has high statistics and is well =g andJ=1 state, respectively, is negligible in our case.
separated from the other peaks. The small copper contribysence, the calculated shape of REf0] was taken for the

tion was subtracted. Since we could not use an analyticahape of this molecular peak. The position of the maximum
function for fitting the remaining asymmetric peaks, we in-

terpolated the asymmetric peak shape of jhide(2—1) 5 1T
8 —— —— - eFe Ka pAL(5-4) ]
: (2-1) al . ]
£l ud(z-
3 I
50 ] 1 8
34 : Sz |
_ T*
St a
S 5L
31
1 CHl
HR 8 I
g 0 [ Ll 1 1 1 A
© 5 6 7 8 9 10 11
o L Energy [keV]
3 4 5 .
Energy [keV] FIG. 4. Energy spectrum from the pure deuterium measurement

(same as Fig. )3showing the contamination in the higher-energy
FIG. 3. Muonic deuterium x-ray energy spectrum. Diamonds aregegion. It is used to estimate the importance of the different con-
the experimental points, whereas the solid line represents the fit tmminants showrielectronic Si, Cr, Mn, Fe, Ni, and Cu lines and
the data. muonic Al).
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Energy [keV] FIG. 7. Average FWHM energy resolution of the CCDs in eV,

- . ) obtained after fitting theeHe(2— 1) transition as well as the elec-
FIG. 5. Muonic™He x-ray energy spectrum. The muonic helium ., i jines with a peak shape given in Fig. 6. This curve was used

Lyman series are located between 8 and 11 keV. The same contamy; oonstrain the FWHM of the muonic deuterium and helium peaks.
nants as in the muonic deuterium spectrum can be seen. The shape

of the u*He(2— 1) peak is used to obtain the standard line shape

which is given in Fig. 6. RS pror ; ———
is a free parameter. We used two scaling factors to determine /5\ i “dg_(i)_“;)

the amplitude and FWHM relative to the theoretical shape. < =0T e ]
Figure 9 shows the fit of the [ *He mixture in the region % - T
of the molecular peakhe fit was carried out over the whole — « 15 (du'He)" |, =2
energy region, 1.6 to 11.25 k&VThe results are given in nd(3-1)+ o k] ES
Table II. S uHe(5-2) P 9]
Figure 10 presents the spectrum of thetHe mixture 3 10 ¢ "F =]
and Fig. 11 shows the same spectrum in the region of the » < :r',z
molecular peak. The analysis of that spectrum was identical § 5 [ @ 5 T oD
to the D,+*He analysis with results also given in Table Il. 8 ® ® i
0 & R Al . e ! |

B. Relative intensities of theK-series transitions 2 4 8 8 10

in muonic “He Energy [keV]

The relative intensities of thi-series transitions in pure FIG. 8. X-ray energy spectrum of the,®*He mixture. The

muonic “He are given in Table Ill. The errors include a large peak represents the decay of tg{He)* molecule via an x
statistical par{fit) and a systematic pa(€CD detection ef- ray of ~6.85 keV.

-3

5x10° FWHM U TS
Peak shape [
4 g1 F
3 2 I
2 [
'7;1 3 =10 -
3 -~ 8 sk
2 2 - — I
T - = [
£ Position 8 6 [
6 14 ~of median =t C
z ~
5 4r
g r
0 T T | T | T 25 F

7900 8000 8100 8200 8300 8400 O C \
Energy [eV] 0 ponertet P8 SN PR B PRI S arafit
_ . 5.0 55 6.0 6.5 7.0 7.5 8.0
FIG. 6. Standard asymmetric line shape obtained from the Energy [keV]

w*He(2—1) transition. Cu contamination and continuous back-

ground have been subtracted. The peak surface is normalized to FIG. 9. Resulting peak shapglotted ling of the (du*He)*
unity. The FWHM can be adjusted. The peak position is defined tanolecular x ray after fitting contaminants and backgrodsalid
be the position of the median, i.e., the center of gravity. line).
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TABLE Il. Measured values of the two moleculadgHe)* 4 T
peaksEg,ne is the energy of the peak maximuir,, the measured .
FWHM, andT g, the FWHM with the CCD resolution unfolded. k=
Ng.He iS the number of events in the peaks, corrected for the CCD - 3
efficiency. =

[aV]

Value Unit (du3He) (du*He) 32 :

Edute (eV) 6768+ 12 68318 § I

T (eV) 914+9 907+ 8 Ny

Tghe (eV) 863+10 856+ 10 1]

N He (411+23)x 10° (196+11)x 10* 3

O

ficiency). The main error comes from the CCD efficiency,
which is not surprising since the fit parameters for “CCD
depletion depth” and “CCD window thickness” converge in
a range of (2&2) um and (35-1) um, respectively. The FIG. 11. Resulting peak shagédotted ling of the (du>He)*
results are compared to Rdf3] where no isotopic effect molecular X ray after fitting contaminants and backgrousalid
(®He or *He) was seeflast column of Table I)\. The agree-  lin€).

ment is excellent for th& « transition, and the significant

discrepancies of the other values are understood, since tfim of ud events represents the t40ta| numberod that
measurement of Tresddt al. [3] was carried out at a lower reach the ground state and is call‘dg[,'e(ls).

density, which explains th& s decrease and th&y in- Part of the*He events come from the direct capture of the
crease. In addition, our accumulated experience with CCBnuon by helium, the other part by excited-state transfer from
background and detection efficiency resulted in a better fit imuonic deuterium. It was shown in R¢B] that in gaseous

this work, but we realize that the errors given in Trestlal.  H,+*He mixtures, excited-state transfer proceeds only to the
[3] were underestimated with respect to the CCD efficiencylevelsn=3 andn=2 of u*He. A detailed comparison of

correction. Figs. 8 and 5 also shows that in the-B*He mixture there is
a large enhancement of théa and KB He lines over the
C. Excited-state transfer and theq!' probability higher transitions. In addition, sonhetransitions can also be

The qy, value represents the probability for a newly seen in Fig. 5. The fact that they transition (in Fig. 8

formed light muonic atom to fully deexcite to thes ktate contains~ 200 OQO(efficiency correcte)jevents Versus only
when the muon also has the possibility of transferring di-2000 for theL & line further confirms the above hypothesis.
rectly from an excited state to a heavier nucléefs Fig. 1). Therefore the sum of the events from theHe(4—1),

_ _ e - 4 -
In binary mixtures, the notation often includes the identity of #H€(5—1), anduHe(=6—1) transitions inu"He is due to
. 3He direct capture. Taking this sum from Table IV, one gets a
the heavier nucleusy,- for example.

. R . measured number of direct captuMj.= (65.5+6.2)X 10°,
We begin our analysis with the ,B-*He mixture. The Pt~ )

. . o i where we added the errors quadratically.
number of events in thK-series transitions imd and u*He d y

: : o . In the spectrum from purg*He (see results in Table NI
4
in the gaseous mixture of - “He is given in Table IV. The the percentage sum of tHe, /Ky, fractions fori=4 is

25.20+ 1.81%. TheN; therefore corresponds to 25.20% of

F T T T S
,(514 a1 uHe(z~1) ; the total number oK-series x rays inn*He (N). Thus, we
5 12 F ;1.He(4—2) 3 . . L .
. F —~7 TABLE lII. Relative intensitieX; /K;qa (fori=2,3, ... o) of
v 0 F i_: the K-series transitions for puréHe, corrected for CCD detection
™ g 5 =1 efficiency. The errors include both statistical and CCD efficiency
— 8 r ud(3-D+ © = X errors. The last column shows the results from Trestchl. [3].
) uHe(5-2) [
8 6 f § 5
< F § ?,:E Ki /Kiotal Ki /Kiotal
s o4r N Transition (%) (%) [3]
a — O]
5]
2 oFh 1% pHe(2-1) 46.9+4.5 47.0:0.2
© T ] uHe(3—-1) 27.9-2.8 20.3:0.1
0 é — 4 ; 5 '1‘0' : uHe(4—1) 16.3-1.7 19.8-0.1
Energy [keV] nHe(5—-1) 6.2-0.7 8.8:0.1
nHe(6—1) 2504
FIG. 10. X-ray energy spectrum of the,®3He mixture. The uHe(7-1) 0.1+0.3
wide peak represents the decay of tdg€He)* molecule via an x uHe(e—1) 0.1+0.1 4.1+1.6

ray of about 6.8 keV.
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TABLE IV. Number of events in theK series transitions oj.d and uHe in a gaseous mixture of
deuterium and'He as well as in a gaseous mixture of deuterium 3idd. All values are corrected for CCD
detection efficiency.

D,+“He D,+°%He
Transition wd [ X10%] wiHe [ X 10%] wd [X10%] uiHe [ X 10%]
(2-1) 2915+ 173 438- 26 1445+ 86 805+-48
(3—-1) 603+21 154+10 385+ 14 28719
(4-1) 85.8:3.4 38.6:2.9 55.4£2.8 61.954.2
(5-1) 2.3+2.8 15.9-3.8 1.4-2.3 15.4-1.9
(=6-1) 1.2-1.8 10.9-3.9 1.0£1.5 4.0-3.4
Total N;ge( 1s)=3608+ 174 657+ 29 Ni‘?ﬁ( 1s)=1889+87 1174+52
=(260+43)x 10%. This number will allow us to differenti- The radiative branching ratigy,, . for the (duHe)* mo-

ate between direct capture and excited-state transfer events|itular decay can be determined the same way as in[Bef.
the Ka andK g intensities, measured in the mixture of deu- for the (puHe)* molecule.xg,ne is given by
terium and“He.

The numbers oKa and KB events occurring with the
direct captureN5® andN§?, were obtained using the inten- We NdHe 3
sity ratiosK; /Ko determined in the purg*He spectrum KduHe _NHg(ls)’ ©
andN{'. The total number ofu*He K andK 3 events in g
the mixture is given in Table IV. The differences are due towhereNg,,c is the number of events in the molecular peak
excited-state transfer fromd* . The number oKa andKgB  (see Table Il and Nﬂﬁ(ls) is the total number of the.d
events coming from excited-state transfef andNKZ, are  Lyman series x rays in the mixtur@/ is the probability of a
the difference between the first two lines of Table IV and thend;s forming a (dxHe)* molecule and is given by the equa-
previously determined® andNK£. Therefore the sum of tion
events from excited-state transferN Xtc=(398i 47)X 10°.

“He )
Now g, can be determined by We BCHN dute w
N4He( 1s) mdyg
4 d
Qphe= 4HeM or = 90.1£1.5%, (1)  whereg is the atomic density of the mixture, normalized to
N,q (1) + Nexe LHD, cye is the helium atom proportion)g,ue is the

ground-state transfer rate froppd to He, andA pdy is the

e disappearance rate of muons from thedj level.

whereN (1s) is the total number ofxd Lyman x rays in The so determined values fafy,,c and W are given in
the [)2+%He mixture (see Table IV. Table V for both helium isotopes. The values fqf, ., and

The analysis carried out in the case of thetSHe mix- A udy (in Table V) were taken from Gartnest al.[4]. While
ture was the same as in the B*He mixture with the addi- the errors folNg,, e and Ngﬁ(ls) include both statistical and
tional hypothesis that the muonic cascade was the same Bystematic uncertainties, the errors ¢nand cy, given in
both #3He andu*He. Purep®He was not measuregnly — Table | are purely systematic. The errors Whand kg, e
w*He) for this work. However, Trescét al.[3] have shown were calculated by normal error propagation without speci-
no isotopic effects between the two gases. fying the type of error.

3He .
Therefore,q,-° is determined as o , , .
TABLE V. Radiative branching ratiocg,pe of the (du°He)*

and du*He)* molecules. The errors are commented upon in the

text.
3He,
qi?e: N,d(1s) —68.9+2.7% @) duHe du*He
3He, tot - !
Nyq (1) + Ny Ngure 1057 %) 1.856+0.077 10.5¢:0.21
Aﬂdls(loﬁs_ h 1.637+0.032 3.159-0.018
3 W 0.721+0.073 0.856:0.044
WhereNMHde(ls) is the total number oftd Lyman x rays in KauHe 0.301+0.061 0.636-0.097

the D,+*He mixture(Table IV).
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TABLE VI. Theoretical and experimental energies of the maximum of the molecular peaks, in eV. For the
experimental values, we also list the detector type. Our values have been taken from Table II.

(du’He) (du*He)

Theory J=0 J=1 J=0 J=1
Belyaevet al.[10] 6766 6808 6836 6878
Czaplinskiet al.[12] 6760 6782 6836 6857
Experiment tuHe) (duHe)
Gartneret al. [4]

Ge + Si(Li) (6.80+0.03)x 10° (6.88+0.03)x 10°
This work
CCD 676812 6831-8

TABLE VII. Theoretical and experimental widtiEWHM) of the molecular peaks in eV. For the experi-
mental values, we also list the detector type. Our values have been taken from Table II.

(du’He) (duHe)
Theory J=0 J=1 J=0 J=1

Belyaevet al.[10] 861+3 858+ 3 8433 848+ 3
Czaplinskiet al. [12] 866+ 3 8673 854+ 3 855+ 3
Experiment tusHe) (du*He)
Gartneret al. [4]
Ge+ Si(Li) 910+30 910+ 20
This work
CCD 863+ 10 856+ 10

TABLE VIII. Comparison of the theoretical and experimental radiative branching ratiasf the

(duHe)* molecules. Only Kravtsoet al. [13] include all three disintegration channéthe others neglect
the Auger channel, given in Fig).1

Kdu3He Kdu4He Kd,u,3He/de,4He

Kino and Kamimmurd6] J=1 0.234 0.503 0.465
Gershteiret al.[14] J=1 0.18 0.41 0.44
Kravtsovet al.[13] J=0 0.31 0.45 0.69

J=1 0.33 0.49 0.67
Belyaevet al.[15] J=1 0.325 0.585 0.56
Belyaevet al.[16] J=0 0.364 0.707 0.51

J=1 0.309 0.568 0.54
This work 0.3010.061 0.636:0.097 0.470.17
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IV. DISCUSSIONS TABLE IX. Comparison of theq?se probability in hydrogen-
helium (Treschet al. [3]) and in deuterium-heliunithis experi-
mend mixtures.

The spectra presented in Figs. 3, 4, 5, 8, and 10 deserve
three general comments. First, the relative intensities of thilixture H,+°He  Hy+*He  D,+°He  Dy+*He
muonic deuteriunkK o« andK 3 transitions are density depen- ~ ¢
dent[11]. Since the density changed between mixtuisee das [%] °0=10 65+ 10 68.9=2.7  90.I=15
Table |), the muonic deuteriur « peak is slightly enhanced
overKg in the D,+“*He mixture. _ _ o _

Second, the x-ray count rate for thég3He)* molecule py theory is seen by our experiment, which is in contradic-
is smaller than for the du*He)* molecule since in the tion to the puHe) case[_3]. In _general the agreement be—_
(du3He)* case the two-particle breakup channel is moretween theory and e_xperlment is good, however, the experi-
prominent. Third, the relative helium/deuterium line intensi-Mental errors are sizable.
ties depend on the helium concentratigee Table )l D. Ground-state formation probabilities g}

A. General features of the x-ray energy spectra

The meaning oq?g has been described in Sec. Il C. Our
results for the deuterium-helium mixtures, E¢¥). and (2),
re listed together with those for the hydrogen-helium mix-
res[3] in Table IX. It is interesting to note that in both
cases(hydrogen or deuteriuing} is smaller for *He and,
_ . therefore, the excited-state transfer is more probable for the
favor theJ=1 state, but the CCD resuits imply a preferenceIighter of the two helium isotopes. In the case of hydrogen-

for transitions fromJ=0. Even if the CCD results are more deuterium mixture$17], q"® has been shown to depend on
precise and the CCD statistics are significantly higher, it is uteriu IXtu » Ais w P

difficult to decide forJ=0 or J=1 since the results of both the concentration of the components of the mixture. The

detector types are effectively compatible considering the e'J_arge difference seen in our case between-BHe and §

4 . . . . .
rors. What can be said unambiguously is that the CCD ret He is therefore partially due to the differing helium con-

sults are in excellent agreement with both theoretical predicgﬁgt.ratlgns.(s.ee Table)L The second.observatmn Is that the
tions for decay from thd=0 state. It should be stressed that d1s S Significantly larger for deuterium, a result of conse-
both the Ge and Sii) and the CCD data were taken simul- duénce in the case of muon catalyzed fusion in deuterium-
taneously during the experiment. helium mixtures[18].

In Table VII the CCD experimental FWHM widths for the
molecular peaks are again compared with the theoretical pre- V. CONCLUSIONS
dictions[10,12] and with the Ge and 8ii) data[4]. The
CCD results are in very good agreement with theoretical preg,,
dictions for bothJ=0 andJ=1 states, but distinguishing heli
between the two states is not possible due to the almo%s
identical theoretical values. On the other hand, the result
with the “classic” (Ge or S{Li)) x-ray detectors are between
1.5 to 2.5¢0 away from theory. The somewhat smaller width
of the (du*He) molecule predicted by theory is also hinted
at by our CCD data.

B. (du®He)* and (dp*He)* molecules
In Table VI our CCD results for the position of the maxi-
mum of the two molecular peaks are compared to theoreticq
predictions[10,12 and to result§4] obtained with Ge and
Si(Li) detectors. The Ge and(8&i) detector results seem to

The use of CCDs for low energy x-ray detection allowed
a complete energy measurement of muonic deuterium,
um, and molecularduHe) x rays with excellent energy
olution and low background. The large CCD surface re-
Sulted in an increased solid angle and therefore in better sta-
tistics when compared to traditional Ge oi(l$) detectors.
Of course, results like transfer rates still need the usual x-ray
detectors since the CCDs give no timing information. The
simultaneous use of CCDs and other x-ray detectors allows
for systematic error checks of the experiment since the CCD
C. Radiative branching ratio « electronics is completely independent. In conclusion, the ad-
Table VIII presents the different theoretical values for thedition of CCDs permitted a characterization of all transfer
radiative branching ratio. The calculations are those of Kingparameters and some high-precision results. Only the use of
and Kamimura[6], Gershtein and Gusefl4], Kravtsov CCD detectors allowed the determination of the radiative

etal. [13], and Belyaewet al. [15,16. Except for Kravtsov  pranching ratio, a result that was long awaited by theorists.
and co-workerg13] who include the Auger decay channel

\¢ (see Fig. 1, only A, (breakup andX , (x ray) are calcu-
lated. The x-ray channel relates q,,c Via the ratio ACKNOWLEDGMENTS
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