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Cascade in muonic deuterium atoms
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The cascade in muonic deuterium atoms has been investigated experimentally, employing deeply depleted
charge-coupled devices as x-ray detectors. The relative x-ray yields for the muonic deuterium traksitions
KB, andKy and theKa/Kg ratios have been measured at densities between 0.0107 and 1.145 of liquid-
hydrogen density. The results are compared with our measurements of the muonic x rays in hydrogen and in
liquid-hydrogen deuterium mixtures in search for an isotopic effect. A comparison of our results with recent
calculations is given.S1050-2947®9)06906-1

PACS numbses): 36.10.Dr, 32.30.Rj, 32.70.Fw

I. INTRODUCTION (i) We also wanted to look for an isotopic effect in the
x-ray yields andK /K 8 ratios. Regarding the yields, theory
Observing the photons emitted during the deexcitation opredicts a difference of only a few percent between muonic
a muonic atom allows us to test our view of exotic atoms anchydrogen and the heavier isotope, deuterium; the difference
helps us to understand the complex chain of deexcitatioexpected in th&K /K3 ratios is up to~20% at liquid hy-
processes, the so-called muonic casddder|. drogen density(LHD).! This prediction needed to be
Due to the muon’s mass, which is207 times the elec- checked experimentally.
tron mass, theud atom is much smaller than an ordinary = The search for an isotopic effect is also motivated by
deuterium atom and its energy levels are much deeper. Whilgyuon-catalyzed fusionCF). The muonic cascade sets the
uv ||ght is emitted in transitions to the ground state of or- initial conditions for ,LLCF in hydrogen isotope§14_1ﬂ_
dinary deuterium K series—Ka, KB, Ky,...), the corre-  pue to the high efficiency of the catalysis process,
sponding muonic transitions proceed via the emission of Xjeyterium-tritium mixtures are of special interest. The under-
rays with an energy of-2 keV. standing of isotopic effects in the atomic cascades of hydro-
Three main reasons motivated the present measuremeniz, and deuterium is especially important for the prediction
(i) In an earhey experimeriis] we have ”f‘easured the X of the cascade processes in muonic tritium atoms, where ex-
rays emitted during the cascade in muonic hydrogen. Thﬁerimental investigations are still lacking and are very diffi-

observed x-ray y'EIdS. 6.‘”““’ KB ratios were in rough_ cult. Also, the understanding of the process of excited state
agreement with the existing calculations, but the comparison

with a recent Monte-Carlo cascade calculat[@) showed muon transfe_r in _mixtures_ of hydrogen isotofjés], impor-
puzzling inconsistencies with respect to the influence ottant in £CF kinetics, requires the kr!o_wledge of the cascade
Coulomb deexcitatiorisee Sec. )l The observed contribu- in pure b, D, and p as a prerequ!3|tg. .
tion of this process and its effect on the density dependence ("'). The accuracy of the determ|nat_|on (.)f t_he strong in-
of the Ka/K g ratios do not correspond to the predictions ofterflCtlon V.V'dt.h O.f the energy levels in pionic deuterium
this calculation. As Coulomb deexcitation is thought to con—(Tr. d), which IS dlrectl_y correlated to the p|on-nuc_leon scat-
tribute significantly to the cascade only in hydrogen isotopest,erlng length, is r_estrlcted by Doppler broadening Qf t_he
we wanted to confirm the importance of this process with -ray peaks, ma_mly caused by Coulomb deexmtgnon
measurement of the muonic cascade in deuterium. Oth |19.,2C]. The muonic cascade, unaffected by th? strong .'”t.e"
x-ray experiments9—13 were not accurate or sensitive action, may b? used.as a probe for the atomic deexcitation
enough to clarify this question. processes inr d, which are thought to be comparable ex-
cept for the pion’s nuclear absorption due to the strong in-
teraction, which starts already at energy levels as high as

*Electronic address: lauss@amuon.imep.univie.ac.at =>5.
TPresent address: CERN/EP, CH-1211 Geneva 23, Switzerland.
*present address: University of California and L. Berkeley Na-
tional Laboratory, Berkeley, CA 94720. Liquid-hydrogen densitfLHD)=4.25x 10?2 atoms/crm.

1050-2947/99/6(1)/2099)/$15.00 PRA 60 209 ©1999 The American Physical Society



210 B. LAUSS et al. PRA 60

We have performed a series of measurements to investimission of the transition energy to an electron of a neighbor-
gate the muonic cascade in hydrogen isotopes. In the preseing atom or molecule, which then is ionized. At our experi-
paper the experimental method is discussed in detail, nemental conditions the external Auger effect dominates the
results for gaseous and liquid deuterium are presented, archscade am~ 7, because at this stage evedha=1 transi-
these results are compared with measurements in pure hydrien releases the energy necessary for ionizaftn
gen[8] and with new results in liquid hydrogen deuterium  Competing with all collisional processes are radiative
mixtures. transitions. These transition rates do not depend on density
or collision energy and can be calculated very accurately
[4,5]. The ud atom gains(nearly) no kinetic energy in ra-
diative transitions. As x rays can be readily detected, this is
the most important process from our experimental point of

When slowed down in a deuterium target, a muon car/iew. o
form awd atom via Coulomb capture by replacing the elec- Al of the above processes, except Coulomb deexcitation,
tron of the deuterium atorfil,21]. This leaves the muon @ar€ considered in the “standard cascade modé4,7,33
most likely in an initial state of 1&n<15[22]. Rapid de- which has another severe limitation: it does not take into
excitation follows, ending with the muon in thesistate, ~account the change of the kinetic enekgy; of the u.d atom

where it can either decay or interact weakly with the nucleuglUring the cascade. This is important because the rates of all
[23]. collisional cascade processes are energy dependent. Recent

The muonic cascade proceeds via a competition of differMonte Carlo calculations of the cascade in muonic hydrogen
ent collisional processes and emission of radiation. As th&nd muonic deuteriurfb,6] try to take into account the time
wd atom is small and has no electric charge, it can penetratgvolution of the kinetic energy of the muonic atom for en-
deeply into the electron cloud of neighboring atoms and mol€7dy levelsn<6. This results in a complex distribution of

ecules, where it is exposed to the strong inneratomic electrdfud 8t various stages. This calculation also tries to express
magnetic fields of nuclei and electrons. The electric fielddhe lack of understanding of the real Coulomb deexcitation

can induce transitions of the muon to the next lower energﬁates by scaling the corresponding cross sections taken from

level (n— 1) (Coulomb deexcitatior{1] or between states of Bracci and Fiorentinf24] by a factork: k=0 corresponds to
various orbital angular momentaStark mixing [1]. no influence of Coulomb deexcitation as in the standard

Coulomb deexcitation is possible if the energy of the in-c@sacade modek=1 means the cross sections from Ref.
teraction is comparable to the level spacing, in which casé24l are correct. The understanding of Coulomb deexcitation
induced transitions, predominately to the next lower |eve|,enables a r_ellable calculation of the energy distribution of the
can occurf24]. The transition energy is directly transferred #d atoms in the ground and some excited states.
to the kinetic energy of the collision partners. According to AS all of the effective collisional rates obviously scale
Markushin[5,6], the muonic atom can be accelerated up toWith density, one can influence the competition between ra-
epithermal energies of 200 eV, which is equivalent to a dlathr) and collisional processes by selecyng specmc_target
temperature of more than one million degrees. This is th&onditions. In the density region observed in our experiment,
only known cascade process which can accelerate an exotf¢Z- 0.0107 to 1.145 of LHD, the transitions to the ground
atom to such high energies. Coulomb deexcitation is exState are strongly dominated by x-ray emission: at gas den-
pected to cause up to 40% efl atoms in the ground state to Siti€s thepry expects these transitions to procged practically
have energies above 50 d8]. Deceleration due to elastic aways via x-ray emission; at LHD the probability for x-ray
scattering is too slow to thermalize alid atoms during the €mission is still~959%[2,5,6.
cascade. Recent experiments on the muonic and pionic cas- A measurement of the x-ray yields tests the rates of the
cade in hydrogeri8,18,25—27 have demonstrated the im- collisional processes considered in the cascade model; the
portance of Coulomb deexcitation but this cascade process [s@/K B ratio tests the model at the energy lemet 3, where
still considered the least known off. Existing calculations the competition between radiative transitions-2 and col-
of the Coulomb deexcitation cross sections differ amondisional transitions 3-2 followed immediately byKa x rays
themselves by more than one order of magnit{@4,28— takes place. As the Auger deexcitation rates are believed to
31]. Coulomb deexcitation is believed to contribute signifi- P& well known[6,34], this ratio can be regarded as a direct
cantly only to the muonic cascade of hydrogen isotopestest of the Coulomb deexcitation rates.
while Stark mixing is important in the cascade of various
light atoms. lIl. THE EXPERIMENT

Stark mixing is caused by the electric fields of surround-
ing nuclei[1,32]. These fields can induce rapid oscillations
between all degeneratesublevels of theud atom. For our The main observables in this experiment were the x rays
experimental conditions, the corresponding rates are largeriginating from the 2-1, 3—1, and 4-1 transitions in
compared to other cascade proce$8e8]. This guarantees a muonic deuterium. Their corresponding energies are calcu-
statistical population of the varioussublevels at all stages. lated to be about 2.00 ke\K(x), 2.37 keV K3), and 2.50
In the investigated density region our observables are ndteV (Kvy).
sensitive to a small variation of the Stark mixing cross sec- We used the high-intensity muon beam of jhe4 area at
tions[2,5]. PSI (Paul Scherrer Institute, Villigen, Switzerlantbr our

Another important collisional cascade process is due taneasurements. Theu-beam momentum was set to
the external Auger effect. This effect designates the trans-—-40 MeV/c for measurements at LHD and between

II. BRIEF SKETCH OF THE PRESENT THEORETICAL
PICTURE

A. Setup
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induce excited state muon transfer and change the specific
intensity pattern of th& lines[18,35,36. Gas samples were
taken directly out of the target cell during all measurements
and checked for impurities with a quadrupole mass-
spectrometry systefQMS) [37].

A Monte Carlo simulation of our setup showed a negli-
gible number of muon stops close to the target walls and
windows. Thus excited state transfer to wall materials should
be negligible for our measurements. This was confirmed by a
monitoring Ge-diode detector, which did not observe de-
QMS Extraction layed (with respect to the muon stppnuonic aluminum x
Alumin/u - Capillary rays at a level higher than 0.1% of_the prompt stops.
Shielding | Promptu Al X rays are due to muons directly stopping in the

target cell walls; delayed Al x rays are caused by muons,
which, after theud atom drifts to the wall, transfer to the
10 em aluminum atoms.

The electron counter was used to measure the electrons
originating from muon decay in deuterium. The correspond-
ﬂ?g characteristic lifetime ofy~2.2 us was observed. The

#3

i

Aluminum

Electron Counter

FIG. 1. Top view of the setup of the experiment. The displayed
target cell was used for measurements of gaseous deuterium. T
filling tube and extraction capillary were fixed outside the cell. The{elative intensity of decay electrons was used to tune the

filling and extraction opening was in the center of the upper targe - . o
) muon momentum for an optimal stopping position.
cell wall. Two separated vacuum vessels were used: one for the

target(Vacl), and one for the CCD detect¢vac?). The scintilla-
tion counter telescope 3, 3@as used to detect incoming muons,
the electron counter to detect electrons following muon decay; both For this measurement we used charge coupled devices
were necessary to ensure an optimum stopping efficiency. A smallgiCCDs as an x-ray detectg88—41. The detector consisted
target cell, adapted to the expected extent of the muon stoppingf two independent, deeply depleted CCD chigach having
distributions, was used for the measurements at L[Hg). an active detection area 6f25x 17 mn? (~880 000 pixel$

and a depletion thickness of 30 um. The pixel size is
28 MeVi/c and 35 MeVt for gas targets. This caused differ- 22-5#mMx22.5um. The material of the chip was mainly
ent muon stopping distributions at various target densitiesilicon with small absorption layers of Sj@nd SiN, on the
centered in the middle of the target cell. The correspondingurface.

B. X-ray detector

widths [full width at half maximum(FWHM)] of these dis- Electronically, each chip was split into two halves to
tributions in the beam direction were4 mm for LHD and  Shorten the readout time te 28 s. This slow readout guar-
~20 mm—100 mm for gas targets. anteed an energy resolution &fEgyyu~6% at 2 keV;

The experimental setup is shown in Fig. 1. Incomingfas_t‘?r readout would have resulted in a lower pixel transfer
negative muons were identified by a telescope of plastic scirgfficiency[42].
tillation counters, viz., counter 3, with 3a in anticoincidence ~ Liquid nitrogen was used to cool the CCD sensors to
mode, and brought to rest in deuterium contained in a silver=~160 K by using a copper rod as a thermal connector. This
coated steel or aluminum target cell. Adapted to the expectefpsulted in a drastic reduction of the thermal noise. _
muon stopping distributions, the box-shaped target cells had Due to the specific interaction characteristics of x rays in
a length of 34 mm in the beam direction for liquid deuteriumOUr detector, we were able to apply a pattern recognition
and 95 mm or 110 mm for gas and a square shape perpefldorithm to separate “true” x-ray hits from charged par-
dicular to the beam with a side length of 40 mm for liquid ticles using a “single pixel” selection criteriopd0-43. A
and 65 mm for gas measurements. “S|ng|e p|Xe|” was considered _tO be a “trl:le” X ray if the

Kapton and Hostaphan foils with a thickness of 12 cha_rgt_a content of th_e surr_oundmg el_ght neighbor pixels were
(for the measurements at LHRNd 25um or 36 um (gas- stqtlst|cally compau_ble W|th the noise peak of the CCDs.
eous targefswere used as window materials to withstand This was checked via thg d|str|bqt|ons c_>f the_ mean and maxi-
temperatures around 20 (he target cell had to endure sey- MuUm energy .de.posned in the neighboring pixels and of their
eral cooling cyclesand gas pressures up to 6 bar. To reduceStandard deviationgt2—43. For the case of a “true” x ray
radiation heating, superinsulation partly covered the targetth_ese_ three distributions reflect the respective noise peak dis-
cell contained in an insulation vacuum jacket made of stainiributions. _ _
less steel. An additional 12,5m Kapton window separated ~ Depending on the absolute beam intensity, CCD expo-
the target vacuum vessel from the detector vacuum. sures lasted on the average three minutes. All hits in this

A closed-loop helium compressor system was used tdme interval were recprded as one exposure. Not more _than
cool the target cells to temperatures between 20 and 35 K 15% of the CCDs’ pixels were allowed to be hit, otherwise
Temperature and pressure of the target were monitored artge detection efficiency would have been decreased severely.
controlled during all the runs.

The D, gas was filled directly into the target cell via a
palladium filter and a liquid-nitrogen trap to reduge=2 2Type CCD-05-20-207 by EEVENglish Electric Valvg, Water-
contamination to less than 10 ppm. Highmaterials would house Lane, Chelmsford, Essex, England.
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1200 I I l (i) We used theseaANT simulation packag@47] to calcu-
late the muon stopping distributions in the respective targets.
800 — The stopping point of the muon in the target deuterium was
considered to be the origin of the cascade x rays. The center
400 — of the stopping distribution coincided with the center of the
target cell. Changing the stopping center by3 cm
0 (£1 cm for measurements at LHDn the beam direction
and by*+1 cm in both perpendicular directions caused dif-
600 ferent effective thicknesses of the absorb@g., the path
300 — length in deuterium strongly depends on the stopping center
i This allowed us to estimate this particular contribution to the
g 0 uncertainty of the detection efficiency.
o (i) The high gas pressure inside the target cell caused the
°© 1200 | windows to bulge. Before and after operation, the exact
thicknesses of the windows were measured to an accuracy of
600 — N ~1 um. Because of the small thermal expansion coefficient
of the window materials, we considered the shape and thick-
0 : | | nesses measured at room temperature to reflect those at ex-
. AKAd erimental conditions. The calculation of the x-ray absorp-
o d) p , . y p
1000 | ' » tion in Kapton and in Hostaphan was checked
_ experimentally by measuring the x-ray absorption in foils of
500 — r | different thicknesg$44]. This was done with a Ge-diode de-
: tector and a>Fe-source to a precision better than 5%.
0 —— | (iii) The exact shape of the respective target cell and the
16 1.8 20 22 24 286 2.8 convex shape of its windows was simulated. This was con-

energy (keV) sidered to introduce an additional error aflL um for the
. _ _window thicknesses.
FIG. 2. Energy spectra of muonic x rays observed in deuterium () The x-ray absorption in deuterium was calculated be-
at various target densitied (given in units of LHD: (@ ® — yyeen the point of origin of the x ray and the windows of the
=1.145,(b) ®=0.0783,(c) $=0.0399,(d) ®=0.0133. The lines respective target cell

corresponding to th&“?, K4, andK4® transitions are separated. (v) The individual absorption layers of the CCD chips
The solid lines indicate Gaussian fits. The density dependence of . - . -
the line intensities is clearly visible. The x-ray peak at 1.74 keV isWere simulated according to the production thickne 485

due to fluorescence excitation of the detector’s silicon material. Th Jhe intrinsic absorption efficiency \_Nas checked ex_perlmgn—
%illy at the 10% level by measuring the known intensity

isotopic energy shift compared to muonic hydrogen is demonstrated” . g ; .
in (d), where the dotted lines display the correspondif lines ratios of el_eCtron',C x-ray lines in the region 1-10 k{Ag]
which were observed in muonic hydrogEsi. and of antiprotonic nitrogen and oxygen x rays at very low
gas densitie$44,50. At such densities x-ray transitions at
More than 40% pixel hits would have made it very difficult high n levels were shown to have equal intensit{éd].
to apply our pattern recognition algorithm. Hence the measured line intensities directly reflect the detec-
Some of the energy spectra are displayed in Fig. 2. Théor efficiency. The actual thickness of the depletion region
target density is decreasing frof@ to (d). One can clearly was assumed to be 3@m. Its exact value was of minor
see the density dependence of the individual line yields, esmportance for the efficiency evaluation in the 2 keV region.
pecially the dramatic rise of th&g line with decreasing (vi) We used the x-ray-absorption coefficients given in
density. The radiative 41 transition seems to be relevant Ref. [52]. For the exact absorption behavior of silicon and
only at gas densities, because with increasing density collisilicon compounds we have used the resultfb8{54] which
sional processes obviously dominate over x-ray emission. Nmeasured the x-ray absorption of similar CCDs produced by
significant contribution fromK lines higher thanKy has EEV. The x-ray-absorption fine structufgAFS) was taken
been observed. Figurdd also shows the observed isotopic into account. The error of the absorption coefficients, which
energy shift of theK*? lines compared to th&*P peaks is not given in Ref[52], was estimated to be 5% by com-
(dotted line$. The x-ray peak at 1.74 keV is due to fluores- parison with the calculations of Refi65,56.

cence excitation of the detector’s silicon material. In Fig. 3@ the calculated energy dependence of the de-
tection efficiency and the contributions of the various ab-
IV. DATA ANALYSIS AND RESULTS sorbers are displayed for the measurement at a density of 4%
o ) o of LHD. The dotted lines show the estimatea &rror bands.
A. Determination of the detection efficiency Figure 3b) shows the efficiencies for various setups.

The knowledge of the relative difference of the x-ray de- It should be emphasized that only the efficiency ratios
tection efficiency at the various series energies was essen- (relative efficiencies 7(Ka)/7(KB) and n(Ka)/n(Kvy)
tial for our analysis. Therefore all x-ray absorbers betweerare needed in the analydig(K;) denotes the efficiency at
the places of origin and of detection of the x rays had to béhe energy of the respectig x-ray peal. The error of the
known precisely. A Monte Carlo simulation program was efficiency calculation was evaluated by using minimum and
written to account for all relevant effecf46). maximum thicknesses of the different absorbers, measured
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1.0 —-d—'<—'- —— L 0.006% (deuterium density These numbers vary for the dif-

a) ferent measurements. As some of the contributions are not
R fully independent in terms of statistics, we conservatively
~ estimate the total error by adding them linearly.
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8// P B. Analysis of the energy spectra
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The measured energy spectra were analyzed by fitting
Gaussians with energy-dependent widths to the individual
lines[18,40,41,44 The background was approximated by a
constant and a term depending linearly on energy. The peak
at 1.74 keV was due to fluorescence of the detector’s silicon
material. Its position and width are very well known and the
line can be accurately approximated by a Gaussian.

) e — Inaux™ run we observed the shape of the background due

0.0 —————————22 23 27 31 33 to bremsstrahlung. An additional empty target run proved

1.9 2.1 23 25 27 29 3.1 33 35 that no other background peaks were visible in the relevant
energy (keV) energy region.

The line intensities were corrected with the calculated de-

FIG. 3. The calculated energy dependence of the x-ray detectiotection efficiency. From the corrected intensities two quanti-
efficiency. The solid angle of the active detection area of the CCDsjes were evaluatedi) The relative yield of eack line,
is neglected(a) Detection efficiency for the measurement®t  which is given by the intensity of this K line K, i
=4_% of LHD (a, full Ii_ne)._lt is the_ product of the given cqntri- =a,B,v) divided by the sum of the intensities of all ob-
butions due to absorption in the windows, (dashed-dotted ling servedK lines (K= =iK;); (ii) the Ka/K 3 ratio (K ratio).

absorption in the CCD top layers,(dashed ling and absorption in Intensity of theK « line divided by the intensity of th&
the deuterium gaéd, dashed-dotted lineA variation of the deple- I(ine) y “« y y B

tion thickness between 15 and &0n does not affect the efficiency
in the relevant energy region. The dotted lines give the errors cal- .
culated with minimum ¢) and maximum {) absorption thick- C. Results inD,
nesses, respectively. The effect of x-ray-absorption fine structure on  Qur results for the relative x-ray yields and tKex/K 8
the total efficiency &) is not visible at this scale(b) Detection  ratio in muonic deuterium are given in Table I. Figure 4
efficiency for four diffferent measurements(th.OA (@, full line), compares the relative yields with the new calculations of
®=1.0 (g, dashed ling $=0.01 (h, dotted ling, ®=0.08 (,  Aschenauer and Markush[8] in terms of different scaling
dashed-dotted line The difference is mainly due to the different factorsk for Coulomb deexcitatiofisee Sec. )t k=0 means
thicknesses of the target cell windows for the respective setups. no relevant contribution from this proceds=1 means the
cross sections of Bracci and Fiorentj@é] are correct. In the
directly or estimated by simulation. density region investigated, the calculations predict the rela-
To show the various contributions to the calculated errottive yield and its density dependence to depend significantly
of the detection efficiency, we use again the example of then the contribution of Coulomb deexcitatidffrig. 4). A
measurement at 4% of LHD, whergKa)/ n(KB)=0.413  strong, approximately linear dependence on density is pre-
+0.058. The relative error of this efficiency ratio 6f14%  dicted for theK «/K 8 ratio, as seen in Fig. 5.
is the sum of the following uncertaintie§) 8.1% (Kapton In Fig. 4, the displayed data point at LHD includes a 5%
and Hostaphan windows(ii) 4.0% (x-ray absorption coef- correction due to collisionally induced transitions to the
ficients, (iii) 1.8% (thickness of CCD absorption laygrs ground state, according {®]. These transitions cannot be
(iv) 0.04% (path length in deuterium of 4% of LHD (v) observed by our x-ray detector. This correction is necessary

efficiency 7)
==l
o~
\
\

=
o
1

TABLE I. Results of the muonic x-ray measurements in deuteriliindicates the target temperature in
K. The given experimental errors include statistical errors and contributions due to uncertainties in the
efficiency correction.

Density (LHD) T (K) K /Ko KB/ K tor K /Kot KalKB
1.145-0.0060  23.80.1  0.953:0.025  0.04%0.010 0.0:0.002  20.32.7
1.142£0.0030  24.60.1  0.954:0.015  0.046:0.006 0.0:0.002  20.62.2

0.0783:0.0007 31.530.2 0.829-0.029 0.156:0.026 0.016:0.004 5.321.27
0.0751:0.0007 31.%0.2 0.826-0.033 0.15%0.027 0.018:0.007 5.270.90
0.0613+0.0003 30.6:0.2 0.788-0.040 0.196:0.033 0.022-0.013 4.150.78
0.0560+0.0005 31.20.2 0.7940.040 0.184:0.032 0.0220.011 4.31+0.74
0.0399+-0.0003 28.60.2 0.685-0.035 0.2750.029 0.046:0.007 2.4%0.35
0.0133+0.0001 27.1%+0.2 0.538:0.042 0.365:0.031 0.09%0.014 1.480.22
0.01070.0001 30.30.2 0.568-0.062 0.345:0.056 0.086:0.029 1.65:0.30
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1.0 | L1l L aal L

k=1 -

R _ gpH

yield

0.2 7 - density (LHD)
FIG. 6. The density dependence of the difference between the
0.0 1(')'—3' i 10'—2 i '10—1 1 - K a/K B ratios of muonic hydrogen and deuteriulR“P—R*%). Our
density (LHD) experimental pointgfilled doty are compared to the calculation of

Aschenauer and Markush[i]. The lines are interpolations fde

FIG. 4. The density dependence of the yield of mudfiitnes =0 (dashed ling k=0.5 (dotted ling, andk=1 (solid line).
in deuterium. The experimental value of the relative yield is given
as the number of counts in oeline (K;, i=a, B, y) divided by  errors include statistical errors and contributions due to un-
the total count rate in all observédiines (K= =K;). The plotted ~ certainties in the efficiency correction. Although the yield
data points at LHD include a 5% correction due to collisionally measurement is not very sensitivektavithin the experimen-
induced transitions to the ground stg@. Filled circles, squares, tal errors, it favors values df=~1. An even higher contribu-
and triangles indicate the relative yields #r, K3, andKy tran-  tion of Coulomb deexcitation is suggested by our data at
sitions, respectively. Our results are compared with the calculatedensities around 8% of LHD.

density dependence calculated by Aschenauer and Marki€hin |n Fig. 5 our results for th& «/K g ratios are displayed
for different spal!ng factork=0 (dashed ling k=0.5(dotted ling,  together with calculatiof6]. The data at LHD favor a scal-
andk=1 (solid line). ing factor between 0.1 and 0.5, however the data-4®6

, and ~8% of LHD are higher than expected by theory. Al-
though each of these points has a large error bar, together
they indicate a significant deviation from thke=1 calcula-

ion.

Comparing all our experimental results in deuterium with
eory, they indicate an important contribution of Coulomb

only at LHD and only to compare the measured “relative
yield with the “absolute” yield given in the calculation. One
could also use our definition of the relative yield and extrac
the relevant values from the calculation, in which case we
would not have to correct the measured values. No correcs;
tion was applied for the gas measurements because groury

state transitions are expected to be purely radiative at the g Aination of the correct value of the scaling faclois not

densities investigated. ,
9 possible. In fact, the Monte Carlo cascade model cannot re-

Regarding the x-ray yield, the observed density deper;fProduce the density dependence of our data by simply scal-
dence is reproduced quite well by theory. The experiment ing the Coulomb deexcitation cross sections frid¥]. This

gexcitation to the muonic cascade. An unambiguous deter-

40 PR R RN IRV NN NP N clear indication of a more complex density dependence could
{7 TR R = be due to possible new processes, for example, the existence
35 _ 1 b) E i - of molecular effect§57,58.
30+ 31 H S k=1 [ D. Comparison of results in Dy, H,,
i 1Ta=s-""7" I I and hydrogen deuterium mixtures
w 2511 T —
- 1 -00 05 - We can compare our measurements indnd H, [8] in
\6 20 E— search of an isotopic effect. We do not observe any differ-
R~ T k=05 T ence for either th& yield or theKa/K g ratio. Comparing
15 ] g N the density dependence of tKeyield of muonic deuterium
10 — B (Fig. 49 and muonic hydrogef8], one can see a comparable
i L systematic deviation from the theoretical expectafi®hbut
5 L no isotopic difference. This is also true for the experimental
- a) [ values of theK a/K 8 ratios (Fig. 5 and Ref[8]).
o — T A direct quantity for expressing the isotopic differ-
0.0 0.2 0.4 0.6 0.8 1.0 ence between th&a/KpB ratios can be defined aR*P
density (LHD) —R#% (RP=KXP/KAP in muonic hydrogen[8], R“C
FIG. 5. (a) The density dependence of thex/K 8 ratio mea- =KA4%/K4® in muonic deuterium The calculation derived

sured in muonic deuteriurtfilled triangle. The theoretical curves from Ref. [6] predicts an R*P— R”_d) dependence on den-
are the calculations of Aschenauer and MarkugBin(see Fig. 4. sity, different for varying contributions of Coulomb deexci-
(b) The low-density region magnified. tation to the cascade. As can be seen in Fig. 6, the cal-
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culation is rather insensitive to varying contributions of Cou-
lomb deexcitation at gas densities, but a clear difference for
different scaling factork exists at LHD. However, the ex-
perimental values do not display a dependence on density
over the whole range of measurements froml% to

Ktot

2

~100% of LHD. The experimental point at LHD clearly <

favors the assumptioR=0. (For this evaluation we have
neglected the difference in density for liquid ldnd D,.)
Additional measurements of the radiative transitions in
the density region between 10% and 100% of LHD could
shed light on the actual density dependence and on the accu
rate contribution of Coulomb deexcitation. Such measure-

3

=1

ments have not been done yet as they require a very strong

material for the thin target windows which presently does not

keV x rays.
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0.06
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0.02

&~ LHD |

0.00

LU L L
0.00.20.4 0.6 0.8 1.0
Ca

: _ / FIG. 7. The dependence of tli@) total Ka yield and(b) total
exist. Current high pressure target windows absorb too many g yield on the deuterium concentration in liquid-hydrogen deute-
X rays to permit a statistically significant observation of 2rium mixtures. Our measurementBlled dots and trianglgsare

compared to the theoretical expectation taken fi@34] for the

Measurements of the muonic cascade in tritium wouldCoulomb deexcitation scaling factoks=0 (dashed ling k=0.5

also be desirable to see if there is a difference inkiagK 8
ratio compared to that in hydrogen or deuterium.

(dotted ling, andk=1 (full line). There is no dependence &,
the scaling factor of the excited state transfer cross sections ex-

In addition to isotopically pure targets, we have measured€cted- Note the different ranges on ghaxis of (&) and (b).

the dependence on the deuterium concentration of the line

yields and theKa/Kg ratio in liquid hydrogen deuterium between collisional processes and x-ray emission atnthe

mixtures. This density was chosen because theory expects3 level. _ N
Besides our measurementat=0.5 in a nonequilibrated

the largest isotopic difference{(20%) for theK a/K 3 ratio
at liquid density.

hydrogen deuterium mixture (50%,Hnolecules, 50% b

In mixtures of hydrogen isotopes one has to take intgnolecules, we have also investigated a hydrogen deuterium
account one additional cascade process, the transfer of ttfgixture atcy=0.5 in molecular equilibrium(equilibrated

muon in excited statesl 8,35,45,59 which changes the in-

mixture: 25% H molecules, 50% HD molecules, 25%, D

tensity pattern of th& lines observed at each isotope. This molecule$, both as liquids. The molecular composition of
transfer is expected to proceed between isotopic states of tiee target was carefully determined with the mass spectrom-
same principal quantum number and does not lead to cascaéter (QMS) at the beginning, during, and at the end of this

deexcitation. Therefore, the total yield, given for te line
by S¢,=KEP+KAD or for the KB line by Sy z=K4P
+K5,
independent of the excited state transfer process.

measurement. From the equality of these two measurements
we conclude that there are no effects larger than 10% due to
divided by= o= KiP+ K{*(‘,?, respectively, should be f[he differgn; isotopic cqmposition of the molecules involved

in the collisional deexcitation.

Assuming the same importance of Coulomb deexcitation In conclusio_n, we find that scaling the Coulomb deexcita-
in the cascade of muonic hydrogen and muonic deuterium 4{on Cross sections is not enough to reproduce our measure-

LHD, one expects an isotopic effect for thg, yield [Fig.
7(a)] of only ~1%, for theXy, yield [Fig. 7(b)] of more
than ~10% and for theXy,/X¢;z ratio (Fig. 8 of
~15-25%, for a given value d€

As a result of these measurements, given in Table Il, one
can state that the intensity pattern of the sum of the relative
intensities of the respectivk lines (total yield does not
depend on deuterium concentration. Again, no isotopic dif-
ference between deuterium and hydrogen, neither for the to-
tal yield nor for theXZy, /=4 ratio has been observed.

In Figs. 7 and 8 these results are compared with the cal-
culations from Refg[6,34]. There the parameteks=0.5 and
k;=0.5 (scaling factor for the excited state transfer cross
section$ were selected for the best fit of thg parameter
(Refs.[18,35) in hydrogen deuterium mixtures. Our mea-

YKa / LK

33 S

31
29 -
27
25
23
21
19
17
15 -

13—_ o

T k=05

$~ LHD

11 1

surements deviate from this prediction, although one has t0 ri5 g The dependence of th
keep in mind the large experimental errors in comparison tQoncentration in liquid-hydrogen deuterium mixtures. Our experi-

the expected effect.

/2 kg ratio on the deuterium

mental pointdfilled doty are compared to the theoretical expecta-

From our measurements at LHD we can derive that thejon taken from[6,34] for scaling factorsk=0 (dashed ling k

probability for radiative deexcitation at the levels=2 and

=0.5 (dotted ling, andk=1 (full line). No dependence ok, the

n=3 is equal for  and H, within the experimental errors. scaling factor of the excited-state transfer cross sections, is ex-
We have not observed an isotopic effect in the competitiorpected.
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TABLE Il. Results of the muonic x-ray measurements in liquid hydro@drand liquid H, /D, mixtures.
cq4 indicates the deuterium concentration in the isotopic mixture. The given experimental errors include
statistical errors and contributions due to uncertainties in the efficiency correction.

Density (LHD) T (K) Cq Zka! Zktot k! Zktot ZkalZkp
0.970+0.005 22.10.1 0.00G:£0.001 0.9520.019 0.0480.008 19.¢2.5
0.979+0.003 22.7%0.1 0.099:0.004 0.952-0.028 0.0480.004 19.81.8
1.035+0.005 21.30.1 0.247-0.006 0.9530.021 0.0470.004 20.31.9
1.075+0.005 21.90.1 0.499-0.008 0.9510.021 0.056:0.005 19.¢:2.0

1.070+0.005 22.1+0.1 0.50G:0.008 0.9530.016 0.048:0.005 19.¢2.1

AVhile all the other mixtures contain practically only ldnd D, molecules, this is an equilibrated mixture
having 25% H, 50% HD, and 25% B molecules.

ments by a cascade calculation. The large variation of theffect in comparison with our measurements in hydrogen and
scaling factor describing the measurements in Figs. 4-8 inin liquid hydrogen deuterium mixtures, thus providing an
dicates that, in the Monte Carlo cascade calculaf®hat  accurate database for the yields and theK «/K 3 ratios.
least, the Coulomb deexcitation cross sections and their demhese data allow a detailed comparison with recent calcula-
sity dependence are wrong, or, that not all cascade processgsns, which treat the Coulomb deexcitation rates as an ad-
were taken into account. Both possibilities definitely call forjystable parameter. Our detailed data cannot be consistently
an improved theoretical treatment. explained by scaling one model parameter only. In particu-

New results from PSI _cpncerningotrh@yields inHand  |ar we observei) a density dependence of theyield and
D, at very low gas densities{<0.1% of LHD) [60] will  he k /K g ratio different from theoretical expectatiofii)

complem_ent our investigations. o no isotopic difference for the line yields and tiken/Kg
Experiments measuring the x rays in pionic hydrogen anqatios in contrast to theory

deuterium[61] have found an isotopic effect for thiée We would like to stimulate improved calculations of the

yield at a pressure of 40 bar-{(5% of LHD). Regarding the 0ss sections of the various cascade processes which could
pionic cascade in hydrogen and deuterium, a fair agreeme% . . . Proce .
then be included in an improved cascade simulation.

between theory and experiment could be obtained by em-
ploying a Coulomb deexcitation scaling factos 0.5+ 0.2.
This value ofk also fits the results obtained by neutron time- ACKNOWLEDGMENTS
of-flight measurements after pion capture in hydrop@®.
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