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The transfer of negative muons from the ground state of muonic hydrogen to argon and helium
has been measured in gaseous mixtures at pressures between 10 and 15 bars and at different relative

concentrations.

The transfer rate to argon, reduced to liquid-hydrogen density [A,,,

=1.42(4)X 10! s7!], agrees well with those obtained at ten times higher pressures. The transfer
rate to helium [A,5.=0.88(9) X 10® s}, measured in a triple gas mixture, disagrees with the only
other experimental value and is about two times higher than recent theoretical predictions. In addi-
tion, the muonic x-ray intensities of the Lyman series of argon resulting from muon transfer have
been determined. They are well reproduced by a cascade calculation assuming a theoretical initial

distribution over n and [ states.

I. INTRODUCTION

Since the first observation of a muon-catalyzed fusion
reaction by Alvarez et al.,! a great number of experi-
mental and theoretical studies have been published on
muon processes in hydrogen isotopes and, in particular,
on the formation of mesomolecules. The discovery of
this fusion reaction and the observation of the resonant
formation of mesomolecules® gave rise to speculations
about the practical use of this reaction for nuclear energy
production.?

In the fusion reaction of heavy hydrogen isotopes, heli-
um nuclei are produced. In dd fusion, the probability
that the muon sticks to the helium nucleus after the
fusion reaction is 12.2(3)%.* In dt fusion, the sticking
probability is much lower, around 0.5%.°~7 In the latter
case, the recycled muon would be able to catalyze ideally
about 200 fusion reactions.®

The number of muon cycles is not only limited by the
muon sticking to the fusion product, but also by the
muon capture by helium and the muon transfer from a
hydrogen isotope to helium nuclei. It is therefore impor-
tant to test models and theoretical predictions relative to
the last two processes. In a preceding work,’ we reported
on muon transfer to argon at pressures of 100 and 140
bar and at different concentrations.

The present paper, where we use the same experimen-
tal techniques, reports on measurements of muon transfer
from muonic hydrogen in the 1s state to argon and heli-
um at pressures between 9.6 and 14.9 bar. For each mix-
ture, the mean lifetime of the (up),, system and the
transfer rate have been determined. In addition, the
muonic argon K-series intensities due to transfer have
been measured to study their dependence upon pressure
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and relative concentration. The measured values are
compared with cascade calculations starting with a
theoretical muon population in (n,/) states.

II. PRESENT STATUS OF RESEARCH
ON TRANSFER TO HELIUM

The first measurements of muon transfer from muonic
hydrogen to helium!®~!3 seemed to confirm the very low
transfer rate predicted in the first theoretical paper on
transfer by Gershtein.!* The smallness of the predicted
rate for the process

(up); +He—p +(uHe) (1

is due to the absence of crossing and pseudocrossing
terms corresponding to charge exchange from the hydro-
gen K orbit.

Ten years later the calculation by Matveenko and Po-
nomarev,!> employing the perturbed stationary-state
method, yielded a transfer rate which was five times
greater than the quasiclassical estimate by Gershtein.

In 1981 Aristov et al.'® proposed a new mechanism for
the muon transfer to helium, where, in an intermediate
stage, a muonic molecule is produced in an excited state:

(up),, +He—[(puHe)*e "1te 2)
(puHe)** —(uHe)" +p . (3)

After deexcitation to the ground state, this molecule
decays into a muonic helium atom and a hydrogen nu-
cleus. The predicted rate (normalized to the atomic den-
sity of liquid hydrogen) at room temperature for the
muon transfer from a thermalized (up ), atom to *He of
0.44X10% s~! is about one order of magnitude greater
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than that calculated by Matveenko and Ponomarev.

In their experiment using a triple gas mixture H,-He-
Xe, Bystritskii et al.!” obtained, by analyzing the time
structure of ¥ events, a muon transfer rate from hydro-
gen to helium of 0.36(10)X 108 s~!, in agreement with the
prediction of Aristov et al.

Kravtsov et al.!® improved the calculation of Aristov
et al. by taking into account the form factor of the
molecular ion [(puHe)e ~]* and the influence of the elec-
tron cloud of the target atom upon the energy levels and
upon the rates of the ppuHe-molecule formation. Depend-
ing on the approximations made in these calculations, the
muon transfer rate from protium to *He at room temper-
ature varies between 0.43 X 10% and 0.52X 10% s~ !. Using
in addition the Hartree-Fock approximation for atomic
wave functions, Ivanov et al.!® obtained lower rates for
the up +*He charge-exchange reaction, i.e., values be-
tween 0.32X 10% and 0.35X 10% s™!. The agreement with
experimental data of other charge-exchange reac-
tions> 172021 s satisfactory. It evidences the need for
correctly taking into account the atomic shell in the cal-
culation of bound states of muonic molecules. '’

III. EXPERIMENTAL METHOD

At a pressure of a few atmospheres, the fate of a nega-
tive muon in a H,-He gas mixture, containing a small
amount of argon, can be sketched as in Fig. 1. Just after
its formation, the muonic hydrogen atom (up)* has a ki-
netic energy between 0.1 eV (Ref. 22) and 1 eV.? In a re-
cent experiment,’* it has been observed that the kinetic
energy distribution of 7~ p atoms just before the charge-

FIG. 1. Scheme of muonic capture in a mixture of hydrogen
and helium with a small amount of argon. Only the main pro-
cesses at 10 bars are shown.
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exchange reaction has a component extending up to ~1
eV and a tail up to ~50 eV. By taking into account the
Stark mixing, the muonic cascade in hydrogen can be
correctly reproduced assuming capture in an atomic level
around n=14 with statistical angular momentum distri-
bution.”>?%26 The (up)* atom deexcites step by step to
the level n=4 essentially through external Auger effect
on helium atoms and hydrogen molecules, through
Coulomb deexcitation and molecular dissociation. At 10
atm, the n=4 level is reached in about 5X 107! s. The
further deexcitation down to the 1s ground state proceeds
predloominantly through radiative transitions in about
107 s,

The process of thermalization of up atoms is not well
known. However, even if the elastic scattering

up+p—up+p, 4)

which is the dominant process in the deceleration of up
atoms, has a small cross-section of the order of
107%°-107" cm? (Refs. 13 and 27-30) at kinetic energies
between 0.04 and 1 eV, the major part of the up atoms is
thermalized after about ten collisions.>!

In H,-Z gas mixtures, where the components have
comparable concentrations, the transfer from excited
(up)* states is in competition with deexcitation processes.
The corresponding transfer rates can only indirectly be
determined, e.g., for pion transfer in binary gas mix-
tures.®?

If the relative atomic concentration of the Z atoms is
small, i.e.,, ¢z/c, <<1, the transfer of muons from up
atoms to Z atoms proceeds from the ground state of
thermalized up atoms.

Three processes contribute essentially to the disappear-
ance rate of up atoms in a H,-He-Ar gas mixture: (a) the
free decay of the muon with a rate A;=0.455X10° s,
(b) the formation of pup molecules with a rate A, and (c)
the transfer of the muon to argon (A,,,), to helium
(Apue), to deuterium (A,) or to impurities (A;). Hence,
the total disappearance rate A of the bound up system in
our H,-He-Ar mixtures can be written as

A=RoH A, FA,a A et A A, (5)

The different rates A,, excepting A, depend on the
densities of the individual components and on the tem-
perature. In order to compare such rates measured under
different experimental conditions, they are reduced (nor-
malized) to rates A, corresponding to the atomic density
of liquid hydrogen (p,=4.25X10*2 cm™3%). These re-
duced rates, which remain dependent on the collision en-
ergy of the up atom with its partner, i.e., temperature
dependent, are defined through

Ac=c,2A,, (6)
Po

where c, is the atomic concentration of element x, and p
means the total atomic density of the investigated mix-
ture. With Eq. (6), the total disappearance rate A can
then be written as
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A=Ayt (c A

2 App FcaA

pAr+cHeApHe+CdAd +C,'A,') .

v

If Ny up atoms are formed at ¢ =0, the number of up sys-
tems N, (¢) still existing at time 7 is

N,,()=Nge ™. 8)

The muonic deuterium atoms ud, which are essentially
formed by muon transfer from up atoms, can disappear
by (a) free muon decay, (b) formation of pud molecules
with a rate A,;, and (c) transfer of the muon to argon
(Agar), to helium (A y,) or to impurities (A}). In natural
hydrogen, the direct capture of muons in deuterium and
the formation of dud molecules are negligible. We can
therefore write N,,(t=0)=0, and A, =0. The total
number of ud atoms existing at time ¢ must then satisfy
the equation

dN
dt

(O)=AgN,,(1)=A'N (1), 9)

with
N=koH+Apg+Agar+AgueTA; - (10)

Part of the up and ud atoms transfer their muon to
highly excited states of argon. The time distribution of
the promptly emitted munic argon x rays is

dt

For ¢t > 3T, where T is the finite-time resolution of the
detection system, and by using Eqgs. (8) and (9), this time
distribution can also be written as

At Aa’Ar }"d —A

dN
T yAr - t —At
~ —_— - .12
ar ———(t)~e +ApAr A—A’(e e ) (12)

(D =Ry ANy () F A garN (1) . (11)

This formula is only valid if the deexcitation to the
ground state of (up)* is very fast. The second term of
formula (12), which is small compared to the first one,
corresponds to transfer of muons from (ud),, atoms to
argon, and can be treated as a correction.

From the measured time distribution of the muonic ar-
gon x rays, dN . (t)/dt, one extracts, by using formula
(12), the reduced transfer rates A,,, and A,y.. The other
rates of formulas (5) and (10) are known. The most re-
cent experimental values of the reduced pup formation
rate are consistent,> 3 the mean value being

op =2.5X10% s™!. The used values for A, A,y and
AdHe at room temperature are 1.68(26)X10'° s™! (Ref.
36), 5.53(16)X10° s™! (Ref. 35), and 3.68(18)X10% s™!
(Ref. 21), respectively. If we would have taken other
slightly different values for A,,, Ay, and A,; (Refs. 37
and 38), our final transfer rates would be changed by
about 1% . We assume that the ratio A,,,/A =2, as
measured for medium and high Z noble gases.>*

The transfer rate Ay, is firstly measured in a binary
H,-Ar mixture. With the known value for A,,,, one then
measures the transfer rate A,y in the ternary H,-He-Ar
mixture.
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IV. MEASUREMENT

For the measurement of the muon transfer to helium at
low pressure (up to 15 atm), a special target vessel has
been constructed (Fig. 2). It was made out of stainless
steel with wall thicknesses of 2 mm. The flanges were
equipped with copper sealings. The muon entrance win-
dow of 12 cm? in the center of the front flange was a thin
steel foil (50 m) or a capton foil (120 um) supported by a
copper grid which had a particle transmission of 90%.
The vessel had a volume of 9 liters and could be evacuat-
ed by a turbomolecular pump to a final pressure of 1072
mbar. By closing the valves, the pressure increased due
to outgassing of the material and stabilized at about 102
mbar after a few hours.

The gas mixtures were directly ordered at the
manufacturer.*! The purity of each component was
better than 5 ppm and the precision of the concentrations
*1%. The following gas mixtures were used for our
measurements of the muon transfer at room temperature:
(a) H,+0.408% Ar at 9.6 bar, (b) H,+1.98% Ar at 14.9
bar, (c) H,+649 ppm Ar+34.4% He at 14.8 bar, and (d)
H,+943 ppm Ar+50.7% He at 14.8 bar. The concen-
trations are given as ratios of partial pressures to the total
pressure of the mixture. Each mixture has been mea-
sured during 3—4 days. The pressure of the gas fluctuat-
ed by less than +0.1 bar and the temperature measured
outside the vessel was 22(2)°C.

The experiment has been performed at the uE4 chan-
nel of the Swiss Institute for Nuclear Research (SIN), to-
day the Paul Scherrer Institute (PSI). To optimize the
muon capture in the gas mixture, muons of low momen-
tum [30 or 32 MeV/c with a full width at half maximum
(FWHM) of 3%] were directed onto the target. At 32
MeV/c, 2X 10* muons/s passed the 0.5-mm-thick scintil-

O,

10 cm

FIG. 2. Experimental setup: (1) scintillator, (2) Ge detectors,
(3) gas vessel. Shielding: 77777 , steel; FHHH, lead;E
borated polyethylene.
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lator, which yielded the start signal for the measurement.

The electronic setup was similar to that of the preced-
ing experiment on muon transfer.® An antipileup gate re-
jected those events, where a muon registered by the scin-
tillator was preceded or followed by another muon in a
time interval of 1 us in the H,-Ar mixtures and 2 us in
the triple gas mixtures. 10% of the muons were rejected
on the average. The muonic x rays were registered by Ge
semiconductor detectors. The first part of the measure-
ments, (a)—(c), was performed using only one detector of
65 cm? active volume. In the second part, (d), two detec-
tors placed symmetrically relative to the muon beam
were employed (Fig. 2), the second one with a volume of
98 cm®. The maximum load of the detectors was of the
order of 2000 events per second. The time resolution I
for the muonic Ar(2p —1s) x rays at 643 keV, measured
in pure argon, was about 5 ns (FWHM).

The energy of the events was digitalized in 8-k chan-
nels and the time in 1-k channels with 0.75 ns/channel
for the binary mixtures and 1.58 ns/channel for the triple
ones. With the data acquisition program DAVID, the en-
ergy and time of the ¥ events were written in list mode on
magnetic tape. Energy and time spectra were recon-
structed offline for analysis.

V. DATA ANALYSIS

A. Transfer rates

Time spectra have been reconstructed by setting ener-
gy windows on the photopeaks of the muonic argon x
rays and on the background on both sides of these peaks.
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FIG. 3. Time distribution of the muonic Ar 2p-1s events (O)
measured with the 65-cm’ Ge detector before subtraction of the
background spectrum (+). The experimental errors are smaller
than the sizes of the circles. Only the fitted domain is plotted.
(a) H,+1.98% Ar; (b) H,+50.7% He+943 ppm Ar.
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As can be seen from Figs. 3(a) and 3(b), the time struc-
tures of the background events are different from those of
the x-ray events. The net time spectrum of each transi-
tion was then obtained by subtracting the respective
background time spectrum. The ratios of the net muonic
argon 2p-ls events to the subtracted background events
(for t > 15 ns) were 1.4, 5.7, 2.1, and 1.1 for the mixtures
(a)—(d), respectively. Obviously, these ratios depend on
the widths of the energy windows set on the 2p-1s peaks.
In order to have all 2p-1s events in the time spectrum, the
chosen widths were four times the FWHM. By choosing
different energy windows for the background, the fitted
time constants varied only in the limits of the statistical
error.

The time distribution of the muonic argon x rays re-
sulting from muons transferred from pup atoms is only
slightly influenced by the muons transferred from ud
atoms. The net time spectra can be fitted by using a sin-
gle exponential [see Figs. 4(a) and 4(b)] with a time con-
stant A.,,, which is slightly lower than A. The difference
can be evaluated (see also Ref. 9). Equation (12) can be
written as

AdA A’d ’ —A t
e—lt r '(e—kt_e—kt)ze exp (13)
Apar A=A
or as
Agar Mg (A, —A)
e M= (e "), (14)
ApAr }"exp_;"
‘
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FIG. 4. Time distribution of the muonic Ar 2p-1s events
measured with the 65-cm® Ge detector after subtraction of the
background. (a) H,+1.98% Ar; (b) H,+50.7% He-+943 ppm
Ar.
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where AA=A—A,,, is the correction term due to muon
transfer from ud atoms. The relative differences AA/A,,,
for the mixtures (a)-(d) are then estimated to be 0.4%,
0.1%, 0.9%, and 0.5%, respectively. They are all smaller
than the statistical errors on Ay,

The measured energy spectra extended up to about
1300 keV. In the time window corresponding to prompt
events, these spectra contain also muonic iron x rays
from muons stopped in the walls of the target vessel.

In the delayed energy spectra, no muonic x rays from
nitrogen, oxygen, or other gaseous impurities are
identified. Muonic iron x rays are again observed with
intensities of a few percent as compared to the prompt
spectra. However, they do not show the characteristic
time structure of the argon events. In test measurements
with pure argon, where no muon transfer occurs, the
same flat time structure of iron x rays was found. We as-
sume therefore that the largest part of the muonic iron x
rays registered by measuring our hydrogen gas mixtures
comes from muons stopped in front of the target entrance
window in accidental coincidence with a stopped muon.
By assuming as an upper limit for the gaseous impurities
a partial pressure of 10”2 mbar, corresponding to the
outgassing pressure, and a transfer rate of the order of
A;=10"" s7!, the contribution of A; to A in Eq. (5)
remains negligible. In our data analysis, we have conse-
quently neglected both the transfer to the target walls
and to impurities contained in the gas mixtures.

For each gas mixture, the net time spectrum of the
muonic Ar(2p — 1s) transition has been analyzed. In the
H,+1.98% Ar mixture, the 3-1 and 4-1 transitions had
sufficient statistics, so that the analysis of their time
structure can be used to improve the uncertainty in the
transfer rate deduced from the 2-1 transition alone.

B. Intensities

The two figures 5(a) and 5(b) show energy spectra of
the muonic Lyman series in argon taken in the two mix-
tures H,+1.98% Ar and H,+34.4% He +649 ppm Ar.
They have been formed by setting windows on the time
spectra (¢ >20 ns). The peak-to-background ratio was of
the order of 8.

The exact determination of the intensities of the higher
members of the muonic Lyman series transitions was ren-
dered more difficult by the presence of background y
lines at 833.95 keV [*Ge(n,n’)], 846.78 keV [*Fe(n,n’)],
and 858.3 keV. In particular, the intensity of the
Ar(6p-1s) transition, covered by the strong 846-keV line,
could only be estimated from a measurement at high pres-
sure.” The efficiency calibration of the detection system
has been performed using radioactive sources of '*’Eu
and '%2Ta.#

VI. RESULTS AND DISCUSSION
A. Transfer rates
The shapes of our delayed time spectra, with or

without the presence of helium, are purely exponential
[Figs. 4(a) and 4(b)]. This indicates that the up atoms
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FIG. 5. Muonic Lyman series intensities in argon by muon
transfer from pp atoms. (a) H,+1.98% Ar; (b) H,+34.4%
He+649 ppm Ar.

transferring their muon are in the ground states (singlet
or triplet) and have thermal energies.

The measured lifetimes 7=1/A of the up system in its
ground state in the mixtures H,+0.408% Ar and
H,+1.98% Ar and the deduced reduced transfer rates to
argon, A,,,, are given in Table I. The uncertainties of
these values include the uncertainties in the fit, the pres-
sure, the gas concentrations, and the time calibration.
While there are discrepancies with other authors, as can
be seen from Table II, the measurements of our group at
four different total pressures (9.6, 14.9, 100, and 140 bar)
and four different argon concentrations (0.408%, 1.98%,
0.06%, and 0.2%) are in excellent agreement. A detailed
comparison with the experimental values of other au-
thors3>#3~4 has already been made in our earlier paper.’
We have no explanation for the discrepancies between
the reduced rates. Although the agreement between our
four rates, measured under very different experimental
conditions, does not prove that the transfer rate is strictly

TABLE L. Total up lifetime and reduced transfer rate to ar-
gon at 295 K, measured in this work.

H,+0.408% Ar H,+198% Ar  Average
9.6 bars 14.9 bars value
7=1/A (ns) 257(14) 40.1(14)
Apar 1.48(8) 1.43(5) 1.44(4)
(10! s7Y
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TABLE II. Comparative table of measured reduced transfer
rates to argon at different pressures.
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TABLE 1IV. Comparative table of measured and predicted
transfer rates to “He at room temperature.

Authors Pressure (bars) Apa(10'" 571
Basiladze et al.? 45 1.20(19)
Alberigi et al.® 26 3.48(60)
Placci et al.© 10 1.46(14)
Daniel et al.® 600 9.8(15)
Iacopini et al.* 2-4 3.67(72)
Bienz et al.f 100 1.42(16)

140 1.46(5)
This work 9.6 1.48(8)
14.9 1.43(5)

2Reference 43.
"Reference 44.
°Reference 39.
dReference 45.
*Reference 46.
fReference 9.

proportional to the density of the gas admixed to hydro-
gen, it corroborates this assumption. For the determina-
tion of the transfer rate to helium using the triple gas
method, we assume a strict proportionality to the density.

In our gas mixtures with high helium concentrations,
the muon can transfer to helium from excited (up)*
states. The argon concentration however is so low that
transfer to argon occurs only from up ground state. By
measuring in a H,-He-Ar gas mixture the time distribu-
tion of the muonic argon x rays due to muon transfer,
one measures the lifetime 7=1/A of the up ground state.
Using Egs. (7) and (14), and taking for the transfer rate to
argon the value A,,,=1.44(4)X10" s7', the reduced
transfer rate to helium A,y from the ground state of the
pp system can be determined. The rates Ay, are listed in
Table III. The results from the different measurements
are in agreement with each other. In particular, chang-
ing the helium concentration by 50% does not alter the
normalized rate.

Our mean value for A,y is higher than the experimen-
tal result by Bystritskii et al.'” (cf. Table IV). Their ex-
perimental conditions, i.e., pressure and helium concen-
tration, are comparable to ours. They also used the triple
gas method (with xenon instead of argon) and analyzed
the time distribution of the photons. The experimental
techniques and the analysis, however, differ in some
points. While we utilize the photon time spectrum of a
narrow energy window (AE =7 keV) containing the
muonic Ar(2p-1s) events and subtract the time spectrum

Experiment Theory
Author Appe (10° 571 A (10° 571
Aristov et al.? 0.44
Bystritskii et al.® 0.36(10)
Kravtsov et al.© 0.43-0.52
Ivanov et al.® 0.32-0.35
This work 0.88(9)

?Reference 16.
*Reference 17.
°Reference 18.
dReference 19.

of background photons adjacent to the line. Bystritskii
et al. take a larger energy window and subtract the back-
ground photon time spectrum measured without xenon in
the vessel. Depending on the argon density, our time
spectra extended to a maximum of only 1.4 us after a
muon stop signal, whereas their time spectra had lengths
of about 8 us. Finally, we have made use of the measured
value of the transfer rate to admixed third component,
whereas Bystritskii et al. do not need the transfer rate to
xenon to determine the transfer rate to helium.

Among the various theoretical approaches proposed to
calculate the transfer rate to helium, the “thawed core”
and the “frozen core” approaches of Ivanov et al.!® give
predictions close to the experimental values for up +*He
(Ref. 17), ud+>He (Refs. 5 and 21), and ut +>He (Ref. 5).
However, they are significantly lower than the values of
ud +*He (Refs. 20 and 21) and our up + *He result.

B. Intensity patterns in muonic argon

The relative intensities of the muonic Lyman series in
argon due to muon transfer have also been evaluated and
are listed in Table V. As a check, the relative intensities
have also been determined in different time windows of
the delayed spectra. They show always the same pattern.
No significant differences are found in the intensity struc-
tures between the mixtures with or without helium.

The relative intensities agree with those measured in a
H,-Ar mixture at a high pressure of 800 bar.*’ This
demonstrates nicely that the muonic x-ray intensity
structure in argon due to transfer from up atoms is over a
large range independent of pressure. Such a result is ex-
pected, since the pup atom penetrates inside the electron
orbits of argon and transfers its muon to atomic levels

TABLE III. Total up lifetime and reduced transfer rates to *He at room temperature, measured in

this work at a pressure of 14.8 bars, using A,,,=1.44(4) X 10" s~

H,+50.7% He

H,+34.4% He

+943 ppm Ar +649 ppm Ar Average
Ge detector 65 cm? 98 cm? 65 cm’® value
T7=1/A (ns) 496(10) 491(15) 633(10)
Ajne 0.83(14) 0.88(15) 0.92(14) 0.88(9)

(108 s7Y)
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TABLE V. Normalized muonic x-ray intensities of the Lyman series in argon by transfer from protium.
H, H, H,+50.7% He H,+34.4% He Holzwarth?®
Transition +0.408% Ar +1.98% Ar +943 ppm Ar +649 ppm Ar and MUONOQ®
2-1 0.425(21) 0.391(9) 0.417(20) 0.390(10) 0.419
3-1 0.105(3) 0.100(2) 0.102(3) 0.102(2) 0.092
4-1 0.059(3) 0.064(2) 0.063(3) 0.063(2) 0.063
5-1 0.088(9) 0.095(2) 0.095(10) 0.095(6) 0.093
6-1 0.105 0.112 0.102 0.112 0.113
7-1 0.085(3) 0.089(2) 0.082(3) 0.090(2) 0.090
8-1 0.046(4) 0.046(3) 0.047(5) 0.046(3) 0.051

*Reference 53.
"Reference 54.

around n =12.*8 Geometrically, these orbits lie between
the electronic K shell and the nucleus. The principal
deexcitation modes are radiative transitions and K-shell
Auger electron ejection in the presence of full higher elec-
tron shells. Thus, the refilling of electron holes through
collisions with other atoms is not an essential process in
the muon cascade. Contrary to capture by transfer, the
direct muon capture occurs at very high n levels
(n=30-40), such that at low pressure the muonic atom
can loose all its electrons during the cascade process.*’
In this case strong density effects are expected and have
indeed been observed.” 02

Following Holzwarth and Pfeiffer,”> the muon
transferred to argon populates preferentially low angular
momentum states. A cascade calculation using the code
MUONO00,%* starting at the muonic level n =12 with an an-
gular momentum distribution predicted by Holzwarth
and Pfeiffer, reproduces in a satisfactory manner the mea-
sured muonic x-ray intensities (Table V), assuming the
electron shells to be complete when the muon is
transferred.

VII. CONCLUSION

Our reduced transfer rates to argon, A,,,, measured in
H,-Ar gas mixtures at low (10 and 15 bars) and at high
(100 and 140 bars) pressures are the same and do not
seem to depend on the argon concentration. They are,

however, in disagreement with most other experimental
transfer rates excepting Refs. 39 and 43, where the decay
electron method has been employed.

Our two independent measurements of the muon
transfer rate from the pp ground state to helium, Ay,
yield values in agreement with each other. They are,
however, a factor of 2 higher than the experimental value
of Bystritskii et al.!” and the different theoretical predic-
tions.!$ 1819 The reasons for these disagreements are not
known. Taking for A,y the value of Bystritskii et al.
and calculating A,,, from our experimental pup disap-
pearance rate A measured in the two H,-He-Ar mixtures
(Table 1III), one obtains for both mixtures
A,a=17X10" s71. This value is also in disagreement
with all other experimental values (Table II).

Finally, our measured muonic x-ray intensities of the
Lyman series of argon resulting from muon transfer are
independent of pressure and argon concentration. They
are not affected by the presence of helium and agree well
with theoretically predicted intensities.
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FIG. 2. Experimental setup: (1) scintillator, (2) Ge detectors,
(3) gas vessel. Shielding: (/27774 , steel; HHFHH, lead;
borated polyethylene.




