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Muon transfer from excited states of hydrogen and deuterium to nitrogen, neon, and argon
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Muon transfer from exciteghp* and ud* atoms to the three gases nitrogen, neon, and argon is studied.
Variations of the experimental conditions such as pressure and relative concentrations on the tggtéoms
a4z Of excited state events in prompt muonic x rays are analyzed. The differences between excited-state
transfer fromup* andud* to N,, Ne, and Ar are discussed. For these elements, capture Adtits Z) and
A(D,,Z) are given, from which an indirect valu®(H,,D,) is deduced[S1050-29478)01403-4

PACS numbse(s): 36.10.Dr, 34.70t+e, 82.30.Fi

I. INTRODUCTION The direct capture and excited-state transfer processes are
both faster than our time resolution. To determine the frac-

In a previous worK 1], we developed a method for study- tion of the prompt x rays which is due to excited-state trans-
ing the charge transfer of negative muons from exciteder to an element, we make use of characteristic patterns of
muonic hydrogen atoms to elements wiih>2. As a first the muonic x-ray intensities imZ [1]. Indeed, the relative
illustration, two measurements performed in,-HAr mix- intensities(normalized to the sum of the the whole Lyman
tures were analyzed. About one-third of the prompt muonicserie$ are characteristic signatures of direct capture by the
x-ray intensity of the argon Lyman series was found to be theelementZ [3-5] or of ground-state transfer #[6—8]. Since
consequence of direct capture by argon atoms, and twdhe prompt x rays are composed of events resulting from
thirds to muon transfer from excited muonic hydrogen todirect capture and from excited-state transfer, the prompt in-
argon. However, our analysis was restricted to the lowetensity patternP, is a superposition of the direct capture
transitions in the Lyman seriem{6), and experiments patternC, and excited-state transfer pattefj. P,, C,,
were performed at fixed pressure and at only two differenand T are the normalized relative x-ray intensities of the
relative concentrations. to 1 transition of the prompt events, of those of direct capture

In the present paper, we report on results about excitedwhich are known from measurements in a pérga9 and
state transfer obtained in gaseous mixtures of hydrogen (Hhose of excited-state transfer, respectively. The last ones
+Z) and of deuterium (B+Z) containing small amounts of cannot be determined directly from a measurement.
nitrogen, neon, or argon. We broach variations in pressure By assuming that the ground-state transfer intensity pat-
and consider a number of relative concentrations. Takingem T, is a good approxima’[ion for the pattern resu|ting
into account excited-state transfer, we determine the Courom excited-state transféd], i.e., T*=T,, the prompt in-
lomb capture ratios of negative muoms(H,,Z) and  tensity patterrP,, can be expressed as a linear combination

A(D,,Z) [1] in all investigated gas mixtures. Finally, we of the patterns of ground-state transfer and direct capture.
discuss the implications of the existence of a long-lived frac+or every transitiom to 1, we may write

tion of metastable muonic hydrogen in the &ate[2] on our
results.

II. METHOD

A negative muon stopped in a gas mixture ¥ is
trapped either by @ atom or by hydrogen. With a hydrogen
nucleus, it forms a muonic hydrogen ataop* in an excited
state. In collisions, the muon can be transferred B atom
before having reached the ground st@1g. Excited-state
transfer, as well as ground-state transfer, populates excited
states of theuZ* atom. Hence the muonic x rays from the
cascade of the muon toward the ground state oftAeatom :
can originate from three different processes: from direct cap- 10 b
ture and excited-state transfer, for which the x rays are 0 50 100150 200 25C

. . Time (ns)
prompt with regard to the entrance of a muon into the target,
and from ground-state transfer where the x rays are delayed |G, 1. Background-subtracted time spectrum of iabi(2
due to the relatively long lifetime of thep,s atom[1]. From  —1) transition measured in.3> 1.07% N at 5 bar and room tem-
the measurement of the x-ray time distribution of any tranperature. The solid line represents a fit made with the sum of a
sition, one can determine the yields of the prompt and th@rompt Gaussian pedklashed lingand a delayed exponential part
delayed partgsee Fig. L (dotted line.
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Pr=ap T+ (1—a,)C,. (2.1 TABLE I. Intensity pattern<C, following direct capture in neon
and in nitrogen, measured in different Ne Ar, N,+Ar, and N,

For every transition of the Lyman seriesgZ, we obtain +Ne mixtures between 5 and 15 bar. Results of cascade calcula-
the fractiona,, of prompt events which are dl’Je to transfertions(see text are indicated for both elements. The intensity of the
from excited states of thep* atoms. When hydrogen is contaminateduNe(5—1) and xNe(6—1) transitions have been
replaced by deuterium in the mixtures, the same method Ca%valuated using calculations.
be applied without restriction, by using the pattdrp fol-
lowing transfer from theuwd,s atoms[7,8]. For the element

Transition C,, in Ne Calculations C,in N Calculations

Z, the fractionsa,; and ey are then defined as the average (2-1) 0.920993) 0.9211 0.84(B3) 0.8416
of the respectivey, values over all transitions of the Lyman (3-1) 0.03414) 0.0346 0.066B) 0.0634
series inuZ. Henceapz and ay; represent the fraction of (4-1) 0.01032) 0.0096 0.03@) 0.0302
prompt muonic x rays due to excited-state transfer fropt (5-1) 0.00513) 0.0049 0.02(1) 0.0212
and ud* atoms toZ. (6-1) 0.00433) 0.0042
(n-1) 0.02536) 0.0256 0.04(02) 0.0436
I1l. COULOMB CAPTURE RATIO >Lyman 1.000 1.000 1.000 1.000

Because a significant part of the prompt x rays proceeds
from transfer from excited states pfp* atoms, the formula
proposed by Schneuwlyf9] to evaluate the per-atom
(-moleculg capture ratio in H+Z mixtures has to be modi-
fied [1]. Indeed, this formula considers the whole prompt

intensity as due to direct capture I atoms. With the yansfer their muon from an excited stateZoThe sum of
knowledge of the fraction,z, we can subtract the part of hese two terms consequently corresponds to the number of
the prompt intensity due to excited-state transfer. In or_der t®nuons captured by hydrogen. kr,2)Np is the number of
have the number of muons captured by hydrogen, this part 7 a1oms formed by direct capture. With the factor/(1

has to be added to the delayed intensity. One may write the ¢,), which gives the ratio of the number Bfatoms to the
per-atom(-moleculg Coulomb capture ratigl] number of hydrogen molecules per unit of volume in the
H,+Z gas mixture, one obtains the per-atdrmolecule
capture ratio.

Equation(3.1) can be applied without restriction to the
corresponding data from deuterium mixtures to determine
the capture ratio&\(D,,Z).
whereNp andNp are the sum over the Lyman series of the
prompt and delayed x-ray intensities pZ (note thatNp
was calledNt in Ref.[1]). The rate\ is the total disappear-
ance rate of the.p,s atoms in the mixture) ,; is the trans- All measurements were performed at the Paul Scherrer
fer rate toZ from the ground state of thep atoms, normal-  Institute (Switzerland in a similar way as for the two argon
ized to the atomic density of liquid hydrogéi,8], ¢ the = measurements already mentiorj@d A total of three series
atomic gas density relative to the atomic density of liquidof measurements were performed at room temperature,
hydrogen, and, finallyc, the gas concentration relative to namely, binary mixtures of nitrogen, neon, and argon with
hydrogen, quoted as the ratio of partial pressure of the mixhydrogen as well as with deuterium. Relative concentrations
ture. and total pressures of the mixtures were varied.

The productNpA/¢cz\,; corresponds to the number of
wmp atoms which reach the ground state. With, being the
part of the prompt events due to transfer from excited states,
apzNp represents then the number pfp* atoms which

ND— +a ZNP
Cz ¢Chpz P

s R o] S

(3.2

IV. MEASUREMENTS AND DATA ANALYSIS

TABLE Il. Prompt relative intensitied®,, and «,, values for the transitiongAr(n—1) measured in
hydrogen and in deuterium mixtures at 15 bar and room temperature. The intensities gofrtte— 1)
transition are based on estimations and are only indicajp4r(n-1) represents the sum of theAr(9
—1) to theuAr(11—1) transitions.

Transition H+1.98%Ar H+0.284%Ar D+ 0.302%Ar
Ar P, a, P, a, Pn a,
(2-1) 0.59121) 0.625) 0.57026) 0.665) 0.72125) 0.375)
(3-1 0.0904) 0.81(7) 0.08412) 0.71(19) 0.0834) 0.7066)
4-1) 0.0433) 0.625) 0.0499) 0.7317) 0.0304) 0.387)
(5-1) 0.0634) 0.634) 0.0637) 0.638) 0.0354) 0.305)
(6-1) 0.076 0.076 0.042

(7-1) 0.0563) 0.604) 0.0535) 0.576) 0.0375) 0.376)
(8-1) 0.0272) 0.517) 0.0396) 0.8217) 0.0274) 0.5011)
(n-1) 0.0544) 0.455) 0.06610) 0.60(14) 0.0258) 0.247)

>Lyman 1.000 1.000 1.000
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TABLE Ill. apa and agyy, fractions as well as Coulomb capture ratiédéH,,Ar) and A(D,,Ar) deter-
mined in hydrogen and deuterium mixtures at given pressure and room temperature.

Ar concentration(%) Pressurdbarn QAppr A(H,,Ar) Qyar A(D,,Ar)
0.284 15 0.68) 0.192)
1.98 15 0.6() 0.182)
0.302 15 0.4(%) 0.172)
0.302 10 0.3 0.162)
Mean 0.622) 0.191) 0.354) 0.171)

The target vessel and the electronic setup are described adjusted. Table | shows the Lyman intensities measured in
Ref. [6]; supplementary details about the pile-up rejectionuNe andwN, and the corresponding values calculated with
system can be found in RdflL0]. The gas mixtures were all an initial statistical distribution of angular momenta at a level
prepared by the manufactoring plant Carba@sitzerland, n= 14 and aK-shell refilling width equal to 0.15% and 1.4%
which guaranteed the relative concentratieas quoted as of the width of the corresponding neutral atom. Thanks to the
ratios of partial pressures in the mixtures, to be accurate tgood agreement between the first thgele Lyman transi-
+1%. The purity was better than 50 ppm for eatltom-  tions, the calculations have been used to estimate the inten-
ponent, about 5 ppm for natural hydrogémith 150 ppm  sities of the uNe(5—1) and uNe(6—1) transitions con-
deuteriun), and around 0.3% for deuterium. Three germa-taminated by muonic x rays from the iron of the target walls.
nium detectors were employed. Their time resolutions were
typically about 12 ns for thexN(2—1) transition at 101 V. RESULTS
keV, 9 ns foruNe(2—1) at 207 keV, and 5 ns foruAr(2
—1) at 643 keV.

Time and energy spectra were constructed off line. The Two measurements performed in hydrogen with different
prompt intensitiesP,, of the uN, u«Ne, anduAr Lyman  argon concentrations at a pressure of 15 bar were analyzed,
transitions were determined from background-subtracte@s well as one mixture of argon and deuterium at pressures of
time spectrd1]. The delayed intensities gfN were deter- 10 and 15 bar. The prompt intensities of the Lyman transi-
mined from delayed energy spectra, whereas the delayed itions were determined individually up to theAr(8—1)
tensity patterns of botlwNe anduAr were taken from pre- transition, whereas the intensities of the higher transitions
vious measuremen{$—8]. Some muonic lines of interest, xAr(9—1) to uAr(11—1) were summed up. The intensity
such asuNe(5—1), uNe(6—1), or uAr(6—1), were con- of the uAr(6 —1) peak contained background events due to
taminated by background events. Particular attention had ty rays from excited®®Fe nuclei in the walls of the target
be paid to this contamination, as the relative intensity patvessel. This nuclear reaction yielded delayed as well as
terns P,, T,, and C,, are normalized to the sum of the promptry rays with regard to the entering muons. Hence one
respective intensities of all the Lyman transitions in the ele<could not subtract their intensity to correct the prompt inten-
ment studied. sity of the wAr(6 —1) transition. To estimate this particular

To determine the intensity patterns of the Lyman transi-muonic intensity, we use an evaluation of the fractiong,
tions in direct capture in nitrogen, neon, and argon, we perfl] andays, based on the lower Lyman transitions<(6) of
formed measurements in severaJ#NAr, N,+Ne, and Ne argon. The knowledge of the two intensity pattefis[7]

+ Ar mixtures at pressures between 5 and 15 bar. The resulend C,, [1], together witha s, and aqya,, gives an estimate
for argon were already presented in Rf]. The mean in-  of the prompt intensity of theAr(6 — 1) transition by using
tensity patterns obtained for nitrogen and neon could be reEq. (2.1).

produced by cascade calculations using code written by Aky- Table Il shows the prompt relative intensities, normal-
las and Voge[11], where theK-shell refilling width can be ized to the sum of the Lyman series, and thgvalues of the

A. Argon

TABLE IV. Prompt relative intensitie®, and a, values for the transitiongtNe(n—1) measured in
hydrogen and in deuterium mixtures at different pressures and room temperature.

Transition H+1.51%Ne D+0.400%Ne
15 bar 10 bar 7 bar
Ne P, a, P, a, P, a,
(2-1 0.70Q17) 0.41(4) 0.69019 0.434) 0.82325) 0.175)
(3-1 0.1025) 0.595) 0.1026) 0.595) 0.0597) 0.237)
(4-2) 0.0815) 0.3603) 0.0916) 0.41(3) 0.0506) 0.203)
(5-2) 0.0848) 0.486) 0.0848) 0.485) 0.0429) 0.205)
(6-1 0.0337) 0.348) 0.0337) 0.348) 0.0228) 0.199)

>Lyman 1.000 1.000 1.000
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TABLE V. apne and agye fractions as well as Coulomb capture ratid§H,,Ne) andA(D,,Ne) deter-
mined in hydrogen and deuterium mixtures at given pressure and room temperature.

Ne concentratiori%) Pressurgbarn QpNe A(H,,Ne) Agne A(D,,Ne)
0.687 15 0.4%) 0.292)
1.43 15 0.4%4) 0.252)
1.51 15 0.474) 0.2903)
1.51 10 0.483) 0.273)
1.98 15 0.4R®3) 0.21(2)
2.98 15 0.413) 0.252)
0.400 7 0.1®) 0.253)
0.434 15 0.144) 0.226)
Mean 0.481) 0.251) 0.182) 0.24(3)

Lyman transitions for the three mixtures measured at 15 baintensities could be estimated from other measurements per-
The P, values in the hydrogen mixtures were slightly formed under similar experimental conditions. For instance,
changed between the previous pajddrand this final analy- we used H+N, and D,+N, mixtures to determine the
sis, because of a more precise evaluation of the intensity giFe(3—2) intensities around 265 keV. Taking theCu(3
the wAr(6-1) transition. The pattern of the relative intensities —2) transitions at 331 keV in the neon and nitrogen mix-
of direct capture in argonC,, used to determine the,,  tures as reference lines, we could thus estimate the iron in-
values, is taken from the measurements of REJ. Earlier  tensity in the neon mixtures and deduce the part due to con-
measurements’] provided the ground-state transfer patternstamination in the uNe(5—1) and uNe(6—1) prompt
T, for the transfer from theup and ud atoms to argon. intensities.
Table Il shows theaps, and agpa, fractions for the four The P, and «, values of measurements performed at
mixtures. For each measurement,s, and ags, are mean three different pressures are shown in Table IV. Only the
values of thea,, from all the analyzequAr(n—1) transi- first five Lyman transitions are explicitly mentioned, al-
tions excepiuAr(6 —1). The fractionsx,,, of x rays due to  though auNe(7—1) prompt intensity was determined in the
excited-state transfer in prompt events represent about twaleuterium mixture. The relative intensity patteiisfollow-
thirds in hydrogen mixtures, and about one-third in the caséng ground-state transfer from hydrogen and deuterium at-
of deuterium mixtures. oms to neon were taken from R¢8]. The measured pattern
C, of direct capture in neon shown in Table | was used to
B. Neon determine thax, values. Table V shows thepne and agne
fractions, which are the average values of thgs of the
Lyman transitions up to th@Ne(6—1) in both cases. For
the six H+Ne mixtures, the mean valueg,y, amount to
apout 40%, whereas the corresponding,. for the two D,
B Ne mixtures are about half as small.

The measurements of theNe x rays were performed in
mixtures of hydrogen with five different neon concentra-
tions, and in deuterium with two different neon concentra-
tions. Pressures varied between 7 and 15 bar. The prom
Lyman intensities were determined up to tjdNe(6—1)
transition in hydrogen mixtures, and up goNe(7—1) in
deuterium mixtures. The higher Lyman transitions had
prompt intensities too low to provide a significant value of Two measurements of muonic nitrogen x rays were per-
ap . Background lines of muonic x rays from the iron of the formed in hydrogen mixtures, and one in a deuterium mix-
target walls contaminated theNe(5—1) and uNe(6—1) ture. The relative intensity patteris, for transfer fromup
transitions. Resulting from direct muon capture in iron, theseand d atoms to nitrogen were determined from delayed
X rays were prompt with regard to the entering muons. Theienergy spectra. Th&, values for hydrogen and deuterium

C. Nitrogen

TABLE VI. Relative intensitiesT,, for ground-state transfer from bojbp and x.d atoms to nitrogen, as
well as prompt relative intensitié3, and a,, values for the transitionga N(n— 1) measured in hydrogen and
in deuterium mixtures at 5 bar and room temperature.

Transition H,+1.99%N, D,+1.07%N,

N Th P, a, T, P, a,
(2-1) 0.36314) 0.72159) 0.2414) 0.3709) 0.82Q75) 0.0517)
(3-1 0.2535) 0.1057) 0.204) 0.2525) 0.06919) 0.0311
(4-1) 0.2635) 0.0785) 0.193) 0.2515) 0.03111) 0.005)
(5-1 0.1223) 0.0655) 0.446) 0.1273) 0.04615) 0.2319

>Lyman 1.000 1.000 1.000 1.000
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TABLE VII. «apy and aqy fractions as well as Coulomb capture ratiggH,,N) and A(D,,N) deter-
mined in hydrogen and deuterium mixtures at given pressure and room temperature.

N, concentration(%) Pressure apy A(H,,N) agN A(D,,N)
0.473 15 0.265) 0.266)
1.99 5 0.285) 0.244)
1.07 5 0.024) 0.222)
Mean 0.244) 0.253) 0.024) 0.222)

mixtures shown in Table VI were determined from measuremeasurements, with a mean valueA{H,,D,)=1.1Q7).
ments at 5 bar. The pattefi, for transfer fromup to nitro-

gen is in good agreement with this of an older measurement V1. DISCUSSION
[12]. In both hydrogen and deuterium mixtures, the highest _
Lyman transition clearly observed was tpéN(5—1) tran- A. Excited-state transfer

Sition, which is in gOOd agreement with the predi.CtionS of The prompt intensity patteran determined in hydrogen
Holzwarth and Pfeiffe{13]. Hence we could consider the mixtures are observed to remain constant when increasing
transitions up tuN(5—1) in both cases to determine thg  the concentration of the elementup to a factor of 7 in the
values. The patter@, of direct capture in nitrogen used to case of argon, and a factor of 4 in the cases of neon and
determine thex, values is given in Table I. nitrogen. In addition, they do not vary with pressures be-

The P, patterns and ther, values for the two mixtures tween 5 and 15 bar. Hence all our observations show that in
are also presented in Table VI, and tag, andagy fractions  our experimental range the patterlg are independent on
are summarized in Table VII for all the measurements withhoth the relative concentration of the elem&rand the total
nitrogen. Whereas ther,y fractions represent about one- gas pressure. On the other hand, the patténsiepend on
quarter of the prompt muonic intensity @fN, one notices  the elementz and on the hydrogen isotope used. Similar
that theadN value is zero within the limits of the uncertain- conclusions were already drawn for the intensity pattdins
ties. Hence no transfer seems to occur from the excited stat@§llowing ground-state transfer, e.g., to nel@], argon[8],

of the ud atom to nitrogen. or oxygen[14].
For several mixtures, some transitioms—¢ 1) yield indi-
D. Capture ratios vidual valuesa, which are systematically higher than the

The Coulomb capture ratios(H,,Z) andA(D,,Z) were  '€SPectivex,z or agz mean values. In the two - Ar mix-
evaluated using Eq3.1) for all the mixtures measured. The [UresS, €.9., thers value is about twice as ,h'g_h than the mean
number of prompt x-ray events of the Lyman seriesud, fractlon_ agar- The same |s.true for thes s in the two H,
Np, was in every evaluated mixture higher than 25 000" N2 mixtures. In addition, in the p# Ne mixtures thexs's

counts. The correction of the delayed intensities due to th§xc€ed the mean value,y. by more than two standard de-
decay channels other than ground-state transferZto viations in the six mixtures measured. These systematic dis-

(hCzhpe)2)/\, ranged from a few percent to 50% in the crepancies are interpreted as a limit to our hypothesis that the
extreme case of the H0.69% Ne mixture. By using one excited-state transfer _patteiﬁﬁ is _equa! to the ground-state
single or two exponential functions to fit the delayed part oftransfer patteril, . This assumption yields good results on
the time spectra of the H+Ar and D,+Ar mixtures (see  average, but the above-mentioned particular Lyman transi-
Ref. [7]), the variation of the capture ratios did not exceedltions show that the excited-state transfer pattdihcannot
2% for A(H,,Ar) and 4% forA(D,,Ar). This was taken into Pe considered strictly the same as the ground-state transfer
account by add|ng a Systematic error to the measured interﬁlatternSTn . Nevertheless, one concludes that excited-state
sities. The transfer rates used for the determination of th&ansfer favors the population of lolvstates ofuZ.
capture ratios were those of R¢¥] for argon, and of Ref. From Tables Ill, V, and VII, one sees that most of the
[8] for neon. The transfer rate,y=0.34(7) 16* s * of  fractionsa,z andaq for argon, neon, and nitrogen, respec-
Ref.[12] was used for the capture ratidgH,,N), but \ 4y
=1.00(30) 16! s ! from the same referencémeasure-
ment with poor statistigswas replaced by a more accurate
value, \qy=1.45(2) 106! s71, deduced from the present
measurements.

Tables 1ll, V, and VII show the results of the capture
ratios A(H,,Z) and A(D,,Z) determined in H+Z and D,

TABLE VIII. Mean capture ratiosA(H,,Z) and A(D,,Z) for
nitrogen, neon, and argon, as well as deduced capture ratios
A(H,,Dy). For comparison, pionic capture ratids(H,,Z) of Ref.

[18] are given.

Element A(H,,2) A.(H5,2) A(D,,Z) A(H,,D,)

+Z mixtures at different pressures and with different con- N 0.253) 0.30314) 0.222) 1.1417)
centrations of argon, neon, and nitrogen. These per-atom Ne 0.251) 0.26112) 0.24(3) 1.04(14)
(-molecule capture ratios are fairly similar for a same ele-  Ar 0.191) 0.1726) 0.171) 1.129)
ment measured in hydrogen and in deuterium. Table VI

shows values for the capture ra#qH,,D,) deduced from Mean 1.107)

the ratiosA(H,,Z)/A(D,,Z) for argon, neon, and nitrogen
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tively, measured under different experimental conditionspeon, and 0% for nitrogen, corresponding arguments in the
scatter around mean values; no real dependence on concerase of muonic deuterium lead to a similar progression for
tration or pressure can be found within the limits of the un-excited-state transfer rates.
certainties. The value,, indicates that more than 60% of In our analysis, every excited-state transfer event was
the prompt muonic intensity oftAr is due to excited-state considered as prompt with regard to a muon entering the
transfer, whereas the corresponding fractions amount to 43%arget. Actually, a long-lived metastabjep,s state in H
in Ne and 24% in N. A significant difference is found be- mixtures was predicted, with a lifetime of about 168 at 1
tween the fractions,; measured in hydrogen angy; mea- ~ mbar[2]. Such a long lifetime may allow muons to be trans-
sured in deuterium. In the cases of neon and argon, the quaferred fromup, to an elemenZ present in the mixture, thus
tities a4, are about half as small ag,,. For nitrogenagyis  yielding delayed x rays fronuZ. The metastability of the
surprisingly compatible with zero, meaning that no transferyp, state is strongly dependent on the pressure of the mix-
occurs from the excited states of thel atom to nitrogen. ture, because thgp,, atoms quickly decay to the ground
Because a higher concentratiop implies an increase of state via the P state after collisions with ordinary Hmol-
the probability of both direct capture & and transfer t&,  ecules. Theup,s lifetime decreases, due to collisions, from
we expect the fractiona,; anday; to be stable with regard 100 s at 1 mbar to 20 ns at pressures of 5 bar, and to 7 ns
to the concentration; . In addition,C,, as well asT,, inten-  at pressures of 15 bar. In the case of a mixtureHZ, the
sity patterns were shown to depend only weakly on paramiifetime of up,s is further reduced by muon transfer o
eters such as relative concentrations or pressure of the mighe transfer rates fromp,s to Z are predicted to exceed the
tures [3-8]. As the P, patterns do not depend on our ground-state transfer ratas by a large factor, i.e., by 1-2
experimental conditions either, this also leads to constandrders of magnitudgl5]. In our mixtures, the lifetime of the
apz and agz fractions. 1Py State can be estimated to be about 14 ns at 5 bar and 6
To our knowledge, no predictions for transfer rates fromns at 15 bar. Hence, transfer from th@,, metastable state
excited states of muonic hydrogen and deuteridify and  to an elementZ should produce x rays which cannot be
\gz, to elements witiZz>2 are availabldexcept from the distinguished from the prompt x rays within our time reso-
2s statg. If explicit transfer rates cannot be deduced fromlution.
the ap; or a4z fractions, qualitative comparisons of the  Besides excited-state transfer, one caranptiori exclude
transfer rates from excitegp* and ud* atoms toZ are that part of the prompt muonic x-ray result from ground-state
nevertheless possible. Indeed, the fractiapg for nitrogen,  transfer from hot (& 1eV) muonic hydrogen atoms. Monte
neon, and argon are systematically higher than the fraction€arlo simulations, using the progranRANSFER written by
agyz, Meaning that more excited-state transfer with regard té\damczak[16], showed however, that such x rays would
direct capture has occurred to an elemgiitom wp* atoms  significantly contribute to the measured prompt x rays only
than fromud* atoms. Because of the comparable values ofn the case of a resonant process, i.e., if the transfer rate from
the capture ratio&\(H,,Z) andA(D,,Z), we conclude that the hotup’s were at least one order of magnitude larger than
the transfer rates\%, are systematically higher than the the rate from thermal muonic hydrogen atoms.
transfer rates\}, for nitrogen, neon, and argon. Regarding
ground-state transfer rates, differences betweprand nd B. Capture ratios
atoms have already b(.aen.observed: in the case of OXYgen Eor the Coulomb capture ratios determined isHZ and
[14] and argon[7], Ay is higher tham\yz, contrary to ni- 4 7 mixtures(Tables Iil, V, and VI), only the intensities
trogen(see Sec. IV ) neon[8] and sulfur{14]. ~ of the uZ Lyman series were needed, so that the uncertain-
For elementsZ which differ in their capture ratios e in efficiency and absorption remain small in comparison
A(H3,2), a comparison of excited-state transfer rat§sis o methods using the x-ray intensities from two different
made possible by using a normalization. The number oglements(see, e.g., Ref.17]). Our results for argon and ni-
muons transferred té from excitedup* atoms is given by  rogen mixtures show that the per-atgrmoleculd capture
the number of muons directly captured Bymultiplied by  ratios do not depend on the pressure or relative concentra-
the factor apz/(1-«ay7) [see explanations for E3.1)].  tions within our experimental range. In the case of neon,
Since our results do not depend on the experimental condsome variations are noticed, but a clear dependence on pres-
tions, a concentrationz=1% is chosen as a reference. The syre or concentration within the given uncertainties cannot
proportion of muons transferred from excited states to thgye deduced. Hence mean capture ratidéd,,Z) and
number Of/.Lp* atoms Inltla”y formed can be interpreted as A(DZ,Z) are meaningfu| for argon, neon, and nitrogen
the probability that a muon is transferred t&aatom from  (Table ViII).
one of the excited states of thep* atom. In a reference  An invariance of these capture ratios with regard to the
mixture H,+1% Z, this probability is evaluated to be concentratiorc; is expected, because all mixtures contained
around 9% for argon, 3% for neon, and 1% for nitrogen.at least 97% of hydrogen or deuterium, and the capture ratios
With the excited-state transfer rate§, being proportional are known to vary only with significant changes in relative
to this probability, we conclude thatj,>\jye>Apy- This  concentration. For instance, the capture rath@Ar,Ne)
is not true for the ground-state transfer rates. The valueneasured in mixtures of neon and argon show variations
NpNes €.0., is more than one order of magnitude smaller thaonly when the proportion of one gas to the other changes
Npar @nd A py . drastically, from 1:1 to 4:1, e.g., Ref17].
Since the probabilities of excited-state transfer from the Our result forA(H,,Ar)=0.19(1) is in better agreement
nd* atoms are evaluated to be around 3% for argon, 1% fowith the corresponding pion capture ratid (H,,Ar)
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: transfer of negative muons fromp* and ud* atoms pro-
% L vide consistent results. For nitrogen, neon, and argon, the
2

~
|

fractionsa; and ay4; of prompt x rays due to excited-state
transfer(or transfer from hotup’s and ud’s, respectively
do not depend on the relative concentrations or on the total
gas pressure in our range of experimental conditions (0.3%
<c,<3%, 5 baxP<15 baj.
5 B Figure 2 summarizes the mean values obtained for the
fractionsa,; and ayz, including those for oxygen and sul-
fur. Although the fractionsy,; and a4, generally increase
with the charge numbet, our results, together with the data
0 ; -— of Ref.[14] in H,+ SO, and D,+ SO, mixtures, show that
708 9 10 M Az 3 14 15 16 1718 they are not directly proportional to the charge numBer
Atomic Number 7 K . . L
For a given element, the fractions are systematically higher
FIG. 2. ay; (circles and a4, (diamonds fractions in function  (or at most equalin hydrogen mixtures than in deuterium
of the atomic numbeE. ForZ=7, 10, and 18, these fractions are mixtures.
the mean values from our measurements, and foB and 16, they The fractionSapz and a4, are used to evaluate the Cou-
were determined from the results of REf4]. lomb capture ratiosA(H,,Z) and A(D,,Z), respectively.
The per-atom(-moleculg capture ratios for nitrogen, neon,
=0.172(5)[18] than an earlier estimafd9], where excited- and argon are independent of relative concentration and pres-
state transfer was neglected. In addition, our capture ratio8Ure in our experimental range, and also in agreement with
A(H,,Ne) andA(H,,N) are also in satisfactory agreement the corresponding pion capture ratios. In addition, an indirect
with the corresponding pion capture ratios, where excitedvalue for the capture ratio of muons between hydrogen and

o)}
I

&)
|
T

and a, fractions
SIS
| |
i
[
T

apz
N N
1 |
e
T T

state transfer is include@ee Table VII). deuterium molecules could be deduced, which is not incom-
For each mixture with deuterium, the per-atom Patible with unity. _
(-moleculg capture ratioA(D,,Z) is also provided in Table No quantitative estimate of excited-state transfer ra%s

VIIl. As expected, because of the electromagnetic nature ofr A3, can be given with our analysis. However, with the
the capture process, these ratios are observed to be very sirkhowledge of the capture ratios(H,,Z), a comparison of
lar when measured in hydrogen or deuterium. these transfer rates is possible. From our data, we conclude
Finally, one can extract capture ratids,(H,,D,) be- that the excited-state transfer rate from protium to nitrogen is
tween H and D, molecules using the capture ih as a smaller than the one to neon, and the excited-state transfer
reference. The results are shown in Table VIII for nitrogen,rate from protium to neon is smaller than the one to argon.
neon, and argon. All three ratios are somewhat higher thafhe same conclusion is drawn for excited-state transfer rates
unity, with a mean value oA(H,,D,)=1.10(7). Hence, an from deuterium. In addition, for a given element, the excited-
experimental value for the Coulomb capture ratio of negativestate transfer rate is found to be systematically higbemt
muons between hydrogen and deuterium can be provided. least equalfrom up* than fromud* atoms.
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