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Investigation of charge transfer from excited muonic hydrogen atoms to argon
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A method is proposed for investigating muon transfer from excited muonic hydrogen atoms to an element
Z>2, and is applied to argon measurements. It makes use of a comparison between the muonic x-ray intensity
patterns of the Lyman series of this element measured in mixtures with and without hydrogen. The analysis of
the data taken in two gas mixtures,H- Ar at 15 bar with argon concentrations of 28.3%), yields
consistent results. In both mixtures, two thirds of the prompt argon x rays proceed from transfer from excited
up* states. The Coulomb capture ratio determined in both mixtures yields a mean val(él gfAr) =
0.21(2), and agrees with the corresponding pionic rait®l1050-2947@7)06207-0

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

[. INTRODUCTION of a prompt peak and a delayed part. In a usual experimental
setup, muons entering the target vessel cross a plastic scin-
Charge transfer from the ground state of muonic protiundillator which gives a start signal to a time-to-digital con-
and deuterium has already been extensively investigate¢erter. The stop signal is given by the x-ray detection, usu-
[1-7)]. To our knowledge, no data about muon transfer fromally by a Ge diode with a good energy resolution. Thus each

excited states to elements wiit>2 have been reported as €vent recorded by the data-acquisition system includes a
yet. time information besides the energy information. Back-

A muonic hydrogen atom in a highly excited circular statedground subtracted time spectra are then construc;ed off-Ii_ne
would have a lifetime of several tens of nanoseconds if it difO" the measured muonic transitions by setting windows in
not collide with ordinary atoms and molecules. In such col-tN€ €nergy spectrunta more detailed description can be
lisions, it can deexcite by external Auger effect and by Stardound in Ref.[6]). _ _
mixing. In Coulomb deexcitations, the transition energy di- Muons slowed down in the H + Z gas mixture are
vides into the recoil of the heavy particle and to the muonicraPped either by hydrogen or byZatom. The muonic x
hydrogen atom, which can so gain tens of @), Hence, the ~ays r_esultmg from direct captgr_e in are prompt _events.
up systems in the ground state have a kinetic-energy distriMuonic hydrogen atoms are originally formeq in highly ex-
bution the further away from a thermal energy and the highefited states. They deexcite very fast, in about @ in a gas
the hydrogen pressufé]. pf several_ baf9]. If the muon does transfe_r from hydrogen

From excited states of muonic hydrogen atoms, the muo! an excited state to & atom, the resulting x rays also
can also be transferred to a collision partfizf]. These appear as prompt events, the sum of cascade and transfer
transfer rates to very light elements are comparable with thlmes being shorter than the time resolution of the detection
rates of competing deexcitation procesfes, 12, whereas system. Otherwise the muonic hydrogen atom reaches the
those to heavier elements such as neon are estimated to be L
much higher than the corresponding transfer rates from the A
ground statg 13].

In the present paper, we develop a method to investigate
transfer from excited states. The proposed method, which
requires a knowledge of the muonic x-ray time structure of
the investigated elemeidt makes use of a comparison of the
X-ray intensity pattern due to direct capture measured in pure
Z, and the transfer pattern measured in mixtures ¢f H
Z. Two measurements performed in gaseous mixtures of hy-
drogen with argon serve as illustration. In addition, a value
of the Coulomb capture rati&(H,,Ar) more precise than a
previous ond14] is given.
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Time spectra of muonic X rays measured in mixtures of FiG. 1. Typical time spectrum after background subtraction.
hydrogen with a small admixture of elemefthave been Here theuAr(2-1) transition measured in H+ 2% Ar at 15 bar.

used for more than 20 years to investigate the transfer prorhe solid line represents a fit made with the sum of a prompt
cess from the ground state of muonic hydrogen atdmnrg]. Gaussian peakdashed lingand a delayed exponential pédotted
Figure 1 shows such a time distribution, typically composedine).
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ground state. It may collide with Z atom and transfer its 10 ! J !
muon. In this latter case, the resulting muonic x rays are .

delayed relative to those from direct capture and constitute
the delayed part of the time distribution.

By comparing the relative intensity structure of the
prompt events belonging to the transitions of the Lyman se-
ries of argon measured in A+ Ar mixtures with the direct
capture pattern measured in pure argon, a significant differ-
ence is noticed. Such a difference has already been observe
for sulphur and oxygen in the SOnolecule in mixtures with
and without hydrogef7]. For the above-mentioned reasons, 0.2 -
we assume that this difference is due to muon transfer from 8
excited states. Hence, in H+ Ar mixtures, the prompt 00 A §
muonic argon x-ray intensityp,, is, for eachuAr(n—1) ' 2 3 i
transition, a superposition of direct muon capture events in Muonic transition n to 1
argon,c,, and events following muon transfer from excited
up* statest? : FIG. 2. Relative intensities of the lower transitions of the argon

Lyman series. The prom®, and delayedT, intensities are the
(2.1) result of a H, + 2% Ar measurement, the direct capt@g ones
are mean values of measurements performed in-N& mixtures.
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If one could subtract those events due to direct muon capture . o . o -
from the prompt events, one would be left with events fromby scaling the initial -population that the relative intensities

excited-state transfer. of the lower Lyman transitions of argon change by less than
For the sum over the Lyman series, one can write 6% if the transfer level is increased from= 10 to 18. A
similar observation is made in the case of neon between the
levelsn = 6 and 14.
2 pn:E t:"'z Ch- (2.2

Considering the above arguments and for lack of known
relative intensitie§}; , we consequently use the intensities of
c!‘:;round-state transfdr, to replace the one from excited-state
transferT} . The observatioliFig. 2) that the prompt relative

When normalizing the intensities of the prompt, transfer, an
direct capture events such tHaP,==T}=>C, = 1, Eq.

(2.2) writes intensities of the lower transitions of the Lyman series have
values between the direct capture intensities and those fol-
2 Ph=a TE+BY C,. (2.9  lowing transfer from the ground state also strengthens this
assumption.
With this normalization, one hag=1—« for the relative The use ofT, instead ofT}; leads to individual values of
intensitiesP,,, Ty , andC,, of the transitions of the Lyman «, called a;,, for eachn—1 transition. Thus Eq(2.4) is
series, and one can write replaced by
P,=aTr+(1-a)C,. (2.9
P.=a,Ty+(1—a,)C,. (2.5

Every transition can therefore be used to determine the frac-
tion « of the prompt events which is due to muon transfer

from excitedup” states. The meaning of these parametersis the same as the one

o In Eq. (2.4), tg? reIatuée prompt x-ray [F1rt1en3|tl|esﬂ » 8% of . If our approximation is justified, the values, should
t_(_)se measured in é_H gas mixtures. The re atlye INteN-  seatter around a mean valaefor all transitions of the Ly-
sitiesC,, are determined from a measurement of direct muon - series

capture in elemenf in pure Z or a gas mixture without
hydrogen. The relative intensitid& from transfer from ex-
cited states are unknown yet.

The muonic x-ray intensity pattern resulting from muon

transfer from the ground state of muonic hydrogen to argon .

is well known[6,15]. The population of states is predicted To test the consistency of our method, we have analyzed
by theory [16] and explicit calculations show that low- Measurements performed in two gas mixtures H 1.98%
states are favored 7). The measured relative intensities are Ar and H, + 0.284% Ar at 15 bar. The quoted concentra-
in satisfactory agreement with the calculated diég$5). For ~ tions are given as ratios of partial pressure of the mixture.
energy reasons, transfer from excitep* atoms should oc- The gas mixtures have been prepared at 150 bar by an indus-
cur to levels of theZ atom with higher principal quantum trial factory (Carbagas, Switzerland The purity of each
numbern than from the ground state. The transfer mechacomponent was better than 5 ppm, and the precision of the
nism being the same, one imagines that the population afoncentrationt 1%. For both measurements, the time reso-
low-| states is also favored. Cascade calculatid® show Ilution of the uAr(2-1) transition was about 6-ns full width at

Ill. ARGON MEASUREMENTS
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TABLE |. Relative intensitiesC,, for direct capture in argon
measured at 15 bar, and calculated.

56

TABLE Il. Relative intensitiesT,, due to transfer from the
ground state, measured in,H- Ar mixtures, compared with results
from delayed energy spectra method and with calculation.

Ar+Ne 10% Ar+10% Ne Pure Ar Calculation

Transition Average +80% He [21] [23] This work Ref.[6] Calculation
Transition H,+2% Ar H,+0.3% Ar Average [15]

Ar(2-1)  0.908149) 0.90314) 0.910286)  0.9098

Ar(3-1)  0.03894) 0.043613) 0.041634) 0.0392 Ar(2-1) 0.39810) 0.421(12)  0.3966) 0.417

Ar(4-1)  0.01082) 0.012@8) 0.010235 0.0111 Ar(3-1) 0.0993) 0.009%3)  0.1021) 0.093

Ar(5-1)  0.00872) 0.00847) 0.005@38) 0.0065 Ar(4-1) 0.06713) 0.06%3) 0.0631) 0.064

SLyman  1.0000 1.0000 1.0000 1.0000 Ar(5-1) 0.1025) 0.0893) 0.0952) 0.095
SLyman 1.000 1.000 1.000 1.000

half maximum, with a signal-to-background ratio better than
10. We have determined the prompt and the delayed intensing of the electron holes in denser media during the muonic
ties of the argon Lyman series transitions by fittingcascade. In H + Ar mixtures with low argon concentra-
background-subtracted time spectra. tions, the refilling proceeds essentially through collisions
The precise shape of the prompt peak is determined fromwith hydrogen molecules, which have larger velocities than
a measurement in a gas mixture containing no hydrogerargon atoms. At a given pressure, the collision frequency of
namely Ne+ Ar. The prompt peak is well fitted by a Gauss- muyonic argon atoms with hydrogen in,H- Ar mixtures is
ian curve, which represents the time response of the detegjgher than with argon atoms in pure argon. Even if the
tion system. The time=0 is defined as the centroid of the (efjlling is not only governed by the speed of the hydrogen
curve. We use a single exponential function convoluted withy,glecules but also by the number and the binding energies
the Gaussian to fit the delayed part in order to determine th¢ the electrons in the collision partners, one might expect
disappearance rate of the up at'orns In the ground st'ate. that the electron refilling is fastéor different in some other
The humber ofu.pys atoms remaining at time, N,p(t), is respeck in our H, + Ar mixtures than, e.g., in Ne- Ar or
given by pure Ar.

To test whether the refilling of the electron holes through
hydrogen collisions changes the muonic argon x-ray pat-
terns, we have measured the relative intensities of the Lyman
series in a gas mixture of 80% He 10% Ne+ 10% Ar at
15 bar. The refilling width through collisions with helium
should be comparable to the one with hydrogen. The com-
parison of the measured intensity pattern with the relative
argon intensities observed in Ne Ar mixtures at 15 bar
shows no significant differencdsf. Table ). Thus we use
the mean values of the measurements inNér mixtures
as relative intensitie€,, for direct capture.

For both mixtures H + 2% Ar and H, + 0.3% Ar, the
where\, is the free muon decay rat&,,, the mesomol-  measured relative intensities of the muonic argon Lyman se-
ecule formation rat¢19,20], A the transfer rate to argon, ries due to transfer from the ground state g atoms are
¢ the atomic gas density normalized to the atomic densit;given in Table li(see Ref[15] for the details of B + 0.3%
of liquid hydrogen, andc, the relative atomic gas con- Ar measurement Their absolute intensities together with the
centrations. The rates\,,, (2.5 x10° s™') and Nar  prompt intensities have been determined from time distribu-
[1.639) X 10" s™* for thermalizedup] are normalized to tions (see Fig. 1 Only the intensities of the first four tran-
the atomic density of liquid hydrogeisee Ref[15]). sitions are given, theAr(6-1) transition being contaminated

By fitting a time spectrum, we determine the disappearyy backgroundy rays due to muons stopped in the target
ance rate and also the intensities of the prompt peak andwalls. They are in good agreement with those of Rsl5],
the delayed part. The background subtraction is made witlyhich are more precise, because they are the mean over four
an average of two background time spectra gated with events
around the respective Lyman line. Detector efficiency and o -
absorption in the target wall are accounted for each transii—n ATr AE';_'E I:#ixi{ﬂ:;l\;iégtecz:ﬂzz ::g: pmrsgnn‘i)é i\g?ﬁr?nesﬁﬁgid
tion. The relative intensitie®,, and T,,, to be inserted in 2 " '
formula (2.5, are obtained by normalizing the sum of the

N,p(H) =N e, (3.1)

where Nﬁp is the number ofup systems in the 4 state at

time t=0. The total disappearance ratecan be written as

)\:)\0+ ¢(Cp)\ppM+CAr)\Ar)v (32)

Lyman series transitions to unity for both prompt and de—TralnSItlon Hpt2% Ar on H2+0.3% Ar on
layed muonic x rays. Ar(2-1) 0.60122) 0.605) 0.57027) 0.696)

The relative intensities for direct captur€,,, are ob-  Ar(3-1) 0.0915) 0.869) 0.08812) 0.8722)
tained from measurements in argon gas mixtures containingr(4-1) 0.0443) 0.5906) 0.0519) 0.8018)
no hydrogen. The measured intensity patterns show a weak(s-1) 0.0653) 0.60(5) 0.0647) 0.71(9)
density or pressure dependeri@d—23. Cascade calcula- =Lyman 1.000 1.000

tions reproduce this dependence by assuming a faster refill
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measurements and have been determined from delayed egrror on the meanx values. The per molecule ratios are
ergy spectra. They are also in agreement with those predictef(H, Ar) = 0.193) for the H, + 2% Ar mixture and
by éheogy. h h iative | i ¢ h0.22(3) for H, + 0.3% Ar, with a mean value of 0.29).

or both measurements, the relative intensities ot S his mean ratio is in satisfactory agreement with both the
prompt events and the calculated valugsare presented in corresponding pion capture rato, (H,,Ar) = 0.1725) [25]
Table Ill. The normalized intensity structures of the promptand the prediction of the mesomole(?L,JIar moaﬁHZ Ar) =

argon x rays are very similar although the argon concentraﬁlzsoi[%]_ An earlier estimate of the rati(H ,,Ar) by our

:wgsn:jigii:ezy Eglojéczn?nggiirre%;?g?At:dvealzeggfv;? thegroup[14], where transfer from excited states was neglected,

L . was about twice smaller.
two statistically coherent sets. From Table Ill, for both mix-
tures we obtain mean values for the parameter

V. CONCLUSION

H,+2.0% Ar a=0.62+0.05, The analysis of the data taken in two gas mixtures-H
Ar with very different argon concentrations shows that the
H,+0.3% Ar a=0.71+0.05. results are consistent. Hence the proposed method can be

used to study muon transfer from excited states of muonic
hydrogen atoms to other elements. In particular, the assump-

We conclude that in both mixtures about two-thirds of theion that the muonic x-ray intensity pattern of the lower Ly-
prompt events are due to muon transfer from excited state§)@n Series transitionsn(6) resulting from excited-state
even if the argon concentrations differ by one order of magifansfer is approximately equal to the one from the ground-
nitude. The agreement between both mixtures was not unestate transfer seems to be confirmed. In this case one can

pected, since the collision probabilities with an argon atonfonclude that the population of lostates is favored by
of both the free muon as well as the excite@* atom are excited-state transfer in the same manner as for ground-state

proportional to the argon concentration. transfer. _ _ o
With the present analysis of muonic x-ray data in mix-
tures H, + Ar, we have obtained quantitative informations
for muon transfer from excited states of muonic hydrogen to
The ratio of delayed to prompt x-ray intensities of the argon. Specifically, this shows that about one third of the
Lyman series in argon, together with the parameteallows ~ Prompt muonic x-ray intensity is due to direct muon capture
us to estimate the capture ratk(H,,Ar) in gas mixtures, by argon atoms, and two-thirds to muon transfer from ex-
since the muonic Lyman series transitions are almost exclucited states of muonic hydrogen. The Coulomb capture prob-
sively radiative and the muonic cascade ends up always iability of a negative muon by an argon atom is about ten
the ground state of the atom. Because an important part dfmes larger than by a hydrogen atom. Hence the probability
the prompt x rays proceeds from transfer from excitgst that during its deexcitation an excitedo* atom transfers in

states, the formula proposed by Schneuf@4] to evaluate collisions its muon to argon in a mixture H+ 1% Ar is
the Coulomb capture ratio of negative muons ip H Z about 10%, i.e., much higher than the relative concentration.

mixtures has to be modified. The new formula is This high probability indicates that in collisions of an excited
up* atom with an argon atom the transfer rate must be
higher than the deexcitation rate.
This analysis of argon measurements shows that the pro-
Car NT)\_)\O_ $Cohpp +aNp posed method can be generalized to obtain estimates of both
al muon transfer from excited states and muonic capture ratios
A(H,,Z) in mixtures of hydrogen with a small admixture of
element Z> 1. The analysis of other measurements, where
argon has been replaced by nitrogen or neon, as well as
measurements where natural hydrogen has been replaced by
deuterium, is in progress. A comparison of the capture ratios
A(H,,Z) andA(D,,Z), and of the transfer from the ground
and excited states between the two hydrogen isotopes will be
of particular interest. These results, as well as an exhaustive
nalysis of argon measurements including the higher Lyman
ransitions (>5), will be the subject of a forthcoming pa-

per

IV. EVALUATION OF THE CAPTURE RATIO A(H,,Ar)

where Nt is the sum over the Lyman series of the muonic
argon x-ray yields resulting from transfer from the ground
state of theup atoms, and\p the sum over the Lyman series
of the prompt muonic argon x-ray events.
NtA/(N—Xo— ¢dCp\pp,) COrresponds then tksizp, the num-

ber of up atoms formed which reach the ground state, an
aNp to those which transfer their muon from an excited
state. (- «)Np is the number of muonic argon atoms
formed by direct capture. With the factar, /(1—cCay),
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