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The ratio B between the transfer rates X„x,and X„d x, of muons from JLtp and p, d muonic atoms to
xenon has been directly measured by stopping negative muons in a gaseous target containing deuterated

hydrogen and small xenon admixtures at a total pressure of 6 atm abs. and at 293 'K. The results were

obtained by analyzing the differential time distribution of the decay electrons coming from muons stopped
within the gaseous mixture. In this way one gets B =1.98+ 0, 12,which supports the dependence of the
transfer rates on the mass of the primary muonic atom within 6%%uo. More precise values for X„x,and X„~x,
are also given, i.e., X„p x,=(4.53+0,15) X10" sec ' and X„d„,=(2.30+0.17) X10" sec '. A lower limit

for the scattering cross section cr of p, d atoms against xenon is obtained, i.e., cr & 10 "cm'.

I. INTRODUCTION

PP+ z~ Pzl+P ~

~d + zZ- I zZ+d,

(1)

(2)

which may occur at large rates if the hydrogen or
deuterium is contaminated by even a small amount
of z~.

A theoretical analysis of process (1) was carried

The atomic and molecular processes which nega-
tive muons undergo in hydrogen and deuterium were
widely investigated because of their close relation

(with the muonic catalysis of nuclear reactions' and
with the nuclear capture of muons by protons ' and
deuterons. '

Among these phenomena, particular interest was
devoted to the study of the transfer reactions of
muons from pP and pd atoms to other elements
~l' (Z being the atomic number),

out by Gershtein. Quite generally, he found that
large rates are to be expected for reaction (1) due
to the existence of crossing Points of the molecular
terms corresponding to charge exchange in the
(pP+ ~F) system. More specifically, he showed
that approximate predictions of the algebraic form
of the rate X»,~ for reaction (1) can be obtained,
provided the kinetic energy T of the pP muonic
atom satisfies either one of the following conditions:

T «0. 12/(M2Z2),

T» 0. 12/(M Z ) .
(2)

(4)

The energies are given here in p, -atomic units,
and M is roughly equal to the mass of the pP muonic
system in units of the muon mass.

Experimental results on the rates of process (1)
for several zY elements were obtained by different
techniques, ' confirming the large rates predicted
by Gershtein. However, only a few measure-
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ments7" were carried out to study process (2).
The only systematic investigation on this reaction
was performed by Placci et al. , who observed the
transfer reactions at room temperature in a gaseous
target of pure deuterium, contaminated by known
admixtures of various ~1' elements.

By comparing the rates X~, ,r for process (2) with
the corresponding rates X»,& measured for process
(1), ~ these authors noticed that the ratio J3 = X»,z/
X~&,r is quite close to 2 when reactions (1) and (2)
take place at the same kinetic energy T for the pP
and iLd atoms, if condition (4) is fulfilled. This is
actually the case at room temperature for high-
atomic-number elements (7=0.038 eV at 293 K).

To explain these features, starting from
Gershtein's treatment, Placci et al. advanced the
suggestion that in this case the rates X& for reac-
tions (1) and (2) can be expressed by the relation~

Xr = constf(Z)/(TM), (5)

where f(Z) is a function of Z, and T and M are,
respectively, the kinetic energy and mass of the

pP and p,d atoms.
The dependence on the mass of Eq. (5) is verified

by the above-mentioned experimental results within
15/o. Intending to get a more precise knowledge
of t'he limits within which this approximate relation
is valid, we have developed a method which allows
a direct determination of the 8 ratio in the case
~Y= Xe, for which, due to the high value of Z, con-
dition (4) is certainly verified at room temperature.

We report here on an experiment which has been
performed at the muon channel of the CERN syn-
chrocyclotron (SC) by applying this method, which,
in turn, represents the development of a technique
recently used to determine the rate X, of the re-
action'

pP+ d - pd+P+ 135 eV,
when it takes place at room temperature (see
Sec. II).

II. METHOD

A. Short Survey of p,-Atomic and p-Molecular Processes

When negative muons are slowed down in a hydro-
gen target contaminated by small amounts of deu-
terium, it is well known that the pP atoms initially
formed may go through the following reactions:

(i) Elastic scattering against hydrogen or deu-
terium molecule s:

(iii) Muon transfer to a deuterium atom, i.e. ,
reaction (6).

The pd atoms released in process (6) can, in
turn, undergo the following processes:

(iv) Elastic scattering against hydrogen or deu-
terium molecules:

P'd + H2 ~ /Ld + H2

Pd ~ D2~ Pd+ D2,

(10)

(11)

through which the pd atoms are slowed down from
the initial kinetic energy of 45 eV. It has to be
mentioned here, however, that in order to explain
the experimental results by Alvarez et a/. ' it was
necessary to introduce a Ramsauer-Townsend
effect in reaction (10); a theoretical analysis by
Cohen et al. '7 has shown that the cross section for
this reaction actually vanishes at a laboratory
kinetic energy E& of the pd atom around 0. 45 eV
(see Fig. 1). Experimental results consistent with
this prediction were given also by Dzhelepov etal.
and by Bulgarelli ef, al.

(v) Formation of P pd and d pd molecular ions:

pd+P Ppd,

Pd+d ~ dPd
y

(12)

(13)

40

30

E

20

8
o 10

eventually followed by nuclear fusion reactions.
All of processes (i)-(v) compete with the P decay

of the muon. Qn the other hand, nuclear capture
of muons by protons and deuterons occurs at negli-
gible rates compared to the muon decay (see
Table I).

If the deuterated hydrogen is contaminated by a
further amount of an element zF, reactions (1) and

(2) have to be included among the possible channels.
After one of these reactions has taken place, the
muon can either decay or be captured by the nucle-

PP+ H2- PP+ H, ,

PP+ D, - PP+ D2.

As a result of process (7), the pP atoms are
quickly slowed down to thermal energies. "'

(ii) Formation of PpP molecular ions:

(7)

(8) I I I

0 10 20 30 40 50

Center- of- mass energy (eV)

FIG. 1. Theoretical values of the cross sections for
the scattering processes pp+p —pp+p, pd+d —pd+d,
and pd+p p,d+p as given in Ref. 17.
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TABLE I. Experimental results on the rates of the
main processes which negative muons undergo in a tar-
get of deuterated hydrogen.

Process
Experimental result

(106 sec" )

(0.84 + 0.13) x 104;
(1.41+ 0.13) x104b

(2. 55+ 0.18); (1.89 + 0.2)~

(6.82+ 0.25)'; (5.8+ 0.3)'
(0.75+ 0.11)e
10 -10 ~

10 -10
(6.51+ 0.57) x10+I
(4.50+ 0.70) x 10-4"
0.45

pp+p ppp
p4'd+p pSd Qo
pd+ d dpd

PP + zY p'zY+P A», y'

pd+zY pzY+d Age, v
p" +p n + v~

p +d n+n+v~
p, g +v + v~ $0

'The quoted value for gp refers to the density of liquid
hydrogen. Similarly, the results for A, go, and ~ re-
fer to the rates at which the corresponding processes
take place when the density of deuterium molecules is
equal to 2. 11x 10 molecules cm . , and the values given
for A,» z and X~z ~refer to a density of the zY element
equal to 2. 11x 10 molecules cm 3.

'See Refs. 14 and 20, respectively.
'See Ref. 9.
See Ref. 20. The results reported in the present work

are independent of the choice between the different results
given in this table for + and X~.

See Ref. 21. ~See Ref. 3.
See Refs, 7-13. "See Ref, 5,

dNj = —(q Cnks+ Xo+ qCxskgp, x, + q Xnp)Nt(f),

dN2 = PCn&~Nt(t) —(Xo+ PCx,kp~ x,+ %Xylo)No(t),

dN3 = PCxI&, p. xsNt(f)+ &Cx,y„,,x,N, (f)

dN4 = PXpoNo(i) —X()N4(f),

—(~o+ &c.xe)No(~) ~

(18)

dN5 = ykppÃt(f) —AoNo(t),

where Nq(f) gives the population of the correspond-
ing muonic system at time t, and X»,x, and X„„,x,
are the rates of processes (1) and (2), respectively
(where sF= xenon, with the xenon density being
2. 11x10oo molecules cm o). The other X's are de-
fined in Table I, and A,, „,is the nuclear capture
rate of muons by xenon nuclei, 2~ y is the rate be-
tween the density of hydrogen at chosen pressure
and the density of liquid hydrogen, and Cn(Cx, ) is
the ratio between the deuterium (xenon) partial
pressure and the total pressure of the gaseous
ml. xture,

q Coke + "o + 9 Cxe~gp xe + 0'~pp 1

us of zY at a rate X„&which may be much larger
than the muon decay rate for sufficiently high Z (as
is the case for sF=Xe). oo

As to the scattering processes, the following can
now occur in a (Ho+ Do+ sF) target:

&3 = &0+ ~~Xe~pu, ze+ P~Pu y

~3 —~0 + ~c,xe y

X4 = X5 = X0,

then dn, /dt can be expressed as

d
' = AXo Z N((t) =AX ZoC( e (18)

uP+ zY - uP+ zY,

Pd+ zY- pd+ zY

which must have larger cross section than those of
processes (10) and (11), due to the larger atomic
dimensions of zY. Very few experimental results
are available, however, on this point. '

B. Principle of Experiment

The experiment was performed by slowing down

negative muons in a gaseous target at a total pres-
sure of 6 atm abs. and a temperature of 293 'K,
containing, in most of the cases, a mixture of ul-
trapure hydrogen (protium) with small amounts of
deuterium and xenon, and measuring the differen-
tial time distribution dn, /dt of the decay electrons
coming from the muons stopped within the gaseous
target.

The various competing processes in this case
are summarized in Fig. 2. The time distribution
dn, /dt is obtained by .solving the system of equa-
tions associated with the scheme of Fig. 2, i. e. ,

where A. is a constant and the C& coefficients are
determined assuming the initial conditions

N, (0) = 1, No(0)=No(0)=N4(0) =N, (0)= 0 .

0 Xo C, Xe

+ Ve + &p

FIG. 2. p-atomic and p-molecular processes in a target
of deuterated hydrogen contaminated by xenon.



DIRECT MEASUREMENT OF THE RATIO BETWEEN THE. . . 465

The nuclear capture rates of muons by hydrogen
and deuterium nuclei, as well as the formation
rate of d pd molecular ions, are neglected in the
above formulas.

The values of X»,x, and X~&,x, can then be deter-
mined by fitting the observed dn, /dt distributions
by Eq. (18), the other rates being assumed as given
in Table I. Alternatively, setting in this equation
~»,x,=BX~&,x„ the best fit to the experimental
dn, /dt directly gives the value of B.

It has now to be emphasized that the values of
~»,x, and ~~&,x, in the treatment described above
are assumed as time independent, as would be the
case if both rates did not depend on the kinetic
energy T of the pP and pd atoms. However, both
theoretical results and experimental evidence sug-
gest an energy-dependent form for the transfer
rates, as shown by Eq. (5). Keeping in mind these
facts, the following basic remarks now have to be
made:

(i) From the measured values of the cross sec-
tion for reaction (7)'5'~~ (see also Fig. 1), it is
easily seen that this scattering process is in any
case so strong that the pP atoms initially formed
are rapidly thermalized in the present experimental
conditions. The results which will be obtained for
~»,x, are then to be referred to an energy T = 0. 038
eV.

(ii) As for the 45-eV pd atoms from process (8)
and for the values which will be obtained for
~„&,x„ the situation turns out to be more compli-
cated. If Cohen's treatment' of process (10) gives
the exact predictions, the cross section for this
reaction vanishes, as mentioned, at a laboratory
kinetic energy for the p.d atoms of E&= 0. 45 eV.
The only processes, which cancontribute to slowing
down the p.d atoms below this energy are, then,
reaction (11) and the scattering of pd's against xen-
on atoms, i. e. ,

should observe different values for X~„,„,for dif-
ferent CD concentrations. On the contrary, under
the same previous assumptions, if all the measure-
ments supply the same value for X~„,x, this will
mean the p,d atoms are slowed down to 0. 038 eV
essentially through process (19).

The chosen values for CD range from 2x10 to
5x10 . The different measurements will also al-
low us to evidence out the possible systematic er-
rors due to the assumption of some of the rates
listed in Table I.

The xenon concentration was kept at a fixed
value around 10 4 to get the best sensitivity for the
method in the case that X,&,x, is equal to the value
previously obtained at T = 0. 038 eV. "

III. EXPERIMENT

A. Apparatus

The measurements were carried out using an
apparatus, the main features of which are shown in

Fig. 3.
The gaseous mixture was contained in a stainless-

steel tank (T), the wall and entrance window of
which were 2. 5 and 1. 5 mm thick, respectively.
Proper degassing of the tank was ensured by keeping
it for several days at a static vacuum of 10 ' mm
Hg.

Deuterium-free hydrogen (protium) was filtered
through a palladium purifier before letting it into
the tank, to achieve a high level of purity. The
injected deuterium was also purified by the palla-
dium filter, whereas the added xenon was pure to
1/1O'.

The apparatus was described in detail in Ref. 13.
We shall only recall here the outlines of its opera-
tion, which can be summarized in the two following
points:

(i) To supply a signal (MUSTOP signal) when a

p,d+ Xe - p,d+ Xe . (19)

The behavior of the cross section for process (11)
as a function of the kinetic energy T is given in
Fig. 1. On the other hand, no data are available
on process (19), although one obviously expects a
large value for its cross section.

Taking into account this situation, the present
measurements have been performed for several
deuterium concentrations Cn (the hydrogen pres-
sure and the xenon concentration being kept at con-
stant values), starting from a Cn value small
enough to ensure that, according to the calculation
of Cohen et al. ,

"the slowing down of the p, d atoms
through reaction (11) is not too great. On the other
hand, if process (11) is still the leading channel to
thermalize the pd atoms in the present conditions,
i. e. , if process (19) is negligible and if the trans-
fer rates are energy dependent [see Eci. (5)], one

1 2

incoming I I

A; T As

I I I a counter
I iI
J

I

A;

=- ZA;

ZA;

G. D.

10-psec gate () u ~~

C
Mu-stop
Start~ l StOP

1i2 J = 1,2-EAI TAC

t
Plastic scintillators

ttssts Beryllyum moderator

OR GATE ANTI T -"Stainless-steel tank
COINCIDENCE

COINCIDENCE

FIG. 3. Simplified scheme of the experimental appa-
ratus and associated electronics (G. D. =gated diacrim-
inator).
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muon has stopped in the gaseous mixture. The
MUSTOP signal was given by a fast anticoincidence
circuit (1, 2, -gA~, n) (here - means "not"),
where the counters 1 and 2 and all the A~'s were
plastic scintillators and & was a special wire-grid
proportional counter using the gaseous mixture it-
self as a working gas. ' Counter o was working
in fast coincidence to define the incoming beam.
It was essential to make possible working at the
chosen reduced gaseous density and to reduce the
accidental counts.

(ii) To measure the time interval & between the
MUSTOP signal and the detection of the correlated
decay electron. The electrons coming from the
muon decay were detected by the four plastic
scintillators Ag A2 A3 and A4 within a gate 10
p.sec long, which was delayed by about 0. 5 p, sec
with respect to the MUSTOP signal. The ~t inter-
vals, the distribution of which supplied the experi-
mental dn, /dt, were measured by a time-to-ampli-
tude converter (TAC). The output pulses from the
TAC were finally recorded by a 1024 channels pulse-
height analyzer.

B. Measurements and Data Analysis

The beam characteristics for the present mea-
surements are listed in Table II, in which the im-
portance of counter n is also pointed out. The
corresponding range curve had a width of 3 cm of
polyethylene at half-maximum (see Fig. 4). The
SC duty cycle was about 36%.

The measurements were performed under the
conditions listed in Table III. Run 1 was performed
to determine the time distribution of the background
events. During this measurement, the muons were
stopped in the deuterated-hydrogen target to which
a large concentration of xenon had been added (more
than 1%). In such condition, the muons are prompt-
ly transferred from the pP and p,d atoms to xenon
atoms, where they undergo nuclear capture. The
differential time distribution of the electrons re-
corded during this run was found to be flat, as ex-
pected, at a level of about 3% of the total counting

TABLE II. Beam and p 's stopping conditions during the
present experiment.

3—
La

b

2—
'D

8.
1—

0

5 10
cm of Polyethylene absorber

FIG. 4. Typical range curve obtained for the present
measurements.

rate in the first time channel considered for runs
2-7.

The results of runs 2-7 were then fitted by an
expression made of the sum of Eq. (18) with a con-
stant term representing the background events.

Runs 2 and 7 were carried out by letting into the
target ultrapure hydrogen, contaminated only by
xenon (C„,of the order of 10 4), to get two refer-
ence measurements for X»,x, . These data were
fitted assuming in Eqs. (16)-(18)Cn= 0, obtaining
the results shown in Table IV.

Runs 3-6 correspond to the main measurements.
The experimental dn, /dt distributions obtained
during these runs are given in Fig. 5. The analy-
sis of these runs was carried out through the

following steps:

1. Two-Parameter Fits(X x, und X&&, orB and X~ x,)~,Xe

The dn, /dt distributions were first fitted leaving
~», x, and X„„,„,free and looking for the best values
of these rates, assuming for the rate X, of process
(6) the recent result by Bertin et al. '4 (see Table I).

The results obtained in this way are listed in
Table V. Run 3 supplies a more precise value for
X»,x, due to the low deuterium concentration, which
makes this measurement more sensitive to this
rate. For the opposite reason, runs 4-6 turn out

Counts of the (1, 2) counter telescope
(10x 10 cm~) 15000 sec

TABLE III. Experimental conditions for the measure-
ments reported in the present work.

Number of muons impinging on the
beryllium moderator

Number of muons scaled by counter e
(after discrimination)

Number of muons stopped in the useful
thickness (70 cm) of the gas target
at the pressure of 6 atm abs.

6000 sec

2000 sec i

50 sec i

Run
no.

Tota1 pressure of
the H2+ D&+ Xe
mixture (atm)

Xe concentration
(Cx.)

1.5 x 10-'
(1.65+ 0.08) x 10+
(1.65+ 0.08) x 10~
(1.65 a 0, 08) x 10+
(1.65+ O. O8) x1O"
(1.65+ 0.08) x10~
(2.03 + 0.10) x 10+

D concentration
(e,)

(x 10-')

3
0

(2.25 + O. 16)
(3.O8+ O. 21)
(3.93+ O. 27)
(5.46+ 0.39)

0
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1000 1000

(a) (c)

c 100

50—

100

8
50

10 I I I I I I I I I I

2 4 6 8 10

time ( p sec }

1000

'l0 I I I I I I I I I

2 4 6 8 10

time ( p sec)

1000

500 (b)

8 100

0
50

tA 100
C

10 I I I I I I I I I I

2 4 6 8 10

time ( p sec )

10 I I I I I I I I I

2 4 6 8 10

time ( p sec)

FIG. 5. Differential time distributions dec/dt obtained in runs 3-6. (a) Bun 3; (b) run 4; (c) run 5; (d) run 6. The con-
tinuous lines represent the theoretical fit to the experimental points obtained assuming A~=0. 84 x10 sec and X» xe
=4. 53 x101~ sec ~. The background counts are not subtracted in the figures.

to be more sensitive to &~&,xe.
The different values for X» x, and X~„,x, so de-

termined are all equal within the experimental
errors and turn out to be in good agreement with
the results for the same rates given in Refs. 12
and 13. Within the confidence one gives to Eq. (5),
this feature can only be attributed to the fact that
the pd atoms released from process (8) are rapidly
thermalized through reaction (19), even if the
Ramsauer- Townsend effect is present in process
(10). It will be seen in the following that a lower
limit for the cross section of process (19}can be

TABLE IV. Summary of the chief experimental results
on the rate g» xe for the reaction pp+ Xe pXe+ p.

calculated starting from this result.
To get a direct determination of 8, the experi-

mental dn, /dt distributions were subsequently
analyzed setting in Eq. (18}X»,x, =BR,~,X, and still
assuming for X, the value given in Ref. 14. The
results of these fits are summarized in Table VI.
The values obtained for 8 are all compatible with

2, and the values for X~&,x, are still consistent with
the preceding results.

However, the errors given in Tables V and VI do
not contain the systematic uncertainty due to the
assumption of X, , which may be as big as 10%%uo. If
this is taken into account, we have to say that the
results listed in Table VI support the dependence on
mass of Eq. (5) within 15/g.

Experiment

Present work —run 2
Present work —run 7
Placci et aL"
Average value

~pp, Xe
(10 sec )

4.50+ 0.30
4.70+ 0.30
4.41~ 0.20
4.53+ 0. 15

no.
~pp, Xe

(10" sec-')
~gd, Xe

(10 sec ~)

Number
of points

TABLE V. Results obtained in the present work by two-
parameter fits of the experimental data g & x, and g„d xe.

'The rates reported here and in the following always
refer to a density of xenon molecules equal to 2, 11&& 10
molecules cm 3.

'See B,ef. 12.

4. 66 + 0.50
4. 46 + 0.70
4.60+ 0.70
4.44+ 0.74

2.38+ 0, 27
2.10+ 0. 19
2.18 + 0. 19
2.22+ 0, 19

93 90
93 100
93 95
93 92
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2. One-Parameter Fits (B only)

Starting from the conclusion of the preceding
point, the data were further analyzed taking for X,
different values within the error of the result by
Bertin et al. ,

' and for X»,x, several values within
the error of the average result given in Table IV.
Furthermore, in Eq. (16) we set X»,x, = X»,„,/B.

The results of this treatment are given in Table
VII and are summarized in Fig. 6. It can readily
be seen from this figure that, although the obtained
B values depend very weakly on X»,x„ they show
a more pronounced dependence on X„showing that
the uncertainty of this rate represents the biggest
source of error for the present results.

Taking into account these systematic uncertain-
ties, one gets from Fig. 6 in correspondence to the
average value for X»,x, given in Table IV

8 = 1.98 + 0. 12, (20)

& &10 cm (21)

Such a big value allows us to say that the transfer
rates &»,z and X~~,z found with the present method

which directly confirms the validity of Eq. (5) with-
in 6%%ua as regards its mass dependence.

IV. CONCLUSIONS
t

The following conclusions can now be drawn:
(i) If the energy dependence of Eq. (5) is correct,

the consistent results obtained in runs 3-6 indicate
that-even at the lowest deuterium concentrations
chosen for the present measurements-the scatter-
ing process [Eq. (19)]

Jtld + Xe ~ pd + Xe

is so effective in slowing down the 45-eV pd atoms
from reaction (6) that they actually reach the ther-
mal energy of 0. 038 eV in a time shorter than 600
nsec. Assuming that the cross section 0 for this
process is not dependent on the energy of the
colliding systems and corresponds to isotropic
angular distributions of the scattered pd atoms in
the laboratory system, '6 an approximate lower
limit for this cross section can be calculated. Then
one gets
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TABLE VI. Results obtained in the present work by two-
parameter fits of the experimental data: B.
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