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Negative-muon capture ratios have been determined at three different concentrations for each of the
following solid solutions: Cu-Al, Ag-Zn, NaCl-NaBr, KCI-KBr. Over a concentration ratio range of
approximately 50 for the alloy systems and 400 for the alkali halide solutions, the data show that the per-
atom capture ratios are essentially independent of atomic concentration, in agreement with some recent

theoretical models.

I. INTRODUCTION

The Coulomb capture of negative muons in mix-
tures of elements or compounds dispersed at the
atomic or molecular level, that is, in components
of a single-phase solution, has been of recent ex-
perimental and theoretical interest. In the earliest
theoretical investigation of this problem, Fermi
and Teller® proposed the well-known “Z rule,” in-
tended to be valid for metallic alloy systems. Un-
der the model assumption that muon capture takes
place at essentially zero muon energy by interac-
tion with a degenerate Fermi-Thomas electron
distribution, the Z rule predicts that muons are
captured in the individual elements in proportion
to their atomic numbers (Z’s) and concentrations.
Thus the per-atom capture ratio

A(ZX/Z Y)E (Xcapt/Xatom)/(Ycapt/Yatom)

should be independent of composition,

If, in contrast to the Fermi-Teller picture, one
* assumes that muon capture can take place over a
range of positive energies, that is, up to =100 eV,
one may construct situations where composition in-
variance of the per-atom capture ratio will not ob-
tain. Then the reduced ratio A(Zy/Zy) may be ex-
pressed in terms of integrals for each element
evaluated over the capture energy range. Each in-
tegral involves an elemental capture cross section
oS$(E) and the effective muon flux energy distribu-
tion (slowing-down spectrum) P(E)=d°N, /AEdtdA
appropriate to a particular single-phase solution.
Here E is the energy, ¢ is the time, and A is the
area. Thus

A(zx/zy)=fE‘""’*p(E)a§(E)dE/fE'"“p(E)c;(E)dE,

We consider, for example, a case where the muons
lose only small amounts of energy in individual
atomic encounters. If the product c 0% of concen-
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tration and capture cross section for species X is
essentially zero above some muon energy Ey,
while ¢ y0% remains significantly large above Ex up
to Ey, then most of the muons would be captured
into species Y in the energy range Ex<E<Ey,
Thus in the slowing-down process the muons could
be extinguished by Y before reaching an energy
where they could be captured by X, or in the pre-
vious expression P(E) would be severely reduced
below E,. These circumstances then lead to com-
position dependence for A(Z,/Z ).

Semiclassical models of muon energy loss and
capture in individual atoms have been described
in several recent theoretical papers.>® Vogel
et al.,® calculating negative-muon capture ratios
for mixtures of monatomic gases Ne-Ar, Ne-Xe,
and Ar-Xe, concluded that the shape of the effec-
tive muon energy distribution P(E) in the capture
energy range was essentially independent of com-
position for each binary mixture. Accordingly,
they predicted a constant per-atom capture ratio
for these model solutions.

In another analysis of the Coulomb capture by
atoms in the condensed state, Daniel® concluded
that a muon encountering an atom of a given atom-
ic number loses a specific, constant amount of
energy independent of muon energy. With this re-
sult, P(E) for muons slowing in a pure or mixed
sample of atoms is independent of energy from
zero muon energy to beyond the individual capture
thresholds of the constituent atoms.” Thus Daniel’s
model results in a “white” muon flux energy spec-

. trum in the capture range, with a shape that is un-

affected by relative concentration of the constitu-
ents.

Recently, Leon® has generalized Daniel’s results
by showing that if the shape of the muon energy
loss distribution in an atomic encounter is. inde-
pendent of muon energy, and if all muons after
capture can have only negative total energy, then
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the arrival rate R(E)=P(E)o ,,(E) for muons slow-
ing in a mixture is independent of energy for any
composition. By considering the centrifugal bar-
rier, he relaxed somewhat the condition that the
muon energy be negative after capture. By also
incorporating the energy dependence of the atomic
capture cross section expected from his earlier
investigations, Leon concluded that the reduced
capture ratio still should remain essentially in-
dependent of composition over the muon capture
energy range.

The first experiments to examine the concentra-
tion dependence of the per-atom muon capture
ratios in solution were reported by Knight et al.®
Using alkali halide salts dissolved in water, they
investigated reduced atomic capture ratios with
respect to oxygen, A(X*/0), particularly for the
dissociated aqueous ions of potassium and chlor-
ine. Since water was always the major component
in these solutions, this molecule dominated all of
the muon interactions before capture, that is, the
water determined the slowing-down spectrum.
Thus the capture ratios relative to oxygen deter-
mined in these experiments do not test the effects
of a major change in the moderating medium.

A wider range of concentrations was spanned in
one set of recent experiments reported by Berg-
mann et al.”® investigating muon capture in binary
metallic alloys. From first results on the Nb-V
solid solution system, reduced atomic capture ra-
tios A(Nb/V) were reported as 1.76+0.24, 1.07
+0.05, and 0.98 £0.17 for alloys containing 3.3, 50,
and 95.4 atomic percent niobium, respectively.
The authors state, however, that they do not con-
sider these results as establishing a concentration

dependence of A(Z,/Z ).

In the present work, we chose to investigate four
sets of solid solutions, two involving a relatively
electronegative metal alloyed with a relatively
electropositive metal, and two involving alkali
halide salts.

II. PREPARATION OF SOLID SOLUTIONS

The phase diagram for the Al1-Cu system'' shows
an ¢ phase isomorphic with pure copper extending
between 0 and 9.5 weight percent aluminum and a
narrowly defined 6 phase at 46.5 weight percent,
corresponding closely to the atomic ratio Al/Cu
=2/1. The 6 phase crystallizes directly from the
melt. Accordingly, Cu-Al alloys of composition
33, 85, and 95 atomic percent copper were chosen
for our experiments.

The phase diagram for the Ag-Zn system'! shows
an @ phase isomorphic with pure silver extending
between 0 and about 20 weight percent zinc and an
€ phase extending between 56 and 81 weight percent
zinc. Ag-Zn alloys of 25, 85, and 96 atomic per-
cent silver were selected.

The metallic alloys were commerically'? pre-
pared by local arc melting of mixed powders of the
two components. In order to establish the struc-
ture of the alloys, Debye-Scherrer powder x-ray
diffraction patterns were taken of each alloy sam-
ple and checked against the tabulated structural
patterns.'® The targets were self-supporting slabs
of dimensions 10X10X0.6 cm. These, together
with similarly sized targets of the pure metallic
elements, were used to obtain the muonic x-ray
spectra. At the conclusion of the experiments,

TABLE I. Muonic capture ratios in alloy samples. :?

Capture ratio Atomic concentration ratio

R(Cu/AD C(Cu/Al) A(Cu/Al)
1.75 (0.03) 0.492 (0.004) 3.56 (0.06)
20.4 (0.5) 5.85 (0.11) 3.49 (0.11)
53.2 (3.5) 21.1 (2.2) 2.52 (0.31)
R(Ag/Zn) C(Ag/Zn) A(Ag/Zn)
0.316 (0.009) 0.327 (0.013) 0.97 (0.05)
6.23 (0.20) 5.77 (0.93) 1.08 (0.17)
20.9 (1.8) 21.5 (1.6) 0.97 (0.11)
Predicted capture ratios
A(Cu/Al) A(Ag/Zn)

Fermi-Teller (Ref. 1) 2.23 1.57
Daniel (Ref. 3) 1.83 1.35
Vogel et al. (Ref. 6) 2.17 1.49

2Numbers in parentheses are the estimated 1o uncertainties.
® Does not include errors in relative x~-ray counting efficiencies.

Reduced capture ratio
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three samples were drilled from each of the six
alloy slabs and analyzed chemically for the two
elements present. The results are included in
Table I.

The alkali halide pairs NaCl-NaBr and KC1-KBr
are each known to form continuous single-phase
solid solutions.' The targets were prepared by
mixing the required weights of reagent-grade
powdered salts to produce 5, 50, and 95 mole-
percent mixtures. The mixed salts were melted
in Vycor beakers for five minutes and then pow-
dered after cooling. The targets were next sin-
tered for two days at 150 °C below the correspond-
ing melting points and finally powered to form the
solid solutions used in our experiments. Debye-
Scherrer powder x-ray diffraction patterns re-
corded for these alkali halide solutions showed a
single cubic phase with lattice parameters inter-
mediate between those of the two pure salts. For
recording muonic x-ray spectra the powdered
samples were contained in Lucite holders with
inner dimensions 17X17X1 cm and window thick-
ness 0.25 mm,

OI. EXPERIMENTAL OBSERVATIONS

The experiments were conducted at the stopped
muon channel of the Clinton P. Anderson Meson
Physics Facility (LAMPF) by means of 130-MeV/c
incident muons. A scintillation-counter tele-
scope and polyethylene degrader system pre-
viously described® were used to define stopping
events in the targets. Since all muonic x rays of
interest were at or above 250 keV (K« line of Na)
a 70-cm?® closed-end coaxial Ge(Li) detector of
known efficiency was employed to detect the x rays
accompanying muon stops. X-ray spectra were
accumulated in multichannel analyzers operated in
prompt and delayed coincidence with the muon
stopping signal; the latter were recorded to evalu-
ate coincidence efficiencies and to correct for nu-
clear y rays. The intensities of the muonic x rays
were evaluated by using the photo-peak fitting pro-
gram SAMPO.!® The spectra of the ten metallic

samples were also evaluated by direct summation
and graphical estimates of the background. Self-
absorption corrections were calculated using tab-
ulated x-ray cross sections for the individual ele-
ments’® and a Los Alamos computer code account-
ing for both target-detector geometry and muon
spatial stopping distribution in the target. Assum-
ing the total K mesic x-ray yield per capture event
is constant for all elements considered here (cal-
culations using the Akylas-Vogel code'” indicate
0.963 and 0.974 K x rays for aluminum and silver,
respectively), the capture ratios were calculated
from the sums of the corrected Lyman intensities
of the two elements of interest. Experimental er-
rors were assigned to the intensities of the indiv-
idual transitions by taking into account: (a) peak-
area determination including background evalu-
ation; (b) electronic efficiency of the counter-
telescope—-Ge(Li) coincidence system; (c) photon-
detection efficiency of the Ge(Li) detector, includ-
ing extended source geometry; and (d) photon self-
absorption by the sample. The errors in the mea-
sured chemical compositions of the alloy samples
have been taken into account.

Results for the Cu-Al and Ag-Zn alloys are sum-
marized in Table I. Because of the low intensity
of the higher members of the aluminum K series
for the most dilute aluminum alloy, aKtom/Koz in-
tensity ratio of 1.28 (obtained from observations
on pure aluminum metal) was assumed in order to
determine the total intensity of the aluminum K
series from the measured Ko intensity. Similar-
ly, in the case of the most dilute zinc alloy, a
K o1a/K a intensity ratio of 1.22, obtained from ob-
tained from observations of pure zinc metal, was
used.

In a previous report'® concerning our measure-
ments of the Cu-Al alloy system, a possible in-
crease in the aluminum KB/K a intensity ratio was
indicated at the lower aluminum concentrations.
We now note that this apparent effect results from
the close coincidence between the energies of the
aluminum K8 muonic x-ray (412.1 keV) and the
copper LB muonic transitions 4p,,,~ 2s,,, (412.1

TABLE II. Copper muonic Lyman intensity patterns.?

21.1 100% Cu Average alloy®

(Cu/Al) 0.492 5.85

KB/Ka 0.100 (0.003)  0.092 (0.002)
Ky/Ka 0.025 (0.002)  0.027 (0.002)
K&/Ka 0.022 (0.002)  0.016 (0.001)
Ke/Ka 0.017 (0.002)  0.015 (0.001)
K¢/Ka 0.017 (0.001)  0.016 (0.001)
K /Ko 0.113 (0.006)  0.016 (0.003)

0.088 (0.003)
0.026 (0.002)
0.015 (0.001)
0.015 (0.001)
0.016 (0.001)
0.016 (0.006)

0.093 (0.003)
0.027 (0.002)
0.017 (0.002)
0.012 (0.002)
0.013 (0.002)
0.097 (0.004)

0.094 (0.006)
0.026 (0.001)
0.018 (0.004)
0.016 (0.001)
0.016 (0.001)
0.108 (0.004)

2Numbers in parentheses are the estimated 1o uncertainties.
b Average alloy indicates average and standard deviation calculated from alloy data alone.
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TABLE III. Muonic capture ratios for sodium halide solid solutions. 2'?

95% NaCl 50% NaCl 5% NaCl

Sample 100% NaCl 5% NaBr 50% NaBr 95% NaBr 100% NaBr
R(Na/Cl) 0.692 (0.012)  0.725 (0.016) 1.48 (0.04) 13.1 (1.3)

C(Na/Cl) 1.000 1.053 2.000 20.00
A(Na/Cl)  0.692 (0.012)  0.689 (0.015) 0.741 (0.020) 0.655 (0.066)
R (Na/Br) 8.22 (0.22) 0.860 (0.040) 0.403 (0.010) 0.372 (0.010)
C (Na/Br) 20.00 2.000 1.053 1.000
A (Na/Br) 0.411 (0.011)  0.430 (0.020) 0.383 (0.009) 0.372 (0.010)
R (Cl/Br) 11.3 (0.27) 0.580 (0.013) 0.0307 (0.0031)

C (C1/Br) 19.00 1.000 0.0526
A (Cl/Br) 0.596 (0.014)  0.580 (0.013) 0.584 (0.058)

Predicted capture ratio

A(Na/C1)
Fermi-Teller (Ref. 1) 0.65
Daniel (Ref. 3) 0.70
Vogel et al. (Ref. 6) 0.70

A(Na/Br)
A(Na/Br) A(Na/Cl)
0.31 0.372 _ e
0.42 m—0.538 (0.017)
0.37

2Numbers in parentheses are the estimated 1o uncertainties.
® Does not include errors in relative x-ray counti efficiencies.
) y

¢ From experimental values listed above.

keV) and 4p,,,~ 2s,,, (413.0 keV). Table I shows
the observed capture ratios R(Zy/Zy), the atomic
concentration ratio C(Z,/Z,), and the per-atom
capture ratios A(Z,/Z ;).

If the characteristics of the muon Coulomb cap-
ture process, particularly the muon angular mo-
mentum distributions during the cascade, are in-
dependent of the composition of the solutions, then
the intensity patterns of the x-ray series observed

for the component elements should also be invari-
ant with concentration. Sufficient members of the
copper muonic K series were observed in the Cu-
Al alloys to test this invariance. Table II shows
that, within experimental error, no variation of
the copper K series intensity pattern was observed.

The results for the NaCl-NaBr and KC1-KBr
solid solutions are shown in Tables III and IV, In
the case of the chlorine muonic K x-ray series

TABLE 1IV. Muonic capture ratios for potassium halide solid solutions.?'P

95% KCl1 50% KC1 5% KC1
Sample 100% KC1 5% KBr 50% KBr 95% KBr 100% KBr
R(K/CD)  1.14 (0.02) 1.21 (0.02) 2.35 (0.04) 27.4 (4.1)
C(K/C1) 1.000 1.053 2.000 20.000
A(K/Cl) 1.14 (0.02) 1.15 (0.02) 1.17 (0.02) 1.37 (0.21)
R(K/Br) 10.96 (0.24) 1.18 (0.02) 0.559 (0.015) 0.583 (0.008)
C(K/Br) 20.000 2.000 1.053 1.000
A(K/Br) 0.548 (0.012)  0.591 (0.010) 0.531 (0.014) 0.583 (0.008)
R(Cl/Br) 9.08 (0.19) 0.503 (0.008) 0.0204 (0.0031)
C(C1/Br) 19.000 1.000 0.0526
A(Cl/Br) 0.478 (0.010)  0.503 (0.008) 0.388 (0.058)
Predicted capture ratios
A(K/Br)
A(K/C1) A(K/Br) AK/CI)
Fermi-Teller (Ref. 1) 1.12 0.54 0.583 _ c
Daniel (Ref. 3) 1.09 0.65 Tiz 0511 (0.011)
Vogel et al. (Ref. 6) 0.70

3Numbers in parentheses are the estimated 1o uncertainties.
® Does not include errors in relative x-ray counting efficiencies.

¢ From experimental values listed above.
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TABLE V. Potassium muonic Lyman intensity patterns.?

95% KCl1 50% KCl1 5% KC1 Average
Composition 100% KC1 5% KBr 50% KBr 95% KBr 100% KBr solution®
KB/Ka 0.080 (0.003) 0.081 (0.003) 0.079 (0.002) 0.072 (0.002) 0.081 (0.003) 0.077 (0.004)
K‘y/Ka : 0.031 (0.002) . 0.029 (0.001) 0.027 (0.001) 0.030 (0.001) 0.030 (0.001) 0.029 (0.001)
Ké6/Ka 0.028 (0.001) 0.029 (0.001) 0.027 (0.001) 0.023 (0.001). 0.029 (0.002) 0.027 (0.003)
Ke/Ka 0.021 (0.001) 0.027 (0.002) 0.024 (0.001) 0.026 (0.001) 0.027 (0.002) 0.025 (0.001)
Kt/Ka 0.016 (0.001) 0.017 (0.001) 0.015 (0.001) 0.016 (0.001) 0.019 (0.002) 0.016 (0.001)
Kn/Ka 0.0076 (0.001) 0.0069 (0.001) : 0.0058 (0.001)
K6/Ka 0.0098 (0.001) 0.011 (0.001)

2Numbers in parentheses are the estimated 1o uncertainties.

b Average solution indicates average and standard deviation calculated from solution data alone.

an interference between the K8 member at 692.5
keV and a 695-keV nuclear y transition ("Se 2+
- 2+) following muon capture in bromine,
Br(u",n) ®Se, occurred for all the solutions.
Accordingly, we adopted the chlorine constant
intensity ratio K, /K @ =1.18 determined from
pure sodium chloride and pure potassium chloride.
Similarly, another interference between the sodi-
um Ky transition (313.7 keV) and the bromine M6
line (313.5 keV) required us to adopt a sodium
Koia/K o intensity ratio of 1.24 (as determined
from pure sodium chloride) for all solutions con-
taining sodium and bromine,

In the case of potassium, sufficient members of
the muonic K x-ray series were observed for both

pure compounds, potassium chloride and potassium

‘bromide, as well as their solid solutions, so that

it was possible to search for variations of the in-
tensity pattern with concentration. Table V shows
that, within experimental errors, no such vari-
ation was observed.

Tables II and V compare the copper and potas-
sium chloride or bromide with those from the solid
solutions. The close similarity that can be noted
from these tables makes reasonable the adoption
of standard K ,,,,/K @ intensity ratios derived from
pure components in those cases where interfer-
ences occur,

1V. DISCUSSION

In order to set limits for a possible concentra-
tion dependence of the per-atom muon capture
ratios A(X/Y) measured in these experiments, we
have assumed a dependence on the atom ratio
C(X/Y) of the form :

AX/Y)=A,(X/Y)+m InCX/Y).

This form is convenient for examination of
A(X/Y) over a wide variation in the concentration
ratio. If, for example, the value of m were 0.01
or 0.1, then for a tenfold change in atom ratio C

the corresponding absolute change in A would be
0.023 or 0.23, respectively. For all the experi-
mental capture ratios A included in Tables I, III,
and IV, linear regressions were carried out to
yield values of 4, and m, together with the re-
spective errors in the quantities. Weightings ap-
propriate to the uncertainties in the experimental
values of A were included. The value of A,(X/Y)
so obtained corresponds to the capture ratio ex-
pected in a solution, where the relative atomic
concentrations of X and Y are equal. Results of
these linear regressions are shown in Table VI.
It is apparent that the largest value of m is in-
dicated for the Cu-Al system [A,(Cu/Al) =3.508
+£0.053,m =-0.092+0.045]. For this system, how-
ever, if the most dilute aluminum alloy (with the
largest experimental uncertainties) is excluded
from the analysis, the corresponding values of 4,
and m are 3.537+0.053 and -0.032+0.053. - Re-
viewing this case and the other entries of Table
VI, we conclude that for the metallic and ionic
solutions investigated no significant evidence was
obtained for a concentration dependence of the
per-atom muon capture ratios. This feature of
muon capture is of essential importance for the
applications of muonic x-ray spectroscopy to the
nondestructive analysis of chemical and biological

TABLE VI. Linear regression results. ?

System (X/Y) AyX/Y) m
Cu/Al 3.508 + 0.053 —0.092 £ 0.045
Ag/Zn 0.978 +0.044 0.005 + 0.027
Na/C1 0.696 +0.009 0.015+ 0.019
Na/Br 0.381 +0.006 0.011 + 0,004
Cl/Br 0.582 £0.012 0.005 + 0.006
K/Cl 1.142 +0.014 0.052 + 0.032
K/Br 0.578 +0.006 ~0.008 + 0.005
Cl/Br 0.499 +0.007 —0.006 + 0.004

2Form A(X/Y)=AyX/Y)+mln C(X/Y) assumed; see

Sec. IV.
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TABLE VII. Muonic capture ratios for alkali halides.

AWM /X) Ay /X7)

Salt from pure salt from solid solutions
NaCl 0.692 £ 0.019 0.696 + 0.017
NaBr 0.372 +0.013 0.381 £0.011
KC1 1.14 +0.02 1.14 +0.01
KBr 0.583 +£0.014 0.577 £ 0,023

systems.

From the data reported here one may deduce
muon capture ratios A(M /X) for the four pure
salts NaCl, KCl, NaBr, and KBr. Here, although
the y-ray efficiency has been included in deriving
these entries, the error arising from uncertain-
ties in the relative detector efficiencies for the
K x rays of the two elements must be included
[0(Na/Cl1)=2.0%, o(Na/Br)=2.5%, o(K/Cl)=0.3%,
o(K/Br)=2.0%]. Taking these estimated addition-
al errors in quadrature we obtain the capture
ratios shown in Table VII

Finally, it is of interest to note a comparison of
derived capture ratios A(Cl/Br) obtained from the
pure sodium and potassium salts together with the
corresponding experimental values for this ratio
derived from the solid solutions. If the effective
shape of the muon flux energy spectrum at cap-
ture, P(E), were constant for all solid ionic sys-
tems, one would expect these ratios would be con-
stant.'® As shown in Tables III and IV one derives
values of A*(C1/Br)=0.538+0.017 and 0.511+0.011,
respectively, from the experimental capture ratios
determined for the pure sodium and potassium
salts. This is to be compared with the values for

this ratio A,(Cl/Br)=0.582+0.011 and 0.499 + 0.007
derived from the linear regression analysis shown
in Table VII. We interpret these results as sup-
porting the idea of shape constancy of P(E) in ionic
salts.

- Note added in proof. In a recent article appear-
ing in this Journal [Phys. Rev. A 20, 633 (1979)]
Bergmann et al. report more extensive investiga-
tions of muon capture in the niobium-vanadium
alloy system. These authors find no evidence for
concentration dependence of the per-atom muon
capture ratio A(Nb/V) over a 40-fold change in
atom ratio.
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