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Average muonic Coulomb capture probabilities for 65 elements
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(Received 1 June 1982)

A total of 146 measured muonic Coulomb capture ratios of anhydrous solid binary com-
pounds has been used to derive average muonic Coulomb capture probabilities for 65 ele-

ments. The measured capture ratios can be well reproduced by ratios of these capture
probabilities. This is also true for ratios in ternary compounds, in glass, and in alloys.
These muonic capture probabilities can serve as a basis for the application of muonic x rays
in elemental analysis.

I. INTRODUCTION

Muonic per atom Coulomb capture ratios in
binary and more complex compounds have been
measured by many experimental groups for more
than twenty years. These experiments showed that
the probability P for Coulomb capture in an ele-
ment does not depend in a simple way on the atom-
ic number Z, as suggested, e.g., by Fermi and Tell-
er', on the contrary, it exhibits a rather pronounced
periodic variation with Z. ' Only recently theories
have been developed which reproduce this periodic
behavior of P by relating it to the atomic radius or
to the number of not too strongly bound electrons.

A quantitative description of muonic Coulomb
capture probabilities is not only an interesting phys-
ical problem on its own, but it is also the basis for
the application of muonic atoms in nondestructive
elemental analysis. The total E-series intensities
from the different elements of a sample can be used
as a quantitative measure for its elemental composi-
tion. However, these x-ray intensities have to be
corrected with the respective per atom capture
probabilities in order to obtain atomic abuodances.

The determination of the average per atom cap-
ture probability for an element is only meaningful if
this probability depends mainly on Z and only to a
small extent on other properties of the sample as
concentration or valence of the element Z or on the
other components. Naumann and Daniel recently
demonstrated that, for simple alkali halides, the
muonic capture probability of one component does
not depend on the other component. It has been
shown experimentally in the cases of NbV, ' CuA1,
and Agzn alloys, NaC1-NaBr and KC1-KBr solid
solutions, " and oxides, all with different atomic
ratios, that per atom capture ratios in solids vary

only at a percent level if the concentrations vary up
to a factor of 400. Several experiments indicated
that per atom capture ratios are not strongly influ-
enced (mostly ( 10%%uo) by the chemical bond and the
valence of the constituent. ' ' Therefore, an at-
tempt was made to calculate average capture proba-
bilities for homogeneous anhydrous solid binary
compounds through the use of all available experi-
mental data on muonic Coulomb capture ratios. It
is not expected, however, that the capture probabili-
ties thus derived can be applied to inhomogeneous
matter, gas mixtures, or materials containing hydro-
gen. &nhomogeneities affect capture ratios, '4

whereas the per atom capture ratios in gases depend
upon the concentration. ' Transfer effects, finally,
may influence capture probabilities in hydrogeneous
compounds.

II. CALCULATION OF AVERAGE
EFFECTIVE CAPTURE PROBABILITIES

The muonic per atom Coulomb capture ratio
A (Z,Z') of a binary compound ZkZ' is given by

A (Z,Z') =R(Z,Z')m/k,

where R (Z, Z') is the measured muonic capture ra-
tio in the compound of the elements Z and Z' and
k/m is the atomic ratio. In order to calculate aver-
age capture probabilities P(Z) for a great number
of elements, we assume that capture ratios are ratios
of capture probabilities:

A (Z,Z') =P (Z) /P (Z') .

A least-squares computer program was developed to
fit capture probabilities P(Z) of 65 elements to 146
measured capture ratios A(Z, Z'). Since only rela-

2355 Qc1982 The American Physical Society



2356 T. YON EGIDY AND F.J. HARTMANN

O

8
O g

0

0 M cV
CD CD

+I +I +I

00 O 0

0 0
O 0
+I +I

CD

0
+I

0 O
+I +I +I

O O

0
+I

0
+I +I

0
+I

Q
0
+I

O
~ ~

V

Y4
V

af
V
6

c$

5
~ 'H
~ ~
S

S4
OS
V
O

~ T~E

O

8
V
bQ
a5

O
~ %H

V

O

O O
+I +I

'40
Ch

O 0

5g
~ m

0~

Vl0 «D0 O
+I +I

0 0

0
+I

Og

0O00OO
+I +I +I

0
CD
+I

0

Q Q0 0 0
+I +I +I
t

Ch Ch0 0O

4A0 0 000000
+I +I +I +I +I
Ch

OO

CD 0 0

cv 40 00 0
+I +I

0OO
+I +I +I

0 0
+I +I +I

CD
+I

000 ~ W 00

&UXwQg

CD 0
+I +I
Ch t
0O

0 0
+I +I

&D

cC cC

0 OQ
+I +I +I'n goo

0
+I
Ch0

CD

«D
+I

OO

0 ~ W CD ~ m 0e4 W W M ~ eq ~0000000
+I +I +I +I +I +I +I
C) V) V) t 0 Ch A'4)CVQt Chmt
WmmnlWMW

'O
Ch 0 m Ch n Ch 0 ~
0 0 0 0 0 0 00
+I +I +I +I +I +I +I +I~ OO 0

(V ~

0
+I

DO OO

000
+I +I +I

Organ

QO0
+I +I +I

OO

ChM Ch

O0O
+I +I +I~~9

0O 00 Ch Ch

CD CD CD «D
+I +I +I +I

00
W ~ W cV

~~OOOo, COOO~&~O-
U rn 6 & U X I'2 U Z U N 8 8 4 rn P4 rn 8 N 0 0

V

O
05

g Q 4

+I
c4

0 CD

00000
+I +I +I +I +I

0 CV 0 Ch
OO

0Q0 ~ 0

Ch
CD 0 0 0 0 CD 0 0OQO0000000
+I +I +I +I +I +I +I +I +I +I

0 OO0
+I +I +I +I

QO
Ch

t ed' Ch

OQOQ
+I +I +I +I

00
Ch OO

OQOQ
+I +I +I +I

WChWChW~Ch
QOOQOQO
+I +I +I +I +I +I +I

t OChHQChnrt QC)0O
t ChaOt t ~~TWO~

ARCQZWZXC nOrrnUAUcnf )UX
r4



AVERAGE MUONIC COULOMB CAPTURE PROBABILITIES FOR. . . 23S7

QQOOO
+I +I +I +I +I

Q
+I

O
O
+I

O O
+I +I

0

0

O O
+I +I

O

O

O
+I

ChO eon
OOQOO
+I +t +I +I +I

O

~~4m
OOOO
+I +I +I +I

t WCh 40

O
+I

O
+I

05
~ vK ~

qp

g .~

P & 0p R

88~~

44~
gg g 4

Q
+I
O

O
+I

Vl Q
O O
+I +l
Q oc

OOOOO
+I +I +I +I +I~W~Qnwmch&t

OOOO
+I +I +I +I

00 oa

Q
+I

OQO
+I +I +I

O O
+I +I

CV

O O
+I +I
t

oa

Q O
+I +I

00
e4 cV M
OOO
+I +I +I
O~N

'40 ~ ~ M r~Vl~tOOOOOOOOO
+I +I +I +I +I +I +I +I +I
w rt' w Q rhMoat M~~~moa

Q OOO
+i +i +t +)

00

O O
+I +I

Q

Vl
OOQ
+I +i +I
t

bQ ~

8 8
5v
tQ

44
$ FC

v

c ~

g ce

cO

gg
O
Ol

tQ CP

~~a
ei

CP

0S4 .~
q$

v

O

+I

0 O

O
+I

QOOOOOO
+I +I +I +I +I +1 +I

Q

t

QOO
+I +I +t

O~OOOOO
+I +I +t +I +I +I +I

OOO
+I +I +I

oo W m oo ~ oo ~ ~ O W

OOO
+l +I +I

oo O

QOO
+t +I +I
00

Q

t oaQW~W&oaO ~~NO~~~MMMC)mme l t t oooo

ce8.~
8

CA

8 8

S4 ~0

& g
00

8 8

$ PC



2358 T. VON EGIDY AND F.J. HARTMANN

tive values of P (Z) can be determined, the value for
oxygen was set to P(Z'=8) =1.00. Table I lists all
elements, the calculated capture probabilities P(Z),
and all used experimental capture ratios A(Z, Z').
The errors of P(Z) represent the internal errors de-

rived from the fit multiplied by the normalized X.
A value 7= 1.56 was obtained which shows that the
agreement between the measured and calculated
capture ratios A(Z, Z') is satisfactory. The result
also supports the assumptions that capture proba-

TABLE II. Capture ratios in ternary compounds, glass, and alloys.

Compound and
Composition

Ternary Compounds
NaNO2'

NaNO3'

Na2SO3'

Na2SO4'

Na2Se03'

Na2Se04'

NaC104
MgSO4
CaSO "
A1PO b

ZZ'

Na, O
N, O
Na, O
N, O
Na, O
S,O
N. ,O

S,O
Na, o
Se,O
Na, O
Se,O
Na, C1

Mg, S
Ca,s
Al, P

measured ratio
A (Z,Z')

0.89+0.04
0.95+0.04
0.88+0.04
0.76+0.04
0.95+0.04
1.18+0.05
0.91+0.05
1.04+0.04
0.93+0.04
2.92+0.15
0.94+0.04
2.90+0.15
0.70+0.06
0.83+0.02
1.89+0.06
0.89+0.03

calculated ratio
I'(Z)/P(Z')

1.00+0.04
1.02+0.30
1.00+0.04
1.02+0.30
1.00+0.04
1.23+0.05
1.00+0.04
1.23+0.05
1.00+0.04
2.72+0.31
1.00+0.04
2.72+0.31
0.76+0,05
0.76+0.06
1.54+0.10
0.73+0.07

Glass'
3.8 at. % Na
2.1 at. % Mg
0.5 at. % Al

26.1 at. % Si
2.3 at. % K
2.3 at. % Ca
0.3 at. % Ti
0.3 at. % Fe
0.4 at. %%uo . Ba

Alloys

Cd-Mgd
Sn-Mg'
CQ-Al
Ni-Ca'
Nb-VI'

Cu-Ni
Y-Ni'
Ag-Zn'
Te-Se'

'Reference
bReference
'Reference
'Reference
'Reference
Reference

&Reference

13 (Schneuwly et al.).
20 (Mausner et al.).
24 (Kohler et al.).
25 (Bergmann et al.).
14 (Bergmann et al.).
11 (Naumann et al.).
10 (Bergmann et al.).

Na, O
Mg, O
Al, O
Si,O
K,O
Ca,O
Ti,O
Fe,O
B:,O

Cd, Mg
Sn,Mg
Cu, A1

Ni, Ca
Nb, V
Cu, Ni
Y,Ni

Ag, Zn

Te,Se

1.14+0.03
0.92+0.05
0.73+0.09
0.88+0.03
1.62+0.10
1.89+0.10
2.64+0.18
3.24+0.26
3.43+0.34

3.14+0.25
2.73+0.30
3.51+0.05
1.64+0.16
1.21+0.04
1.08+0.05
0.77+0.11
0.98+0.04
1.02+0.08

1.00+0.04
0.93+0.04
0.76+0.06
0.84+0.06
1.54+0.05
1.90+0.09
2.66+0.19
3.28+0.21
3.76+0.27

3.24+0.24
2.73+0.23
4.29+0.58
1.52+0.14
1.11+0.14
1.13+0.15
0.81+0.09
0.98+0.08
1.16+0.19
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FIG. 1. Calculated values of capture probabilities
P {Z) vs Z. Values are normalized to P (8)= 1.00.
Dashed curve: Theoretical prediction of Ref. 4.

bilities P(Z) do not strongly depend on the second

component Z', the concentration, or the nature of
the chemical bond. The capture probabilities P(Z)
in Table I can be compared with the measured cap-
ture ratios in oxides, since the P(Z) are normalized
to P(8)=1.00. Figure 1 shows P(Z) as a function
of Z together with theoretical predictions for oxides
calculated with the formula

Z'~ ln(0. 57Z)r(Z')
Z' ' ln(0. 57Z')r(Z)

r(Z) being the atomic radius of element Z. The
periodicity of P(Z) is evident.

III. APPLICATION TO TERNARY
COMPOUNDS, GLASS, AND ALLOYS

Although P(Z) values were derived only from
binary compounds, it can be asked if they are valid
also for a wider class of materials. In this case,
they would represent an essential help for the appli-
cation of muonic x rays to elemental analysis of
matter. In order to answer this question, measured
capture ratios in ternary compounds, glass, and al-

loys are compared in Table II with calculated ratios
of P(Z). The agreement is very good. This demon-

strates that the average capture probabilities are a
powerful tool if muonic x rays are applied to non-
destructive chemical analysis. In particular, the
glass data show that for elements with an abun-
dance as low as 0.1 at. %%uo th econcentratio nca nb e
determined with a relative error smaller than 10%.
However, it should be kept in mind that the capture
probabilities are valid only for homogeneous anhy-
drous and solid matter.
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