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Muonic Coulomb capture ratios and x-ray cascades in oxides

T. von Egidy, W. Denk, * R. Bergmann, H. Daniel, F. J. Hartmann, J. J. Reidy, ~ and W. Wilhelm
Physik-Department, Technische Universita't Mu'nchen, Munich, Germany

(Received 11 August 198Qj

Muonic x-ray spectra from 57 oxides have been measured with Ge detectors at the muon channel of SIN. Coulomb
capture ratios and muonic x-ray intensities were deduced. A novel method was applied for oxides of heavier
elements. The results exhibit for the first time systematic relations between capture ratios, the x-ray intensities in the
oxidized element and in the oxygen, and the radius of the atoms. Periodic behavior with Z was established in many
cases.

I. INTRODUCTION

The interaction of negative muons with solid,
liquid, or gaseous matter is an interesting topic
on its own. The understanding of such processes
may yield information on questions in solid-state
physics, atomic physics, chemistry, or biology
such as atomic potentials, electron densities,
atomic radii, chemical binding, or composition of
compounds. Moreover, this information is often
required for the interpretation of other experiments
with negative muons, pions, kaons, or antiprotons
which are aiming at nuclear radii, nuclear interac-
tions, or quantum electrodynamical questions.

The Coulomb capture of negative muons pro-
ceeds via pure electromagnetic interaction. The
negative muon coming from an accelerator is
slowed down .to an energy of less than one keV and
then captured into an atomic (or molecular) orbit.
It arrives at quantum states characterized by the

.quantum numbers (n, l) and cascades down to the
1s state by emission of Auger electrons or quan-
tum radiations. Other deexcitations (nuclear ex-
citation, neutron emission) are very rare. In a
chemical compound the cascade takes place in one
of the component atoms. Finally, the muon in the
1s state decays or interacts with the nucleus. A
general discussion of the new results in the re-
search on muons in matter can be found in the pro-
ceedings of a recent symposium. '

Until now most of the experimental results on the
Coulomb capture of negative muons were obtained
by the measurement of relative intensities of
muonic x rays. These intensity measurements
yield two kinds of information. First, the angular
momentum distribution P(l) of the captured muons
at a high-lying principal quantum number n can be
deduced applying cascade calculations. ~ ' Crude
information as to whether the capture is preferred
into low or high angular momentum states can be
obtained from the K P-to-Kn ratio.
tribution P(l) or the ratio K P-to-K n can be deter-
mined for pure elements or component atoms in a
chemical compound. Second, the Coulomb capture

ratio into different atoms of a chemical compound
can be obtained by the ratio of the total K-series
intensities as first done by Zinov et al. 2 These
experiments showed that the cascade intensities
depend on the chemical structure ' ""
'~8 and that capture ratios vary more or less

periodically with the atomic number Z."2 ' ~

Although these effects are well established, only
few systematic studies exist over a wide range in
the periodic table. "

The theory of the Coulomb capture of muons was
pioneered by Fermi and Teller34 who suggested
that the capture rate is proportional to Z ( Z
law"). However, "more reliance has been placed
on the result of this calculation than the authors
had intended" (Ref. 27). Since the Z law failed to
reproduce the experimental results, 2~ several
authors'6 '~ extended the calculations of Fermi
and Teller. However, only recently theoretical
predictions of capture ratios were published '4 ' '
which include a periodic variation with Z and
which give reasonable agreement with capture
ratios in oxides. The initial" angular momentum
distribution P(l) was previously assumed4~ 44 to
have a statistical shape P(l) ~ 2l +1. In order to
reproduce the experimental data, a modified sta-
tistical shape P(l) ~ (2l +1)e ' was introduced
where n is treated as a free parameter. Sys-
tematic theoretical predictions of K P-to-K n
ratios or of 'initial" angular momentum distribu-
tions P(l) do not exist. Only a few authors~'38'4~ 4'

performed theoretical calculations to obtain the
"initial" angular momentum distribution. Their
results are in most cases close to a statistical
distribution.

The periodic behavior of the capture ratios was
compared with the electron affinity, the atomic
radius, 4' the atomic volume, the ionicity, the
positron lifetime, and with corresponding values
of pionic and kaonic x rays, 30'3 ' ' and correla-
tions have been identified. 33 The periodic varia-
tions of the Coulomb capture ratio and of cascade
intensities can be very well studied systematically
for oxides, because a large number of oxides is
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available and the chemical structure is sufficiently
well known. Capture ratios of oxides were already
reported by Sens et al. 5' and Baijal et al. ~ who
measured the different lifetimes of the muons in
the 1s state. Zinov et a/. were the first who
measured oxides systematically '(with the method
of the K-series intensities) and in this way th'ey

found the periodicity of the capture ratios. How-

ever, they used NaI detectors for the detection
of the x ray. Some selected oxides were measured
later with Ge(Li) detectors, '3'24'52'53 and some dis-
crepancies were found. Therefore, it seemed very
desirable to measure as many oxides as possible
with high-resolution Ge(Li) detectors in order to
obtain capture ratios as well as the detailed in-
tensity patterns of the K series in the oxidized
element and in the oxygen. Moreover, in the
present investigation a novel technique (Cu-box
method) was applied for the Coulomb capture
ratios of the oxides with Z «46 which are difficult
to measure with Zinov's method, because the
measuring time becomes very long and the uncer-
tainties in the efficiency calibration of the detec-
tors and in the absorption corrections become
large. A detailed description of the experiments
can be found in Ref. 54. The capture ratios ob-
tained with the Cu-box method have been slightly
modified in the present paper compared with the
previous publication3' due to an improved calibra-
tion. The empirical intensity correlations in

muonic x-ray spectra of oxides deduced from the
values of the present investigation have been re-
por ted. 33

II. EXPERIMENTS

All experiments were performed at the muon

channel I of SIN (Swiss Institute for Nuclear Re-
search, Villigen, Switzerland). A general de-

scription of the experimental arrangement, of the

data-collection system and of the data evaluation
will be published elsewhere. ' The muons, identified
with a scintillation counter telescope, were slowed

down by some centimeters of polyethylene and

stopped in the target which was tilted to the beam

axis. The spectra were measured with two types
of Ge detectors, a 5-cm3 intrinsic Ge detector for
30 keV & E„&1 MeV (850-eV FWHM at 130 keV,
in beam) and a 50-cm' Ge(Li) for 100 keV & E„
& 10 MeV (2.4-keV FWHM at 1.3 MeV, in beam).
As an example of the measuring conditions we

give some typical rates for a proton beam of 20

pA and a muon momentum of 85 MeV/c: telescope
4x104 sec ', small detector singles 800 sec ', and

large detector singles 4000 sec '. The measuring
time varied from 20 min to 36h per target (about 30
min with the Cu-box method). The spectra in

prompt coincidence with the telescope were col-
lected with 8192-channel ADC's and stored in an

on-line computer. Delayed spectra and ungated
spectra were also recorded in order to identify
nuclear gamma rays and to survey the coincidence
electronics, respectively. The efficiency of the
detectors was determined very carefully with cali-
brated sources of ' Co "Ba '3'Cs, and 8 Co,
with a source of 58Co, and with gamma ray inten-
sities up to 9.7 MeV from the Cr(n, y) reaction"
(measured at the FHM reactor at Garching near
Munich).

The muonic K-series intensities of oxides of 43
elements were measured. In six cases two dif-
ferent oxides of the same element were investi-
gated. For the elements with Z& 52, Zinov's
methodm was applied to determine the Coulomb
capture ratio. That is, this capture ratio was ob-
tained by determining the ratio of the total K-series
interisities of the oxidized element and of the oxy-
gen. For elements with Z«46, the novel Cu-box
method ' ' was applied to obtain the capture
ratios.

For the first method the targets had an area of
5& 7 cm . The target material had a mass of 28

g corresponding to an areal density of 0.8 g/cm
The resulting target thickness was several mm.
The target frame consisted of aluminum (0.5 mm

thickness) covered with Mylar foil (2 pm thick-
ness) or Al foil (10 pm thickness). Some target
containers were made completely of polyethylene
(for instance for the Al oxide measurement). A

special Al container was constructed for techneti-
um oxide, because only a sample of 1.6 g TcO&

was available and because a tight container was
required for this radioactive material. It con-
sisted of a disk with 3 cm outer diameter and 1.5
cm thickness, double walls and an inner volume
of 0.9 cm3.

The targets for the Cu-box method are described
elsewhere. 3 '5 The Cu boxes had the size 7 x 5
&& 0.6 cm3 with a wa11 thickness of 0.2 mm. The
boxes were divided in two parts by a 7 x 5x 0.04-
cm3 Cu sheet. Both sections of the box were filled
with 10 g oxide each.

In order to determine the spectrum of the back-
ground, in particular the intensity of oxygen lines
in the background, special targets of boron powder,
graphite, magnesium sheet and nickel sheet, re-
spectively, were measured. Examples of mea-
sured spectra are shown in Fig. 1. For the Cu-
box method, spectra were recorded only with the
5-cm3 intrinsic Ge detector, because only the re-
gion of the oxygen K series and of the Cu 4f3d-
transition (100—200 keV) was needed.

III. EVALUATION AND RESULTS

The spectra were analyzed for line intensities
with the aid of a computer program. Gaussian
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FIG. 1. Muonic x-ray spectrum of Cr03. The low-energy part was measured with the small detector (0.11 ke V/
channel), the high-energy part with the large detector (0.21 keV/channel). N =counts per channel.

line shapes with an exponential tail and with a
step function under the lines were used. The in-
tensities were corrected for detector efficiency
and target self-absorption. In the cases where
both the small and the large detector were used the
two spectra were normalized using the strong lines
appearing in both spectra, usually the 3d-2P transi-
tion in the oxidized element. The contribution of
the background to the intensity of the oxygen K
series was very carefully determined. This was
achieved by comparison of telescope rates and in-
tensities of background lines from C, N, Al, and

Cu with corresponding rates and intensities of
targets without oxygen (see Sec. II).

A. Capture ratios and cascade intensities obtained
with Zinov's method

The Coulomb capture ratios for oxides with Z
&52 were determined by Zinov's method. The per-
atom capture ratio is given for a compound g~g'
by

x(z, z') = [1. ..„(z)/1. .. (z')] m/0,

where Ir „tz (Z) is the total K-series intensity
(not normalized) of the element Z and m/k is the
stoichiometric ratio, and Z' equals 8 for oxides.
The basic assumption of this formula is that all
muons end up by radiative transitions in the ls
state. This assumption is justified in all elements
we investigated with this Method. The capture
ratios determined with formula (1) are listed in
Table I, Column 3, and marked with Z . In
three cases (CaO, SrO, BaO) the oxides are very
hygroscopic and the water content was not
checked; therefore only lower limits for the cap-
ture ratios are given.

Muonic x-ray intensities for the K series in the
oxidized element and in the oxygen are given in
Table II. In some cases the I.-series intensities
were also obtained (Table III). These intensities
were normalized with the total K-series intensities
giving intensities Y; per captured muon in one ele-
ment,

+i ii/~E total- (2)

where .Y; and I; are the normalized and measured
intensities, respectively. The errors &F; were
calculated from the errors 4I; with the error
propagation law yielding relatively small errors
for the 2P-1s transitions. The errors include the
contributions from the statistical error, the detec-
tor efficiency calibration (about 5%), the target
self- absorption and the normalizations.

The measurement of the L series provided an
internal check of the different corrections to the
intensities, in particular of the detector efficiency,
because the total L —series intensity has to be
equal to the 2P-1s transition if the Auger contribu-
tion is neglected. Our results are consistent with
these requirements within the error bars, in all
cases.

B. Capture ratios obtained with the Cu-box method

The Coulomb capture ratio for 25 oxides was
measured with the Cu-box method which is de-
scribed in detail elsewhere. s'5 The target ma-
terial is contained in a copper box. Using the in-
tensities of the low-energy muonic x rays from
copper (4-3 transition at 115 keV and 3-2 transi-
tion at 330 keV), the number of stopped muons in
both components of the oxide can be derived after
suitable corrections and an appropriate calibra-
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TABLE I. Muonic Coulomb capture ratios in oxides.

Oxide

Experimental ratios
Present Z inov

investigation Method et al.
Other

authors Daniel

Calculated ratios
Schneuwly

gt a). '

Na202

{~:,
A1203
SiO g

P2O5.
'

12

13

14

15

34
38
39
4Q

41
42
43
46
47
48
49
50

51

52

56

5V

58
60
62
63
64
66
70
71
73
74
81

82

SeO2
SrO'
Y203
Zr02
Nb205
MoOg

Tc02
PdO
Ag20
CdO

In203
Sn02
Sb203
Sb205
Te02

{BOg

La,o,
Ce02
Nd203
Sm203
Eu203
Gd203
Dy2O3

Yb203
Lu203
Ta,o,
%03
T1203

{PbOg

20 CaO'
21 Sc203

TiO

V203
23 V204

- V205
Cr203
Cr03~

25 Mn02
26 Fe203

Co304
Co203

28 NiOg

Cu, o

30 ZnO
31 Ga203
32 Ge02
33 As 203

0.99+0.05
Q. 89+ 0.05

0.74 + 0.04
0.96 + 0.05
0.84 + 0.04
1.00 ~ 0.05

)1.5

2.64+ 0.19
2.70 + 0.13

2.70 ~ 0.19
2.86 + 0.20
3.45+ 0.25
3.52+ 0.18
2.60 + 0.19
3.21 + 0.20
3.35 + 0.25
3.70+ 0.38
2.66 + 0.20

3.26 + 0.23
3.06 ~ 0.24
2.77 + 0.20
2.90 + 0.21
3.39~ 0.25
2.72 + 0.20

&1.2
2.19+ 0.16
2.62 + 0.19
2.95 + 0.23
3.60 ~ 0.29
3.26 + 0.31
3.5V+ 0.44
3.83 + 0.32
3.14+0.25
2.92 + 0.31
3.02 + 0.23
3.52 + 0.28

3.22.+ 0.25
&1.6

2.84 + 0.36
2.73 + 0.33
4.50 + 0.55
5.13+ 0.35
4.40 + 0.74
4.34 + Q.46
5,52 + 0.33
5.79 + 0.61
6.85 + 0.42
5.31+0.58
7.20+ 0.73
5.75 + 0.67
4.81+ 0.5V

4.88+ 0.55
5.03 + 0.58

Z
Z
Z

Z
C, Z

Z
Z
Z
Z
Z
C, Z
Z
C
Z

Z
Z
Z
Z
Z
Z
Z
Z
Z
Z
Z
Z
C
Z.
C, z
Z
Z
Z

Z
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

0.79+ 0.07

1.36 + 0.10
2.78 + 0.20

0.87 + 0.07
0.93 ~ 0.10
1.45+ 0.09 '

2.70+ 0.20

3.10+ 0.20
3.00 + 0.17

1.90 ~0.10 ~

2'.19+ 0.18 ~

2.28 + 0.23 ~

2.68+ 0.14'
2.04+ 0.11 ~

3.8 ~0.9
3.6 +0.4
2.66 + 0.32

6.1 ~0.9'

2.91+ 0.11

1.83 + 0.12 2.07 + 0.13
2.38 + 0.16

3.48 + 0.23

6.7 + 1.5
2.94 + 0.28
3.17+ 0.24
3.48 + 0.35
1.73 + 0.09

2.47+ 0.22 '

2.79 + 0.15 '

2.27 + 0.22
3.28+ 0.30

3.09 + 0.34

3.18R 0.34

5.8 + 0.7
4.17+0.30 4.56 + 0.53 '

. 0.92+0.02'
0.83 ~ 0.04
0.82+ P.05
0.85 + P.Q6 0.65 + 0.06

1.03
1.06
0.87

0.82
0.93
1.59
1.77

1.95
2.09
2.10
2.12
227

2.49

2.59

2.84
2.88
2.81

2.11
2.19

2.61

3.10
3.16
3.24
3.24
3.33

2.64
2.61
2.64
2.86

3.25
3.36

3.74
4.28
4.42
4.78
4.97
4.02
3.74
3.83

0.93
1.20

(1.20)
1.43

(1.65)
1.65

(1.V9)
1.46
1.82

(2.11)
2.11

(2.37)
(2.37)
2.37
2.41
2.56
2.59

(2.73)
(2.85)
(2.85)
(2.94)
2.93

(2.93)
2.75
2.78
2.93
(2.95)
(2.98)
2.09
2.54
2.90
3.22
3.43

(3.59)
(3.70)
3.57
3.34
3.19
3.47

(3.42)
3.42

(3.44}
2.57

(2.57)
3.10
3 44
3.30
3.41
3.45
3.47
3.60
3.80
3.84
4.62
4.85
4.20
(4.15}
4.15
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TABLE I. (Continued)

Z Oxide

Experimental ratios
Present Zinov

investigation ]ge&od et al .
Other

authors Daniel

Calculated ratios
Schneuwly

et al.

83 Bi203
90 ThO,

UO2

92 UBOH

UO3

3.77 + 0.43
3.57 + 0.50
4.65 + 0.55
4.99+ 0.65

C
C
C
C

4.3 *0.5

6.0 + 0.5

3.65
3.11
3.48

3.56

(4.31)
4.27
(4.98)
(4.98}
4.98

C: measured with the Cu-box method; Z: measured with Zinov s K-series method.
From Zinov et al. (Refs. 26 and 52).
From Schneuwly et al. (Ref. 40) (version b of 'Table Q.
From Daniel (Ref. 41), the values are in brackets if the radius does not correspond to the

correct valence.
~ From Schneuwly et al. (Ref. 57).

From Sens et al. (Ref. 51).
~ Might contain Si+ Si02.

From Mausner et al. (Ref. 13).
Hygroscopic, might contain H20.

' From Knight et al. (Ref. 24).
"Black nickel oxide.

From Baijal et al. (Ref. 29).

tion. The number of captures in the oxygen is ob-
tained by summing up the oxygen K-series intensi-
ties. The difference between the total number of
muons captured in the oxide and the number cap-
tured in oxygen is the number of muons captured
in the oxidized element. The resulting capture
ratios are listed in Table I, Column 3, and
marked with "C." The x-ray intensities of the
oxygen K series are given in Table II.

IV. DISCUSSION

A. Coulomb capture ratios in oxides

The Coulomb capture ratios A(Z, Z') in oxides
are listed in Table I together with previous results
by Sens et al. ,"]3ajal eI; al. ,~' Zinov et al. ,

26'2

Knight et al. ,24 and Mausner et al. '3 An experi-
mental value of Schneuwly et al."is also given for
Na although this ratio is obtained as average from
NaNO&, NaNO„NamSO3, Na&SO4, Na&Se03, and

Na2Se04. The agreement is in most cases very
good. The ratios of Knight ef; al. are in all cases
smaller than our values.

After the completion of the present investigation
a preprint of Suzuki et al. came to our attention.
These authors derived capture ratios of 22 oxides
by measuring the different lifetimes. In all 15
cases which can be compared with our capture
ratios the differences are larger than the summed
errors, Suzuki's ratios being larger for the oxides
of Al, Si, Mn, and Cu, and smaQer for all other
oxides. A reason for these discrepancies is not
obvious. A detailed comparison is difficult be-

cause of the completely different experimental
methods.

In Columns 6 and 7 of Table I, theoretical pre-
dictions by Schneuwly ef' al. 40 and Daniel ~ are
given. Our new experimental results and various
predictions are shown in Fig. 2. It is evident that
the predictions of Fermi and Teller, 4 Daniel, 6

and Vogel et al. ' 8 which do not take into con-
sideration a 2 periodicity, fail to reproduce the
experimental values although Daniel's36 curve lies
about in the middle of the experimental points.

Recently Daniel4' proposed a new formula for the
capture ratio where the capture probability is pro-
portional to 1jR(Z). R(Z) is the metallic radius of
the atoms for the coordination number 12 and the
actual valences as summarized by Pearson

Z'~3 ln(0. 5VZ)R(Z')
Z" ln(0. 5VZ')R(Z)

'

Using this formula one obtains values which are
in excellent agreement with the experimental
values for 30 ~ Z & 57 and which reproduce the gen-
eral trend quite well for 20 & g & 30 and Z ~ 57. In
the third period the agreement is very good for Na
but fails by a factor of 2 for Si.

A different approach to reproduce experimental
Coulomb capture ratios was recently published by
Schneuwly et al. In this method one assumes that
the not too strongly bound electrons play a decisive
role. In Table I and Fig. 2 we give the values of
version b of Schneuwly- et al. Their values are
surprisingly similar to Daniel's results although
the method of the calculation is completely dif-
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TABLE II. Muonic E-series intensities in oxides normal'ized to the sum of the corresponding & series.

Oxide r(2-1)
Oxidized element

I(3-1) S(4-1) I(rest-1) 1(2-1)
Oxygen

1(3-1) I(rest-1)

11
12
13
14
14
15
22
22
23
23
24
24
25
26
27
28
29
30
31
32
33
34
39
4Q

41
42
47
48
49
50
51
52
56
57
58
60
63
64
66
71
73
74
81
82
82
83
90
92
92

MgO
A1203
Sio
Si02
P205 b

TiO
T&02

V2O4

V205
Cr, o,
Cr03"
Mn02
Fe203
Co304
Nio, „'
CL10

ZnO

Ga203
Geo,
As203
Se02
Y203
Zr03
Nb205
Mo03
Ag20
Cdo

Sn02
Sb203
Te02
Ba02
La203
Ce02
Nd203
Eu203
Gd203
Dy203
Lu203
Ta205
Wo03
Tl203
PbO
Pb02
Bi203
Th02
UO2

U308

0.772 + 0.004
0.801 + 0.005
0.793+0.005
0.806 + 0.004
0.814+ 0.006
0.792 + 0.006
0.794 + 0.004
0.809 + 0.006
0.768 + 0.005
0.782 + 0.007
0.776 + 0.005
0.753 + 0.005
0.741 + 0.007
0.762 + 0.008
0.747 + 0.006
0.740+ 0.006
0.770 + 0.008
0.807 4 0.008
0.834+ 0.005
0.853 + 0.004
0.857 R 0.012
0.836 + 0.008
0.870 + 0.006
0.895+0.006
0.867 +0.009
0.847+ 0.013
0.883 + 0.008
0.901+ 0.010
0.861 + 0.062
0.921 + 0.009
0.921 + 0.009
0.895 + 0.010

0.092 & 0.003
0.082 + 0.004
0.080 + 0.003
0.076 + 0.003
0.075 + 0.003
0.073 + 0.004
O. OVO + 0.002
0.066 + 0.002
0.076 + 0.003
0.074 + 0,003
0.072 + 0.003
0.076 + 0.003
0.075 + 0.004
0.074 6 0.003
0.076+ 0.003
0.077 + 0.004
0.074 q 0.006
0.068 + 0.003
0.064 + 0.003
0.066 + 0.003
0.067+ 0.003
0.06V + 0.003
0.064 + 0.004
0.055+0.003
o.o64+ o.oo6
0.048+ 0.010
0.059+0.005
0.049 + 0.006
0.050 + 0.007
0.044 + 0.006
0.039 6 0.006
0.060 + 0.008

0.060+ 0.002
0.055 + 0.003
0.049 + 0.003
0.042 + 0.002
0.041 + 0.003
0.040+ 0.003
0.025 + 0.001
0.023 + 0.001
0.025+ 0.001
0.027 + 0.002
0.024 + 0.001
0.029 ~ 0.002
0.030 + 0.002
0.027 + 0.001
0.025 + 0.001
0.023 + 0.003
0.021 R 0.002
0.024 6 0.002
0.017+ 0.002
0.016 + 0.001
0.014 + 0.001
0.015+0.002
0.012 + 0.002
0.016 + 0.003
0.017+ 0.002
0.026 + 0.006
0.012 + 0.003
0.021 + 0.008
0.017+ 0.004
0.008 + 0.004
0.014 + 0.003
0.017+0.003

0.076+ 0.003
0.062+ 0.004
0.078 + 0.004
0.077 + 0.003
0.070 + 0.005
0.094 + 0.005
0.112+ 0.004
0.102 + Q.005
0.131+ 0.005
0.116+ 0.007
0.129+0.004
0.141+ 0.005
0.153+ 0.006
0.136+ 0.008
0.152 + 0.006
0.159+0.006
0.134+ 0.007
0.102 + 0.008
0.085 + 0.004
0.064 + 0.003
0.062 + 0.012
0.082 + 0.009
0.054 + 0.005
0.034 + 0.004
0.052 +0.007
0.079 + 0.010
0.046 + 0.007
0.030+ 0.005
0.071+ 0.067
0.027 + 0.006
0.025 + 0.006
0.028 + 0.007

0.631+ 0.004
0.686 + 0.004
0.657+ 0.004
0.640 + 0.004
0.648 + 0.004
0.611+ 0.004
0.646 + 0.006
0.627 + 0.005
0.600 + 0.004
0.611+ 0.004
O.570 + 0.004
0.618+ 0.004
0.522 + 0.005
0.504+ 0.005
0.615+ 0.006
0.553 + 0.005
0.557 + 0.005
0.641 + 0.005
0.642 + 0.005
0.606 + 0.005
0.596+ 0.004
0.573 + 0.007
0.679 + 0.004
0.655 + 0.004
0.624+ 0.023
0.608 + 0.009
0.603 + 0.018
0.649 + 0.061
0.631+0.007
0.591+ 0.008
0.608 + 0.009
0.602 + 0.006
0.588 + 0.014
0.617+ 0.017
0.632 + 0;014
0.587+ 0.013
0.618 + 0.016
0.618+ 0.013
0.637 + 0.021
0.633 ~ 0.022
0.610+ 0.017
0.578 + 0.015
0.492 + 0.028
0.464 + 0.031
0.543 + 0.020
0.510+ 0.020
0.612 + 0.033
0.615+0.020
0.657 + 0.018

0.162 + 0.003
0.154+ 0.003
0.167+0.004
0.168 + 0.003
0.165+ 0.004
0.173+ 0.003
0.160+ 0.004
0.163+ 0.003
0.167+0.003
0.164+ 0.003
0.167~ 0.003
0.162 + 0.003
0.226 + 0.005
0.218 + 0.004
0.176 + 0.006
0.203 + 0.005
0.1736 0.003

.0.170+ 0.004
0.153+ 0.004
0.165+ 0.004
0.172 6 0.004
0.158,+ 0.007
0.158+ 0.003
0.164+ 0.003
0.162 + 0.006
0.167+ 0.006
0.193+ 0.008
0.148~ 0.059
0.167+ 0.005
0.163+ 0.010
0.185+ 0.006
0.194+ 0.005
0.1686 0.009
0.168+ 0.011
0.160+ 0.009
0.171+ 0.008
0.173+ 0.011
0.173+ 0.008
0.162+0.015
0.172 6 0.015
0.168+ 0.012
0.1V6 + 0.011
0.258 + 0.027
0.225 + 0.030
0.184+ 0.014
0.197+ 0.015
0.156+ 0.013
0.163+0.014
0.149+ 0.012

0.206+ 0.004
0.161+ 0.003
0.176+ 0.003
0.192 + 0.004
0.187+0.003
0.216 + 0.004
0.193+ 0.004
0.210 + 0.005
0.233+0.004
0.224 + 0.004
0.262 + 0.005
0.221 + 0.004
0.253+ 0.006
0.278 + 0.005
0.209 + 0.012
0.245 + 0.005
0.269 + 0.005
0.1896 0.005
0.205 + 0.005
0.228 + 0.005
0.232 + 0.004
0.268 ~ 0.006
0.163+ 0.004
0.181R 0.004
0.214+0.007
0.224+ 0.00V
0.205 + 0.022
0.203 + 0.053
0.202 + 0.006
0.245 + 0.006
0.207 2 0.010
0.205 + 0.007
0.244 + 0.010
0.2156 0.010
0.208 + 0.009
0.242 + 0.010
0.209 + 0.010
0.208 + 0.010
0.201 + 0.018
0.195+ 0.017
0.222+ 0.014
0.246 + 0.012
0.250 + 0.027
0.311+ 0.030
0.273+ 0.016
0.293 + 0.017

0.222 + 0.016
0.194+0.015

Might contain Si+ Si02.
Hygroscopic, might contain H20.
Black nickel oxide.

ferent. The values obtained with Daniel's formula
are in slightly better agreement with experimental
values for 30 & S & 57. However, for 12 & Z & 15
the values of Schneuwly et al. are in much better

agreement with the experimental ratios. This is
due, in part, to a specially adapated value of their
parameter E, used for this region,

It can be concluded from the good agreement of
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TABLE III. Muonic L-series intensities in the oxidized element.

22
22
23
23
24
24
25
26
27
28
29
30
31
32
33
34
39
40
41
42
47
48
49
50
51
52

Oxide

TiO
Ti02
V204
V205
Cr203
Cr03
Mn02
Fe203
Co304
NiOg

CuO
ZnO

Ga203
Ge02
As203
Se02
Y203
Zr02
Nb205
Mo03
Ag20
CdO

In203
Sn02
Sb203
Te02

I(3d-2p)

0.535 + 0.029
0.601 + 0.023
0.492 + 0.025
0.595 + 0.031
0.421 + 0.021
0.496 ~ 0.023
0.429 + 0.022
0.466 + 0.034
0.489 + 0.025
0.490+ 0.026
0.484 + 0.025
0.564 + 0.031
0.526 + 0.027
0.565+ 0.029
0.583 + 0.030
0.634 + 0.034
0.809 + 0.041
0.770 + 0.039
0.772 + 0.040
0.694 + 0.036
0.755 + 0.040
0.788 + 0.042
0.772 + 0.069
0.776 + 0.042
0.820+ 0.044
0.830+ 0.044

1(4e-2p)

0.082 +-0.004

0.091+ 0.005

0.082 + 0.004

0.074 + 0.004

0.099 + 0.007

0.083 6 0.005

0.080 + 0.005
0.083 + 0.005

0.073 + 0.005

0.072 + 0.004

1{5m-2p)

0.041 + 0.002

0.047 + 0.003

0.040 + 0.002

0.042 + 0.002

0.028 + 0.002

0.036 + 0.003

0.028+ 0.002
0.039 + 0.004

0.018+ 0.005

0.024 + 0.003

I(rest-2p)

0.079+ 0.004

0.056 + 0.005

0.128 + 0.007

0.134+ 0.007

0.064 + 0.004

0.041 + 0.004

0.057 ~ 0.005
0.049 + 0.006

both calculations with the experimental results
that the basic features of the Coulomb capture of
muons in oxides are now understood. One can
hope that an improvement of the above-mentioned
calculations will solve the remaining discrepan-
cies.

In six cases, two oxides with different valences
of the same element were measured. %e do not
discuss SiO in this context because the composi-
tion of SiO is not well defined; it may consist of
Si+Si02. The ratios of the Coulomb capture
ratios are given in Table IV. Although the effect
is not significant in the individual cases, it can be
stated that in all cases the oxide with the higher
valence appears to have the higher capture ratio.
The capture ratios of the oxides with higher
valences are on the average (3.7+1.3)% larger
than the capture ratios with lower valences. This
is in agreement with Daniel's theory which pre-
dicts higher capture ratios for the smaller atomic
radius of the oxide with the higher valence.
Schneuwly et &l. calculate capture ratios in seven
cases for two oxides of the same element and ob-
tain on the average 2% higher ratios for the higher
valences. This is an additional indication that the
basic assumptions of both theories are correct.

B. Intensities in muonic K and L series of oxides

The muonic x-ray intensities in the oxidized ele-
ment and in the oxygen are listed in Tables D and

III and plotted in Figs. 3 and 4. These figures in-
clude curves which resulted from cascade calcula-
tions with Hiifner's program. 3 All these calcula-
tions start with an assumed initial principal quan-
tum number n = 20 and include refilling of the
electronic It shell with a rate which was set to 50%
of the normal refilling rate ' of one K hole in the
element (Z-1). The angular momentum distribu-
tion was assumed to be statistical [P(l) = (2l + 1)/
400] or constant [P(l) =0.05], respectively. For
the discussion of Figs. 3 and 4 one has to keep in
mind that higher Kn intensity and lower intensity
of the other K-series members can be caused
either by higher angular momentum l of the cap-
tured muon or by a slower refilling rate of elec-
tronic K holes created by muonic Auger transi-
tions. Only a detailed fit of the parameters used
in the cascade calculation to the experimental in-
tensities can yield the initial angular momentum
distribution P(l) and the K-refilling rate. This
has been done in a recent publicat&on by our
group'2*" for metallic Mg, Al, Fe, In, Ho, and
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FIG. 2. Coulomb capture ratios A. (Z, Z'), Z'= 8, in oxides. Open circles indicate the higher-valence, full squares
the lower-valence oxide. The lines correspond to the calculations by Vogel et al. (Ref. 37) (short dashes); Fermi and
Teller's "Z law" (Ref. 34) (long dashes); Daniel (Ref. 36) (long dashes-dots); Daniel (Ref. 38) (continuous curve); and
Schneuwly eI; a). (Ref. 40) (short dashes-dots). The Roman numerals indicate the respective periods of the periodic
table.

Au, and it showed that the K-refilling rate is
slower by a factor of about 4 for metallic Mg, Al,
and Fe and corresponds about to the normal rate
for metallic In, Ho, and Au. Such detailed cas-/

cade calculations have not yet been performed for
oxides. The present data which include only some
transitions in tQe K and L shells are not sufficient
for this purpose.

Most theoretical calculations of P(l) obtain a
nearly statistical initial distribution. Only Leon
and Miller4' include a parameter which may shift
the distribution to lower l values.

The inspection of Fig. 3 shows clearly that there
exists a periodic variation of the muonic x-ray in-
tensities with Z as already discussed in previous
publications. ~ '~~'~5 The different intensities
[I(2-1), I(3-1), I(rest-l), I(3d-2P)] are correlated
to each other as is expected, and most of the in-

- tensities fall between the two curves calculated for
statistical and constant initial distribution. The
variation with Z is most pronounced for the (2-1)
and (rest-1) transitions. The oxidized elements
with Z & 22 have intensities which indicate that the

angular momentum distribution favors higher l
values more than the statistical distribution pre-
dicts or that the electronic K-refilling rate is
more strongly reduced. Indeed, the previous
publication of our group" pointed out both that for
Mg and Al metals the l distribution is shifted to-
wards higher l and that the E-ref illing rate of these
elements is reduced. This seems to be the case
also for all oxides with Z& 22. As was discussed
in Ref. 17, the reason for the reduction of the K-
refilling rate of these elements is a strong de-
pletion of the electronic L shell, because L-shell
refilling is much slower than the muonic I--Auger
rate. However, the refilling rates of the heavier
elements are always faster than the muonic Auger
rates.

The region from Cr to Cu (24 & Z & 29) and Mo
(Z=42) exhibit a preference for the constant initial
l distribution, that is, for lower initial l values.
This is also in agreement with previous results on
metallic Fe." Cr and Mo are in the same group
of the periodic table. Also the region from Cu to
Se (29 & Z & 34) and the region from Ag to Te
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FIG. 3. Muonic K- and I -series intensities of the ox-
idized element. Open circles indicate the higher-val-
ence, full squares the lower-valence oxide. These re-
sults were obtained only with Zinov's method. The full
lines correspond to cascade calculations with statistical
and constant initial distributions, respectively. The
dashed lines are drawn to make the periodicity in the
third (only Al, Si, and P can be compared), fourth, and
fifth period of the periodic table more easily recogniz-
able.

(4V ( Z ( 52) which are in corresponding groups of
the periodic table show exactly the same behavior.
The KG. intensity increases from Cu to As and
drops to Se and it increases from Ag to Sb and
drops to Te. The En intensities of Al, Si, and P
in the third period also show a similar behavior
as the corresponding values in the fourth and fif th
period (Ga, Ge, As, and In, Sn, Sb). The dashed
lines in Fig. 3 indicate this periodic behavior in
the third, fourth, and fifth period of the elements.

In four cases the intensities have been mea-
sured in two different oxides of the same element
(Si, Ti, V, Cr). The ratios of these intensities
are given in Table gf. The K-series intensities
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These results were obtained with Zinov's method and with

agree nearly in all cases for the different oxides,
although there is a tendency that the (2-1) transi-
tions in the oxidized element are larger for the
higher oxidation and that the other E-series mem-
bers are smaller for the higher oxidation. The
(3d-2p) transitions of the higher oxidations of Ti,
V, and Cr are about (14+6)% larger than the cor-
responding transitions of the lower oxidation. This
might be an indication that at least in the oxides
under consideration the higher valence favors
higher angular momentum l of the captured muon
and/or lower electronic refilling rate.

Figure 4 shows that the' muonic E-series intensi-
ties in oxygen also fall in most cases behveen the
lines for statistical and constant initial distribu-
tion. Only some (3-1) intensities are stronger
than the predictions using a constant initial dis-
tribution, most likely because the parameters of
the cascade calculations were not optimized. These
intensities for oxygen also exhibit a periodic be-
havior with Z. This is indicated by the dashed
lines. In comparing the intensities in the third,
fourth, fifth, and sixth period one sees that the in-
tensities of members of the sixth period exhibit a
different behavior. It should be noted that there
exists a minimum in the Kn intensities near Fe
(Z= 26) in the oxidized element and also in the
oxygen. The maxima for Ka in the oxidized ele-
ments are near Ge (Z=32) and Sn (Z= 5Q), while
in oxygen they are found near Zn (Z=3Q) and Cd

(Z =48).
E-series intensities of the oxygen were obtained

in six cases for two different oxides of the same

element (Si, Ti, V, Cr, Pb, U). Except for the
oxides of Ti one observes the same tendency as in
the oxidized element that the higher oxidation is
related to higher (2-1) and lower (3-1) and (rest-1)
intensities (see Table IV).

The variation of the muonic cascade intensities
might be related to the atomic radii ' 9' as in the
case of the Coulomb capture ratios, 4' and com-
parison of Figs. 2 and 3 shows striking similari-
ties of these values. The preferred lower l values
of the captured muon in the Fe region (deduced
from the lower Kn intensity) might be caused by
the smaller atomic radii of these elements. Lower
angular momentum l after the j. capture can be
caused by smaller impact parameter, lower mo-
mentum (energy) of the captured muon, and higher
outer- electron densities. Higher outer- electron
densities increase the frictional force in the outer
regj.ons of the atom where angular momentum is
taken away more efficiently. Smaller atomic radii
lead on the average to smaller impact parameters
and higher densities of outer electrons. The simi-
lar variations with Z of the intensities in the oxi-
dized element and in the oxygen point to a similar
origin, eventually the density of the outer elec-
trons which are, in covalent bonding, electrons
common to both elements. The tendency that the
higher oxidation seems to favor higher l values of
the captured muon in both the oxidized element
and the oxygen, is at variance with the interpreta-
tion that lower l values are caused by smaller
atomic radii, because elements in higher oxida-
tion states have smaller radii.
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TABLE V. Kp-to-K&-ratios in oxides and pure elements (in%).

Oxide
Kp-to-Ku (oxide)

This work Other authors Kp-to-Kn (metal)
Kp-to-K& (oxide) '
Kp-to-Ka (metal)

11 Na202
12 MgO
13 A1203
14 SiO
14 Si02
15 P205
22 TjO

22 Ti02

23 V204

23 V20g

24 Cr203

24 Cr03
25 Mn02
26 pe 203
27 Co304
28 ¹I.Og

29 Cuo
30 Zno
31 Ga 0,
32 Ge02
33 As 203
34 Se02
39 Y203
40 Zr02
41 Nb20~
42 No 03
47 Ag20
48 CdO
49 In203
5Q Sn02
51 Sb 0,
52 Te02

11.92 + 0.39
1Q.24 + 0.50
10.09+0.38
9.43 + 0.37
9.21+ 0.37
9.22 + 0.51
8.82+ 0.25

8.16+ 0.25

9.90 + 0.39

9.46~ 0.38

9.28+ 0.39

10.09+ 0.40
10.12 + 0.54
9.71+0.39

10.17+0.40
10.41 + 0.55
9.61+ 0.78
8.43+ 0.37
7.67 + 0.36
7.74 + 0.35
7.82+ 0.35
8.01+ 0.36
7.36+0.46
6.15+ 0.34
7.38+0.70
5.7 +1.2
6.68 + 0.57
5.44+ 0.67
5.81 + 0.81
4.78 + 0.65
4.23 + 0.65
6.70+ 0.90

8.1+0.4'

9 +1

{11.5 + 1.8
ll +1

5.2 + 1.3

5.2+2.6

10.76 + 0.20
9.79 ~ 0.35
9.33 + 0.37

9.23+ 0.25

9.26 ~ 0.19

9.88+ 0.15

11.62+ 0.43

13 +1'
11.41 + 0.20
11.41 ~ 0.20
13.2 +1.3g
10.39 + 0.28
10.14 + 0.40
7.93 + 0.30

7.06 +0.16
7.21+0.20
6.99 + 0.21
7.06 + 0.24

7.07 + 0.27
7.8 + 0.6

5.86+ 0.42
4.81 + 0.37

1.11+ 0.04
1.05 + 0.06
1.08 +0.06

1.00 + 0.05
1.00 + 0.06
0.89 + 0.03

0.83 + 0.03

0.85 + 0.05

0.81 + 0.05

0.71+ 0.06

0.78 + 0.07
0.89 + 0.05
0.85 + 0.04
0.77 + 0.08
1.00 + 0.06
0.95+0.09
1.06+ 0.06

1.10+ 0.06
1.08 + 0.06
1.15+ 0.06
1.04 + 0.07

1.04+ 0.11
0.70 + 0.15

0.93+0.13
1.21 + 0.21

From Mausner et al. (Ref. 13).
From Knight et al. (Bef. 24).

~ From Zinov et al. (Bef. 21).
From Kessler et al. (Ref. 4).
Prom Bergmann et al. (Ref. 25).

~ From Kaeser et al. (Bef. 16).
g From Quitmann et al. (Ref. 20).

This value was corrected compared to Bef. 25.
' Oxide data from this work, metal data from Bergmann et al. (Ref. 25).

C. KP to-Ke ratios in oxides and pure elements

The determination of absolute intensities in the
K series requires the measurement and careful
evaluation of all transitions in the K series.
Therefore, many authors calculate only the Kp-
to-Kn ratio [I(8-1)/I(2-I)] because many of the
necessary corrections become small for this
ratjo. This ratio is also an indication whether
the muon is captured preferably with high I (low
KP-to-Kn} or low I (high KP-to-Kn). In addition

to this, fast electronic refilling increases KP-to-
K~ and vice versa. In order to compare our in-
tensities with previous measurements, our KP-
to-K~ values of the oxidized elements are given
in Table V together with previous KP-to-En ratios
of oxides and KP-to-Kn ratios of pure elements"
which were also measured by our group. Our re-
sults of oxides are in good agreement with most of
the previous values. 4'3' '~ The last column in
Table V gives the ratios of Kp-to-Kn (oxide) to
KP-to-Kn (pure element). The KP-to-Kn ratios
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for oxides and-pure elements are shown in Fig. 5.
The curves from cascade calculations for sta-
tistical and constant initial distribution are also
drawn. The periodic variation of KP-to-Ko. can
be seen by comparison of the values in the fourth
and fifth period. A remarkable feature of the KP-
to-Ãn ratios is the fact that for Z ~ 15 and Z» 30,
KP-to-Kn of oxides is larger in most cases than
the one for pure elements, while for 22& Z~29,
KP-to-Kn of the pure elements is larger. It can
be stated that in most cases the periodic variation
of KP-to-Kc. is less pronounced in the oxides than
in the pure elements indicating a moderating in-
fluence of the oxygen.

It is a simple argument that the electronic re-
filling rate might be faster in good conductors than
in good insulators, leading to larger KP-to-Kn
ratios for conductors. The comparison of the
KP-to-Kn ratios proves that this argument is not
valid in most cases and that the conductivity plays
no essential role for the cascade intensities and
for the initial l distribution, because the ratios of
the metals are sometimes larger, sometimes
smaller than the ones of the oxides. This was re-
cently also concluded by Kaeser et al. '6 It was
already pointed out that a major inQuence of the
conductivity is very unlikely, because an effect is
only expected if several electrons are missing and
this is improbable in solids.

D. Correlations between the capture ratios, the muonic
Kweries intensities, the atomic radius, and the ionicity

The comparison of Figs. 2-5 demonstrates that
there exist many correlations and anticorrelations
between the capture ratios and the muonic K-series
intensities. The origin of these relations is the
common dependence on periodic properties of the
atoms. Additional correlations of these quantities
exist with the atomic radii and the ionicity. These
correlations of the present data have been cal-
culated applying mathematical correlation theory. "
The results are already published. 33 It could be
shown that there exist general correlations be-
tween the cascade intensities of the oxidized ele-
ment and of the oxygen. A main result was that
after correction for the common Z dependence a
strong negative correlation appeared between the
capture ratios and the atomic radius B. This
finding was explained4' by showing that the capture
ratio is proportional to I/R.

V. CONCLUSION

The present publication gives for the first time
a rather complete view of the Coulomb capture
ratios and the muonic x-ray intensities in the
oxides. The Coulomb capture ratios are in the
fourth period in quantitative agreement with
Daniel's calculations and in the other cases in
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FIG. 5. Kp-to-Kn ratios in oxides and pure elements. The open circles are the ratios of oxides, the full ones of the

respective pure elements. The curves have the same meaning as in Fig. 3. The two dashed curves in the fourth period

(19~ Z & 36) indicate the difference between the oxides and the pure elements.
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qualitative agreement with the predictions of
Daniel and Schneuwly et al. A very good test for
the dependence on the atomic radius would be the
measurement of the capture ratios in the alkali
and alkaline-earth elements, because they have
larger radii than the other neighboring elements.
We give in our tables only values for Na, Mg, and

Ba, because the other alkali or alkaline-earth
oxides are either difficult, to obtain or extremely
hygroscopic. Water content modifies all intensity
ratios. It is planned to measure also the capture
ratios and cascade intensities in the remaining
alkali and alkaline-earth elements.

Periodic behavior was also identified in the K-
and L-series intensities of the oxidized element
and in the K-series intensities of oxygen. The ob-
served intensities vary essentially in a smooth way
with Z and show also in detail very similar varia-
tions in the third, fourth, and fifth period (see
Figs. 3 and 4). The variations are probably also
related to the atomic radii.

The observed periodic variation of capture ratios

and muonic intensities in oxides give a clear in-
dication that the Coulomb capture process of
muons is to a large extent determined by-the
structure or density of the outer electrons of the
elements. However, the small variation of the
capture ratio in oxides of the same element with
different valence [(3.:7+1.3)%] demonstrates that
the valence electrons play only a minor role. A

similar statement is valid for the cascade intensi-
ties. It was also shown that the conductivity does
not essentially influence the muonic cascade.
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