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Muonic x-ray intensity ratios [I(Ki)/I (Ka)] have been measured for 21 pure elements
in the range 4 <Z <48. The cyclic variation of these ratios with Z is clearly seen to fol-
low the pattern of the periodic table of the elements over this range. The product of
I(KB)/I(Ka) and nearest-neighbor distance in the pure-element lattices varies approxi-

mately linearly with Z within each period.

I. INTRODUCTION

The intensity patterns of the x rays produced in
the deexcitation of mesic (K ~,7 7,4~ ) atoms of
the pure elements exhibit striking variations with
atomic number (Z), variations that appear to
correlate with position in the periodic table of the
elements. Wiegand and Godfrey'? reported that
kaonic x-ray yields reach maximum values near
atomic closed-shell elements (i.e., the rare gases)
and minimum values roughly midway in Z be-
tween these elements. Kunselman® and, more re-
cently, Pearce et al.* observed similar yield varia-
tions for pionic x rays. Since both kaons and
pions are strongly interacting particles, they are
most strongly absorbed by the nucleus from atomic
states of low angular momentum /. The observed
yield variations are interpreted? as reflecting the /
distribution of mesons in states of high principal
quantum number n following Coulomb capture
into the atoms. Muons, on the other hand, being
weakly interacting particles, exhibit an essentially
complete x-ray spectrum from transitions to low-n
states; except for H and He, only a few percent are
“lost” from the Lyman series by competing Auger
transitions. Thus, the muonic Lyman transitions
(Ka, KB, etc.) provide a convenient monitor for
muon capture.

Early muonic x-ray measurements by Quitmann
et al.’ indicated that the relative intensity of the
higher Lyman lines [e.g., I(KB)/I(Ka)] was

smaller for elements near the atomic closed shells
than for those midway between. A somewhat
similar periodicity was first noted by Zinov et al.®
in the Z/0O muon capture ratios in the oxides of
metals; they observed that the metallic elements
near the middles of the periods captured a propor-
tionately larger share of the muons stopped in the
oxides. Although these measurements were made
with low-resolution y-ray detectors, the qualitative
features of the results were subsequently confirmed
by Knight et al.” and by Daniel et al.® using
high-resolution systems. Still another periodicity
of this kind was observed in an altogether different
area by MacKenzie et al.,’ who noted that posi-
tron mean annihilation lifetimes in annealed metals
exhibit a systematic variation with Z which is
similar to that observed for the kaonic and pionic
x-ray yields.

Kunselman et al.”® were the first to point out
the correlations among these phenomena. They ex-
plained the mesic atom results in terms of the me-
son angular momentum distributions at Coulomb
capture: enhanced capture into high-n, low-/ states
results in diminished x-ray yields for pions and
kaons due to nuclear capture before completion of
the cascade, just as these same distributions at cap-
ture result in increased intensities for the high Ly-
man transitions of the muons, which do not under-
go nuclear absorption during the cascade. They
also suggested that since positron annihilation
takes place mostly on loosely bound electrons, the
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periodic variations of the mesic atom data are as-
sociated with periodic density variations of elec-
trons in the outer part of the atom; model calcula-
tions!! were cited in support of this view. The im-
portance of loosely bound electrons in the Coulomb
capture process was emphasized also by Schneuwly
et al.'?

The variations in muonic x-ray intensity patterns
have been examined with considerably improved
accuracy and detail in two recent papers by the
Munich group. In the first, Bergmann et al.'® re-
ported on measurements of muonic K3/Ka inten-
sity ratios for 28 pure elements in the range
4 <Z <79, and extracted statistical correlation
coefficients between the experimental KB/Ka in-
tensity ratio and atomic number, atomic radius,
atomic volume, and positron lifetime. In the
second, von Egidy et al.'* measured the muonic x-
ray spectra of 57 oxides ranging from Z =11 to
Z =92 and studied the intensity patterns of both
the oxygen and the oxidized element as well as the
element/oxygen capture ratio. Their work was
directed, in particular, toward identifying the
chemical structure factors responsible for the
periodic variations observed, and although no
analytically simple relationships were established,
they concluded that the Coulomb capture process
for muons was dominated by the structure or den-
sity of the outer electrons of the elements.

In this work, we report on measurements of
muonic Lyman x-ray intensity patterns for a series
of pure elements between Z =4 and Z =48, with
particular emphasis on the sequence Z =18 —34.
Our choice of targets was influenced by availability
of the elements in pure form; enough were chosen
to illustrate in detail the Zdependence of several
Lyman intensities (up to 7p— 1s, in most cases).

In Sec. II we describe the experimental details
and some aspects of the data analysis. In Sec. III
we present the data and discuss the results in terms
of muon angular momentum distributions at cap-
ture.

II. EXPERIMENTAL PROCEDURES

The measurements were made at the Stopped
Muon Channel of the Los Alamos Meson Physics
Facility (LAMPF). The accelerator was operated
at a 5—7 % duty factor during these runs, and the
channel was tuned to deliver 133 MeV/c negative
muons from backward decays of 180 MeV/c pions.
The emergent beam contained about 1% electrons
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and no detectable pions. Most of the measure-
ments were made at time-averaged muon stop rates
of (4—7)x10* s~! for typically ~3 g/cm? of tar-
get material measured along the beam axis; higher
stop rates resulted in loss of peak resolution in the
Ge detector spectra. The beam was collimated by
passing through 2.5- to 4.3-cm diam holes in 10-
cm-thick lead shielding. Muon stops were detected
by a conventional four-element (1234) plastic scin-
tillator telescope. Details of the telescope-target
assembly are given in Ref. 7.

The target materials were of the highest purity
practically available, in all cases >99%. Most of
the targets consisted of self-supporting metal
plates. The Se target consisted of small spheres
(~3-mm diameter) contained in a thin-window Be
target frame. The Mn target consisted of a mosaic
of small pieces taped to a thin Mylar sheet at-
tached to a Lucite frame. The Sr target was made
up of a row of 2-cm-diam cylinders.

The muonic x rays were detected in most cases
with an ORTEC coaxial Ge(Li) detector with 10%
nominal efficiency. In typical use during accelera-
tor operation the spectrometer system had a resolu-
tion of about 2.6 keV at 1.33 MeV. The pulse-
height spectra were recorded with a 4096-channel
analyzer employing a 100-MHz ADC. Overall
coincidence efficiency of the scintillator
telescope — x-ray detector combination was deter-
mined by comparing singles and coincidence
counts and by comparing ratios of prompt and de-
layed coincidence counts. The prompt time gate
was centered on the muon telescope stop signals
and the open period was set at 50 ns; the delayed
gates spanned another 50-ns time period extending
from the late boundary of the prompt period. The
delayed spectrum generally included the very low-
energy events that were lost from the prompt spec-
trum because of their slower pulse rise time.

Peak intensities in the muonic x-ray spectra were
extracted, wherever possible, with a version of the
SAMPO code.'” In some cases, as when the
relevant portions of the spectra were too complex
or irregular for the code, peak areas were deter-
mined by “hand” integration. Target self-
absorption and extended-source corrections were
calculated usually with a Los Alamos computer
code which had been tested with NBS-calibrated
sources both on- and off-axis and with various tar-
get thicknesses. The errors shown in the data
tables are contributed chiefly by the uncertainties
in the measurements of the peak areas. A second
significant source of error for x-ray energies below
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~200 keV is the uncertainty in coincidence count-
ing efficiency. Smaller errors occurring at all ener-
gies stem from determination of the detector effi-
ciency function, from evaluation of absorption and
extended source corrections, and from the more
subtle problem of evaluating weak nuclear y-ray
contributions to the x-ray spectrum. The y-ray
contributions were evaluated by comparison of the
prompt and delayed spectra, the latter consisting
mainly of the y-ray and low-energy x-ray peaks.

ITII. RESULTS AND DISCUSSION

The muonic Lyman x-ray intensities measured in
this work are given in Table I, where the intensities
of the series members are expressed in terms of the
ratios to the 2p —1s(Ka) member. In Table II we
compare our K3/Ka intensity ratio results with
other recent data. We note that the agreement be-
tween these data is generally within the quoted er-
rors, and thus we combine the data for the pur-
poses of our considerations.

The nature of the overall variations in the quan-
tities is illustrated in Fig. 1(a) and Fig. 2, where we
plot the intensity ratios K3/Ka and K>60/Ka,

respectively, versus Z up to Z =50; all recently re-
ported data are shown. For the Kf3/Ka intensity
ratio the trend is clear in the upper two-thirds of
the Z range: minima occurring near the atomic
closed shells and maxima near the half-filled shells.
The variation at lower Z is less clear; the lack of
data for O, F, and Ne, together with an apparent
rapid rise in the ratios with decreasing Z, obscure
any other systematic variations. The intensity ra-
tio for the highest Lyman lines, K > 6/Ka, exhi-
bits (Fig. 2) a sharp Z dependence in the regions
where it has been determined. As with the lower
ratios it peaks near Z =25, indicating a significant
population of low-/ muon orbits near mid-shell and
greatly reduced low-/ populations at the closed
shells. This indication is supported by the results
of a detailed study of the muonic x-ray spectrum
of metallic iron by Hartmann et al.?' Trial cas-
cade calculations using a nearly flat initial / distri-
bution, rather than the usual statistical (2/ +1)
form, best fit their data. We have carried out
similar cascade calculations and they too indicate
relatively flat / distributions for elements in the
middle of the fourth and fifth periods.

Vogel?? has performed extensive cascade calcula-
tions for the third row elements, determining / dis-

TABLE I. Muonic Lyman intensity ratios for pure elements.?

np—1s/2p—1s (percent)

Element Z n=3 n=4 n=>5 n==6 n=7 n>8
Be 4 23.5 +1.6 5.3 +£0.5

C(graph.) 6 29.0 +2.0 13.8 +1.3 4.8 +1.0

N(liq.) 7 20.2+0.5 10.9 +0.5 3.8 +0.3

Na 11 11.2 +£0.3 8.0 +0.3 5.6 +0.3 2.0 +0.3 0.30+0.15

Al 13 10.08+0.36 6.24+0.27 5.27+0.38 3.3 +0.3 1.7 +0.7 1.0+0.7
Ar(lig.) 18 7.37+0.15 2.64+0.11 2.26+0.09 2.06+0.08 1.11+0.07 1.4+0.3
K 19 7.6 +0.3 2.7 +0.2 2.3 +0.2 2.1 +£0.2 1.5 +0.2 2.740.2
Ca 20 7.8 +0.3 2.5 +0.2 2.5 +0.2 2.5 +0.2 1.8 +0.2 3.740.3
Ti 22 9.95+0.30 3.09+0.30 2.5 +0.2 2.7 +0.4 1.8 +0.5 13.04+0.6
Cr 24 11.4 +0.4 34 +04 3.2 +04 29 +04 2.2 +0.4 16.7+1.2
Mn 25 11.3 +0.4 3.3 +04 2.7 +0.3 3.8 +04 29 +0.5 16.9+1.3
Co 27 10.2 +0.4 3.1 +0.3 2.7 403 3.9 +0.6 3.1 +04 13.54+0.5
Cu 29 9.33+0.43 2.6 +0.1 1.8 +0.4 1.6 +0.1 1.6 +0.1 10.8+0.4
Zn 30 7.69+0.37 2.29+0.21 1.39+0.20 1.21+0.21 0.94+0.22 8.1+1.2
Se(met.) 34 6.5 +0.4 1.4 +0.2 1.0 £0.3 0.7 +£0.2 0.7 +0.2 4.9+0.5
Sr 38 5.7 +0.4 1.4 +0.2 4.540.3
Zr 40 7.0 +0.5 2.7 +£0.6

Mo 42 8.5 +0.6 2.6 +0.5 5.3+0.5
Rh 45 6.8 +0.6 6.7+0.7
Ag 47 6.71+0.60 1.26+0.30 3.8+1.1
Cd 48 6.1 +0.6 1.2 +0.3 1.3+0.3

2Errors shown are lo.
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TABLE II. A comparison of I(KB)/I(Ka) measure-
ments for some elements.

I(KB)/I(Ka) (percent)

Element Z  This work Other work (Ref. no.)
Be 4 235 +1.6 264 +1.6 13
28.9 +0.9 18
C(graph.) 6 29.0 +2.0 29.65+0.49 13
Na 11 11.2 +0.3 10.76+0.30 17
Al 13 10.08+0.36 9.33+0.37 13
Ar(liq.) 18 7.3740.15 7.3 +0.4 19
Ca 20 7.8 +£0.3 8.00+0.12 13
7.9 +0.3 19
Ti 22 9.95+0.30 9.88+0.15 13
10.2 +0.3 20
Mn 25 11.3 +04 11.41+0.20 13
12.1 +0.9 20
Cu 29 9.33+0.43 10.14+0.40 13
Zn 30 7.69+0.37 7.93+0.30 13
Se(met.) 34 6.5 +0.4 6.99+0.21 13
6.74+0.43 16
Mo 42 8.5 +0.6 8.13+0.42 13
Rh 45 6.8 +0.6 6.94+0.37 13
Cd 48 6.1 +0.6 5.86+0.42 13
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FIG. 1. (a) Muonic Lyman KB/Ka intensity ratio as
a function of atomic number for pure elements. O this
work, O Ref. 13, O Ref. 16 and 17, V Ref. 18, () Ref.
19, A Ref. 20. The arrows indicate closed atomic
shells (rare-gas elements). (b) The product of
I(KB)/I(Ka) and bond length, in A, as a function of
atomic number for pure elements. The symbols are the
same as given in (a).
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FIG. 2. Muonic Lyman K > 6/Ka intensity ratio as
a function of atomic number for pure elements meas-
ured only in this work. The arrows indicate closed
atomic shells (rare-gas elements).

tributions at n =17. Fits were made with the
function P(I)~a +bl +cl?, and all three coeffi-
cients were determined to be positive in each case.
Thus, in contrast to the elements in the middle of
the fourth and fifth periods, calculations indicate
that the third-period elements have / distributions
that rise more steeply than statistical. We note the
lack of any well-defined peak in the third-period
data.

It is instructive to examine the relationship of
the measured spectral variations to atomic size.
Condo®* pointed out that kaonic x-ray intensities
correlate strongly with atomic diameter in pure ele-
ment targets. Also, in studies by our group of the
muonic x-ray spectra of carbon in diamond and
graphite and in various nonhydrogeneous com-
pounds, evidence has been found that the carbon
KB/Ka intensity ratio varies inversely with
carbon-atom — to— nearest-neighbor distance.?* We
present the data under consideration here in a form
that explicity includes this distance parameter; in
Fig. 1(b), we plot the quantity KB/KaXd,_,
versus Z, taking our nearest-neighbor distances,
d4_4, from a handbook tabulation?> without re-
gard to crystal structure type. One sees that
KB/Kaxd, _, varies approximately linearly with
Z in each period. Given that K3/Ka (or any oth-
er intensity ratio) is a function of complicated elec-
tronic structure factors whose interplay is only
crudely relected in the measured quantities we have
at our disposal, it is noteworthy that the data as
plotted in Figs. 1(a) and 1(b) are as smooth as they
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are. We note that a similar plot using
K >6/Kaxd,_, does not yield a linear relation-
ship.

The display of the data in Figs. 1(a) and 1(b) il-
lustrates two problems that remain to be solved:
the acquisition of data for the missing elements
such as Sc, Ga, and Rb, and the evaluation of
“best” values for the elements that have been
measured. The statement is sometimes made that
relative to our ability to. calculate muonic x-ray in-
tensity ratios on a realistic basis, data disagree-
ments or uncertainties of the order of 10% or even
20% are not significant. We believe that this point
of view overlooks an important feature of the
development of a theory of meson capture. The
ability to measure and to recognize small discon-
tinuities in presumed trends with some level of
confidence (e.g., between Z =22 and Z =30) could

allow the identification of structure factors and
correlations that might otherwise be neglected in
the modeling process.
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