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We have measured the intensities of 2p-1s pionic x-ray transitions in ~Li, Be, C, and
l60 using an absolute-efficiency technique. A pion-cascade calculation which was constrained
to reproduce the observed yields predicted population probabilities for the mesonic levels
and gave values for the strong-interaction level widths. The 2P-level broadenings are 0.015
+0.005 eV for Li, 0.16+0.03 eV for Be, 2.1+0.6 eV for C, and 12+4 eV for ~ O. Compar-
isons are made with results obtained by others and with predictions based upon a semiphe-
nomenological optical potential. Empirical capture schedules for n in Li and C are also
presented.

I. INTRODUCTION

The yield, or intensity, of the 2P-1spionic atom-
ic transition, defined as the number of Ke x rays
emitted per stopped pion, can be used to deduce
the nuclear-absorption rate for a pion in the 2P
state. ' Ericson and Ericson' have described the
absorptive interaction in terms of an imaginary
part of a semiphenomenological optical potential.
A recent analysis by Krell and Ericson' has sug-
gested that either this optical potential does not
satisfactorily describe 2p-state absorption for all
elements or that a systematic uncertainty exists
in one or both of the experimental methods used
to determine the absorption rates. In particular,
measurements in elements with Z & 11 were in sub-
stantial disagreement with predictions based on
measurements in higher-Z elements. We wish to
report here the first measurement of the 2p-1s
pionic transition yield in 'Li in addition to new
measurements for 'Be, ~C, and MO. The yield
in 9Be is in excellent agreement with a recently
reported value from CERN, but is in disagree-
ment with another measurement by Berezin et al. '
Previously published~' yields in C and "0 (as
H~O) which were based on comparisons between
muonic and pionic x-ray spectra are substantially
larger than those obtained in this investigation.

The results of the present work compare favor-
ably with predictions based on an optical potential
whose constant parameters have been independent-

ly determined' from selected pionic x-ray data.
A secondary purpose of this investigation was to
determine the capture schedule for m in 'Li, for
which no previous measurements exist. This cap-
ture schedule is of particular interest to those
engaged in a theoretical comparison of radiative
pion capture and muon capture in this element. '
The capture schedule for C is also presented be-
cause of apparent disagreements in the literature'
on the interpretation of existing yield data.

II. EXPERIMENTAL TECHNIQUE
AND DATA ANALYSIS

The data were obtained in two experiments using
a 190-MeVlc negative-pion beam of the NASA
Space Radiation Effects Laboratory (SREL) syn-
chrocyclotron. Standard scintillation-counter coin-
cidence techniques were used to obtain a m-stop
signal. A 1600-channel analyzer sorted and stored
pulses from a Si(Li) or Ge(Li) detector when a coin-
cidence existed between the m-stop signal and the
detector signal. The timing window for this coin-
cidence was 320 nsec wide and was typically about
3 times the full width at 0.1 maximum of the tim-
ing peak. Other features of the experiment were
the following:
(1) Absolute muonic x-ray yields were also mea-
sured to investigate systematic errors which might
have arisen either in the experiments or in the data
analysis. The muonic K series is particularly use-
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ful for this purpose, since it is generally accepted
that the total series yield is very nearly unity in
all elements, "with the probable exception of Li.
The pionic and muonic L-series x-ray yields were
measured also for Mg and Ti, since these x rays
bracket in energy the K series of C and O. The
yields obtained for these "reference" lines are
generally in good agreement with earlier work and
with the predictions of cascade calculations. "
(2) The detector used with each of the elements
was chosen on the basis of efficiency requirements.
For the 'Li and 'Be targets an 80-mm'x 3-mm
Si(Li) detector was used; for the K-series transi-
tions in ~C and "0 and the L-series transitions
in Mg and Ti, a 770-mm'x 40-mm coaxial Ge(ji)
detector was employed. The C and Mg x rays
were also studied using a high-resolution 350-mm'
x 5-mm planar Ge(Li) detector.
(3) Before and/or after each mesonic x-ray data
accumulation, absolute detector efficiencies were
determined in situ using calibrated sources. "
(4) All targets except H, O consisted of one or more
thin plates which facilitated measurement of x-ray
absorption coefficients to be used in target self-
absorption corrections. For all targets except
H, O the total thickness along the beam axis was
less than 2.0 g/cm'; for the H,O target it was 2.46
g/cm'.
(5) As shown in Fig. 1, the plane of the targets

was perpendicular to the target-detector axis and
at an angle of 45' with respect to the beam axis.
The detectors were out of the direct beam on the
low-momentum side and were carefully shielded.

Peaks in the mesonic x-ray spectra were ana-
lyzed primarily to determine the number of x rays
corresponding to the transitions of interest and
the uncertainties to be assigned to those numbers.
The identification and subtraction of contaminant
peaks were accorded special attention. Muonic
x-ray contamination in the pionic x-ray spectra
was systematically subtracted using the relative
intensities obtained from separate p, -beam data.
Figure 2(a) shows "raw" data from a data run in
the pion beam; in Fig. 2(b) the muonic x-ray spec-
trum has been subtracted. Contaminations from
nuclear y rays (following pion capture) and x rays
from mesons stopping in any material other than
the target were subtracted using different ad hoc
techniques. At least two independent methods
were used to determine the background and as a
rule gave consistent results. Discrepancies never
exceeded 2.0 standard deviations and were general-
ly less than 1.5. In these cases the spectra were
reexamined, possible causes of the discrepancy
established, and a final result selected with an
assigned uncertainty larger than either of the in-
dependent uncertainties.

The total number of pions stopping in the target
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FIG. 1. Counter geometry. The degrader upstream of counter 1 was used only during the muonic x-ray runs. The
particle-stopping signature was 12C345, C being a water-filled Cerenkov counter sensitive to high-energy electrons;
all other counters were plastic scintillants. Counter 6 was used to monitor the efficiency of 5 and counter 7 was used
to record beam particles outscattered by the target.
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during an x-ray run was taken to be the scaled
number of stop signatures corrected for veto-
counter efficiency, outscattering, events which
gave the proper signature but which occurred in
nontarget materials, and muon contamination in
the pion beam. According to range-curve analyses
this contamination was about 6 and 9% on the two
runs, respectively, while investigation of muonic
x-ray peaks in the pionic x-ray spectra indicated
contamination ranging from 2.5 to 5% in the first
run and 2.5 to 7% in the second run. The general-
ly large uncertainties associated with these num-
bers do not entirely exclude possible systematic
differences between targets. Because of this dif-
ficulty the most probable value for the contamina-
tion was selected, and it was assumed the same
for all targets in the run. These uncertainties in

the muon contamination contributed less than 2%p

to the uncertainties in the final values for the ab-
solute yields. The experimental absolute yields
are given in Table I, column two, where they are
compared with previously published results.

III. LEVEL POPULATIONS AND

ABSORPTION BROADENING

If the atomic processes are sufficiently well un-
derstood to allow an accurate prediction of the
population probability of the pionic 2P state then
the measured 2P-1s x-ray yields provide a direct
measure of the nuclear-capture broadening,
I'»(cap). The capture broadening is related to
the yield, population probability, and competing
electromagnetic transition rates by:
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where I'»(rad) and I"»(Auger) are the calculated
partial widths for the 2p-1s radiative and Auger
transitions, respectively, and F» „is the yield
of the pionic 2p-1s transition. ' The population
probability P» is deduced from either atomic-
cascade calculations, "or observations of other
x-ray transitions, or both. A detailed discussion
of the determination of the population probabilities
is given in Ref. 12. The results of these calcula-
tions are presented in Table I, column three. Col-
umn four contains the values for the strong-inter-
action broadening, I'»(cap), deduced using the
above equation.

The cascade calculation, constrained to repro-
duce the observed x-ray yields, predicts the popu-

TABLE I. Measured pionic x-ray yields, deduced pop-
ulation probabilities, and absorption broadening of the
2p levels in 6Li, Be, C, and P.
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Element Yield (2p -1g) Ppp

'Li 0.26 +0.03 0.68 + 0.04

r» (cap) (eV)
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FIG. 2. (a) C piomc x-ray spectrum. (b) C pionic
x-ray spectrum with Ke, KP, and Ky muonic x-ray
peaks subt. acted. Additional evidence for the contami-
nant peaks from aluminum was obtained from other spec-
tra. The combined counts in four adjacent channels have
been plotted. The dashed lines represent fits to the Ku
pionic x-ray peak and the random background.

' Reference 4.
b Reference l.' D. P. Eartly, Ph J). thesis, University of Chicago,

1969 (unpublished); and Ref. 5.
A. R. Kunselman, University of California (Berkeley)

Report No. UCRL-18654, 1969 (unpublished).
~ Reference 6.
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lation probability and the capture probability for
all pionic states in the atom. The products of
these two probabilities constitute the "capture
schedule" for the mesonic atom. The capture
schedules for the lower levels in pionic 'Li and

C are given in Table II.

IV. COMPARISON WITH THEORY

We compare our results with predictions ob-
tained using a semiphenomenological optical poten-
tial whose form was derived by Ericson and Eric-
son. ' This potential, which is based on a multiple
scattering theory, has, in principle, no adjustable
parameters" and predicts the absolute pion-ab-
sorption rate as well as the dependence of this
rate upon Z and other properties of the nucleus.
It should be realized, however, that the relative
absorption rates for different nuclei are model-
independent, to a first approximation. Thus agree-
ment between theory and experiment upon general
Z (or A) dependence of the rates is no indication
of the success of the present model. It is the abil-
ity of the theory to predict absolute rates and mod-
el-dependent phenomena, such as isospin effects,
which must be examined.

It should also be remembered that predictions of
this model depend on a knowledge of the nuclear-
matter distribution. In particular, absorption of
the pion from 2p states is sensitive to the distri-
bution of nucleons near the nuclear surface. '

The optical potential of Ref. 3 contains constant
parameters which may be constrained such that
the potential reproduces experimentally observed
pionic x-ray energies and widths. The comparison
of these "best-fit" parameters with those predict-
ed from v-nucleon scattering lengths and pion-pro-
duction cross sections constitutes a test of hypoth-
eses upon which these predictions are based. The
"best-fit" parameters may also be used to predict
the energies and widths of x-ray lines which have
not yet been measured.

The technique employed in the present analysis
was to use optical-potential parameters obtained
from a best fit to selected pionic x-ray data to
predict 2p-level widths in low-Z elements. " The
best-fit analysis was limited to direct linewidth
measurements of monoisotopic, nondeformed nu-
clei whose charge distributions had been deter-
mined experimentally. The requirement that the
linewidth be measured directly rather than by the
indirect yield method insured that the resulting
best-fit parameters were not biased by possible
systematic errors in the indirect method. The
restriction of isotopic purity of the target and a
good knowledge of the nuclear-charge distribution
were imposed because of the aforementioned sen-
sitivity of the model's predictions to the distribu-
tion of nuclear matter. 38 targets fulfilled the
monoisotopic and spherical-nuclei requirements,
and direct width measurements of either the 2p,
3d, or 4f level had been made in 16 of the 38
nuclei. The methods used to determine the nucle-
on densities and the general calculational tech-
niques are described by Anderson, Jenkins, and
Powers. ~

In Fig. 3 we have plotted "reduced widths" (es-
sentially division of width by Z') versus mass
number A in order to remove most of the model-
independent behavior. The solid curve is based
on the "best-fit" parameters' of the optical-model
potential noted above. The solid circles are the
results of direct width measurements and were
used in the determination of the "best-fit" param-
eters. The solid triangle is a revision' of an ear-
lier direct measurement of the 2p-level width in
"P. This revision, because it represents such a
small fraction of the total amount of data used,
should have a very small effect on the best fit giv-
en by the solid curve. ~ All open symbols indicate
the results of indirect (yield) determinations of
the widths and were not used in obtaining the "best-
fit" parameters. The solid curve for A(31 then
constitutes Predicted values of the widths to which

TABLE II. Nuclear-capture schedules for pions in Li and C. Listed are the number of pions captured from each
state~ atomically captured pion.

Li 12(

Total g-state capture:
Total p -state capture:

Total d-state capture:

0.006+0.004
0,016+0.006
0.022 + 0.007
0.019+ 0.005
0.335+0.065

0.40 + 0.09

0.005 + 0.0005
0.035 + 0.001
0.130 + 0.006
0.430 + 0.075

0.60 +0.09

-1x10 5

0.0035 + 0,0015
0.0025+ 0.0015
0.0015+ 0.0008
0.003 + 0.001
0.06 + 0.02

0.08 +0.03

-7x 10-4

0.038 + 0.007
0.082 + 0.008
0.145 + 0.002
0.63 + 0.05

0.92 + 0.03
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FIG. 3. Reduced 2p-level widths versus mass number
A. The solid curve is the best fit to selected data using
an optical-model potential (see text). Level widths de-
duced from yield measurements (indicated by the open
symbols) were not used to obtain the best fit; the curve
for A& 31 may then be thought of as a theoretical predic-
tion. The open circles are the results of the present ex-
periment, the open triangles are from Ref. 1, and the
open squares are from Ref. 5.

these indirect measurements can be compared.
The open circles are the results of the present ex-
periment, the open triangles are from results re-
ported by CERN, ' and the open squares are the
results of Berezin et al. '

The results of the present experiment compare
favorably with theoretical predictions based on the
best-fit parameters of Anderson, Jenkins, and
Powers' and suggest that the optical potential dis-
cussed in Sec. I may satisfactorily describe 2p
absorption for a wide range of elements. More
quantitative conclusions must await substantial
reductions in the uncertainties of the measured
widths and improved knowledge of the nuclear-
matter distribution in low-Z elements.

There is a large discrepancy between the re-
sults obtained here and those of the CERN group~'
for the elements C and "O. There is, however,
excellent agreement between these results for 'Be
and those of the CERN group, +' but not those re-
ported by Berezin et al. ' The primary source of
the discrepancies is in the different values ob-
tained for experimental absolute yields. Level
populations obtained using cascade calculations
are in general agreement. Absolute muonic x-ray
yields measured in this experiment were in good
agreement with predictions based on cascade cal-
culations" and with earlier work, and served a,s
an independent check of the experimental method.
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The Jastrow method has been extended to the treatment of tensor forces by the incorpora-
tion of suitable spin and isospin dependence into the correlation operators. Here the three-
body contributions to the factor-cluster expansion of the energy expectation value are evalu-
ated for nuclear matter, supplementing the evaluation of the one- and two-body contributions
already reported in the first paper of this series. Complete numerical results are presented
for three semirealistic hard-core potentials containing differing mixtures of central and ten-
sor components. The three-body corrections result in a distinct improvement of the satura-
tion behavior of the approximate energy per particle. Nevertheless, these calculations should
be regarded as still exploratory rather than final in the sense that the most intelligent {i.e., a
suitably restricted) choice of radial dependence has not yet been determined for the correla-
tion functions.

I. INTRODUCTION

It is commonplace to remark on the complexity
of the nucleon-nucleon force: its strong repulsion
at short distances, its state dependence (i.e., its
dependence on spin, isospin, and total angular mo-
mentum), and especially its strong tensor com-
ponent. These complexities have received care-
ful attention in the well-established Brueckner-
Bethe-Goldstone (BBG) theory'~ of the ground-
state energy of nuclear matter. The literature
offers numerical investigations of the two-hole-
line diagrams (as defined in BBG theory) for a
variety of realistic and semirealistic nuclear po-
tentials. ' There are also calculations of the three-
hole-line diagrams4 based on the Bethe-Faddeev
scheme. ' However, among the studies of this
type, only those of Dahlblom' and Day' (who also
considers four-hole-line diagrams) include the
effect of the tensor component in an adequate man-

ner, and not just in terms of an "equivalent" cen-
tral potential.

In order to study the effects of tensor correla-
tions in nuclear matter -or finite nuclei -we have
recently proposed an approach exploiting the orig-
inal Jastrow idea, in the enlarged context of the
method of correlated basis functions. ' We have be-
gun with a relatively simple (and surely limited)
realization of the general scheme. It is our imme-
diate purpose to make explicit the merits and de-
ficiencies of this simple picture. Afterwards we
can still proceed, if necessary, to more compli-
cated structures; i.e., we can incorporate addi-
tional physical information (e.g., impose conser-
vation of certain "sum rules" in each cluster or-
der, ' examine higher-order perturbative correc-
tions with respect to the non-orthogonal basis of
correlated wave functions, "change to a different
ansatz for the Jastrow correlation factor, invoke
a more highly summed cluster expansion, "etc.).


