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ABSTRACT
A search for x rays from the capture of kaons in
helium has disclosed neither K- nor L-series radiation; the
upper limit of the x-ray yield is in the range 7-10 percent.
This contradicts results of an earlier measurement but is
in better judgment with related data on kaon-helium scatter-
ing. 1In the same experimental arrangement, the yields of
pionic and muonic x rays in helium were also measured. We
find anomalously low yields, accompanied by intensity dis-

tributions of the K-series members in disagreement with the
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conventional cascade picture of a predominantly circular set
of orbits. Monte Carlo cascade calculations could not
duplicate the observed results unless weak Stark mixing, in
the form of "sliding transitions” (n,% - n,% * 1) was added.
Agreement with observation was achieved in muonic, pionic,
and kaonic atoms with a single value for the parameter des-
cribing the strength of the Stark mixing. Yields and energies
of kaonic x rays in other light elements, Li, Be, and C, were
also measured. Yields of x rays from muonic and pionic cap-
ture in these elements were remeasured also, and cascade
calculations like those for helium repeated. In these
elements the addition of Stark mixing is not needed to
achieve agreement with experiment. In the pionic atoms
2p-state absorption rates, and in kaonic atoms 3d-state
absorption rates for He, Li, Be, and C can be derived from
the experimental data and compared with theoretical values,
with good agreement. In addition to the identifiable kaonic
transition lines also observed by Wiegand and Mack, addition-
al lines not ascribable to kaonic atoms were found in all
three elements. After careful consideration of possible
origins of these lines, we ascribe the two lithium lines to
Ma and MB' and the Be line to Ma transitions in sigma-
hyperonic atoms. Such atoms are formed if ™ hyperons from
kaon capture (whose abundance is about 15%) are slowed down
and stopped in the target. The observed yields and energies

are consistent with this interpretation, and with no other
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we have been able to invent. A line in C, however, cannot
be ascribed either to kaonic or sigma atoms, and appears

to be a pionic L. Why such a line appears only in C is not

understood.
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I. INTRODUCTION

The primary motivation of the work to be des-
cribed here was the discrepancy between two sets of experi-
ments on the interaction of slow kaons in helium. The
experiment of Bugﬁégon et al.li on the yield and energies
of the Ku and L; X -rays from the kaonic halium atom indi-
cated an interaction between the kaon and the alpha particle

which was not only teco weak to accord with current concepts

of the kaon-nucleon interaction, but actually was in con-

tradiction with experimental data on kaon-helium scattering. '

Qur repetitioh of the kaonic helium x-ray measure-
Y
ments led to results at variance with the earlier ones,
but in agreement with expectations from kaon-helium scatter-

ing and with theoretical models. We found no appreciable

K- or L-series x-ray yield, rather than the large yield values

reported before. In order to verify these null results, we
were led to_examine the x~-ray yield from muon and pion cap-
ture in helium, and the x rays emitted after muon; pion, and
kaon capture in other light nuclei. These have resulted in
‘interesting new physics. The absolute yields of muonic and
pionic x rays in helium had not been previously measured,
and were unexpectedly low. To understand this, we carried
out Monte Carlo calculations on the cascade process in the
(He-M)+ mesonic ion, a hydrogen-like structure. We found

that the results could not be explained without introducing

3.
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transitions due to collisions. Collisions produce mixing of
angular momentum states in a hydrogen-like atom, by intro-
ducing a non-central field, first described as molecular
binding by Roberts’ and later as Stark transitions by Day,
Sucher, and Snow,6 who also made quantitative calculations.
The capture of pions and muons in Li, Be, and C
allowed remeasurement of the yields and intensity dis-
tributions of the K and L series x rays in these elements.
The anomalies found in helium were absent, and the cascade is
explicable without the introduction of Stark mixing. The
2p-capture rates in pionic atoms have been inferred from the

cascade calculations.

IT. EXPERIMENTAL SETUP
The experiments were carried out with a proportional
counter spectrometer at the Zero Gradient Synchrotron at the

Argonne National Laboratory.

A. Beam Design

We used a l6-meter-long, unseparated, two-stage,
low-momentum beam with large phase-space acceptance, produced
at 0° from a target at the second focus F2 of the external
proton beam (EPB-1) from the Argonne ZGS. A study of K~
stopping efficiency, taking into account production cross
sections, decay in flight, and interactions and scattering
losses in the moderator, established a broad optimum in the

number of stopping kaons at a beam momentum of 800-900 MeV/c.
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The calculated optimum for stopping pions and muons
was about 300 MeV/c. However, excessive electron contamination
and other technical problems led to the choice of 500 MeV/c
as the beam momentum to be used.

Figure la shows a simplified layout of the beam, in-

cluding the counters, moderator, target, and shielding.

B. Particle Selection and Detection

' Xaon Selection. The selection of a practically pure

(>99.5%) signal was achieved with a time-of-flight telescope
C1 . Cy of two liquid Fitch-type inverse threshold Cerenkov
counters located at the first and second foci of the‘beam.

A complete description of the counters and their performance

7
has been published.

Pion;.ﬁudnlséiéctibn. To select the pions or muons in
the 500 MeV/c beam, a high-pressure gas-filled (Freon 13)
threshold Cerenkov counter Ce feplaced Cz; as in Fig. 1lb. It
was used in coincidence for muons and in anticoindidence for
pions, with a scintillation counter telescope S; . S,. The

~gas counter detected only the muons,

- dE/dx Counter. An additional 8.9 cm diameter, 0.63 cm

thick dE/dx scintillator S3 identified slow particles coming
out of the moderatqr. For kaons, a single-channel analyzer
on the pulse output was set to detect 42 minimum ionizing
particles, corresppnding to the average pulse height of kaons

stopping in the target. 1In the K~ beam, pions coming out of
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the moderator at = 560 MeV/c were minimum ionizing and thus
rejected. The dE/dx criterion provided an additional stopping
K/m selection factor greater than 5.

For stopping pions and muons, the dE/dx threshold
was reduced to 2X minimum ionizing. The counter was calibrated

with protons in a positive beam.

Proportional Counters. The hodoscope used for x-ray

detection consisted of four pairs of 0.010 in, Be window
proportional counters.® Each counter was 5cm X 5cm X 51 cm,
and was filled with xenon at 2 atmospheres absolute pressure.
To stop an appreciable fraction of the K~ beam in
helium, a 30.5cm long liquid helium target was used. This
target length in turn dictated the use of large area detectors
to achieve a reasonable solid angle, thus excluding the use
of solid-state detectors. The proportional counter hodoscope
subtended 0.4 sr at the target, was outside the beam, and
had a high detection efficiency for 5-50 keV x rays.
Behind each pair of counters (IJ) an overlapping anti-
coincidence scintillation counter ACpy was used to prevent
the analysis of pulses resulting from in-time charged
particles traversing the proportional counters, as described
below.

C. Triggering Logic

The stopping K~ trigger (zKSTOP) consisted of a C1,C2
Cerenkov telescope coincidence with the proper K time-of-
flight delay (TOF), in coincidence with the dE/dx counter

after the moderator, and in anticoincidence with a downstream
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scintillator ACDS behind the targets (Fig. la): i.e.,

KSTOP= TOF . dE/dx. ACDS. For muons and éions the TOF
telescope was replaced by the scintillation counter telescope
S;1 . 83, in coincidence with the threshol@ gas Cerenkov
counter C, for muons (TOF = 81 . S2 . Cg): and in anticoin-
cidence (TOF = S; . S, . Eé) for pions (Fig. 1b).

After forming the KSTOPltrigger, the logic generated
slow gates from KSTOP . ACiJ for each proportional counter
bank.

The data were accumulated in two TMC 1024-channel
analyzers, one for data and the other for out-of-time back-
ground. The analyzers were divided into four 256-channel
quadrants, and the data from each of the four pairs of pro-
portional counters were routed to the appropriate guadrant by
taogino signals. Final summing of the data was accomplished
by a supplementary computer program. The gains of the two

counters of each pair were matched by adjusting the high voltage.

§ig§§}wégggg§§i§g, Each of the four channels of the
pulse spectrometer contained a low-noise preamplifier9 fed
to a direct-coupled low-ndise linear pulse amplifier10 with
fixed unipolar (negative);RC integrating and differentiating
time constants. The amplifier contained a pole-zero (damping)
circtif to reduce spectral distortion due to pulse overshoots
and a baseline-restoring circuit to prevent baseline shift
with high counting rate. Continuous_gain controls allowed a

matching of the gains in all four channels. The buffered out-
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puts passed to a delay line ih the linear gate and to a linear
pulse selector which provided a gating signal (control) to the
used.

The linear pulse selectorll‘(LPS) is a single-channel
analyzer with an additional baseline discriminator to reduce
pulse-tail pileup distortion, by requiring a given input pulse
to start within +75 WV from the baseline (+0m¥). It also con-
tains a pulse-shape discriminator circuit which reduces spectral
‘distortion due to leading-edge pile-up and defecfive (i.e.,
oddly shaped) pulses from various backgrouﬁds.- Selection is
made through zero-crossing detection of the differentiated input
pulse. An external direct-coupled gate allowed an enabling or

disabling each channel by external logic (XKSTOP . AC gates) .

IJ
The LPS also contains a strobed coincidence circuit which was
used to generate an out-of-time tag (routing) gate for an input

of the delayed KSTOP . AC.. slow gate.

IJ
The walk-free LPS output provided a gate signal, which
in coincidence with £he parallel delayed”outpﬁt from the linear
pulse amplifier, enabled the linear_gate;
The linear gate 12established proper pulse shaping and
final baseline restoration of the analogue pulse for analogue-
to-digital conversion and storage.

The four channels were finally merged in a linear mixer

in conjunction with an anticoincidence gate which insured that
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only one pulse (one channel) entered the mixer, and thus the
ADC., By storing the channels independently, the behavior of

each channel could be monitored.

D, Targets

The liquid helium target was specially constructed to
transmit low-energy X rays.13 It was 15.3 cm in diameter,
30.5 cm long, with mylar walls only 0.05 mm thick where the
x rays emerged. A beryllium foil heat shield and aluminized
mylar outer window minimized the x-ray absorption. A thin
window at the bottom allowed an external x-ray source to be
used to check the target x-ray transmission.

The solid targets were in the form of rectangular
blocks suspended at a shallow angle (about 20°) with respect
to the incident beam, thus maximizing the stopping power while
minimizing absorption of transversely emerging x rays. Target
dimensions were 42.0 cm X 15.5 cm x 1.90 cm (Li); 38.6 cm X
15.3 cm X 2.54 cm (C); 45.5 cm X 15.3 cm X 2.54 cm (Be), with
projected (beam direction) thicknesses of 14.10 g/cm2 (C);

12.82 g/cm” (Be); 3.39 g/cm’ (Li).

IIT. TESTING AND CALIBRATION

A. Counting Rate Losses

The background in the proportional counters included
a wide variety of pulse amplitudes, rise and decay times, and
shapes. The overshoots caused by the different pulses, es-

pecially those saturating the amplifiers, varied widely. As
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the pole-zero damping circuit compensation covered only the
normal unsaturated range of pulse heights and shapes, the
overshoot could not always be removed. As a consequence,
counting losses due to baseline discrimination against pulse-
tail (overshoot) pileup occurred. This effect was entirely
dominated by large background pulses saturating the amplifier.

To insure that the counting loss was not sensitive to
the spectrum of saturated pulses, rate loss tests were con-
ducted both in the beam and with an artificial, induced y-ray
background. The good agreement of the two results assured this
independence.

The counting rate losses were ab out 20 percent at a
total singles counting rate per channel (two counters) of 7 KHz.

Most of the data were taken at counting rates of 6 KHz or less.

B. Resolving Time of the Proportional Counters

Because of the low electron drift velocity in the outer
low-field regions of the xenon proportional counters, a signi-
ficant time delay of the output pulses occurred for low-energy
X rays11+ which are absorbed near the counter window.

To make precise measurements of this delay, gamma-x-ray
delayed coincidence measurements were made with weak (0.1luc)

57 65 109 )
electron-capture sources Co ' Zn , Cd . This was done by

replacing the KSTOP signal with the output of a Nal y-ray de-

tector placed in close proximity to the proportional counters.
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Measurements were made for different locations on the counters.
In addition, tests were made with background added. The re-
sults indicated that all counters were similar, the delays
were uniform over the window area, and the delay was inde-
pendent of rate. Figure 3 shows a plot of the variation of
counter efficiency with delay, for several different energies
of x rays.

This property of the counters made it possible to
search for low-energy X rays by varying the coincidence gate-
length, a fact which we utilized in looking for the L-series

from kaon capture in helium.

C. Linearity and Stability

The pulse spectrometer linearity was established by
using an amplitude-stable mercury exponential pulse generator
fed into the preamplifiers. The spectrometer was found to be
linear with + 1/2% in the ADC range used to collect data spectra.

The variations of amplifier gain K and spectrometer
baseline B, with rate were found to be less than *+1% (8§K/K)
and + channel (GBO), respectively for counting rates from
1 KHz to 40 KHz. Both a variable frequency pulse generator
and external x-~ray sources were used to establish the rate.

Once the spectrometer system had been brought to

equilibrium, it maintained excellent long term stability.

D. Detection Efficiency and Resolution.

Counter Efficiencies. The intrinsic efficiency of the
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proportional counters as, a function of energy was established
with the use of standard x-ray sources in a known and constant
geometry. The resolution as a function of energy was like-
wise determined using these sources.

Stopping Distributions.-Because of the large size of

the targets and proportional counters, the net detection effic-
iency depended on the distribution of stopping particles over
the targets. To determine this distribution for the solid
targets, a small scintillation counter S5 was used in coin-

cidence with the particle stop signal (S5 . ) to generate

MSTOP

a grid measurement of the stopping density M (X) over the

STOP
target face.

With the given target configuration, the muon and
pion stopping distrxibutions for the helium target were uniform
because of the large divergence (due to scattering) of the.
stopping beams. For kaons, the stopping beam was more concen-
trated in a forward cone, but the stopping was again approxi-
mately uniform in helium. To establish this, a mock target
was made up of a series of incremental.absorbers: thin lucite
discs spaced with styrofoam to give the same mean density as
liq&id helium. Using a dE/dx scintillator probe with the
exact cross section.of the target;_measurements of the differ-

ential absorption along the target were made. Thesei established

the uniformity of stopping for kaons.

E. Geometrical Efficiency

For each target, the spectrometer detection efficiency
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€D(Ey) was determined with a Monte Carlo program. In this
program, the target and spectrometer coordinates were speci-
fied, and x-ray emission points were generated in the targets
according to the appropriate particle stopping distribution.
The x rays were emitted isotropically.

If the given x-ray path intersected one of the counters,
its path length in the target was found. Then, given a series
of energies, corresponding target absorption coefficients, -and
counter efficiencies, the probability of detection was deter-
mined. Thus, the programs yielded detector solid angle and
the energy-dependent detection efficiency ED(EY) averaged

over the targets.

F. Yield Determinations: Stopping Measurements

Muons. Recorded data included S;5, (See Fig. lb) giving
the total secondary beam flux, Np = 55, . CG . dE/dx, the
muon flux through the moderator, and ugpyp = N“ . ACDS, the
apparent number of muons stopped. The actual number of
muons removed by the target was determined from the range
curves for Nu/slszand “STOP/SlsZ vs moderator thickness
LD of copper, for the targets in and out. These range curves
indicated, as expected, a large range straggling in the muon
stopping in Cu (mean range 250 g/cmz).

T diff ect N Tgt
he difference spectrum “STOP/ " (Tgt) (no

= vgrop/Ny,
Tgt) yields the muon attenuation due to the target, which is
due both to stopping and scattering out.

To correct the muon stopping measurements for scattering,
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two procedures were considered. First, the difference spectrum
in the scattering region was linearly extrapolated under the
stopping region. As a better‘estimate of the scattering,
the muon no-target range curve was used by normalizing it
to the transition region between scattering (degrader length
L, << muon range Rg) and stopping (LD a7 Ri). While the
scattering correction for the Be target was small (8%), the
corrections for the He, Li targets were large (30%), and

the uncertainty in this correction constitutes a major part

of the final yield errors.

Pions. For pions N_ = §;8, . Eé . dE/dx gave the

N . ACDS gave the

pion flux through the moderator: TaTop - N_

number of pions apparently stopped.

The pion integral and differential range curves in-
dicated a much smaller straggling in the pion stopping range
R? (220 g/cm2 of Cu). Again, the difference spectrum

WSTOP/NW(Tgt) - WSTOP/NN (no Tgt) yielded the pion stopping

rate (including scattering).

In the case of the pions, which had a better defined
range than muons, the scattering corrections were typically
only 10%.

Kaons. For kaons, NK = KTOF . dE/dx gave the kaon flux

through the moderator, and KSTOP = NK . ACDS gave the number

of stopping kaons. Range curves K /NK were taken with

STOP

the targets in and out. The difference spectrum

N determined the kaon stopping

(Kgpop/ N oge =~ Ksror/ Mk no Tgt

rate. The same procedure for establishing scattering
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corrections was followed. Because of the well-defined kaon
2 . .
range RE(217 g/cm  Cu) and small straggling, these corrections
were typically 5% in Be, C and 10% in He, Li.

To check the values of K obtained for the

srop’ Nk
helium target, a scintillator Eror equivalent to the helium
target was used to form "KS" = KSTOP . ETOT’ a kaon- stopping-
in helium signal. With this "KS", a range curve was taken.
To extract the stopping, the same procedure used to make
scattering and in-flight interaction corrections was followed,
with a result in good agreement with that of the earlier
procedure.k

The yield errors gquoted result from adding in quad-
rature the statistical error in difference spectrum count,
zero error and errors in stopping detection efficiency,

counting loss and gate width corrections. The dominant

errors were the stopping fraction and statistical errors.

G. Escape Peak Measurements

For x-ray energies above the xenon K-absorption edge
(at 34.6 keV), escape-peak efficiencies had to be determined
in order to establish the correct detection efficiency in the
total absorption x-ray peak. Escape-peak yield measurements
were made with standard Gd153(40 keV) and Am241(60 keV)
sources. These results were cross-checked against escape

peaks for the n-Be K and w-Be Ka x rays. The agreement

B
indicated that the escape corrections were known to 5-10%.
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IV. PROCEDURE AND RESULTS

A. Procedures

Once the conditions for a given data run were estab-
lished, a calibration run _(Fe55 and Cdlog) in the beam spill
was made under running conditions by producing an artificial
Kgmop signal with a beam-gated signal generator. The
singles counting rates of the proportional counters in all
calibration runs were within + 10% of the data run rates.
Thus the calibration spectrum included any gating, beam
spill; background, and rate effects. At various timesathis

57 137
spectrum was cross checked against those of Co , Cs , and

Amzul.so that the over-all linearity of the systém under

these conditions could be established. Calibration runs were

interspersed frequently with data runs. Periodic x-ray trans-
mission tests of the liquid He target were made, using a Fe°>

source.

" Data Reduction. Data stored in the 1024-channel

analyzers were read out on punched paper tape} transferred to
magnetic tape, and run through two data-reduction and spec-
trum-fitting computer programs. The first of these, HERMES,
combined the data, made plots, located peaks in calibration
runs, normalized the calibration and data runs; and produced
summary data tapes for use by APOLio; which found peak

gentroids, made fits to single or multiple peaks, and deter-

mined energies, midths, errors, etc.
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B. Results: Helium

Muons. An.example of the muon difference spectra (in

He) is given in Fig. 4. All the muon results are given in

Table I. To account for the line-broadening effect of the KB
and KY components, the K-series x~ray energies and intensities
were determined by computer multiple~gaussian peak fits. The
ratio of Ka to the sum of all K-series intensities KQ/ZKJ was
corrected for relative detection efficiency of each line. For
He, the best fits required a small (:5%)KY component, and the

quoted K énergy includes the KY effects.

By
Pions.An example of the pion difference spectrum (in
He) is given in Fig. 5. Since the spectrum contains muon con-
tamination, multipeak fitting procedures were used. By in-
cluding the muon lines in the fits, adequate yield determina-
tions and proper energy fits were obtained. All the pion
results are given in Table II. |
Kaons. A major portion of the running time was devoted
to the kaon-He study, with a total of 1.25 x 10° kaons stopped
in He. Because of the absence of any x rays, the study included
a variety of running conditions. In-time data and out-of-time
(random background) spectra were taken with both a short géte
(2.5usec) which excluded most of the La x rays (6.5 keV), and
é long coincidence gate (%4.0usec) which admitted most of the
L, x rays (See Fig. 3). Both data sets would include all the
K-series x rays. Empty target (both in- and out-of-time) back-
grounds were also taken with these two gating conditions.

Finally, long-gate runs on a dummy He absorptive target, (He
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replaced by an equivalent mass and average density styrofoam-
lucite sandwich) which allowed no low-energy x rays to emerge,
were taken in order to establish whether the spectrometer had
detected low energy x-ray signals from He.

Figure 6 illustrates the total data and out-of-time
(background) spectra representing 1.25 x 10b kaons stopped in
helium. A difference spectrum (target full minus target
empty) is shown in Fig. 7. For a 50% Ka yield (34.9 keV)

there should be 10%x rays in the line.

As £here is no evidence for the K-series lines, upper
limits to the yields were established. Table III gives the
yield limits on the K-series x rays calculated according to a
set of varying assumptions. These aref

1. K, line:

a. An unshifted line (corresponding to a
K~ - He zero scattering length), with
instrumental width only; or

b. A shifted line (i 2 keV) with a corres-

ponding 2 keV broadening;
or, 2. The same conditions as 1, for KB'

The kaon-helium scattering data of Block et .al.,’

yields an s-wave phase shift that predicts a large displacement
and broadening of the ls-state; f;om their values the K line
would occur at 41.0 keV, with a widtn of 6.7 keV. Limits of
observation are quoted in Table III for such a line also.

The search for IL-series x rays also required é detailed-

analysis of the x-ray data. For the data consisting of ten
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independent spectra, there is a set of consistency relations
between all the difference spectra combinations which can be
formed, which establishes the various signal components present
in the spectra.

2s the complete analysis is complicated, only the
essential results will be given. Figure 8 illustrates the
difference spectrum of the 4usec He data and 4usec dummy He
data, which established the existence of low-energy signals in
the data. The difference spectrum of the 4usec and 2.5usec
data (the latter excludes low energy in-time signals) indicated
the presence of in-time He and/or target signals, while the
difference spectrum of the 4usec data and empty-target back-
ground indicated no evidence of L x rays; i.e., in-time He
signal. The difference spectrum of the 4usec empty-target
(in-time) and the 2.5usec empty-target (in-time) indicated there
may be a low energy in-time signal from the empty target,
equivalent to that of the 4usec minus 2.5use¢ He data differ-
ence spectrum. Thus the in-time signal is consistent with that
from the target alone, i.e., there is no He in-time signal.

The difference spectrum of the 4usec helium out-of-
time and empty-target out-of-time backgrounds indicated that
there is also an out-of-time low-energy He signal. The differ-
ence spectra of the 2,5usec He data and empty-target in-time
background vs the 4pusec He data and empty-target in-time back-
ground indicated that the low-energy He signal in the 4usec data

is comparable to that in the 2.5usec He data, again implying that
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there is only an out-of-time component, since the latter ex-
cluded in-time signals.

Figure 9 shows the difference spectrum of the 4usec
data and out-of-time background; again, there is no evidence
for a He in-time signal. Finally, Fig. 10 illustrates the
difference spectfum which contains only the low-energy He
in-time signal. It is from these spectra that the L-series
x—ray limits are determined. The results are given in Table
IV. A 50% La yield would correspond to 1.25 x 10° x rays.

In addition, the total kaon-He data and total 4usec
kaon-He data spectra were fitted with second order polynomials.
Except for the Xe K, X ray fhere was no statistical evidence
for any superposed line structure. Furthermore, using thesé
data spectra and the corresponding out-of-time background
spectra, a maximum likelihood search indicated an optimum fit

for a zero signal level,

O+ Results: - Other Elements

Muon X -Rays. The muon K-series x-ray results in Li and

Be, and L-series results in Be and C are given in Table I.

Since the p~-Be K, X ray generated a xenon K, escape peak at

B

9.9 kev, the weaker overlapping u~Be L, x-ray could not be

B
directly determined. To insure that the L, peak did not in-
clude any escape x rays, the La yield was determined from the
difference spectrum of the long (4usec) and the short (2.5usec)

coincidence gate data. The éhort—gate data excludes most of

the low-energy (non-escape) structure. Subtracting the short
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coincidence gate data removed the low-energy escape peaks which
appeared in both spectra and left only the true low-energy in-
time x-ray structure. To establish the L-series yield, a

0.15 LB yield was assumed.

Pion X Rays. The K- and L~series x-ray results are

given in Table II. Using the muon x rays and standard x-ray
sources to establish instrumental line width as a function of
energy, pion K x ray natural line width measurements were made.

Kaon X ‘Rays. The L- and M-series x-ray yiéld results in

Li, Be, and C are given in Table V., Energy and line width

measurements are included.

V. MESONIC ATOMS: THE DE~EXCITATION PROCESS

The initial formation of a highly excited state (large
principal quantum number n) of the bound meson-nucleus system
occurs through the replacement (via the Auger effect) of an
atomic electron by a meson. The mesonic history in the outer-
most levels outside the electronic K-shell is unclear; we
will mainly concern ourselves with those levels in which the
meson is clearly associated with only a single nucleus. In-
teractions of the mesonic atom with other atoms will be treated
as collisions. |

A distinction between hydrogen and helium on the one
hand, and heavier elements on the other, is made necessary by
the nature of the de-excitation cascade. In hydrogen, the

meson-nucleus system is neutral; it is physically a hydrogen
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atom. In isolation, it would lose energy, if in an excited
state, by radiation only, a very slow process for highly ex-
cited states. The major energy losses and de-excitation there-
fore occur in collisioné. A similar process occurs in helium;
both electrons are rapidly ejected by the Auger effect, leav-
ing a residual alpha-mesonic ion (He—M)+, which can lose
energy only by radiatién or by collision, specifically in in-
elastic collisions of the second kind. Direct transfervof
energy from the mesonic atom to one of the electrons in the
struck atom occurs via the external Auger effect. The external
Auger rates are highest for the largest possible overlap of
the mesonic atom states, thus for small An, and A% = -1. Hence,
by this process the mesonic atom would tend to settle into
circular orbits, in which & = n-1l. Thus the intensity ratio
of, say, Ka to the sum of all K-series x rays KQ/EKJ would be
0.8 or more when the cascade is along the circular level route.
This means e.g., that the 2p level is much more heavily popu-
lated than are the higher p-states.

In solids the Stripping process 1is checked by the rapid
refilling of the empty internal electron levels from outside.
Once the meson-nucleon system contains other electrons, the
major de-excitation process shifts to the internal Auger effect,
and the rates become relatively indevnendent of the environment.
The transition to this behavior occurs, from evidence on Stark-
induced transitions to be given later, in the vicinity of lithium.

When n is small enough (n = 5 in helium), radiative
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transitions begin to dominate the Auger transitions, and x-ray
lines appear. 1In heavier elements the changeover occurs at

‘9 . 4
higher n valuees, the radiation probability varying as Z .

A. Collisional Stark Mixing. The %-degeneracy of the hydro-

genic levels in the mesonic atom is removed by any external
field. 1In hydrogen and helium, in the absence of collisions,
the degeneracy persists. Collisions can produce either a weak
or a strong Stark-effect mixing process. In weak mixing, the
levels are only slightly perturbed and retain their central-
field identity; the main effect of the field is to induce
dipole-type (sliding) transitions between neighboring sub-
levels: (n, 2)+(n,2+l). In strong mixing, the angular momen-
tum guantum number is replaced by a new one measuring the
angular momentum about the axis connecting the two nuclei (the
molecular case) and accordingly all the different & substates
are mixed; in the case of strongly interacting mesons such as
pions and kaons, this leads to immediate nuclear capture,

through the admixture of s- and p-states.

B. Muonic Atoms.  Because of the weak muon-nucleon interaction,

) 17.19
muonic cascades can be used to determine the atomic mechanisms

involved in the de—excitatipn of all types of mesonic atoms.
In particular, the spectral intensify'distribution within any
X~ray line series provides information concerning the initial
capture population and the cascade mechanisms producing the
observed populations of various states. The cascade dyna-

mics for pions and kaons can then be determined from the muon
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cascade, taking into account reduced mass and nuclear absorp-

tion effects.

C. Pionic Atoms. Rapid nuclear absorption of the pion or kann

from atomic states leads to compléx energy shiﬁts of these
levelszo"22 which can be related to the zero-energy pion- or kaon-
nucleus complex scattering lengths. Thus, the interaction
between negative mesons and nuclei at small kinetic energy

can be studied by obserﬁing and mesonic x-ray spectrum.

A convenient representation of the complex pionic level
shifts is given by the optical model theory of T.E.O. Ericson
and M.Ericson.?? ﬁere the level shift is described by a pion-
nucleus interaction potential related to pion-nucleon scatter-
ing and the pion-two nucleon (paif correlation) absorption
potentials; the level width is determined by the imaginary
paft of the pion—twovnucleon potential. A detailed exposition
of this subject has recently been given by Burhop%qA

A study of the de-excitation cascades is particularly
relevant to the question of nuclear absorption states. The
gross behavior of the pion- or kaon de-excitation cascade is
determined by the strong 2-dependence oé nuclear absorption,
which reflects the variation of meson-nucleus overlap with 4.
Since pion d-state absorption rates are small compared to the
radiative rates for low-Z nuclei, the L-series x~ray yield
and spectral composition are essentially determined by the

initial capture distribution and cascade mechanisms. The

K-series yields depend strongly on 2p-state nuclear absorption
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rates and decrease rapidly with increasing Zz.

D. Xaonic Atoms. -Because of the very strong absorption of

kaons, restvlting from the strong'FN@interaction, K-series

x rays may not be observable, and the L-series x-ray yields
will be very sensitive to the absorption rates in d-states.
However, the spectral composition of all line series (L, M,
N)18 will reflect the initial capture distribution and cas-
cade mechanisms.

In contrast, for low Z, the M-series x-ray yield is
relatively independent of nuclear absorption ratesfnthe
f-state absorption being presumably negligible--but is sensi-
tive to the initial capture distribution and the cascade
mechanisms.

Of particular interest is the de-excitation cascade
inTHe, in view of the measured long moderation time
(2.4 + 0.4) 10~ osec,zsx the kaon x-ray results of Burleson
gg.gl.l, the results of the K7y elastic scattering experiments
of Boyd et gl.% and Block etﬁal?; and those of a recent
m,d X-ray experiment by Wetmore etjgl,zs , which demonstrated
an unexpectedly large population of non-circular orbits in low

atomic levels. Thus new guestions about the pion and kaon

cascades and absorption in He have been raised.

E. I -Hyperonic Atoms. No previous experimental data have been

available on I7-atoms. The hyperon-nucleus interaction is

strong; thus absorption from high excited states is to be ex-
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pected, and in general, there should be a similarity to
K-nucleus interactions. The fact that the spin of the sigma is
1/2 and its magnetic m@ﬁent non-vanishing leads to the possi-
bility of seeing fine-structure effects of the sdrt observed

in muon-capture spectra, and may some day lead to a direct

experimental determination of the spin and magnetic moment.

VI. DISCUSSION OF RESULTS IN HELIUM

A, Muonic X Rays

The ntuon and pion work was undertaken initially to
“supplement and clarify the kaon He results, ?articularly*the
yields. The ZGS is not presently well suited to produce
stopping pions or muons. From Table I it is clear that with-
in their limited accuracy thebenergy measurements agree with
earlier results. The muon x~ray yield data indicate, even
with relatively large errors, that the K-series x-ray yields
in He and Li are less than in Be and higher Z elements. Spur-
ious decreases of this sort have been observed in the past,
which disappeared when better data were obtained.?’  How-
ever, these data have survived all the tests we have been

able to apply to them. They are also supported by independent
observations--namely the anomalous intensity distributions

in the muon and pion K-series, and tne kaon L-series x rays
for which a common explanation exists.

The De-excitation Cascade in Helium. Our data, like

- 26 ., _.
earlier experimental results, indicate a low value of the
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ratio, Ka/gKﬁ in He, which indicates a departure from pre-
dominantly circular orbit meson population. |

To investigate further the meson-helium cascade pro-
cess, a modified version of an earlier Monte Carlo computer
prograng was used. €Given an initial population distribu-
tion, the program calculates the de-excitation cascade via
hydrogenié energy levels of the (He-M) T ion mentioned pre-
viously, allowing external (collisional) Auger and radiative
transitions. The initial distribution is taken to be of
the form N(z)m(2£+l)exP(a2)}bjand the initial capture level
is‘specified to be somewhere in the neighborhood of the
electron K-shell, n is then about 12 for muons, 14 for pions,
or 24 for kaons. The ion (Mu)+ then de-excites according
to the above scheme.

» The program allows for meson-nucleus absorption in
ns and np-states as described by the overlap integrals of
these states with the nucleus. For muons, this absorption
is eliminated and'dipole transitions out of nsec{(nz 3)states
are allowed. The original program allowedbsliding transi-
tions of only those circular orbits (¢=n-1) with large n
which aré metastable because the external Auger transitions
are not energetically allowed.

The experimental results (éee Table I) on total muon

K-series yield Y, and intensity ratio Ka/ZKJ provide boundary

K

conditions for the c¢ascade calculations. We found that no

variation of the cascade starting level from Ny = 8 to 15,
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nor of the population distribution among different g2-value sub-

states in the starting level, nor of the Auger transition rates

A -1
by factors from 10 to 10 would give as large a K, component

B
(3p-state population) as observed, or as small a Yi as observed.

Té produce these results, mixing of the substate popu-
lations ("sliding transitions") must occur, which tends to
equalize the populations of the low atomic states, Stark-
effect (¢ollisional) mixing provides such a mechanism.

Such transitions were first discussed in detail by
Ruderman16 in connection with the "missing x-ray" problem in
muonic atoms. He pointed out that the effect of sliding transi-
tions would be to produce deviations from circular orbits, |
and showed that the electric field from two K-shell electrons
was suffiéient to produce the desired effect.

T6 investigate this, the cascade scheme was modified
to allow Stark-induced dipole "polarization"‘transitions of
the‘type (n,2)>(n,2+l). The probability is assuméd to be
given, in the approximation of a constant average electric
field during a collision, by

n,L+l 2
n,2

const x| <n,s+l|E . 'rnln,9,>[2 = <F >GK
where the rate parameter <F> specifies the time-averaged collis-

n,e+l

ional strength, and R are the coulomb radial dipole matrix
’ . .

elements:

2
(Rg’ﬁ—l) = 9an’ (n =2%)/4(22+1),
and 9 ) )
(RE";“) = 9(2+1)n (n - (z+l»2 /4 (2(z+1) +) 1.
, ;

Stark mixing of adjacent states was allowed to occur

according to its probability relative to all transitions out
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of the.state (n,2).

This "sliding transition" approximation to the
¢ollisional mixing should be applicable for mixing rates small
compared to the radiative and Auger rates, as the adjacent sub-
levels are the most nearly degenerate states.

With the inclusion of Stark mixing, the cascade cal-
culation could now reproduce the experimental results above,
with a value of < F > about lossec-l, representing rather weak
collisions.

This mixing rate should not lead to a large population
of highér s-states, or else the muon Ka/ZKJ ratio would reach
large values incompatible with experiment, because of
ns-»n'p-n"s->2p transitions. While the weak mixing provides
adequate 3p, 2s populations, it does not seriously distort the
cascade at higher levels.

The vacuum polarization effect for very low 2 ele-
ments produces a splitting E(ép 1/2)—E @s 1/2) of 1.5 ev in He%6
Introducing collisional mixing enhances the allowed transition

2p+2s, thus increasing the metastable 2s-state population in

helium,

B. Pionic X Rays

For the pion cascade, nuclear absorption from the atom-
i¢ s- and p-states has been added. The relative nuclear‘absorp—
tion rates for different n were determined by the ratio of the
overlap integrals of the orbital wavefunctions with the nucleus;

3 ¢
T = 1/n rls‘
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C 2 3 _C c _ .C
= - 7 T = T'g. .
rn,l (32/3) (1 1/n") 1/n r2,l 2,1 2p
We first tried the cascade without collisional mix-
ing and with the 2p-state absorption rate ng = 0. PFor a

range of starting levels N, = 10,15 and initial capture dis-
tributions o = -0.25, 0.25, the cascade predicts too large

values for Yy and Ka/ZKJ, while the K, yield is too small.

B
Allowing p-state absorption, the cascade will reproduce the

experimental yield Y but not the ratio Ku/ZKJ. (See Table VII).

KI
As we found for the muons, there is no way to repro-
duce the experimental K-series yield and Ka/ZKJ without in-
8 -1
troducing sliding transitions. With <F> =10 sec (the same

as for muons), the cascade produces results consistent with

experiment for a 2p-state absorption rate

12 =1
Pgb = (5 + 2) . 10 sec , which is determined by the experi-
mental L and KB yields, and the assumed initial capture
distribution. The K-series yields and Ka/ZKJ values are sensi-

tive to the p-capture rate, which explains the difference
between the pion and muon spectral composition.

s/p Capture Ratio. For large n, the sliding transi-

tion rate required by the experimental results does not lead
to pion absorption in high s-states, but allows most pions to

reach low n levels where s-state capcure is significant for

C
2p

<F> =108, is 1.8. The same cascade without collisional mixing

'n < 5. With the given T, _, the ratio of s/p absorption with

gives s/p = 1.2.



-29-
NAL=37
1111

,QQA Kaon-Helium Results

Consider the null K -He results (Tables III, IV).

Recent low energy K -He elastic scattering experimentszy3have

given kaon 1ls-, 2p-state absorption rates Pis = 10" ’sec”! and
1
r;p = 10155ec‘ from the s- and p-wave scattering lengths deter-

mined from these data. A p-state absorption rate of this

order would prevent the observation of K x rays for any p-state
populations because the absorption so strongly dominates the
RAD 12 -1 . . .
2prls 8.85 . 10 "sec . (It was, in fact, this

discrepancy with the high Ka and L, yields reported by

radiation T

Burleson et §;}W that led to this repetition of their ex-
periment.

The experimental yield result Y(La) when combined
with predicted (cascade) 3d-state populations, relates the
3d-state absorption rate and the radiative transition rate
P?ﬁizp = 8.83 . lOllsec-l. In the absence of f-state ab-
sorption, the kaon-helium cascades predicts the following
3d-state populations: 17% for <F> = 108, 5% for <F> = 109,
and 47% for <F> = 0.0, i.e., no "sliding" transitions. Thus,
in the absence of sliding transitions, thé experimental one-
standard deviation yield limit (10%) gives Pgd = 3.2 . lOlzsec—l.
In the absence of collisional mixing, starting at Ny = 24,

with initial capture distributions which are not strongly skewed

(0 = -0.20 +o o = 0.20) and a 2p-state capture rate

c 1 -1

P2 = 10 5sec ; the cascade predicts that 90% or more of the
P

kaons would be captured from np states with n < 6 because of.

the large populations in near circular orbits. With the

8
same strength for sliding transitions as for pions (<F> = 107),
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the yield limit (10%) requires ng =5+ 2 , 10115ec‘1. Such

a cascade results in 20% absorption of kaons in s-states,
about 7% in d-states, and the remainder in p-states. Increas-
ing the mixing rate will decrease the 3d-state popﬁlation

and the inferred minimum ng absorption rate; Increasing the
rate tenfold from that inferred for the pions i.e., to‘

<F> = 10%.yields only a 5%3d population, which is within the
experimental yield limits on L even without 3d absorption;

34

s-states, resulting in about 40% absorption of kaons from

i.e., T = 0. This leads to increased mixing into higher

s—-states.
These results indicate that s-state capture can only
compete with p-state capture unless the collisional mixing

rate is allowed to be larger than that considered,

Optical Model. It isApossible to relate the 3d-state

C
2p

Because of the strong s-wave absorption in the RN interaction,

absorption rate Pgd and the 2p-state absorption rate T

— 29

given by Im A (KN), and the absence of p-wave scattering at
30.

very low energy, it is reasonable to consider a local s-wave,

single-nucleon absorption model.  We take

l 2 3

T =R [/ p (r) ]\yn'l‘dr

where p(r) is the nuclear density described by the shell model

nuclear charge distributions 3! 'Such a model assumes that the

absorption does not severely perturb the coulomb wavefunctions.

c ,.c _ -h c _ —
Then sz/Tls = 2.85 x 10 and T = 2.23 x 10 .

o)
T
3d/ 2p
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-1

Using the 3d absorption rate r¢ =5 + 2 x 1ollsec

3d
8
inferred for <F> =10 the absorption relations give

19 -1

r® 2.7 x 10'%sec”land r. v 0.95 x 10 “sec .. In the absence

c
2p \ 1s » ]
of collisional mixing, <F> = 0.0, using rcd = 3.2 x 10 “sec™",

16 1

we would obtain ng = 1.5 x 10 sec” .
This result is to be compared with recent K™ -He

scattering experiments. Boyd et alfy gave P2p = (1.1 + 0.4)
15 1 . .

. 10 sec”™ from the imaginary part of the p-wave phase shift.
. 3

M. Block et. al. have determined s~, p-, and d-wave phase

shifts, whose imaginary parts predict a p-state absorption

155ec™! and a d-state absorption
10 -1
rate T4 = (1.7 + 0.5) . 10 sec . In order to agree with

&

rate Pp = (0.9 + 0.2) . 10

this d-state absorption rate, our La X-ray yield limit only
requires a mixing rate (F = 3 ., 108), a predicted 25% s-state
abéorption of kaons. However, such a 3d—étate absorption rate
is lower than that suggested by an optical model fit to our
3d-state absorption rates derived from Li, Be, B, and C.32

But the kaon x-ray yield data in helium alone cannot exclude

even higher mixing rates, e.g., F = 109, which predicts only

ab

oo

3d-state population and reduces the 3d-state absorption
rate below our threshold for detection and while only increas-

ing the s—-state absorption to 35%.

D. Cascade Times

Pions. The cascade calculation (<F>= 0,0) without

=11 :
1.1 . 10 sec

13

sliding transitions yields a cascade time Ta

for Ny = 14; with sliding transitions and F>=10° it gives



-32- NAL-37
1111

11

To = 1.2 X 100 sec. This is to be compared to the experi-

mental moderation time Ty = (3.19% 0.23) . 107 0sec??

Kaons. The kaon cascade in He without sliding transi-
tions (< F > = 0.0) yields cascade times t_ = 2.5 X 10 sec
for N = 20 and T = 4.6 X lO—llsec for Ny = 24 for a statisti-
cal starting level population. Changing the initial dis-
tributions between a= -0.20 and o= + 0.20 varies the cascade
time about + 10%. In the presence of "sliding" transitions

211
<F > = 10° we find T, * 3.0 X 107 'sec” for N_ = 24 and

=11 =1
Ty 2.0 X 10 sec for Ny = 20 with a statistical population
in both cases. These cascade times are to be compared with
=10 25
the experimental moderation time ™ = (2.4 + 0,4) x 10 sec.

The collisional mixing required by the present experi-
mental results diminishes the possibility of trapping in the
(K - o) cascade for near circular orbits for n y 16 where
dipole external Auger transitions are forbidden. Moving the
cascade starting level above Ng = 24 corresponds to kaon orbits
in the (K - o - e) system, where an internal Auger transition
may occur. For near-circular orbits dipole Auger transitions
are energetically forbidden, but the mixing could depopulate
these states rapidly.

However, J. Russelsq has shown that in the (K - o ~ e)
system, the t-degeneracy of the kaon atomic states of n = 27
is removed by the perturbation due to the non-central electron-
kaon coulomb interaction. The energy splitting of the near

circular orbits (n = 27) is ~ 0.5 eV. In such a case, these
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states would not be mixed by a weak Stark effect, and trap-
ping in the Wightman-CondogS'36“doldrums“ would be effective
around n - 27, delaying the cascade for kaons in the near
circular orbits, and offering a possible explanation for the

long moderation times observed.

VII. MUON AND PION CAPTURE IN Li, Be, C

A. The Muon De-Excitation Cascade in Heavier Elements

The cascade program was adapted to heavier elements
by replacing the external Auger transitions with internal K
and L electron shell Auger dipole transitions.15 Both the
K and L shell rates were made variable to allow for a possible
K-shell Auger rate limitation by the L-shell external elec-
tronic Auger transition refilling rate, and to determine
the influence of the direct L-shell Auger transitions.

The muon K- and L-series x~-ray results in Li, Be,

and C favor a cascade with the initial starting level (N, = 14)

+0.10

population slightly biased toward circular orbits, oc=0.20_O 20

as indicated in Table VII. The cascade predictions given
correspond to calculated K- and L-shell Auger transition:
rates. Varying these rates by factor of lO"1 to 10 changes
the ratio Xa/ZXJ only a few percent. Direct L-shell transi-
tions are required by energy conservation in order to allow
Auger transitions in higher (n > 10) levels. The predicted

Yx result from populating the assumed metastable 2s-state.
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B. Like Pion De~Excitation Cascades in the SolidiElements

As with the muons, both internal K- and L-shell Auger
transitions were considered. The program included s- and
p-state absorption effects. Variation of the Auger rates by
factors of 10—1 to 10 had little effect on the K- and L-series
x~ray yields; it influenced mainly the relative yields of
higher (B8,y) components of the x-ray line series.

The strong dependence of L x-ray yields on the initial

starting level population distribution indicated that a dis-
+0.10
-0.20y

is required by the experimental YL in Be and C, (Table VII).

tribution slightly biased toward circular orbits [a = 0.20

The experimental ratio Ka/ZKJ in Li also favors the o = 0.20
distribution.

2p~State Linewidths Using the cascades to predict

3d- and 2p-state populations, the experimental K-series x-ray
yields establish 2p-state absorption rates in He, Li, Be, and C.
These rates, and also some recent results of Koch et al?? are
given in Table II. These experimental pion 2p-state absorption
rates can be compared to the absolute rates predicted by the
optical model of T.,E.O. Ericson and M. Ericson.23 In that

model, the absorption width (rate) of a level (n,%) is given

by
2 3
d r

c 2 2 .3 2
T =2A, S o (x)]¥ d'r + Ay [ p (x)|av,

n,=2L 1’1,2' ,Q,!

where the first term corresponds to the s-wave part and the
second to the p-wave part of the pion-two nucleon optical

38
potential. The constants A;, A,, taken from D. Jenkins, et al.
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were determined from a fit to their data for the width of the
2p, 3d, 4f states in intermediate and high-2Z pionic atoms.
These values agree well with those calculated by M. Ericson
from pion prdduction by two nucleons. For calculational pur-
poses, the nuclear density has been taken to be described by
nuclear shell-theory charge distributions.31 A comparison of
the experimental rgp and the absolute rates determined by the

optical model are given in Table II and shown in Fig. 11.

l1s-State Level Shifts and Line Widths. While no

pion K  x-ray energy shift has been detected in He, energy shifts
have been observed in Li and Be (Table II); Because of the

large instrumental line widths and muon contamination effects,
natural line broadening was detected only in Be; while limits

are given in Li and He. The best K, line width limit in helium
comes from Wetmore et al?e; Tis <1.3 x lOl7sec—1.

An independent estimate of the ls-state line width in
helium can be obtained from the 2p-state absorption rate derived
from the cascade calculations, and the ratio of 2p- to ls-
absorption rates given by overlap integrals. The result is
ng/ Pis =~ 1.6 x 10~". The experimental K-series x-ray yield
data and cascade calculations indicate that
-1

= (5.0 + 2.0) x 10'%sec” ! which gives I§_ = 3.1 + 1.2 x 10'®sec™’,

Table II provides a comparison of the experimental pion

C
r2p

K x-ray results with the theoretical energy shift and line-

width predictions of the optical model,23 and the line-width

20

predictions of the two-nucleon absorption model. The
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experimental 1ls level widths are consistent with the pre-

dictions of the two-nucleon absorption model.

VIII. XAON Li, Be AND C RESULT

Examples of spectra are shown in Figs. 12, 13,and 14.
The results of fitting line shapes to all the structure in
these spectra are given in Table V. Within this set the Ma
line in C, the La line in Be, and La, LB lines in L.i have been
identified. The measured energies of these lines agree with
the corresponding Klein-Gordon energies. Since the vacuum
polarization and nuclear finite size corrections are very
small in the 2p, 34, 4f, etc. stateé, the good agreement of
the experimental and theoretical energies indicaées the ab-

sence of large nuclear absorption energy shifts of the levels

involved.

A.~additional “Linmeés in the X-Ray Spectra

The additional statistically significant resolved
structure in these spectra consists of an M; (18.45 keV) line
in C, and Lé (18.00 keV) and L; (12.90 keV) in Li, and a
possible L; (21.00 keV) in Be (where the terminology is
arbitrary).

The additional line in C is also indicated in the
spectrum ot Wiegand and Mack?SQ From a strictly statistical
standpoint; these lines are present to confidence levels of
99% or better. We have considered the following possibilities

as sources of these lines:
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1. Background Effects. These lines are absent from
the corresponding no-target and out-of-time (random) back-
ground spectra. Because of the purity (>99%) of the stopping
K~ signalz this indic¢ates that the lines are associated with
kaons stopping in the targets.

2. 2Additional Kaon X-Ray Lines Due to Nuclear Effects.
The L-series could be split if the (3p+2s) and (4p»>2s) transi-
tions differ in energy from the L, (3d»2p) and LB(4d+2p) lines,
as a result of a nuclear interaction shiff of the 2s-state.
(See Fig. 15). If this is true, the measured energy and width
of the 2s-state can be scaled with overlap integrals to find
the corresponding parameters for the.ls—state. The resulting
ls-state is well defined (width and energy shift small com-
pared to the binding enérgy). We then expec? to see the KB
and KY transitions to the ls-state from the 3p- and 4p-states,
"with rates predictably greater than those to the 2s-state.
But such iines are not observed.ag‘AMoreover, the p- and d-state
nuclear absorption rates inferred from the cascade calculations
described below are large and do not allow such an interpretation.

The possibility that the additiQnal line in the C spec-
trum could be a shifted M, transition (4d-3p) is similarly ruled
out. |

3. Miscellaneous. We have not been able to identify
these lines as nuclear gamma rays, fluorescence x rays, or
as escape peaks from higher energy x-ray lines.

4. Secondary Pion X-Ray Lines. Absorbed kaons produce
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negative pions which when stopped emit pionic x rays. Pion
capture in counters, moderators, etc. can bé excluded because
all the observed lines are target dependent. Capture in the
targets should yield characteristic '‘pion spectra, but only in
carbon can an observed line be identified with a prominent
(Ly) pion target capture line. However, an equally thick )

Be target shows no Be pion lines, and one would'have to
postulate significant differences in the pion yield or spec-
tra in the two elements to explain this. The lines observed
in Li cannot be fitted to pion capture x-rays. Wiegand and
Maékag\also saw this line in C, since they used thinner
targets, this tendsvto argue againsE the pionic interpretation
of its origin. '

5. £~ Atoms. - In the absence of experimeﬁtal data on
£ yields following K™ cabture,in Li, Be; and C, we interpolate
between the measured yields of I~ hyperons from kaon capture
in helium and hea§y~1iquid bubble chambers'’ to find that
about 15% of stopped kaons should produce : hyperons. Assum-
ing the same Z‘-momentum spectrum as that observed in helium,Llo
we find that about 50% of the I7's produced would stop in our
Li target. The»uncorrected Dirac energies of the M, and MB
transitions of §” x rays in Li are 11.8 and 17.2 keV. If we
identify the additional lines in the Li spectrum with these,
we require a downward (attractive) energy shift of the 3d
state of 0.95+0.30 keV, which is not unreasonable. The re-

'spective M_ and M, yields are 0.4+0.2 and 0.7+0.4, which again

are reasonable.
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The Be spectrum is consistent with the presence of the
Z_Ma (21.7 keV, unshifted) line also, as well as unresolved
low enefgyfkaon or I7 N-series lines. The yield would be
YMa = 0.8 + 0.4. In C, the situation is less clear, however.
The 18.45 keV line would have to be identified (implausibly)
as an unshifted z" (10,6) transition (18.4 keV), or as a
shifted I~ (5-4) transition (23.3 keV) or I~ (7.5) transition
(20.3 keV). The yield, estimated as above, would be (0.8+0.4).
In the case of Li the interpretation as sigma-capture
X rays appears the most plausible. The evidence in Be is
more equivocal, but favors the interpretation as sigma M, -
In C the interpretation as a pion capture line seems most
likely. If sigma lines appear, some pion lines could also

appear, so these are not necessarily conflicting. Clearly

more data with improved resolution are needed.

S - Cascaée‘CalculationsrinkLi, Be and G
The modified cascade program, adapted to higher 2
values, as previously described for the pion cascades, was

used to derive d-state absorption rates.

Cascade in Be. The L vyield is essentially inde-
o

pendent of the starting level N p-state absorption rates,

OI
and Auger transition rates. A statistical capture distribu-
tion (¢=0.0) predicts a yield of Lu = 0.19, marginally con-

sistent with the experimental yield 0.23 + 0,03 even assuming

no d-state absorption.
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Taking o = 0.20 for the initial capture population,
and neglecting 3d-state absorption, the cascade predicts an
La yield of Q.37. From the experimental yield r§222p we
obtain a 3d-state absorption rate (Table V).

The observed upper limit to the natural line width of
the La iﬁray (Pn € 0.22 keV) establishes an upper limit on the
2p-state absorption (Table V).

Cascades in C. The 4f-state population determines

the Md}%%ray yield. For o = 0.20, the cascade-predicted 4f-
state population (0.37) is consistent with the experimental
yield (0.34 + 0.07) and establishes an upper limit of the 4f-

12 =1

state absorption rate: r$. < 2.5 . 10 “sec” . A statistical

4f
capture distribution (o = 0.0) predicts a smaller Ma yield
(0.22) than that observed even in the absence of the 4f-state

absorption.

From the results of Wiegand and Mack39, the L yield
o)

is less than 0.04 in C. Taking o = 0.20 for the initial cap-
ture population and neglecting 4f-state absorption, the cas-
cade gives L, = 0.38. From the yield limit 0.04, and r§222p'
we obtain a lower limit on the 3d-state absorption rate (Table
V). Absorption from the d-states will not seriously affect the
3d-state population given by the cascade as & - £ - 1 transi-

tions dominate. An upper limit on the 3d-state absorption

can be obtained from the natural line width of the.Mu‘x-ray

(I‘n < 0.40 keV). (Table V).
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Taking o = 0.20 for the initial capture distribution
as suggested by the pion data, the cascade without d-state

absorption predicts a yield of 0.37. From the observed value

RAD

0.09 £ 0.03, and P3 ' we obtain a 3d-state absorption rate
p+zp

(Table V). This d-state absorption rate will reduce the

predicted La/ZL from 0.70 to a value = 0.60 for o = 0.20,

J
because of the differing absorption in the 3d and 4d-states

given by the overlap integrals; this value is in agreement

with the observed Lu/ZLJ = (0.55 + 0.10).

Although limited in accuracy, the Lu’ LB line-width

measurements yield a natural line-width upper limit

Fn < 0.30 keV and a 2p-state absorption rate (Table V),

1

c 17 -
< 4.7 x 10 sec .

1"2p

Comparison With Other Data

A comparison of the present yield results with those
of Wiegand and Mack’® in Fig. 16 indicates that the most
obvious difference in the results of the two experiments lies
in the trend of the L. yield vs Z. Our results imply a maximal
L, vield in Be with the yield decreasing in Li toward zero in
He. The results of Wiegand and Mack indicate, minimally,
no decrease in L, vield in going from Be to Li. However, the
total L yields for the two experiments are consistent. The
present kaon-helium L x-ray result, and the observed KQ/ZKJ
and Yo for pions and muons, would suggest a decrease in La,Y

L

for kaons in Li compared to Be.



—42- NAL-37
1111

Figure 17 illustrates the experimental kaon 3d-state
absorption rates vs Z compared to those predicted by the
s-wave overlap integrals normalized to the lower limit on the
carbon 3d-state absorption rate, and to the absolute absorpuion
rates calculated by J. Rookl}1 following the model of E.H.S.
Burhoph2 based on RN absorption cross sections. The kaon
3d-states absorption rates, as here determined, seem reason-
ably well described by the simple s-wave RN optical absorption

model.

IX. SUMMARY

In conclusion, the present experimental results for
muons indicate that muonic atoms in the light elements can
be understood in terms of the normal electromagnetic de-
excitation cascade dominated by internal Auger transitions,
with an initial capture distribution slightly biased toward
circular orbits (o = 0.20 +0.10), and the metastability of
the muonic 2s-state.

The biasing of the initial capture distribution,
required for the cascade starting at or below the electron
K-shell radius, may be a reflection of processes following
initial capture in higher n levels. Energy conservation in
Auger transitions of the muons from near circular orbits
in these higher n levels requires a large An and AL as
described. As the transition rate decreases rapidly with
increasing Ag, mﬁons in such states will de-excite with a

minimum A2 and thus tend to enrich the population of the
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néar eircular orbits in the lower part of the cascade
(below the electron K shell).

For helium, the muon results can be explained only
by invoking weak collisional Stark effects. 1In particﬁiér,
£6r an initial statistical capture distribution, the experi-
méhtal muon K-series x~ray results can be reproduced by a
€aséade involving external Auger and radiative transitions
along with weak (adjacent state n,?% - n,% + 1) Stark mixing.

The preference for an initial statistical Eapture
distribution for the cascade calculations in helium may
¥eéflect the effect of the Stark mixing on the populations
6f atomic states given by initial capture at higher n levels.

Again, for pions the same conclusions apply, with
the addition of nuclear absorption from atomic s and p-states.
€ascade calculations, in conjunction with the experimental
Pion K-series x-ray yields, give pion 2p-state absorption
¥ates in agreement with the optical model of T.E.O. Ericson
anhd M. E. Ericson.sthe same model predicts ls-state enerqgy
shifts and absorption rates in good agreement with the ex-
perimental results.

For kaohs, the identified kaonic x-ray results in
the 1igﬁt elements can likewise be understood in terms of
the normal de~excitation cascade with the same in;tial cap-
ture distribution biased toward circular orbits /d== Otzoig:ég
and 3d-state absorption rates describable by a siﬁple optical

model.
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In helium, the kaon null results can be understood
by invoking the same amount of collisional mixing as re-
guired by muons and piéns, and a 3d~state‘absorption con-
sistent with the 1ls, 2p absorption rates and ratio FZp/Tls
given by recent kaon-ao elastic scattering experiments.

They provide significant, but not definitive, information
concerning the amount of s-, p- and d-state capture, and
the experimental moderation time; they do not establish
an upper limit on the collisional mixing rate for the
(Ka) ™t system.

The additional line structure in the kaon Li and
Be spectra is consistent with and apparently explicable
~only as M-series $” x-ray lines. The line in the kaonic c-
spectrum seems to be best deécribed as the pionic La X-ray
line.

It is clear that in neither pionic nor kaonic
helium atoms does nuclear capture occur exclusively from a
single state; it occurs from states with two or three

different g2-values.
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TABLE VI. HELIUM CASCADE RESULTS. YA
Muons Calculated | Experimental
N_=13,0=0.0% F=0 F=10°

Yield Yy 1 0.97 0.80 0.79+.13
Ratio K_/IK] 0.73 0.55 0.58+.05
Pions

Ng=13,0=0.0

Yield Yy 0.34 0.21 0.18+.05
Ratio Ka/ZKJ 0.63 0.40 0.40+.05
Ratio, p/s~state 1.8 1.2
capture
Kaons
8 9

NO=20,a=O.O F=0 F=10 F=10

3d popul. 47% 16% 5%

c -1 12 11

r  ,sec >3.2.10 >(5.0+2.0) .10 >0

3d

c =1 : 16 : : 15

Pzp;sec >1.4.10 >(2.3+0.8).10 —~
Nuclear Absorption for Experimental Yields
d-state . 30% 7% +~0
p—-state 69% 73% 65

s-state 1% 20% 35

From K~ -He Scattering Data: Boyd et.al. Ref. 2 Mazur et.al Ref.3

rg 15 15 1
P2§ (L.1+.4)x10 sec. (1.43+.29)x10 sec-
c 3.8+1.0 10 21
r - .10 sec
34 : 2.9+0.9
Calculated Cascade Time Moderation Time
11 =10
Pions 1.2.10 sec., (3.2+0.2) .10
! ~1lo0
Kaons 3.0.10 (2.4+0.4) .10

a) Skewing parameter of Eisenberg and Kessler. Ref. 18.
b) Reference 33.
c) Reference 25,



-55—

NAL-37
1111

- oos_ _0I°0°€ = ng pu®R DUTXTW TBRUOTSITIOD (3

* 035 oflore = QNQ usg PUTXTW TRUOTSTITTOO ON (@

‘oanzdes TeTaTUT 1030z Q0 = ® ~wEmsom 3TqIO IBTNOITO poserd (P
0T = J {PUTXTW TRUOTISTTITOO UITM SPLOSEO WNTTH (O

A *bUTXTW TRUOTSTTTOO INOYUITM SpCOSED WNTISH (]

*po30U SSOTUN pPoWNSSe ST UOTAINGTIISTP oIn3ded TeOTISTIe3s (e

pT8°0 p0S "0 B _ _
SL*0 €€°0 90°0F%8°0 0T 0F9€°0 3
880 PEE" 0 B B 0290 ~
28°0 120 90°0F08°0  L0'0FSE°0 “05°0 202" 0 90°0F06°0 S0°0FIZ"0 og
| 09°0 B B
05°0 pST°C 90°0F0L"0 S0 0FTZ 0 17
307°0  Tz'0 3
5€9°0 $E0  S0°0F0V°O G0 0F8T"0 oH
SNOTd
pS8°0 pIS"0 _ _ _
8L°0 Zv° 0 LO°0FES 0 0T 0F0S°0 | o)
£68°0 08Z°0 a pZ9°0 0680 _ B
L8°0 L2°0 -- 60°0F8€°0 65°0 880 LO°0FES*0 €T*0F60°T og
pIL:0 PS80 B B
29°0 18°0 S0°0FZL"0 ST*0FSL 0 11
5550 08°0 B
qEL"0 L6"0 S0°0F85°0 €T*0F6L"0 oH
, SNOAW
Lrz/P Te Lz /° Tx Lyz /"y Az Ly /"y e
SNOILoIqHud SITnSHa oSNOILIOIQTad SITNSHEA
AAYISYD TYININIS T X HAAYISYD TYININTIHIXE

"SATIIA NOILVINDIVD EAVIOSYD °SA TYINIWIYEAXHE °*IIA dAT4YL



Fig.

7Fig.

Fig.

-56-
NAL-37
1111

Figure Captions

1. a) Counter arrangement for stopping kaons. Cl and

‘C2 are Cerenkov counters in a time-of-flight cireuit to

select kaons; S and S, are scintillation counters, §3 is
a pulse-height discriminating scintillator, to emphasize
slow kaons emerging from the moderator, and ACDS is a
downstream anticoincidence counter following the target
T. The eight proportional counters PCj detect x-rays;
they are protectad from charged fragments by the anti-
coincidence counters ACj. b) Arrangement for stopping
muons and pions; the time-of-flight Cerenkov counteérs

are replaced by the gas threshold Cerenkov counter Cg,

which discriminates between muons and pions.

2. Simplified slow electronics for the proportional
counter x-ray spectrometer. Fach of the four channels
has its own quadrant of the pulse heicht analyzers, and

its own pulée sharing and pulse rejection system.

3. Delay variation in the high-pressure xenon proportional
counters as a function of x-ray energy. The increased
delay at low energies is due to absorption in the outer

low-field region of the counters.

4., Muon spectra in helium. 2) Muon-helium capture
spectrum minus same data for empty target. b) Muon-
helium capture spectrum minus random background (out-of-

time spectrum).
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5. Pion~helium capture spectrum minus random (out-of-

time) background.

6. Xaon capture in helium. a) Signal plus background.

'b) Background only.

7. Kaon-helium capture spectrum minus same data for

empty target.

8. ’Kaon—helium data with 4-usec gate width. a) Random
(out-of-time) spectrum minus dummy target random spec-
trum (the difference represents‘non—beam—associated
x~rays from helium), b) Helium data minus dummy target
data (the difference represents beam-associated x-rays

from helium).

9. Kaon-helium data with 4-usec gate. Kaon-helium

.......

10. Difference hetween kaon-helium capture data with
4-pysec gate and 2.5-psec gate: only low energy x-rays

should appear.

11. Comparison of experimental 2p pion absorption
rates (partly derived from Monte Carlo calculations)

and theoretical predictions.

12. X-ray spectra from kaon capture in lithium. a)
Target in minus target out. b) In-time data minus

random (out—othime) data.

13. X-ray spectra from kaon capture in beryllium.

a) In-time data minus random (out-of-time) data.

b) Target in minus target out.
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14, Same as Fig. 13, for capture in carbon.

15. Elimination of level shift as source of additioral

spectral lines.

16. IL-series X-ray yields from kaon capture in light

elements: total L-series yield, and L, yields.

17. Comparison of experimental and theoretical 3d kaon

absorption rates in light elements.
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