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A search for radiative transitions between 0.100 and 0.9 MeV from the p-shell hypernucleus ’B
was undertaken. Of special interest are the M1 spin-flip transitions between members of the doublet
formed by coupling an s-shell A hyperon to the nuclear core. No such transitions were observed in
this energy range attributable to \’B. This negative result provides additional constraints on the pa-
rameters of the p-shell A-nucleon effective potential. Evidence is presented of the observation of a ¥
ray which may be attributed to either the hyperfragment 3Li or §Be. A cross section for the ex-
clusive reaction "Li(, 7' )'Li* (E, =478 keV) of 2.2+0.3 mb/sr was also obtained.

I. INTRODUCTION

A. Radiative transitions in hypernuclei

The role of the radiative transitions in hypernuclei may
be readily understood in terms of a weak-coupling model
in which the A is coupled to a nuclear core consisting of
A —1 nucleons. For low-energy excitations, the A will
always be in the s shell, since it is unconstrained by the
Pauli exclusion principle. For example for p-shell target
nuclei, the configuration will be of the form
(15)% (1p)# ~5(1s),. In general the core states will be
split by the spin-dependent interactions of the A, as
shown in Fig. 1. We may distinguish between two types
of transitions. The first is the transition connecting the
multiplet partners. This y ray will be a spin-flip M1 tran-
sition and will be of relatively low energy, corresponding
to the smallness of the spin dependent A-nucleon terms.
The second is a transition which connects multiplet
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members built on different core states. This transition is
close in energy to the core transition, but is perturbed
from that value by the presence of the A. It is clear that
measurement of either type can provide valuable infor-
mation on the spin dependence.

The first observations of radiative transitions in hyper-
nuclei were made on hyperfragments produced by stop-
ping negative kaons in beryllium and lithium."! Coin-
cidences with emergent pions were subsequently used to
identify the hypernucleus involved upon fragmentation of
the lithium target.> Because of the strength of A-particle
binding, phase space favors the emission of the mass-4
hyperfragments 4He and 4H; these modes can be dis-
tinguished by their pionic-decay modes:

AH*—iH+y, JH—*Hetr™ (E =53 MeV),

(1)
4He* »>4He+y, {He—‘He+n" (E =57 MeV).

(2)
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FIG. 1. Two types of hypernuclear radiative transitions; one
type, on the right, represents a spin-flip transition connecting
multiplet partners, and the other, on the left, represents a core
transition modified by the presence of the A.

The observations of Bedjidian et al.? were that the re-
action! displayed y rays of energy 1.04 MeV while for
Ref. 4 y rays of 1.15 MeV were observed. These mea-
surements fix the first excited 17 states of the mass-4 A-
hypernuclear systems. Later experiments’ reported ten-
tatively the existence of a 1.22-MeV ¥ ray ascribed to
8Li.

The first successful in-flight kaon-y-ray measurements
were reported by the Brookhaven collaboration* for y
rays in ,Li and 3Be. In these experiments the
strangeness-exchanging (K ~,7 ) reaction was used to ac-
cess specific states in those hypernuclei. With an array of
sodium iodide detectors, hypernuclear transitions from
the second excited state of jLi at 2.034 MeV to the
ground state, and from the 3Be doublet near 3.079 MeV
were observed. The former result was interpreted as a
core transition in ®Li, i.e., a transition based on the deex-
citation of the 2.185 MeV 37 °Li state, slightly perturbed
by the presence of an s-shell A. The 4Be doublet is based
on the 3 MeV ®Be 27 core state. The failure to resolve
the splitting of the 2™ core state into its $* and 2* com-
ponents was used to place the most severe constraint to
date on the size of the two-body AN spin-orbit splitting;
i, |S,1<0.04 MeV.> The corresponding A-nucleus
splitting derived from that value is €, <0.240 MeV.

It is interesting to note that the mass-4 y rays were
also observed with the in-flight experiment;* however, it
was not possible to distinguish between the hyperfrag-
ments 4He and 4H.

The ¥ rays observed in the in-flight experiment on °Be
and 'Li were both interpreted as E2 transitions based on
a simple model of the s-shell A coupled to a nuclear core,
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FIG. 2. The range of usefulness for high-resolution hypernu-
clear spectroscopy. The horizontal lines represent approximate
mean times for the weak decay and ionic slowing down times
for a typical p-shell hypernucleus. The solid and dotted lines
show the approximate M1 and E2 mean lives as a function of
energy, using the conventional single particle expressions. The
useful region, for example, is from about 100 to 500 keV for
detection of M1 spin flip transitions in a p-shell hypernucleus.
Below that energy radiation transitions cannot complete against
weak decay; above that energy, Doppler broadening will
significantly broaden the peak width.

i.e., ®Be or ®Li. The observation of the low-energy spin-
flip M1 connecting the multiplet partners would give a
more direct measure of the spin splitting. There is a re-
gion of permissible y-ray energies which allows the
effective use of high-resolution germanium diodes. This
region, shown in Fig. 2, is bounded on one side by the
weak decay lifetime, about 10~ '° seconds, and on the oth-
er by the effects of Doppler broadening. For a narrow
range of energies, the lifetime for M1 decay is much
larger than the slowing down time of hypernuclear recoil.
Thus, from Fig. 2, it can be seen that these limits define
the useful range for high-resolution detectors between
about 100 keV to about 500 keV for the spin-flip M1’s.
This range, however, encompasses most of the theoretical
predictions for doublet spacing described below. Hence,
the present experiment was designed to use an array of
intrinsic N-type germanium diode detectors.

B. AN effective interaction

The theoretical basis for the predictions of y radiation
from p-shell hypernuclei were given in a series of papers
by Dalitz, Gal, Soper, Dover, and Millener.”~° These au-
thors formulated an intermediate-coupling shell model of
p-shell hypernuclei, i.e., those with the configuration
{(1s)4 (1p)# ~°(15),}. The formalism was used in an
analysis of the separation energies for p-shell hypernuclei
in terms of primary AN and ANN interactions, adjusting
the parameters phenomenologically by fitting observed
energy-level patterns in these nuclei. The resulting A hy-
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pernuclear wave functions are used in the calculation of
other properties, such as weak decay, production cross
sections in (K ~,7 ) reactions, and y-ray transition
strengths. As the experimental database improved, this
phenomenological analysis was refined. In the most re-
cent two papers, Dalitz and Gal,” and Millener, Gal,
Dover, and Dalitz’ made an extensive set of predictions
for the expected energies and strengths of the core and
multiplet transitions.

The two-body AN interaction is expressed in terms of
five radial integrals over harmonic oscillator wave func-
tions, one associated with each term in the interaction

VAa=Vo(r)+V (r)Sy-Sx+VA(r)lys-Sy
+V(PIyaSy+V(r)S,, (3)
where
Sp=3oy o r)—oy0o,. 4

These radial integrals, designated as V, A, S,, Sy, and T,
respectively, are assumed identical across the p shell, and
are termed the spin-averaged-central, the spin-spin, the
A-spin-orbit, the induced-spin-orbit, and the tensor in-
teractions, respectively. They appear, along with the
three-body interaction, in the expressions for the binding
energies of the excited states for each hypernuclear
species, with coefficients which represent the sum of the
two-body A-N interaction over the p-shell nucleons in-
volved. Dalitz and Gal® concluded the most reasonable
fit obtained across the p shell resulted in the parameters
0.15, 0.57, —0.21, and 0.0 MeV for A, S,, Sy, and T re-
spectively, while Millener et al.’ used the values 0.50,
—0.04, —0.08, and 0.04, for those values. As is apparent
from a comparison of these data sets, there is consider-
able variation in the prediction of the doublet spacings,
and in particular the spacings of Ref. 5 predict much
smaller spacings than Ref. 9. Several of the closely
spaced levels predicted by Ref. 5 are an ideal match for
the usefulness of high-resolution germanium diode spec-
trometers, as they fall within the window described by
Fig. 2.

The calculated cross sections for the population of
discrete final states of hypernuclei through the (K —,77)
are described in some detail in Ref. 8 and also in the
comprehensive paper on the nuclear structure of p-shell
hypernuclei by Auerbach et al.!° The specific cross sec-
tions required here are dealt with in a later section. Ex-

pression for transition rates (or lifetimes) are also given in
Ref. 8.

II. DESCRIPTION OF EXPERIMENT

A. General description

Gamma rays following the formation of hypernuclei by
the strangeness-exchanging (K ~,7~) reaction were
detected using the low-energy separated kaon beam
(LESB-1) at the Brookhaven Alternating Gradient Syn-
chrotron. The target was 12.3 g/cm? of boron powder
(enriched to 93% of !B), of nominal size
(z,x,)=(12X10X2) cm, and encased in a 0.154 cm
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aluminum sheet. The target was placed at a vertical
focus of the beam line tuned to 800 MeV/c negative
kaons. The reaction pions were detected with a QQDQQ
spectrometer system on a rotatable platform; the device is
known colloquially as “Moby Dick.” The target was sub-
jected to a total irradiation of 2 X 10'° kaons, in the form
of beam spills nominally 1.2 s long, occurring every 2.5 s;
a typical beam spill contained 5X 10* kaons in a back-
ground of 5X 10° pions. Data were recorded from an ar-
ray of six Ge detectors placed around (three above and
three below) the sample. The data were preprocessed in a
PDP-11 driven CAM AC data acquisition system. A
fraction of the data—typically 10%, but dependent on
count rate—was processed for on-line monitoring; all the
data were recorded on magnetic tape and were subse-
quently replayed for analysis.

Two other auxiliary experiments were performed in aid
of the main effort. The reaction 'Li(mr,7')’Li*(478 keV)
was studied to assess the performance of the y-ray detec-
tors in a situation with similar background, but using a
known, strong y-ray transition; a second reaction
OB(K ~,77)B was performed using a “thin” sample
(3.9 g/cm?) of boron to establish experimentally the reac-
tion cross section for production of the bound states of
19B. These tests were important in establishing the sensi-
tivity of the experiment.

B. Beam line and spectrometer

The parameters of the Moby Dick spectrometer and
LESB-1 beam line relevant to the present experiment are
shown in Table I, and the diagram showing the elements
and placement of the detectors is displayed in Fig. 3.

The kaon beam incident on the target contains a large
contaminant of pions, as indicated in Table I. These
pions are rejected efficiently by a Cerenkov veto and tim-
ing scintillators. Pions from kaon decay downstream of
the target are also rejected by timing, except for a region
near the target, where time discrimination is inadequate.
As subsequent discussion demonstrates, those decay
pions constitute the largest background component in
this experiment.

TABLE 1. The parameters of the LESB1 beam line and
Moby Dick spectrometer (post-1982 version).

p max 1.1 GeV/c beam
1.1 spectrometer
Ap/p beam line +2% (FWHM)
Beam length (meters) 15.2
Separation ratio 10 (wm=/K7)
(800 MeV/c) 35 (T /KY)
Rates/10'? protons @ 28 GeV; 45X10° (K7)
6 cm Pt production target @ 800 MeV/c
Rates (typical) @ 800 MeV/c 135X 10° (K )
Spectrometer resolution 0.2%

Ap /p spectrometer 13% (FWHM)
Momentum bite
Spectrometer rotation —5° to 45°

AQ 18 msr
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FIG. 3. Diagram of the beam line and Moby Dick spectrometer. Only that portion of the beam line downstream from the mass

slit is shown. See text for the meaning of the symbols.

The mass slit hodoscope H and first chamber D1, and
chambers D2-D7 define kaon tracking, while D8-D12
and D13-D15 define pion tracking. H consists of 20 9-
mm plastic scintillator elements which give horizontal
position (bend-plane coordinate x) and timing informa-
tion. The elements are in two layers overlapped by 1 of
their width. By analyzing coincidences between layers
the kaon is localized to a 3-mm segment. Figure 4 shows
an expanded diagram of the counters in the target region
between kaon and pion spectrometers. A complete tech-
nical description of the drift chamber and encoding sys-
tems has been previously published.!!
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FIG. 4. The configuration of drift chambers and germanium
detectors near the target position. C, and Sy refer to the target
Cerenkov detector and trigger scintillator, respectively.

The Cerenkov detectors use lucite radiators; the detec-
tor near the target vetoes pions which are produced by
kaon decay upstream of the target and which are not dis-
tinguishable from kaons by time of flight. The time-of-
flight difference between 800-MeV/c pions and kaons
over the 5-meter path lengths in the kaon and pion spec-
trometers is more than 1.3 ns, and the typical rms time
resolution provided by the scintillators is about 300 ps in
practice. For the large rear scintillators S; and S, light
propagation time effects were eliminated by time averag-
ing the signals from photo tubes at either side of the scin-
tillator. The §;-S,; combination was used to reduce neu-
tral particle sensitivity to negligible proportions.

C. Gamma-ray detection apparatus

The theoretical expectations of Refs. 5-9 place certain
restrictions on suitable y-ray detectors. Reasonably high
efficiency for energies up to 500 keV must be balanced
against good timing characteristics, while the unavoid-
able large neutron background suggests use of reverse-
electrode germanium detectors, which are known to be
resistant to radiation damage. The assembly of an array
of germanium detectors with their cryostats presents
mechanical difficulties. The configuration chosen for this
experiment consists of six reverse-electrode coaxial detec-
tors mounted in multiattitude cryostats (Canberra Indus-
tries 7935 10.2 cm mini-mac design). The detectors are
nominally 50 mm in diameter by 40 mm in depth. These
are commercially sold for portable detector applications.
The cryostat has a nominal holding time of 8 h with 0.4-
liter liquid nitrogen capacity. In the present application,
the handles of the cryostat were removed, giving an
overall diameter for the housing of 10 cm. A filling sys-
tem was installed to replenish liquid nitrogen at a 4-h in-
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terval. It was convenient to arrange three detectors
above and three detectors below the target, as indicated
in Fig. 4. A solid angle of 6% of 4m was achievable in
this way. The distance from the target to the detector
end cap was about 10 cm.

Figure 5 displays a block diagram of the electronics as-
sociated with these detectors. Although the detectors
were specified to have the typical 2-keV FWHM resolu-
tion at 1.33 MeV, in our application the resolution was
determined primarily by the ambient electrical noise in
the alternating gradient system (AGS) environment and
by a mesonic decay halo in the beam which created sa-
turating pulses in the electronics, and consequent baseline
perturbations.

The hostile environment led to the adoption of short
time constants for the pulse-shaping amplifier, 0.25 us,
followed by the use of a gated integrator with a 2 us in-
tegration time. The beam is surrounded by a halo of de-
cay muons which deposit a large amount of energy in the
detector. Typically one observes about 5000 s~ ' meson-
induced events in each diode, each depositing ionization
equivalent to a 50-MeV y ray. The preamplifier must ac-
commodate an average current of 10 nA through the
spill. This required a reduction in the input feedback
resistor from 2X 10° to 2X 10® ohms, resulting in some
degradation of detector resolution. Each detector ele-
ment was wrapped in a three-layer shield consisting of 2.3
mm Pb, 1 mm Cu, and 0.8 mm of Cd. The shield covered
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FIG. 5. The electronics block diagram for the y-ray detec-
tion system.
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the sides of each detector, but the end cap was left
unshielded. The intrinsic efficiency for each detector was
measured with an antimony-tellurium-europium mixed
source (National Bureau of Standards Standard Refer-
ence Material 4275). The intrinsic efficiency was typical-
ly 80% from 27 keV to about 200 keV, and declined to
about 15% at 463 keV. The efficiency was also confirmed
in situ, after the experiment, by moving the source across
the surface of the target and averaging the results to ac-
count for detector-target geometry.

A free running, dual-amplitude pulser-injected charge
pulses into the preamplifier of each detector randomly
across the beam spill macrostructure. The pulses pro-
duced peaks in the (K ~,7 y) spectrum which were used
to monitor gain stability throughout the duration of the
experiment. The pulser proved invaluable in estimating
count rate loss due to baseline distortions and dead time
due to amplifier recovery after overload. The system
resolution as measured with the beam off was 2.8+0.5-
keV (FWHM), using the 123-keV ¥ ray from the NBS
source.

With the beam on an appreciable baseline noise contri-
bution is introduced; this was measured at 4-keV FWHM
with the pulser, and that noise component dominates the
system resolution over the energy range reported in this
experiment. Figure 6 shows the annihilation radiation
peak as observed in the (K,7y) coincidence spectrum.
This peak presumably results from 7° production from
K 7- or A-decay processes. The fitted resolution function
for this peak is 5.6+0.14-keV (FWHM) and contains a
~3-keV Doppler broadening component from the an-
nihilation of positrons.'> This observation is consistent
with the observed pulser resolution and allows us to con-
clude that the effective y resolution is a nearly constant
4.5 keV over the range 100—600 keV.

The most important detector characteristic providing
discrimination against background is the collection time.

300.0

250.0 n

200.0

EVENTS PER CHANNEL
a

1000 ) *
oo y ly
50.0 Ol g i g \ W * .
(1] &
. RO rring
0.0 T T T T
460.0 480.0 500.0 520.0 540.0 560.0

GAMMA ENERGY (keV)

FIG. 6. The observed line shape for the 511-keV annihilation
radiation, observed in coincidence with (K ~,7 ") events. The
source of this radiation is presumably 7s originating from ei-
ther A decays, or background K ~ decays. The fitted resolution
width is 5.6 keV.



41 SEARCH FOR RADIATIVE TRANSITIONS IN THE . . .

This is a strong function of y-ray energy and influences
the detector signal-to-noise ratio dramatically. The
detector timing was checked in three ways: (a) out-of-
beam with y-ray sources; (b) in-beam with y-ray sources;
and (c) in-beam with background events. In methods (a)
and (b) a '*3Ba source was used to trigger a plastic scintil-
lator and the subsequent cascade y ray was time ana-
lyzed. In method (c), the y-ray continuum, consisting of
Compton-scattered photons, in coincidence with a
(K ~,m") trigger, was analyzed. The coincidence com-
ponent observed was strong, i.e., a large fraction of the
y-ray continuum is time-coincident with the (K~ ,77)
trigger. It was found that method (a) and (b) gave identi-
cal results for time distributions. Figure 7 shows a com-
parison of methods (b) and (c) for the 81-keV and 356-
keV regions, comparing background continuum events
for these regions with the photopeaks from a !*’Ba
source. It is immediately evident that (b) and (c) have the
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FIG. 7. (a) Two determinations of the time distribution of
81-keV y rays. The histogram is derived from a selection of
continuum events near 81 keV which are coincident with the
(K,) trigger. The points are a result of a measurement with a
133Ba source in the presence of the beam. (b) Same as (a), but for
356-keV y rays.
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same time distributions. Accordingly, we use method (c)
to provide time distributions as a function of y-ray ener-
gy. Figure 8 shows a plot of the results of the continuum
timing over the range 0—1 MeV, where the plotted quan-
tity is 40, where o is the time-distribution rms width.
This quantity was subsequently chosen as the time accep-
tance gate for the (K ~,7y) events in the off-line data
analysis.

III. DATA REDUCTION AND ANALYSIS

The first stage in data analysis is the reduction of drift
chamber event data to position and momentum coordi-
nates. Tracks which cannot be reconstructed from the
data, as well as some events which do not satisfy rather
loosely defined cuts, are rejected at this stage. Next, spa-
tial and timing constraints are applied. A vertex require-
ment is imposed on the matching of the rear spectrome-
ter track with a straight line segment determined by
chambers D2 through D7 in front of the target. Time-
of-flight cuts select the incoming and outgoing particle
types and a “‘scattering-angle” cut discards events with
reaction angles of less than 10 mrad—so-called straight-
through events. These are mainly pions which satisfy the
pion spectrometer selection conditions and are counted as
kaons because they are in accidental time coincidence
with valid kaon beam events.

Subsequent to this selection of physically interesting
events, the analysis consists of examining the
M (K~ ,7m y)M};y events which produce y rays and orig-
inate in specific regions of excitation of the resulting hy-
pernucleus.

A major background source which survives to this
stage of the analysis is kaon decay. Background events
are produced by the decay processes K~ —7%+7" and
K~ —p+v within the target volume. The former pro-
cess is particularly troublesome since showers from the
7° interactions produce time-coincident events in the y-
ray detector array.

The presence of the decay background places a severe
constraint on the spectrometer setting. In general the
production of bound states of p-shell hypernuclei requires
the conversion of a p-shell neutron to an s-shell A, or a
AL =1 transition, which has a cross-section maximum
near 15°.'° This angle lies near the angle where the decay
particles from the K~ —7°7~ and K~ —pu v, back-
ground, whose combined effects are intolerably high, are
accepted by the rear spectrometer. Consequently, an
effective spectrometer setting of 5°, where the AL =1
cross section has about 70% of its maximum value, was
selected. Further discrimination against such decay
background is achieved, at the expense of some loss of
signal, by eliminating events lying along the kinematic
trajectory of the decay process in the reaction plane.

Events that are accepted in the (K, ) analysis are sort-
ed into regions of missing mass, corresponding to excita-
tion energies of the recoiling hypernucleus. The y-ray re-
lated descriptors for each region contain energy and tim-
ing information. The appropriate time window for each
y-ray energy is selected according to the measurements
of Sec. II C. It is important to stress that the cuts of the
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K- analysis are selected independently of the appearance
of the y-ray spectra. Careful studies have shown that
fluctuations in the y-ray spectra can be enhanced by sub-
jective ‘“‘tuning” of the cuts, and this procedure renders
meaningless an objective calculation of the significance
level of such a “peak.”

The detector amplifiers and analog-to-digital convert-
ers (ADC) were calibrated using the '*Ba and NBS stan-
dard sources before and after, and at intervals during the
run, so that a region from 0-1 MeV was covered in 1000
channels of approximately 1 keV each. The pulser cali-
bration was used in the off-line analysis, as was the ever-
present 511-keV annihilation line, to monitor the gain
and to make final gain corrections. Simple linear gain
and offset corrections were applied to each detector spec-
trum and they were then summed.

Because of the failure of the gated integrator circuitry
to operate properly for very small amplitudes, spurious
structures appear at y-ray energies below 70 keV, and
makes this region unsuitable for y-ray signals. As noted
previously, however, in this region y-ray transitions
would not compete against weak decay.

R. E. CHRIEN et al. 41

IV. CROSS SECTION DETERMINATION
A. The '°B sample test

The very large target sizes necessary in these y-ray ex-
periments seriously degrade the momentum resolution of
the Moby Dick spectrometer, such that the bound-state
region is not well resolved from the continuum region of
excitation energy. In order to achieve reliable cross sec-
tions for comparison to theory, a thin sample (K, ) spec-
trum was recorded, so that a well-defined bound-state re-
gion could be resolved. The scaling of the “thin-sample”
to “thick-sample” runs is then straightforward. The
thin-sample run also serves to confirm the effectiveness of
data cuts and efficiency calculations.

The cross-section test was carried out with a 3.89
gm/cm? thick target of boron enriched to 93% of '°B,
run at 6=3°, with Py =800 MeV/c, and a total irradia-
tion of 5.70X 10® kaons. The observed (K,7) spectrum
for the test is shown in Fig. 9, which indicates that the
bound-state region is reasonably resolved from the con-
tinuum.

The observed bound-state event rate is related to cross

TIMING CUT (ns)
=

10

0.0 1000 200.0 3000

400.0 500.0 600.0 700.0

GAMMA ENERGY (keV)

FIG. 8. The time distribution width parameter as a function of y-ray energy. This parameter was used as the coincidence window

in the off-line analysis.
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FIG. 9. '°B(K ~,77)?B excitation energy spectrum for the
thin target. The dashed line indicates the background adopted
for the extraction of the bound-state cross section.

section by
N=Ng (no)(AQ)eff(SYS) , (5)

where Ny is the number of incident kaons, (no) is the
product of areal density of scatterers and cross section,
(AQ) is the solid angle of the spectrometer (18 msr), and
N is the observed counts.

The total system efficiency eff(SYS) is the product of
three factors: data acquisition efficiency, spectrometer
detector efficiency, and analysis efficiency. The data ac-
quisition efficiency is monitored continuously during the
run by recording the total number of triggers which
occur during the computer busy gate. The weighted
average of the acquisition efficiency in the thin sample
run is 0.594. The second factor is the spectrometer
efficiency, which is the product of the individual drift
chamber efficiencies corrected by redundancy where
present. This efficiency may be estimated from the indivi-
dual detector efficiency, and this was checked also in the
"Li(mr,7')Li*(478) test, where the signal ¥ ray was strong
enough to be detectable above background with or
without spectrometer tracking. The value of 0.802+0.06
is consistent between these separate estimates.

The third factor results from the application of the
three analysis cuts: (1) the z vertex cut, (2) the decay ki-
nematics cut, and (3) the scattering-angle cut to remove
spurious events near zero degrees. Those cuts are
effective in removing background but they do remove
some signal, and an optimum cut which gives the best
statistical accuracy must be chosen.

The decay and scattering-angle cuts impose restrictions
on the spectrometer angular acceptance and result in
considerable data loss. Furthermore, they severely affect
the (K,w) spectral shape, and require a refit of the
bound-state peak region for each cut value. The effect of
these cuts require a knowledge of the angular acceptance
of the spectrometer.

Figure 10 is a plot of the density of events in the excita-
tion energy-scattering angle plane. It gives a concise pic-
ture of the event distribution and shows the major back-
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FIG. 10. A density of events plot in the plane defined by the
variables excitation energy and scattering angle.

ground sources. One sees a dense vertical band of events
at the extreme left. These are straight-through events, to
be discarded by a scattering-angle cut. A diffuse broad
band of events extends horizontally across 6, centered
near an excitation energy, EE =20 MeV. This region
contains the quasifree or continuum events which
represent the bulk of the (K,m) cross section (note that
EE =0 corresponds to 0 A binding energy). Two curved
bands are apparent—the one near the center corresponds
to K~ —n’r~ decays, and the other, just at the lower
right corner, corresponds to K~ —puv events. The
bound-state region of interest is labelled “GS.” The re-
gion of the GS cut is the region of useful (K, ) reactions
in a search for the M1 spin-flip transition in ’B.

From these data, an evaluation was made of the true
number of “bound-state” events for various decay cuts.
The analysis efficiency varies from 0.84 to 0.14 for the
range of decay cuts studied, with a fixed 40-mrad
scattering-angle cut. The result of the weighted average
over this range of decay cuts produces the following esti-
mate for the number of bound-state events, corrected for
spectrometer efficiency, N (bound-state events) = 104132,

Three other corrections must be applied in the final es-
timate: a pion-decay correction for pions decaying be-
tween the target and exit dipoles (7.8%), a kaon-decay
correction for decays occurring between the Cerenkov
counter C, and the target (3.0%), and a correction for
target absorption of kaons and pions (6.4%). The result
is, o (bound state)=129%40 ub/sr, at an effective mean
reaction angle of 5.8°.

This estimate can be compared to the prediction of
Ref. 10. From Ref. 10 there are three major contributors
to the AL =1 transitions to the bound-state region.
Correcting for the effective scattering angle, one finds o
(bound state)=95 ub/sr, in reasonable agreement with
experiment.

B. The "Li(m, 7' )-"Li* (478 keV) test

The purpose of the test was to verify the operation of
the germanium detector array under actual beam condi-
tions. The lithium (7, 7’) reaction was chosen because of
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its high cross section and because the first excited state is
in an energy range expected for the hypernuclear y rays.

The resulting spectra were readily accumulated, and
the y ray could be seen in the on-line, monitor spectra.
Figure 11 shows a portion of the resulting spectrum after
analysis. The total pion exposure for the 3.2 g/cm? target
(92.5% "Li) was 2.045 X 10° pions (a running time of 18.3
h). The spectrometer was set at 15°.

The data were reduced with and without chamber
tracking, which allowed us to evaluate the chamber
tracking efficiency (80.2%) independently. As Fig. 11
shows, the 478-keV transition is significantly Doppler
broadened. The amount of broadening is consistent with
the component of momentum transfer perpendicular to
the scattering plane for the (7, 7’) reaction at 800 MeV/c.

To calculate a cross section, it is necessary to evaluate
several efficiency factors specific to the germanium detec-
tor array. These include intrinsic efficiency of the detec-
tor, and the geometric solid angle of the array. The prod-
uct of these factors was found to be represented by the
function,

()= 0.040
T 0.739+0.163(x /100)1-67

where x is the y-ray energy in keV. The resulting
efficiency, evaluated at 0.478 MeV, is 0.013+-0.002.
Because of electronic losses, there are additional
efficiency factors to be considered. These arise from two
factors: one is due to baseline recovery circuitry in the
gated integrator, and the second is due to events which
are sufficiently shifted by baseline noise to be indistin-
guishable from continuum background in the region of
the peak. The first factor is measured by the ratio of
events recorded in the ADC to the total (K7y) trigger
events; the second is evaluated from the calibration
pulser spectrum. These efficiencies were 0.682 and 0.784,
respectively, resulting in a net y-detection electronic
efficiency of 0.534. Further corrections must be made for
target absorption of the y ray (12.2%) for data acquisi-
tion efficiency (83.3%), and for pion-decay loss (13.1%).

(sr/4m) , (6)
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FIG. 11. A portion of the "Li(7,7')’Li* (478-keV) spectrum.
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One additional correction involves knowledge of the elec-
tron contamination of the pion beam. This is estimated
at 24% based on estimates of Milner et al."* for LESBI.

A cross section value follows for the
"LiGr,7')Li*(478-keV) reaction of 2.2+0.3 mb/sr at 800
MeV and 6=15°. We found no other reported measure-
ments of this reaction for this range. However, Lee and
Kurath'® quote unpublished data for p,=270 MeV/c
which gives a measured cross section of ~2 mb/sr at 40°
for a comparable momentum transfer, and they calculate
a cross section of 0.85 mb at 0° at E_ =162 MeV.

V. RESULTS FROM THE THICK-SAMPLE
YB(K ~,77)\°B EXPERIMENT

A. Observed spectrum

The major share of the running time was allocated to a
search for the ground-state doublet transition from the
B(K ~,7 7 y)°B reaction, using a thick, 12.28-gm/cm?
1B sample. The sample was irradiated with a total of
1.716 X 10'° kaons at a nominal spectrometer setting of
3°. The beam line momentum was 800 MeV /¢, and the
central trajectory of the outgoing pion beam was 730
MeV/c.

The y-ray spectrum in coincidence with the B
bound-state region is shown in Figs. 12 and 13. This
spectrum has been obtained by applying the appropriate
time window cut as a function of y-ray energy, as shown
in Fig. 3. A portion of the spectrum is shown in the ex-
panded scale of Fig. 13 where the region near 200 keV is
shown in more detail. This is the region favored by Ref.
5 for the appearance of the ground-state doublet spin-flip
transition. The expected event total is also shown in Fig.
12 as the solid curve.
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FIG. 12. The observed '°B(K ~,7~ y)}’B spectrum obtained
with the optimum cuts described in the text. The solid line
shows the expected event total predicted for the \°B ground-
state doublet transition. The dashed line represents the 5%
confidence limit for that transition, i.e., P =0.05 for the obser-
vation of peaks of less than the indicated strength.
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FIG. 13. An expanded portion of the spectrum of Fig. 15.
The region shown is the expected location of the doublet transi-
tion predicted by Ref. 14.

Figures 12 and 13 show that there are no observable
peaks which approach the predicted size in the bound-
state excitation-energy region. The only significant peak
occurs at the 511-keV annihilation radiation position,
and this peak is attributed to A- and K-decay events.

B. Counting rate and sensitivity considerations

Because the use of a thick sample degrades the spec-
trometer resoltuion significantly, from ~3 to ~6 MeV
(FWHM), the count-rate estimates were based on scaling
the thin sample, where the bound state region can be
more precisely identified, to the thick-sample data. The
choice of a 3° nominal spectrometer setting gives an
effective 6~5°, over the spectrometer acceptance. The
choice was made to give better discrimination against de-
cays, which are concentrated at larger angles.

For each target the observed event rate in each portion
of the y-ray spectrum is expressed as

Nops =Nk (no)AQeff(SYS) , (N
and the ratios (thick/thin) are similarly expressed as,
R(Ny)=R(Ng)R(no)R(AQ)R (eff)R(abs) , (8)

where R (abs) represents the ratio of target kaon absorp-
tion.

Those ratios are trivially evaluated from the run pa-
rameters, except for the efficiency factors, which were
evaluated in the manner described previously for the thin
sample '°B and 'Li(m,7'y) tests. The expected bound-
state (BS) production from the thin-to-thick extrapola-
tion, including sample absorption losses, was
N (BS)=2809012400 events for '°B.

The predicted number of bound-state y-ray events, N,
can be written

N, =N,ps'BR(E, )e(abs)e(E,, )e(electronic) . 9)

The branching ratio for the population of the 2~ member

of the "B doublet is BR(E,, )=0.52 from Ref. 10 leading
to a cross section of 50 ub/sr. [Note that the (K,7 ") re-
action in "B (gs spin=3") can only populate the 2~
member by a AL =1 transition; the spin-flip amplitude is
negligible.] The e(abs) parameter represents the affect of
y-ray absorption in the target, and varies for 0.835 at 100
keV to 0.925 at 900 keV. The €(E ) factor is identical to
that presented in the "Li(m,7')"Li*(478) section. The
€(electronic) efficiency factors were evaluated for the
thick-sample runs using the same methods described for
the lithium test case. A value of e(electronic)=0.383 was
derived, significantly lower than the lithium test case, due
to the more severe noise contributions. This efficiency is
sensitive to instantaneous count rate effects which exhib-
ited strong variations across the beam spill, and from
spill to spill, and represents the largest source of sys-
tematic uncertainty in this experiment.

The results of this calculation are presented as the solid
line in Fig. 12, as expected event rate as a function of y-
ray energy. Also shown on that figure is the dashed line
representing the 5% confidence level for the predicted
peak size; i.e., the probability for observing a peak of that
size or less is 0.05. Weak decay competition has been in-
cluded in these curves.

The plot shows that the expected count rates are con-
siderably larger than those recorded, by a factor of at
least 4, and the observed rates are everywhere consider-
ably lower than the 5% confidence level. This negative
result rules out the presence of a spin-flip ¥ ray of the ex-
pected size in the ground state doublet \’B, in the region
above 80 keV. Above 500 keV, the expected M —1 life-
times become comparable to ionic slowing down times, so
that Doppler broadening somewhat degrades the effective
resolution function. We estimate, for example, the peak
width to approach 7 keV at the upper end of our energy
range, from this effect.

One important comment is to point out that the
achieved signal sensitivity is adequate for detection of the
spin-flip y ray in spite of the low count rate. The most
important parameter in background elimination is detec-
tor timing. In fact, the timing is even more important
than the detector full energy peak efficiency.

C. Other y rays

Although a null result is reported for the excitation
range 4 <B, <12 MeV in \’B, there are significant peaks
in other excitation regions. The continuum or “quasi-
free” excitation energy region was scanned in 8-MeV in-
crements. Two apparently statistically significant peaks
appear in the region —12<B, < —20 MeV. These are
shown in Fig. 14, plotted in 6-keV bin widths, and they
occur with the following energies and cross sections

0=59+17 pb/sr

FWHM =10.4+4.2 keV [t E, =442.1%2.1 (10)

and

0=49%18 pub/sr
FWHM=13 8+6.5 kev [2t By =481.7£3.1.  (11)
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B,=—20 MeV.
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Both of these peaks are broader than the resolution
function and the broadening is consistent with the
Doppler shift expected at momentum transfers occurring
for this excitation. Furthermore, the 481-keV ¥ ray ap-
pears both in the timed spectrum, and a spectrum ob-
tained with the timing cut removed.

No definite identifications can be advanced for these
lines. Figure 15 shows the reaction thresholds applicable
in this experiment. Since the case (b) appears in both
timed and untimed spectra, and since "Li*(478) can be
produced in a variety of reactions (e.g,
K~ +'B3He+'Li*) occurring in time, and
n +1°B—*He+"Li*(478) which occurs as an untimed
l;ackground, it seems likely that peak (b) is attributable to

Li*.

Peak (a) is perhaps more interesting. First, we note

that its energy, 442 keV, is close to that of the first excit-

ed states of the 4 =7, J=3,1; T=1 isodoublet. Itis in-
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FIG. 16. A spectrum observed with all cuts relaxed. The re-
gions shown are just below and just above the 511-keV annihila-
tion peak.
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tuitively attractive to associate this peak with a transition
in the mass 7 core to which a A is coupled. We note fur-
ther that the thresholds for either 4Li or §Be production
occur at this excitation, and further it is known from nu-
clear emulsion studies'> with stopped kaons that §Li is
one of the most copiously produced hyperfragments.

There are two other peaks which are visible above
background spectra where all cuts have been relaxed, in-
cluding timing and spectrometer tracking cuts. One of
these is again the 478 keV seen in the cut spectra; the
other is a line near 558 keV. These transitions are shown
in Fig. 16. The 478-keV peak appears Doppler
broadened, while the 558 keV is consistent with our reso-
lution function. The plausible interpretation for both of
these peaks is slow neutron capture from the reactions
n +'9B—*He+’Li* occurring in the boron target, and
from n +'*Cd— '*Cd*(558), which occurs in the Cd of
the shields around the individual germanium detectors.
The latter y ray is the most intense after Cd neutron cap-
ture. A rough calculation shows that the event rate ob-
served is consistent with the known neutron background
from near the target region.

Several other lines were described as ‘‘candidate” lines
in several preliminary reports of this experiment.'¢™!®
These lines, near 160 and 492 keV, did not survive subse-
quent analyses of the data, and they are attributable to
fluctuations in the spectrum background. Both candi-
dates can be rejected on the basis that they are far below
the expected count rate calculated for a 50-ub/sr cross
section in our experiment. Furthermore, the 160-keV
fluctuation does not display the expected time distribu-
tion and is removed by suitable time cut.

VI. SUMMARY OF RESULTS AND DISCUSSION

A search has been made for a hypernuclear transition
identified as the M1 spin-flip transition proceeding from
the first excited 2~ state to the 1~ ground state of \’B.
The search has been carried out with a sensitivity such
that a transition with a strength of 25% (at 100 keV) of
the expected line would be observed with a signal/noise
ratio of unity. No such transition has been observed in
the range 80 to 1 MeV. Below 80 keV, the transition
would be virtually unobservable because of competition
with weak decay.

These results are in rather sharp disagreement with the

predictions of Ref. 5. In that paper, a set of two-body
effective interactions is adopted, and predictions are
made for the 1’B and § Li cases described above.

For }’B, the 2™ to 1~ transition energy is described as

AE(27 —17)=0.62A+1.365, +0.055y —1.49T  (12)

The transition energy here is largely determined by the
terms A, S, and 7. If one assumes a consistent set of
effective potential parameters for the p-shell hypernuclei,
then the implication of our results is that the algebraic
sum of the above terms is small—perhaps close to zero.
Since the value of S, has been constrained to be small by
the A spin-orbit splitting observed in the hypernuclei }*C,
10, and }’C, we conclude that the A parameter plays the
major role in the splitting and the value adopted by Mil-
lener et al.’ is likely too large.

On the other hand, as pointed out in Ref. 5, the
difference in binding energies of \Li and | Be also strong-
ly depend on the spin-spin parameter, A. Without
refitting all other parameters, the choice of a A consistent
with our results (A <0.22) would result in a binding ener-
gy difference of AB =0.2 MeV, or about half the experi-
mental value. Thus there are now sufficient data to cast
serious doubt on the accepted set of effective p-shell po-
tential parameters.

The results of this search suggest that it may be
difficult to observe directly the splitting of states formed
by coupling the s, to a p-shell nuclear core. This state-
ment is also valid for the case of photoproduction of hy-
pernuclei; where the sizable spin-flip amplitude permits
the production of parity-unfavored states. It is rather
doubtful whether magnetic spectrometers of sufficiently
high resolution can be employed, in that case, to permit
the separation of the closely-spaced doublets.
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