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The hypernuclear systems 2~ +!'B and =~ +°He were produced by the (K ~,7*) reaction on tar-
gets on '?C (graphite) and "Li using 715 MeV/c incident kaons. Spectra were measured at reaction
angles of 4° and 12° to investigate the momentum transfer dependence. A decay detector surround-
ed the target to provide a decay mode tag. Data were analyzed with and without this tag. The re-
sulting spectra for the '2C target are similar to previous results with the exception that the narrow
structure reported in the stopped K ~ experiments is not confirmed. The spectra do show enhance-
ments over phase space near the thresholds of the = plus core hole states which are created when a
proton in the target is converted into a =. The decay mode cut shows a correlation between sigma-
lambda conversion and this structure. No evidence of narrow states in either hypernucleus is ob-

served in either the tagged or untagged data.

I. INTRODUCTION

The (K, ) reaction has been successfully applied to the
production of valence A hypernuclear states for some
time. This reaction is interpreted in terms of a one-step
process which changes a neutron in the nucleus into a A
(neutron hole-lambda particle state in the weak-coupling
limit).! Because of the low momentum transfer involved,
these A particles tend to populate the same shells as the
neutrons they replace. In addition, since the penetrabili-
ty of the K ~ is low, valence levels are preferentially excit-
ed. This is in contrast to the (,K) reaction which has
been shown to populate interior hypernuclear levels.?

While limited in resolution, the A hypernuclear experi-
ments have determined a set of A-N effective parameters
for the 1p shell.® Thus it is quite natural to attempt to
apply this reaction to X hypernuclei. However, a 2
placed within the nuclear medium can undergo the con-
version 2N — AN via the strong reaction, so that one
would not expect £ hypernuclear states to be sharply
defined. Original estimates for the width of such levels
range from 13 to 80 MeV.* For states above threshold an
additional escape width contributes. Thus the report of
narrow structure in the (K, ) strangeness exchange reac-
tion on *Be near the sigma threshold has generated much
theoretical and experimental excitement.’

Several other enhancements,®~? identified as sigma hy-
pernuclei, have been experimentally studied. In particu-
lar, a recent experiment reported two narrow peaks in the
1’Be spectrum obtained from kaons stopped in a CH tar-
get.® These were assigned as (pj, /lzp,p, »ns) and
(p 3_/12p,p3 ,2s) substitutional states. Both of these states
were unbound and were observed to be ~2 MeV in
width. The level splitting of the structure was used to ex-
tract a sigma spin-orbit strength of 5 MeV. However,
this result is not consistent with the 10-MeV strength ex-
tracted from an earlier in-flight experiment at low
momentum transfer.’

The in-flight experiment used K momenta of 400 and
450 MeV/c in an especially designed kaon beam line at
CERN. By comparing the spectra produced on C and O
targets a spin-orbit strength for the 2 was assigned. A
similar comparison technique was used earlier to extract
the lambda spin-orbit strength.” Although the two exper-
imental arrangements were quite different, there is no
clear way to reconcile the very large difference in = spin-
orbit strength extracted from the experimental spectra,
other than to conclude that the interpretation of one (or
both) of these spectra is incorrect.

Under the assumption that narrow states exist, a
theoretical shell-model prediction of the JH spectrum has
been published.!® It shows that for a reasonable spin-
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orbit strength, the level splitting between the 3~ and -~
states is a linear function of the strength of the spin-orbit
interaction. These two states are expected to be equally
populated at a reaction angle of 12° for 715 MeV/c in-
cident kaons. Using an earlier calculation of the angular
distribution for the reaction,!' °Li(K ~,7*)$H at 720
MeV/c, the ratio of Al =0 to Al =2 reaction strengths is
predicted to be 1.4 at 4° compared to 0.2 at 12°. Thus the
P53/, substitutional transition would be expected to dom-
inate at small angles.

Therefore, to verify the previous structure in §*C, to
search for bound states, and to obtain a measure of the
sigma spin-orbit strength by observing the 1H spectrum,
the Brookhaven National Laboratory (BNL) hypernu-
clear spectrometer was used with targets of C and Li to
collect the experimental spectra from the (K ~,7") reac-
tion near the sigma threshold.

II. EXPERIMENTAL DETAILS

This experiment was designed to (1) study the spec-
trum obtained from a C (graphite) target with an in-flight
kaon beam and compare it to the existing data, (2) look in
the appropriate mass region for bound X states, and (3)
study the spectrum of a ’Li target in an attempt to ob-
serve the splitting between the 3~ and 1~ states which is
predicted to be proportional to the spin-orbit strength.'®
It was performed at Brookhaven National Laboratory’s
Alternating Gradient Synchrotron (AGS) using the BNL
hypernuclear spectrometer'? and low energy separated
beamline I (LESBI). The beamline provided a separated
kaon beam of 8 10* K ~/spill average intensity with a
7 /K ratio of approximately 8/1 at 715 MeV/c momen-
tum. The hypernuclear spectrometer (see Fig. 1) consists
of two parts: (1) a kaon spectrometer which provides
momentum selection and analysis of incident kaons fo-
cused on the center of target, and (2) a pion spectrometer
which analyzes at a selected angle, the momentum of the
reaction pion with an angular acceptance of 15 msr, and
~3-MeV resolution for 600 MeV/c particles. The pion
spectrometer can select the reaction angle from 0°
(effective 4°) to 30°. A series of tracking detectors
(D1-D15) provide particle position information for
momentum analysis in both spectrometers. Each spec-
trometer is composed of four quadrupole magnets (Q)
and a dipole magnet (D) in the form of (QQDQQ). Parti-
cle timing information is given by the scintillation

KAON SPECTROMETER

FIG. 1. Experimental layout of the hypernuclear spectrome-
ter and LESBI line at the AGS.

counters. Incident kaons are identified by a velocity
selective Cerenkov detector (Ck) and by time-of-flight
measurement between two scintillation counters; one (S1)
in front of the kaon spectrometer and another (S2) in
front of target. Reaction pions are identified by time of
flight alone between S2 and two scintillation counters
(53,54) behind the pion spectrometer. A scintillation
hodoscope is positioned around the target to tag the hy-
pernuclear events by their decay particles, Fig. 2. This
decay detector consisted of four veto scintillation
counters in front of an array of lead-scintillation shower
counters. The shower counters are divided into three lay-
ers with independent readout of each layer. The array
was five radiation lengths in total thickness. Each layer
had eight pieces of 3.2 mm scintillator and seven pieces of
4.2 mm Pb in a sandwich attached to a light guide. Ap-
proximately 0.55 cm of Pb is placed between the veto-
counter and shower-counter array to initiate a shower.
The operation and efficiency of the decay detector includ-
ing solid angle coverage will be discussed in the Appen-
dix.

Data were collected at two different scattering angles,
effective spectrometer angles of 4° and 12°, using '2C and
"Li targets with sizes of 7.6 X4 X2 and 7.6 X4.6X 6 cm’.
These targets were about 2g/cm? in thickness. The
momentum of the incident kaons was chosen as 715
MeV/c corresponding to 130-150 MeV/c momentum
transfer to 2. A maximum in the elementary cross sec-
tion for the p (K —,7+)Z~ occurs near this momentum.?
Below 715 MeV/c kaon momentum the rate drops rapid-
ly. The central momentum of pion spectrometer was set
at 556 MeV/c which enables one to measure missing
mass near the 2~ -nucleus threshold region for all targets.

The absolute binding-energy scale was obtained after
correcting for the energy loss in both the spectrometers
and the target. A calibration measurement of straight
through beam at 715 MeV/c (K) and 556 MeV/c ()
with and without the target was used to determine the en-
ergy loss due to the J-in scintillation counter $2 backed
by a piece of 1-in polyethylene, located between the rear
side of the kaon spectrometer and the target. The back-
ing was used as a resolution monitor during the data col-
lection.

The spectrometer acceptance as a function of hypernu-
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FIG. 2. The decay detector with four veto counters and 24
shower counters.
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clear binding energy was also measured by free sigma
production in the 'H(K —,7#*)2~ reaction using a po-
lyethylene target. Only data in the region where the ac-
ceptance corrections were less than 30% were used. This
provided a momentum bite corresponding to about 50
MeV in binding energy. The free sigma peak with the
known 'H(K —,7+)S~ cross section!® also provided a
convenient method for determining the cross section for
the ?Be and IH production. The width of this peak as
produced from the scintillation counter S2 was observed
to be 2.5 MeV FWHM. By an appropriate reaction ver-
tex cut in the target position, reactions from this counter
can be removed from the final data.

In addition, the "Li target used in the 4° measurement
had a significant hydrogen contamination on the surface
which caused a free = peak in the missing mass spectrum.
This = peak was used to correct the absolute binding en-
ergy scale. The correction was made by measuring the
peak location (including energy loss) in the missing mass
spectrum using hydrogen target kinematics.

The peak disappeared in the spectra at 12° after the
target surface was cleaned. It was removed from the 4°
data by fitting it to a Gaussian shape and substracting it
from the spectrum. This peak as obtained from the un-
tagged data under the assumption of a linear background
is replotted in Fig. 3 to illustrate the experimental resolu-
tion.

The final correction for the pion spectrometer accep-
tance was made using the result given in the measure-
ment of the '"H(K —,7 )3~ cross-section calibration. To
avoid large error, only data in a region of 10 to —40 MeV
hypernuclear binding energy were used. In this region
the acceptance is always higher than 70%.
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FIG. 3. The 7* spectrum from the '"H(K ~7* )2~ reaction
on hydrogen on the surface of the target. The experimental
resolution is shown to have a o0 =1.1 MeV.

III. DATA ANALYSIS

The experimental data for the (K ~,7") reaction on
12C and "Li targets at both 4° and 12° were analyzed to
obtain the hypernuclear missing mass spectrum as a func-
tion of the hypernuclear binding energy. The hypernu-
clear binding energy was calculated by

E=[(0+MA)?—q*>—MHy]'?,

where w and q are the energy and momentum transfers in
the A (K ~, 7t )Hy reaction, respectively. M A is the tar-
get mass, and MHy is the hypernuclear mass at threshold.

The analysis of the hypernuclear spectra without the
decay hodoscope tag was quite straightforward. The data
were corrected using the computer program RAYTRACE
which used the position and angles of the entrance and
exit tracks in the spectrometers to improve the resolution
and remove background events. If the target vertex cut is
placed about S2, a peak from 'H(K —,7%)3~ is present
which was used for calibration and a resolution monitor.
The resulting spectra are then corrected for spectrometer
acceptance and detector efficiency. These spectra are
plotted in Figs. 4 and 5.

The decay tag was implemented by separating events
using the veto scintillator into charged and neutral decay
modes. Events without any energy deposition in the de-
cay detector were caused by incomplete detector accep-
tance. The neutral mode with large pulse height in the
shower detector was identified as a 7°, which occurs from
the A decay in SN — AN conversion. In the case of the
charged decay mode one can separate pion decay of a A
by use of the Monte Carlo distribution function as de-

scribed in the Appendix. The tagged spectra are plotted
in Figs. 6 and 7.

IV. RESULTS AND CONCLUSIONS

The resulting spectra corrected for spectrometer accep-
tance and binned in 1-MeV intervals with respect to the
sigma binding energy are shown in Figs. 4—7. Errors in
the data are presented as statistical only. The solid
curves in the spectra represent a calculation, without in-
clusion of experimental resolution, for X production from
p and s shell protons in the targets, producing a free =
with no Z-nucleus interaction in the final state. The
difference between these curves and the data are therefore
due to the 2-nucleus interaction. The p- and s-wave 2
production are independently normalized to the data and
the s-hole excitation in the *He nuclear core was chosen
to be 15 MeV, although the strength should be distribut-
ed over several states in ®He. The ratio of the p- to s-hole
strength and energy splittings are close to that published
for the A hypernuclear system.!* The = conversion decay
mode (denoted hereafter as the strong-decay mode) is
dominant, but becomes less probable as the recoil veloci-
ty of the 2 increases. Stated differently, the signal gated
by the strong-decay tag decreases more rapidly than the
ungated signal as the binding energy decreases, tending to
suppress the quasifree region of the spectrum.

The (2~ +!'B) spectrum shows a large enhancement
near threshold. The spectra are reminiscent of final-state



interaction enhancements. In particular, the (£~ +!'B)
spectrum is very similar to a continuum shell-mode calcu-
lation'> which has enhancements but no narrow (~2
MeV) states. In addition, while there is significant reac-
tion strength below sigma threshold, there is no evidence
in either the tagged or untagged data of narrow structure
(~2 MeV) in this region. The tagged data can be direct-
ly compared to the tagged stopped K ~ data of Ref. 8 if

the latter data are rebinned at 1-MeV intervals. This
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FIG. 4. Untagged spectra of the system =~ +°He at the an-
gles of 4° and 12°. The peak in the spectrum is due to
'H(K ~7*)Z~ on hydrogen (see Fig. 3).
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comparison is made by observing the deviation from zero
in the difference between the two spectra. A X? test of
this difference produces a value of 1.4 per degree of free-
dom for 14 degrees of freedom over the binding-energy
interval from O to approximately 16 MeV. Quoted sta-
tistical errors and arbitrary normalization are used.
Comparison of these data to the in-flight data’ is some-
what more tenuous because of the large difference in
momentum transfer. However, if the tagged spectra,
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FIG. 5. Untagged spectra of the system =~ +!'B at the an-
gles of 4° and 12°.
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which tend to suppress the quasifree region of the spec-
trum, are used, a similar calculation yields a X? per de-
gree of freedom of 2.5 over the same binding-energy in-
terval. Visually all the data of both Refs. 7 and 8 are
similar to the present experiment.

The importance of proper calculation of the *‘quasi-
free” production has been previously emphasized.!® The
quasifree shape can be found by combining the free =
production, as calculated above, with a =-nucleus final-
state interaction. This shape follows the average shape of
the enhancements in all the data and must be carefully
subtracted in order to observe any remaining narrow
structure. However, the characterization of continuum
structure as opposed to background is then ambiguous.
A theoretical representation of the data is best done in a
continuum shell model which avoids these problems. !’

The shape of the spectra at 4° compared to 12° changes
slightly. This is most likely due to the larger momentum
transfer which introduces s-shell substitutions 20 Mev or
so above threshold, although the p shell still dominates.
If the narrow peaks seen in the data of Ref. 8 are real and
correspond to p;,, and p,,, states, then one should ex-
pect to see a significant strength change in the JH spectra
several MeV above threshold.!! This is not observed in
our data.

The (=~ +°Li) continuum spectrum is in many
respects similar to the $H continuum spectrum obtained
in a previous BNL experiment® except that the enhance-
ment higher in the continuum [assigned as ( lsp"l, Iss)]is
not as prominent. The more recent interpretation'® indi-
cates that much of this structure can be assigned to quasi-
free 2 production. In all of these spectra there is no evi-
dence for narrow structure ( ~2 MeV) below threshold.

In conclusion, the results of this experiment cannot
confirm the existence of the narrow discrete structure
seen in the data of the stopped K ~ experiments on '*C.
However, there is a broad enhancement just above the
sigma threshold. The spectra do not have the expected
momentum transfer dependence for a simple substitution-
al transition and the spectrum shape is not consistent
with a shell-model calculation of sigma continuum reso-
nances including residual interactions. The spectra are
consistent with a final-state interaction calculation.
Therefore, simple structure assignments based on narrow,
particle-hole substitutional states are probably not possi-
ble. Finally, in all spectra there is no evidence for narrow
structure (~2 MeV) below the sigma threshold which
should be observed if X conversion widths are
significantly suppressed.
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APPENDIX: MONTE CARLO SIMULATION OF
THE DECAY DETECTOR

A Monte Carlo simulation of the decay detector was
used to predict (1) the momentum range and the angular

distribution of all the decay particles, (2) the energy depo-
sition in the decay detector, and (3) the detector
efficiency.

This simulation was based on either a hypernuclear de-
cay due to ZN — AN conversion following the chain:

AK ", 7)[(4-1)+27]->[(4 —=2)+N +A]
—[(4-2)+N+p+77]
or (A1)
[(A—=2)+N+p+7°]—[(4 —-2)+N+p +y+7]
or a weak =~ decay of the form
AK T, 74 -1D+Z2" ][4 -D+N+7"].
(A2)

Here A stands for the target nucleus.

In the  hypernuclear decay, the reaction
A(K~,71)[(A —1)4+27] was considered as a two-body
reaction with the recoil mass formed by [(4 —1)+27].
The 2-A conversion then followed as a three-body reac-
tion, e.g., the 2~ interacts with a proton inside the nu-
cleus and forms a three-body system [(A4 —2)+N +A],
where (4 —2) is the residual mass number. The branch-
ing ratio for A decay is taken from the free value. It is
also assumed that 7° decays into 2y’s with a 100%
branching ratio. In the weak-decay mode, the = was con-
sidered as a free particle because of the relatively large
momentum transfer (about 130-150 MeV/c), e.g., a
direct three-body reaction. Disregarding the 3 atomic
recapture process, the free 3~ decay should have a 7~
and a neutron in the final state.

However, a 2~ may also decay through SN — AN con-
version in an atomic recapture process on another target
nucleus.!” The recapture process will vary with different
targets and create a background of decays that cannot be
completely removed from the tagged data. From Ref. 17
it is expected that about 50% of the =~ will undergo nu-
clear conversion in the parent nucleus and 50% of those
2~ which are emitted as quasifree particles will decay in
flight. Thus a probability of 25% (0.5X50%) will be
misidentified as strong rather than weak decays.

Only the final-state decay particles n, ¥, p, and 7~ are
visible in the shower detector. Because of the small
thickness of the veto scintillator (3.2 mm), neutron detec-
tion in the veto counters is negligible. The decay neu-
trons can interact in the shower detector but the proba-
bility of significant energy loss in the scintillators is small.
Most of the decay protons (momentum <200 MeV/c)
are stopped in the target due to large ionization energy.
A few protons could escape from the target and stop in
the Pb layer after penetrating the veto counter. Even
though the decay neutrons and protons are not con-
sidered in the Monte Carlo analysis, they caused no
significant effect within the energy range for the Monte
Carlo fit. The most efficiently detected final-state parti-
cles are the y’s and 7’s.

The veto counter identifies a charged particle decay
mode. In neutral event, only two photons (in the 30-200
MeV energy range) from a 7° decay can be efficiently
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ENERGY DEPOSITION OF THE CHARGED PIONS
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FIG. 8. A Monte Carlo fit to the experimental charged pion spectrum measured in the shower counter for the "Li target at 12°.

detected by the shower process. The thickness of the
shower counters insures almost all the penetrating pho-
tons are showered. In a charged particle event, the decay
proton leaves most of its energy in the veto counter, caus-
ing a large pulse height, and stops in the lead layer before
the shower detector. Pions either stop in the shower
counter or penetrate through the detector. Each of the
layers in the decay detector was calibrated using a 8/y
source (average energy deposition about 0.5 MeV) and by
cosmic ray muons which leave about 4 MeV energy in
each shower counter.

The Monte Carlo calculation demonstrates that the
momentum range of the photons is between 30-200
MeV/c, so that the five radiation lengths of shower-
counter array ensured nearly all the photons showered in-
side the detector. The Monte Carlo angular distribution
of these photons was used to determine the solid angle
coverage of the shower detector. In the detector, y
showers were identified by absence of a signal in the veto
detector and a total energy above threshold deposited in
the shower counter. These can only be A decay events,
so that the detection of these photons was important for
confirmation of the tagged spectrum shape. The max-
imum total shower energy deposition was approximately
30 MeV.

The Monte Carlo simulation also tracked the charged
particles through the decay chains of Egs. (A1) and (A2).
The experimental momentum and spatial distribution of
the beam, the target thickness, and the geometry and
composition of the detector were all included in the simu-
lation.

The momentum of the hypernuclear decay pions (7°
and 7~ from A decay) ranges from 40 to 180 MeV/c. In
comparison to this, the weak-decay pions are more ener-
getic (in range of 130—240 MeV/c). Some of these later
pions can penetrate the shower detector. The difference

in the energy deposition of the pions from the two decay
modes provides a means, in addition to a y shower, to
specify the decay channel. The Monte Carlo spectra can
then be used as energy distribution functions of the two
different decay modes for charged particle events. Thus
by fitting the experimental energy spectra one can check
the Monte Carlo predicted 7° detection efficiency using
the A decay branching ratio, as well as determine the
branching ratio for the decay channels given by Egs. (A1)
and (A2). Thus the experimental energy deposition was
fit by the summed Monte Carlo prediction in the energy
between 0 and 22 MeV (0 to channel 560) by varying the
total number of 2’s and A’s which decay by 7~ emission
for each target and angle. Events with energy deposition
higher than 22 MeV (marked by the vertical line labeled 2
in Fig. 8) are mainly from 7~ interacting in the detector.
These are not included in this simulation. Figure 8 shows
the experimental energy spectra for the charged decay
modes for the "Li targets at 12°, the Monte Carlo fits are
shown by x’s in the figures. The dashed lines indicate the
contributions from the two possible decay modes. Be-
cause of the pions which interact in the detector only the
strong-decay mode can be extracted from the data with
confidence. The other spectra and fits are similar. Thus
the spectrum shape for strong decay is determined by all
events with energy deposition less than the weak- to
strong-decay cut marked by the vertical line labeled 1.
The spectrum sample, tagged as charged pion decay from
A’s, was identical within statistics to the sample obtained
tagged 7° decay. The spectra still contains some events
due to free £~ capture on other target nuclei. The shape
changes due to these events will be relatively small.

The remaining correction for the charged event data
was for the solid angle acceptance. By Monte Carlo
simulation, about 80% of 4 for the charged event modes
was obtained.
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