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Abstract. The recent progress in hypernuclear physics is discussed in this paper. The topics include recent
results on hypernuclear gamma-ray spectroscopy, non-mesonic weak decay, and double-A hypernuclei.
Future prospects at the 50 GeV PS are also discussed.

PACS. 21.80.+a Hypernuclei — 25.80.-e Meson- and hyperon-induced reactions

1 Introduction

Since the 1980s, the Alternating-Gradient Synchrotron
(AGS) in Brookhaven National Laboratory (BNL) and the
12 GeV proton synchrotron (PS) in KEK have played a
very important role in Hypernuclear Physics by providing
high-intensity K~ and 7% beams. The (7%, K*) and (K,
77 ) reactions were used for the production of A hypernu-
clei, and the (K—, KT) reaction for the investigation on
the strangeness S = —2 systems, such as double-A hyper-
nuclei, =~ hypernuclei, and the hypothetical H dibaryon.
These experiments at BNL-AGS and KEK-PS have ex-
tended the scope of hypernuclear physics to the physics
of hadron many-body systems with strangeness degrees of
freedom, i.e. Strangeness Nuclear Physics.

Recently, Jefferson Laboratory (JLab) started hyper-
nuclear spectroscopy with a different reaction of (e, e/ K1).
In 2007, the new 50 GeV proton synchrotron, now in con-
struction in Japan, will be in operation. Then, it will be
the opening of a new era in Strangeness Nuclear Physics.

2 Recent topics
2.1 Spectroscopy of A hypernuclei

The spectroscopy of A hypernuclei has been successfully
carried out in KEK by using the SKS spectrometer [1].
An overview of the measurements with the (7%, KT) reac-
tions was given in ref. [2]. The SKS spectrometer improved
the energy resolution in A hypernuclear spectroscopy from
3-4 MeVewaMm to ~ 2 MeV, and further improved it to
1.45 MeV in the recent measurement [3]. The energy res-
olution resolved the major shell structure of A-orbits up
to 28Pb [4] owing to the selectivity of the (7, K1) reac-
tion due to the high-momentum transfer (~ 350 MeV/c)
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of the reaction. It also revealed, for the first time, several
core-excited states of 12C [4,3]. Some of them were not
simply explained in naive weak-coupling structure, and it
was suggested that the parity-mixing intershell couplings
mediated by a A-particle should be taken into account [5].

The great progress in A hypernuclear spectroscopy has
taken place with a success of a hypernuclear y-ray mea-
surement by using a germanium (Ge) detector system,
called Hyperball, in KEK [6]. The detector consisted of
fourteen N-type coaxial Ge detectors of 60% relative effi-
ciency. It covered 15% of the 47 sr. The energy resolution
of 3-4 keVpwnam was achieved at 1.33 MeV. It is a great
improvement. So far, a few hypernuclear y-rays were well-
identified with Nal counters in worse energy resolutions.

The measurement observed the spin-flip M 1(%+ — %Jr)
y-ray at 691.740.6(stat)41.0(syst) keV in % Li, for the first
time. The energy splitting provided a stringent constraint
to the strength of the AN spin-spin interaction.

It also observed the E2(g+ — %+) ~-ray transition at
2050.1 £ 0.4(stat)+0.7(syst) keV. Because of the good en-
ergy resolution of the Hyperball, we could measure the life-
time of the %+ state from the peak shape analysis, the so-
called Doppler-shift attenuation method [7]. The large mo-
mentum transfer of the (7, Kt) reaction (~ 350 MeV/c)
makes the stopping time of the recoiling }Li (~ 13 ps)
comparable to the expected lifetime (3-10 ps) of the %+
state. The observed y-ray peak at 2050 keV had two com-
ponents; a sharp peak and a Doppler-broadened tail part.
The sharp peak corresponds to the ~-rays emitted after
the stopping of the recoiling % Li. From the two-component

fitting by changing the lifetime of the g+ state, the life-
time was obtained to be 5.870% + 0.7 ps, from which the
reduced transition probability, B(E2), was estimated to
be 3.6 + 0.5705e? fm*. This value is about one-third of
the B(E2) of the corresponding E2(3T — 1) transition
in SLi. The B(FE2) is very sensitive to size contraction; in
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Fig. 1. Detector setup for the coincidence measurement of
neutrons and protons emitted from non-mesonic weak decays
in KEK-PS E369.

this case, the shrinkage of the Li core in the 7 Li hyper-
nucleus.

The further ~-ray measurements in p-shell A hyper-
nuclei are in progress at BNL-AGS with the (K=, n7)
reactions by using the Hyperball.

2.2 Weak decay of A hypernuclei

The weak decay properties of a A-hyperon in hypernuclei
is another interesting subject. It is well known that the
mesonic free A decay(A — wN) is strongly suppressed be-
cause of the Pauli blocking and the dominant decay mode
is the non-mesonic decay(AN — NN,ANN — NNN).
However, the present experimental data have too large
ambiguities on the total decay rate and the neutron emis-
sion probability to pin down the reaction mechanism.

In the study of non-mesonic weak decays of A hyper-
nuclei, a large ratio of I, (An — nn)/I,(Ap — np) ~1 has
been a puzzle not to be simply explained. The importance
of two-nucleon—induced weak decay (ANN — NNN) was
suggested in ref. [8] related to this puzzle. However, avail-
able data were not enough to distinguish the one-nucleon—
induced decay and two-nucleon—induced one. For exam-
ple, the energy spectra of emitted nucleons should have
different shapes in two decay processes [9]. An enhance-
ment of the low-energy component is expected in the two-
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Fig. 2. The neutron energy spectra with a 2 MeV,, threshold
for 2C and 7Y. The vertical scale is normalized to the number
of hypernuclei in the bound region.

nucleon-induced process. The proton measurements so
far done, however, usually had high energy thresholds of
40-50 MeV, which lost sensitivity to detect the low-energy
component from the two-nucleon—induced process, if it ex-
isted. Therefore, we carried out the neutron measurement,
in which the detection energy threshold could be reduced
to <10 MeV. The quality of the neutron measurements
so far has been very bad in statistics and signal-to-noise
ratio.

The experimental setup for coincidence measurements
of neutrons and protons emitted from non-mesonic weak
decays of 8Y is shown in fig. 1. Since the mesonic weak-
decay rate is expected to be negligibly small, all kinds of
weak-decay products were measured in this setup.

The emitted timing of protons was measured with the
T1 counter located 15 cm apart from the target. The flight
time difference of protons was corrected with the velocity
measured from the time of flight between the T1 and T2
counters. The overall timing resolution for protons was
found to be ~ 150 ps (rms).

Neutral particles, such as 4’s and neutrons, were mea-
sured in the T3 counter with T1 and T2 as veto counters.
The T3 counter consisted of six layers of a plastic scin-
tillator (BC420) of 20[W]x 100[L]x5[T] cm?. The velocity
of a neutral particle was obtained with a time-of-flight
measurement between T0 and T3 counters. The relative
timing of all 24 neutron counters was adjusted with the
prompt ’s from the (7+, pX) reaction. The typical reso-
lution for the prompt 7’s was ~ 200 ps (rms).

The time-of-flight spectra of neutral particles in coinci-
dence with bound states of }2C and 57Y showed that the
n/v separation was very clean and we had a very good
signal-to-noise ratio for neutrons. Gated to the neutron
component, the energy spectra of neutrons from 12C and
8Y are obtained as shown in fig. 2.

Here, we notice that there exists no prominent bump
structure around ~ 75 MeV expected from the one-
nucleon-induced decay process (AN — N N) even for }2C,
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while the total shape seems to be very similar to that for
the two-nucleon—induced process [9]. The recent measure-
ment of the neutron spectrum from 5 He [10] also shows a
very similar shape with that for 12C. This suggests that
rescattering effects after the one-nucleon—induced decay
were unexpectedly large and/or the two-nucleon—induced
decay plays a dominant role in the non-mesonic weak de-
cay.

2.3 Double-A hypernuclei

There has been three emulsion events which showed the
existence of double-A hypernuclei [11-13]. However, these
events had some ambiguities on interpretation etc., and
the ground-state binding energy was not determined def-
initely.

In 2001, two new observations were reported from
BNL-AGS and KEK-PS.

The KEK-PS E373 experiment [14] reported a double-
hyperfragment event in a hybrid-emulsion measurement.
The event is uniquely identified as the sequential decay of
% 4He emitted from a =~ hyperon nuclear capture at rest,

204+5" -G He+*He +1¢,
¢ He — 5He +p+ 7.

The binding energy of §,He has been measured to be
7.2510.191“8}? MeV, for the first time. It corresponds to
the AByy = 1.01£0.2070 1] MeV, where AB, is defined
by ABaa(44Z) = Baa(44Z) —2Ba(4 "' Z). It means the
A-A interaction is weakly attractive. Two of the past mea-
surements gave a value of ABy4 to be about 4.5 MeV.
Thus, the new value is smaller than these.

The other experiment at BNL-AGS [15] demonstrated
the production of double-A hypernuclei in the (K—, KT)
reaction on ?Be. It used a quite new technique to identify
double-A hypernuclei by using a Cylindrical Drift cham-
ber System (CDS). In the CDS, two 7~ ’s emitted through
sequential weak decays of hypernuclei were detected in a
good momentum resolution. The result indicated the pro-
duction of a significant number of the double-A hypernu-
cleus 4 ;H and the twin hypernuclei 4H and 3 H.

3 Future prospects at the 50 GeV PS

The 50 GeV proton synchrotron (PS) is now under con-
struction in the Joint Project between KEK and Japan
Atomic Energy Research Institute (JAERI). The aver-
age beam current is 15.7 pA, which will produce the
world’s highest-intensity K~ beams. The construction will
be completed early in 2007.

In the experimental area for the slow-extracted beam,
two secondary beam lines, K1.8 and K1.1, are proposed
for the studies of strangeness nuclear physics; the former
for the S = —2 systems, and the latter for the S = —1
systems.
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A letter of intent for experiments on strangeness nu-
clear physics [16] well summarizes the initial experimen-
tal programs in this field. Among the various topics dis-
cussed in the letter of intent, I introduce two interesting
programs: the investigation of new hadronic many-body
systems with strangeness S = —2 and high-resolution ~-
ray spectroscopy.

3.1 Spectroscopic study of S = —2 systems

The high-intensity K~ beam at ~ 1.8 GeV/c available
at the 50 GeV PS is quite unique to open a new fron-
tier of Strangeness Nuclear Physics in the spectroscopic
studies of strangeness S = —2 systems. This is not only
a step forward from the S = —1 systems as a natural
extension, but also a significant step to explore the multi-
strangeness hadronic systems; in the course of the limit,
strange hadronic matter (S = —oo) in the core of a neu-
tron star is our concern. Also, it is important to extract
some information on =N and A-A interactions from the
spectroscopic data.

The (K~, KT) reaction is one of the best tools to
implant the S = —2 through an elementary process
K~ +p — K+t+Z7, the cross-section of which in the for-
ward direction has a broad maximum around this energy.

At present, the experimental information on the S =
—2 systems mainly comes from several emulsion data in
limited statistics. As for the = hypernuclei, there exist
some hints of emulsion events for their existence. How-
ever, it is still not conclusive. Some upper limits on the
Z-nucleus potential have been obtained from the produc-
tion rate in the bound region of a = hypernucleus via the
(K—, KT) reaction.

The energy difference between the (=~ p) system and
the (AA) system is only 28.3 MeV in free space. Therefore,
a relatively large configuration mixing between =~ +A
and AA+(A — 1) states is suggested. It is very interest-
ing to investigate whether the single-particle picture of
=" is valid or not in such a system.

It is expected that the spectroscopy of the = hyper-
nuclei is promising. Here we use the (K—, K*) reaction
in which we can use the same method for the (7%, KT)
reaction in the A-hypernuclear spectroscopy. In fact, two
reactions have very similar characteristics of large recoil
momentum of a produced hyperon: p=— ~ 500 MeV /c and
pa ~ 350 MeV/c. Therefore, even for heavy targets well-
separated peak structures are expected in spite of many
possible excitations, because the spin-stretched configura-
tions with ¢, + = + J = even are strongly populated as
in the case of the (77, KT) reaction, or more strongly.

For the spectroscopy of the (K—, K1) reaction, we
need two spectrometers as in the (7F, K1) reaction: a
beam line spectrometer for the incident K~ and a KT
spectrometer.

A 2 GeV/c kaon beam line for the JHF was designed
by J. Doornbos [17]. A beam line spectrometer is installed
in the last part of the beam line. It consists of a QDQDQ
system. It is estimated that the momentum resolution of
2x107* could be achievable.
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Fig. 3. Schematic layout of the SKS spectrometer for the (K,
K™) reaction at 1.65 GeV/c.

For the KT spectrometer, we will use the existing SKS
spectrometer with some modifications. In fig. 3, the setup
of the SKS spectrometer for the (K—, KT) reaction is
shown schematically.

Since the radius for the central momentum is larger
than that for the (7, KT) reaction, the target point is
moved away from the magnet. So that, the acceptance of
the spectrometer is reduced to be ~ 50 msr. The overall
energy resolution is estimated to be 2 MeV(FWHM) for
a 2 g/cm? target thickness.

The production cross-section of the = hypernu-
clei in the (K=, K7T) reaction is calculated to be
~ 0.1 ub/sr/MeV around the middle of the bound region
for various types of potentials. Thus, the yield for the
208PY target with 2 g/cm? thickness is estimated to be
~ 6 events/MeV/day. So, even for the heaviest case, we
could get enough statistics within ~ 20 days to obtain
spectroscopic information. For lighter targets such as 28Si
and %8Ni, the yields are several times higher with the nor-
malized target thickness of 2 g/cm?.

3.2 High-resolution hypernuclear ~-ray spectroscopy

High-resolution hypernuclear y-ray spectroscopy will be
extended further and exciting new physics fields will be
opened up at the 50 GeV PS.

The (K, 7~ ) reaction at 1.1 GeV/c is used in order to
produce A hypernuclei. This reaction has a large spin-flip
amplitude and allows population of various hypernuclear
states including spin-flip states with unnatural parities.

We require a secondary beam line whose intensity is
optimized to 1.1 GeV/c. It should have a double-stage
mass separator to obtain pure K~ beams in order to
minimize the counting rates of Ge detectors and track-
ing devices in the spectrometer. The beam intensity of
1.1 GeV/c K~ is expected to be 1.9 x 10”7 K~ per spill
(2 x 10'* protons) in 3.4 s cycle.

The momentum of the K~ beam is measured event-
by-event with a beamline spectrometer having < 0.2%
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Fig. 4. Top: Expected level energies and ~y transitions of ;>C.
Bottom: Expected yields of v transitions of }2C for 5 days’ run.
Yields of -y coincidence events are also shown.

FWHM resolution. The outgoing 7~ is measured with a
spectrometer similar to SKS, which is required to have an
acceptance of more than 50 msr and momentum resolution
of < 0.2% FWHM. An overall mass resolution better than
3 MeV is necessary.

Around the target, we install a new Ge detector sys-
tem, which is similar to the present Hyperball but has a
much larger efficiency. In the present design, we expect
to use 14 sets of “Segmented Super Clover Ge detectors”,
which has recently become commercially available. One
detector set consists of four Ge crystals of 7 cm@ x 14 cm,
and the electrode of each crystal is segmented into 4 read-
out channels. Such a fine segmentation is necessary for
Doppler-shift correction. The Ge crystals cover about 40%
of the total solid angle. The Ge detector system has a
photo-peak efficiency of 12% at 1 MeV in total. Each of
the Ge detectors is surrounded by a set of BGO or GSO
counters, which are used to veto Compton scattering and
high-energy ~-rays from 7°.

An example of the «-ray measurement in the case of
12C for 5-day data taking is shown in fig. 4. The produc-
tion cross-sections of the 12C states (except for the first 27
state) were calculated by Itonaga et al. for the 1.1 GeV/c
(K, ) reaction [18]. The energy levels are taken from
the experimental values from KEK-E369 [3], but the dou-
blet spacing energies are taken from the new parameter
set of the spin-dependent interactions by Millener [19].

We will have quite enough yields for almost all the
v transitions. We can expect good statistics even for y-v
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coincidence spectra, which enable us to completely recon-
struct the level scheme.

4 Summary

There has been a lot of progress in Hypernuclear Physics
in the last decade. The recent success of hypernuclear -
ray spectroscopy with the Hyperball detector opened a
new stage of hypernuclear spectroscopy in precision. As
for non-mesonic weak decays, new neutron spectra from
several A-hypernuclei gave a new information to investi-
gate the reaction mechanism. There was also important
progress in double-A hypernuclei.

We hope these efforts will be in full bloom at the
50 GeV PS with high-intensity K~ beams.
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