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1. INTRODUCTION

The observation of hypernuclear Y rays provides a methdd of detertiining the
spin dependence of the A-nucleon interaction with a sensitivity not approach-
able by other means in the forseeable future. The tramsitions of primary
interest are those between states that differ only in the orientation of the
spin of the A particle with respect to the angplar momentum of the nuclear
core. The effective A-nucleon interaction can be specified by a small number
of Y-ray measurements. A program of experiments directed at this goal is in
progress at Brookhaven National Laboratory. This paper will review the status
of the subject with emphasis on the recent experiment1 to measure ground state
doublet splittings using germanium y-ray detectors.

Hypernuclei are formed using the strangeness exchange reaction on a nuclear
target forming a hypernucleus in an excited state (K- + Az » AAZ* +
™ ). The hypericleus decays by Y emission which in many cases precedes the
weak decay of the hypernucleus. The ¥ is detected using sodium iodide or
germaniumAdepending on the experimental requirements. Magnetic analysis of the
formation reaction can give energy resolution of 2 MeV; sodium iodide resolu-
tion 1is typically 100 keV and germanium resolution 2 keV, a thousand-fold
improvement. The Y rays are observed in coincidence with hypernuclei which
have been positively identified through their formation reaction, giving an
enormous suppression of background. The excitation energy of the hypernucleus
is known from the magnetic analysis, and the requirement that a Y rav be seen
only in coincidence with the appropriate excitation energy region is a powerful
check on the origin of the Yy rays.

Gamma-ray transitions in hypernuclei occur only in A hypernuclei. In
general, the particle stable excited states are those in which the A is in an
S—state and the_ nuclear core is in its ground state or excited states. The
states of the core give rise t doublets (see Fig. 1) with small spin dependent
splittings; observation of Y-ray transitions between core excited states shows
that the inter-doublet spacing reflects the excitation energy of the core
states, The dcublet splittings directly measure the spin dependence of the A

interaction. Since the doublet splitting results from the interaction of an
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S1/2 A with the valence nucleon, the splitting will decrease by several
orders of magnitude from the lightest to the heaviest systemz. However, since
the electromagnetic lifetime of the state varies inversely as the cube of the
transition energy, for small splittings the weak decay of the A competes with
the electromagnetic decay of the state, It may be possible in the future to
measure the ratio of the weak to the electromagnetic lifetimes through a

systematic study of this competition.

2. SPIN DEPENDENCE

For the core excited states of hypernuclei in the p shell, the interaction
of the sj/» A particle with the p nucleons has been analyzed by Gal, Soper
and Dalitz3 in terms of four two-body spin terms. Out of these, only three
depend on the A spin: the spin—spin, spin-c¥bit, and tensor terms denoted A4,
sp, and T. In the case where the A is in a p orbit, there is a one-body
spin-orbit interaction ;A'ik which can be characterized by the energy
splitting €, between py/p and p3/2 shi}li; €y 1s directly related to
the two-body spin-orbit term sy = ogp*yp being equal to 1/6 Sj.
Millener, Gal, Dover, and Dalitz" have recently revised and extended this
analysis based on new data. The spin-spin and spin-orbit interactions are

constrained by data, but no data exists on the tensor interaction.

3. SPIN-SPIN INTERACTION
For mass 4 hypernuclei all baryons are in s states, so the only spin
dependent interaction is the spin-spin interaction. Gamma rays from the first

excited states of A“He and A“H were observed by Bejidian et al.5 in
]



coincidence with the pion from decay of the hypernucleus. The energies of the
Y rays are 1.14 and 1.04 MeV, respectively. The result was confirmed at Brook-
haven where we observed a 1.1 MeV y-ray peak following fission of A7Li. The
ground state spin for mass 4 hypernuclei is known from the analysis of the
decay of the hypernucleus in emulsion. Thus it appears that we have an attrac-
tive spin-spin force of known strength. However, calculations of the spin-spin
interaction in hypernuclei, based on what is known about the free A-nucleon
system, give an interaction with the opposite signs. Gibson6 resolves this
through the mechanism of I-A conversion. However, this leads to the conclusion
that the splitting in mass 4 is only in part due to a two~body spin-spin inter-
action. Bodmer7, considering the three-body interaction, attributes part of
the splitting in mass &4 to a three-body interaction with I intermediate

states. So, rhe i.terpretation of the splirting in mass 4 is not yet clear.

4. SPIN-ORBIT INTERACTION

The first indication that the AN spin-orbit interaction was small came from
an analysis of the spectrum of 5160 taken at CERN®. The present best value
comes from an experiment:9 on A13C performed at Brookhaven. A13C is .an
especially favorable case for studying the AN spin-orbit interaction because of
the singlet nature of the ground state of the 12¢ core.

Figure 2 shows the spectrum of hypernuclear states observed? in A13C using
the (K~,m7~) energy difference technique. The threshold for A13C +> A+12C is
at 11.7 MeV excitation. The peak labeled "3 in Fig. 2 has dominant composi-
tion (p1/2)p with the 12¢ core in 1its ground state, In a spectrum taken at

15° which results in momentum transfer near the maximum of the L=2 transition
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amplitude, we observe another state with dominant composition (p3/2)p with
the '2C in its ground state. The difference in energy of these two states
determines the A nucleus spin-orbit interaction ep = elpy/2dp -
e(p3/2)p = <36 = .3 MeV. A more rigorous analysis confirms that the
splitting of these states is in fact due to only the spin-orbit interaction.

A comparable limit on the AN spin—orbit interaction is obtained from an
experiment10 on AgBe using sodium iodide detectors. In coincidence with the
bound~state ragion of AgBe, a Y-ray peak of energy 3.079 * 0.040 MeV is
observed (Fig. 3). We interpret this peak as being due to unresolved transi-
tions from both members of the hypernuclear doublet built on the first excited

8Be. Both nmembers of the doublet are predicted cto be excited with

state of
roughly equal intensity. Since we are, in this case, observing transitions
from both members of a doublet to the ground state, the lack of apparent
broadening of the peak from our known energy resolution gives an upper limit on
the doublet splitting winich is mainly due to the spin-orbit interaction.

We now know the épin-orbit interaction is small, but how small is it? We
have only upper limits. We intend to perform an experiment a factor of 5 more
sensitive. = The (pp/2)p state and the (p3/2)4 state in A13C discussed
above can bé excited almost independently of each other by selecting the
reaction angle. Each state decays to the hypernuﬁlear ground state by emitting
a =10 Miy Y ray. These Y rays can be detected with 300 keV resolution using

sodium iodide. The centers of the full energy peaks can be determined to a

small fraction of the resolution width.



How small should the AN spin-orbit interaction be? The smallness of the AN
spin-orbit interaction is now understood in terms of one boson exchange

11

models and, because of the short-range nature of the spin-orbit interaction,

in terms of quark models ‘2. Both OBE and quark model calculations predict a AN
spin—~orbit interaction 20%Z of the nucleon-nucleon case, a result already hard

pressed or ruled out by experiment.

5. HYPERNUCLEAR GAMMA RAYS DUE TO LAMBDA SPIN FLIP

In a recent experiment1 we have attempted to observe hypernuclear ¥ ray due
to A spin flip, and thus directly measure the spin dependence of the A-nucleon
interaction. The two hypernuclei studied were AIOB and Aleo (Fig. 4). 1In
both cases we sought to observe the Y transition between the first excited
state and the grcund state of the hypernucleus using germanium detectors. In
the case of AIOB, the transition energy is approximately due to interaction
of a p3/p neutron hole with the sjsp A particle; & depends on sp, 4, and
T (the spin-orbit, spin-spin, and tensor interactions) as shown in the figure,
but the contribution of the spin-spin interaction 1is expected to dominate
because of the small expected sizes of sy and T. 1In the case of Also, the
interaction of a pyy) neutron hole with the s1/2 A particle results in a
ground state doublet splitting &' = - 1/3A + 4/3s + 8T. Because of the large
coefficient of T, the A-nucleon tensor interaction, about which no experimental

information exists, may make the dominant contribution to the Also doublet

splitting.
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FIGURE 5
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Prior to the experiment, the ground state doublet splittings for hypernuclei
other than mass 4 were not knu:m, nor was it known in general which doublet
member is the ground state and which the excited state, In general, because of
angular momentum and parity considerations, only one member of a doublet is
excited directly to any significant degree in the (K7,7”) reaction, so that the
possibility that the excited state will not be populated adds an additional
uncertainty to planning an experiment. In this regard, AIOB and AISO are
favorable cases. For AIOB, there is indirect evidence from emulsion experi-
ments that the ground state is 1. For AIGO, an excited 17 state at approxi-
mately 6 MeV excitation.energy 1s strongly populated in the (K~,7m~) reaction
and decays to both members of the ground state doublet.

Figure 5 shows the apparatus used in the experiment. Two focussing magnetic
spectrometers are instrumented with drift chaambers and a hodoscope for trajec-
tory analysis and with scintillation counters and Cerenkov counters for
particle identification. The experiment was performed in low-energy separated
beam I at the Brookhaven National Laboratory AGS. The kaon flux at the target
was 10° per AGS pulse., The pion from hypernuclear formation was detected in a

spectrometer with 23 msr acceptance. The mean angle between incoming kaon and
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outgoing pion was 5°. The intrinsic resolution of the spectrometers in the
determination of the energy of a hypernuclear state is 3 MeV but was limited in
this experiment by target thickness effects. Six coaxial n-type intrinsic
germanium detectors were placed above and below the target at a distance of 10
cm. The detectors, which are 5 cm in diameter and 4 cm deep, have an intrinsic
efficiency which is close to 1 down to 20 keV decreasing to 1/3 at 500 keV.
The energy resolution of the detectors was 2.5 keV full width half maximum.

10B, 12 gm/cmz, and

The targets used were a) B isotopically enriched to 93% of
b) 16O in the form of water, 10 gm/cmz. The preliminary results for AloB are
presented here.

The excitation spectrum of AIUB, measured in the experiment using a thin
3 gm/cmz) target, is shown in Fig. 6. A region from Egy = —12 to Egy = +6
contains the bound states of AIOB. It is .only in coincidence with this
region that the ground state doublet Y ray can occur. Figure 7 shows the Y-ray
spectrum in coincidence with this region. The only significant peak, aside
from the ubiquitous 511 keV positron annihilation Y is at 157 keV. The y-ray
spectrum in the vicinity of 157 keV is shown with expanded scale.

Additional evidence for this candidate for the ground state doublet Y ray in
AIOB comes from the fact that it does not appear in coincidence with other
regions of hypernuclear excitation (Fig. 8) and from a study of the timing of
the signal in thé germanium detector. Because the germanium detectors were
chosen to be efficient up to a considerably higher energy than the observed
Y-ray emergy, they are larger than optimum. A Yy ray of energy 157 keV inter-
acts close to the surface of the detector, whereas the background comes from Y

rays which interact throughout the volume of the detector. The background,



FIGURE 7
The Y-ray spectrum
observed in coincidence
with the ©bound state
region of AIOB. The
spectrum near 150 keV is
shown on an expanded

scale with a fitted

background.

FIGURE 8
The Y~-ray spectrum
observed in coincidence
with the unbound state

region of AIOB.
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much of which is initiated by neutral pions, is mainly a result of high—energy
Y rays which deposit a small fractiou of their energy in the crystal by Compton
scattering. This difference between signal and background is reflected in the
rise time of the pulses in the germanium detector. An analysis utilizing thais
effect to suppress the background, though with significant loss in efficiency,
results in the spectrum shown in Fig. 9.

Studies of the optimum selections of excitation energy, time, and other
parameters are continuing so as to produce the best background suppression.

The collaborators on this experiment are listed in ref. 1 below.
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