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The study of hypernuclei is a frontier area of nuclear

physics. As more intense beams of strange mesons have become

available, methods of in-beam spectroscopy have been applied

to the study of hypernuclei. The feasibility of detecting

hypernuclear electromagnetic radiation has been demonstrated

at ttia Brookhaven Alternating Gradient Synchrotron. Studies

have been made of the effective A hyperon-nucleon interaction

in p—shell hypernuclei. The first results are described and

they place useful constraints on the effective interaction and

the shell model description of hypernuclear states.

1. INTRODUCTION

The study of the properties of hypernuclei has been going on for

three decades. Since the discovery of hypernuclear formation In nuclear

emulsions was announced by Danysz and Pniewski [1] in 1953, a considerable

body of knowledge about the role of hyperons in nuclei has been accumu-

lated. The intent of the present talk is to focus on the detection of

electromagnetic transitions between hypernuclear levels. There are

several excellent reviews on the more general topic of hypernuclei [2].

The reader is referred to these reviews for a detailed treatment. For the

present purposes a brief, semi-historical account of the field is given

here in order to introduce the subject. The main body of this talk will

subsequently refer to the program of y measurements being undertaken at

the Brookhaven National Lsboratory (BNL) Alternating Gradient Synchrotron

(AGS). The work here is the result of a collaboration of many scientists

from several institutions. They are listed in the acknowledgements. It
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Table 1. The Baryon Octet, J = 1/2
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is understood that they have all contributed to the success of this

ongoing program.

2. HYPERNUCLEI

Hypernuclei differ from ordinary nuclei in that, in addition to the

nucleons—neutrons and protons—hypernuclei contain hyperons such as the A

and £ hyperons. Table I serves to remind us of the elementary particles

comprising the J=l/2 baryon octet. The strange particles such as the A,

E, and = (cascade) hyperons cannot decay strongly due to conservation of

strangeness required in hadronic reactions. Thus the lifetimes (for

example, 2.6x10" sec for the A) are long enough for these hyperons to

participate in nuclear emulsions and to form hypernuclei, a term coined by

Maurice Goldhaber. Figure 1 shows an early hypernuclear event caused by r.

(K~,if~) reaction on 0 (ref. 3). The path from A to B is traced out by

the A L i hypernucleus before it decays. These baryons possess strange

quarks, as well as the up and down quarks of the nucleons. Figure 2

schematically compares the neutron, proton, and A hyperon in terms of

their quark constituents. The main interest in studying hypernuclei stems

from the desire to understand more completely the nature of the hadrcnic

interaction. Seen from this point of view, the hypernucleus represents a

laboratory in which the properties of the hadronic interaction may be

studied. Since hyperon beams are not available iv any significant quan-

tity, hypernuclei represent our hope of understanding this interaction.

The early work in the field, carried oat with emulsions, was able Lo

provide the binding energies for light hypernuclei and from there it was

learned that the depth on «the one-body A-nuclear central potential was

significantly weaker than for nucleons. PSBTjOHSDEiKtS BEFgilf ill- ' ; ~W

?* lias been reproduced f; v is is2
;;"ai!a!jle copy to penni! ^ m
possible availability.
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Fig. 1 An emulsion photograph of A L i formed in the (K , IT ) reaction

on 160 (ref. 3).
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Fig. 2 The quark structure of the neutron, proton, and lambda.

Progress in this field became more rapid with the advent of intense

beams of separated kaons which became available at the CERN PS and the

Brookhaven AGS in the 1970's. The strangeness exchanging reaction (K, ir)

was used to produce hypernuclei in discrete excitation states. The kine-

matics of this reaction, displayed in Fig. 3, show that it is possible to

produce hypernuclei with very small momentum transfer. Thus the so-called

substitutional states, where the added A possesses the same quantum

numbers as the neutron it replaces, will have quite large cross sections,

approaching 1 mb/sr in some cases.

Hypernuclei level schemes can be interpreted, at least in a first

approximation, in terms of particle-hole excitations. Restricting this

discussion to A hypernuclei, it is simplest to consider that one is coup-

ling a A to a neutron hole state of the target nucleus. It is instructive

to look at a simple level scheme for ^ C, as shown in Fig. A. We

expect to see clearly peaks which correspond to A's placed in the s and p

shells. Furthermore, the ground state of the hypernucleus is one in which
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Fig. 3 The kinematics of (K ,TT ) reactions.

(s, / 2 ,s | / 2)n A

n

(P3/2'P3/2}nA

(P3/2'WnA -©-

Fig. 4 The interpretation of the levels in ̂ 12C in a weak-coupling

picture.



the A is in the s-shell. This is so because the A is distinguishable from

nucleons, and thus the Pauli Principle does not apply.

These expectations are confirmed in the experimental spectrum shown

in Fig. 5 [4]. The major components shown in the peaks at 0 and 11 MeV

correspond to the particle hole configurations (n,A) = (p~ 3/2.81/2)

and (p~13/2»P3/2) respectively. Each of these states, however,

consists of a multiplet of states produced by alternate spin couplings of

the A and neutron hole, and the presence of core-excited states, which are

mixed to some extent by the residual particle-hole interaction.

These multiplets are closely spaced compared to the resolution

obtained from magnetic spectrometers at momenta of 1 GeV/c. Therefore it

was realized that other spectroscopic techniques would have to be brought

to bear on the problem. We at Brookhaven decided to build a spectrometer

incorporating the detection of electromagnetic radiation in coincidence

with the (K,ir) event. The effective resolution offered by the (K, iry)

reaction can be three orders of magnitude better than what is achieved by

a spectrometer such as Moby Dick.

The y-ray spectroscopy of hypernuclei was initiated some ten years

ago, primarily by henryk Piekarz and his collaborators [5]. These experi-

ments, however, used stopped kaons, in which the energy transferred to t'he
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12,Fig. 5 A "typical" (K~/-) spectrum for A C .



hypernucleus is very large. In this pioneering experiment targets of

lithium were used. At excitation energies of greater than about 20 MeV,
7Li breaks up into the mass 4 systems (j^H+He) or (A

4H+3H). The first

excitedc^^tate and ground state of these mass 4 hypernuclei form a spin

doublet wHich can deexcite by the emission of an M-l y ray, as shown in

Fig. 6. The measurement of the M-l transition would thus yield the multi-

plet separation and give valuable information about the A-nucleon spin

dependent interaction in the s-shell.

Piekarz and his collaborators were able to identify niquely the

origin of the y rays from their target as arising from the mass 4 hypernu-

clear systems by recording y rays in coincidence with the pionic decay

modes of these hypernuclei. These are given as follows:

and

->- 4He + 53 MeV),

->- ^He + TT° (T^o = 57 MeV).

(1)

( 2 )

2> He
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Fig. 6 A schematic represen ta t ion of the A=4 hypernuclear systems.



In the apparatus shown in Fig. 7, the charged pions were detected in

a range telescope and the neutral pions in a set of Pb-scintillator

converter counters. Although very high singles rates were present in the

10x7.5 cm Nal detectors surrounding the target (about 400,000 sec"1), the

pion coincidence enabled them to detect y rays with energies of 1.04 and

1.15 MeV for the ^ H and ^He systems respectively. The high singles

rates, however, resulted in a resolution of only 12% at 1 MeV.

This experiment led us to expect that detection electromagnetic radi-

ation from hypernuclei was indeed practical. However the use of stopped

kaons wou?.d result, for heavier hypernuclei, in spectra whose lines would

be difficult to identify, due to the wide variety of nuclear and hypernu-

clear systems produced by such large energy transfers. Thus, to study the

p-shell systems, for example, would require a more precise specification

of the initial state of the hypernucleus. That would of course be

provided by a measurement of the production kaon and pion momenta, as well

as that of the y-ray energy, in a (K,iry) reaction. This requirement, as

we shall see, is an absolutely necessary requirement for a unique y-ray

signature.

3. THE A-N EFFECTIVE INTERACTION FOR P SHELL HYPERNUCLEI

Dalitz and Gal examined in some detail the' emission of y rays from

p-shell hypernuclei in their extensive review published six years ago

[6], A revision of their predictions concerning the levels of these

hypernuclei has been recently completed by Millener, Gal, Dover, and

Dalitz, and is shortly to be published [7]. These papers have provided an

important guide for the design of our experiments.

For excitation energies below particle binding in these hypernuclei,

it will be possible to observe y-ray emission. However the thresholds for

particle emission tend to be low, and in fact lower than the A emission

thresholds. For example, for ̂  Li the threshold channel is

(3)

and for A

ioB .

- *H + AHe;

- ABe + 1 R ;

' Ethresh
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Fig, 7 The first hypernuclear y-ray experiment, using stopped kaons
viref. 5).



In p-shell hypernuciei there are consequently only a relatively few

bound states which qualify for y-emission and so the spectra are relative-

ly simple. Most of the excitations available for study belong to the

configuration {(1S)4
N(1P)

A~5
N(1S)A}; that is, the A is present in

the s-shell and the reaction proceeds via an orbital angular momentum

transfer, AL=1.

The y-ray transitions can be divided into two classes, depending on

the role of the A:

1) spin-flip doublet transitions - These are M-l transi tions connect-

ing the members of the hypernuclear doublet built on a core state. In

this type the A spin is flipped with respect to the core spin.

2) core transitions - In this type the ^-ray transition connects core

states, and the A plays the role of a spectator (whose presence, however,

perturbs the core states).

As we shall see, both types have been observed in experiment.

Millener et al. [6], and previously Dalitz and Gal [5], have perform-

ed a phenomenological analysis using a A-N potential model to determine a

set of four PJJSA two-body matrix elements to describe the s.in-depend-

ent AN interaction in the p-shell. The two-body interaction can be

expressed as follows:

V0(r) + VoCr)^-^ + VA(rHNA-SA + V ^ ^ + VT(r)S 12 (5)

with £jgA the relative orbital angular momentum, and

Si2 = aCo^lXjSA'r) - Ojj«oA; r = I^N-r^.

The potential parameters are referred to as the overall central

potential V, the spin-spin term A, the A spin orbit S A, the induced

nuclear spin-orbit SJJ, and the tensor T. These parameters are assumed

constant across the p-shell. The average central interaction has no

effect on spectra, while the S N [induced spin orbit] affects the spacing

of the core states.

The most direct information on the spin dependence of uhe interaction

depends on the separation of the SA doublets built on non-zero core

states. For pure shell model states, neglecting the perturbing effect of

the A on the core, the doublet separation was shown by Dalitz and Gal to

be, at the start of the p shell,
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Fig. 8 The splitting of ground state multiplets in the p-shell (ref. 7).

6 - 2/3 A + 4/3 S, - 8/5 T; -1 configuration (6)

and, at the end,

-1
61 = -1/3 A + 4/3 SA + 8 T; (Pi/2N

S
1/2A

) configuration (7)

These splittings are shown schematically in Fig. 8.

As can be seen from these approximate relations, measurements of

several hypernuclei ranging across the p-shell can serve to fix *"hese

parameters unambiguously. The A spin-orbit parameter S/v is known to be

small and negative from previous (K,TT) results of CERN f8] and Brookhaven

[9]. The most uncertain parameter is T, which has been estimated by

Millener et al. [7] to be small and positive. As Dalitz and Gal [6] have

previously observed, the most promising test for T comes from measuring

hypernuclear doublet separations in the heavier p-shell hypernuclei, where

the coefficient of T in the expression above is the largest. Millener et

al. have observed that an estimate of the spin-spin parameter A may be



naively obtained from the 1.1 MeV spacing observed in the A=4 1+-K)+ spin

flip transitions of Piekarz et al. In arriving at a A value applicable in

the p--shell one must allow for a difference in nuclear radius between the

A=4 systems and the p-shell hypernuclei. Millener estimates that a

reasonable expectation for A would then lie in the range,

+ 0.4 _< A _< 0.64 MeV. (8)

4. STUDIES OF HYPERNUCLEAR Y-RAYS WITH LOW-RESOLUTION DETECTORS

Armed with the theoretical estimates of the previous section, a

series of experiments was designed to be executed at the BNL AGS hypernu-

clear facility. The most critical parameter affecting these experiments

is sir*\Ly beam intensity. As contrasted to the situation in "non-strange"
14or normal nuclear physics, where beam particle intensities of «10

particles/sec are often available, the original Moby Dick spectrometer, . s

described in ref. 4, was capable of putting only about 2x10 kaons/sec on

target. Furthermore, only the bound state region of hypernuclei are

available for "y-ray emission. Typical cross sections, near 0°, for

producing those states are small, 50 yb er" being a -ypical value.

Furthermore, one must contend with the very large pion flux which unavoid-

ably accompanies separated kaons; there are about ten pions for every kaon

on target. Increasing the kaon flux unavoidably increases this pion

contaminant, which ultimately places a rate limit on the Y~ray detectors

near the target. The crucial parameter in increasing kaon flux is simply

the length of the line. The survival rate of kaons at the end of the line

is proportional to the momentum: the mean length for decay is given by,

Lo = (cxo)(pc)/mK c
2 = 6 meters at 800 MeV/c (9)

Table 2 describes the beam line and spectrometer parameters as they

existed before and after the y-ray experiments. As can be se:n the beam

length has been decreased and the spectrometer solid angle increased. The

maximum rate is now higher than 10 per/sec. (The AGS slow extracted beam

structure is such that the spilled beam length is about 1.2 sec, separated

by about 2.5 seconds.)



Table 2. A Comparison of the old and new Moby Dick parameters

pmax

Ap/p

Beam Length

Separation Ratio
(800 MeV/c)

Rates/1012 Proton

Rates (typical)

Spectrometer Resolution

Ap/p Spectrometer
Momentum Bite

Spectrometer Rotation

Lit

Pre-1982

. 1.1 GeV/c beam
0.9 spect.

±2%

22

10TT-/K~

3TT+/R+

6xlO3(K~)

18xlO3(K~)

0.1%

6

0-45°

13msr

Present

1.1 GeV/c beam
0.9 spect.

±2%

15.2

IOTT/K-

3.5TT+/K+

45x103 (FT)

135x103 (K")

0.1%

16.5

-5-45°

23msr

Figure 9 shows a schematic layout of the line. The production target

is shown at the extreme left. After separation in the ExB_ separator, the

kaons are momentum analyzed by dipole D3. The target position is shown at

the upper right, and the pion spectrometer is shown displaced at the

bottom, so as to fit it in the figure. As can be seen the beam is instru-

mented with Cerenkov counters for kaon identification and for vetoing pion

before tlje target. Time-of-flight scintillators S lf S2, and S3 provide

further separation between kaons and pions, and a precise time mark for

the occurrence of a K,ir event. A set of drift chambers in the kaon and

pion spectrometers allow us to record the particle trajectory through the

system. The target area is surrounded by a detector array to record radi-

ation from the sample; a. tight coincidence condition is imposed on the

(K,TT) trigger and an event recorded in the target array. From .. : kaon

and pion momentum difference a missing mass spectru can be constructed,

which is the excitation energy spectrum of the recoilling hypernucleus. A

selection is made (after the fact) on this spectrum to isolate the bound

states, and the Y~ray spectrum associated with this cut is produced.
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Fig. 9 AGS Hypernuclear Spectrometer "Moby Dick"

In June of 1982, the BNL group completed the rirst successful (K, iry)

experiment on targets of Li and Be [10].

An array of Nal detectors consisting of 6 12.7x7.62 cm crystals 11.4

cm from the target and 2 20.32x15.24 cm crystals 20 cm from the target,

with a total solid angle of 30% of 4TT was employed in this experiment.

The current pulses were directly coupled, without amplification but

through pole-zero filters, to a set of current integrating analog to

digital converters with differential inputs.' A separate timing signal

was taken from the phototube dynodes, amplified and discriminated with

standard constant fraction circuitry,, Sources of Tig, Co and Tli

were mounted near the crystals to provide in-beam energy calibrations.

With about 10 particles (both pions and kaons) incident on the thick (8

gm/cm ) targets used, the energy resolution was 10% at 511 keV and the

time resolution was better than 5 ns at 511 keV. Singles rates in each of

these detectors was 2 to 4x10 sec" .

Figure 10 shows the predicted level scheme of Millener et al.,

compared to the Li core, with the expected branching ratios and relative

tLeCroy 2285A



Fig. 10 The level scheme of ^ Li

formation rates. Note that the strongest line expected is the a^~ay of

the 5/2+ state to the gs. It is also interesting to note that the 2.18

MeV 3+ state of the core is particle unstable; however in ^ L i t^ie

presence of the A serves to stabilize the state.

With this figure in mind, we turn to Fig. 11, which shows the data

obtained from an integrated flux of K10 kaons on target. This figure

also shows the excitation spectrum of ^ Li, showing the positions of the

cuts from which the spectra are drawn. The level schemes are also shown;

note however that in this figure the schemes were drawn from ref. 6. They

have been considerably modified by Millener et al. and Fig. 10 should be

consulted.
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These spectra are readily interpretable as follows:

a) In the excitation spectrum, below the hypernuclear gs, no peaks,

except for the ever-present 511 keV annihilation, are observed.

b) In the region -2<EX<8 MeV, a peak at 2.034 ± 0.023 MeV is

observed. In this peak nearly 100 events are observed; at this energy the

net photopeak efficiency of the array is about 10%. The peak is observed

in no other excitation region, and no nuclear y rays exist near 2 MeV for

A<7. Hence this peak may be unambiguously assigned to the 5/2 +-KL/2 + tran-

sition in A?Li. It is interesting to observe that the corresponding

3+-*-l+ transition in the Li nucleus occurs by oc-d breakup. The presence

of the A stabilizes the system against breakup, thus permitting the obser-

vation of the 7 ray.

c) No peaks, save that due to 511 radiation, is observed in the cut

for 4<Ex<10 MeV.

d) A peak at 3.56 MeV appears for 10<Ex<16 MeV. Here there

is sufficient energy for A emission to populate HLi excited states. The

lowest such state is the 3,56 T=l level; hence the peak represents a

nuclear line.

e) The next figure, 12, shows the regions of higher excitations.

For Ex>22 MeV, the ^ Li system can break up into A=4 and A=3 frag-

ments. A peak at 1.10 ± 0.04 MeV appears. i~his peak nicely confirms the

observation of the 1.04 and 1.15 MeV y rays reported by Piekarz and his

collaborators [5] in the ^ H and ^ He systems.

We have seen no evidence for the 3/2+ to l/2+ spin flip transition

for A Li. This spacing was originally predicted by Dalitz and Gal to be

250 keV, and more recently in the analysis by Millener and Gal to be near

600 keV. If the former prediction were accurate, the transition would

have been unobservable in the Nal experiment due to the large background

continuum below 500 KeV. If the latter prediction were accurate, the line

might be obscured by its proximity to the 511 annihilation line, or it

might be populated too weakly to be observed. This latter possibility is

quite likely the case, since the direct formation of the 3/2+ is weak, and

the principal cascade feeding to tnis level from the 5/2 state is also

weak. If the 3.69 MeV l/2+ is unbound, as expected by Millener, we would

not expect appreciable population of the first excited state.

This 3/2+ to l/2+ transition would be extremely interesting to

observe; the splitting is almost exclusively due the the A-N spin-spin
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interaction, since L=0 for the Li core.

Figure 13 shows spectra for ^9Be and the level scheme of Dalitz and

Gal. Of special interest is the doublet near 3 MeV, built on the Tie L=2

2 + state.

In the A9Be spectrum we see a y ray consistent with the deexcita-

tion of the 3/2+, 5/2+ doublet to the ^ B e ground state with a transi-

tion energy of 3.089 ± 0.04 MeV. In this case the doublet members are

expected to be equally populated. Since the nuclear core in thi6 case has

S=0, the spin-spin interaction would be absent, and the splitting would be

expected to be largely a measure of the _Sjv'j-JJ interaction. The obser-

vation of a single, unresolved peak places severe constraints on the value

of Syy. If one ignores the small effects expected from the tensor and

spin-spin terms in this case the absolute value of S^ would be

constrained, from our experiment, to be less than 0.04 MeV.

5. HIGH RESOLUTION STUDIES

In view of our failure to observe the spin-flip transitions, an

improvement in the experimental techniques was called for. Since the

doublet splittings are determined by the sum of several spin-dependent

terms of varying sign, it might be expected that cancellation effects

would make the doublet separations quite small in some cases. We also

concluded that because of high singles rates inherent in these experi-

ments, it was not practical to use large sodium iodide detectors for radi-

ation much below 511 keV in energy.

Fortunately there have been rapid developments in the application o^

liigh resolution germanium diode detectors to high rate situations. Quite

large intrinsic n-type germanium detectors are now available with reason-

ably good timing characteristics and excellent efficiencies at very low

energies. Furthermore, portable germanium detectors have been developed

for commercial applications. These are capable of operating in any orien—

tation; they have small liquid nitrogen dewars and capable of being

closely-packed around a target. Shown in Fig. 14 is an array of 6 n-type

intrinsic Ge detectors, of an approximately 50x40 mm closed end coaxial

type. They are mounted symmetrically above and below the target. The end

cap outer dimension is 80 mm, and the maximum cryostat diameter is only

100 mm, while the total length of the whole assembly—detector,
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Fig. 14 The germanium detector array for an attempt to detect the M-l

Bspin-flip transition in the ground state multiplet of ̂  B.

preamplifier, and dewar—is about 480 mm. The reservoir of 0.4 liters

gives a holding time of 8-12 hrs; a filling system was attached to the

array of 6 detectors and these vere filled at 4 hour intervals during i.he

experiment. The detectors are surrounded by a graded shield of Pb, Cd,

and Cu to cut down on low energy background photons. There is, however,

no shielding between the target and detector face.

These detectors have a high photopeak efficiency from below 20 keV to

about 200 keV, with the efficiency falling by a factor of 3 at 500 keV.

The measured photopeak efficiency of the 6 detector array at 120 keV,



averaged over an extended target of dimensions 12 cm (beam direction) x 12

cm (bend or x direction) x 2 cm (y or vertical direction), is 3%, when the

detectors are 10 cm from the median plane. Special care is taken to

achieve a narrow beam waist in the y direction, so that these detectors

can be placed as near to the target as possible.

It should also be noted that for Y~ray energies of less than about 50

keV there will be severe competition from the A weak decay mode; the A

lifetime is on the order of 10~ seconds. Thus our "window of

sensitivity" extends from perhaps 50 keV to perhaps 300 keV, where the

efficiency falls rapidly. However the M-l spin flip rates are low enough

that the Y-rays will not suffer Doppler broadening, the recoiling nucleus

having come to rest prior to ̂ -emission.

The hostile environment caused by the proximity of a beam of about

10 particles/sec, mostly pions, near the detectors requires some special

treatment. We have adopted the use of a standard spectroscopy amplifier

operated with short pulse shaping time constants (0.25 ysec), whose output

is coupled to a gated integrator.' This combination gives a high rate

handling capability, yet allows for the relatively slow charge collection

of the germanium crystals.

The beam is surrounded by a halo of decay muons which deposit a large

amount of energy in the detector. Typically we observe in excess of

5x10 /sec muon-induced events in each crystal, each depositing about 50

MeV of y-equivalent ionization. The preamplifier must be able to handle

the average current—about 10 nano-amperes through the beam spill—without

blocking due to base line shift. This can be accomplished by a reduction

in the input feedback resistor from the typically used 2x10 ohms to

500x10 ohms. Furthermore, the amplifier must be able to recover from

these overload pulses quickly enough to be aMe to handle succeeding

events without excessive base line distortions. This places severe

demands on the amplifier overload recovery characteristic and on its

base-line restorer.

Figure 15 illustrates the performance of our system, showing pulse

heights of 100, 511, and 750 keV as observed with and without beam on

target. In this figure both the unipolar amplifier r>utDut and the gated

integrator outputs are shown; the latter is fed into a multiplexed analog

Model 673



Fig. 15 The response of the Ge detector (a) without beam and (b) with

beam. The presence of a beam halo of decay muons causes baseline

distortions. The unipolar and gated integrator outputs are

shown.

to digital converter with a fixed conversion time of 10 microseconds. A

highly stable, precision pulser is injected into the preamplifier to

monitor gain stability and resolution through the beam spill. With our

rates of =1.2x10 total beam particles, we achieve signal processing

efficiencies of 50 to 60%, defined as peak events which lie within a

resolution width of 4 keV compared to all events.

Germanium timing is crucial for low accidental background, and is

done through separate, parallel amplifier channels. The output of a

wide-band amplifier is delay—line clipped and fed to a constant fraction

discriminator set at a discriminator level of «5 mV. Timing curves char-

acteristic of 80 keV (133Ba) and 1332 keV (60Co) radiation are shown in
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Fig. 16 Timing with the Ge detectors at several energies, with full

intensity beam on target. The histogram bins are 5 ns wide.

Fig. 16, as measured under actual beam conditions. As is evident, the

time distributions are strong functions of •y-ray energy, ranging from
13 30ns FWHM at 8n keV to »5ns for 1.3 MeV.

The first experiments with targets of B and 0 have been completed

and the results are being analyzed. Some preliminary conclusions have

been drawn and are presented here.

Figare 17 shows the excitation energy spectrum obtained for a 3.7
n in

gin/cm target of 93% enriched B. The bound state regior is delineated,

with the arrow pointing at the ground state. At a 5° spe ̂ trometer setting

a production cross section of 46 ub/sr is expected from DWBA calculations.
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Fig. 17 The excitation spectrum of ^ B (3.7 gm/cm sample). The zero

in the energy scale corresponds to the ^ B ground state. The

cuts shown were used to separate bound state and background

contributions in the germanium spectrum.

Figure 18 shows a spectrum from ^' B obtained with the following

cuts:

a) excitation energy has been constrained between -12 and +6 MeV,

b) the time is constrained to an acceptance window of 35 nanoseconds,

c) the data are binned in 2 keV y-ray energy intervals.

A candidate for the M-l spin-flip transition is Feen near E^P160

keV. It is interesting to note that this is very close to the prediction

for j\ B of Millener et al., and if verified, would constitute a strong

confirmation of his analysis. Further supporting evidence is presented by

Fig. 19, which shows the spectrum obtained with the same time cut, but for

the excitation region below the bound state region, and hence represents

background. Similarly, no peak is seen for E e x > 12 MeV. Thus the peak

satisfies our requirements for hypernuclear radiation.

A sharp contrast in comparing nuclear and hypernuclear spectroscopy

is evident from Fig. 18. These data result from an accumulated flux of
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Fig. 18 The Y~ray spectrum obtained for ^ B for a 35 ns timing cut,

and an excitation energy cut on ^ B from —12 to +6 MeV.

0.87x10 kaons. From these we observe several thousand interactions

leading to bound states of ^ B. Of these only =10 events were observed

in the germanium detectors. Seen from this perspective finding hypernu-

clear Y rays is like finding the proverbial needle in a haystack!

A successful attack on the p-shell effective A-nucleon interaction

problem is clearly within our grasp, particularly if the ^ ° data we

have in hand shows a peak within our window of sensitivity. New horizons,

however, are in view. Heavier hypernuclear systems can be investigated

and more complex spectra obtained if we can refine our tools and improve

our overall efficiency factor, which is now at one in a billion.

Increases in kaon intensify will help only if we can learn to handle the

increased rates, or cut down on pion contamination or both. Progress in

this exciting and wide-open field depends on solving these immense
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Fig. 19 The y-ray spectrum for A
1 UB for -24 < E x < -6 MeV. This

region corresponds to background.

experimental difficulties and on the continued availability of kaon

beams. We need "kaon factories" such as are proposed at Los Alamos,

Vancouver, or in Europe» Perhaps photoproduction of hypernuclei can be

exploited at the new electron accelerators. The future should be very

interesting in this field.
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