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The general concept of a shell model is applied to the description of light hypernuclei, and a
shell approach in hypernuclear spectroscopy is formulated in a translationally invariant

form. It is noted that the developed formalism of a translationally invariant shell model is
universal for the description of the excitation of hypernuclear levels and also their

decay properties. Other approaches in the theory of hypernuclear structure are briefly
discussed. The review includes new theoretical results on the ¥ spectroscopy of hypernuclei of

interest for further experiments.
INTRODUCTION

The physics of hypernuclei, as a separate field at the
borderline of nuclear physics and elementary-particle
physics, arose almost 40 years ago. The initial long period
of accumulation of data, mainly on the binding energies of
the A hyperon and the weak decay modes of the ground
states of light hypernuclei,! was followed in the seventies
by a stage of rapid establishment and development of hy-
pernuclear spectroscopy.?” This was made possible by the
development of sufficiently intense beams of K mesons, the
application of modern counter methods, and the use, in
(K~ ,7m 7 ) reactions, of specially developed magnetic spec-
trometers to detect mesons with high momenta. Because of
the small momentum transfers characteristic of them,
(K~ ,m7) reactions proved to be especially effective in
investigations of excited levels of hypernuclei.® The most
important directions of hypernuclear research and interac-
tions of strange particles are regularly reflected in the pro-
ceedings of international conferences and symposia.”!*

Systematic investigations, begun at CERN'* and con-
tinued at the Brookhaven National Laboratory (BNL,
USA)," made it possible to obtain extensive information
on the excitation spectra of many A hypernuclei from §Li
to 2°Bi up to energies 20-30 MeV. At the beginning of the
eighties, investigations at these laboratories of (K~ ,77)
reactions on the light target nuclei 67Li, °Be, 12C, and
160 revealed the existence of very narrow resonances with
width ' 10 MeV (Ref. 16) which, in accordance with the
initial ideas,17 were taken to represent the discovery of
excited 2 hypernuclei. At the present time, the interpreta-
tion of these peaks is contradictory. Because of the limited
amount of experimental data and their low accuracy, it is
still not clear whether the observed peaks are true hyper-
nuclear resonances or whether they are due to threshold
effects in quasifree production of A hyperons (Ref. 18)."

In recent years, there has been a further extension of
investigations of hypernuclear physics, due in the first
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place to success in exploiting new reactions to produce
hypernuclei. First experiments on the spectroscopy of A
hypernuclei using pion beams in (7+,K* ) reactions with
momentum P, X 1 GeV/c have been realized at BNL.2! In
Japan, a method for studying hypernuclear spectra in
(K~ ,m7) reactions associated with capture of stopped ka-
ons from mesoatomic orbits is being perfected.”” At the
Joint Institute for Nuclear Research (Dubna, USSR), the
first successful experiments on the production of relativis-
tic 4H hypernuclei and measurement of their lifetime in
collisions of relativistic ions have been made.?* Data on the
lifetimes of heavy hyperfragments (4 ~200) have been ob-
tained at CERN at the LEAR facility in reactions involv-
ing absorption of antiprotons by nuclei?* and at Khar’kov?’
in electron bombardment of nuclei. Experiments involving
photoproduction of hypernuclei, which are very promising
for spectroscopic investigations, are being discussed at the
P. N. Lebedev Physics Institute?® and at Laboratories in
Japan and Italy.?” At KEK (Japan) it is planned to study
the properties of polarized hypernuclei in (7+,K*)
reactions.?® Hypernuclear investigations will be among the
most important in the research programs for the planned
new class of accelerators (KAON-TRIUMF, Canada;
LAMPF-II, USA), hadron factories,”’ and the high-cur-
rent electron accelerator under construction in the USA
(CEBAF Laboratory).*® Thus, numerous major nuclear
laboratories already perform or plan to begin extensive in-
vestigations in the field of hypernuclear physics.

As new methods of producing hypernuclei are mas-
tered, new pages are opened in the spectroscopy of A hy-
pernuclei. For example, in (7 ,K ") reactions it proved
possible to observe the theoretically predicted®*! bands of
hypernuclear levels corresponding to the single-particle
spectrum of A-hyperon states in the nuclear field.2! These
experimental results represent valuable data for testing
shell ideas about the properties of nuclear systems at the
level of both nucleonic and quark degrees of freedom.*?
Hypernuclear experiments using beams of relativistic
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ions?* are an important tool for studying individual

modes of the weak decays of light hypernuclei. They gave
a stimulus to new theoretical elaboration of the mechanism
of hypernuclear production (coalescence model).** The re-
sults of experiments using antiproton and electron beams
are important for understanding the weak-decay dynamics
of heavy hyperfragments.333

There has been further development and study of the
decay properties of hypernuclear levels due to the strong,
electromagnetic, and weak interactions.

Recent studies at BNL of (K ~,7 ) reactions “in
flight” led to the detection of y rays from the deexcitation
of bound states of the hypernuclei jLi and 3Be (Ref. 37).
The interpretation of these y lines made it possible to ob-
tain more realistic potential parameters of the shell model
for light hypernuclei.®® In the case of the lithium target, the
investigation also detected secondary y rays accompanying
the decay of the hypernuclear resonance; these are of in-
terest for determining the configuration content of the hy-
pernuclear wave function. In the experiments of Ref. 37, in
contrast to the pioneering CERN studies,***! in which the
energies of the y rays from 4H (4{He) deexcitation were
measured, it was possible to progress further and identify
the energy region of excitation of the original hypernu-
cleus. This new aspect of the experiment is particularly
valuable for determining the structure of the resonance,
which determines the probabilities of decays through bary-
onic channels with population of excited levels of daughter
nuclei or hypernuclei. In this way, it was possible to estab-
lish for the "Li target nucleus a chain of excitation and
baryonic decay processes, and this made it possible to re-
late unambiguously the hypernuclei y rays to the emitter
fragment (f\He) and identify nuclear ¥ rays from deexci-
tation of the state °Li(0*, 1; 3.56 MeV) formed on emis-
sion of the A hyperon. This experiment confirmed the
mechanism suggested in Ref. 42 for formation of 4H and
4He hypernuclei for a lithium target based on cluster decay
of a resonance with configuration {s°»? ®s,}. The nuclear
y rays from °Li deexcitation detected in the same experi-
ment found a natural explanation as a manifestation of
isospin selection rules in the ¥ decay of the hypernuclear
resonance 4Li(3 /2, T=1; 13.0 MeV).*® This is an inter-
esting point in study of hypernuclear properties, since the
problem of the “purity” of isospin in hypernuclei has been
little studied, and isospin symmetry can be broken both by
the Coulomb interaction of the protons in the core nucleus
and by the presence in the AN forces of a component that
breaks the charge symmetry.*

At BNL, the first results have been obtained***¢ from
a measurement of the lifetimes of daughter product hyper-
nuclei produced as a result of baryonic decays of hypernu-
clei excited in (K ~,7 ) reactions. These experiments also
determined the energy region of excitation of the hypernu-
clear resonance. Such a method makes it possible to iden-
tify the A decay channel and the channel of mesonless
decay of the daughter hypernucleus through the AN - NN
weak process. The measurements provided confirmation of
the theory of baryonic decays of °Li (Ref. 42), in which an
important part is played by the supermultiplet structure of
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the hypernuclear states in conjunction with selection rules
in accordance with a Young diagram, this being reflected
in suppression of A emission on decay of a resonance with
energy ~18 MeV (see also Rev. 47). The permutational
symmetry properties of the hypernuclear wave function
also control the cluster decay of states with configuration
{s’p®*®s,} in XC with *He emission.*® These consider-
ations were decisive in the identification of the daughter
hypernucleus 4 Be, whose weak decay was observed in the
experiment of Ref. 45.

Finally, in very recent experiments at KEK* in reac-
tions involving the absorption of stopped K~ mesons by
the Li, °Be, 2C, and '°O nuclei an appreciable 4H yield
was observed even though the threshold energies for such
decay are much higher than the nucleon and hyperon
threshold energies. This channel was reliably identified
through the detection of pions with momentum ~132.9
MeV/c from the decay ‘,‘\H—m ~ + “He. As yet, there is no
ambiguous explanation of these data. Theoretical investi-
gation of the structure of highly excited hypernuclear
resonances*>* suggests that the interpretation of the ob-
served ‘,*\H yield must take into account fragmentation of
the hypernuclear daughter s levels together with a possible
contribution of pion charge-exchange processes in the final
state.’! The compound-hypernucleus model proposed in
Ref. 49 is also not ruled out.

These examples of realized experiments show clearly
the need that already exists for a comprehensive study of
all the problems associated with the mechanism of produc-
tion of hypernuclei, the structure of the produced hyper-
nuclear states, and the details of their decay. Admittedly,
the presently existing technical limitations due to the low
intensity of the kaon beams and the use of thick targets
have the consequence that one can detect efficiently only
neutral particles (y rays, the A hyperon, neutrons) and
pions or fast nucleons resulting from hyperfragment weak
decay.

It is obvious that reliable interpretation of reactions
requires from theory knowledge of all decay channels, in-
cluding the as yet undetected channels with emission of
slow charged particles. As a theory sufficiently universal
for application to hypernuclei, the present authors have
developed the translationally invariant shell model
(TISM).

In this review, which consists of two parts, we concen-
trate our main attention on the decay properties of the
hypernuclei. This problem of hypernuclear spectroscopy is
very important, since the understanding of the principal
features of baryonic decays and electromagnetic transitions
is intimately related to the elucidation of the configuration
structure of the hypernuclear states and details of the
hyperon—nucleon interactions.

The first part of the review covers the basic ideas and
formalism of the ordinary and the translationally invariant
hypernuclear shell model; there is a brief discussion of
other approaches in the theory of hypernuclear structure
and detailed consideration of the most recent investigations
of y spectroscopy and some questions related to this theme.

In part II of the review, together with a discussion of
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various processes of hypernuclear production, the main at-
tention will be devoted to baryonic decays of excited hy-
pernuclear levels corresponding to the 1% configuration
{s*p" ® p,}, the y spectroscopy of the daughter hypernuclei
and nuclei, the comparison of the results of the shell model
with bound states with the results of a model that takes
into account the continuous spectrum, and also some ef-
fects due to the influence of the shell structure on weak
mesonless decays of the ground and isomer states of hy-
pernuclei.

1. BASIC IDEAS OF THE SHELL MODEL OF LIGHT
HYPERNUCLEI

The preceding stage in the development of hypernu-
clear physics showed that the use of a many-particle shell
model that takes into account the configurations of all 4
nucleons makes it possible to describe many important as-
pects of hypernuclear structure, the spectrum and excita-
tion intensity of the levels in different reactions, and also
the nature of the subsequent decay of the produced states.
Therefore, our analysis is based on a many-particle shell
model developed in detail for hypernuclei of the 1p shell
(6<4<16). It is well known that many states of ordinary
nuclei and hypernuclei possess clearly expressed cluster
properties.>~** The many-particle shell model reflects quite
well the main qualitative aspects of the association of nu-
cleons in the framework of the classification of nuclear
states by means of Young diagrams.’®*’ Of course, to de-
scribe hypernuclear properties such as the compression or
deformation of cluster systems in the presence of the A
hyperon it is necessary to use a cluster model or the reso-
nating-group method.>

To describe the excited hypernuclear states of the type
| (I,) ~ l(le): /) (hyperon particle, nucleon hole),
which are formed in (K~ ,7~) or (7w 1,K ™) reactions, it
is expedient to use the translationally invariant shell model
(TISM).>® The use of Jacobi variables in the TISM radial
wave functions makes it possible to determine the type of
“carrier” of the excitation: the center of mass of the sys-
tem, the hyperon, a nucleon, or collective motion. Different
types of excitations are related by simple kinematic trans-
formations from one set of Jacobi variables to another. In
such a formalism, one can investigate the nucleonic decay
channel corresponding to excitation of the hyperon (see
Sec. 2). Of course, in the framework of the TISM there is
automatic elimination of “spurious” states associated with
motion of the center of mass of the complete system in
excited nfiw states (n>0).

Most of the hypernuclear resonances produced in
(K~ ,m ™) reactions are in the continuous spectrum. How-
ever, as is shown by analysis of the excitation functions and
decay characteristics of the resonances,’® a decisive role
in their interpretation is played by structure effects, which
in many cases are so strong that the specific continuum
problems recede into the background. Therefore, we shall
use a shell model with bound single-particle states. As one
of the most striking examples illustrating the effectiveness
of the use of this form of the model, we can again mention
the f\Li hypernucleus.*? In the framework of the TISM
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with bound states, it was possible to explain the gross
structure of the observed excitation spectrum; moreover,
nontrivial predictions were made concerning the main de-
cay channels of the resonances, which, as we noted in the
Introduction, were confirmed in subsequent measure-
ments, 466162

Before we discuss the TISM formalism for hypernuclei
and the structure of the excited levels and their decays, it is
convenient to divide the set of states of 1p-shell hypernuclei
into three groups:

States of normal parity (p~'s,), in which the hyperon
is in the lowest Os orbit, and in the nuclear core the Os orbit
is completely occupied. This is the so-called Ofiw excitation
band of the hypernucleus. It corresponds to the configura-
tion {s*p*~le®s,: # T} or, succinctly, (p~'s,). Here,
the symbol e denotes the energy E, the total angular mo-
mentum J, and the isospin T of the nuclear subsystem. The
last notation emphasizes that the 1p nucleon is replaced by
the A hyperon. The ground and, as a rule, excited bound
states correspond to such a configuration. The main deex-
citation channels of these states are electromagnetic and
weak (for the ground and isomer states) decays. States of
this nature are used to determine the parameters of the
residual AN interaction in the hypernuclear shell model.

States of anomalous parity (p~ 'p,), in which the hy-
peron is in the 1p orbit and in the nuclear core the Os orbit
is again completely occupied. This is the so-called 1#w
excitation band of the hypernucleus. It corresponds to the
configuration {s*p*~Le®pj\: # T} or, in the abbreviated
form, (p~!p,). States with such a configuration are
strongly excited in (K ~,7 ) substitution reactions.

Study of the spectrum of (p ~ 'p,) states makes it pos-
sible to augment the information about the parameters of
the residual AN inteaction—the range of the AN forces,
their Majorana component, etc. For the example of the
(p~ 1pA) states, it is possible to investigate the conditions
of formation and excitation of “analog” states, which pos-
sess the same orbital symmetry as states of k nucleons in
the 1p shell, and genuinely hypernuclear states, which pos-
sess a high orbital symmetry (Young diagram with five
columns) and which are sometimes called
supersymmetric.>>%

States of anomalous parity (s~ 's,) belonging to the
17iw band when the hyperon is in the lowest Os orbit and
there is one hole in the Os state of the nuclear core. Such
states correspond to the configuration {s’p%;e ® s5: # T} or,
in the abbreviated notation, (s~ s,).

The 17w band also includes states with the more com-
plicated structure {s*p* ~2(2s,2d);e ® s5: # T} [in the other
notation, (p~%ls,), /=2s or 2d], which, by virtue of the
single-particle reaction mechanism, are not excited in the
(K~ ,m7 ) process but can influence the fragmentation of
the resonances and the probabilities of nucleonic decays. In
the standard shell model, it is necessary to include such
configurations in order to construct states that are “pure”
with respect to the center-of-mass motion. It is obvious
that in the TISM the kinematic correlations are automat-
ically taken into account in the construction of the basis
functions. An additional contribution to the resonance
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wave function of states with configuration (p‘zlsA) arises
in the TISM only when these states are strongly mixed by
the AN interaction (dynamic correlations) with the states
with configurations (p ~ 'p,) or (s~ !s,) mentioned above.
In the literature, the (p ~%Is,)-configuration states have
become known as intruder states.

If the single-particle potentials for the A hyperon and
nucleon were the same, then all the 1%w configurations
(27 'pa), (s7!sp), and (p~%s,) would be degenerate
with respect to the energy. In reality, this is not the case—
the experimental data on the excitation functions of
hypernuclei>®! and theoretical calculations®® show that
the well depth for the hyperon is significantly less than for
the nucleon, and the corresponding hyperon single-particle
energies are approximately half the nucleon energies.
Therefore, the states with configuration (s~ Is,) must lie
above the (p~ 'p,) states. Without going into detailed es-
timates of the configuration splitting in hypernuclei, which,
as is well known, also occurs in ordinary nuclei,66 we
merely mention that in the limit of weak binding of the
hyperon to the nuclear core,”® which describes approxi-
mately the spectra of the hypernuclei in (K~ ,7 ) reac-
tions at small pion emission angles, exciiation energies of
about 10-15 MeV correspond to the (p ™ 'p,) states, and
energies 18-30 MeV to the (s~ 's,) states. Actual
calculations*>*"%® show that the residual AN interaction
does not mix these groups of levels too strongly. Because
there are only two neutrons in the Os shell of the target
nuclei, the (s~ 's,) configurations are clearly manifested
only in the light hypernuclei §’Li, 3Be, !3C (Ref. 69).

It is well known*>*" that states with (s~ 's,) configu-
ration are subject to specific structural hindrances to bary-
onic decays (they will be discussed in more detail in the
second part of the review): Hyperon emission is forbidden
(such decay is possible only through admixture of the
(p " 'pa) configuration); emission of an a particle or
5 He hyperfragment is forbidden (Young-diagram selection
rules); there is strong suppression of the nucleonic channel
(decay is possible by virtue of kinematic correlations);
there is enhancement of the decay channels with emission
of *He (°H) nuclei and f\He (‘,‘\H) hyperfragments.

In discussion of the decay characteristics of highly ex-
cited hypernuclear resonances, one must therefore bear in
mind the (s~ s,) configuration.

In recent experiments, hypernuclei have been pro-
duced by means of the new reactions (7,K1),
(Kgop™ ™ ), in which highly excited states are predomi-
nantly populated. For the particle-hole identification of
these states, it is entirely sufficient to use the classification
of states in the standard shell model (SSM). However, for
analysis of the decay characteristics of the levels the ad-
vantages of the translationally invariant shell model are
obvious.

The translationally invariant shell model developed by
the authors for hypernuclei is a completely universal model
in the sense that it describes the spectroscopic properties of
all the listed groups of states on a unified basis. We note
that the standard (translationally noninvariant) shell
model has been applied by many authors to the description
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of hypernuclear level spectra (see, for example, Refs. 70—
75 and the references in them). Our approach to the de-
scription of hypernuclear states with the lowest Ofiw con-
figuration (p~!s,) is, in view of their manifest “purity”
with respect to the center-of-mass motion, identical to the
approach in the studies just cited. Significant differences
arise when the decay properties of excited states, to which
other configurations correspond, are considered (see Sec. 2
below).

2. FORMAL THEORY OF THE STRUCTURE OF 1p-
SHELL HYPERNUCLEI

Wave functions of hypernuclei in the TISM

When the wave functions of nuclei or hypernuclei are
constructed in the shell model, the problem arises of sep-
arating the center-of-mass motion of the complete system.
The concept of a state “pure” with respect to the center of
mass means that the center of mass of the system executes
vibrations with any integral value of the oscillator quanta
and possesses energy (n + 3/2)%iw. The value n=0 of the
principal quantum number corresponds to the zero-point
vibrations. It is well known from the theory of ordinary
nuclei that if in addition to closed shells there is just one
valence shell, then the center of mass executes zero-point
vibrations. If there are two or more shells that are not
closed, then in the general case “pure” states do not cor-
respond to such configurations. Such a situation arises al-
ready for the 17%w excitation band.

The problem of classifying and contructing the wave
functions of nuclear systems that correspond to zero-point
or higher vibrations of the center of mass has been rigor-
ously solved in the case when single-particle radial har-
monic-oscillator functions are used. For hypernuclei, this
problem can also be solved if it is assumed that the hyperon
moves in the same oscillator well as the nucleons, i.e.,
fiw, = fiwy. It is known that in the complete SSM basis of
all states of the nfiw excitation band quite definite linear
combinations of the basis functions correspond to pure
states (excitation of the center of mass with given n>0). If
TISM wave functions are given for a system of nucleons,
one can find pure linear combinations of the SSM wave
functions for excited states of the hypernucleus. A clear
example illustrating manifestation of this type of kinematic
correlations in hypernuclear wave functions is provided by
excited hypernuclear states constructed on nuclear states
with a hole in the valence shell [see Eq. (11)].

In our consideration of hypernuclear structure in the
TISM, our point of departure will be the SSM, the formal-
ism of which has been worked out in detail. Starting from
this formalism, we obtain all the relations needed for the
TISM. However, before we turn to hypernuclei, we recall
briefly how the two models are related in the case of ordi-
nary nuclei.

As we have already said, if only a valence shell is not
closed, then the states corresponding to such a configura-
tion are “pure,” and the center of mass executes zero-point
vibrations. In such a case, the connection between the SSM
and TISM functions is very simple. Let
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|4Z;e={EJT}) = |s°p";e) (1)

be the wave function of the nuclear system in the SSM in
the intermediate-coupling scheme, or, in more expanded
form,

|sphe)= X alls*p*[ fILSIT). (2)
fLS

Here, aﬁg = g, are the mixing coefficients due to the resid-
ual nucleon—nucleon interaction; S, L, and J are the spin,
orbital, and total angular momenta; f is the quantum num-
ber that characterizes the permutational symmetry of the
state (Young diagram). Since the center of mass of a sys-
tem with such a configuration executes zero-point vibra-
tions, we can write (1) in the form

|s*pie) = Woo (R, ®F ({£4)s0). (3)

The function Wy, (R,) describes the zero-point vibrations
of the center of mass; R is its radius vector; {£,} is the set
of Jacobi coordinates:

A
R=4"'X2r, (4)

i=1
§1,2=1'1 — Iy
§23=R; — 3564 1

=R;—riy preba_14=Ry_1— R,

where R, = i ~! 2};= \T% in which r; are radius vectors of the
individual particles. The internal function of the nucleus
(the TISM function), which depends on the Jacobi coor-
dinates, is defined as

1
DF({E41s0) 7 ) |s*pkse). (5)

If the residual hyperon-nucleon interaction is switched off,
the hypernuclear internal wave function <I>’,fj,1,
X ({E4}:E 45047 A) (the TISM function) can be repre-
sented as a product of the internal wave function of the
nuclear core (5) and the function ¢,;, which describes the
motion of the hyperon relative to the center of mass of the
nucleus:

(e Eunses f M)
=[P ({ELeN)Puléar=Ra— 1) st

=Y (IMjm| f M YDL({E}:e(TM)) @uEaniim).-
(6)

The system of such functions has become known as the
weak-binding basis.

We multiply the wave function (6) by Woo(R, 4 a)
and denote it by

AT 'Ze,; f M)y =Y (AR, + ury)/(A+p)]

X [ DL HLEL e PulEani) ] £oa- (7

632 Sov. J. Part. Nucl. 22 (6), Nov.-Dec. 1991

In (7), u = mp/my is the ratio of the hyperon and nu-
cleon masses. The Talmi—Moshinsky—Smirnov (TMS)
transformation®®’® then makes it possible to go over in (7)
from the product of oscillator functions dependent on the
coordinates R, |  and £ 4 to a product of functions that
depend on the coordinates R, and r:

Yoo(Rg 4+ A)Prim(Ean) = Zo (00,nl:l| 4, | NL,vA:D)

X [WNr(ROY,(rA) Lims (8)

where A=k + 4 is the number of particles in the nuclear
core; N + v=n; L + A=1. The TMS coeflicients in (8) do
not depend on the quantum numbers of the internal mo-
tion of the nuclear core.

We shall call the expression

A“HZel: g M)
= | P ({Ebe() EO (00,nk:| A,y | NLvA:I)

X [YNL(ROY,a(ra) 1ix12(A) ]; (9)
Fo

the wave function of the generalized SSM basis for the
hypernucleus. In (9), y1,2(A) is the spin function of the A
hyperon.

If the hyperon is in the lowest orbit, then n=/=0, and
in (9) there remains only the term with N=v=0. At the
same time, the TMS coefficient is equal to unity, and we
obtain the ordinary weak-binding function of the SSM:

Woo(Ra 4 A)Poo(Ean) [PLHE (D)) x12(A)] 5t
= [Woo (R PL({E41:())) Yoo (ra)x12(A)] si

= |AZ§9(J))‘I’oo("A)Xl/z(A)]//-

For n>0, the expression (9) will contain both the zero-
point and higher vibrations of the center of mass of the
core nucleus. For (p ~!p,) states with n=/=1, we obtain
from (9) a superposition of SSM states with zero-point
vibration of the center of mass of the hypernucleus:

Woo(Ry 1 A)R% T ({Ea}Eunse(),1pje 7 M )
=Woo(Ry 4 A) [R5 ({Ease () @11 (Enni)) ] v
=a [P} (e]))Woo(R) [W11(ra)x12(A) 1] v
+ BIPE(e) [¥11 (R x12(A) ] ¥oo(ra) ] sas (11)

where @ = [4/(4 + w)]V%3 B = —[w A + w]”2
For each level with (p~ 'p,) configuration we can obtain
in the same manner a “spurious” state that is orthogonal to
(11), corresponds to 1#iw excitation of the center of mass
of the hypernucleus, and is obtained by the substitution
a— — B, B— — a on the right-hand side of (11). Note
that the function (11) contains all the SSM 17w states:
(p~ 1pA), (s~ 1s,), and (p_zlsA). Here, we shall not con-
struct the TISM wave functions; for our purposes, it is
entirely sufficient to use a fractional-parentage expansion

(10)
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of the TISM wave function of the system of 4 particles
with respect to the wave functions of 4 — 1 or a smaller
number of particles and to know how to relate the resulting
coefficients of fractional parentage (CFP) to the corre-
sponding CFP in the SSM.

In shell-model calculations, the CFP play the part of
basic structural units, by means of which the many-particle
problem is reduced to a two- or three-body problem. The
method of calculating these coefficients in the standard
shell model is well developed.

Fractional-parentage expansion of hypernuclear
wave functions in the TISM

The fractional-parentage expansion of the hypernu-
clear function |4+ 'Z) with respect to the functions of the
nuclear core |AZ) and the hyperon is obvious—because
the nucleon and hyperon are not identical, the correspond-
ing CFP is simply equal to unity [see the expression (6)].

In hypernuclear spectroscopy, problems arise when in
the hypernuclear wave function it is necessary to make a
fractional-parentage separation, not of the hyperon, but of
a nucleon or a group of baryons—a nucleon association or
a light hyperfragment. In the first place, we are referring
here to problems of decay of hypernuclear states through
the nucleonic channel, and also with the emission of the
lightest nuclei >°H, **He and hypernuclei ;*H and ¢°He.
In addition, a fractional-parentage expansion with separa-
tion of a nucleon is, of course, necessary in calculations of
the matrix elements of the residual AN interaction; for
these occur in the energy matrices whose diagonalization
gives the spectrum and wave functions of the hypernu-
cleus.

The method that will be used to obtain the CFP is the
same as in the SSM; first, a nucleon is separated from any
internal shell, and then the recoupling of the angular mo-
menta needed for subsequent transformations is carried
out. A transition is then made to a different set of Jacobi
variables with additional recoupling of the angular mo-
menta, this ensuring that the hyperon is joined to the core
nucleus. As we shall show, this procedure reveals the ki-
nematic correlations of baryons existing in the many-par-
ticle system. Because of the complexity of the expressions
for the CFP for separation of nucleon associations for sep-
aration of nucleon associations and hyperfragments, they
will not be given here, although the computational scheme
for obtaining them is the same.

We show first how to obtain the CFP for separation of
a nucleon from a nuclear valence shell, when the connec-
tion between the CFP in the TISM and in the SSM is
particularly simple.

Coefficients of fractional parentage for separation of
a nucleon in the nuclear wave function

The TISM coefficient of fractional parentage
g?,g,r,(nlj) =g:,(nlj) for separation of a nucleon with
quantum numbers nlj in the wave function of 4 nucleons is
determined in complete analogy with the CFP in the SSM
as the corresponding coefficient of the fractional-parentage
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expansion of this state with respect to all wave functions of
the system of 4 — 1 nucleons:

DL ({Esde) = 2;, 2 g (nj)
nlj e

X [q)t:;({gc};el)‘l’nl(é‘c,n

=R.— 1)) I (12)

It is clear from (12) that the CFP is the matrix ele-
ment

82 (nl) = (L ({£4}:0), [ D%~ s ({E)s€ ) @il Ecni) 1 -
(13)

As we noted above, particular attention will be devoted to
the hypernuclear configurations |s*p*e,n\lzja: 7 #'), and
we actually need only the CFP gz ,(1pj) for separation of a
nucleon from the valence 1p shell. One can show that in
this case the CFP in the TISM is very simply related to the
CFP in the SSM:

2 L' 1 L

k4 s
£um=(5rs) I emlls v2s
e J i J

X (s*p*aT|s*p* —'a'T' p). (14)
In (14), @}, = aj/§ and b, = bf,'Z:g: are the coefficients of
the expansion of the wave functions @} and @4 _| with
respect to the basis functions in LS coupling; the 9j symbol
(Racah’s definition’’) which occurs in (14) ensures the
necessary recoupling of the angular momenta; by defini-
tion, the coefficient

172
<s4pkaT|s4pk_1a’T’,p)=(m) (pkaTlpk_la’T’,p)
(15)

is the CFP for separation of the 1p nucleon in the SSM; the
factor [(k + 4)/(k + 3)]"?in (14) is obtained as a
result of separation of the center-of-mass system.>

We shall not give here the standard calculations; we
merely mention that the relation (14) is obtained if in the
matrix element (13) we go over from the TISM functions
to the functions in the SSM by substituting in the integral
the square of the center-of-mass zero-point vibration func-
tion W(R,), introducing an additional integration with
respect to the variable Ry, and using the TMS coefficients
in the product transformation Woo(R)@,(&. )
—>Woo(Ryg_1)Wp(r).

Note that the CFP (14) do not depend on the choice
of the particular basis. For nuclear ground-state functions,
the CFP determine the spectroscopic factors S, which are
the subject of experimental study in the pickup reactions
(p,2p), (p,pn), and (e,e’p):z)

C:S(e'j) =(T'T, 3 ,| TT Y {g -(nlj) Y. (16)
The CFP for excited states occur in the definition of tran-
sition densities. We now turn to the fractional-parentage
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expansion of the hypernuclear function (6) of the transla-
tionally invariant shell model.

Recoupling of the angular momenta of the core
nucleus, nucleon, and hyperon

We substitute the expansion (12) in (6), introduce the
total angular momentum of the nucleon-hyperon pair,
I = j + j and write the function of this pair in LS
coupling. After the appropriate transformations, the hy-
pernuclear wave function (6) takes the form

&L, ek banein S A)

I 172 j
=3 3 &(nupUWLFAID I 172 ja
nlj LSI L s :

X [®F 2 ({& e

X[ @i Ecnid) Pryt, (Eanid) st goa (17)

In the relation (17), the Racah coefficient U takes into
account the recoupling of the intermediate angular mo-
menta in the three-body system consisting of the core nu-
cleus (J'), which itself consists of 4 — 2 nucleons, the nu-
cleon (j), and the hyperon (j,), subject to the condition
J' + j + jax = J. The separated nucleon was initially cou-
pled to the core nucleus (J' +j=J), while on the right-
hand side of (17) it is coupled to the hyperon (j + jj
=I).

Transition to new Jacobi variables

The expression for the hypernuclear wave function (6)
in the form (17) actually amounts to transition from its
two-body representation in terms of a nucleus and a hy-
peron (Jacobi variables {£4} and {4 ,}) to the three-body
representation in terms of the core nucleus of 4 — 2 nucle-
ons, a nucleon, and the hyperon (Jacobi variables {&.},
gc,m and gA,A)-

The further course of the solution of the problem to
determine the CFP for separation of the nucleon with for-
mation of the hypernucleus 4 ~ >z or calculation of the two-
particle matrix elements of the AN interaction requires
transition in (17) to other Jacobi variables.

In the three-body system consisting of the core nu-
cleus, nucleon, and hyperon, which have radius vectors
R,r,andr,and massesm,= (4 — 1)m,mp = um (mis
the nucleon mass), it is possible to introduce three pairs of
independent Jacobi variables:

§A,A =R, —ry

£.,=R,— 1, (18a)
cn =Rc_(rn+ ra)/ (14 p);
?A:\r e Hrp u } (18b)
Eeoan=((A—DR +pur))/(A—1+p) —r,;
gc,A=Rc“’rA'

(18¢c)
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Further, in order to use the well-known Talmi-
Moshinsky—Smirnov transformation for the nucleon and
hyperon wave functions, it is necessary to go over in (17)
to dimensionless Jacobi variables. For this, we introduce
the ratios of all the radius vectors in (18a)-(18c) to the
oscillator parameters ry; = (#/uw)"? corresponding to
them. The dimensionless variables corresponding to the
sets (18a)—(18c) obtained in this manner are written in
the same order as

e J@=Vpp, [ w o [4
R TV ENAV (A+p)d™" NA+p ¥

(19a)
1 /A—l
YI=\/;~RCI_ A rn’9
X, = H_“R'_ _Lrl
“Naxp e T NA+pO+p) ™
/ p4-1) .
"Na+ma+m™ (130)

/u , /1 :
Y= 1+”rn_ 1+#rA’
A

—1
= R'
BENU+ A rp—1D
p ,

J A+p—1
+ | o — I,
A+uw)(A+pu—1) V A+p
(19¢)
/ K , /A—l '
B=\axp_1% " Va—1+p™

where R/ =R /7o, ¥, =T,/Ton, T =Tr/Fop
The pairs of vectors (x;y;) are related by the unitary
transformation

X;\ aix Bix Xy .
(yi)_(ﬁ,-k —a,-k) (Yk) '

To calculate the matrix elements of the residual AN
interaction, we need the coefficients

_pa-D . [A+e
ap= A(1+u), BIZ_ A(l—p,)’

and to determine the single-nucleon CFP, the coefficients

(20)

(21a)

~ P [dsmE—1n
W= \Nga+a—1’ PV aUrL—D
(21b)

The oscillator functions of the nucleon and hyperon in
(17) can, after the transformation (20) with allowance for
(21a) [or (21b)], be expressed in terms of the Talmi-
Moshinsky—-Smirnov coefficients and the product of oscil-
lator functions of the new variables:

[@n(Y1)@nyt, (X1) 1 L= 2 (nlnply:L|a®B?|vA,n'I"L)
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X[ @ualy)@n i (x) ] 1. (22)

Note that the transformation (22), for given initial quan-
tum numbers of the nucleon separated from the core nu-
cleus, (n,/), and of the hyperon, (n,,/,), leads to different
excitations (n’,/’) of the nucleon distinguished in the total
hypernuclear function, and also to different excitations
(v,A4) of the hyperon, which forms together with the 4 — 2
nucleons of the core nucleus the hyperfragment 4 ~ 'z This
is a manifestation of the kinematic correlations of the bary-
ons in the wave function of the hypernuclear resonance,
which play an important part in the study of decays with
emission of nucleons.

Recoupling of angular momenta with “attachment”
of a hyperon to a core nucleus

The “attachment” of the hyperon to the 4 — 2 nucle-
ons of the core nucleus is achieved by substituting (22) in
(17) and subsequent vector coupling of the functions of
the nucleus with quantum numbers ¢'={E'J'T'} and of
the hyperon with angular momentum j,. Omitting the te-
dious calculations, we finally obtain for the single-nucleon
fractional-parentage expansion of the function (17) the ex-
pression

%1, ({Eabbaneini fH)

=2 X

n’l'j’ e’,jl(
X [[®F s {E eV PualEonid) ] 4

X¢n'f(§c+ A,nij’) ]/J/,

GejA/

e'jl(/'(n I.] )

(23)

where e, j,, # "' are the quantum numbers of the residual
hypernucleus.

It is natural to call the coefficient G: J’;/ e
A
(23) the CFP for separation of a nucleon in the hypernu-
clear wave function. It can be expressed as a product of

three factors:
jA/ gy € . :iA 1 ’
G:'jl(/’(n Ij)—ge'(nlj)zljl(jr(']‘,//)

(n'l'j’) in

X nhnply:L|a®/B*|vA,n'I"L).  (24)

In (24), the first factor (g) is the CFP for separation of a
nucleon from the core nucleus; the second, which is a sum
of products of 6j and 9/ symbols and is equal to

2N JIF )= 2 UWSFindD)
Yy LSIT

-

s jpgh 2 i

N
.

XV 3 ja| |7
L S I|l|L s 1
X UWTj Fi 7D, (25)
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takes into account the recoupling of the angular momenta;
the third factor is associated with the transformation of the
product of functions (22).

To conclude this section, we mention the most impor-
tant consequences that flow from the solution of the prob-
lem of separating a nucleon in the hypernuclear functions
of the TISM. As we noted in Sec. 1, a specific feature of
excited hypernuclear states is that the states with configu-
ration (p~'p,) are energetically separated from the
(s~ lsA) states, and in the solution of many problems it is
sensible to consider only the (p ~ 'p,) excitations. In this
case, the transformations (22) and (23) are needed to
describe decays with emission of nucleons. In separating
one nucleon and then forming the hypernucleus—core sys-
tem [see the relation (23)], we effectively rearrange the
orbitals of the hyperon (n,l, — vA) and the nucleon
(nl-n'l'). What is of practical interest in such a transfor-
mation of the basis functions is the possibility that it opens
up of obtaining, in the expansion (23) of the 0w band,
states of the hypernucleus—core system with the hyperon in
the Os shell (v =A = 0), while the nucleon separated from
the 1p shell of the core nucleus automatically goes into
higher unoccupied orbitals with n'=2 (/'=0 and 2). This
feature of the single-nucleon expansion of the hypernuclear
function (23), which reflects the kinematic correlations of
the baryons in the TISM, makes it possible to calculate the
probabilities of decay of 1%iw resonances with configuration
(p ~ 'pa) through the nucleonic channel with population of
low-lying levels of the daughter hypernuclei. The corre-
sponding spectroscopic amplitudes of nucleonic decay are
determined by the CFP (24) of the translationally invari-
ant shell model.

The formalism presented here of the rearrangement of
the baryon (p ~ 'p,) and (p ~%Is,) orbits in the TISM ex-
plicitly introduces the kinematic correlations of the bary-
ons that are present in the many-particle system with the
center-of-mass motion eliminated. Thus, the TISM gives
the key to the most economic way of taking into account
the (p~2Is,) states; in contrast to the standard shell
model, it does not require an excessively cumbersome pro-
cedure for including for this purpose all 17w basis shell
states of the hypernucleus in the computational scheme.

Detailed study of the decay properties of the 1#iw ex-
citations in hypernuclei is deferred to the second part of the
review.

Intermediate coupling in hypernuclei and hyperon-
nucleon forces

The wave function of the hypernucleus can be ex-
pressed like (2) as a linear combination of the basis func-
tions (7):

[AT1ZEST)) =Yoo(Ra s n) 2 aCnlin)
A

X [ @ ({Eab0) @il Eaniin) ] ur  (26)

In the expansion (26), the coefficients ai(nlj,)
= a4 (nlj,), which determine the wave functions in the
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intermediate coupling, are obtained together with the en-
ergy eigenvalues by the diagonalization of the energy ma-
trices:

HejA’e:jA= <S4pk;e’jA:/|H|s4pk;e7A:f)

=ET)8,z+ €4, 7

JAJA
+ (shSein |V Is'PRen ), (27)
where E(JT) is the excitation energy of the core nucleus,
and ¢, is the single-particle energy of the hyperon in the
field of the nucleus. The two-particle matrix elements of
the residual AN interaction V = V,n — Vy (Vy is the
mean field for the hyperon in the nucleus) can be calcu-

lated by means of the technique of coefficients of fractional
parentage described above:

(s*phsedn: 7| VIs*Pheiai )
—k+4) S S| Y & wsnd® (Isn
I LS,\LS e’
X (pl:LSI| V|pl:LSI). (28)

In (28), GZ . ,"/ (LST) is the coefficient of fractional parent-

age for separation of a AN pair with quantum numbers
LST:

G (LSD = (s'pksen. / |5'P*~ e pI(LST): )

U
=2 & UIUinfiadD e 3 ju
Jn
L S I
(29)
Since the number of matrix elements

(pl:LSI| V|pl:LST) is usually small, while the number of
excited states of a given band of nfiw excitations for all
1p-shell hypernuclei is large, it is convenient to regard
these matrix elements as parameters. They can be deter-
mined either from the spectra of excited states, or calcu-
lated using realistic potentials V. Such methods of deter-
mining the matrix elements of the NN interaction have
long been used in nuclear physics, in which there are, be-
sides the nuclear spectra, many data on NN scattering
phase shifts and some global characteristics of nuclear mat-
ter. As a result of many investigations, it has been estab-
lished that features of nuclear interactions such as the re-
pulsion at short distances or the many-particle forces
mainly influence the binding energy and compressibility of
nuclei. In contrast, the energy spectra of nuclei are basi-
cally sensitive to the spin (and exchange) dependence of
the two-particle NN potentials, which include central,
spin—orbit, and tensor components.

Information about the free AN interaction is very
limited,”® and therefore hyperon-nucleon potentials are
most often obtained by analogy with nucleon—-nucleon po-
tentials by using elements of meson theory.” An important
feature of AN interactions is the absence of a contribution
of one-pion exchange, which is the main part of the poten-
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tial of the AN interaction. The AN forces therefore have a
shorter range and contain contributions of exchanges of
two pions, K mesons, and other particles. Small compo-
nents in the AN potential that break the charge symmetry
can arise from the breaking of the isospin symmetry for A
and 2 hyperons and some mesons.*® These effects are man-
ifested in the binding energies of the A hyperon in 4H and
“He (Ref. 44). A contribution to the interaction of the A
hyperon with the nucleons can also be made by three-
particle ANN forces (two-pion exchange, etc.), but as yet
no clear effects in which they are manifested have been
found. It is possible that they influence the A dependence
of the single-particle energies of the A hyperon.®!

At the present time, hypernuclei are the main source of
information about the A4 and AN interactions at low en-
ergies. When information about these interactions is de-
duced, it is important to take into account correctly the
influence of the structure of the many-particle system. One
of the methods of taking into account the structure factors
is the procedure for extracting the parameters of the resid-
ual AN forces in the shell model, which has proved itself
well in an analysis of the spectra of ordinary nuclei. In the
early stage of development, the shell model was used
mainly to analyze the binding energies B, of the A hy-
peron, although it is precisely the description of the bind-
ing energies that is one of the weakest aspects of this model
(see Sec. 4). Despite this, important results have been ob-
tained in the most advanced form of the shell model (Refs.
38, 70-72, and 74), which is related in some degree to ideas
about the hyperon—nucleon interaction in meson theory.
These results offer the hope that the approach can be suc-
cessfully used in hypernuclear spectroscopy as data are
accumulated on the hypernuclear levels. We should like to
consider some of these results obtained using the model of
Refs. 70-72, since it is also used in our analysis of experi-
mental data on hypernuclear y transitions.

1. A parametrization of the AN interaction that is con-
venient from the physical point of view has been found for
the Ofiw band of excitations in the hypernuclei of the 1p
shell (A hyperon in the Os shell). Five matrix elements of
the two-particle interaction,

25+1‘@I= <pSA:25+1PI| lesA:25+1PI>; (30)
P ={psp Py |V |psp:'Py),

are expressed as linear combinations of the parameters of
Vo, (V, A, Sp, Sy, and T) corresponding to radial matrix
elements of individual components of the AN potential:

V(r)=Vo(r) + V,(r)SySa + Va(r)lyaSa

+ VN(r)lNASN+ VT(")S12 (31)

(S12=3(0'N/l'\)(0'A/l'\) — O'NO'A)

The structure of the potential (31), which contains central,
spin-spin, spin—orbit, and tensor parts, is motivated by the
consideration of various meson exchanges.

The explicit form of the matrix elements is

]@1=7+%A;
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3Po=V — 1A+ (Sy+S,) + 6T;
3P =V —IA+1(Sy+Sy) —3T;
3P,=V —iA =} (Sp+ Sy) +iT;

(32)

1

The parameter V' does not influence the splitting of the
levels in the hypernucleus; it merely gives rise to a common
shift of all levels of the configuration {s*p" ®s,: 7 T}.

2. It has been established that for many low-lying hy-
pernuclear states a weak coupling of the hyperon to the
nuclear states is realized, and the position of the hypernu-
clear level depends linearly on the parameters V:

e(f)=E(e) + 2 Di( )WV, (33)

where the coefficients

1 1
D=2 | 3 ¢ usne’ asn Wi, (34)
s e’

which include the fractional-parentage separation of the
AN pair, contain information about the structure of the
core nuclear state. In (34), W,IZSS is a matrix that in (32)
relates the parameters (30) and V,. The relations (33)
make it significantly easier to recover V, from experimen-
tal data on the energies of hypernuclear levels.

3. With the set of parameters { ¥}, the splitting of the
hypernuclear doublets {£(# = J = 3),T} constructed on
a given nuclear state { EJT} depends only on three param-
eters: A, Sy, and T. The parameter .Sy influences the po-
sitions of the doublets formed on different nuclear states.
In rare cases, the splitting of a doublet depends on a single
parameter V,. For example, the splitting of the hypernu-
clear doublet *Ss,,, S, constructed on the nuclear state
38, (ground state of °Li) depends only on A, and the split-
ting of the doublet 2Ds,», 2D, , constructed on the nuclear
state 'D, (®Be) is determined by S,.

Thus, as will be seen from the subsequent exposition,
the physically transparent parametrization (32) of the AN
interaction makes it possible to obtain, from analysis of
hypernuclear spectra, information about individual parts
of the AN interaction.

3. OTHER METHODS IN THE THEORY OF
HYPERNUCLEAR STRUCTURE

In nuclear theory, numerous models have been devel-
oped to describe a system of A particles. These models
differ from each other in the first place in the choice of the
properties studied (single-particle or collective) and also in
the techniques used to solve the basic equations of the
theory—the Hartree—-Fock approach, variational method,
cluster models, hyperspherical-function method, etc. Many
of these approximations have been used to study the spec-
troscopic characteristics of individual hypernuclei and also
the influence of the hyperon on the properties of the nu-
cleon core.
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It is attractive to use the translationally invariant shell
model employed here in hypernuclear physics not only be-
cause of the universality of its simultaneous and systematic
description of many aspects of the “birth, life, and death”
of hypernuclei, i.e., the entire complex of interrelated prob-
lems of the formation, structure, and decays of hypernu-
clear states. Because the individual motion of all 4 parti-
cles forming the hypernucleus is taken into account at the
microscopic level, the TISM is simultaneously a good basis
for comparing different approaches. At the present stage of
hypernuclear investigations, a particularly important role
is played by target nuclei of the 1p shell, in which the
distances between the lowest nuclear levels are, as a rule,
large, so that weak binding is applicable), and there is
extensive spectroscopic information on hypernuclei and,
especially, ordinary nuclei.®?

In the weak-binding basis

|At1Z(EFT)y=|1Z(EJT) ®jp: F T)

one can readily establish the growth structure of the ex-
pected hypernuclear spectrum—the addition of a hyperon
to a given orbit very often simply leads to a multiplet split-
ting of known nuclear levels with a slight mixing of the
states (35). The splitting depends on the structure of the
core nucleus and on the parameters of the residual AN
interaction. Some excited states of hypernuclei, for exam-
ple, those corresponding to the 1#w configuration
|s*p*,pp), are sometimes more conveniently classified by
means of the quantum numbers (Aun) of the group SU(3):

|s*OF1 FNILNSNT WAl fLfof31 (AR)LS 7). (36)

In such a classification, it is very simple to separate the
“genuinely” hypernuclear states,”>*> which possess an or-
bital symmetry (f; = 5) greater than that possible for or-
dinary nuclei, and to separate them from analog states
(f1 < 4). The functions (35) and (36) are related by a
unitary transformation analogous to the transformation
from LS to jj coupling. In practical calculations, the pref-
erable classification is the one in which the fragmentation
of the state is minimal; of course, this also depends to a
certain extent on the form of the AN interaction. Some-
times the choice of representation is dictated by the actual
formulation of the problem. For example, decay of an ex-
cited state with emission of an s-shell hyperfragment
> He, which has the maximal spatial symmetry (f, = 5), is
allowed only if the wave function contains a “genuinely”
hypernuclear component,® i.e., to describe this cluster de-
cay channel, it is more convenient to use the representation
(36).

In any form of the shell model, only a restricted num-
ber of oscillator quanta are taken into account in the con-
struction of the basis wave functions. Several #w can be
taken into account only for simple nuclear systems.®* Most
authors®®4%7 construct basis functions solely from 0w
and 17w configurations. In such a case, one ignores the
redistribution of the nucleons among the shell states that
can, in general, arise on the addition of the hyperon and
leads to a change in the properties of the nuclear core
compared with its properties in the free state.

(35)
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A very popular method for studying the changes in the
radial density of nucleons due to the presence of a hyperon
is the resonating-group model,®> which is, essentially, an
improved form of the a-cluster model.3® Developed in de-
tail in nuclear theory, the resonating-group model has been
widely used in the systematic description of the structure
of light hypernuclei®*?’ with 4<9, treated as three-body
systems of the form a +x 4+ A (x=N, d, t, a). It is well
known®® that the TISM and resonating-group model have
much in common—in both, the center-of-mass motion is
eliminated, and wave functions completely antisymme-
trized with respect to all nucleons are used. Moreover, the
wave functions in the two approaches are identical if the
states in the TISM are classified in the LS coupling scheme
and the lowest oscillator states are ascribed to the relative-
motion functions of the clusters in the resonating-group
model. Obviously, many properties of hypernuclear states
can be described equally well in the two models if the
corresponding parameters of the models are suitably cho-
sen. :

It is also known that in hypernuclei there are certain
states that can be described comparatively simply in one
model but whose description presents great technical diffi-
culties in the other. As illustration, we give two examples.

1. The first example concerns the description of bands
of levels of many-particle nuclear systems corresponding to
broken nucleon clusters. They include, for example, levels
with a hole in the s shell. A clear advantage of the TISM is
its ability to-describe such a state, in particular, the excited
levels with T=1 in °Li and ®Be and other nuclei. These
excitations cannot be considered in the cluster decomposi-
tions a +d or a + a,53’54 but, as is well known, they are
realized in (K ~,7 ) reactions with replacement of a neu-
tron by the A hyperon on the targets SLi, °Be, etc. A more
complete description of the ?\Be spectrum requires consid-
eration of *Be with one broken a particle as a three-body
system and the % Be hypernucleus as a four-body system.®
In the TISM, the transition from the one decomposition to
the other (a + a—"Be + n) is realized simply by a Talmi—
Moshinsky—Smirnov transformation, and the hypernuclear
problem itself is practically no more complicated.

At the same time, the approach of the resonating-
group model provides a possibility for considering the
change in the relative motion of the clusters due to the
addition of the hyperon to the nuclear medium. An inter-
esting result of the cluster model®>**%" is that the addition
of the hyperon to the nuclear system can significantly
change the relative motion of the nucleon clusters and,
therefore, the probabilities of electromagnetic transitions.
It is a difficult problem to take into account such effects in
the shell model, since to do so it is necessary to include
configurations with a larger number of oscillator quanta.

2. The resonating-group model also predicts qualita-
tively new effects>>*” in heavier hypernuclei, for which it is
necessary to take into account different cluster decompo-
sitions. A clear example is provided by the hypernucleus
ONe. It is well known® that the spectrum of the lowest
negative-parity states in the ?Ne nuclear subsystem begins
very low, at 280 keV. In the cluster model, the low-lying
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positive-parity '*Ne levels are described by the decompo-
sition {!°O + *He}, and the negative-parity levels by the
decomposition O + “He. It was shown in Ref. 90 that
addition of the hyperon lowers the negative-parity states in
f\ONe, and the ground state of the hypernucleus is the state
{(3O + *He) ® s5:1 ~ }, whereas the lowest positive-parity
state {('%0 + 3He)} ®5,:0 T } is 2 MeV higher. The stan-
dard shell model gives a different order of the levels in
20Ne—the first two levels are 0" (ground state) and 17
(0.25 MeV) [doublet formed on the (1+/2)19Ne ground
state], and the 1~ level appears at a higher level, at exci-
tation energy 0.7 MeV (Ref. 38). To test the different
predictions of the cluster and shell models, it is proposed to
use measurement of the 2’N excitation functions in
(K—,m~) and (w*+,K*) reactions®® or to detect delayed
nuclear y rays in mesonless weak decays of ioNe (Ref. 91).

Comparing many results of the resonating-group
model and the TISM, one can draw the general conclusion
that the two models complement each other quite well and,
taken together, can not only describe all the existing ex-
perimental data but can also predict new effects.

The change in the properties of the nucleon core due to
the presence of a hyperon can also be studied in the frame-
work of the hyperspherical-function method,”? in which a
collective variable, the hyperradius, is used. This method is
used above all to describe individual global properties of
hypernuclei—the binding energies and sizes of the hyper-
nuclei, and the compressibility of the nuclear core.”***

The variational approaches and methods of exact so-
lution of the Schrodinger equation are used in the theory of
hypernuclei mainly to interpret the properties of s-shell
hypernuclei, namely, the ground (0" ) and excited (17)
states of ‘,‘\H and 4He and the binding energy B, of the
hypernucleus 3He. A problem here is that if one uses two-
particle AN potentials of simple form that are consistent
with the available data on Ap scattering and the binding
energies B, for the hypernuclei with 4=3 and 4, one ob-
tains excitation energies of ‘,‘\H (f\He) that are too low and
a value of B, that is too large (more than 5 MeV) for
SHe (B{? =3.12+0.02 MeV; Ref. 44). It appears that a
simultaneous description of these systems and of hyperon—
nucleon scattering can be acheived by introducing a two-
channel interaction with coupling of the A and 3
channels®® (solution of Faddeev equations) or by including
in the problem effective (dispersive) spin-dependent ANN
forces, which arise in the equations describing hypernuclei
as a result of elimination of the X channel (variational
approach®®). Attempts are also made in the framework of
the variational method to give a simultaneous description
of Ap scattering and the properties of the hypernuclei with
A=13-5 by adopting a more complicated form of the two-
particle AN potentials.”” As is emphasized in theoretical
studies, for further advance in the solution of problems
relating to the physics of few-nulceon hypernuclei it is im-
portant to have more accurate information about the cross
sections for hyperon—nucleon scattering and the f\He bind-
ing energy (B5® = 0.13-0.05 MeV).*#

For the shell description of the states of hypernuclei of
intermediate mass (2d and 2s shells) and of heavier ones
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excited in (K~ ,7 ) reactions, the number of required
configurations increases sharply. In actual calculations of
the gross structure of the excitation spectra of such sys-
tems, a restriction is made to approximate methods that
use the notion of an “inert” core and valence nucleons.
Since many hypernuclear states have a high position in the
continuous spectrum, it is necessary to have measurements
of their spectra with high energy resolution and separation
of the contributions of the resonance and quasielastic re-
action mechanisms.

In a wide range of mass numbers, the Hartree—-Fock
method is one of the common approaches to the study, at
the microscopic level, of many properties of hypernuclei—
the hyperon binding energies By, the quadrupole deforma-
tions and sizes of the hypernuclei, the Coulomb energy, the
compressibility of the nuclear core, and the single-particle
energy of the A hyperon.99 A special interest in ways to
describe the single-particle motions in hypernuclei and, in
particular, in the possibilities of the Hartree—-Fock method,
arose as a result of the mastering of (7,K ) reactions in
the spectroscopy of A hypernuclei,” in which for hyper-
nuclei with 4=9-89 experimental data were obtained on
the single-particle energies of the A hyperon, beginning
with the deepest shells and ending with the g shell in the
hypernucleus igY. These data were recently analyzed in
two ways—using simple approximations (Woods—Saxon
potential, etc.’?) and by the Hartree-Fock method with
AN and ANN forces of Skyrme type.’! The observed 4
dependence of the energy splitting between the (1p,0s) and
(2d,1p) shells indicates an appreciable contribution of
ANN forces. The question of the conditions under which
density-dependent AN forces and ANN forces are equiva-
lent was considered in the Hartree-Fock approach!® and
in a two-body model.!"!

Attempts are being made!'®>1% to extend to hypernu-
clei the new methods being developed in nuclear theory for
relativistic description of the single-particle motion of
baryons.'% To test the relativistic effects, it is proposed to
measure the magnetic moments of hypernuclei with closed
nucleon shells,'?? and also the cross sections of (e,e’K )
and (7,K*) reactions, 0104107

In recent years, ideas have been advanced about the
possible manifestations of quark degrees of freedom in
hypernuclei.’>®>1% In the first place, there is the possibility
of deconfinement of the strange quark in the nuclear me-
dium if the hypernucleus is regarded as a system of 34
quarks with the Pauli principle operating at the quark
level. For example, in the f\He hypernucleus (mentioned
above in connection with the difficulties in the description
of B,) the ud quarks of the nucleons completely fill the Os
orbit, and as a consequence of the Pauli principle the ud
quarks of the hyperon must be placed in a higher orbit,
whereas the s quark may be in a lower orbit, i.e., in the
quark picture the complete nonidentity (distinguishabil-
ity) of the hyperon and nucleon is destroyed. Such quark
effects could also be reflected in the extent to which isospin
purity is lost in various hypernuclear states®? and in the 4
dependence of the splittings of the single-particle A-hy-
peron levels measured in (7+,K ™) reactions.’? However,

102-
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the existing experimental data are still entirely consistent
with treatment of the A hyperon in the nucleus as a par-
ticle not identical to the nucleon, and a correct quantitative

treatment of the problem of quark degrees of freedom ap-
pears to require measurements of higher accuracy.

4. LOW-LYING STATES, ELECTROMAGNETIC
TRANSITIONS, AND THE AN INTERACTION IN
HYPERNUCLEI

During the long period of establishment of hypernu-
clear physics by means of nuclear photoemulsions and bub-
ble chambers, there were discoveries of individual modes of
weak decays of the ground states of light hypernuclei with
emission of pions, nucleons, and the lightest nuclei, and
these gave information about the quantum numbers of
some hyperfragments: f\H(l +/2), ‘,*\H(‘,*\He) oh),
SLi(17), IB(57/2), 2B(17).*!% However, from the
experience of the development of the spectroscopy of ordi-
nary nuclei it was already clear then that other decays,
characteristic of excited levels, with emission of y rays,
hyperons, nucleons, and nuclear clusters must play a no
less important part in the development of ideas about the
structure of hypernuclei and hyperon—nucleon forces.

Since in this part of the review we are in the first place
interested in low-lying (below-threshold) levels of hyper-
nuclei, it is appropriate to start by giving the existing ex-
perimental information about these levels, whose energies
are determined from the spectra of the emitted y rays. We
shall then briefly consider the relations that determine the
probabilities of y transitions, and we shall complete this
section with a discussion of the forms of the residual AN
interaction and the general picture of hypernuclear spectra
relating to the lowest configuration (p ~'s,).

Experimental data on hypernuclear y rays

Although this study is devoted to hypernuclei of the 1p
shell, for completeness of the information about the exper-
iments so far made in y spectroscopy it is also worth noting
the first (mentioned in the Introduction) experiments on
the detection of y rays from the lightest s-shell hypernuclei
“H and 4He. The felicitously chosen target nuclei ®’Li
made it possible in a series of experiments involving the
capture of stopped K~ mesons***? and (K~ 7~ v) reac-
tions “in flight”3 to detect y rays from 4H and 4He. For
the °Li target, no other sources of y rays were expected,
since even the ground state of f\Li can decay through the
r + f\He channel. The threshold energy of the
n + f\He channel for f\He, produced in the (K~ ,m°) re-
action with stopped K~ mesons, is very small, 240+ 10
keV, so that most of the {He states lie in the continuous
spectrum and decay through baryonic channels. Experi-
mental separation of the high region of 7 Li excitation and
the identification of {H and 4He from the mesonic decays
‘4H-*He + 7~ (E, = 53 MeV) and 4He—*He + 7° (E,
= 57 MeV) made it possible to identify reliably y lines with
energies 1.04 and 1.15 MeV belonging to the hypernuclei
“H and 4He. The formation of 4H and 4He in excited
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The slow accumulation of data on ¥ transitions in 1p-
shell hypernuclei is due in the first place to the unfavorable
background conditions and low counting rate of events
with excitation, in (K ~,7 ) reactions, of low-lying levels
of the Ofiw configuration (p ~'s,) compared with excita-
tion of levels of the 17w configuration (p ~ 'p,), especially
those that are realized as a result of spin flip. The interest
in y spectroscopy of hypernuclei is high, since measure-
ment of the energies of hypernuclear y lines gives a very
accurate position of the levels (to a few units or tens of
kilo-electron-volts), which can be analyzed in various ap-
proaches. The existing experimental data, obtained mainly
at BNL, are as yet few.

JLi. In the "Li(K~,m~y)}Li reaction a y line was
observed®’ with energy E, = 2.034 + 0.023 MeV, which is
close to the energy of a y transition in °Li, 3+, 017, 0
(E,, = 2.19 MeV) and indicates detection of a hypernuclear

y transition [ + -1+ (ground state)] between Z\Li dou-

blet states constructed on the levels 37, 0 and 11, 0 in
SLi. A previously reported''® y line with E, = 0.79 MeV
was not confirmed. A typical picture of the experimental y
spectra is shown in Fig. 1. The hypernuclear y line with
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FIG. 1. Spectra of y rays measured at BNL in the reaction
7Li(K_,fn'*y)Z\Li at 6, ~0°and Py = 820 MeV/c (Ref. 37) for
three regions of Z\Li excitation energy: — 6 to 6 MeV (a); 6-22
MeV (b), and 22-39 MeV (c); the hatched peaks are ascribed to
y transitions in JLi[S* /2~ 1% /2, E,=2.034+0.023 MeV] (1);
SLi(0* 1+, E, = 356 MeV) (2); 4He(1* -0, E,~1
MeV) (3). The spectra of °Li and 4Li and the expected excita-

tion intensities of the 7 Li levels are shown at the top.™

E, = 442.1 £ 2.1 keV detected in the '’B(K~,7~y)\'B
reaction at high excitation energies of \’B (21-29 MeV)!!!
was ascribed in Ref. 112 to the y transition 3+ -1+

(ground state) in the daughter hypernucleus Z\Li. The hy-
pernucleus ’Li is produced by cluster decay of a particle—
hole substitution (s_lsA) resonance in ,I\OB through the
channel *He + }Li*. As was shown in Ref. 112, the decay
of such a XOB state through the 2p + iLi channel proposed
in Ref. 111 is strongly suppressed. In addition, the ob-
served ¥ line does not correspond to the expected scheme
of 8 Li levels.

8Li. Data on y lines from $Li are contradictory. In
capture of stopped K~ mesons by the °Be nucleus, ¥ rays
were noted with E, = 031 + 0.02 MeV (Ref. 39) and E,
= 1.22 + 0.04 MeV (Ref. 113), and they were ascribed to
the daughter hypernucleus iLi produced by decay of the
excited hypernucleus %Be. However, the authenticity of
these y lines (especially the second) has been
questioned.!!*

Be. In the *Be(K ~ ,m~ y)ABe reaction a y line was
observed with E, = 3.079 + 0.04 MeV (Ref. 37), which is
close to the energy of the nuclear level 21, 0 (2.94 MeV)
in ®Be and indicates observation of the y transitions (3,
$7) —3T with nearly the same energy in 3Be following
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FIG. 2. Schematic representation of doublet splittings and ¥ transitions in
hypernuclei: a) y deexcitation of a level of an individual doublet; b)
electromagnetic transitions between the levels of two different doublets.

deexcitation of the doublet formed on this nuclear level.

B, 180, Searches for y rays from the ground-state
doublet of B were recently made in the
0B(K —,7~ 7)’B reaction.>'!! Shell calculations with a
standard form of the AN interaction®® predicted for the y
transition 2;” — 1~ (ground state) a y line with E, =~ 160
keV, but no such line was observed. The experiments
showed (Refs. 111, 115, and 116) that the energy
AE(27,17) of the doublet splitting in \’B must be less
than 80-100 keV. The previously reported'!” y line with
E, =~ 160 keV was not confirmed. The doublet splitting with
AE(17,07) =~ 80 keV of the O ground state predicted
in Ref. 38 was not found in the '6O(K~ ,1r‘7/),1\60
reaction, 11116

Data on 7 transitions are of great interest in hypernu-
clear spectroscopy, since accurate measurements of the en-
ergies of hypernuclear levels are important for determining
the parameters of the AN interaction. As will be seen from
the following exposition, these data on ¥ lines do not ex-
haust the gamut of expected hypernuclear y spectra.

Probabilities of hypernuclear y transitions

Following Ref. 74, we briefly consider some general
properties of y transitions between hypernuclear states
with a hyperon in the Os shell. It is convenient to divide
them into two groups—the y deexcitation of the upper
component of a doublet formed on a single nuclear state
|aJy) (Fig. 2a) and y transitions between levels con-
structed on two different states |BJy) and |aJy) of the
nuclear core, this corresponding qualitatively to weak
binding of the A hyperon to the nucleus (Fig. 2b).

In the first case, the M1 transition is dominant if the
splitting of the doublet states is not too large, and the
corresponding radiative width is determined by the expres-
sion
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where a; = 4.2 10" sec”!-MeV ~3; gy and g, are the
nuclear and A-hyperon g factors that determine the mag-
netic moment p =g/ . The expression (37) is often used to
estimate the lifetime 7= #/T", of the upper level of the
doublet. If it is found to be shorter than the lifetime of the
A hyperon in the nucleus [for the free hyperon,
77A=2.63% 10710 sec (Ref. 118)], then weak (mesonic or
mesonless) decay of the state will be dominant. Such states
are called isomer states, and they are possible in hypernu-
clei of the 1p shell.

Radiative transitions in the second group can be of the
electric (EA) or magnetic (MA) types (A is the multipo-
larity of the transition). The hypernuclear radiative width
T, (A) can be expressed simply in terms of the nuclear
width T y(A):

T A=+ DQ2F+1)

JI / l 2
VAT T (BB TN, (38)
/i JN

The relation (38) is of interest for identifying the strongest
expected hypernuclear y transitions. Among the excited
doublets there may also be isomer states, for example, in
7 He such a level may be the 5F /2 level constructed on the
nuclear state 2, 1 in SHe. There are, in fact, experimental
indications of the existence of an isomer level in this
hypernucleus.!'® Measurement of the probabilities of y
transitions of the second group make it possible, using
(38), to determine the nuclear radiative width T'y(1) in
the presence of the A hyperon. Such data on the electro-
magnetic properties of the nuclear core have considerable
interest for the theory of hypernuclear structure, since in
individual cases, as calculations in the cluster model show,
the radiative width Ty(A) can differ strongly from the
corresponding width T'y(4) for the free nucleus.”> Cal-
culations of hypernuclear radiative widths have also been
made in the shell model.”*!*° The expected values of r, for
“H (4He) can be found in Ref. 121. As yet there is no
experimental information on hypernuclear radiative
widths.

2
(gN_gA)zy (37)

X

Hypernuclear y transitions and parameters of the
residual AN interaction

During the last one and a half to two decades, as ex-
perimental data have accumulated on the A-hyperon bind
ing energies B, and excited levels of 1p-shell hypernuclei,
several forms of two- and three-particle potential parame-
ters of the shell model have been proposed.’®>!2? The first
versions, based on reproducing B,, included, besides the
five independent parameters V, A, S,, Sy, and T corre-
sponding to the two-body interaction (31), additional pa-
rameters: Q* (Ref. 71), or, later, ng (Ref. 72), the matrix
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elements of two-pion three-particle ANN forces. With op-
timal form (A*S*Q%; ¥* = 79) of the parameters (in
mega-electron-volts)

V=1.23, A=0.15, §,=0.57,

Sy= —021, T=0, ¢5,= —0.14. (39)
The spectra and y-transition probabilities in 1p-shell hy-
pernuclei from }He to \°O were predicted in Ref. 74. How-
ever, subsequent experiments at BNL,*’ in which ¥ lines
from JLi and }Be were detected, did not confirm the pre-
dictions of the theory for the positions of the levels 51 /2
in 4Li and (3% /2,5 /2) in 3Be. There was also no con-
firmation of the results of the shell calculation'?? of the
spectra of 4Li and 3Be, in which the five matrix elements
(pjlsA:J | V| pjzsA:J), found by the least-squares method
from B,,”) were used as parameters.

Even before the experiment of Ref. 37, very cautious
conclusions were drawn in Refs. 70-72 concerning the re-
liability of the recovery of parameters of the shell model
from (experimental) B,. What is unsatisfactory is the ex-
istence of several solutions that minimize the quadratic
deviations of the theoretical B, from the experimental
B,. Besides the )(2 test, selection was made using additional
conditions such as reproduction of the known total angular
momenta of jLi(17), JA(5%/2), ZB(17) (Ref. 44),
the requirement of a not too large value of A = A, — A,
which specifies the difference of the singlet and triplet in-
teractions motivated by analysis of Ap scattering cross sec-
tions, etc. In addition, the unsatisfactory situation with
regard to the determination of the parameters of the model
from B, suggests that it is insufficient in calculations of
B, to use the simple shell configuration {s*p"®s,: 7 T}.
The need for inclusion in such calculations of more com-
plicated configurations appears necessary if it is recalled
that B, is the difference of the total energies of the nucleus
and hypernucleus. However, it is not easy to make such
calculations because of the large number of matrix ele-
ments.

To overcome the difficulties that arise with the inter-
pretation of the hypernuclear spectra, a different method
was used in Ref. 38 to determine A, S, Sy, and 7 without
explicit introduction of three-particle parameters. The pa-
rameter A was estimated with a Gaussian shape of the AN
potential V,(r) from the known energy (~1 MeV) of the
M1 y transition 1+ -0~ in 4H (3He) (Refs. 39 and 41).
The value of S, was determined from the spin—orbit split-
ting of the single-particle state of the A hyperon in the 1p
shell, £,(A) = ¢, (A) — ¢, (A) = 0.36 = 0.3 MeV,
found from the difference between the energies of the
17/2 and 37 /2 levels in ’C (Ref. 123) and the experi-
mental bound®’ on the doublet splitting of the levels in
2Be: AE(3%/2,5%/2) S 100 keV. The other two param-
eters, Sy and T, were chosen on the basis of the properties
of the free hyperon-nucleon interaction.”® The result was
the proposal of a new (standard) set of parameters,

A=05; Sy= —0.04; Sy= —0.08; T=0.04, (40)
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which gives a reasonably good description of the energy of
the y transition 5*/2-1%/2 in Li with E, = 2.034
+ 0.023 MeV [E, (theor) = 2.24 MeV], the mixing param-
eter in the wave function of {Li(,#™ = 1) (Ref. 124),
and the possible y line with E, = 0.31 = 0.02 MeV
[E,(theor) = 0.33 MeV] in f\Li.“y'” Note that these calcu-
lations were made with Cohen-Kurath nuclear wave func-
tions with parameters of the NN interaction taken to be the
same for 1p-shell nuclei with A=6-14 (Ref. 125). In Ref.
38 the need for experimental verification of the predicted
doublet splittings in the hypernuclei, which depend mainly
on just three parameters, A, S,, and T, was especially
emphasized. The position of the doublet centroids depends
on the parameter Sy. The three-particle ANN forces can
influence the effective value of Sy. As we have already
noted, the recent BNL experiments''"!13!16 did not find
the y lines expected on the basis of the calculations of Ref.
38 from the ground-state doublets of }’B and '%0, indicat-
ing that some of the parameters in the set (40) are not
realistic.

A search for new shell-model parameters permitting
the description of the known experimental data on ¥ tran-
sitions in yLi and ?}Be together with the small doublet
splittings in II\OB and A6O was made in Ref. 126. In contrast
to the earlier investigations (Refs. 38, 71, 72, and 122), the
parameters A, Sy, Sy, and T were not related to the values
of B, or to the splitting of the 0 and 1+ levels in {H
(4He) (the method of estimating A in Ref. 38) but were
taken purely phenomenologically and found from experi-
mental data on certain hypernuclear levels, namely: (a)
E(2; )-E[1~ (ground state)] = E(2,,17) < 100 keV
for }\OB and AE(1,,07) (ground state)<100 keV for
X0; (b) AE(3%/2,5%/2) < 100 keV for 5Be; (c)
E(5%/2) = 2.034 + 0.023 MeV for 4Li, the aim being to
ensure the total angular momentum and parity #" = 1~
for )B known from analysis of weak decays. It was found
that the spins of the )'B and 3Li ground states can also be
reproduced. This way of determining the parameters and
describing the spectra of the hypernuclei (nuclei) of the 1p
shell in the framework of the simple configuration
{s*p" ® s} ({s*p"}) appears to be more reliable than calcu-
lation of the single-particle energies (B,) of the A hy-
peron, which, like the nucleon binding energies, can de-
pend on many factors, for example, the admixtures of more
complicated configurations, details of the cluster structure
of the hypernucleus, etc. The expediency of choosing the
parameters of the AN forces on the basis of the spectra of
hypernuclei was pointed out earlier in the studies of Ref.
73, which investigated the dependence of the level energies
on the parameter A.

As a result of the analysis of Ref. 126, which was made
with the nuclear wave functions of Barker (6<A4<9)'?" and
Cohen and Kurath (10<A4<14), the following optimal set
of parameters was obtained by means of relations of the
form (33):¥

A=0.3;

Sr,=—0.02; T=0.02

Sy= —0.35 for JLi (variant SL); (41)
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FIG. 3. Levels of nuclei and hypernuclei of the 1p shell and stability threshold for SLi, Z\Li—‘OB, }\IB (a) and ''C, }\ZC—”O, }\60 (b).

Sy= —0.1 for 7<A<16 (variant SG).

The increase of |Sy| compared with Syg,.q in (40) was
attributed in Ref. 126 to the influence of the cluster struc-
ture of ALi. The conclusion of a need to reduce the value of
A compared with Ag,,4 is strengthened by the result of
Ref. 128, in which it was emphasized that only part (2/3)
of the doublet splitting AE.,,(1*,07)=~1 MeV in
“H (3He) could be explained by the contribution of the
two-particle AN interaction V,(r)SyS,, the missing frac-
tion of the splitting being due to the influence of the =
channel, which can be taken into account by introducing
dispersive three-particle ANN forces with a dependence on
the spin of the A hyperon. The insufficiency of introducing
just a spin-dependent AN interaction in order to explain
the position of the 1% level in hypernuclei with 4 =4 was
also pointed out in Ref. 95, in which the many-particle
aspects of the description of these hypernuclei were taken
into account.

Further experimental verification of the hypernuclear
spectra predicted by the shell model with the new set of
parameters (41) would be of great interest.

5. GENERAL FEATURES OF HYPERNUCLEAR
SPECTRA AND THEIR EXCITATION IN REACTIONS
WITH AND WITHOUT SPIN FLIP

In 1p-shell hypernuclei there are in general expected to
be many (several hundred) states with (p~ 15,) configu-
ration, which can be described by the wave functions (26).
Among them there are several tens of below-threshold
(bound) levels, which must decay with the emission of y
rays.

If one does not attempt a high-precision description of
the positions of the levels (allowing an error of order 100—
200 keV), the general features of the hypernuclear spectra
and the intensities of their excitation are not especially
sensitive to changes in the potential parameters discussed
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above [the sets (40) or (41)]. Bearing this in mind, we give
here only preliminary recommendations for new experi-
ments in the y spectroscopy of hypernuclei. A more de-
tailed discussion of the systematics of the spectra is de-
ferred to Sec. 6.

Figures 3a and 3b shows bands of spectra of hypernu-
clei from Z\Li to ,1\60 calculated with the parameters (40)
by diagonalizing the energy matrices up to excitation en-
ergies of about 17 MeV. Next to the symbols of the hyper-
nuclei, we give in brackets the total numbers of hypernu-
clear states with the configuration {s*p"®s,: 7 T}
Opposite the symbols of the core nuclei (°Li, "Li, etc.) we
give the nuclear spectra corresponding to the configuration
{s*p™JT?}. Levels of the hypernuclei (nuclei) with values
of the isospin greater than for the ground state (T'=3/2 or
T=1) are indicated by heavy black dots. The calculations
were made with the Cohen—-Kurath nuclear wave
functions.!”> When possible, the values of the nuclear en-
ergies were taken from experiment.®? For completeness of
the picture, the nuclear spectra are augmented with states
(dotted lines) described by other, more complicated con-
figurations (intruder states). The hypernuclear levels
formed on them do not play a significant role in the single-
particle hypernuclear production reactions.”* The arrows
show the threshold energies for emission of a proton, deu-
teron, a particle, and A hyperon. It can be seen from com-
parison of the nuclear and hypernuclear spectra with the
stability thresholds that the addition to a nucleus of a A
hyperon in the Os state raises the stability of the system.
Because of the higher thresholds in the 1p-shell hypernu-
clei, there are more bound states than in the corresponding
nuclei. Some of them may be isomer states, but the major-
ity of the excited levels must decay with the emission of ¥
rays. In individual cases, there can be y deexcitation of
hypernuclear states in the continuous spectrum if the
strong decay channel is forbidden by the isospin selection
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FIG. 4. Hypernuclear levels below the stability thresholds and effective numbers of neutrons (N¢g;) in reactions with spin flip (SF) and without spin flip
(NSF) for Z\Li—,'\ZC (a) and ,'\3C—}\°O (b). Also shown are the }‘3C states in the continuous spectrum at 15-16 MeV, the A- and a-decay of which is

forbidden by the isospin selection rule.

rule [an example is provided by the }’C levels at E=15-16
MeV (Refs. 43 and 83)]. Identification and measurement
of the energies of hypernuclear ¥ lines is one of the direct
ways of testing models of hypernuclei.

The nuclear reactions (K~ ,m~) (Ref. 2) and
(K~ ,m~y) (Refs. 37, 111, 115, and 116) and the recently
mastered?! processes (71,K*) are successfully used in
hypernuclear spectroscopy in a wide range of mass num-
bers. It has been established that they are realized by a
single-particle mechanism, in which one of the 1p neutrons
is transformed for the configurations of the nuclei and hy-
pernuclei considered here into a A hyperon in the Os shell
asaresult of K~ n - m~ Aor 7 n — Kt A reactions. At
the same time, there is an angular-momentum transfer AL
=1, and the nucleus— hypernucleus transition can take
place both with and without spin flip. These two types of
reactions (spin-flip processes of hypernuclear formation
have not yet been studied) must, as a rule, lead to different
excitation intensities of the individual components of hy-
pernuclear doublets.

In order to give some preliminary recommendations
concerning further experiments to look for new hypernu-
clear y rays, we give in Figs. 4a and 4b, in addition to the
spectra and quantum numbers of the bound hypernuclear
levels, the intensities, in relative units, of their excitation,
or, rather, the effective numbers of neutrons (N) for re-
actions without spin flip (vertical lines above the spec-
trum) and with spin flip (lines below the spectrum). The
results of the calculations presented in Figs. 4a and 4b were
obtained with a set of parameters (SG) made consistent,
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by the method described in the previous section, with the
available data on the levels of 1p-shell hypernuclei. It is
well known that in (K —,7 ) reactions at kaon momenta
less than 1 GeV/c transitions without spin flip are domi-
nant in a wide interval of pion emission angles.? Transi-
tions with spin flip make a significant contribution to the
(m+,K™") reaction for K+ emission angles ) > 10-15°.%
Suitable reactions for investigating spin-flip excitations
could be the (y,K0+) or (e,e'’K*) processes,'”'?° which
are realized on protons of a target nucleus but have not yet
been studied experimentally. It can be seen from Figs. 4a
and 4b (very small values of Nz are not shown) that the
individual components of the doublets are excited differ-
ently, depending on the type of transition. Of course, there
are also other ways of populating hypernuclear states, for
example, in secondary processes—in nucleon or cluster de-
cays of the original hypernuclear resonance.*>'** The ex-
citation functions of the hypernuclear states shown in Figs.
4a and 4b depend weakly on the doublet splittings, i.e., on
the values of the shell-model potential parameters A, S,
Sy, and T considered in the investigation.

Using Figs. 4a and 4b, one can make a number of
comments concerning the possibilities of ¥ spectroscopy of
hypernuclei in the (K~ ,7~y) and (7*+,K* y) reactions.
In Refs. 111, 115, and 116, it was not possible to detect ¥
lines from the ground-state doublets (2,7,1 ) in }’B and
(17,07) in O because of the smallness of the corre-
sponding splittings: AE<80-100 keV. It is entirely possible
that the upper components of the doublets in these hyper-
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TABLE 1. Spectrum of levels of the hypernuclei },Li &,Li SBe, and \°Be, lowest disintegration thresholds, and effective neutron numbers (N”;). For
!B, the result obtained with the set SG(10, 16) is shown in the brackets.

" KSA | WBT [87]
E e % e T g | 8 YNe | L, YNG | L, ORG
Az i | EvMeV | InTy J -
NSF | SF E,MeV
0 1 0 | 39 5 | 1/2 |0 o |o 0 0 0
1 | 35 | 3/2 |0,44|0,44]0,60| 0,79 1,33 1,33 1,1
715 3,93 249 | 3 0 | 30 7 | 52 |2,03|2,07]2,2| 2,38 1,83 2,14 1,99
At (d) 23 | 7/2 | 2.30 | 2,29 | 2,68 | 3,01 3.1 3.34 2.92
356 | 0 1 | 14 | 14 | 1/2 | 3.64|3,64 (3,9 | 4,09 - - —
0 |32 1 t o Jo Jo 0 — 0 0
615 2 |03 |0,24]|0,33| 0,46 — 0,83 0,66
81 - )
L :
A @) 0,48 |1/2 1/2 o |08 |0,80,8 .{1,13 — 1,43 1,36
1 |0.82}0.94|0.8 | 10,65 — 1,29 1,22
0 0 o | 18 | 18 | 1/2 |0 0 0 0 — 0 0
9 3,50
Be ?
A (@) 29 | 2 o] 9o | 17 | 52 |3,05]3,03] 2,9 {2,95 — 312 | 3,06
16 | 8 | 3/2 | 3.11]3.10 | 3,01 | 12,93 —
‘0 2.00 3/2 1/2 9| 1|0 Jo Jo 0 0 - —
B : 0 18 9| 2 |04 |0,06]017] 0,24 0,16 = —
(P) (0,08) IMB [131]

nuclei are isomer states and that their y deexcitation is
strongly suppressed. Although y rays from the excited
(3%/2,5%/2) doublet in 3 Be have been detected,*” for this
hypernucleus one can pose the problem of resolving the
close y lines in the (3% /2,5%/2) 17 /2 transitions. In
the hypernuclei }\2C and %N, the doublet splittings are
small, AE(2{,17) =~ 80 keV and AE(17,07) = 10
keV, and therefore the corresponding levels are expected to
be isomers. The search for y lines from the excited
(0~,1;7) doublet (E=2 MeV) in ’C is complicated by
the fact that a large fraction of the }\ZC excitation intensity
is concentrated on the ground-state doublet (2, ,1 7). The
values of N7z shown in Figs. 4a and 4b were calculated in
the weak-binding limit. In the case of \’C inclusion of the
AN interaction merely enhances the dominance of the ex-
citation of the (2, ,1 7 ) doublet. In }\]B and }XSN, the num-
ber of bound levels is quite high (around ten), but because
their occupation is strongly fragmented unambiguous iden-
tification of the y lines may be a complicated problem. Also
of practical interest are searches for new y transitions in
ZxLi from deexcitation of the upper level of the ground-state
31 /2 doublet and higher levels and for y transitions from
the excited doublets with energies around 4.5 MeV and
15-16 MeV in ’C and 6.2-6.4 MeV in 'f0.

6. SPECTROSCOPY OF 1p-SHELL HYPERNUCLEI

Having at our disposal the new approximate set of
potential parameters (41), we return, but now at a more
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detailed level, to the problem considered in Sec. 4, namely,
that of low-lying hypernuclear spectra, the intensities of
their excitation in different reactions (with and without
spin flip), and y transitions in hypernuclei. In the process,
we shall give the dependences of the energies of the indi-
vidual hypernuclear levels on the parameters that, from
our point of view, are the most interesting for y spectros-
copy of 1p-shell hypernuclei.

Energy spectra of hypernuclei, excitation intensities
of levels, and y transitions

The energies of levels of 1p-shell hypernuclei (4Z,7
< A4 < 16) below and in the region of the stability threshold
(Eq b)), and also the effective numbers of nucleons NZ(" ),
are given in Tables I-V. In the first column, we give the
symbols of the hypernuclei, and in the second the lowest
thresholds (neutron (n), proton (p), deuteron (d), triton
(2), a-particle, or A-hyperon) of disintegration of the hy-
pernucleus and their energies. In the third column, we give
the energies (Ey) and quantum numbers (Jy,7Ty) of the
levels of the nuclear core. In the fourth column we give
NP calculated for both transitions with spin flip (SF)
and without it (NSF) in the weak-binding limit. The ef-
fective numbers depend weakly on the choice of the AN
interaction and are largely determined by the spectroscopic
factors of the target nucleus.”® In the following columns,
we give the energies of the hypernuclear levels calculated
with the parameter sets given in Table VI. The calculations
with the standard set ST were made with Cohen—Kurath
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TABLE II. Spectra of levels of the hypernuclei |'B, 12C, 13C, lowest disintegration thresholds, and effective neutron numbers Nl

4z Eou By, Ty N % ; G s | sr KSA IMB [131]
MeV MeV NSF | SF E, MeV
0 3 0 29 7 5/2 0 0 0 0 0
22 7/2 0,16 0,08 0,25 0,5 0,26
g 7,71 0,72 1 0 13 11 3/2 0,83 1,12 0,97 0,96
A (p) 4 6 1/2 1,02 0,62 1,09 0,75
18 4 3/2 5,30 5,34
5,16 2 1 1 15 5/2 5,32 5,38 — —
71 12 1 0 0 0 0 0
0 32 12 59 2 0,08 | 0,04 | 0,086 0,15 0,14
12¢ 9,8 2,00 1/2 1/2 6 0 2,14 2,26 2,12 { 2,33 1,83
A (p) 19 13 1 2,15 2,40 2,19 2,17 1,75
4,80 3/2 1/2 8 2 4,96 5,25 4,94 {5,24 4,N
9 1 1 9,04 9,39 y 4,90 4,90
0 0 0 l 12 | 12 1/2 0 l 0 0 | 0 0
4,44 2 0 23 5 3/2 4,51 4,68 4,49 4,42 4,60
18 5/2 4,01 4,72 4,50 4,46 4,62
' 1,60 | 103 [0 o l 4| 4] w2 |13 | 1042 | 102 12,21
AC (A)
15,11 1 1 12 2 1/2 15,02 15,09 14,96 15,11
1 11 3/2 15,15 15,14 15,15
16,11 2 1 20 4 3/2 16,03 15,97 15,99 16,51
16 5/2 16,11 16,10 16,13

nuclear wave functions. The sets SG and SL were used in
calculations of the spectra of hypernuclei with 11<4<15
with Cohen—-Kurath nuclear wave functions, while the
spectra of the hypernuclei with 7<4<10 were calculated
with these sets using Barker’s nuclear wave functions.

In the final columns of Tables I-III we give results
obtained with central AN potentials in the shell model
(KSA'?”® and IMB'®!') and in the cluster model for
ALi(adA), 8Li(atA), and 3Be(aaA) (WBTY).

In Ref. 120, nuclear wave functions in intermediate
coupling'*? were used, and the matrix element A was cal-
culated with a AN potential as a sum of two Gaussian
functions whose intensity was chosen on the basis of the
energy (0.79 MeV) of the 37 /2 level in Z\Li (Ref. 110),
which was not confirmed in subsequent experiments. Al-
lowance was made for the changes in the values of A due to
the differences between the binding energies of the A hy-
peron and the nuclear density. In contrast to Ref. 120, the
calculations of Ref. 131 were based on the Cohen-Kurath
nuclear wave functions, and the parameter A was calcu-
lated with oscillator functions (oscillator parameter
rON(A) = \’h/MN(A)CO and fiw = 41.0/141/3) and the AN
potential YNG [the potential YNG was obtained in Ref. 4
by Brueckner’s method on the basis of the free AN inter-
action of the Nijmegen group (model D, Ref. 79) corrected
on the basis of the doublet splitting of the 1* and 0
levels in f\H (f\He)].

The calculations in the cluster model were made with
two forms of the AN potential: YNG and ORG [Gaussian
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potential with spin dependence V(r)(1 + mo,opn)]; the
values 7= — 0, 1 were chosen from the description of
hypernuclear resonances in (K ~,7~ ) reactions with a A
hyperon in the 1p state.'** The variants L and S corre-
spond to a long- and short-range (ordinary) spin—orbit
(a—d) interaction.

Particularly interesting for experiments in this level
systematics are hypernuclear states that can be strongly
excited (N.gg = W 2 10-15%) in reactions without and
with spin flip and then emit ¥ rays in subsequent radiative
transitions. We recall that we have in mind here the non-
spin-flip reactions (K —,7~), (# T ,K 1) (ﬁZ in Tables I-
IIT) and (K —,7%) (‘,‘{Z in Tables IV-V) at small emission
angles of the 7°~ and K+ mesons and the spin-flip reac-
tion (7+,K*) at 6; > 10°and (7,K°) (4Zin Tables I-III).

Among the ground-state doublets, only the states

ALi (372;; 440 keV, W=35%, spin flip);

NB (7% /2; 120-160 keV, W=22%, spin flip) (vari-
ant SG in Tables I-II):

?\3Li(5+/2; 280 keV, W=40%, spin flip) (Table IV);

}\B (3%/2; 130 keV, W=25%, spin flip (Table V)
can give y rays of the corresponding energies. There can
also be y deexcitation of the 2, level in iLi (300 keV), but
this hypernucleus can be produced only as a result of bary-
onic decays of hypernuclear resonances. The upper com-
ponents of the other doublets are isomer states and must
decay by virtue of the weak interaction through the me-
sonic and mesonless channels. In addition, no ¥ lines are
expected from the lightest hypernuclei of the 1p shell with
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TABLE III. Spectra of levels of the hypernuclei {'N, N, %60 and effective neutron numbers N For 'O the result obtained with the set SG(10, 16)

is given in the brackets.

New % SG SL ’ ST KSA IMB
Az f;‘eaz,’ EyMeV|  JINTy J
NSF SF E, MeV
o 2,42 0 1/2 1/2 6 3 0 0 0 0 {0,43 0,08
A (p) 8 1 1 0,012 0,16 0,051 0 0
0 1 0 23 15 3/2 0 0,18 0 {0,31 0
1 9 1/2 0,04 0 0,014 0 0,63
2,32 0 1 7 7 1/2 2,38 2,58 2,37 2,54 2,68
155 8,97 3,95 1 0 12 3 1/2 3,89 4,42 | 3,72 3,98 | 3,75
A (p) 9 3/2 4,24 4,7 4,29 4,58 4,35
7,03 2 0 21 4 3/2 7,10 7,53 7,03 7,19 7,24
17 5/2 7,22 7,71 7,18 31 7,29
9,17 2 1 20 4 3/2 9,3 9,75 9,25 9,16 9,80
16 5/2 9,36 9,87 9,36 9,56
0 1/2 1/2 11 0 0 0 0 — —
33 22 1 0,02 0,18 0,084
0,09
160 ~1,5. ( )
A ()
6,18 | 3/2 1/2 67 1 1 6,27 6,77 6,26 — -
56 2 6,41 6,88 6,46

A=6; for the hypernucleus f\Li is unstable with respect to
decay through the channel p + iHe, and although the
(27 ,17) splitting in f\He is less than the threshold energy
ofthen + f\He channel (0.24+0.10 MeV), the 2 level,
which is strongly excited in spin-flip reactions (W =50%),
is an isomer level.

Appreciably more ¥ lines in 1p-shell hypernuclei are
expected from below-threshold hypernuclear states formed
on excited nuclear levels. An exception is the 5% /2 level
(1.81 MeV, W=30%, non-spin-flip; W=17%, spin-flip)
in Z\He. Owing to the presence of two neutrons in the 1p
shell, the rate of the E2 transition 57 /2—17% /2 in this
hypernucleus is much less than the rate of weak decay of
the A hyperon (7, 1.4%10° sec~!). Moreover, the rate
of the M1 transition 5% /2-3% /2 is also, owing to the
nearly equal energies of these levels, appreciably less
(=1.2x10® sec™!) than Ta 1, i.e., the ST /2 level must be
an isomer. The existence in ,He of an isomer state is indi-
cated by emulsion data—for this hypernucleus, an unusu-
ally broad distribution of the A-hyperon binding energy is
observed.'* In the spin-flip (y,K * ) reaction on "Li obser-
vation of the M1 y transition 3% /2 (1.8 MeV, W=16%,
spin-flip) — 1+ /2 (ground state) is possible. Electromag-
netic transitions in Li and yHe were discussed in detail
from the theoretical point of view in Ref. 135 under dif-
ferent assumptions about the energies of the levels.

In the scheme of }Li levels adopted here, one can, in
addition to themy transition 5% /2 (2.07 MeV, W=30%,

non-spin-flip) — 17 /2 (ground state) already discovered
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in the (K ~,m~y) reaction,” expect y lines in the spin-flip
(w*,K*,y) or (v,KY') reactions with energies E, = 1.86
MeV and E, = 0.44 MeV in the successive y transitions
7+/2 (230 MeV, W=23%, spinflip) — 3%/2

M3

) (ground state). The transition 7+ 2%
— 171 /2 (ground state) is suppressed because of the higher
multipolarity of the y radiation. In our calculations, the
level (1% /2, 1; 3.64 MeV) in ) Li is found to be bound. It
can be excited in spin-flip and non-spin-flip reactions with
equal probabilties of about 14%. In the deexcitation
of the (1%/2,1) state the ¥ transitions (1%/2;1)

Y, (3+/2,0) and (1+/2,1) — (1+/2,0) with emission

of y rays with energies of about 3.2 and 3.64 MeV are
dominant. It may be assumed that these y lines were not
noted in the experiment of Ref. 37 because of the low
intensity of excitation of the (11 /2,1) level and the re-
duced sensitivity of the detection apparatus in this region
of the y spectra. Note that direct observation of the y
transition 31 /2, (0.44 MeV)—1%1/2 (ground state) in
ZLi is great interest for confirming the reliability of iden-
tification of the secondary hypernuclear y ray in the decay
1B*_,3He + JLi* (Refs. 111 and 112).

In the hypernucleus }\IB, the intensities of the different
types of excitation (with and without spin flip) with W
~10-20% are distributed over pairs of levels: 3 /2, (0.83

J. Zofka et al. 647



TABLE 1V. Spectra of levels of the hypernuclei yHe, 3Li, \'Be, and }'Be and effective proton

4
numbers N’

Ny % sL ST
A Ewr | By, | goT 5
A% MeV | Mev NN

NSF | SF E. MeV

0| o 1 | 56 | 56 1/2 0 0

"He 2,84

N ™ l180| 2 1 3| 16 | 32 1,8 | 1,77
30 | 17 5/2 181 | 1.82

0 2 1 | 50 [ 10 3/2 0 0
40 5/2 0,28 | 0,52
o . 3,76 0,98 1 1 10 1/2 1,21 | 1,25
Al (n) 22 12 3/2 1,25 1,35
2,25 3 1 | 18 | 4 5/2 2,27 _

14 7/2 2047 _
0 | w2 12 8 | o : 806 0.47

‘XBe 4,07 ! ’
M o] 52 12| 4] o9 2 2,50 | 2,38
145 | 9 3 259 | 2,54

0 o 1 | 13 | 13 1/2 0 0

!1Be ~17.9

™ 1360 2 1 8 | 1 3/2 3,49 | 3,0
3 | 40 5/2 350 | 344

MeV, W=13%), 3" /2, (5.3 MeV, W=18%) (non-spin-
flip) and 3%/2, (0.83 MeV, W=11%), 5% /2, (5.32
MeV, W=15%) (spin-flip). Therefore, besides y lines
with low energies, 0.75 and 0.83 MeV, and y rays of the
maximal energy 5.3 MeV, there may be a number of cas-
cade ¥ transitions, and this may complicate their identifi-
cation.

The calculated excitation intensity of the doublet
(5% /2, spin-flip; 3 * /2, non-spin-flip) in }3C is 20%. Since
it is comparable with the excitation intensity of the
(3%/2,5%/2) doublet in %Be, the y line from which has
already been detected in the (K ~,7 ~ ) reaction, one can
also hope for detection of a y line in Y’C with E, ~ 45
MeV.

A very interesting possibility for testing the “purity” of
isospin in hypernuclei is the search for y rays in ,1\3C with
E, = 15-16 MeV from deexcitation of doublets with isospin
T=1, namely, (3%/2,, 15.15 MeV, W=11%, spin-flip;
1%/2;, 15.02 MeV, W=12%, non-spin-flip); (5% /2,,
16.11 MeV, W=16%, spin-flip; 3 /2;, 16.03 MeV, W
=20%, non-spin-flip), formed on the states '2C 17,
1(15.11 MeV) and 2 *, 1(16.11 MeV) and lying apprecia-
bly above the thresholds of the channels A + ?C (~11.69
MeV) and a + ?\Be (=12.35 MeV) but near the threshold
of the proton decay channel p + B (=~16.08-16.44
MeV).*>* The ratio of the radiative and baryonic decay
probabilities for the (11 /25, 1) level of ,1\3C was estimated
in Ref. 136.

In \*N, a yield of primary 7 rays is not expected, since
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in this hypernucleus excitations in the continuous spec-
trum are dominant. Secondary y rays are expected from
the hypernucleus }\3C (4.4 MeV), which is formed by pro-
ton decay of y'N with E>7 MeV (Ref. 43). Because of the
high stability threshold and strong fragmentation of the
excitations in the energy region up to ~9 MeV in IIXSN, as
in I'\IB, a whole series of ¥ rays can be emitted, especially in
v deexcitation of the doublet (5t /2,31 /2;) (W=21%),
which is situated in the region of 7 MeV.

The hypernucleus ,1\60 is characterized by high proba-
bilities for excitation of the doublet (1,7, 6.27 MeV, W
=67%, non-spin-flip); 2,7, 6.41 MeV, W=56%, spin-
flip). The 2, level must decay mainly through the M1 y
transition to the 1, isomer state. The W,,( 1,
- 1, )/W,,( 1, - 07) probability ratio is 2.8. In the re-
gion of energies (5 MeV) between the (1~,07) and
(27,17) doublets there are positive-parity states of }\60,
namely, 0%, 1+, 2%, and 31, formed on the 15O states
17/2 (5.18 MeV) and 5*%/2 (5.24 MeV) (intruder
states).®? However, because the probability of y deexcita-
tion of the level 37 /2 (6.18 MeV) to 1~ /2 in N
(°0) is =99%, the 0+, 1+, 2+ states in 100 (}*N) will
have practically no participation in the y transitions be-
tween the doublet states of negative parity in these hyper-
nuclei. However, as was noted in Ref. 74, such states can
be directly excited in (K~ ,7 ) and other reactions be-
cause of the admixture of (2A-2p) configurations in the
160 target nucleus. Observation of ¥ rays in ,1\60 (,1\6N) with
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TABLE V. Spectra of levels of the hypernuclei B, ¥B, }'C, °C, and N and effective proton

P
numbers N

£ N, % SG ST
4z 1\48:% Eg.MeV| J Ty J
NSF | SF E, MeV
0 32 12, n | 12| 1| o 0
20 - 56 | 2 | 006 | 0,00
(A) 242 | 1/2 1/2 6| o | 2,2 | 2,2
19 | 13| 1 | 227 | 2.3
0 1t 1 |5 | 5|12] o 0
. 5| 25 | 32| 0,3 | 0,19
‘A"’B -3,7
@ | o9 [ 2 1 |50 10] 32| 09 | 1,04
s | 52| 105 | 117
the 5,43 0 1/2 1/2 6 3 0 0 0
A (n) 8 | 11| 1 | o012 0,05
. 0 0o 1+ | 17|17 |12 o 0
3¢ ~8,9
™ 1 7.0 2 1 |4 | 10]32]| 692 | 69
‘ 38 | 52 | 698
0 402 1/2 ul ol o 0
33 | 22| 1 | 002 | 0,08
lAON ~ 11
® | 632 [32 12| 67| 11| 1| 660 | 6,4
56 | 2 | 65 | 6.6

E, ~ 5 MeV would indicate realization of such processes.

Tables IV and V give the spectra and Ny for hyper-
nuclear states that can be formed in single-nucleon
(K—,7°) or (y, K*) reactions (non-spin-flip or spin-flip
excitations) on the protons of target nuclei. The spectra,
N™P), yields, and energies of the expected y rays in the
hypernuclei with even A4 (isospin T=1/2) in Tables I-1II
and IV-V must be the same because of the isospin symme-
try of the baryon-baryon interactions. Only the stability
thresholds for these hypernuclei are different. Breaking of
the isospin symmetry can be manifested in differences of
the corresponding energies of the y transitions in pairs of
hypernuclei with the same A produced in reactions on neu-
trons (protons) of target nuclei with N=2Z.

All hypernuclei with odd 4 produced in reactions on
targets with 7=1/2 have isospin 7=1. In the hypernu-
cleus % Li there is, in addition to strong excitation of the
levels of the ground-state doublet (5% /2,37 /2) (W ~40-
50%), an appreciable probability ( W ~14-22%) for exci-
tation of the doublets (31/2,,17/2,) and
(7% /2,,5% /2,), the y deexcitation of which gives a series
of y cascade lines with maximum energy =~2.5 MeV. In
other hypernuclei, 'Be, ’Be, B, and {’C, excitation of
the doublet (5% /2, spin-flip; 3% /2, non-spin-flip) (W
=40-50%) is dominant. In !'Be and }’C one y line is
expected for each type of excitation (without or with spin
flip), their energies being E,, ~ 3.5 MeV and E, =~ 7 MeV,
respectively. In }SB, deexcitation of the 3t /2, level can
give rise to cascade M1 y transitions through the interme-
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diate level 3% /2;,, and also the direct y transition
3+/2, Lot ground state). The ratio of the transi-

tion probabilities is W, (31/2, - 3%/2))/W,(3%/2
- 1%/2) = 0.15. The rate of the y transition
3+/2,-1%/2 is 1.7x10'° sec~!. Deexcitation of the
level 5% /2 is realized in the y cascade transitions

M1 M1
5t/2 -31t72 - 11,2

The doublet splittings of the hypernuclear levels cal-
culated in Refs. 87 and 120 with central AN potentials
(seventh and eighth columns of Tables I-III) are appre-
ciably greater than the splittings obtained in Ref. 38 and in
our calculations.'?® The results of the calculations of Refs.
87 and 120 can evidently be brought closer to our results
by reducing the intensity of the spin-dependent parts of the
AN potentials. Note that in some doublets, identified by
the curly brackets, a different order of the levels is obtained
for the central AN forces.

Dependences of hypernuclear energy levels on the
potential parameters of the shell model

As we have already said, we assume that the parame-
ters of the shell model can, in general, depend on the mass
number 4 and even on the quantum numbers of the indi-
vidual hypernuclear levels. Therefore, the hypernuclear
spectra given in Tables I-III and IV-V, found with model
parameters made consistent with a restricted set of exper-
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TABLE VI. Parameters of AN interaction used for calculating the level schemes of hypernuclei.

Type of

interaction A Sa 8y T
SG [126] 0,3 | —o0,02 —0,1(—0,35 for Li) 0,02
SL [126) 0,3 —0,02 —-0,35 0,04
ST [38] 0,5 —0,04 -—0,08 0,04
SG (10, 16)* [126] 0,3 | —o0.025 —01 0,03

. *Interaction types alternative to SG for the hypernuclei ,’\OB and '°0.

imental data on some levels of Z\Li, ?\Be, }\OB, 12B, and
%0, should be regarded as approximate for the time being.
More information about hypernuclear y transitions is
needed to make the parameters more accurate.

Our analysis of the possible y transitions in 1p-shell
hypernuclei shows that suitable target nuclei for looking
for new hypernuclear ¥ lines in the reactions used in hy-
pernuclear spectroscopy, (K~ ,7~) and (7#*,K ™), could
be "Li, 13C, and 'O. In some hypernuclei, for example,
iLi, v transitions can accompany nucleon or cluster decays
of hypernuclear resonances in the continuous spectrum.
For the low-lying states of JLi, ’C, }°0, 8Li, \!B, which
can give ¥ lines, Figs. 5 and 6 show the dependence of the

relation (33)]. The levels 1;” in N and 1% /2, in PN,
which are very weakly split ground-state doublets
(1;7,07) and (1% /2,,3% /2) and are very sensitive to the
values of the parameters 7" and A, are also shown in Fig. 6.
The segment with an arrow at the top of each figure indi-
cates the direction of increase of one of the parameters (for
three parameters fixed) and simultaneously indicates the
interval of values of the measured parameter with step 4.
In Figs. 5 and 6, the parameters were varied with step 4 in
the following intervals: for Z\Li: 05 > A » 0.1 (4
= 0.1), 002 > S, > —006 (h = 0.02), — 0.05
> Sy > —065(h = 015), 008 > T > O (h
= 0.02); for jLi, }'B, C, }*"*N, and }0: 0.5 > A

level energies on the parameters A, S, Sy, and T [seethe > 01 (A = 0.1), 002 > S, > —0.06 (&
E,MeV  JLi E,MeV € E, Mev 0
r= *
0,6} 471 . , 03F
0,5 “t o2 7| o2 \ "
-—=— Lo
0,4} Y 0,1
0,3+ 44l” oF o<
9,2} Tur -o7} \
15,7 P~
2,61 "IN
15,0
2,5
2.4} 14,9 FIG. 5. Dependence of the energy levels of ALi,
' p. 13C, and X0 on the parameters A, S,, Sy, and T.
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FIG. 6. Dependence of the energies of the levels of §Li, \'B, k*'°N on the
parameters A, S,, Sy, and T.

= 0.02), 01 > Sy >
> —0.02 (h = 0.02).

The parameters to which the individual hypernuclear
levels shown in Figs. 5 and 6 are especially sensitive can be
helpful in analysis of new experimental data.

—03 (h =01), 006 > T

CONCLUSIONS

In this review we have presented the main features of
the modern status of theoretical and experimental investi-
gations in the spectroscopy of low-lying states of 1p-shell
hypernuclei. Besides discussing the various theoretical ap-
proaches to this problem, we have concentrated our atten-
tion on the shell description of hypernuclear states. The
experience gained from the development of hypernuclear
spectroscopy shows that the shell model, applied to hyper-
nuclei, not only explains the existing experimental data but
also gives new predictions that stimulate further experi-
ments. This applies in the first place to bound (below-
threshold) excited hypernuclear states, which are the sub-
ject of study in y spectroscopy, and some states in the

continuum, the experimental investigation of which prom-

ises to be quite interesting, for example, from the point of
view of testing the “purity” of isospin in hypernuclei.
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In the theory of the structure of light hypernuclei, we
have concentrated the main attention on the results of the
shell model with bound single-particle baryon states be-
cause from the technical point of view this approach is
much simpler than the shell model that takes into account
explicitly the continuous spectrum. However, it is known
that these two approaches, at the first glance very different,
often give similar results.”® Of course, it could be that the
accumulation of detailed data on hypernuclear states in the
continuum will require introduction of a continuous spec-
trum in the formalism of the shell model.

The main attention in this paper has been concentrated
on the translationally invariant formulation of the shell
model for hypernuclei developed by the authors—the
TISM with oscillator wave functions of the baryons. This
model has been developed by analogy with the TISM for
ordinary nuclei. The advantage of the TISM appears in the
possibility of giving a fairly simple description of the kine-
matic correlations that open the baryonic decay channels.

In a certain sense, the shell model of low-lying hyper-
nuclear states with configuration {s*p" ® s, } is even simpler
than the shell model of ordinary nuclei. For the two-par-
ticle AN interaction, there are just five potential parame-
ters, A, Su, Sy, T, and V, whereas for the nuclear config-
uration {s*p"} the total number of analogous parameters is
more than ten. Unfortunately, there are as yet too few
experimental data on hypernuclear spectra to draw definite
conclusions about the values of the hypernuclear parame-
ters (this applies especially to T and Sy). A larger set of
spectroscopic data would also permit a more reliable
choice of ways to improve the hypernuclear models. Until
recently, both the cluster and shell models described the y
transitions in Li and % Be reasonably well, but recent mea-
surements at BNL of the energies of the doublet splittings
of the ground states in }\OB and }\60 required a correction in
the parameters of the AN interaction of the shell model.'?®
With the new parameters A, S, Sy, and T, the predictions
for the level energies calculated in the different approaches
already differ appreciably, and measurements of the ener-
gies of excited hypernuclear levels become even more top-
ical. Searches for deviations from the systematics of the
spectra proposed with the new parameters are of great
interest. It is not yet clear to what extent the most recent
set of parameters A, S,, Sy, and T proposed in Ref. 126 is
suitable for all 1p-shell hypernuclei. In principle, the uni-
versality could be lost through the influence of three-par-
ticle ANN forces, the cluster structure of individual hyper-
nuclei, coupling of the A and = channels in the hyperon—
nucleon interaction, and other effects. We hope that all
these questions will be gradually clarified as spectroscopic
data on hypernuclei are accumulated.

Besides the (K ‘,'n'oy) reactions, which hardly affect
the spin degrees of freedom, an important role in the solu-
tion of all these problems will be played by (7+,K*ty),
(y,K*), and (e,e’K*) processes, in which spin excita-
tions (reactions with spin flip) must be manifested. Inves-
tigations in the ¥ spectroscopy of hypernuclei with neutron
excess, produced in single-nucleon reactions on protons of
target nuclei, will introduce new features.
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It is clear from our exposition that to test the models of
hypernuclear structure and the various forms of hyperon—
nucleon interaction that have been considered it is neces-
sary to perform further appropriate experiments in the
spectroscopy of hypernuclei and, in particular, y spectros-
copy, the possibilities of which are far from exhausted. The
shell model gives a good guide for new investigations in
this field.

We have considered here hypernuclear y transitions
from low-lying states that arise in the primary reactions of
hypernuclear production. Baryonic decays of hypernuclear
resonances may be accompanied by electromagnetic tran-
sitions in daughter hypernuclei, the discussion of which is
deferred until part II of the review.
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