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The present status of theoretical and experimental investigations of excited states of hypernuclei
is reviewed. Topics considered are the mechanism of formation of hypernuclei in the (X ~, 77)
reaction, the influence of the kinematic conditions on the nature of the excitations, and the main
features of the cross sections for production of hypernuclei at small momentum transfers. The

hyperon-nucleus and residual AN interactions are analyzed in a model of particle-hole excita-
tions and in the many-particle shell model. The status of the weak-coupling model is discussed.
The properties of the low-lying levels of light A hypernuclei are considered. Various approaches
to the description of the structure of strangeness analog states are presented. Strong decays of A
hypernuclei and the associated nucleon-association effects are considered. The problem of 24

conversion of Z hypernuclei is discussed.

INTRODUCTION

The investigation of hypernuclei—nuclear-like systems
consisting of nucleons and hyperons—was begun by the
pioneering work of Danysz and Pniewski,! who found ex-
perimental indications of the existence of a bound state ofa
A hyperon and a nucleus. For about 20 years, the study of
individual hypernucleus production events following the
capture of stopped K ~ mesons by photoemulsion nuclei and
their weak decays remained the most productive direction in
hypernuclear physics. More than 20 ground states of light
hypernuclei were identified (see Table I), their binding ener-
gies were determined, and in some cases also the quantum
numbers and lifetimes,>™ and double A hypernuclei were
discovered.’ The experimental data on the ground states of
hypernuclei, a unique source of information about the hy-
peron-nucleon interaction, were frequently subjected to
theoretical analysis (this stage of the investigations has been
reviewed in detail by Gal®). The main result that was ob-
tained concerns the saturation property of the hyperon—nu-
cleus forces (see Refs. 3 and 6). It finally became obvious that
data on the ground states of hypernuclei are not sufficient to
resolve such complex problems as the choice of the most
flexible model of the hypernucleus and the determination of
the best parametrization of the hyperon-nucleus interac-
tion."”

Thus, further progress in hypernuclear physics was in-
conceivable without systematic study of the excited states of
hypernuclei. This question was already considered at theend
of the fifties, but advance was delayed by the limited possibi-
lities of the emulsion technique. Nevertheless, in 1962 ex-
perimental data were published” that indicated the possible
existence of a long-lived ’, He isomer, an excited state of the
7 He hypernucleus with a very low radiative-transition rate
to the ground state comparable with the weak-decay rate. At

"When the cross sections of low-energy Ap scattering were measured for
the first time in a bubble chamber, it was found that the parameters of the
hyperon—nucleon interaction obtained earlier from hypernuclei were
completely incorrect.’
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the end of the sixties, an excited state of the 7Chypernucleus
was found in the (K —, 7 ) reaction on carbon using stopped
kaons and the emulsion technique.®

The systematic study of hypernuclear excitations began
with experiments on the gamma spectroscopy of hypernu-
clei, the first results of which were published at the beginning
of the seventies.” Such experiments revealed excited states of
the s-shell hypernuclei 4 H and % He, and ¥ transitions in p-
shell hypernuclei were also observed. '

At the same time, detailed calculations of the spectra of
the low-lying excitations of the light hypernuclei were made.
The first detailed analysis of p-shell hypernuclei in the
framework of the shell model with intermediate coupling
was made by Gal, Soper, and Dalitz.'>-'¢

A qualitatively new stage in hypernuclear physics com-
menced with the appearance of extensive experimental data
on excited states of hypernuclei produced in the (K —, 77)
reaction using beams of slow kaons. The production of hy-
pernuclei using slow-kaon beams was proposed in 1963 by
Podgoretskii,'” who noted that in the strangeness-exchange
reaction

K- 4 AZ > q~ + 4Z (1)

it is possible to achieve conditions of so-called recoilless kin-
ematics, when the momentum transferred from the kaon to
the pion is small compared with the Fermi momentum
gr = 250 MeV/c of the nucleons in the nucleus. Coherent
interaction must with high probability result in the produc-
tion of a hypernucleus, which differs from the target nucleus
by replacement of one of the neutrons by a A hyperon. The
conditions favorable for coherent production of hypernuclei
can be readily established from the kinematic relations for
the elementary reaction

K-4n->n + A (2)
on a neutron at rest. Figure 1 shows the dependence of the
momentum transfer g = |px — p,. | on the kaon momentum

Py for different pion emission angles & in the laboratory sys-
tem. There is a critical momentum pyx = 530 MeV/c at
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TABLE I Binding energies of the ground states of A hypernuclei.®

e Bx, MeV j’.fz Bp. MeV :'\12 By, MeV

it 0,13:£0.05 i 6.80:0.03 HB 8.,89-+0.12
iH 2,04:20.04 L 8,532:0.15 Hi 10,24220,05
AHe 2,390,03 1Be 5,16--0,08 1y 11.370,06
Alie 3,12::0.02 3Be 6.84:£0,05 ghis 10, 760,19
Ste 4,180.10 IBe 6.710.04 W 11.690.12
Sne 7.160,70 pe 9.11-:0.22 e 12,170,353
AL 5.580,03 B 7.884-0.15 BN 13,59£0.15

which g vanishes for & = 0°(for the reaction on a nucleus, the - \ d%-fp'{ X, (x)=3 b (nijm)a, (nijm) (4)
== L T n = A £ = n .

critical momentum has a similar value). If allowance is also
made for the energy dependence of the charge-exchange
cross section do/dif2 of the reaction (2) (see Fig. 2), it can be
seen that the most favorable conditions for recoilless pro-
duction of hypernuclei are realized for kaon beam momenta
Px = 0.5-1 GeV/c and pion emission angles @ = 0-15°. The
corresponding experimental possibilities were realized in the
middle of the seventies at CERN'*?? and somewhat later at
BNL.*

Ideas about the structure of the hypernuclear states
produced by the coherent X ~-nucleus interaction were
strongly influenced by the ideas of Sakata .SU (3) symmetry.
The fusion of these ideas with the nuclear phenomenon of
analog states resulted in the concept of a strangeness analog
state (SAS). This concept was introduced in 1971 by Kerman
and Lipkin®>*® on the basis of the following arguments. The
low-lying states of the A hyperon and a nucleon in a nucleus
have wave functions of similar shape, and if one assumes in a
first approximation that the distances between the single-
particle hyperon and nucleon levels are the same, then the
wave functions of the nuclei and hypernuclei can be appro-
priately classified by means of the irreducible representa-
tions of Sakata SU (3) symmetry. The hypernuclear states 4 Z
belonging to the same SU (3) representation as the ground
state “Z,, were called stangeness analog states. The SAS
wave function is obtained from the # Z,, wave function by
application of the operator for lowering the total U spin:

[ izs..\s) = (4 — Z)_l‘ﬂf’r_| AZ e ¥ {3)
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FIG. 1. The momentum transfer g to the A hyperon in the K= 7))
reaction on a neutron at rest as a function of the kaon momentum Py for
different pion emission angles 4.
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Here, b |, zﬂb 1 (x)anda,, {b,, {x) are the corresponding opera-
tors of creation of the A hyperon and annihilation of the
neutron; the second equation in (4) presupposes identity of
the hyperon and neutron single-particle wave functions for
the shell states (nfjm).

As was noted by Feshbach and Kerman,?’ the transi-
tion realized by the operator U ~ is realized physically in the
(K ~, w7) reaction at small momentum transfers, when the
amplitudes of the elementary processes (2) are added coher-
ently."” Thus arose the original SAS version, in accordance
with which it was expected, with allowance for the lifting of
the degeneracy with respect to the total isospin T, that in
coherent production of hypernuclei on a target nucleus with
T 70 two strong peaks corresponding to strangeness analo g
states with 7= T 4- 1/2 would be dominant,

However, such discussions encountered objections on
account of the circumstance that the distances between the
single-particle levels of the A hyperon and the nucleon in the
nucleus are not equal.**® Closer to the eigenstates of the
hypernuclear Hamiltonian will be states of the form
3,.b 1 (nlim)a, (nlim) | Z,, ) rather than the states (3). This
interpretation of the strangeness analog states, according to
which coherence of the n—A transitions is realized when
hypernuclei are produced within one shell, was proposed by
Hiifner er al.***' and was subsequently confirmed experi-
mentally.

Thus, questions of hypernuclear structure were shown
to be intimately related to the mechanism of hypernuclear
production in the (K ~, # ) reaction, since without a solid
understanding of the latter it is impossible to have any reli-
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FIG. 2. Dependence of the differential cross section do/df? lg— ¢ of the
K- -!I;! n—w" + A reaction on the kaon momentum p; (laboratory sys-
tem).
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able interpretation of hypernuclear excitations. The mecha-
nism of hypernucleus production in the (K —, 7 ) reaction
was investigated in detail by Hiifner, Lee, and Weiden-
miiller,”®> who showed that the condition of small momen-
tum transfer predetermines a predominance of single
strangeness exchange, and, bearing in mind the strong ab-
sorption of mesons by nuclei, they proposed the use of the
impulse approximation with distorted waves.

In the middle of the seventies, a Heidelberg—Saclay—
Strasbourg collaboration at CERN obtained excitation spec-
tra of the hypernuclei 2C, %0, 3?8 and %’Ca, confirming the
existence of coherent transitions in individual shells.*** At
the same time, it was found that even for small momentum
transfers ( g=~70 MeV/c) coherent transitions do not ex-
haust the complete spectrum of final states. As Dalitz and
Gal showed, to describe this spectrum it is necessary to take
into account the so-called quasifree transitions, in which the
produced A hyperon occupies a state different from the one
occupied by the initial neutron.*® In contrast to the (e, ep)
and ( p, 2p) reactions, quasifree transitions in the (K —, 77)
reaction are important already at momenta significantly less
than the Fermi momentum, since the prohibition associated
with the Pauli principle did not extend to the final states of
the A hyperon. With increasing g and increasing mass of the
target nucleus, the importance of the quasifree transitions
compared with the coherent (quasielastic) transitions in-
creases.

Progress in the experimental field associated with per-
fection of the kaon beams and detectors made it possible to
obtain in the (K ~, 7 ) reaction spectra of hypernuclei with
an energy resolution of order 1 MeV, at which one can distin-
guish the structure of individual levels excited not only in
quasielastic transitions, and one can also investigate the de-
pendence of the cross sections for production of different
hypernuclear states on the momentum transfer ¢.>**° Thus,
hypernuclear spectroscopy acquired a solid base, making it
possible to establish with a certain degree of certainty the
form of the hyperon-nucleus and hyperon-nucleon interac-
tions.””° At the same time, the development of the hyper-
nuclear models reached a level at which one could pose the
question of using hypernuclear data to study the structure of
ordinary nuclei and the relationship between the effective-
particle-nucleus interactions and the fundamental baryon—
baryon interactions.®*

In the present paper, we review theoretical and experi-
mental investigations of excited states of hypernuclei. In re-
cent years, a number of publications have been devoted to
this theme, not only reviews”***~** but also review papers at
various conferences.>®3%%2 Nevertheless, the time now ap-
pears ripe for an exposition of the field in which the main
accent is no longer on the novelty of the individual results
and the technical details but rather on the internal integrity
of the models and methods of hypernuclear physics.

In Sec. 1, we consider the mechanism of hypernucleus
production in the (K —, 77) reaction at small momentum
transfers. The main attention here is concentrated on the
occurrence of the correlations characteristic for the given
kinematic conditions between the hyperon and nuclear exci-
tations. Section 2 contains an analysis of the structure of
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hypernuclei in the approximation of closed shells and the
main features of the A-hyperon—nucleus interaction. In Sec.
3, in the framework of the many-particle shell model, we
consider low-lying excitations of light A hypernuclei. In Sec.
4, we discuss the structure of the strangeness analog states
produced in the (K ~, #7) reaction on 1p-shell nuclei. We
also consider questions such as the use of the translationally
invariant shell model to describe light hypernuclei, the su-
permultiplet structure of the strangeness analog states, the
status of the weak-coupling approximation and the main fea-
tures of the strong decays of hypernuclei, and also alterna-
tive approaches based on using Sakata SU (3) symmetry and
the model of nucleon associations. In Sec. 5, we give exam-
ples of the analysis of the residual AN interaction using de-
tailed information about the excitation spectra of light hy-
pernuclei. Section 6 is devoted to = hypernuclei and the
problem of ZA conversion.

To conclude this introductory section, we consider the
weak-coupling approximation, to which we shall frequently
return in what follows. This approximation is based on the
assumption that the influence of the A hyperon on the nu-
cleon core is small and that the wave function of the hyper-
nucleus 4 Z has the form of the direct product of the wave
functions of the nuclear core *! Z in a state with energy E,
total angular momentum J,, parity 7, and isospin 7 and the
A hyperon moving in the average field of the nucleus:

|3Z, H=[1*""2, E, J%, D) ® | (nlPNaMimy iy ()

For the analysis of experimental data, this approximation is
a very convenient initial approximation, since it requires
minimal information about the structure of the nucleon core
and frequently makes it possible to obtain not only a qualita-
tive but also a quantitative description of the hypernuclear
spectra. The deviations from the predictions of the weak-
coupling approximation are of particular interest, since they
are associated with mixing of the functions (5) of the zeroth
approximation and are, therefore, an important source of
information about the hyperon—nucleon interaction.

1. PRODUCTION OF HYPERNUCLEIINTHE(K —, 77)
REACTION

The possibility of producing hypernuclei under control-
lable conditions is the great advantage of the (K —, 7 ) reac-
tion: For a special choice of the kinematics (large momentum
of the incident kaon and small momentum transfer from the
K ~ tothe 7~), the single-step strangeness-exchange mecha-
nism is dominant, in which one of the neutrons is replaced by
a A hyperon with minimal disturbance in the motion of the
remaining nucleons of the nucleus. With the accumulation
of experimental information, it became clear that the excita-
tion spectra of light hypernuclei in the * Z(K —, 7~ )4 Z reac-
tion admit in many cases a simple interpretation in the
framework of the weak-coupling approximation, when the
hyperon and nuclear degrees of freedom (the motion of the
hyperon in the field of the undeformed nucleon core and the
excitation of the nuclear core) in the wave function of the
hypernucleus factorize. The single-step strangeness-ex-
change mechanism ensures a definite correlation between
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the hyperon and nuclear excitations, essential use of which is
made in the interpretation of the experimental data.?*

Amplitude of the (K —, ) Reaction in the Distorted-Wave
Born Approximation

Analyzing the mechanism of hypernucleus production
in the (K —, ) reaction at small momentum transfers,
Hiifner et al.*® gave a justification for using the distorted-
wave Born approximation (DWBA). Following Ref. 46, we
consider the standard derivation of the expression for the
amplitude of the reaction (1).

For large momenta of the initial kaon and final pion and
small pion emission angle, the Glauber approximation is val-
id,*” and the amplitude for production of the hypernucleus

4 Z in the state | ) can be written in the form
My = { deie ¢ | T (v) | o). (6)

Here, |{) is the initial state of the target nucleus, and
q = p, — Px is the momentum transfer. The profile function
I'(b,xy, . .., %, ), which depends on the impact parameter b
and on the coordinates x,, ..., x,; of the nucleons of the
target nucleus, can be expressed in terms of the profile func-
tions of the binary processes K "N—K ~N, K "n—wr—A
and 7~ N—»nr~N:

n-1
T (B %55 e 1 A>~2 ![(1—Fh(h—x})

=1 i=

A
*Tra(b—x,) || (1—Tx(b—xy)
J=n-+1
The profile functions 'y, Ik, , I, are related to the corre-
sponding amplitudes of the elementary reactions f ., fx. . />
by

I (b) = | a0 (a),

where k is the c.m.s. momentum of the initial particles.

Since the considered values of ¢ are small compared
with the momentum that characterizes the scale of apprecia-
ble variation of the amplitudes f, and fi (g, ~1 GeV/¢),
the dependence of the latter on g can be ignored:

Facey (@) = faez) (0) = 4 Oacay (1 +i%agr))-

Here, o, and oy are the total cross sections of the #~ ¥ and
K TN interactions, and @x) = — Re fx,(0)/Im £, (0).
In the charge-exchange amplitude at small g there is no spin-
flip term, since it vanishes for collinear momenta of the kaon
and pion.

The next approximation is to go to the optical limit in
the calculation of the matrix element { f|I” (b)|{}. After inte-
gration over the coordinates of all the nucleons except the
one on which the charge exchange K ~ + a—7~ + A4 oc-
curs, the amplitude is reduced to the form

M;ij= fra Y &3 (f | u (x) | 1)

X exp [1(]\— Uf‘ (I —imy) R p(b, 2)ds
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where fi(x) = {b,}‘ (x)1, (x) is the operator that lowers the U
spin, i.e., transforms the neutron into the A hyperon; p(b,
z)=p(x) is the nucleon density. The result obtained is the
amplitude of the reaction (1) in the DWBA?;

Mig= Fiea | @l () 2L (5) (f 1 i) 1 0, (7)

P

where the meson wave functions are determined by means of
the eikonal formula

o(hb, z')d‘z’)J,

e

A (%) —_exp[ + (ipx—w %0 (1 F ix)

One can arrive at the expression (7) without recourse to
the Glauber approximation if the meson wave functions are
determined by the optical potentials of the meson—nucleus
interaction.?®* Such an approach is used, in particular, to
describe the (K —, 7~) reaction “at rest.””*® The accuracy of
the DWBA for the (K —, 77 ) reaction was discussed in Refs.
29, 48, and 49. According to Refs. 29 and 49, the corrections
to the differential cross section do/d2dE calculated in the
DWBA can change the result by several tens of percent. The
experimental data agree with the calculations to within this
error (see Secs. 2 and 5).

Coherent and Quasifree Transitions

We consider the structure of the matrix element
{ f|é(x)|?) in the shell model. The action of the neutron anni-
hilation operator on the state vector of the target nucleus can
be represented in the form

Py (x) [ =’_§“_giﬂjlpnrj(x) | &), (8}
where the sum is over all states & of the nucleus # ~'Z and
the neutron shells rfj {for simplicity, the coefficients of the
vector addition of the angular momenta and isospins are
omitted); ¥, (x) are the wave functions of the neutrons in the
state nlj; gk, are the fractional-parentage coefficients (the
spectroscopic amplitudes of neutron separation in the state
nlj). We take the state vector of the hypernucleus in the
weak-coupling approximation (5):

[ =1ke) & [ (malaja)a).
Thus, we have

(f I 'E-I; (‘ 1| n (k) | 1> = “ Ulp-nl'j (‘:) q):‘yﬂ\j‘\ (X)v (9}

where @, ; . (x)is the wave function of the A hyperon in the
state (n, /., ). To illustrate the part played by the various
terms on the right-hand side of (9), we replace for simplicity
the meson wave functions by plane waves. Then the ampli-
tude M; determined by (7) takes the form

J'\i’

Tip ()= F o> _‘_gﬁfbl AL Jo Ias Jas L)CJ M [ oo Lar (0/g)

LM alim

R;{:\\)t'\ji (r)jz (gr) RUL () dr, (10)

Sty

where R ') and R, , , are the radial wave functions of the

neutronand the A hyperon; 4,(1,/,1, ,j, ,L )is the coefficient
that arises on the addition of the angular momenta and iso-
spins, the explicit form of which is not important for what
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follows (for more details, see Refs. 29 and 50). For ¢ =0,
only the terms with L = O make a nonvanishing contribution
to the right-hand side of (10). In addition, the absence of
spin-flip components in the amplitude of the elementary re-
action leads to the equation j; =j. Such n—A transitions
(1, =1,j, =Jj)aresaid to be coherent, or recoilless, and also,
by analogy with elastic scattering by nuclei, quasielastic; to
indicate the shell in which the coherent transition takes
place, we use the notation (nlj, (n4j)~")%; . The contribution
of the coherent transitions to the differential cross section
for production of the hypernucleus 4 Zis proportional to the

square of the form factor F(g) =J R 2(riol gr)R G (r)dr
(1]

nij

and decreases with increasing momentum transfer.

The transitions as a result of which the A hyperon
occupies a state with quantum numbers #,/,j, different
from the quantum numbers nlj of the initial neutron are
called quasifree transitions and are denoted by
(malajas ()™ N5, . The quantity L = |[I — I, | determines
the nature of the ¢ dependence of the contribution of a quasi-
free transition to the differential cross section for production
of the hypernucleus (see below). Quasifree transitions recall
inelastic scattering by nuclei, but, in contrast to the nucleon,
the Pauli principle does not extend to the final A hyperon,
and therefore these transitions can compete with the coher-
ent transitions at momentum transfers comparatively small
compared with gg.

Meson-Nucleus Interaction in the Initial and Final States. Sum
Rule for Differential Cross Sections of the Reactions for
Angle 0°

The total cross sections of the K ~¥ and 7~ N interac-
tions at momenta 0.5-1 GeV/c have the order of magnitude
of several tens of millibarns, so that the mean free path of
K — and 7~ in nuclear matter is about 2 F. Thus, only neu-
trons lying in a narrow annular layer near the surface of the
nucleus participate effectively in the strangeness-exchange
reaction. We consider the differential cross section of the
reaction (K —, 7~ ) at angle (°, integrated over all final states
of the hypernucleus:

do _ doK"n-:rl‘A
ey 9:0°—N°" ag " (11)

Here, N, the total effective number of neutrons, can be
calculated theoretically by means of a sum rule.*® This sum
rule follows from Eq. (7) if we ignore the weak dependence of
p.. on the energy of the final states | ) and use the complete-
ness relation for the system of hypernuclear wave functions:

2The concept of quasifree interaction in the (K ~, #~) reaction was pro-
posed by Dalitz and Gal™ as a simple interpretation of the hump in the
energy dependence of the cross section do/df2d E at high excitation ener-
gies (above the region of coherent transitions). Using the Fermi-gas mod-
el to describe the nucleons of the target nucleus, they found a connection
between the mean energy transfer in the (K ~, 7 ) reaction to the depth
of the hyperon—nucleus potential &/, and the momentum transfer g.
Since at large ¢ the quasifree interaction is dominant, the concept “quasi-
free” acquired the meaning of an “alternative to coherent,” and in this
meaning it began to be used not only for transitions to continuum final
states but also to characterize transitions to discrete and quasidiscrete
hypernuclear levels.
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Now = @20 (x) 195 () 2 () 12 (12)
If the eikonal approximation is used for the meson wave
functions, the expression {12) becomes

N o =2 d2(0x— o) {exp (—ax T (b))—exp (—a=T (b)),

+ e
where T'(b) = J plb, z)dz, Jd 2bT (b) = 4. In the absence

of absorption, as one would expect, N is equal to the total
number N = 4 — Z of neutrons in the target nucleus. If we
set o, = ox =0, then Ny = (N /A)fd *bT (bje =" ™. The
value of N, was calculated in Refs. 35, 48, 51, and 52 and
was measured for nuclei with 4 = 6-209 by the Heidelberg—
Saclay-Strasbourg collaboration.”® The experimental data
are give in Table II together with the results of Bouyssy’s
calculations®; it should be noted that good agreement
between the theory and experiment is obtained only when
realistic functions of the nuclear density p(r) are used.

Although allowance for the meson—nucleus interaction
is important for calculating the absolute magnitude of the
hypernucleus production cross section, the g dependences of
the intensities of the coherent and quasifree transitions in the
outer shells retain the qualitative behavior established in the
plane-wave approximation for the meson wave functions
(see Refs. 46 and 50).

Main Features of the Excitation Spectra of A Hypernuclei in
the (K —, 7—) Reaction at Small Momentum Transfers. The
Relationship Between Quasielastic and Quasifree
Transitions

The differential crosssections do/dQdE |, , ,- of there-
action (1) on the nuclei °Li, 'Li, °Be, '*C, °0, *’Al, **S, “°Ca,
Sly 89y 209Bj were measured at CERN by the Heidelberg—
Saclay—Strasbourg (HSS) collaboration (Refs. 33, 34, 41, and
53) and at BNL by a Carnegie-Mellon-MIT-Houston colla-
boration on the '2C, *C, N, *0 nuclei® in a wide range of
hypernuclear excitations E. Figure 3 shows the experimental
data on the hypernuclei *C, 7Al 3'V, 2”Bi; for conve-
nience of comparison, all the hypernuclear spectra are given
in the common energy scale of the transition M, — M,
the mass difference of the hypernucleus 4 Z and the target
nucleus 4 Z, and for each hypernucleus we have given the
energy of the A hyperon relative to the ground state of the
nucleon core: E, =M,,. —m, — M, _, (the scale of the
binding energy B, = — E, is frequently used). Depending
on the momentum of the kaon beam and the mass of the
produced hypernucleus, the momentum transfer g is in the
interval 50-80 MeV /c.

A characteristic feature of the exhibited spectra is the
presence in each of them of a peak at M. — M, = 190-196
MeV, this peak being particularly pronounced in light nuclei
(2C). It follows from what was said above that these peaks
must correspond to coherent transitions in the principal
(closed or nearly closed) outer shell: (1p;,,, 1p5,, )3, in the
case of 2C, (Idsyz, 1d 5,57 for AL (1fy /2 1f 3, )57 for {1V,
and (17,35, li53 %)% for 2°Bi. The fact that the correspond-
ing transition energies exceed the A-hyperon—neutron mass
difference m, — m, = 176 MeV by the amount AE = 14—
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TABLE 11. Differential cross sections do/df2 of the (K ~, ™) reactions on nuclei 1 Z for
kaons with momentum py, total effective neutron numbers N, and effective neutron
numbers N 5 for coherent transitions (references are indicated by square brackets).

Experiment (Ref. 53) Theory (Ref. 52)
A y
4 }D,l)i(ﬂV/C dg coh
aQ | a=0° New Megr N
SLi 790 3,6+1.0 1,5+0,4 1,50 1.16
Li 720 3.44+1,0 1.5:40.4 1,68 1,14
Li 790 4,4+1,2 1,840,5 1,58 1,14
Be 720 3,541.,0 1,54-0,4 1,86 1,28
9Be 790 3.8+0.,9 1.6+0.4 1,86 1,28
2,0135
G 720 3,84+1,0 1,7+0,4 1,67[ ] 1,08
2.2 [35]
1,80 [48]
180 720 3.941.3 1,740.6 1,97 1.24
2.3 (35]
2TAL 720 7,8-2,3 3.5+1.,0 2,35 1,10
328 720 5.641,6 2.5640.7 2502 1,17
2,8 [35]
HCa 790 4,94£2,0 2,1+0.8 2,40[ 1.04
310[35]
3.54 [48]
S1y 720 3,014 1.340.6 2,70 1.15
8y 720 4.84+3.9 2,4+£1.7 3.9 1.08
209§ 640 10.54+3.7 5,041.8 7,00 1.01

20 MeV, which is close to the difference between the depths
of the potentials of the nucleon-nucleus and hyperon-nu-
cleus interactions (Uy — U, =~20 MeV), strengthens such
an interpretation. As will be seen from what follows, the
identification of these peaks with coherent transitions is di-
rectly confirmed by the ¢ dependence of their excitation
cross sections.

In accordance with what was said above, in medium
and heavy nuclei coherent transitions in inner shells are sup-
pressed by the strong absorption of the mesons by the nu-
cleus. In addition, the hypernuclear states produced by co-
herent transitions in the inner shells have a strongly excited
nucleon core. The width I™* of their decay through rearran-
gement of the nuclear core is determined by the width of the
corresponding neutron—hole state of the nucleus” ~' Z, and
this width increases rapidly with increasing 4. Therefore,
coherent transitions in inner shells can be well observed only
in light nuclei (see below); in particular, in the excitation
spectrum of C at E, ~10 MeV the contribution of a
(181, 1s,')% coherent transition can be noted.

The theoretically calculated values of the contribution
of the coherent transitions to N ¢ are given in Table IL,° and
in Fig. 3 they are shown by the broken curves. Thus, the
effective number of neutrons that participate in the quasi-
elastic transitions is close to 1 and depends weakly on A; at
the same time, the importance of the quasifree transitions
increases with increasing A, and in heavy nuclei they pre-
dominate over the quasielastic transitions even at compara-
tively small ¢.°1+>2

Determination of the Quantum Numbers of Hypernuclear
States from Analysis of the g Dependences of their Excitation
Cross Sections. Spectrum of the Hypernucleus °C

The interpretation of the resonance structures in the
energy dependence of the cross sections of the (K —, 77)
reaction presupposes determination of the quantum
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numbers of the hypernuclear states, which is complicated by
the fact that peaks may arise through the superposition of
several transitions to different hypernuclear states. The de-
pendence of the cross section do/df2dE on the momentum
transfer g is the characteristic whose investigation permits
solution of the posed problem. It is here in no way unimpor-
tant that such an analysis does not require detailed knowl-
edge of the hyperon-nucleus and hyperon—nucleon interac-
tions and, therefore, may precede their detailed study.

An example, the excitation spectrum of the hypernu-
cleus }Catg = 70MeV/c, is shown in Fig. 3. The position of
the peak at E, = — 11 MeV coincides in energy with the
#C ground state (the binding energy B, = 10.8 MeV is
known from emulsion experiments (Ref. 2).3' To the reso-
nance with minimal excitation energy there must corre-
spond the quasifree transition (s, 5, 1p5,')4,, and therefore
the ?C ground state has the quantum numbers J* = 1~
since J” = 0" for }’C,,. In Fig. 4, the result of the theoreti-
cal calculation® of the cross section do/df2 is compared
with the experimental data obtained at BNL.?* Apart from
an overall normalization factor, the two g dependences are
similar.

We now consider the peak at £, = 0MeV, at which, as
we noted above, the quasielastic transition (1ps,,, 1p5,, )5}
is dominant at small g; the resulting hypernuclear state has
quantum numbers J7 = 0*. The experimental data on the
dependence of the differential cross section do/df2 on the
pion emission angle in the region of the considered peak do
indeed agree with the theoretical curve calculated for a co-
herent transition (see Fig. 4) for ¢ = 150 MeV /c. With further
increase in the momentum transfer, the sharp decrease in the
cross section becomes less steep. Analysis of ths fact leads to

YIn the weak-coupling model, the structure of HC,. s Ye (37
27)®(1sy)3)4, ie., for the total angular momentum and parity J7 one
can expect the valuesof 1~ or 2.
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FIG. 3. Excitation spectra of A hypernuclei in the (K —, 77) reaction at
§=0" and pp =720 MeV/c (C, ¥AL J'V) and p, =690 MeV/c
(**’Bi).>* The broken curves are the contribution of the coherent transi-
tions.

the following conclusion®*: The peak in the region of E, =0
MeV is the result of superposition of the coherent transition
(1932 1p52)%f  and  the  quasifree  transitions
(1p3/2 1ps,2 )5+ and (1p, 2, 1p5;2 Van - The quasifree transi-
tions lead to the production of two hypernuclear states with
quantum numbers J” = 2", separated by a distance less
than the experimental resolution (2 MeV). (In the weak-cou-
pling model, these states have the structure
[llcgs ®(1p3/2)a lir =24 and [ 1C s®(191/2)aLir—2 4+ ) The
transition 0" —2" requires a change in the angular momen-
tum L = 2, and the maximum of its intensity is attained at
g~~200 MeV/c (se¢ Fig. 4). Thus, by varying the momentum
transfer, it is possible to change the relative intensities of the
excitation of the various states. In the case of °C, it is possi-
ble to obtain bounds on the splitting of the closely spaced
levels:
| E(27) — E (07) | << 0.42 MeV;
E (2)—E (23) | < 0.82 MeV.
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FIG. 4. Dependence of the differential cross section for production of the
hypernucleus }2C on the pion emission angle § (momentum transfer g) for
the ground state {a) and for the peak with excitation energy E = 11 MeV
(b).2* The broken curves are the result of the theoretical calculation of Ref.
54 (normalization using the experimental data), and the continuous curves
are the contributions of the (1p, 1p~ "% ** transitions.

We note that because the spin-flip terms in the elemen-
tary amplitude are small (see above), the transitions with
non-natural parity, w#( — 1), are suppresscd and there-
fore the transitions (1p55, 1p52 )5 2+ and (1p, 5, 1p32 )
are not observed.

Excitation Spectra of Light Hypernuclei in the (K —, 77)
Reaction at Small Momentum Transfersin the Weak-Coupling
Limit

As follows from the results given above, coherent tran-
sitions are dominant in the excitation spectra of light nuclei
at small momentum transfers g. In the weak-coupling limit,
the produced hypernuclear states have the structure

14712, Jx, &} @ | (R)a)]i—s yt1ytsp0
v

where the nucleon core *~'Z(f%, @) is a neutron—hole
(nlj),” " state of the target nucleus. The * —! Z excitations are
characterized structurally by the coefficients gi’,j-’a
={1"1Z, Jy, al|a, ()| Zs) (see Eq. (8)), which arise
when the wave function of the target-nucleus ground state is
expanded with respect to a complete system of functions of
the daughter nucleus. The fractional-parentage properties of
1p-shell nuclei have been well studied**%; they were consid-
ered in great detail in connection with the quasielastic
knockout reactions (p, 2p), (p, &), (e, ep). The fractional-
parentage coefficients calculated with realistic wave func-
tions make it possible to find the probabilities for the produc-
tion of a nucleon hole in different shells and to determine the
fragmentation of holes belonging to definite shells. The de-
gree of correlation of the spectrum of the neutron hole levels
with the structure of the observed hypernuclear excitations
can be used as a criterion for the applicability of the weak-
coupling approximation. Thus, hypernuclear spectroscopy
is intimately related to the parentage of the nuclear states.
The importance of this was first pointed out by Balashov.*°
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As an example, we consider the °Li(K ~, 775 Li reac-
tion. The °Li—sn +°Li fractional-parentage scheme is
shown in Fig. 5. Production of a neutron hole in the 1p shell
of ®Li leads with probability 2/3 to production of the °Li
ground state (3/2 ), and with probability 1/3 to the *Li(1/
27 ) state. In shell models without allowance for coupling to
the continuum, the distance between these levels is less than
1 MeV (Ref. 56).%

The neutron hole excitations (1s~'), of the nucleus ®Li
lead with the greatest probability to production of a narrow
°Li(3/2%)state with E *16.7 MeV. In the weak-coupling ap-
proximation, the hypernuclear states have the form
*Li(J %)®(nl ), . In Fig. 5, the continuous arrows show the
coherent (Ip, 1p7 "5, and (1s, 1s—")%;" transitions, which
lead to SAS production, and the broken arrow shows the
(1s, 1p~"),, transitions to the low-lying states with
J"=17,27,17,0 .” The distance between the 1s and 1p

shells for the A hyperon in the nucleus is E{((1p-
)4) — E((1s),) = 8 MeV.”” For other nuclei, the transition
schemes are constructed similarly in the weak-coupling ap-
proximation.

We now turn to the comparison with the experimental
data.

In Refs. 58 and 59, the correspondence between the ex-
citation spectra of 1p-shell hypernuclei and the spectra of the
corresponding neutron-hole excitations was analyzed. Fig-
ure 6 shows the spectroscopic factors for separation of 1p-
shell neutrons® and the experimental spectra,®>*"¢ these
being placed on top of each other in such a way that the
strong low-lying peak coincides with the strongest hole exci-
tation of the target nucleus. For all nuclei for which the (K —,
7 ) reaction was studied, one can trace a clear correlation
both in the energy position and in the excitation intensity of
the individual peaks or energy regions. This result confirms

FIG. 6. Excitation spectra of hypernuclei of the 1p shell at
small g. The straight segments are the spectroscopic fac-
tors for separation of 1p-shell neutrons.
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“The appreciable excitation energy £ = 5-10 MeV and the corresponding
large width I"=15 + 2 MeV of the 172" state are the result of strong
coupling to the open “He + p channel.

The § Li ground state with £, = — 4.5 MeV (Ref. 41) is unstable with
respect to the strong decay & Li—, He + p and has not been observed in
emulsion experiments.
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the correctness of the weak-coupling hypothesis, since oth-
erwise a strong difference between the spectra would be ob-
served. Use of the experimental spectroscopic factors ex-
tracted from the ( p, d ) reaction makes it possible to predict
the excitation spectra of the hypernuclei B, {'B, }'C, ’N.®

On the other hand, the realization of the weak-coupling
limit makes the use of the (K —, 77 ) reaction to study neu-
tron hole states at small momentum transfers particularly
attractive. Earlier, these states were studied in the( p, d ) neu-
tron-pickup reaction at comparatively large momentum
transfers g 2 150 MeV/c, at which the search for high-lying
(1s5-hole) excitations is difficult on account of fragmentation
of the residual nucleus. In Ref. 41, the excitation spectra of

FIG. 7. Energy dependence of the differential cross sec-
tions do/df2dE of (K —, ) reactions on light nuclei at
@ =0°. The hatching indicates the contribution of the
(1s, 1s7 "% transition.*!

the hypernuclei § Li,  Li, } Be, 2C (Fig. 7) were used to de-
termine the 1s-neutron binding energy B, (1s) and the width
I, of the neutron hole state. The resonance with the highest
excitation energy is identified with the state ((1s7'),, (15)4 )-
The standard procedure (with allowance for the experimen-
tal resolution) gave the position and width of the resonance,
and the binding energy B, (1s) was found from the relation

M (82)— M (*Z) =B, (15) — B (15) +ma —m,,

where B, (1s) are the known A-hyperon binding energies.
The results agree well with the data on the ( p, 4 ) reaction,
and also demonstrate a clear similarity with the parameters
of the proton hole states®! (Table I1I). As was shown in Ref.

TABLE I1I. Energies B, and widths I, of neutron hole states (1s™"), determined from
data on 4Z (K —, 7~ )3 Z reactions,*' compared with the parameters of the proton hole

states (1s71),.%'
M, —M,,
4q Me“‘; 4 B,, MeV ’ r,, MeV ‘ B,, MeV ’ I,, MeV
SLi 195,5+0.,5 24 .040.5 0,7+1,0 21.4 1,2
7Li 197,94-0.5 96,6-0.5 1.61.5 25,5404 5.9
‘Be 199,0+1.0 29.7+1,0 5,042,0 25,4--0,5 6,3
g 204.5+1,5 39,3+1.5 9,0+2,0 24,0420 9.2
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62, allowance for the dependence of B, on the excitation of
the nucleon core reduces the given values of B, (1s) by 2-3
MeV, so that at the end the difference B, (1s) — B,(1s) is
close to the Coulomb correction AB°.

2. STRUCTURE OF HYPERNUCLEI IN THE CLOSED-SHELL
APPROXIMATION

It is expedient to begin the analysis of hypernuclear ex-
citations in the * Z(K —, 7 )4 Z reaction with nuclei having
doubly closed (subjshells. In this case, the excitation spec-
trum of the nucleon core has the simplest form, so that the
corresponding hypernuclear excitations can be described in
terms of particle-hole configurations |1p — 1% ).**°! The
hyperon and nuclear degrees of freedom are described, re-
spectively, by the hyperon-nucleus and nucleon-nucleus
potentials, and a coupling between them is introduced by
means of a residual-interaction potential. The small number
of important configurations makes it possible to take into
account their mixing and thus establish the limits of applica-
bility of the weak-coupling approximation.

Closed-Shell Approximation. Particle-Hole Excitations

A model of hypernuclear excitations in the closed-shell
approximation was proposed in Ref. 29 and was successfully
used to describe experimental data on the excitation spectra
of 'C, O, ¥’8, {7Ca,**¢5! which provided a good possibil-
ity for determining the parameters of the hyperon-nucleus
potential and the residual AN interaction.

Following Refs. 37 and 51, we consider the main ele-
ments in the model of particle-hole hypernuclear excita-
tions,

Basis Functions. The basis functions are direct products
of the single-particle wave functions of the A hyperon and
the nucleon in the hyperon-nucleus and nucleon-nucleus po-
tentials. The hyperon-nucleus potential contains central and
spin—orbit parts of Thomas type:

VA—VE+VES VE=Uap () 4
1
VS UES Lo s. (13
nizr dr
The central part is the Woods—Saxon potential:
o(r)=[14exp ((r—a)/b)]1;

| (14)

a:ra.—l 5 J"0=1..1 F A b:0,6 F.

The parameters U, and U%” are free. The nucleon—nucleus

potential is the standard shell-model potential (the energies

of the neutron—hole states are taken from experiments).
Configuration Mixing. The residual interaction is diag-

onalized on the basis of the functions corresponding to the

configurations [(n'lf) 4, (ndf), '],

(15)

where the value of v, is matched to U, by means of the
condition

Viw =000 (xa —x5) (1 + a2p050y),
Ug-=n, 5 o (r)r*dr,
0

and the parameter @, is free. Data on the binding energies of
the ground states of light hypernuclei®® and on low-energy
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Ap scattering® reveal a weak spin dependence of the residual
interaction (¢, = — 0.05), and a result of a similar order of
magnitude also follows from analysis of the splitting of the
0" and 17 levels of the hypernuclei ,H and %He
(@), = —0.13)."

Excitation Cross Sections. The resulting hypernuclear
wave functions were used to calculate the cross sections of
the (K —, 7~) reaction on the >C, '°0, 3?8, “°Ca nuclei in the
impulse approximation with distorted waves. From the con-
dition of best agreement between the theoretical cross sec-
tions and the experimental data, the following values of the
parameters were found:

Up=(32 £ 2)MeV; UL = (44 2)MeV; o, —

= —0.05 =4 0.10 [37]. (16)

The corresponding parameters for a nucleon are
Uy =~ 50MeV; Uy = 20MeV; ay = 0.3.

Asis shown in Fig. 8, the theoretical calculation agrees well
with the experimental data of the Heidelberg—Saclay—Stras-
bourg collaboration.**** The most important result of the
analysis is the conclusion that the spin—orbit hyperon—nu-
cleus interaction is weak compared to the central interac-
tion, since it followed from early analyses of the binding en-
ergies of the ground states of p-shell hypernuclei that the
spin—orbit potentials for the nucleon and the A hyperon in
the nucleus must be similar in order of magnitude.'*

Intensity of the Hyperon-Nucleus Spin-Orbit Interaction.
Excitation Spectrum of the (0 Hypernucleus

One of the ways of determining the magnitude of the
spin—orbit interaction is to study the energy splitting of co-
herent excitations in the shells nfj (j = I 4 1). It was used by
the HSS collaboration to analyze data on the
O(K —, 77) O reactions at p, = 715 MeV/e. Two strong
peaksatE, = —3MeVand E, = 3 MeV in the differential
cross section do/df2dE (Fig. 9) are identified in the weak-
coupling approximation with the quasielastic transitions
(1pa/2 1ps2 )5 and (1py )5, 1,515 . The distance AE = 6
MeV between these peaks is equal to the energy splitting
E((1p;;).) — E(( 1p57),) = 6 MeV of the neutron holes.
From this it may be concluded that for the A hyperon in the
nucleus the spin—orbit potential is much weaker than for the
nucleon. >

Note that the distance between the two peaks at
E, = —14MeVand E, = — 8§ MeV must also be equal to
the splitting £ ((1p5,5),) — E((1p1,2),) = 6 MeV. The first of
the peaks corresponds to a quasifree transition to the state
HO(17) = '%0 gs ®(1s,,,) 4 , and the second to the quasifree
transition (s, 1p5,;' )4, . Both states have quantum
numbersJ” = 17, and their excitation cross section must, in
contrast to the excitation cross sections of the coherent
peaks, increase with increasing momentum transfer g, and
this is confirmed by the experimental data.3***

Thus, the main features of the excitation spectrum of
the hypernucleus ,°O (splitting of certain levels) find a simple
explanation in the weak-coupling model. The accuracy of
this model is limited by configuration mixing. In particular,
mixing effects influence the relative intensity of the quasi-
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tions.

elastic transitions. The experimental ratio of the excitation
cross ‘sections of the 0" states with £, =3 MeV and
E, — 3 MeV is 3 + 0.5, whereas if meson absorption
and mixing of the |(1p3/)s» (123/2)s, 0F) and |(1py)2)a,
(12772, 0™ configurations is ignored, the ratio of the inten-

Mnuc —-M,, MeV

>

160 180 200 220 240 260
T T T T T l
J00 - -1
(P29 P32 ) r d
L %o
200 |-
. (1024 772 ),1(7
ﬁ 00+ (52,1050 000
g e Wit b
g ; PRt iyttt Mgt
T plua ittt ! L . \
ks .. -20 [ 20 40 50 p!
5 31%7 I~
£ -1
E (1521 7572 )41y 400y
A
Z
“r . (12 5
(131201572 30
o0 L (1P1/211g.3};);1n ||i|| | 1]
i * “H|HHH|§H oy ' Hy
I bR Mt W
1t
h“li*H'!‘ } i
| Il ! | 1
-20 a 20 40 64
£ 4, MeV
371 Sov. J. Part. Nucl. 15 (4), July-Aug. 1984

sities of the quasielastic transitions in the 1p;,, and lp,,»
shells at ¢ = 0 must be equal to the ratio of the numbers of
neutrons in thse shells (2:1). If we limit ourselves to just these
two configurations, the experimental ratio of the cross sec-
tions can be reproduced for the following choice of the exact

FIG. 9. Excitation spectra of the hypernuclei YO and ¥’Ca in the (K —,
7~ ) reaction at § = 0° and p, = 715 MeV /. 3334
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wave functions of the 0™ states®

| 07y =cos0 | (1pajz)a, (1p3/2)n, 09—
—sin® | (Ipy2)a,  (1pgia. 0%

105) =sin® | (1ps/)a,  (1p52)ns 0D+
+C’050 | (1P1/2)A= (1pa;u)na 0+>7

where 6 = 0.32. Weak mixing is equivalent to a weak influ-
ence of the residual interaction on the level splitting. There-
fore, in a first approximation, the latter is equal to the sum of
the spin—-orbit splittings of the corresponding neutron-hole
and A-hyperon states.

A detailed analysis of the experimental data on the exci-
tation of 0% states of the hypernucleus }*O with allowance
for configuration mixing was made in Ref. 65. The energy
splitting A £ and the ratio p of the excitation intensities of the
0™ states obtained after diagonalization of the residual inter-
action on the basis of the states |(1p,,5)4, (1p,,"),, 0*) and
[(1p3/2)a s (1P5/2),, 0" ) were calculated as functions of the
spin—orbit splitting AZ of the basis states for different forms
of the residual AN interaction. In Fig. 10, the experimental
data are compared with the results of the calculation for
single-particle oscillator wave functions (wy = 1.44w , ) and
the residual interaction

VAN:UU§ (XA*XN) (1_Ex+€:rp:r)s Ex=0-25' {17)

The experimental splitting AE agrees with the calculated
value in two A intervals. The interval 4.7 < A < 6.1 corre-
sponds to the case when the hyperon-nucleus spin-orbit in-
teraction is much weaker than the nucleon—nucleus interac-
tion. If — 8.3 <A4f < — 5.9, then the spin—orbit potential for
the A hyperon is approximately twice as intense as the nu-
cleon-nucleus potential and differs from it in sign. Compari-
son with the admissible A values for which the observed
ratio of the excitation cross sections is ensured rules out
the second possibility; therefore, AL =54 +0.7 MeV,
Hence, the intensity of the spin—orbit interaction is found to
be
U4 = (2 4 2) MeV.

This conclusion is unchanged by variation of the form of the
residual interaction (see also Ref. 36).

A similar analysis of the excitation spectrum of the hy-
pernucleus 3’Ca confirms the results (see Fig. 9). The energy
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splitting of the 0™ states produced as a result of the quasi-
elastic transitions (1ds 1d 5,15 (E4 =0 MeV) and
(1dssy, 1d 554 (E = 5 MeV) agrees with the energy differ-
ence of the neutron-hole states (14 ;;,), and (14 1), in the
*Ca nucleus: AE = 5 MeV.*

Energies of the A-Hyperon Shells and the Central Part of the
Hyperon-Nucleus Potential

An estimate of the intensity of the potential of the cen-
tral A-hyperon-nucleus interaction using the binding ener-
gies of the ground states of light hypernuclei and the upper
limits for the binding energies of heavy hypernuclei gives the
value U, ~30 MeV,® i.e., about 3/5 of the corresponding
quantity for the nucleon-nucleus potential. If the motion of
the A hyperon is indeed determined by an effective field pro-
duced by the nucleons of the nucleus, then the distance
between the A-hyperon shells must correspond to the value
of U, given above. As was noted by Wilkinson (see Ref. 66),
the question of the existence of an effective field for the A
hyperon is important for understanding the nature of the
quasiparticle excitations in the nucleus (in the shell model,
the existence of an effective field for the nucleons is to a large
degree ensured by the Pauli principle).

The shell structure of A hypernuclei was considered in
the weak-coupling approximation in Ref. 34. The distance
between the 1s and 1p shells for the A hyperon in the hyper-
nucleus 'O (see Fig. 9) is determined from the energy differ-
ences of the transitions (15,5, 1p5,,' )4, and (1p50, 1p52).1,
or (1s, 5, 1p15' )4, and (Isy5, 1p7))% and is 11 MeV, ap-
proximately half the corresponding value for the nucleon.
Another example is the distance between the 1p, 14, and 1f
shells in the “°Ca hypernucleus 1dent1ﬁed from the transi-
tions (1py, 1d 5, 32 e v (s 1d 550050, (1ds/5, 1d 57515
and (1f5/,, 1d ;7,'),7 ; it is approximately 9 MeV, whlch is
again close to half the distance between the nucleon shells.

Detailed calculations of the excitation spectra of hyper-
nuclei in the (K ~, 77 reaction®’ confirm the possibility of
using a local single-particle A-hyperon—nucleus interaction
potential to describe the hypernuclear excitations with the A
hyperon in different shells. The accuracy of such a descrip-
tion, in which the single-particle levels and the wave func-
tions are generated by a potential that does not depend on the
states of the A hyperon, is limited, in particular, by the ef-
fects of polarization of the nucleon core.®®” In connection
with the possible existence of an effective field for the A hy-
peron, it is of great interest to investigate the structure of
hypernuclei with a deformed nucleon core.®” The connection
between the hyperon-nucleus interaction and the elemen-
tary AN interaction was considered in Refs. 3, 68, and 69,
The energies of the A-hyperon shells were calculated for dif-
ferent single-particle potentials in Refs. 49 and 70.

3. LOW-LYING EXCITATIONS OF LIGHT HYPERNUCLEI

The hypernuclear states with the A hyperon in the 1s
shell are the simplest from the point of view of describing the
hypernuclear degrees of freedom, and therefore the AN in-
teraction can be investigated in this case in some detail. In
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the weak-coupling approximation, the wave functions of
such states have the form®

142, J, ay=[1 "2, @} @ | (1852) )] (18)
Here, a denotes the quantum numbers of the nucleon core:
a =(E,J %, T). If the residual AN interaction is taken into
account in the first order of perturbation theory, the correc-
tions to (18) must above all include additional excitations of
the nucleon core with a'#a, since the energy intervals
between them are much less than the distance between the
single-particle 1s and 1p levels for the A hyperon in the nu-
cleus:

(42, 4, a3=[|*2, o

A=1 P 7 A—1r _
oy STl B840, 0h) @ | (tsua) )
s (19)

Here, Vo, = ((151/2)4 | Fan |(151/2)4 ) is the residual AN in-
teraction averaged over the A-hyperon density. The effects
of the polarization of the nucleon core due to ¥, play the
largest part for the low-lying collective # ~' Z states. It is
well known>>%%7 that the low-lying excitations of light nu-
clei (of the 1p shell) can be successfully described in the
many-particle shell model with an intermediate type of cou-
pling of the angular momenta. Therefore, the extension of
this model to light hypernuclei is of great importance for the
study of hypernuclei outside the framework of the weak-
coupling approximation.

A many-particle model of 1p-shell hypernuclei was de-
veloped very actively by Gal, Soper, and Dalitz in Refs.15,
16, 74, and 75 (see also Refs. 76 and 77), who investigated in
detail the parts played by the various components of the re-
sidual AN interaction (spin—-spin, spin—orbit, tensor) in form-
ing the spectra of individual hypernuclei. Much attention
was paid to the theoretical study of  transitions between the
hypernuclear levels and of the (K —, 7~ y) reaction.

It is known that a reliable set of parameters of a residual
interaction cannot be obtained without detailed experimen-
tal information on the low-lying excitations; the same ap-
plies to hypernuclei. Therefore, the existing calculations of
hypernuclear spectra must be treated with caution, since it is
difficult to gauge the degree of arbitrariness in them.*® For
example, on the basis of the calculations of Refs. 15 and 16 a
residual AN interaction with a very complicated structure
was proposed, its parametrization being done with
allowance for only the binding energies of the ground states
of the 1p-shell hypernuclei; moreover,the results of the para-
metrization varied appreciably when B, was varied within
the experimental errors. Since the phenomenological param-
eters serve more or less to correct the imperfection of the
model, it is of interest to have different principles for choos-
ing the residual interaction. In particular, a AN potential
with a comparatively simple form satisfactorily describing
the available data on low-energy Ap scattering and the bind-
ing energies of the ground states of hypernuclei was used in
Ref. 77.

'The simplest model of hypernuclear excitations, the model of excitations
of the nuclear core, derives from the work of De Shalit.”"”
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FIG. 11. Spectrum of the levels of the ®Li nucleus and theoretical spectra
of the low-lying excitations of the hypernucleus ’ Li in accordance with
Ref. 74 (a) and Ref. 77 (b). The arrows indicate the strongest y transitions.

We consider as an example of a theoretical calculation
the spectrum of the hypernucleus , Li, which is the first of
the 1p-shell hypernuclei having excited states stable with re-
spect to nuclear decays. It is well known that the wave func-
tions of the low-lying states of the nuclei at the beginning of
the 1p shell can be well reproduced by a single LS configura-
tion: |(1s)%(1p)n *[f1LSIT ).” To classify the corre-
sponding hypernuclear levels, it is expedient to use the LS
coupling scheme. Moreover, this scheme is convenient for
analyzing the (K —, 7~ ) reaction at small momentum trans-
fers, when the amplitudes of the spin-flip transitions are neg-
ligibly small. To the low-lying configurations there corre-
sponds the transition (ls, 1p7');, with selection rules
L, —L;|=1,7 = —m,S; =5;, where L, 7, and § are,
respectively, the orbital angular momentum, the parity, and
the spin of the target nucleus (f) and the hypernucleus ( f).

The spectrum of low-lying excitations of the hypernu-
cleus ’ Li, obtained in accordance with the calculations of
Refs. 74 and 77, is shown in Fig. 11 together with the level
scheme of the nucleon core °Li. Table IV gives the LS struc-
ture of the various , Li states, and also the relative probabil-
ity of their production in the (K —, 7~} reaction at ¢ =0,
calculated in the limit of LS coupling and using the exact
wave functions in the intermediate-coupling scheme.”™ The
target nucleus has 2P,;, as a dominant configuration, and
only 2S and 2D states can be excited in the limit of LS cou-
pling. As can be seen from Table IV, the excitation probabili-
ties calculated for this case differ little from the results of the
exact calculation. As regards the energies of the hypernu-
clear levels, their values vary appreciably from model to
model (cf. Figs. 11a and 11b). It may, however, be expected
that thelevelsJ ™ = 1/2%,3/2%,5/2%,7/2* (T = 0) will be
stable with respect to strong decays.

The doublet of hypernuclear levels (J 7T} = (1/270),
(3/2*0) has a nucleon core with the structure *Lig (Ly =0,
Sy = 1), and therefore the doublet splitting £ (3/20)E (1/
2+0) is determined by the spin—spin AN interaction and is
not very sensitive to the two-particle spin-orbit forces. The
latter may play an important part in the splitting of the levels
(5/27%0) and (7/270), since here the main component of the
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TABLE IV. Low-lying J7 T levels of the hypernucleus , Li. E is the excitation energy,
8+ 1 L is the dominant configuration, w are the relative probabilities of production in the
(K =, m7) reaction at ¢ =0 in the limit of LS coupling (LS} and in the intermediate-

coupling scheme (FC).™

JTr E, McV 251y w (LS) w (IC)
1/2* 0 0 28 5/12 0.360
312+ 0 0.25 ag — 0,001
_ .

5/2¢ 0 1,35 —137- m-isg ip 7/30 0,277
72+ 0 2,87 D —

1/2+ 1 3.45 28 5/36 0,148
32+ 0 |/ % (2D+1D) 1/60 0.022
32+ 1 2D 1/90 0,013
5/2% 1 3 1/10 0,087

nucleon core has the nonvanishing orbital angular momen-
tum L, = 2. Observation of y transitions in the hypernu-
cleus , Li would be of great value for determining the param-
eters of the AN interaction.

Recently, data were obtained at BNL on the (K —,77y)
reaction on the nucleus “Li that indicated the existence of a ¥
transition in the hypernucleus } Li with energy E, =2
MeV." The intensity of the y line agrees well with the theo-
retical value for the transition 5/2+—1/2", and the value of
E, is close to the splitting of the corresponding levels of the
nucleon core: AE (17 — 37) = 2.18 MeV. Earlier, there was
a report'? of observation of a y transition with energy
E, = 0.789 + 0.004 MeV accompanying the (K —, 7~ ) reac-
tion on the nucleus "Li ( py = 1.7 GeV/c), but the theoreti-
cal interpretation of this result is not entirely unambiguous
(see Refs. 74 and 75).

Other examples of spectra of light hypernuclei of the 1p
shell can be found in the review of Ref. 75, in which y transi-
tions between hypernuclear levels are also considered in de-
tail.” The hypernuclei of the 1s shell with 4 — 4 have been
investigated in the framework of an exact solution of the 4-
body problem with potentials constructed on the basis of the
one-boson exchange potential from the studies of Ref. 78.
The Coulomb corrections to the binding energies and the
effects of the violation of isotopic invariance in the hypernu-
clear isodoublet with 4 = 4 were estimated in Refs. 79-81.

It follows from the analysis of the A hypernuclei with
A = 4in the framework of SU (6) symmetry®? that the double
hypernuclei 5, H and %, He apparently do not form bound
states. The possible existence of a ), He hypernuclear isomer
was discussed in Refs. 7 and 83.

4. STRANGENESS ANALOG STATES

We already encountered the simplest examples of
strangeness analog states in Sec. 1 when considering the co-
herent production of hypernuclei in the approximation of
closed nucleon shells. In this case, the hypernuclear excita-
tions have the structure |1p — 1/ ) and the strangeness ana-

"'As was shown in Ref. 75, the distribution of the ¥ rays over the angle of
emission @, with respect to the collinear momenta of the X — and #— can
be used to identify y transitions in the (K ~, # ) reaction.
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log states are states of the type |(n4j), , (nj),~", 0™ (in the jj-
coupling scheme). The present section is devoted to the
description of the SAS structure beyond the approximation
of closed shells. We shall concentrate our main attention on
light 1p-shell nuclei for the following reasons.

1. Strangeness analog states are dominant in the excita-
tion spectra of light hypernuclei at small momentum trans-
fers g (see Table 11).

2. Inlight hypernuclei, the number of particles is not yet
so large as to make many-particle shell calculations a hope-
less undertaking, and, therefore, there is still the possibility
of making a detailed analysis of the hypernuclear structure.

3. The possibility of studying the fractional-parentage
connection between the target nucleus and the various states
of the nucleon core of the hypernucleus in the strangeness-
exchange reaction at small g is of practical interest for the
study of neutron hole states.

4. For reliable identification of y transitions in the
planned y-spectroscopic experiments with light hypernuclei
it is, in particular, necessary to know the spectrum of the
lowly excited secondary hypernuclei produced by the stron g
decays of strangeness analog states.

The strangeness analog states are hypernuclear config-
urations obtained from the ground state of the nucleus,
4Z..\J;), as a result of coherent transitions in individual
shells:

| AZsas)= N2 5 A2 () P ()4 Zs)

a N~VER bt (nljm)a, (rljm)| “Z ) =N~YV2 3 | #Zsas i}
nl

nljm
(21)
| 4Zsas (D) ¢Z b (nljm)a, (nljm} | Azgs) =
am
:J;J_gi%[ 14712 7, ) ® | (), (22)

[Translation Editor’s Note. There is no Eq. (20) in the Rus-
sian article.]

Here, &, (nljm) and b A (nljm) are the operators of annihila-
tion of a neutron and creation of a A hyperon in the single-
particle shell states with quantum numbers n/jm, and g, are
the coefficients of fractional parentage:
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In more detail, suppose we have chosen a suitable basis for
the nucleon states, for example, the basis formed by the con-
figurations |[f], LSTJ). Then the coherent transitions
n—A(L;=L,8S;=8,T; =T+ 1/2,[ f]; = [ f]), generate
for each configuration of 4 nucleons analog configurations
of the system of A = 1 nucleons and the A. Note that, be-
cause of the change in the symmetry properties of the wave
function on the appearance of the particle not identical to the
remainder, there exist hypernuclear configurations that are
not analogs of any nucleon configuration. In general, the
basis nucleon functions and analog configurations are not
identical to the eigenfunctions of the Hamiltonians of the
nucleus and the hypernucleus. If some nucleon configura-
tion is dominant in the wave function of the target nucleus,
then the corresponding analog configurations play the part
of doorway states® in the (K ~, 7 ) reaction at small mo-
mentum transfers. When hypernuclear states containing
these analog configurations with significant probability are
localized in relatively narrow energy intervals, the presence
of the strangeness analog states leads to intermediate struc-
tures in the energy dependence of the excitation cross sec-
tions.

Supermultiplet Structure of the Strangeness Analog States

To go beyond the closed-shell approximation even in
the weak-coupling limit, we require a very detailed descrip-
tion of the state of the nucleon core, this being so primarily
because of the nontrivial symmetry properties of the many-
particle wave function. It is known that the excitation spec-
tra of the light nuclei at the start of the 1p shell have a super-
multiplet structure associated with the important part
played by the Majorana term in the residual NN interac-
tion.* The monopole part of the Majorana forces is the Casi-
mir operator of the group of permutations of the orbital co-
ordinates (within the shell), and this explains the appearance
of the Young tableau [ ] of the orbital symmetry as a good
quantum number. States with different [ /] differ appreciably
in energy and are weakly mixed (this is manifested particu-
larly clearly in the well-known “fouring” effect®). Since the
weak-coupling limit is a good initial approximation for de-
scribing the hypernuclei, the supermultiplet structure must
also be manifested in the properties of the 1p-shell hypernu-
clei.

The part played by the supermultiplet structure in the
production and decay of strangeness analog states for 1p-
shell hypernuclei was investigated in Refs. 86 and 87. In this
case, the coherent transitions lead to excitations of the type
1#w in terms of the oscillator shell model. Since it is neces-
sary to take care to eliminate the “spurious” states when one
is working with 1#iw excitations, the translationally invar-
iant shell model is used.®

Following Ref. 87, we consider first the qualitative re-
sults that are obtained in the approximation of doorway
states (residual interaction switched off).

Formation of Strangeness Analog States. The ground-
state wave function of the target nucleus can be approximat-
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ed by a single configuration:

liy=1(s)x, (p)n, [1LSTT -
To hypernuclear 1fiw excitations there correspond configu-
rations of two types:

| (1s)% (1p)x " (1p)a) Bty . Relp
| (1% (L) (1)) }z’“s)” (Uphy " U] LSl

IA, LiSiJi)'

The amplitude of coherent transition is proportional to
the coefficient of fractional parentage

(s (1p)* T LaSaT 1 s (49)° 7 (49)" 2 (] Loy ST w)-

Thus, fragmentation of the strangeness analog states
over the supermultiplets already occurs in the doorway-state
approximation. For ¢ =0 (without allowance for absorp-
tion) the effective number of neutrons is determined by

T3

Nog ([fn] LySxTn, Ia)=4| Cii:;r'li;“;\;ifﬂfiﬂ |2

<1418 (Ap)* [F:] LiSiTy || Las

J+IA

k-1
(1) (1p) Uil LaSyTw®
For the transition to different supermultiplets characterized
by Young tableau [ f] of the orbital symmetry of the nu-
cleon core and orbital state /, ofthe A hyperon, the effective

numbers of neutrons calculated in accordance with (23) for a
number of 1p-shell nuclei are given in Table V.

(23)

Experimental Observation of Strangeness Analog States in
the (K —, =) Reaction on Light Nuclei

The excitation cross sections of hypernuclei at the be-
ginning of the 1p shell, § Li, ], Li, % Be, 2C, were measured in
the (K —, 7~) reaction at kaon beam momenta py = 720~
790 MeV/c and zero pion emission angle by the HSS group
at CERN*! (see Fig. 7). A preliminary DWBA analysis®’
showed that the weak-coupling model makes it possible to
obtain satisfactory quantitative agreement between the theo-
retical calculations and the experimental excitation spectra
of the light hypernuclei. The supermultiplet structure of the
strangeness analog states is here manifested fairly clearly.

¢ Li. Two strong peaks in the § Li excitation spectrum at
E, =4MeV and E, = 14 MeV are interpreted as coherent
transitions in the 1p and 1s shells. In accordance with Table
V, the resulting states have the supermultiplet structure
[41]p, and [32]s, (the probability of transition to the super-
multiplet [41]s,, is small). The distance beween the Lsand 1p
shellsfortheA hyperonisE ((1p), ) — E((15), ) = 8MeV,and
the distance between the 1p- and 1s-neutron holes for °Li is
approximately 16 MeV, so that the weak-coupling model
predicts for the difference between the excitation energies of
the considered states the value 8 MeV, in satisfactory agree-
ment with the experimental value AE = 10 MeV. The inten-
sity ratio of the peaks is also close to the calculated ratio
1.20:1.67 (the naive estimate 1:2 is the ratio of the numbers of
neutrons in the 1p and 1s shells in SLi).

7 Li. Here again two strong peaks are observed, corre-
sponding to coherent transitions in the 1p and 1s shells to the
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TABLE V. Fragmentation of strangeness analog states in the approximation of doorway
states.’ [ f]is the Young tableau for the parent nucleus, [ /1L, isthe SAS structure, N.q is
the effective number of neutrons that participate in the formation of the strangeness ana-
log state (without allowance for the meson—nucleus interaction, g = 0), £ is the excitation
energy of the hypernucleus (from the experiment of Ref. 41), and E.. is the energy release in

the channel with emission of particle c.

A
Az 11 Uplla N, E, MeV E,, MeV
S 142] [41] py 1,20 8.5 E =4 Ep=9
132] 5, 1,67 18.5 Eq=0.2
[41] s, 0.13 - Ep=19
AL [43] [42] p, 2,33 9,1 E,=35 Ep=3.1
[42] 5, 0.67 21,1 Ep,=15.1
[33] 5, 1.00 — Ey=2.1
SBe | [441] [44] p, 1,41 12,7 B, =
[44] s, 0.09 —_ —
[431] p, 1.97 23.7 Ep=6.5
[431] 5, 1.53 29.7 Ep=12.5; Ey=5.9
2¢ [444] [443] p, 4.B4 11,0 E,=0.2; E,=1.2
[443] 5, 1.36 21,0 Ep=1i.2

multiplets [42]p, (E), = 3.5 MeV) and [33]s, (E, =15.5
MeV). The distance between them agrees with the estimate
in the weak-coupling model: AE = 12 MeV. The lower peak
is noticeably stronger than the upper one, in complete agree-
ment with the theoretical calculations and in contrast to the
naive estimate 1:1. The supermultiplet [42]s, does not ap-
pear to have a clear structure and merges with the back-
ground.

% Be. This hypernucleus is of particular interest, since it
clearly demonstrates the part played by the supermultiplet
structure for coherent transitions in one shell. In the given
case, the coherent transitions in the 1p shell lead with com-
parable probabilities to the states [44]p, and [431]p, (see
Table V). The latter is distinguished from the former by a
broken Young tableau and, therefore, an appreciable excita-
tion energy of the nucleon core (more than 10 MeV). Coher-
ent transition in the ls shell makes an appreciable contribu-
tion only to the excitation of the states [431]s,.
Experimentally, two strong peaks are observed (Fig. 7); the
peak at E, =6 MeV corresponds to the supermultiplet
[44]p 4 , while the peak at E, = 17 MeV must be the result of
superposition of transitions to the supermultiplets [431]p,
and [431]s,.

1C. The case of closed subshells was considered above.
Note that the effective numbers of neutrons (without
allowance for absorption) for coherent transitions in differ-
ent shells, calculated in the translationally invariant shell
model, are not equal to the numbers of neutrons in these
shells (see Table V).

Clustering Effects and SAS Decays

The majority of the strangeness analog states are situat-
ed in the region of the continuum and are unstable with re-
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spect to strong decays. The calculation of the widths of such
states is, on the one hand, of spectroscopic interest, since
comparison of the theoretical and experimental values of the
widths is important in deciphering the hypernuclear struc-
ture. On the other hand, the decay products may again be
hypernuclei, and this is important for the ¥ spectroscopy of
hypernuclei. Spectroscopic factors are widely used®% to de-
scribe the decay properties of hypernuclei. The correspond-
ing technique has been well developed®*®® in nuclear shell
models (in particular, in the translationally invariant shell
model). The partial width of decay through the two-particle
channel is determined by
T, = 2 kPy?,

where k is the relative momentum of the particles in channel
¢, P is the penetrability, and 72 is the reduced width. The
spectroscopic factor S, relates 72 to the single-particle re-
duced width 35 = #*/M.a_:

Ve = S5

where M, is the reduced mass of the particles in channel ¢,
and a, is the channel radius. We shall consider different
types of decays and illustrate them by examples for 1p-shell
hypernuclei.

AZ—""'Z+ A . This decay (if it is allowed energeti-
cally) is characteristic for strangeness analog states formed
by coherent transitions in the outer shell ([ f]p,, ). If the decay
threshold is not too close (as, for example, in the-case of 2Q),
the corresponding decay width "' is of the order of several
mega-electron-volts. Quite different is the situation for ana-
log states constructed on the 1s shell, namely, the spectro-
scopic amplitude for A-hyperon emission is zero, and such
states can decay only by virtue of the admixture of p , config-
urations or through rearrangement processes (emission of
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nucleons and nucleon clusters). An example is the strange-
ness analog state in § Li—the peak at E, = 14 MeV corre-
sponds to the state [32]s, and has width I"~1 MeV.,

4747, + 42 Z,. The spectroscopic amplitude of such
adecay can be expressed in the translationally invariant shell
model in terms of the spectroscopic amplitude of the corre-
sponding decay? ~ ' Z—* ~' Z, + ** Z, of the nucleon core.
In particular, for the strangeness analog state with the 1%
s, configuration®’

54 (RZ— 112 +442,) A, k2
SA(R 1z Atz LAy ( @ .41)

(k = A — 4 is the number of nucleons in the outer 1p shell).

In the analysis of the strong decays of hypernuclei, the
Young-tableau selection rules are helpful **®%*7 Let [ f],
[ £,), and [ £,] be the Young tableaux for the orbital part of
the wave functions of the nucleons for 4Z, 4'Z,, and ** Z,.
Then a necessary condition for the decay 4 Z—4'Z, + **Z,is
the presence of [ £]in the decomposition of the outer product
[£.] @ [ f2] into irreducible representations. For example, for
the strangeness analog states considered above with the
structure [32]s, and [33]s, the energetically advantageous
decays §Li—% He -+ pand ) Li—5 He + p are suppressed
by the selection rules [32]/[14] @ [1] and [33]-5{41] & [1].
The cluster decays [32]—[3] ® [2] and [33]—[3] & [3] are al-
lowed, but the thresholds of the corresponding channels are
situated much higher. Thus, the state [32]s, of the hypernu-
cleus § Li lies only 0.2 MeV above the threshold of the first
open cluster channel § He + ¢ and as a result is fairly nar-
row (I'=0.7 7}, MeV (Ref. 41)).

Since the effects of the coupling to the continuum may
lead to an appreciable broadening and shift of the hypernu-
clear levels, particular interest attaches to methods of calcu-
lation in which the presence of open channels is taken into
account explicitly in the consideration of the structure of the
hypernuclear states. In this respect, it is promising to apply
the ideas of the unified theory of the excitation of the nuclei
in the region of the continuum*® to the description of the
(K —, 7~ ) reaction. Continuum effects in the excitation of
light hypernuclei were considered in Refs. 89 and 90.

Following Ref. 89, we consider the application of the
Green’s-function method to take into account the contin-
wumin the A + “—'Z channel. In the closed-shell approxi-
mation, the hypernuclear system is described by the Green’s
function G (E ) of the configuration (A,N ~'); it satisfies the
equation

G (E) = Gy (E) + Gy (£) Vypn G (E).
Here

Gy (E)=;3 o (xf) (xA | (E— Ho—en)™ | x40 ¢y (xx)

(24)

is the Green’s function for the system consisting of the nu-
cleon hole and the A hyperon without allowance for the re-
sidual AN interaction, and @, (x) are the wave functions of
the single-particle nucleon states. The matrix element of the
Green’s function (E — Hp) ™! can be expressed in closed form
in terms of the regular and irregular solutions of the Schro-
dinger equation for the A hyperon in the hyperon—nucleus
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potential. Equation (24) with the residual interaction
Vo = 0od(Xy =X, ) was solved numerically in the configura-
tion space. The poles of G (£ ) lying on the second sheet of the
complex E plane determine the positions and widths I” " of
the hypernuclear resonances. Calculations made for
¢ Li, 7, Li, and  Be give the following values for the widths
of the decays through the channel A +“~'Z: I'' =7-10
MeV for states of the type (1p)4, (1p "), ) and I" S 1 MeV for
states of the type ((15),, (157 "), ).

The extension of the configuration space of the tradi-
tional shell model by taking into account the continuum of
single-particle states is an important step towards achieving
a unified description of the resonance and direct processes in
the (K —, 7~ ) reaction. It is of greatest interest to use such
models (continuum shell models) in the case of large momen-
tum transfers—in the investigation of the angular depen-
dences of the differential cross sections do/df2dE,**®" and
also in the analysis of alternative hypernucleus-generation
reactions of the type (7, K ) and (y, K 7).

Detailed Calculations of SAS Structure in the Many-Particle
Shell Model

A very detailed analysis of SAS structure for the exam-
ple of the hypernucleus § Li was made in Ref. 86. In this case,
the number of configurations is not yet too large, and com-
plete allowance for them makes it possible to demonstrate
the difference between the many-particle approach and the
simplest approaches in which the total fragmentation of the
neutron holes is not considered. Since the experimentally
observed excitations encompass a wide energy interval
(E = 0-40 MeV), all Ofiw and 1#iw states were included in the
basis (@y =, = 17 MeV). The states belonging to the
ground-state configuration have the form

| (19)% (Ip)n, (18a); I, J= =17, 07, 17, 2

The basis for the 1#iw excitations contains states of two types:

1) ( bmap

Sm e —+m

1/2 951
)[ | @g [41) 2P, pa; L) —

)" 1@y 1411 2L sx; %Ly,

Hld\
- ( Smp —my
2) lgylfl L sas

Here, @, is the ground-state configuration of the nucleon
core, ¢ is a “ghost” state of the nucleon core (L=0,1,2),
and @, is a 17w excitation of the nucleon core in the transla-
tionally invariant shell model with quantum numbers
[41]735, 2D, [32]*S, *°D, *S, *'D, [31 1]%2P, **P. The residu-
al interaction was diagonalized on the complete basis. The
NN interaction contained a central part with exchange term
of Rozenfeld type and spin-orbit and tensor parts and was
fitted to the well-know 1/2+ and 3/27 excitations of °Li.
The residual AN interaction was chosen in the form

Vi =y (1—ag+ asPo) [ (1— s+ :Pa) +

*va,‘ (1—alLalpy) (’)T] emrHm

(2T j+1) (28 + 1) 2S+1L)

where the Majorana exchange componenta, and the param-
eters vy and @l of the tensor interaction O; were varied,
while the parameters v, and ag were fitted using the binding
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FIG. 12. Theoretical spectrum of excitations of the hypernucleus & Liin
the SLi(K —, =) Li reaction at py = 720 MeV/c and 8 = 0°.% The ar-
rows indicate the thresholds of the channels (from left to right)
SHe+p, "Li+ A,

tHe+d, 4 He* +d, YH +2p,°He + 3H, + 4H* + 2p. The
mental data are taken from Ref. 57.

experi-

energies of the § He and % He ground states. The wave func-
tions obtained for the hypernuclear states were used to cal-
culate the cross section of the (K ~, 7~ reaction in the
DWBA, a realistic wave function being taken for °Li. The
results of the calculations for one of the parameter sets
(o= —32.9 MeV, a, =0.6, ag = —0.15, vp/vy=0.3,
ay =0.5, u = 1.044 F) are shown in Fig. 12. As one would
expect, in the regime of recoilless production the main con-
tribution to the cross section is made by 1% states, among
‘which two states with £ = 8.4 MeV and E = 18 MeV are
dominant. Table VI gives the probabilities with which the
different configurations occur in the wave functions of the
1* states.

The state with the excitation energy E = 8.4 MeV can
be well described by the single configuration |[41]*%P, p,,;
3S,), which corresponds to the main intensity of the transi-
tion to the supermultiplet [41]p,. The total width of this
state is determined by the decay through the channel
A +°Li. An appreciable fraction of the transition intensity
to the supermultiplet [32] is concentrated in the state with
£ = 18 MeV (with principal component |[32]S, 5, , 3S,)).
Its structure can also be represented in the form [’Li(3/
2%)®(1si/2)4 1,4 The component [32]s, admits a cluster
decay through the channel % He +d [the corresponding
spectroscopic factor is.§ (} He + d ) = 0.306], but in the con-
sidered variant of the calculation the level is below the

threshold of the % He +d channel, which is at E = 18.3
MeV. When the parameters are varied, this channel may
become open (the experimental value is E = 18.5 MeV), but
the decay width will contain a small factor due to the prox-
imity of the threshold. Decay of this state through the
P + 3 He channel is possible only by virtue of a small admix-
ture (about 4%) of the component |[41]*2D, s, , *D,).

To the supermultiplet [32]s, there also belong states
with E = 24.8 MeV and E = 26.4 MeV, which decay pre-
dominantly through the 4 He + d and { He* + d channels.
The decays through the % He* + d channel are accompa-
nied by a subsequent 1*—0% gamma transition in the hy-
pernucleus % He. Such gamma transitions were observed in
Refs. 9-11.

A state with E=35.6 MeV has the configuration
[(1s)3(1p) [3111%2P;,, 5,0, 'P,), and a coherent transition
to it is made possible by a P-wave admixture in the ®Li
ground-state wave function.

Thus, detailed calculations in the framework of the
translationally invariant shell model make it possible to ob-
tain a good description of the excitation spectra of hypernu-
clei in the (K ~, 7 ) reaction. In addition, they confirm the
validity of the qualitative results obtained in the approxima-
tion of doorway states (weak coupling) and demonstrate the
further fragmentation of the strangeness analog states. For
quantitative comparison of the theory with experiment, it is
important to take into account the details of the structure of
both the target nucleus and the produced hypernucleus. This
last circumstance makes it possible to use hypernuclear
spectroscopy to investigate the fractional parentage of nu-
clear states.

Strangeness Analog States of the Hypernucleus ° Be

The structure of the strangeness analog states of the
hypernucleus ; Be was considered in detail in Ref. 50. This
case is particularly interesting, since we have here for the
first time “fouring™ in the 1p shell, and at the same time the
wave functions have a single dominant LS configuration (for
nuclei with ¥, >6 the jj coupling begins to operate). The
target nucleus *Be(3/2~, 1/2) has the structure [[441]°P,,,)
(the admixture of other configurations is about 30% (Ref.
73)).

TABLE VL. Strangeness analog states of § Li(1%).% The excitation energy is E; do/dQ is
the production cross section in the °Li(K —, #~) Li reaction { py = 800 MeV/z, 8 = 0);
w([ fx1/4) are the probabilities of the configurations [ £, ]/, : S (¢) are the spectroscopic

factors for decay through channel c.

R oo | 0 a) | 0 Tat1s0) | w8210 |0 datej ey § (fHe+d) | 8 ({Her s a)
I

8.4 1,36 | 0,97 0,03 0 0 0.001 ¢

13.0 | 0,15 | .99 0,04 0 0 0 0

18,0 0.84 (} 0,04 0,92 0,04 0,306 0.243
8.9 0,18 0,04 0,82 0,13 0,01 0,037 (.014
224 [ 041 | 0,04 0,33 0,27 0,39 0,040 0.033
24.8| 048 | © 0,17 0,82 0,01 0,142 0.299
26,4 0,18 0 0.03 0,93 0,04 0.108 0.158
35.6 0,19 0 0 0,03 0,97 {,005 0.004
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FIG. 13. Scheme of %Be levels corresponding to the configurations
{(15)%(12)%(1p)4 }: @), d) in the physical case; b}, ¢) in the limit of ST (6)
symmetry. The Young tableaux [ f] of the orbital symmetry of the baryons
in the 1p shell and the LS structure of the dominant configurations are
indicated.”

The foregoing discussion of the supermultiplet struc-
ture of the strangeness analog states was restricted to classi-
fication in accordance with the Young tableaux [ fy]. For
more detailed specification, we introduce in addition to [ Fl
the orbital angular momentum Ly of the nucleon system.
The level scheme of the *Be nucleus without allowance for
the spin—isospin dependence of the residual NV interaction
is shown in Fig. 13. Following Refs. 31 and 50, we first deter-
mine the structure of the % Be levels corresponding to the
configurations {(Ls)% (1p)% (1p), } that would arise in the
limit of Sakata SU (3) symmetry. The aim of the approach is
to identify the qualitative effects that could be important in
% Be excitations. This is particularly important in the ab-
sence of information about the AN interaction, when any
particularization leads to uncontrollable uncertainties.

Thus, if we ignore the spin-dependent forces, we can
speak of SU (6) symmetry. There here arises in a natural man-
ner a classification of the hypernuclear states in accordance
with the Young tableau of orbital symmetry [ /] common to
all particles of the 1p shell. Figure 13 shows the states with
total orbital angular momentum L = Ly (*Be,,) = 1 which
arise on the decomposition of the direct product
{Lfw1Ly) ® ([1]p) with respect to functions ofthe type ([ f1L ).
The strangeness analog states belong to the supermultiplet
[41]P, which contains functions ** " '@y, yyzs, + 1) with dif-

ferent values of the isospin T, nucleon spin S, , and total spin
S. The supermultiplet [5]P contains the so-called supersym-
metric state ¢,(7" = 0, Sy = 0). The states Y1 125, + 1) be-

long to the supermultiplet [32]P. The breaking of SU (6) sym-
metry due to the difference between the NN and AN
interactions even when allowance is made for the forces that
depend on the spins of the particles gives rise to a splitting of
the strangeness analog states, and through the fouring effect
there are formed two groups of states differing in the Young
tableaux of the orbital symmetry of the dominant nucleon
configurations (see Fig. 13). The result of diagonalization of
the phenomenological residual interaction on the basis of the
functions *** 'g,7 4 105, + 1 15 given in Table VIL

The main contribution to the cross section of the (K —,
77~ ) reaction at small g is made by three states—a “lower”
state with dominant configuration *p,, and two isospin-de-
generate “upper” states with configurations *@,; and *@;;.
The experimental value AE = 11 MeV of the energy split-
ting of the two peaks agrees with the theoretical value
AE = 11.8 MeV. The theoretical ratio of the cross sections
for excitation of the upper states and the lower state is 1.5, in
good agreement with the experimental value 1.4.

In accordance with the calculations of Ref. 50, the su-
persymmetric state  Be{3/27) is shifted by about — 5 MeV
relative to the lower strangeness analog state. The structure
|(15)%(1p)x [44]1, (1p) 1 ) of this state permits it to decay read-
ily through the channel *Be + A (the width of the peak cor-
responding to it is ['=5 MeV). For the upper strangeness
analog states the transition to all the open channels is forbid-
den in the approximation of the principal components by the
selection rule with respect to the Young tableau.’®*” Be-
cause of this, the peak with £, = 17 MeV in the spectrum of
° Be (see Fig. 7) has only the moderate width I'~6 MeV
despite the appreciable excitation energy.

An approach to the study of hypernuclear structure
based on the use of SU (3) symmetry is an alternative to the
weak-coupling approximation. Therefore, its use is of the
greatest interest in the cases when there is observed experi-
mentally a large deviation from the predictions of the weak-
coupling model and the probable cause of these deviations
can be the partly preserved consequences of the SU (3) sym-
metry. Such an example for the hypernucleus *C was con-
sidered in Sec. 5.

TABLE VIL The 3/2~ state of 3 Be with isospin T in the region of excitation of the
“upper” strangeness analog states.’® The energy AE is measured from the lowest strange-
ness analog state; p is the relative probability of production in the (K ~, 77 ) reaction at
g = 0 (for the lowest strangeness analog state, p = 1}; a is the amplitude of the dominant

configuration indicated in the brackets.

T AE, MeV o
0 11.8 0,69 0,96 (2(ys)
13.6 0,06 0.96 (*¢y3)
11.8 0,78 0.96 (*pag)
1 13.3 0.15 0,88 (4pg3)
14.2 0.07 0,89 (gq4)
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Structure of Light Hypernuclei in the Nucleon-Association
Model

Although the fouring effects can be explained qualita-
tively in the shell model, the large magnitude of these effects
means that the shell wave functions for the nuclei at the start
of the 1p shell must be strongly distorted. To describe the a
association in ordinary nuclei, the nucleon-association mod-
elis successfully used®*°?; it derives from Wheeler’s resonat-
ing-group method.”* In Ref. 94, the nucleon-association
model was used to calculate the spectrum of the hypernu-
cleus % Be. The wave function of the hypernucleus was writ-
ten in the form

pr.= 3wy, (942 (1) ® ¥ (R) Y, (R/R)]s.

Here, ¢'2!(1) is the wave function of an ca system with orbi-
tal angular momentum / of the relative motion, constructed
by the method of generator coordinates,” the function y ¢’
characterizes the motion of the A hyperon in the field of the
a clusters, A is the orbital angular momentum of the A with
respect to the center of mass of the aa system, and L =1 + A
(the A hyperon is regarded as a spinless particle). The nu-
cleon—nucleon interaction was described by the Volkov po-
tential, which reproduces the properties of “He and low-en-
ergy aa scattering. A AN interaction potential of Gaussian
type was fitted to the experimental value of the binding ener-
gy of the hypernucleus  He. The system of equations for the
functions @ %.)(7) and ¥{'(R ) was solved iteratively (the ini-
tial approximation was the free aa system). The results of
the calculation are given in Table VIII.

For states belonging to the ground-state rotational
band with K =0%, the weak-coupling approximation
[aal, ® A, reproduces well the structure of the main term
in the wave function, although a small admixture of configu-
rations with A # L isimportant in the calculation of the ener-
gy levels (without allowance for the mixing of the configura-
tions the binding energy of the ground state is B, = 5.1
MeV, while the result of the exact calculation is
B, = B3P = 6.7 MeV). The a-clustering effects lead to a
significant enhancement of the transitions within a band; for

example, for the probability of the E 2 transition 2t —0* the
nucleon-association model gives the value RB(E2,
27 —0%) = 12.3¢>.F*, which exceeds by six times the predic-
tion of the shell model.

Coherent (1p,1p™ ")}, transitions in the *Be (K —, 7~)
% Be reaction lead to the formation of states with L™ = 1.
In the given case, there are two such states at £, = 0.46
MeV (K =0"}and E, = 6.66 MeV (K = 17), and both are
characterized by strong mixing of the configurations
({4 ) = (01, 21) through the strong deformation of the nucleon
core. Since the K = 1~ band has a structure analogous to
that of °Be, and the K =0~ band is not manifested in the
ordinary nuclei because of the Pauli principle, the dominant
contribution to the coherent production of % Be is made by
the upper 1; state. Its energy agrees well with the experi-
mentally measured position £, = 6 MeV of the coherent
peak. In the shell-model limit, the lowerl; state corre-
sponds to the supersymmetric state ([ /] = [54]). The split-
ting AE = 6.2 MeV of the 1~ stales in the nucleon-associ-
ation model is close to the theoretical splitting of the
supersymmetric state and the lower strangeness analog
state: AE = 5 MeV.*° The structural differences between the

17" and 1; states are also manifested in their decay proper-
ties—for the first of them, the main decay channel is
a +  He, while for the second it is A + ®Be.

The use of the nucleon-association model for describing
hypernuclei was developed further in Ref. 95, in which a
microscopic three-cluster ¢ +x +A (x=n,d, a) model
was used to describe the excitations of § He, 7, Li,  Li, % Be.
The calculations reproduce well the position of the ground
state and the lowest coherent peak in the (K —, 7~ reaction.
For some of the low-lying levels (for example, of & Li) the
predictions of the model differ strongly from the predictions
of the shell model,'® and therefore the study of ¥ transitions
in hypernuclei is also of interest for clarifying the part played
by clustering effects. Excitations of % Be were also consid-
ered in the framework of a three-particle molecular ap-
proach in Ref. 96, and as a three-body problem on the basis
of the Faddeev equations in Ref, 97.

TABLE VIII. Spectrum of the hypernucleus % Be in the nucleon-association model (Ref.
94). J7 is the total orbital angular momentum and parity of the level with energy E,

belonging to the rotational band K; w*(LA ) are the probabilities of the configurations with
relative orbital angular momentum L of the & clusters and orbital angular momentum A of
theA hyperon relativetothea + a center-of-mass system; Sis the spectroscopic factor for

decay through the channel a + 5 He.

2 T Ep,

K| J MoV w2 (LA) s
0 1 —6,71| 0,944(00) 0.054(22) 0.001(4%) 0.450

OF | 2% | —3.73| 0.048(02) 0.944(20) 0,019(22) 0.001(24) 0.048(42) 0.000(44) 016
4+ 3.93] 0.000(04) 0.032(22) 0,000(24) 0,954(40) 0,013(42) 0.000(44) 0‘075
1= | 0.48| 0.545(01) 0.424(21) 0,019(23) 0.012(43) 0,001(45) 0.21

W | 3 4,50 [ 0.015(03) 0.829(21) 0,013(23) 0.001(25) 0.135(41) 0.006(43) 0 914
57 | 13,42 0,001(U5) 0,051(23) 0,001(25) 0,938(41) U,010(43) 0.000(45) 0,181
1~ 6,66 0.483(01) 0,511(21) 0,004(23) 0.006(43) 0.000(45) 0.013

- | 2 8.43 | 0,994(21) 0.003(23) 0,003(43) ©,000(45) 0
3- | 13.20] 0.002(03) 0,337(21) 0,002(23) 0.000(25) 0.657(41) 0,003(43) | 0.018
47| 15.93| 0.006(23) 0.000(25) 0.994(41) 0.003(43) 0.000(45) 0
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5. THE AN INTERACTION STUDIED THROUGH
SPECTROSCOPY OF HYPERNUCLEI

Study of the hyperon-nucleon interaction on the basis
of hypernuclear data under conditions when detailed experi-
mental results are only beginning to be accumulated requires
a physically motivated system for choosing the most impor-
tant terms in the AN interaction in the construction of the
hypernuclear model. It is therefore important to elucidate
the part played by forces of different types informing the
hypernuclear spectra. For example, weakness of the spin—
orbit A-nucleus interaction compared with the central inter-
action is established by analyzing the energy splitting and
intensities of the coherent peaks in the (K ~, # ) reaction on
nuclei with doubly closed (sub)shells. The appearance of ex-
perimental data on the excitation spectra of light hypernu-
clei in the (K —, #~) reaction in a wide range of momentum
transfers with good energy resolution makes it possible to
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turn to the study of the structure of the residual AN interac-
tion.

Residual AN Interaction from Analysis of the 3C(K —, #—))FC
Reaction

The cross section of the (K ~, 7~ ) reaction on the *C
nucleus, measured at BNL with beamn momentum p, = 800
MeV/c and pion emission angles in the range 8 = 0-25°,%8
exhibits a very rich spectrum of levels of the hypernucleus
13C (Fig. 14), five peaks being distinguishable at § = 4°. The
" C excitation scheme in the weak-coupling limit is shown in
Fig. 15. The two lowest peaks (1 and 2) correspond to

(s, 1p~ YL - transitions to the ground state
$C =[PCy ®(lsya)s 112 (E=0) and the state

[*C(2%0)® (18,/2)4 I5/2+ With an excited nucleon core
(E = 4.4 MeV). Such an interpretation is confirmed by the

[] tmute™)0n iy ’
3 (10, 107020
B Easyip™ 01
B (25-1d, 1p7);0 N

g=4°

ety
0 5 1w 15

0 as, 12707
D (2s-1d,1p™7) 75"

= +
(e, 10705

g=15°

FIG. 14. Excitation spectra of the hypernucleus ?Cin the *C{K ~, )} Creaction at px = 800 MecV/c and @ equal to 4 and 15" a), b) the experiment of
Ref. 98: c), d) the theoretical calculation of Ref. 9. The contributions of the different transitions (n'’, (! "%, are indicated separately.

381 Sov. J. Part. Nucl. 15 (4), July-Aug. 1984

L. N. Bogdanova and V. E. Markushin 381



13 I

AC 27t
1+
5
7-#
E(MeV )T J—”S"f'ﬁ
18,1 2*1 o+
151 177 — 7+
4 +
147 4te 7 E
?\ ot
7
E(1p,)~El155)
4e 270 2{ 2t
2% S— 1{ Lot 1
12,
12 i 12 Col1s)y "Ce(ln),

=17~ l -
”C‘ (75, 127 ) An ffP,Tﬂ*T)fn’z/'

FIG. 15. The ®C,,—n + '*C{J” T') fractional-parentage scheme and exci-
tation spectrum of the hypernucleus }*Cin the weak-coupling limit. The
levels identified by the numbers 1-5 correspond to the five experimentally
observed peaks (see Fig. 14a) at £ = 0, 4.4, 10.4, 16.4, and 25.7 MeV.

angular dependence of the excitation cross section of these
peaks, which is characteristic of (1s, 1p7 )., transitions
(Fig. 16). The third peak at the excitation energy £ = 10.4
MeV is due to a coherent (1p, ,», 1p,,,'), transition to the
state ’C(1/23,) = ["*C(0%0)® (1p,,2) 4 1./-—. With increas-
ing angle, the peak is shifted downward [4E,(4-15)
= 0.36 + 0.3 MeV], the dominant contribution in this case
being made by a (1ps, 1p.)5;+ transition to the state
[*C(0%0) ® (173/2)4 ]3/2— . Then, assuming the validity of the
weak-coupling approximation, it may be concluded that the
spin—orbit splitting of the hypernuclear levels of the 1p shell
is small: £, = E ((1p1)4 ) — E ((1p5/2)4 ) = 0.36 + 0.3 MeV.

However, further examination reveals strong devia-
tions from the predictions of the weak-coupling model.*® A
fourth peak at E = 16.4 MeV (6 = 4°) corresponds to a co-
herent 1p;;,, 1p3) )37 transition to the state PC(1/23)
=["*C(2*0)® (1p3/2)1 ]1/—. With increasing angle, the
contribution of the (1p, Ip~1)%, transition to the state
['*C(2%0) & (1p)4 1s,,— increases, and the peak is shifted ap-
preciably downward [AE,(4-15°) = 1.7 + 0.4 MeV]. The at-
tempt to explain this shift in the weak-coupling approxima-

-~

7 10

24::‘ 4, deg

FIG. 16. Dependence of the differential cross section for excitation of the
hypernucleus }*C in the region of the peaks 1(E = 0 MeV) and 2(E = 4.4
MeV) on the pion emission angle 6.%
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tion leads to a contradiction with the previous estimate of B
since it requires a negative value of £, of the order of several
mega-electron-volts. The distance between the two coherent
peaks corresponding to the transitions to the states
XC(1/25) and C(1/23), AE,, = (6.0 + 0.4 MeV, is also
significantly different from the difference between the ener-
gies of the nucleon cores (4.4 MeV). Neglect of the residual
interaction leads here to a similar contradiction
[e, = — 1.6 + 0.4 MeV <0]. Finally, the most pronounced
deviation from the predictions of the weak-coupling model
is observed in the excitation cross sections of the two coher-
ent peaks at &=4°, namely experiment gives
p=10(1/2)/a(1/2)~5, while the theoretical value, de-
termined by the ratio of the corresponding spectroscopic
factors, is 1.83.%¢ All these data indicate that the residual AN
interaction is important.

The }'C excitations in the (K —, 7~) reaction were ana-
lyzed in detail in Ref. 99. A theoretical spectrum of the }*C
levels was calculated in the many-particle shell model.
Allowance was made for all states of the configurations
{(15)% (1p)3(15) } and {{15)3(Lp)%(Lp)4 }, and at excitation
energies £ > 18 MeV the most important states of the config-
urations ({15} (1p)%(1s),, } and [(1s)%(1p)% (25 — 1d), }
were included. The single-particle wave functions of the nu-
cleons corresponded to Woods—Saxon potentials with pa-
rameters fitted to the energies of the single-particle levels
and the charge density. The hyperon—nucleus potential had
an identical geometry [#, = 1.15 F, » = 0.63 F in the nota-
tion of Eq. (14)], and its intensity was fitted to the given
values of the binding energy of the 1p levels: B, (1p,,,,
1p,;3) = 0.6 and 0.1 MeV. The residual NN interaction was
taken into account in accordance with Ref. 56 (an original
form of the residual interaction was also considered; it gave
similar results). The AN interaction contained a central
component and a two-particle spin—orbit component:

Van=—v(r) (1—z.+e.) (1 + aa046x)

Uy (r) (Ba= 0x) Iya.

Since the experimental data do not permit a choice to be
made between the various versions of the calculations for
(1s), configurations, the following treatment concerns
mainly the excitations in the region of the peaks 3, 4, and 5
[the description of the (1s), configurations followed from
Ref. 16]. For /, =1, = 1, the central AN interaction is de-
termined by two Slater integrals:

P = § dry dry B (r) B () Vi (ra, 1), K=0.2,

where R , y (r) are the radial functions of the A hyperon and
nucleon in the 1p shell, and ¥ (ry,r, ) are determined by

Vilxy—xal)= 3 Vi (rw: ra) Pr(ruta/n7a).

The following parameters were fixed: F @ = — 1.16 MeV
(Ref. 50), @4 = 0.1 (Refs. 10and 37), and ¢, = 0; the param-
eters £, and F'* were varied. The resulting wave functions of
the hypernuclear levels were used in a DWBA calculation of
the cross section of the *C(K ~, 7~)*C reaction; optical po-
tentials fitted to the available data on the elastic scatterin gof
K ~ and 7~ by "2C were used to describe the meson—nucleus
interaction.
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FIG. 17. Dependence of the differential cross section do/df2? for produc-
tion of the hypernucleus {'Cin the (K ~, 7 ) reaction on the pion emission
angle @ for peaks 3, 4, and 5 (a, b, and c).”® The continuous and broken
curves in case (@) correspond to calculations with two variants of the resid-
ual NN interaction (Refs. 99 and 57). In case (b), the continuous curve
shows the total contribution of the transitions with L = 0, 1, 2. The experi-
mental data are taken from Ref. 98.

The theoretical spectra for € = 4 and 15° are shown in
Figs. 14cand 14d (F? = — 3MeV, ¢, = 0.5MeV). Thecon-
tributions of the various transitions (n'7’,(n/)~")5,) shown
separately demonstrate the nature of the hypernuclear exci-
tations at small and large g. Figure 17 shows the angular
dependence of the differential cross sections do/df2 for three
intervals of excitation energy in the region of the peaks 3, 4,
and 5. The good agreement between the theoretical spectra
and angular dependences, on the one hand, and the experi-
mental data on the other, both in the shape and in the abso-
lute magnitude, makes it possible to use the developed model
to determine the parameters of the residual AN interaction.
Analysis of the hypernuclear structure in the region of the
peaks 3 and 4 (E = 10-16 MeV) is found to be the most infor-
mative.

The hypernuclear states lying in the region of excitation
energies E=10-16 MeV have the structure
[**C{0*,2%)®(1p), ], - Thestates (J”T) = (07 0), (2" 0) of
the '2C nucleus can be approximated with good accuracy by
a singlet wave function (S = 0), and therefore it is sufficient
to take into account only the central component when dia-
gonalizing the residual interaction. Suppose £, = 0; then
I=J, +1, is a “good” quantum number, and the hyper-
nuclear levels are doubly degenerate (J = I + s, ). The spec-
trum of states ['2C(07, 2¥)®(1p), ], is determined by the
value of F? and for F# = — 3 MeV is shown in Fig. 18; the
states that make the main contribution to the peaks 3 and 4
at @ = 4 and 15° are indicated by an asterisk. Although the
residual AN interaction is significantly weaker than the NN
interaction (the corresponding Slater integral for the 1p shell
is F) = 10 MeV), the resulting wave functions demonstrate
a tendency to the establishment of symmetry with respect to
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FIG. 18. Scheme of the 2C ="?C(0*, 2*) & (1), levels for an interac-
tion that does not depend on the spin of the A hyperon.

permutation of the baryons in the 1p shell, so that the differ-
ent hypernuclear states can be characterized by the Young
tableau [ f] of the orbital symmetry of the dominant configu-
ration, as is shown in Fig. 18. Thus, the state
([f1=3C(1/27) has a structure close to that of the super-
symmetric state ([ /] = [54]), and, therefore, is not excited
well at small momentum transfers, whereas the symmetry of
the state ’C(1/2; ) is the same as the '*C,, symmetry [441],
and this ensures coherence of its production at small g. This
picture still holds when there is a weak spin dependence of
the A N interaction. For example, for F? = — 3.0 MeV and
g, = 0.5MeV the wave function of the lowest 1/2~ state has
the form

|£C (125))) = cos 0, [[2C(0%)) @ | (1p1/2)ad] 12-
+sin 8, [1PC (27)) @ | (Lpgp)adlese-,

where 8,, = 0.287 and the supersymmetric component [54]
is contained in it with amplitude 0.88. As a result, thereis a
strong deviation of the quantity p =o{1/2)/0(1/2)
=[@(3/2) — ©(1/2)tan 6,,1*/[@(1/2) — O (3/2) tan 6,, ]%,
[@ (/) of the spectroscopic amplitudes of the *C,—'*C
+ n(1p; )] neutron pickup from the predictions of the weak-
coupling model. For — 3.0 <F® « — 36 MeV,p = 6-7,in
good agreement with experiment. In the presence of ex-
change forces in the AN interaction (£, #0, the tendency for
the supersymmetric state to be isolated is enhanced. In parti-
cular, for Serber forces (e, = 1/2), py, p.p» and thereforea
choice with £, ~0 appears preferable.

An interaction dependent on the spin of the A hyperon
leads to a doublet splitting of the levels with given 1. The
available experimental data make it possible to determine
only the splitting of the lowest doublet (1/27,3/27)(I=1,
[£]1 = [54]): The dominant contribution to peak 3 at & = 4°is
made by the 1/2~ state, and at & = 15° by the 3/2 state. As
a result, it is possible to express £, in terms of AE,{4-15°),
and the result depends weakly on F ), since in the expression
relating AE,(4-15°) to £, it is possible to ignore the terms of
first order in F'® (for not too large £,, £, &3 MeV). If the
interval of F® values is fixed by the value of pand v , =0,
then ¢, = cAE,, where ¢=1.1540.03. It follows that
€, = 0.4 + 0.3 MeV. In the case v ;. #0, the small value of
AE, means that the single- and two-particle spin—orbit
forces together give a weak effect (Fig. 19).
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FIG. 19. Dependence of the energy splitting AE of individual pairs of
groups of levels of *C: (a) on F* for £, = 0.5 MeV and (b) on £,.** The
hatched regions correspond to the expenmental splittings and shlfts of the
peaks AE = E,(0°) — E,(0), AE = E,(0°) — E,(15%), AE = E4(0°) — E,[0F),
AE = E;(0°) — E,(15°).*® The calculation for two variants of the residual
NN interaction (Refs. 99 and 54) is shown in case (a) by the continuous and
broken curves, respectively. In case (b) the continuous and broken lines
represent the calculations with allowance for only the single-particle and
two-particle spin—orbit interactions, respectively.

For fixed ¢, the restrictions on F® that arise from con-
sideration of the energy splitting of peaks 3 and 4 at 8 = 4°,
A4E; ,, and the shifts of peaks 4 and 5 as the angle is varied
from 4° to 15°, 4E, ;(4-15°), are shown in Fig. 19. For
£, = 0.5 MeV, all the deviations from the weak-coupling
limit mentioned above can be explained if — 3.4
< F? « _ 3.0MeV. However, the situation remains very far
from the strong-coupling limit ¥, ~V ., which if realized
would, for example, give instead of the two strong coherent
peaks at E = 16.4 MeV and E = 25.7 MeV a single peak
consisting of two closely spaced T = 0, 1 components.

Coherence in the (K —, # ) Reaction and Spin-Spin
Interaction

In Sec. 1 we considered in the weak- coupling model the
excitation spectrum of the hypernucleus }?C. The strong nar-
row peak at £ = 0 (see Fig. 3) was identified with the coher-
ent  (lps;, 1pi,' )37 tramsition  to  the  state
[M'Cy @ (1p3/2)4 ]o- In the ji-coupling limit, coherent tran-
sition in the 1p shell does indeed lead to the formation of a
single }2C(0 ") state. However, it follows from realistic calcu-
lations of the coefficients of fractional parentage for the '>C
nucleus®® that the contribution of the ''C ground state to the
sum rule for the spectroscopic factors for separation of a 1p
neutron is only 71%. The question therefore arises of how
the other ''C states needed to saturate the sum rule (J™ = 1/
2, E=2. 0 MeV and J” = 3/27, E = 4.8 MeV) appear in
the *C(K —, 77)}2C reaction. The answer to this question
was given in Ref. 38, in which the spectrum of states
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FIG. 20 The 2C,,—''C + n(1p;) fractional-parentage scheme and spec-
trum of the }?C(0™) = ["'C{J"E )= (1p), |, levels for different values of
the spin-spin interaction parameter e, .*® The neutron spectroscopic fac-
tors are given in the square brackets. For the hypernuclear levels, the
relative probabilities of excitation in the reaction *C(K —, 7—)*C for
a =0, are given; the absolute values of the interaction energy of the A
hyperon in the 1p shell for the lowest level are given in the round brackets
(MeV).

[2C0*) =[""CY™, E)) & (1p)4 Yo Was calculated with
allowance for the excitations of the nucleon core. The residu-
al interaction was chosen in the form (1 + a, 0, oy 0(F ),
the central part being characterized by Slater integrals
F©= —1MeVand F® = — 3MeV, and the parameter ct,,

was varied in the interval [ — 1, 2]. The calculated energies
of the 07 levels and the relative probabilities of their excita-
tion in the (K ~, #7) reaction at ¢ = 0 for different values of
a, are shown in Fig. 20. With increasing @, , the maximum
in the intensity of the coherent (1p, 1p™")9, transition is
shifted to higher excitation energies. For @, =0, which is
close to the physical case (@, ~ — 0.1 according to Refs. 10
and 37), the lowest state has the structure |'2C(0,")) ~0.857
[17'C3/2730)) @ |(173/2)4 Yo + 0.515[|"'C(1/27;2.00))

® |(121/2)4 2 ]o+ and is responsible for 90% of the intensity
instead of the 71% in the weak-coupling limit. This increase
in the coherence is due to the constructive interference of the
transitions to two lower states of the nuclear core. With de-
creasing ¢4, the degree of coherence for the lowest state
increases, reaching 98.5% for @, = — 1. But if the param-
eter @, is increased and takes positive values, coherent pro-
duction becomes characteristic for the uppermost 0™ state.
Fora, = 1, the probability of production of the lowest state
is negligibly small, and the total intensity is distributed in the
ratio 3:1 between the uppermost and central 0+ levels, which
are split by 4.5 MeV. This result means that the experimen-
tally observed high degree of coherence in the production of
A hypernuclei in the (K ~, 7% ) reaction at small ¢ imposes
definite requirements on the hypernuclear structure and, as
a consequence, on the AN interaction. Of great interest is the
question of the degree of coherence in the production of 3
hypernuclei in the (K —, 7% ) reaction, since the absence of a
significant spin dependence of the EN forces'°® means that
the total intensity of the coherent transition can, in contrast
to the case of A hypernuclei, be distributed over several =-
hypernuclear states.®

6. 2 HYPERNUCLEI

A feature of X hypernuclei is the possibility of £A con-
version through the strong ZN-AN channel coupling. Using

L. N. Bogdanova and V. E. Markushin 384



the experimental cross section of the 2~ p—An reaction at
low energies, 05, ,” one can estimate the conversion length
ofa 3 hyperon in a nucleus: A = 1/pos, ~1F. Sinced does
not exceed the nuclear diameter, it would appear that one
cannot expect the existence of quasidiscrete levels in the Z-
nuclear system. More formally, suppose the interaction of
the = hyperon with the nucleus is described by a local ener-
gy-independent optical potential

I’ropt (r)= *'j_?‘ (1+m—:) “:AP(T)-

my (25]
Here, M is the reduced mass, p{r) is the nuclear density, and
@5y isthe effective ZV scattering length, which can be deter-

mined, for example, using data on = atoms'®:
Gzy = (0.35 = 0,04) 4 i (0,19 = 0,03) F .

At the same time, ReV,,(0)= —26 MeV, Im V_,(0)
= — 14 MeV; a similar value Im V. (0) = — 11 MeV is
obtained if Im @y, is expressed in terms of the low-energy
cross section of the £~ p—»An reaction.'”? In the first order

inIm ¥V, the I';, conversion width is given by

Toy— 2 (1422 ) Imasy | 19170 () &r, (26)

where 1/(r) is the wave function of the Z hyperon. Thus, for
states localized within the nucleus, I'54 =~ — 2 Im ¥, (0)
~20-30 MeV.!% This estimate is close to the results of nu-
merical solution of the eigenvalue problem for the Hamil-
tonian of the Z-nucleus system with the interaction (25)
(Ref. 104): for the hypernucleus 5°C, I'5,(1s) =23 MeV
[B(1s) = 13 MeV], ;4 (1p) = 13 MeV [B 3 (1p) = 0 MeV];
for the hypernucleus $°Ca, I's , (15) = 28 MeV, I's 4 (1p) = 23
MeV, I'5,(1d) = 18 MeV, I';,(25) = 16 MeV. Very unex-
pected therefore was the observation of narrow structures
(I"S 10 MeV) near the threshold of the (£ + #~ ' Z’) channel
in the cross sections do/df2dE of the *Z(K —, 7 * )X reac-
tions on light nuclei.

%, Hypernuclei in the (X —, 7—) Reaction

The first data indicating the existence of = hypernuclei
were obtained by the Heidelberg-Saclay—Strasbourg colla-
boration at CERN.'® Figure 21 shows the missing-mass
spectrum for the *Be(K —, 7~ )X reaction at px = 720 MeV/
¢ and 6 = (°. The two strong peaks in the left-hand part of
the spectrum (E, equal to 6 and 17 MeV) correspond to
coherent production of % Be (momentum transfer g =57
MeV/c). About 80 MeV higher thereis a structure consisting
of two peaks (E yo = E, — 77 MeV = 9 MeV and 20 MeV).
These peaks correspond to states of a 2 hypernucleus pro-
duced by coherent transitions in the 1p shell. The momen-
tum transfer to the = hypernucleus is ¢ = 129 MeV/c, and
the ratio of the cross sections for 3 Be and % Be production is
approximately 1:4. For comparison, the insert shows the
% Be spectrum at g = 67 MeV/c (px =900 MeV/c). The
same collaboration obtained indications of the existence of a
narrow 1°C state at Eso =4 MeV, and also broad structures

®The energy dependence of gy, can be approximately described by
054 = 65 mb/(v + 200%), where v is the relative velocity of the = ~ and
P_IDO
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FIG. 21. Excitation spectra of A and X hypernuclei in the (K ~, 7~ ) reac-
tion on the °Be nucleus at py = 720 MeV/c and 8 = 0°.'%° The energies
E4 and E5 are measured from the thresholds of the A + *Be,, and
Z° -t *Be,, channels. The insert shows the excitation spectrum of the } Be
hypernucleus at p, = 900 MeV/c.

near the £ 4 4~ 'Z' threshold in the (K —, 7~ ) reaction on
"Liand the (K —, 7) reaction on °Be.'*

Experiments made at BNL'% provided new proofs for
the existence of narrow states of X hypernuclei. Figure 22
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FIG. 22. Energy dependence of the differential cross section do/d2dE of
the :Li(K =, w7 )$H reaction at p, =713 MeV/cand 8§ =3.7° (a) and 9°
‘:b]l 7
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shows the excitation spectrum of the hypernucleus & Hin the
°Li(K —, 7*)3H reaction at p, = 713 MeV/c. At 0 = 3.7°
thereare two clearly defined peaks with energies E s equal to
9.1 and 22 MeV and total widths (with allowance for the
experimental resolution §E = 3 MeV) I" equal to 12 and 4.6
MeV, respectively.” Both peaks vanish with increasing an-
gle 0, and this makes it possible to identify them with the
coherent transitions (1p, 1p7")3%, and (1s, 1s~1)°+. In addi-
tion, it follows from the BNL data'® that in the 'O(K —,
7+)3°C reaction there is a broad structure at E; = 15 MeV
(I"'>19 MeV), which may be a superposition of several co-
herent transitions in the 1p shell.

The discovery of narrow states of X hypernuclei stimu-
lated study of the (K —, #F ) reaction at lower momenta of
the kaon beam under conditions of recoilless production of
the = hypernuclei. The cross sections do/dQdE |,_ , of the
reactions "*C(K —, 7~ )X, '>C(K —, 7*)Xand "O(K ~, 7 )X
measured by the Heidelberg—Saclay collaboration at CERN
using a K ~ beam with momentum p, = 400-450 MeV/c
are characterized by the presence of well-defined peaks cor-
responding to coherent transitions in the 1p shell,'%®

ZA Conversion and Structure of = Hypernuclei

One would expect 2 hypernuclei to have a more compli-
cated structure than A hypernuclei. One of the fundamental
questions that arises here concerns the validity of the aver-
age-field conception for describing the 2 hyperon in a nu-
cleus. The point is that a many-channel treatment of the 3
hypernucleus with allowance for £A conversion leads to an
effective single-channel problem with a generalized optical
potential that is essentially nonlocal and depends on the en-
ergy. Approximation of it by a local potential gives satisfac-
tory results in the scattering problem and in the study of =
atoms,'" for which the form of the potential within the nu-
cleus is of little importance on account of the strong absorp-
tion on the surface. However, if one is interested in S-nu-
clear states, for which localization in the intranuclear region
is characteristic, such an approximation no longer appears
unexceptionable. Another question relates to the applicabi-
lity of the weak-coupling approximation for the description
of X hypernuclei. Investigations of propagation of a = hy-
peron in nuclear matter show that an appreciable fraction of
the energy release (M s — M, ) can be expended on excita-
tion of the nuclear matter.'" Applied to finite nuclei, this
means that it is necessary to take into account the excited
states of the nucleon core. Thus, the resulting picture of an
unstable quasiparticle carrying strangeness is more compli-
cated than the simple scheme of a “Z hyperon in an unde-
formed nucleon core.”

In pointing out the difference from A hypernuclei, we
must also mention the more complicated isospin structure of
the 2 hypernuclei and the appreciable—on nuclear scales—
violation of isotopic invariance in the isotriplet )= ~, 2°, 3+);
Mz — M. =8MecV.Inaddition, thespin—orbit forces for
the 2 hyperon in the nucleus are expected to be as important
as for the nucleon,''®'"! and the residual 3 interaction has

“The values of E and I" may vary somewhat, depending on the method
used to subtract the background.'®’

386 Sov. J. Part. Nucl. 15 (4), July-Aug. 1984

a strong spin—isospin dependence.'® The degree of coher-
ence of the production of = hypernuclei in the (K —, 77 )
reaction at small ¢ must also be established experimental-
ly_38

Of particular interest at the present time is the problem
of A conversion. There have been many theoretical calcu-
lations (see Refs. 104, 109, and 112-121) of the widths of 3
hypernuclei; we shall dwell on only some of them in order to
demonstrate the variety of the approaches that are employed
(see Ref. 120).

In the framework of the traditional approach, which
uses a local energy-independent potential, one of the possible
reasons for suppression of 24 conversion was pointed out in
Ref. 104. Because of the dominance of one-pion exchange in
the ZN—AN process and the strong spin dependence of the
ZN interaction, the main contribution to the SN—AN con-
version cross section at low energies ( ~90%) is made by the
'S, wave, in which there is attraction in the initial state (in
the 'S, wave there is repulsion). In heavy nuclei, in which
the spins and isospins are near saturation, such selectivity is
of little importance, but in light nuclei, 4 <16, it may lead to
appreciable effects. Consider, for example, the 2-hypernu-
clear state produced in the °Li(K —, #*)3H reaction as a
result of the coherent (1s, 1s~")3*, transition.!"® The struc-
ture of this state is such that it contains with high probability
the cluster configuration [3#(T=3/2, J=0)ed ], , .0
Since the 2~ p pair is in the cluster $# in the singlet state,
strong 2~ p—An conversion is possible only on a proton of a
deuteron cluster, and the width I'y, acquires a certain
smallness. The selectivity of £A conversion can be taken into
account by replacing in the formula

Tsa=(voza) | doa, ...
A
oo Pry s D) O (¢ —xs) [ (%, ¥4, X5) 2 (27)
i=1

A

the expression 27 ,6(x; —xz) by 1/123,6 (% — x5)
(3 + 0,05 ) (1 — 7,ts) using vos , ('*S,) instead of the quanti-
ty (vos,), which is averaged over all possible initial SN
states. Calculations made for light = hypernuclei show that
for certain states the conversion on nucleons of the unfilled
1p shellis strongly suppressed, and the smallest width sy is
expected for states that are produced as a result of coherent
(Ip, 1p~Y)3% transitions and have the greatest possible iso-
spin. For example, for the {*C strangeness analog state con-
structed on the 1p shell with isospin T'= 3/2, conversion
takes place only on nucleons of the 1s shell (s =6 MeV
instead of 15 MeV). Other examples and analysis of the avail-
able experimental data from this point of view can be found
in Refs. 36, 104, 118, and 120.

Possible reasons for the suppression of £A4 conversion
in the framework of the theory of infinite nuclear matter
were sought in the effects of density dependence {Refs. 109,
115-117, and 121), off-shell effects, the Pauli principle, 10%115
and disperison effects.'*"*" In particular, in the presence of
saturation in the p dependence of the mass opertor of the 3

'™A similar situation was considered for the hypernuecleus § Liin Ref. 86.
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hyperon in nuclear matter''” one can construct a local opti-
cal potential that agrees with the Z-atomic data and gives a
moderate width for the 2A conversion of 2 hypernuclei
(I" % 5 MeV). A suppression of 24 conversion by the effect of
the Pauli principle arises if allowance is made for excitation
of the nuclear matter in the EN—AN process when the final
nucleon is emitted with momentum comparable with the
Fermi momentum.'**''?

The standard method of calculating the width I"5, by
means of Eq. (26), which does not take into account pairing
correlations, was criticized by Kisslinger,''> who proposed
the estimate

I‘}_‘,‘\ = Fﬁm E

Here, I"is the width of the ZN state that could be produced
in the (K —, 7 ) reaction on an NN cluster in the nucleus.

T=—2Im (SN |Vig(E—H\y+1ie) 1 Vas | ZN),

and N,y is the effective number of pairs that participate in
the conversion; it is comparable with the N4 defined in Sec.
2. For the operator ¥, ; of £A4 conversion, a one-pion ex-
change potential was taken; the N cluster was described by
a wave function of Hulthén type. For a cluster with binding
energy B = 4 MeV, I"'~1MeV, and the width must be of the
order of several mega-electron-volts.

An alternative to the standard approach to the problem
of the ZA-conversion widths of = hypernuclei was proposed
in Ref. 113, in which it was shown that if allowance is made
for the interaction of the hyperons with the self-consistent
field of the nucleons in the nucleus in the coupled-channel
problem, the widths of A conversion must be small
(Is4 S 10 MeV). Qualitatively, the suppression effect is due
to the approximate orthogonality of the wave functions of
the = hyperon in the bound state and of the A hyperon in the
continuum, and to the slow variation of the 2—A transition
operator in the nucleus. Indeed, if the Z-nucleus and A-
nucleus forces are nearly equal, the wave functions of the
hyperon—nucleus system corresponding to different ener pies
are orthogonal. The A conversion potential, like the poten-
tials of the interaction of the hyperons with the self-consis-
tent field of the nucleus, is proportional to the nuclear den-
sity, since the range of the hyperon-nucleon forces is of the
order of the distance between the nucleons in the nucleus.
Then in the calculation of the 2—A transition probability
amplitude we are dealing with the matrix element of a slowly
varying operator between orthogonal states, and the result
acquires a certain smallness. If these arguments are correct,
a small width 'y, must be characteristic of all states of me-
dium and light = hypernuclei. For example, for the ground
state of the hypernucleus 3*C, estimates of the widths give
" = 5-10 MeV. The considered model predicts strong sup-
pression of the high-energy component of the spectrum of A
hyperons produced by the decay of = hypernuclei. An im-
portant element of such an approach is the assumption of a
coherent nature of the conversion. In contrast to the esti-
mate (26), it is the amplitudes for the different final channels
that are added, and not the probabilities of ZN—AN transi-
tions on an individual nucleon. The part played by the
greater energy release in the elementary ZN—AN process
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was also noted in Ref. 119, in which it was pointed out that
an appreciable fraction of the phase space for the final nu-
cleon does not make a significant contribution to I"y, on
account of the suppression of the 2—A transitions by struc-
ture factors due to the finite size of the nucleus.

In Ref. 114 it was conjectured that the observed narrow
states of = hypernuclei are unstable bound states in the con-
tinuum. Such states, having a normalizable wave function,
arise in the solution of the eigenvalue problem with the non-
Hermitian Hamiltonian of the Z-nucleus system. The poles
of the § matrix corresponding to them lie in the lower half-
plane of the first sheet of the Riemann surface S(E; ). In
contrast to the ordinary resonances lying on the second sheet
near the physical region, the unstable bound states with
Re E 5 >0 are not manifested in =-hyperon scattering on a
nucleus, but they may give a resonance structure in A-nu-
cleus scattering near the threshold of the Z—nucleus channel.
For testing the hypothetical existence of unstable bound
states, great interest attaches to study of the “He(K —, 7 *)sn
reaction. As is shown by the estimates,''* the $n state pro-
duced by the coherent (1s, 1s~')3<, transition must lie in the
continuum. If in the region E s >0 there is found to be a
narrow state (in this case it cannot be an ordinary single-
particle resonance because of the absence of a centrifugal
barrier in the s wave), this will be a direct proof of the exis-
tence of an unstable bound state.

The variety of the approaches to the problem of ZA
conversion in £ hypernuclei indicates that its complete solu-
tion has not yet been found. Here we deal with the case in
which the key to the description of the structure of a nuclear
system is given by investigation of its decays. In this respect,
great interest attaches to further experiments to study Z hy-
pernucleiin (K —, 7 ¥ ) reactions on light nuclei, particularly
at small momenta of the kaon beam ( py 50.5 GeV/c)under
conditions when the coherent transitions are dominant.

CONCLUSIONS

There are several reasons for the interest in hypernuclei.
One of them is the possibility of studying the low-energy
interaction of hyperons with nucleons. Another, intimately
related to the first, is the extension of the traditional methods
and models of nuclear physics to the new region character-
ized by the presence in the nucleus of a strongly interacting
particle not identical to the remaining constituents of the
nucleus or, in other words, excitation in the nucleus of non-
nucleon degrees of freedom associated with an additional
quantum number—strangeness. The appearance of exten-
sive experimental information on excited states of hypernu-
clei stimulated a rapid development of the theory. Two im-
portant circumstances simplifying the situation favored
progress in this field, namely, the quasiparticle nature of the
hyperon excitations and the presence of a large number of
examples of weak coupling of the hyperon and nucleon de-
grees of [reedom. It was established that the use of shell wave
functions to describe the A hyperon in the nucleus makes it
possible to obtain satisfactory agreement between theoreti-
cal calculations of the spectra and the cross sections for exci-
tation of hypernuclei in the (K ~, 7~ ) reaction and the avail-
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able experimental data. As a result, the shell model became
the basis both for describing hypernuclear structure and for
comparative analysis of the A—nucleus and N-nucleus inter-
action. The latter is of great importance for clarifying the
nature of the various types of forces in the baryon-nucleus
interaction, in particular the spin—orbit forces. The problem
of LS forces and their relation to the elementary NN and AN
interactions have recently been intensively investigated (see
Refs. 110, 111, and 122), and it is possible that the study of
hypernuclei will provide an answer to the old question of the
nature of the nuclear spin—orbit forces.

Of considerable interest is the investigation of the inter-
action of hyperon and nucleon degrees of freedom, the most
pronounced effects of which are expressed in deviations
from the naive weak-coupling approximation. Such investi-
gations have been begun for light A hypernuclei and provide
material for determining the effective AN interction. Prom-
ising in this respect is the study of low-lying excitations in
(K ~, 7~ y) reactions. The high resolution is an important
advantage of gamma-spectroscopic experiments, but their
realization has hitherto been held back by the quality of the
existing kaon beams. The possibilities of such experiments
can be fully realized in kaon factories (Ref. 123).""

The possibilities of investigating hypernuclei in the
(K =, 77) reaction are far from exhausted. Study of the q
dependences of the excitation cross sections of hypernuclei
makes it possible not only to identify the individual states
but also to consider more subtle questions of hypernuclear
structure (mixing of configurations, splitting of levels).
Strong decays of A hypernuclei are interesting in that their
properties reflect the structure of the nucleon core and the
presence of association effects. The (K ~, 7T ) reaction is
also the main source of = hypernuclei, whose structure at-
tracts particular attention in connection with the impor-
tance of the EN—AN conversion processes, which do not
have a close analog in traditional nuclear physics.

As alternative ways of producing hypernuclei, consi-
deration has been given to the (7, K ™) reaction*® and the
{7, K ") reaction."* Compared with the (K —, 7~) reaction,
they have a number of advantages in the study of medium
and heavy hypernuclei with high spin. It is to be expected
that in heavy nuclei the A hyperon has a strong influence on
the collective parameters (radius of the nucleus, moment of
inertia),*” and therefore study of heavy hypernuclei, about
which very little is currently known, must significantly en-
rich our ideas about the interaction of hyperon and nucleon
degrees of freedom. i
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