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A universal property of dipole resonance in light nuclei, called configuration splitting, is established and
analyzed on the basis of a great deal of experimental and theoretical work. The phenomenon consists of the
occurrence of two groups of transitions which are separated in energy and formed by nucleons of different
shells. The splitting is about 10 MeV in nuclei of the Ip shell. The phenomenon is due to the important part
played by Majorana forces in light nuclei. Experiments that permit the detection of configuration splitting are
described. The splitting is manifested in many phenomena associated with the excitation and subsequent
decay of dipole resonance states, in particular, in photonuclear reactions, electron scattering, ¢ capture,
radiative capture of 77 mesons, and in the states of hypernuclear systems. i
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INTRODUCTION

The most striking feature of reactions in whichy
rays are absorbed by nuclei is the excitation of a giant
resonance. Photonuclear resonance is primarily
associated with dipole transitions. In medium and
heavy nuclei, it is localized in the energy range from
13 to 18 MeV. If the nuclei are spherical, the dipole
resonance in experiments with moderate energy reso-
lution is manifested as a comparatively narrow single
peak; in deformed nuclei, it is split into two. In light
nuclei, an entirely different picture is observed—the
resonance is spread over a broad energy region, ex-
tending almost to 40 MeV, and even in experiments
with low energy resolution it takes the form of several
rather broad maxima.

A theoretical interpretation of the giant photonuclear
resonance for medium and heavy nuclei based on hydro-
dynamic notions, the so-called macroscopic approach,
was given by Migdal' and Goldhaber and Teller.? The
foundations of a microscopic approach, based on the
shell model, were laid by Wilkinson.® The decisive
step in this direction was made at the beginning of the
sixties by Brown,* who introduced the concept of a
collective dipole state. The real existence of such a
state was demonstrated for the first time by Balashov
et al.5 Thus, an understanding of the collective nature
of the giant resonance was achieved, and this made it
possible to establish a connection between the micro-
scopic and the collective (hydrodynamic) theories of
the photoeffect.

Detailed microscopic calculations of the photonuclear
dipole resonance in medium and heavy nuclei have only
recently been made possible by the application of pow-
erful computers. The results of these investigations,
which reflect the latest achievements, are discussed in
the review papers of Refs. 6-8.

At the beginning of the sixties, i.e., at almost the
same time as the foundations of the microscopic ap-
proach were laid, it was shown that in light nuclei a
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single dipole state is not formed,’~'*and it was
shown®'!3 that this is because Majorana forces play an
important part in light nuclei. The first consequence
of this is the existence of a supermultiplet structure in
light nuclei and a clearly expressed “fouring” of the
nucleons (large binding energy of a nucleon if its sepa-
ration destroys a closed row of the orbital Young tab-
leau). A second consequence is that the binding energy
of a closed-shell nucleon which participates in the for-
mation of the giant resonance increases rather rapidly
with increasing number of particles in the outer unfilled
shell, whereas the binding energy of a nucleon on the
Fermi surface, where the nucleon from the closed
shell arrives, remains approximately constant. The
excited states with different Young tableaux are dis-
placed in energy so strongly that the nondiagonal part
of the particle~hole interaction amplitude is too small
to overcome the influence of the large spread of the
energies and form a single maximum of the dipole ab-
sorption,

The resulting effect is as follows: a) the transitions
from the closed shell are displaced to higher energies
relative to the transitions from the outer open shell;

b) the transitions from each shell are also grouped with
respect to the energy, depending on the Young tableau
of the resulting state.

This influence of the Majorana forces, which leads to
a splitting of the dipole-absorption curve in light nu-
clei, has been called configuration splitting '**"®

Simultaneously, it was established theoretically that
one of the clear consequences of the configuration
splitting of the resonance in 1p-shell nuclei is the
presence of very unusual decay channels of the reso-
nance.’™® The theory predicted®™!! that in the lithium
isotopes the main decay channels for a highly excited
(E* =30 MeV ) nucleus should be into three or four
comparatively low-energy fragments. This is a so-
called star decay, corresponding to photodisintegra-
tion of a virtual o particle in the nucleus. Also pre-
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dicted was a two-particle channei corresponding to
fission into two equal parts: SHe—*H in °Li and ‘He—*H
in "Li. These predictions stimulated many experiments,
which were made by Leningrad physicists.'®!® These
led to the experimental detection of star decays in °Li
and 'Li.

Subsequent analysis showed that the conditions for
the occurrence of configuration splitting are also sat-
isfied for nuclei in which the 2s-2d shell is filled.?’
This stimulated extensive experimental investiga-
tions*'#4 at the Scientific-Research Institute of Nuclear
Physics at Moscow State University, and these, in
conjunction with the theoretical studies,?!! led to the
discovery of the phenomenon in the region of nuclei
24<A =32. The configuration splitting is detected
mainly through its specific property—highly excited
states formed by transition of a nucleon from a closed
shell to the valence shell, the states remaining large-
ly uncollectivized, so that they decay, emitting low-
energy nucleons, with the consequence that the nu-
cleus A -1 remains comparatively highly excited (hole
in the closed shell),

In the following years it was established that the ex-
citation of giant-resonance states is not restricted to
electromagnetic interactions. Having originated in the
physics of photonuclear reactions, the resonance mech-
anism was later proposed as the dominant mechanism
of muon absorption by nuclei and, later, radiative cap-
ture of 7 mesons.?® This concept is penetrating further
and further into other regions of medium-energy phys-
ics. A dominant role of such states in numerous me-
son-nucleus interaction processes has now been con-
vincingly demonstrated.

In many processes at medium energies the dominant
transitions are of dipole type?® On the basis of this, it
was shown that the phenomenon of configuration split-
ting of the giant resonance is also important in the in-
teraction of mesons with light nuclei.?"™®® As in the
photonuclear reactions, it is manifested through the
many-particle nature of the decay in the lightest nuclei
of the 1p shell.**** However, whereas the configura-
tion splitting is “eliminated” in photonuclear reactions
in nuclei of medium mass by the residual interaction
between the nucleons in the nuclei, it can be traceds¢
much further in meson-nucleus interactions—up to
nuclei with atomic number A 100 and higher. The
reason for this is that in meson-nucleus interactions
a decisive part is played by spin excitations, i.e.,
strong nucleon transitions of the type j*—j’ ™!, where,
for example, j and j* can take the values j=1+ % and
=@+ +zorj=l+3andj’ =(+1)-4, etc. Asa
result, in contrast to the ordinary giant dipole reso-
nance, the energy of the spin—orbit splitting deter-
mines, as one of the most important factors, a broad
spread of the particle-hole levels already in the zeroth
approximation, i.e., before allowance is made for the
nondiagronal matrix elements. Therefore, the corre-
sponding states are collectivized by mixing of the
particle-hole states much more weakly than the ordi-
nary dipole excitations, so that the conditions for
manifestation of configuration splitting are favorable
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for medium nuclei as well,

Recently, it has been shown that a supermultiplet
structure of the levels is also manifested in the light-
est hypernuclei of the 1p shell: §Li, |Li, and Be.
This structure of these systems leads to interesting
consequences in strangeness-changing (K-, 77) process-
es,%% in which configuration splitting is also observed.

Thus, in all the considered phenomena we are con-
cerned in the first place with features in the spectrum
of the particle—hole energies in the zeroth approxima-
tion, i.e., before allowance is made for the nondiagonal
part of the particle—hole interaction amplitude, which,
under favorable circumstances, leads to collectiviza-
tion of the dipole states. In this field, the development
of nuclear physics has taken an unexpected turn, It
would seem that the simplest aspects of the problem —
the zeroth-approximation effects—have revealed im-
portant, previously uninvestigated features, thereby
stimulating considerably the general level of photonu-
clear investigations. We now have the possibility of
both “ordinary” situations with strongly collectivized
dipole states in medium and heavy nuclei and situations
in which the dipole absorption is distributed over a
broad energy band of weakly collectivized particle=hole
states. This variety in the properties of the particle—
hole states is important in many problems, and this
interesting inner unity of a fairly large group of phe-
nomena has prompted us to write the present review.
We discuss here qualitatively the prerequisites for the
occurrence of configuration splitting and the extent to
which they are present in different nuclei; the possible
effects directly associated with such splitting that can
serve as indicators of it; and also the results of exten-
sive calculations and experimental investigations of this
phenomenon in nuclei of the 1p shell.

1. PREREQUISITES FOR THE OCCURRENCE OF
CONFIGURATION SPLITTING OF DIPOLE RESONANCE
IN LIGHT NUCLEI AND ITS CHARACTERISTIC
MANIFESTATIONS (QUALITATIVE TREATMENT)

Supevmultiplet structure of light nuclei and its man-
festation states forming the dipole vesonance. The
Majorana forces M =-V,, 2, P; determine the basic
features of the structure of light nuclei, in which a
supermultiplet level scheme is realized approximate-
ly. Here, Pj; is the operator of permutation of the
spatial coordinates of the nucleons; the effective value
of Vi is (V) =3-4 MeV. The Young tableau [a] of the
orbital symmetry is, as a good quantum number, the
main characteristic of such structure.’” Within one
Young tableau, there can be strong mixing of the states
with respect to both the orbital angular momentum L
and the spin S.

There is a large energy gap between states corre-
sponding to different Young tableaux. We shall illus-
trate this by taking the example of the nuclei °Li and
"Li, in which the effect is most strongly manifested.
Thus, in °Li the levels with the Young scheme [42] and
configuration 0s*1p?, and in "Li with tableau [43] and
configuration 0s*1p®, are situated in the energy range
from 0 to 6 MeV, and those with the tableaux [411] in
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6., and [421] in "Li from 10 to 18 MeV.** The situation
is similar in other 1p-shell nuclei. In even—even nu-
clei with N=2Z a large gap also arises between the low-
est states with isospins T=0 and T'=1, since they be-
long to different Young tableaux. In the first case, we
have a configuration with an unbroken quadruplet in the
Young tableau, for example, 0s‘1p*[44] in *Be or
0s*1p?[444] in '*C; in the second case, we have a con-
figuration with broken quadruplet: 03"1})4[431] and
0s%1p%[4431]. In nuclei of the 1p shell, the gap is about
15 MeV, while in the 2s —2d shell it is about 9 MeV.
This is the fouring effect referred to above.

In describing dipole resonance in light nuclei, one
usually assumes that it is formed by two groups of
nucleon transitions: from a closed (inner) to a partly
filled outer (or, as it is sometimes called, valence)
shell (group B) and from a partly filled shell to an
empty shell (group A). These groups are formed by
0s — 1p and 1p - (2s or 2d) transitions in nuclei of the
1p shell:

6 M pd=? (s or 2d)!
(]s"lp"_i—>{(s‘1p‘ A(s " ;
0s*pt?

A (la)
B (1b)

and 1p —(2s or 2d) and (2s or 2d) - (3f or 3p) transi-
tions in nuclei of the 2s —-2d shell:

A (2a)

Os*ptz (25 — 24y~ 18 _,_{ Os*1pt2(2s—24)* =17 (37 or 3p)*
B (2b)

0s*1 ptt (25 — 2d)2 12,

The dipole resonance states are to a strong degree
subject to the influence of the supermultiplet structure
of the low-lying states. We shall illustrate this by the
example of the same nuclei °Li and "Li. In the super-
multiplet scheme,” the 61,i ground state corresponds to
the configuration 0s*1p?[42], and the "Li ground state
to the configuration 0s*1p®[43]. In these two nuclei,
the dipole resonance is formed basically from the
states described by the configurations given in Table I.
Transitions from the closed 0s shell (group B) are
strongly displaced in energy relative fo the transitions
from the 1p shell. This is due to the fact that in nu-
clei in which the 1p shell is only beginning to be filled
breakup of the quadruplet of nucleons does not occur
in the transitions of group A, whereas it does in the
other transitions, as can be seen from Table I. The
transitions of group B are also displaced relative to
one another, which is due to the gap between the states
with the Young tableaux [33] and [321].

The nondiagonal part of the residual interaction of
the nucleons in the nucleus is incapable of combining
such widely spread levels into a single collective maxi-
mum. Moreover, because of the large energy spread
the mixing of the states between these groups when
allowance is made for the nondiagonal part of the in-
teraction will be small, and they effectively retain
their individuality. Therefore, the diagonal approxi-
mation (in which the energy of each state from which
the resonance is formed is calculated with allowance

D The admixture in the ground state of other components due
to the circumstance that the Young tableau is not a strictly
conserved quantity is less than 10% in these nuclei,?®
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TABLE I. Configurations that participate in the formation
of the dipole resonance in the nuclei °Li and 1.

sLi 714

1. 0s8p (2 or 2d) [411] 1. 021 p* [43]
2. 0s%1p3 [33] 2. 0sMp® (25 or 2d) [421]
3. ps31p® [321] 3. 0s%1p4 [331]

for only the diagonal part of the effective nucleon-nu-
cleon interaction and without allowance for mixing of
the states) can already serve as a good basis for es-
tablishing the gross structure of the dipole resonance.
It was in this approximation that the first calculations
were made,’"* and it was predicted on their basis that
the dipole states in the Li isotopes are concentrated in
the energy intervals AE; =10-15 MeV, AE,=15-20
MeV, and AE, =25 MeV, respectively. Since the last
maximum is associated with the breakup of a closed
quadruplet in the Young tableau, it was called a maxi-
mum of quasi-a-particle absorption of y rays. Detail-
ed calculations made with allowance for configuration
mixing?8:39+40 confirmed that the effect of this mixing
is small and that each of the maxima can be unambigu-
ously associated with a definite configuration in Table
I. As early as 1963, there were experimental data*!
which indicated that in ®Li there is indeed a well-form-
ed high-energy maximum of quasi-a-particle absorp-
tion.

In nuclei in which the 1p shell is almost half filled,
i.e., beginning with ’Be, the formation of the dipole
resonance already involves the breakup of a quadruplet
of nucleons in the 1p shell. Therefore, transitions of
group A are also displaced relative to each other
through the manifestation of the supermultiplet struc-
ture. In the nuclei *Be and '°C there will be transitions
to states described by the Young tableaux with unbroken
quadruplets [441] and [4441], respectively. Such states
are situated very low. The corresponding low-energy
pranch has been called the pigmy resonance.*

The fouring effect of the nucleons leads to a kind of
quasi-a-molecular structure of the light nuclei, which
is well expressed in nuclei in the region from °He to
®Be and somewhat less clearly in the remaining 1p-
shell nuclei. This effect can be interpreted as repul-
sion due to Majorana forces between filled rows in the
Young tableau (orbital). As was shown by Brink,'? this
quasimolecular structure can be described in the
framework of the multicenter Hartree—Fock method,*
in which each orbital in the wave function is a sum of
states localized with respect to different o centers.

We consider as an example the nucleus *Be. We
form the molecular orbitals o,(1p) and o (1p) for a 1p
nucleon in-the field of each of two a centers, i3+
These orbitals become degenerate with respect to the
energy if the centers are separated adiabatically.
When the centers are brought together, the orbitals go
over into 1p and 2s states, respectively. The distance
between these states is only 1.7 MeV, which is much
less than the oscillator frequency 7w =16 MeV for these
nuclei. Thus, even at very low energies a pigmy-res-
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onance dipole state arises. In the shell model, as
noted above, this is the state 0s*1p*2s[441] with un-
broken nucleon quadruplet. This effect is due to the
circumstance that in the nucleus *Be it is very diffi-
cult to move the a associations apart appreciably.’
It is therefore no surprise that the dipole-absorption
curve for the nucleus *Be is closely related to that for
an o particle® (see below). Since nucleon associa-
tions in the Li and Be isotopes are well formed, it
must be borne in mind that shell calculations of the
giant resonance for these nuclei somewhat over esti-
mate the part played by “fermization” of the system
of A nucleons, i.e., the part played by antisymmetri-
zation between the clusters.

In nuclei of the 2s-2d shell, one can no longer speak
of a quasimolecular structure. However, in these nu-
clei too there are analogous features in the energies
of the holes and particles, which leads to an energy
gap between transitions from different shells and weak
mixing of these particle—hole states. Formally, this
is due to the circumstance that when the quantum num-
bers n and! of the nucleons increase the Majorana
forces rapidly lose their supermultiplet action, and
the effect of the exchange operator P}, becomes slight.
In such a situation, the transitions 1p - (25 —2d) and
(2s —2d) ~(3p—3f) are not on an equal footing.

Configuration splitting in nuclei of the 2s —2d shell
is also realized in the Hartree—Fock method.!” In this
case, the part played by the Majorana forces is mani-
fested as an increase in the deformation of the nucleus
(as occurs in the nuclei °Be and '%C), but the single-
particle orbitals have a much more complicated form
than the Nilsson orbits. As a result, the low-energy
group of dipole transitions is associated with the exci-
tation of valence nucleons, and the high-energy group
with the excitation of nucleons of a closed shell.

With increasing atomic number A, when the values
n and ! of the valence shells increase, the exchange
operator Pj; loses its importance (in nuclei of medium
mass, the interaction range between the nucleons is
already significantly less than the radius of the nu-
cleus). The short-range nature of the interaction leads
to the phenomenon of pairing. Qualitatively, a Cooper
pair corresponds to the case when the residual inter-
action between the nucleons has the nature of §-func-
tional forces. In the relative motion, the Cooper pair
of nucleons has the quantum numbers N =2z and L =0,
where n is the principal quantum number of the nu-
cleons. Therefore, the wave function ¥, ;(7,) of the
relative motion of such a pair has the maximal pos-
sible value® at ;, =0. This determines the nature of
the coherent mixing of the various pairing states (nlj)
in a given oscillator shell, in which n=const. Basic-
ally, this is an entirely different effect from the long-
range fouring effect discussed above; the 77 compo-
nent of this §-function interaction is attractive in the
particle-particle channel and repulsive in the particle—
hole channel.*** This interaction lifts the incomplete
degeneracy of the particle—hole states and shifts the
resulting dipole state, since its energy is doubled
compared with the energy E,~7-8 MeV of the zeroth
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approximation.

Returning to light nuclei, we can say that, as follows
from the qualitative consideration and estimates in the
diagonal approximation, configuration splitting must
occur in nuclei of the 1p and 2s —-24 shells, this lead-
ing to the existence of two fairly well isolated groups
of transitions A and B associated with excitation of nu-
cleons of the valence and inner shells, respectively.
In addition, within each group there may also be an
energy splitting.

We now discuss the relative excitation intensity of
these two branches. In nuclei in which there are fewer
nucleons in the valence shell than in the closed shell,
as, for example, in the Li or Mg isotopes, transitions
of group B will predominate [see the expressions (1)
and (2)]. Therefore, in such nuclei the dipole reso-
nance will be situated at high energies. As the valence
shell is filled, the intensity of the transitions from it
naturally increases, while that of transitions from the
closed shell decreases, since the number of states to
which the dipole transitions can take place is reduced.
As a consequence, the photonuclear dipole resonance
maximum situated at lower energies than in nuclei in
which the valence shell is just beginning to fill.

Configuration splitting and decay of the dipole reso-
nance. Simultaneously with the conjecturing of the con-
figuration splitting in light nuclei, it was pointed out
that, since the mixing between the different groups of
states is weak, the decay of each then must take place
to corresponding hole states of the A — 1 daughter nu-
cleus.”!?% The nucleon-decay scheme can be repre-
sented in the simplified form

A(z()s“‘lp""‘", n=(—1)3"1 (3a)
40s*MpAt @25 or 2d)!, m=(—1)%; (3b)
B — (s31pA-4, n=(—1)4, (4)

for nuclei of the 1p shell, and the form
o 0ep (28— 20477, A= 4 1; (5a)
S0sMpt2 (25— 2d)2 "8 (3p or 31, = —1; (5b)
B — 051 ptt (25— 2d)2 10, = —1, (6)

for nuclei of the 2s —24 shell.

Of course, the configurations (3b) and (4) or (5b) and
(6) are mixed by the nucleon-nucleon interaction.
However, in this case too the mixing is generally of a
kind that permits the identification of a configuration
which makes the main contribution to the wave func-
tion.

The dipole resonance decays mainly by the emission
of nucleons. The lightest nuclei of the 1p shell are an
exception. The decay of group A through the nucleon
channel must lead to the population of low-lying states
of the final nucleus, whose structure is determined by
the configurations 0s*1p* (for nuclei of 1p shell) and
0s*1p'%(2s —24)* ™" (for nuclei of the 2s—2d shell). In
the first case, nucleons with orbital angular momenta
[ =0 and 2 will be emitted; in the second, nucleons with
I=1 and 3. The decays indicated by the broken arrows,
3d and 5d, will proceed much less strongly, since the
energy and spectroscopic factors are in this case un-
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favorable.

In the absence of mixing between groups A and B,
the latter leads through decay to the population of only
those states of the A =1 nucleus in which there is a
hole in the closed 0s shell (in 1p-shell nuclei) or 1p
shell (in nuclei of the 2s —2d shell). These hole states
of the A — 1 nucleus have a high energy (see the discus-
sion below). Although the actual resonance due to the
transitions of the group B is also situated fairly high,
its decay, being associated with high hole states of the
final A -1 nucleus, must lead to the emission of soft
nucleons. In nuclei of the 1p shell, the decay of states
of the group B will lead to the emission of a nucleon
with I =1, and the decay of nuclei of the 2s —-2d shell to
the emission of nucleons with =0 and 2.

The low-lying states of the final nucleus A —1 with
parity s =(-1)* in nuclei of the 1p shell and 7=-1 in
nuclei of the 2s —2d shell contain predominantly the
components (3b) or (5b), respectively, and a small ad-
mixture of the components (4) or (6). In Table II, we
give the weights®® of the 0s hole configuration in the
wave functions of the nucleus '*N with quantum numbers
J'=14*. With increasing excitation energy the weight
of the deep hole component in each state increases.
Because of the presence of such admixtures in the wave
functions of the final nucleus, a transition arises from
the high-lying states of the giant resonance with deep
hole to the low-lying states of the final nucleus through
the deep hole component, which results in an additional
relatively hard component in the photonucleon spec-
trum. In nuclei of the 2s—2d shell, this component has
an appreciable intensity.

Knowledge of the hole nature of the populated states
of the A — 1 nucleus and the energy dependence of the
partial cross sections makes it possible to decompose
the giant dipole resonance into components associated
with transitions of nucleons from different shells. For
this, it is necessary to obtain separately the sums of
the partial cross sections corresponding to formation
of the final nucleus A —1 in hole states in the outer and
the inner shell.

Thus, the decay of each group of states leads to the
population of levels of the final nucleus A —1 which
differ in their structure, energy, and parity, while
the emitted nucleons differ in their orbital angular
momenta. This specific nature of the decay of the
groups A and B predetermined the ways in which they
are identified experimentally. These are based on

TABLE II. Distribution of the 0s hole component over the
different states of the nucleus ®N with the quantum num-
bers J¥, T=4%, 4,

Excitation Fraction of Os Excitation Fraction of 05
energy, MeV hole component, % energy, MeV hole component, %
5.3 1.1 22.8 0.8
9.3 0.1 24.0 0.7
1201 0.7 26.2 5.0
13,9 0.1 27.8 1.4
16,2 0 30.3 0.6
17.9 0 31.5 0.6
19,4 0 34.8 59.7
21.9 0.1 36.0 9.4
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study of the so-called partial cvoss sections, i.e.,
the cross sections of reactions with the formation
of the final nucleus in a definite state.

Important information is also contained in a charac-
teristic of the partial cross section such as the angu-
lar distribution. Analysis of this characteristic makes
it possible to extract the angular momentum of the
emitted nucleon, which depends on the group of states
that decays.

In nuclei in which the 1p shell is only beginning to be
filled, the states of the final nucleus containing a hole
in the Os shell are unstable against subsequent com-
plete breakup into fragments. In this group, the most
probable decay channel is that of breakup into several
particles, the so-called star decay. The precise na-
ture of the fragments is determined by the Young tab-
leau of the final state. A qualitative analysis of this
kind was the basis of the first prediction?'!? of the star
decay of states formed by transitions of group B in the
nuelei °Li and "Li and associated with quasi-a-particle
absorption of photons:

E s -} P 3 4 1L 3H-
e i
Of particular interest are the dipole states with the
Young tableau [33] in ®Li and [43] in "Li; the theory
predicted®"!? that they would decay predominantly
through the *He-°H and ‘He-H channels, respectively.

0531 3 [321] —>{ (7)

Possible experiments to detect configuvation splitling
of photonuclear dipole resonances. The partial cross
sections can be extracted from the spectra of y rays
which de-excite the final nucleus and from the photo-
nucleon spectra. At the present time, both types of
experiment are made using a bremsstrahlung beam.

As an example, Fig. 1 shows the spectra of y rays
emitted by the final nuclei produced by the decay of

the dipole resonance in the nucleus 8. The spectra
clearly reveal peaks corresponding to population as a
result of the #8(; ,$)¥' D reaction of nine levels of the
nucleus ¥'P in the region 3-6 MeV, and also a peak
corresponding to population of the second excited state
of the nucleus %35i as a result of the *S(y, 2)*%Si reac-
tion. The advantages of experiments if this type are:

1) the high-energy resolution of the Ge(Li) detector,
which makes it possible to observe individual, even
closely spaced, levels; 2) the possibility of obtaining
in one experiment information about all the decay chan-
nels of the giant resonance—proton, neutron, a-par-
ticle, etc. The difficulties of the method are associated
with the need to take into account correctly the cascade
y transitions, which complicate the picture of the popu-
lation of the levels of the final nucleus, and the low
photon detection efficiency of the Ge(Li) detector, which
limits one to measurements at individual values of the
upper limit of the bremsstrahlung and means that only
integrated cross sections of transitions to the various
states can be obtained (it is only in rare cases that one
can obtain a rough energy dependence of the partial
cross section). In addition, from the y -ray spectra it
is impossible to extract information about transitions
to the ground state of the final nucleus and to states
above the threshold of nucleon emission.
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FIG. 1. Spectra of the y rays emitted by the final nuclei pro-
duced by the decay of the giant dipole resonance of the nucleus
328,50 Bremsstrahlung with the upper limit 27.3 MeV was used.
The nature of the majority of the v transitions is indicated.

In Fig. 2, for the example of the nucleus S, we show
typical photoproton spectra N,(E ,,EF*) for different
values of the upper limit E"* of the bremsstrahlung 2!
Each such spectrum is produced by the decays of many
states of the giant dipole resonance to different levels
of the final nucleus. If the photoproton spectra are
measured for a set of bremsstrahlung spectra with

N
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+ 5 3 7 ] 9 g
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’ EJ=18,3MeV
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0 f "
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N;ﬂ E']',‘"‘=JF,0MEV
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0 ’ 1 1 fi 1

il
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FIG. 2. Spectra of photoprotons from the nucleus 2§ for dif-
ferent upper limits E™2 of the bremsstrahlung (E.;““ =17-19
MeVv),2
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FIG. 3. Formation of the final nucleus through various states
as a result of proton emission.

nearly equal upper limits, the transitions to different
states of the final nucleus can be separated. The prob-
lem reduces to the solution of the system of linear
equations

m
NP {EF! E;IEXJ 4 hgo Op (£y) W (E\" ETM)! (B)

where o,(E,) is the cross section of the partial photo-
proton reaction with formation of the final nucleus in
state  (¢=0,1,2,...,m), and W(E ,,E™*) ig the
bremsstrahlung spectrum. The proton energy E,is
related to the photon energy E, and the energy E, of
the final nucleus by (Fig. 3):

E, =B (p) + E, + [A/(4 — )] E}, (9)
where B(p) is the energy of proton separation.

The system of equations (8) can be solved for a re-
stricted number of states of the final nucleus separated
by a distance which does not exceed the step in E™*,
The partial cross sections o,(E,) can be determined
only for the states of the final nucleus that are most
strongly populated in the (y,p) reaction. To find such
states from the proton spectra by means of the pro-
cedure described in detail in Refs. 24 and 52, one can
obtain the distribution of the fraction of transitions to
different states of the final nucleus. The maxima in

1000 lpetiig 2t 0t '

- # of #*I# il I
400 ' ** H} }

200 J *,*‘?M;#w; }hl 5{ W * ,

-1 0 1 2 3 4

f .

FIG. 4. Distribution of the fraction of transitions to the dif-
ferent states of the final nucleus for the reaction 8¢y, p)*'P
obtained from the proton spectra shown in Fig, 2, The scheme
of the lower levels of the nucleus 3!P is shown.
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this distribution correspond to the most strongly popu-
lated levels (or groups of levels) of the final nucleus.
Figure 4 shows the distribution of the fraction of tran-
sitions to different states of the final nucleus for the
23(y,p)*'P reaction as obtained from the proton spectra
in Fig. 2. The horizontal scale corresponds to the
energy E, of the final nucleus *'P, and the vertical
scale gives the number of protons that leave the final
nucleus in a definite state (or group of states). It can
be seen that there is strong population of the ground,
first, and second excited states and of groups of states
at higher energies.

The main advantage of the method of extracting the
partial cross sections from the photonucleon spectra
is the possibility of obtaining the detailed energy depen-
dence of the partial cross sections, which is decisive
in the study of configuration splitting. When the cross
section for a group of unresolved states has been ob-
tained from the photonucleon spectra, information
indicating which of these states are populated can be
given by an experiment which measures the spectra
of the y rays which de-excite the final nuclei. Thus,
the most complete information about the partial cross
sections is obtained in a combined investigation of the
y-ray and photonucleon spectra.

Such a program of investigations was realized for
nuclei of the 2s -2d shell at the Scientific-Research
Institute of Nuclear Physics at Moscow State Univer-
sity, where the photoproton spectra were measured
and the partial cross sections were obtained for the
proton decay channel of the giant dipole resonance by
the method described above.? ! The analysis of these
results used data on the y-ray spectra obtained by
other experimental groups. The nuclei *Mg, **Mg,
28gi  and %S, for which the experimental material is
the most extensive, were studied. At the same time,
extensive spectroscopic information about the quantum
numbers of the low-lying states of the final nuclei pro-
duced in the photoproton reaction (*Na, *Na, *'Al,
3p) was obtained from proton pickup reactions, which
facilitated the interpretation of the results. An im-
portant circumstance is that the proton channel is the
dominant decay channel of the giant dipole resonance
for three (*Mg, *%si, ¥8) of the four nuclei listed
above. It has a fraction ~70-80% of the photoabsorp-
tion cross section. Therefore, study of the proton
channel yielded the most complete information about
the giant dipole resonance of the (2s —2d)-shell nuclei.

With regard to the measurements of the angular dis-
tributions of the photoproducts, they have been
made®®*** so far for nuclei in the region *C-!%0, in
which nucleons with orbital angular momenta 0 and 2
are predominantly emitted. The corresponding mea-
surements in the region of nuclei in which the configu-
ration splitting is most clearly manifested have not yet
been made.

Supermultiplet structure of the states of hypernuclear
systems. A supermultiplet scheme determines the
structure of not only ordinary nuclei at the start of the
1p shell but also, as was shown in Ref. 36, in A and,
possibly, Z hypernuclei. A hypernuclear system is
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formed when one of the neutrons of the ordinary nu-
cleus is replaced by a hyperon. We shall again char-
acterize the nuclear part of the hypernuclear system
by a Young tableau by virtue of the supermultiplet
structure of the nuclear system. The energy relation-
ships between the nuclear states are not strongly
changed when the nucleon is replaced by the hyperon,
since the hyperon-nucleon interaction, like the resi-
dual nucleon-nucleon interaction in the nuclei at the
start of the 1p shell, mixes the nuclear states weakly.

At the present time, the main source of hypernuclei
is the strangeness-exchange (K°,7°) reaction, in which
the 7" is detected at angle 8 =0° relative to the K-me-
son beam. If the energy of the K™ mesons is in the
range up to 1 GeV, the resulting hyperon will have a
momentum near that of the nucleons in the nucleus,
which facilitates the formation of the hypernucleus.

By virtue of this kinematics, the transition of the nu-
cleon into a hyperon occurs in such a way that with
high probability the shell quantum numbers of the nu-
cleon are conserved, i.e., the process is highly selec-
tive. Because of this, the probability of formation of
the hypernucleus 91.i in the ground and low-lying states
(configuration 0s ,0s*1p[41]) is small. The most im-
portant transitions of the ®1,i nucleus are to the excited
611 states with configurations |1p,, Ds“lp!fll] AN,
|0s,, 1mw[41]:2'L,), and |0s,, Viw[32]:%5*'L;).
Here, the symbol 1%w[)] means a state of the configu-
ration s%?*[n]. For [x]=[41], elimination of the center-
of-mass motion is understood, so that in reality we are
dealing with a superposition of the states s*»%[41] and
s(2s -24)[41].

In these transitions, the quantum number J"=1" of
the nucleus °Li is conserved. Calculation with allow-
ance for the residual nucleon—nucleon and hyperon—
nucleon interaction for hypernuclear states with total
angular momentum J*=1* confirms the supermultiplet
nature of the hyperlithium levels and leads to the fol-
lowing structure of the levels: The levels with the hy-
peron in the 1p orbit are in the energy range 8-13
MeV (the energy of the ground state of hyperlithium is
taken as the origin), the levels with the hyperon in the
0s orbit and with nuclear state having Young tableau
[41] are around 20 MeV, and those with the tableau
[32] are from 18 to 26 MeV. In each case, the admix-
ture of configurations with a different Young tableau
does not exceed 20%, as in the states of the ordinary
nucleus. (The reader can find a detailed discussion of
aspects of the kaon—nucleus interaction and the physics
of hypernuclei in Ref. 55.)

We now consider the intensity with which the various
positive-parity states of the hypernuclear system are
populated. One of the possible ways of calculating the
cross sections is based on the distorted-wave Born ap-
proximation using the impulse approximation for the
amplitude of the (K°,7°) process on the nucleus. The
cross section of the process at angle =0 in the
quasiclassical approximation ig®®

(%)Bzﬂ‘s (%)G Z |(F{Lil ‘?‘ i (R—)-A) i

xexp{iqz——g-T(b)} lﬁLi)|E, (10)
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TABLE III. Energies and excitation cross section of the
strongest resonances with spin 1* in hyperlithium formed
in the (K=, ") reaction with indication of the dominant con-
figuration [the difference £(1p)-g(0s) between the single-
particle hyperon energies was taken equal to 7.5 MeV].

Excitation dDa_ ne
energy, MeV (dufnb}:ﬁn 3 Basic configuration of the resonance
8.4 1360 1py, 0s*p [41] Group A
13.0 150
18.0 840 Osy, 0s*1p? [32] Group B
19.7 185 0sy, Ostid [41]
22.4 110 Superposition of various configurations
24 8 175 0sp, 0s31p® [32] .
26.4 180 Nsy, 0s¥1p? [32]
35.6 190 0s,, 0s31p? [311]
where
T(b):} p(b, 2)dz'; (11)
-0

p is the density of the nucleon distribution in the nu-
cleus, and o is the parameter of the pion-nucleon in-
teraction. The resulting cross section for the produc-
tion of the {Li system in different states with total ang -
ular momentum J*=1* is given in Table III, in which the
principal component of the state wave function is indi-
cated.

The resulting picture of the execitation is very simi-
lar to the case of the photonuclear reaction. At low
energies, the transitions which form group A and are
associated with the transition of a neutron from the
outer shell to the hyperon in the 1p orbit are localized;
there is then a gap around 5 MeV, after which the
transitions that form group B are localized, a neutron
of the Os shell coming into play. Thus, one observes
typical configuration splitting.

We now discuss the decay characteristics of hyper-
nuclear resonances, which, as for ordinary nuclei,
can be conveniently discussed in terms of spectrosco-
pic factors. This was done for the first time in Ref.
36. The most strongly excited state at E*x=8.4 MeV,
which is followed by one at 13 MeV, will, as is readily
seen from the configuration which describes it, have
the largest spectroscopic factor for emission of a 1p
nucleon or 1p hyperon. The resonance next in inten-
sity is at 18 MeV. Energetically, the decay of this
resonance is allowed only through the channels } He
+p and Li+A, where both °Li and 3 He are in the
ground state (Fig. 5). The dominant configuration (see
Table III) is such that the decay to the ground state of
both }He and °Li is forbidden for this component and
proceeds exclusively through the small admixture that
disturbs the supermultiplet structure. As a result, the
decay width for this resonance is much less than for
the preceding low-lying resonances. This difference in
the width has the consequence that the maximal value
of the cross section is associated with this level rather
than with the lower level, whose excitation cross sec-
tion is maximal. This conclusion of the theory is con-
firmed experimentally, as is clearly seen in Fig. 5.

The main decay channel of the state with energy 26.4
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FIG. 5. Differential cross section at the angle g = 0° of the
reaction ®Li(K ", r~) with allowance (continuous curve) and with-
out allowance (vertical lines) for the width of the resonance 38
The experimental data are taken from Ref, 56. The arrows
indicate the thresholds for the decay of °Li through the follow-
ing channels: 1) {He +p, 2) *Li+A, 3) iHe +d, 4) He +}H.

W _, 40
E’,MeV

MeV is the channel d + {He (or {He* with subsequent
emission of a y ray and transition to the 4He ground
state). This decay almost completely determines the
width of this level and partly that of the level with en-
ergy 24.8 MeV. These predictions about the nature of
the decay of the resonances in the hypernuclear system
ﬁLi call for coincidence measurements of the products
of the (K, 77) reaction, namely, 7~ meson and deuteron,
7~ meson and proton, and possibly also 7" meson, deu-
teron, andy ray. Such data will undoubtedly lead to a
deeper understanding of the supermultiplet structure in
the Li hypernucleus. A supermultiplet level scheme

is also realized in the |Li and YBe systems. And, as
a consequence of such a scheme, there will be specific
channels of decay into two and three fragments, as in
photodisintegration.

Configuration splitting of a dipole resonance excited
by electron scattering, u capture, and radiative cap-
ture of m mesons. Hitherto, we have mainly discussed
photonuclear dipole resonance. There are two further
families of electromagnetic transitions of the dipole
type, but only with respect to the orbital part of the
operator. One of the families is formed by magnetic
quadrupole transitions (M2), and the second by trans-
verse electric dipole transitions (F1¢), which arise in
the case of backward electron scattering. The corre-
sponding operators are

T (M2; q) =i 35 { —Quaa (V)

+ [ 20001~V E O @) | Cua (VI

Lt Ta[l/%_oua ©—1 Z0w@]); (12)
715 ) =5 {[V F 0w (V10— T (V1))
+2228 i @)+ [V Z 0 (Vi)
~V Feu(vi ]|+ T 0, @), (13)
where
Quur (8) =i (g7) [V o () ® alras (14)

¢ is the momentum transfer; u, and y, are the mag=
netic moments of the proton and neutron in nuclear
magnetons.
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At small momentum transfers (g < 150 MeV/c), the
isovector component is dominant in the operator T(M2;

q):
(np — Hn) Ta0no (0)/2, (15)

and this determines the response of the nuclear sys-
tem. For isoscalar transitions induced by E1f exci-
tations, the response of the nucleus at the same mo-
mentum transfers is due to the component & (V/q).
In isovector excitations at very small momentum trans-
fers the component T3Q,(V/¢) is dominant. The spin
component of the operator plays a small part at such
small momentum transfers but it increases in impor-
tance with increasing momentum transfer. A short
list®? of single-particle matrix elements of the iso-
vector component of the operators T(M2) and T(E1t),
calculated using harmonic-oscillator wave functions,
illustrates what we have said for the example of 1p
—~92s and 24 transitions (Table IV).

Like the photonuclear resonances, the resonances
associated with the E1# and M2 excitations are formed
mainly by transitions of nucleons to a neighboring
shell, though at the same time there is also a reversal
of either the spin (M2 transition) or the orbital angular
momentum (E1f transition).

Giant resonances are also excited when muons are
absorbed. They arise predominantly from first-for-
bidden transitions (using the terminology of the theory
of 8 decay, which is also employed in the theory of p
capture); the only exceptions are heavy nuclei (for
more details, see Ref. 26). Since the weak interaction
is due to vector and axial-vector currents, first-for-
bidden transitions correspond to excitations of both di-
pole type, which are isobaranalogs of the photonuclear
dipole resonance, and spin-dipole type. The angular
part of the operator of the spin—dipole transition has
the form

O0=[Y,® Oly=0-, 1-, 2- (16)

and completely agrees with (15} and, ultimately, with
(12) for J=2.

In the radiative capture of stopped 7 mesons (1°A
—~A*y) by 1p-shell nuclei, the main contribution to the
process is also due to spin—dipole transitions.?® The
spin-angle part of the transition operator is identical
to (16).

TABLE IV. Single-particle matrix elements of the isovec-
tor component of the operators T (Elt,q) and T(M2,q) .

T (E1it, 9 T (M2, g}
ﬁ.r!fjf -
nlydy irasz irys2 1pa/2 p4/2

2d. a —0.0677 A 0.0032 —10.0028

/2 b —0.0045 . 0.0625 —0.0549
9 a —.0346 —0.0224 0.0119 —_
*y2 b —0.0524 0,004 (1.1335 i
Y, a 0.0265  —0,0540 0.0009 —0.0003

32 b 0.0788  —0,0725 0.0203 —0.0028

Note. a) ¢=20 MeV/c, b) g=100 MeV/c.
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We shall now illustrate the general features and dif-
ferences in the nature of the interaction of these fields
with nuclei. The AJ=2,AT =1 transitions in the range
of momentum transfers 50 MeV/c <g <150 MeV/c in
all three reactions are due to virtually the same opera-
tor (16), which differs only slightly from the M2-
transition operator. Therefore, the gross structure
of the excitation curve in the AJ=2 transitions is the
same for all the considered reactions. The AJ=1,AT
=1 transitions associated with absorption of muons are
due to both the dipole and the spin—dipole operator;
in radiative capture of m mesons, to only the spin—di-
pole operator; and in backward scattering of electrons,
to the operator T(E1#;q). Because of the different
structures, the response of the nucleus will in this
case depend on the particular perturbation.

Although all the considered transitions are of the
dipole type with respect to the orbital part, they have
a number of differences from the purely dipole transi-
tions realized in photoabsorption. One of these is that
for M2 transitions in the zeroth approximation a group
of quasidegenerate levels is not formed even in nuclei
with closed shells. The dipole resonance is determined
basically by (I +3) = (I + 1+ 3) transitions and to a less-
er extent by (I —5)—(l +1 -3) transitions without spin
flip, and therefore the spin—orbit splitting does not
come into play and does not broaden the absorption band
in the zeroth approximation. As can be seen from
Table IV; the M2 excitations lead to large amplitudes
of the transitions (I +%)— (I + 1+ ) and with spin flip
(1-%)-(+1+%)andto a lesser degree (/ +3)=(1+1
—1). The first two are separated from each other in
the zeroth approximation by about the energy of the
spin-orbit splitting, and the last two by about twice
this energy, which in medium and heavy nuclei is about
10 MeV. Therefore, M2 resonance must be character-
ized by strong configuration splitting within a given
group of transitions even for nuclei with closed shells,
but its physical nature is quite different from that of
the dipole resonance in light nuclei—it is due to the
spin-orbit splitting. But the splitting between the
groups A and B has the same origin as before. Thus,
even in medium and heavy nuclei the M2 resonance is
not so collectivized as the photonuclear dipole reso-
nance, since the residual nucleon—nucleon interaction
is incapable of collecting such widely separated groups
of transitions into a single maximum.

These factors may ultimately have the consequence
that the M2 transitions are spread over a broad energy
range. An additional spread is due to the influence of
states of more complicated nature (of the type 2p-2h,
etc.). It can then happen that even in medium nuclei
there is no appreciable concentration of the strength
of the M2 transitions. The experimental situation is
apparently close to this.

The transverse E1 excitations differ from the dipole
excitations in the following respect. For 1p-shell
nuclei, the most intense transitions are 1p —2d;3,, and
0s - 1p,,,. Because of this, the entire resonance is
shifted to higher energies, the groups A and B ap-
proach each other, and the intensity of the latter does
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not decrease significantly as the shell is filled. How-
ever, this interesting effect is most clearly manifested
in nuclei of the 2s —2d shell, for which the most in-
tense group 1p;,, = 2dy,, of transitions lies approxi-
mately 5 MeV higher than the group B of the giant di-
pole resonance 1pg,;, = 2d;,,, and it takes up a greater
fraction of the sum rule. The active part played by
the spin—orbit splitting is here manifested again. The
same group of transitions is also revealed as the most
intense in p capture. Experimentally, all these equa-
tions have as yet been little studied. But we believe
that such considerations will stimulate the necessary
experiments. We shall return to a more detailed dis-
cussion of these questions in the following section.

Fragmentation of deep hole states of light nuclei.
To describe the states that form a dipole resonance,
and also the states of the final nucleus to which the
decay takes place, it is necessary to know the posi-
tions of not only the single-particle but also the hole
states of the average field. The corresponding quanti-
ties are parameters of the theory, and they are ob-
tained on the basis of the best description of the ex-
perimental spectrum of a large number of nuclei by
fitting through variation (in medium and heavy nuclei,
one can choose a potential of the average field which
gives all these quantites simultaneously). Thus, if we
restrict ourselves to dipole transitions within the 17w
excitation band, then, as follows from (1), to calcu-
late 1p-shell nuclei we need information about the posi-
tions of the single-particle 2s,,,2d;5,2d3,5,1p3 2,
1p,;, states and the Os hole state. The values for the
first three are chosen on the basis of the experimental
data on the lowest positive-parity levels of nuclei with
the atomic numbers A =13 and 17 and so forth. The
last two can be selected either on the basis of the ex-
perimental data on the level spectrum of nuclei with
A =5, or, with better justification, on the basis of the
best agreement in the description of the low-lying
states of all nuclei of the 1p shell (this last procedure
is realized in Ref. 58). In nuclei of the 2s —24 shell,
as follows from (2), we require information about the
single-particle 2s,,, 2d3,,, 3P, and 3f states and the
1p3,9, 1Py, and 2d; ), hole states.?

Information about the hole states is obtained from the
experimental data on quasielastic proton knockout
(p,2p) or (e,e’p) or the pickup reactions (p,d), (d,
%He), (t,°He), (¢,'He), etc. In these experiments, one
measures the fragmentation of the hole state over the
excitation spectrum (over the hole levels) of the pro-
duced A —1 nucleus, it being borne in mind that the
distribution of the excitation probabilities of the hole
levels is different in the different processes. On the
basis of such experimental data, the positions of the
hole states are then determined.

In quasielastic knockout reactions, we find the ener-
gy of proton separation for shells with different quan-
tum numbers xlj and proton number (p),,; in these
shells. Thus, these reactions make it possible to ob-
tain the positions of the proton hole levels in the nu-

DIf the point of departure is a closed 2dsy, shell,
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clei. The (p,2p) and (e,e’p) reactions are particular-
ly convenient for studying the positions of the deep
hole states (0sjY, in 1p-shell nuclei and 1p;}, in nuclei
of the 2s-24 shell), since in these reactions a broad
region of excitation energies in the final nucleus (up to
80-100 MeV) is investigated, and the absorption in the
exit channel is here comparatively weak. Because of
the low energy resolution (1.5-2.0 MeV), the quasi-
elastic knockout reactions give averaged information
about the quantum numbers of the groups of states in
the final nucleus. As a result, one can determine only
the centers of gravity of the hole states belonging to
different shells and the region over which they are
spread.

The results of Refs. 59-61 on quasielastic knockout
are systemized in Fig. 6, which reflects the behavior
of the proton separation energy with increasing atomic
number of the nucleus. It is important that the deep
hole states (0s™' and 1p™!) are spread over a broad
range of excitation energies (~20 MeV), and some of
the 1p~ states of the nuclei of the 2s-2d shell are at
an excitation energy below 10 MeV. This is an im-
portant result, from which it follows that already the
low-lying states with the configuration (5b) contain a
small admixture of configurations of the type (6), and
the possibility of states of the group B decaying to them
is opened up. The corresponding experimental data will
be given in a review devoted to nuclei of the 2s -2d
shell, in which the intensities with which the states of
the final nucleus are populated in photodisintegration
and pickup reactions are compared.

In proton pickup reactions [such as (d,He) or (¢, ‘He)]
there is also predominant excitation of proton hole
states, and the high energy resolution (20-30 keV)
makes it possible to investigate the individual states,
For each state, one determines the orbital angular
momentum [ of the pickup proton and the spectroscopic
factor §; the following sum rule must be satisfied:

T o S = P (17)

where 7' is the isospin of the final nucleus, and the
summation is over all states of the final nucleus that
can be reached as a result of proton pickup from the
subshell with quantum numbers nlj. The accuracy of
the determination of the spectroscopic factors in pick-
up reactions is about 25%.

An important outcome of such investigations is the
obtaining of information about the distribution of the
corresponding hole configuration over the states of the
A -1 nucleus. However, because of the strong absorp-
tion, pickup reactions give information for only a re-
stricted region of low excitation energies of the final
nucleus (as a rule, not higher than 10 MeV). In this
region, the observed states exhaust the sum rule for
the hole excitations in the outer shell. In addition, in
nuclei of the 2s —2d shell the observed 1p;}, states ex-
haust the sum rule for the 1p, ,, subshell. With regard
to the deep hole states, in 1p-shell nuclei the 0s™!
states are not seen at all in pickup reactions, since
only a low excitation energy is accessible, and in nu-
clei of the 2s 24 shell the observed 1p;!, states ex-
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FIG. 6. Binding energies, widths, and orbital angular momenta
for hole states obtained in the quasielastic knockout reactions
(p,2p) and (e,e’p).b%60

haust on the average only about 40% of the sum rules
for the 1p;,, subshell. Thus, in pickup reactions for
the (2s —2d)-shell nuclei we see only part of the spec-
troscopic strength of the 13!, state because of the
energy limitation and, therefore, from pickup reac-
tions we can extract information about the position of
the center of gravity of only the 1p;}, states of the

(2s —2d)-shell nuclei (Fig. 7). For comparison, in
Fig. 7 we also give data on the positions of the centers
of gravity of the 1~ states obtained in quasielastic
knockout reactions. The results of the experiments
investigating the binding energies of a proton in an
inner shell given in Fig. 7 can be explained using the
factors discussed above—the strong spread over the
energy of the 1p3}, states and the absence of a signi-
ficant fraction of the spectroscopic strength of these
states in the pickup reactions.

We now return to 1p-shell nuclei and analyze the
experimental data on the knockout of 0s nucleons.
Outer-shell nucleons are analyzed in detail in Refs.
38 and 73.

Quasielastic knockout is usually analyzed in accord-
ance with the following scheme. We write the differ-
ential cross section of quasielastic knockout in the form
(see, for example, Ref. 59):

do/(dEdE,dQ,dQ,) = F (do'dQ),S (p. E*). (18)

where F is a known kinematic factor, (do/dQ), is the
differential cross section for scattering on the free
proton, and S(p,E*) is the structure factor, equal to

S(p, E*)=3 | D, (p) 28, (B*). (19)

where |®,(p)|® characterizes the momentum distribu-
tion of the protons in the shell with quantum numbers
a=|n,l,7), S,(E*) is the spectral function, and E * is
the proton separation energy. In the general case, the
spectral function is found by solving the differential
equations™ that describe the dynamics of the process.
- However, for practical purposes a simplified variant
of the calculation has so far been used in which the nu-
clear form factor is obtained by means of harmonic-
oscillator wave functions. The form factor is propor-
tional to ¢ ,(p). A further simplification is associated
with the use of plane waves for the incident and scat-
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FIG. 7. Proton binding energy in the 1p shell from quasielastic
knockout reactions (see Fig. 6) and in the 1p,, subshell from
pickup reactions for nuclei of the 2s—2d shell.

tered wave.

The energy part of the spectral function, S,(E), is
usually taken’ as a sum of Breit—Wigner resonances
with constant width T',:

r2/2

N
Sa(B)= 3 82 s @ =7
y=1 ;

(20)

The summation is over all states of the residual nu-
cleus.

The factor S? for 1p-shell nuclei can be calculated
using shell-model wave functions?®:"®"" constructed
with allowance for all nucleon transitions in the 17w
excitation band with inclusion of the residual nucleon—
nucleon interaction but the exclusion of the so-called
spurious states corresponding to motion of the nucleus
as a whole. The ground state of the initial nucleus is
described in the shell model with intermediate coupling
and parameters taken from Ref. 58. The remaining
details of the calculation are not so important, and if
necessary can be found in Ref. 77.

In Fig. 8, we give three examples of the description
of the spread of the hole configuration; these illustrate
the state of the relationship between the experiments
and the particular variant of the theory. The width T,
in (20) was varied from I')=1 to 20 MeV. In the cal-
culation, the energy of the Os hole state was set equal
to £(0s)=-20 MeV, as follows from Fig. 6. The ex-
perimental data were taken from Ref. 78.

Despite various strongly simplifying assumptions,
the theory gives the main features of the fragmentation
of the 0s hole configurations. Important here is the
use of a large basis for constructing the corresponding’
wave functions. The theory reproduces the center of
gravity of the proton-knockout energy rather well. In
the nuclei considered, it is 29 MeV (*Be), 34.5+1.5
MeV ('*C), and about 42 MeV ('N) according to the
measurements, while the calculation of Ref. 77 gives
31, 34, and 38 MeV, respectively.

The contribution of the 0s hole configuration can be
followed to low excitation energies (see also Table II),
though it decreases rapidly with decreasing energy.
The experimentally observed tendency for the center of
gravity of the hole state to be shifted to higher energies
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as the outer 1p shell is filled is manifested. Bearing in
mind the approximations that had to be made in the
derivation of (19) and (20), we can say that, overall,
the theory describes the experimentally observed

nature of the fragmentation of the hole 0s configura-
tion.

To reproduce the localization region of the hole con-
figuration, the values that were used for T, were in
the range 8-18 MeV. Naturally, the high-energy exci-
tation region is depleted in the theory. It is probably
due to admixture of high-lying shells, which are not
encompassed by the calculation.

Summarizing our brief discussion of the fragmenta-
tion of the deep hole configurations of light nuclei, we
note that the employed approach and the choice of the
parameters have made it possible to reproduce the
basic features of the effect. It is therefore natural to
use the same procedure for constructing the wave func-
tions in the part of the calculations of other processes
that are associated with the fragmentation of deep hole
states. Such a program was carried out in various
papers, the results of which are reviewed in Ref. 79.

As we have already said, the nature of the excitation
of the hole state depends strongly on the process ac-
tually under consideration; therefore, it is not always
possible to match the data on the (p,2p) reaction to
photonuclear data. For example, in the (p,2p) reac-
tion on nuclei with spin zero only states of the 4 — 1
nucleus with isospin T'=3 are excited; this corre-
sponds not to the ground-state T=3/2 but to the T,
branch of the resonance in this nucleus. In nuclei with
T;=3, states of the final nucleus with isospin 7' =1
are excited in the (p,2p) reaction, which corresponds
to the ground-state branch of the resonance. In this
way, photonuclear and other reactions can serve as
additional sources of information about the fragmenta-
tion of deep hole configurations.

We draw attention to the important case of knockout
of a 0s proton from 'Li, which leads to the formation
of *He with the configuration 0s*1p%33]°3P. This last
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has already been encountered above in the discussion
of the photodisintegration of °Li through the channel
‘He +°H. In this case, there is a close correlation be-
tween the two processes (see Sec. 2).

In (25 -2d)-shell nuclei, a theoretical analysis of the
fragmentation of the hole states of this kind has not
been made. All that is known are detailed calculations
of the spectroscopic factors for the outer nucleons.®
Such a situation arises because the number of states
which must be included in the calculation is huge. In
this connection, great importance attaches to experi-
mental information that, without detailed calculations,
makes it possible to judge the nature of the corre-
sponding nuclear state, i.e., the information on quasi-
elastic knockout and pickup reactions discussed above.
It is here natural to rely on the experience acquired in
the calculation of 1p-shell nuclei.

Here, we shall not discuss the spread of the hole
states in (2s —2d)-shell nuclei.

Basic featuves of configuration splitting of dipole
resonances. We shall now summarize our considera-
tion of configuration splitting of dipole and spin-dipole
resonances in light nuclei. The phenomenon of con-
figuration splitting reduces to the formation of two
groups of transitions (A and B) that are separated in
energy, overlap weakly, and are formed by nucleons
from different shells. The transitions within each
group can also be split into groups, the nature of which
is determined by the supermultiplet structure of the
levels. As a consequence of all this, there are speci-
fic features of the decay of each group of states that
form a resonance. Group B decays predominantly into
highly excited states of the final nucleus containing a
hole in a closed shell. And although this branch of the
resonance has a high position, its decay does not lead
to the production of high-energy nucleons. In nuclei at
the start of the 1p shell, star decay of the states of
group B is predominant.

To establish these features, we have used a rather
crude form of theory based essentially on the diagonal
approximation. Naturally, the next step was to use a
better variant of the theory, taking into account, first,
the nondiagonal part of the residual nucleon-nucleon
interaction and, second, not only the configurations
directly coupled to the ground-state configurations of
the nucleus through the dipole transitions but also the
configurations that ensure the spreading of the reso-
nance.

For many nuclei of the 1p shell, calculations were
made’ of the excitation of dipole resonances with al-
lowance for all configurations corresponding to the
transitions 0s — 1p and 1p - 2s or 2d with subsequent
nucleon decay into a large number of states of the final
nucleus. In such an approach, the theory gives a sig-
nificantly better description of the experimental data
as regards the localization region of the.resonance and
its gross structure. In nuclei of the 2s -2d shell, one
must have recourse to various approximations to limit
the number of states from which the dipole-resonance
states are constructed, since the total number of them
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is huge. It is usually assumed that the 2d;,, shell is
maximally filled. Thus, in the nucleus ¥S one proceeds
from the configuration 0s*1p22d}%,(2s —2d; )* for the
ground state and 0s%1p!12d12,(2s — 2d; ;5)°, 0s*1p'22d;)5(2s
—2d3 )" (3p or 3f), and 0s*1p'*2d5},(2s - 2d, 12)% (8p or
3f), respectively, for the states of the giant resonance.
The problem is then a many-body problem only as re-
gards the distribution of the four nucleons over the
2s-2d,,, subshell. However, in such an approach the
resonance is strongly concentrated on a few states,
which is not so in reality. To spread the resonance, one
includes phonon excitations, as is done, for example,
in Ref. 25. Despite the great success of the theory in
describing many features of dipole resonance, it must
be borne in mind that in many important points the
theoretical studies have not yet achieved quantitative
success, this applying especially to the decay of the
resonance into fragments.

In what follows, we shall discuss the results of these
more complete calculations and the results of many
years of experimental study, having in mind essentially
configuration splitting.

2. REALIZATION OF CONFIGURATION SPLITTING OF

DIPOLE RESONANCE IN 1p-SHELL NUCLEI (THEORY
AND EXPERIMENT)

Total photodisintegration cvoss section. The calcu-
lated total photoabsorption cross sections™" are
given in Fig. 9, and the experimental cross sec-
tions®®-% iy Fig, 10. The vertical lines show the cal-
culated integrated excitation cross sections of the
strongest resonances. The curves are plotted under
the assumption that each resonance has a Lorentzian
profile and width equal to 2 MeV. The contributions of
all resonances, including weak ones, were taken into
account in the construction of the curves. For the nu-
clei °Be and !'B, only the T, =3/2 branch of the reso-
nance was calculated. The experimental data also cor-
respond to total absorption.

The integrated cross section of photoabsorption in
%11, found with allowance for the nondiagonal part of
the nucleon—nucleon interaction on the basis of all
configurations corresponding to the 17w excitation is
shown separately in Figs. 11b and 11¢. The first re-
sult was obtained in Ref. 28 under the assumption that
the ®Li ground state can be described by the many-
particle shell model; the second,'’ with allowance for
cluster structure. Both approaches lead to qualitative-
ly the same structure of the excitation spectrum of the
nucleus. Moreover, the result is close to the result
obtained originally in the diagonal approximation,'® in
which it was also shown that the main branch of the
resonance lies at high energies. Allowance for the
cluster structure of the ®Li ground state leads, basic-
ally, to a decrease in the excitation intensity of the
various groups. With regard to the differences in the
energy positions of the groups in Figs. 11b and 11c,
particular attention should not be paid to them. They
merely indicate that the result is rather sensitive to
the choice of the parameters of the model.

The total cross section of absorption in °Li has not
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FIG. 9. Calculated'®8! excitation spectrum of nuclei of the 1p
shell in the case of photoabsorption.

been measured. There are experimental data on the
neutron channel® (see Fig. 11a):

@ Tn) = (y ) + (1. pr) + (o 20) 4 (py p2m) + . - -

It does not exhaust the complete cross section, since
it does not include the neutronless channels (y,pd)t and
(v,°He)t. The cross section of the first of these chan-
nels, (y,pd)t, is shown in Fig. 11d. The contribution
of the second is not very large and is not shown in the
figure (it will be discussed later). The sum of the two
experimental curves must reflect the total absorption
cross section.

1. An improved variant of the theory, which made it
possible to take into account not only the nondiagonal
part of the nucleon—nucleon interaction but also all
the states (in the 17w excitation band) over which the
resonance is distributed, completely confirmed all the
predictions about configuration splitting drawn in Sec.
1 on the basis of the qualitative study. In Fig. 9, the
transitions that lie to the right of the line which inter-
sects the energy scale are due to nucleons of the deep
Os shell, i.e., the group B.

2. Whereas in the lithium isotopes the group B forms
the greater part of the complete resonance, its contri-
bution decreases as the 1p shell is filled, as can be
clearly seen in Fig. 9, and in !B it is already small.
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FIG, 10. Experimental cross sections of total photoabsorption
in *He and nuclei of the 1p shell (Refs. 46 and 82—84),

In the investigation of "?C photodisintegration through
various channels, (y,n),®® (v,0),” (y,pn),” and (y,pa),”

a2 small maximum was observed in the region of 35 MeV.

The integrated cross section in the (y,p) channel be-
tween 30 and 37 MeV is 17 mb*MeV.*® It is in precise-
ly this energy region that theory predicts localization
of the transitions of group B.

In the '*C(y,n) reaction, an analogous maximum can
be seen at 36 MeV,” and in the inverse *C(p,y)"*N
reaction at 33 MeV." The theory predicts®®'% the
existence in this energy region of nucleon transitions
from the Os shell. Finally, in the “C(p,y)"®N reaction
a small peak is observed?® at 37 MeV. According to
the calculations of Refs. 97 and 98, the transitions of
group B are localized in the same energy region.

Of course, it is only on the basis of this agreement
between the theoretical and experimental values of
the energy that one can say that these are transitions
of the group B. For more definite conclusions, the
available data are clearly inadequate. We need addi-
tional information on the partial cross sections for
this excitation region and on the decay channels. It
may be that this group of states undergoes star decay,
as predicted in Refs. 9 and 12. This question will be
discussed in the following section.
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FIG. 11, Dependence of the neutron yield® in the reaction y
+8Li (a), the total cross section of photoabsorption in ®Li (Ref.
28) with allowance for all 1xw excitations (b), the total cross
section of photoabsorption in ®Li (Ref. 40) with allowance for
all 15w excitations and the o —d cluster structure in the ground
state (e¢), and the (y, pdt) reaction cross section® (the histo-
gram 1) on the energy E,. The investigation of Ref. 87 re-
vealed a high-energy maximum (histogram 3), some of which
(histogram 4) decays through the pdt channel, Curve 2 is the
result of calculation® in the framework of a simplified cluster
model.

3. Once fouring at the nucleons has occurred in the
1p shell, the resonance branch (group A) correspond-
ing to it is localized at a higher energy than in the
preceding nuclei. Thus, as the 1p shell is filled there
is, on the one hand, a tendency for the excitation en-
ergy to decrease because of the decreasing importance
of transitions of the group B, but, on the other hand,
this is matched by a tendency to an increase, since it
is necessary to break up the nucleon quadruplet in the
1p shell. However, these two factors do not operate
with equal strength, and at the end of the shell the
center of gravity of the resonance is shifted to lower
energies. As the 1p shell is filled, the transitions are
concentrated in a fairly narrow energy region, although
local maxima can still be seen in different parts of the
spectrum,

4, Attention should be drawn to the similarity of the
gross structure of the excitation spectra of the nuclei
"Li and *Be. In the region from 20 to 40 MeV, the
cross section changes slightly and there are no pro-
nounced peaks in it. In contrast to them, in the °Li
spectrum constructed by superimposing the data on the
different channels (see Fig. 11d) a structure is mani-
fested very strongly. This could be due to the circum-
stance that in the partial spectra measured by the de~
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tection of charged particles some information is lost
because of the existence of a threshold for their detec-
tion. It is important to make measurements of the
total absorption in ®Li, as has been done for the neigh-
boring nuclei.

5. Comparison of the total absorption cross sections
in "Be obtained in the framework of the supermultiplet
scheme (Fig. 12b) and with allowance for the complete
basis (see Fig. 12a) shows that there is a fragmenta-
tion of the states described by a definite Young tableau,
but complete mixing of states with different Young tab-
leaux does not yet occur. The experimentally observed
small maximum in the region of 2—10 MeV (see Fig.
10)—the pigmy resonance—is due solely to states with
the Young tableau [441].

6. Basically, the theoretical curves reproduce the
experimentally observed (see Fig. 10) energy depen-
dence of the cross section and the relationships between
the intensities in the different energy regions. Virtual-
ly all the experimentally observed gross structure of
the excitation curve can be explained in the theory
without recourse to any further assumptions or intro-
duction of new parameters.

7. From 25 MeV (see Fig. 10) one can establish a
direct connection between the energy dependence of the
absorption cross section of y rays in 'Li and *Be with
the cross section in *He; they appear to repeat one
another.*® In other words, in these nuclei the photo-
absorption mechanism at these energies corresponds
to quasi-a-particle absorption. In the nucleus 6Li,
the similarity commences at 30 MeV, and in nuclei of
the 1p shell heavier than 'Li and °Be at energies E
= 40-50 MeV, where the direct mechanism of photo-
absorption must basically correspond to quasi-a-ab-
sorption. In this region, it would be interesting to
carry out (y,fp) coincidence experiments in all three
nuclei and compare the angular and energy character-
istics.

——— T T T T T T T T T T
+ g Ef a
2)=§ Be gs —— T=3/2
sl s
1* 5
st a 1
+ A A 2
ok 3 /,, \\\ . E
1'5‘0‘-’ ‘\_," A / 1 4
3 b 1:
=2l 5t 3+ N 133
2 ! \
€ J’ ‘\-4
A [ \
§ 51/ N
8 2t
3 I 7
-
: Ll L 0
o
gsa: Bt R
& [
gzu: (22
el 1L

18 20 22 24 26 28 30 32 34 36 Ey, Mev

FIG. 12. Comparison of calculated photoexcitation gpectra of
the nucleus *Be: a) in the complex scheme' .8 with allowance
for all 17w excitations (only the T, =3/2 branch of the reson-
ance is shown), b) in the supermultiplet scheme.”? The right-
hand scale corresponds to the broken curve, which indicates
the width of each level.
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Decay of photonucleay vesonances. As we have al-
ready noted, the partial spectra carry information
about the nature of the states forming a giant reso-
nance. It is this information that is needed for the ex-
perimental observation of configuration splitting. How-
ever, we shall begin our discussion of the partial spec~-
tra not with the nuclei in which the 1p shell is only
beginning to be filled and the effect of splitting is most
strongly manifested, but with **C. In this nucleus, the
part played by the 0s nucleons in forming the resonance
is small, and, moreover, the corresponding small
maximum is situated very high. If one uses y rays
with an upper limit of the spectrum not higher than 30
MeV, the Os hole states will hardly be manifested at
all. As follows from such measurements,” in almost
909 of the cases the final 'Be and ''C nuclei are form-
ed in the ground state. If we also take into account the
partial cross sections to the low-lying states of the nu-
clei 'Be and ©'C, in which the Os shell is completely
filled, this fraction reaches 98%. Such is the picture
when the transitions of the group B are eliminated or
have a low intensity. We now turn to nuclei in which
the configuration splitting is greater. We begin with
fLi.

1. Splitting in °Li. The decay scheme of the
photonuclear resonance in °Li (Fig. 13) was predicted
originally in the diagonal approximation.'’ Subsequent
calculations only served to make the details more pre-
cise. A list of the experimental data on the various
photodisintegration channels of °Li is given in Table V.

Among the states of the final nucleus in the case of
5He and Li, only the ground and first excited J"=3"
states are described by a configuration (0s*1p) in which
the 0s shell is closed. Altogether 35% of the transi-
tions correspond to this group of levels (cf. *C). Ex-
perimentally, a transition to one further 3/2* state of
the ®He and °Li final nuclei has been observed. These
are well identified levels lying just above the threshold
of their subsequent decay through the channels d +1
and d + *He, respectively. The dominant component
of the wave function of these states is 0s*1p2[32 Sy a..
The total intensity of the transitions to this level is
only two times less than the intensity of the transitions
to the group of low-lying states. The remaining posi-

LiS(He)

fhe
FIG. 13. . Predictions of the theory in the diagonal approxima-

tion of the excitation and decay scheme of the nucleus SLi in
the case of the absorption of y raysi%!® and muons.?!

Ishkhanov et al. 376



TABLEV, Photodisintegration channels of the nucleus
bLi (experiment),

l Fraction in
Interval of y-ray Integrated the total Eb-
Reaction energies of the upper | cross section, iﬁ?ﬁgﬂn or | Refer-
#ilfs rval
limit, MeV mb + MeV Ey <50 MeV, ence
%
(¥, pr)
(¥, Po) :ge (3/27) > n-4He
(¥, Py) *He (1/27) —n4-4He 50 3.5 >
(2 na) 3L (3/2-) — p|-4Ho i % 18
(¥, ny) °Li (1/27) — p-i-9He
o n)+(y, pn) 32 27.3 85
(v, p) SHe (3/2-) — n--4He %) -
(¥, p3) ¥Ho (1/2-) - n 1 ¢He } 30 17.3+3.5 87
32 12.84+1.9 86
254%&& 2.7+.3 87
1542 87
(¥, ) *He 32 1751 L 100
70 2141 100
30 = T.041.0 101
(v, ps) "He (3/2%) —+ d4¢ 35€E1.€_45 90410 87
B<E, <50 842 87
(o, pdt)* 32 18.27 2.0 35 86
50 34+4 87
(v, ng) 3Li (3/2%) > d+3He 30<< E, < 50 9 9 87
¥ :jﬁ;:tme 35 < E, <50 i 5 87
Total disintegration 50 97+12 100 87
cross section
Oint (V, 2n) 97 9548 38

*The channel nd *He is suppressed in the entire range of
energies Er up to 50 Mev,

tive-parity levels in the °He and °Li nuclei have higher
energies. It is difficult to separate the transitions to
them (on the one hand, they are not well identified, and
on the other, they must have a large width due to their
subsequent decay) and this has not yet been done. Evi-
dently, these states can be regarded directly as a con-
tinuum of quasi-a-absorption and combined with the
channel of disintegration into three fragments (n +d
+°He and p+d +1). This last channel together with
®Li* - °He +¢ makes up the remaining 50% of the inten-
sity.

According to the measurements of Ref. 86 with °Li-
enriched photographic emulsions, a group of states
localized in the region of 25 MeV decay predominantly
through the pdf channel. Following measurements?’ at
larger values of E"™ revealed one further region
(around 40 MeV ) of localization of states that decay
partly through the pd¢ channel. But, on the other hand,
as is emphasized in Ref. 87, the symmetric nd*He
channel, which, according to theoretical estimates,
should be manifested with the same intensity as the pdt
channel, is suppressed. As yet, this result has not
been interpreted.

We now consider the °Li(y, *He)t channel. Experi-
mental data on this channel are given in Fig. 14, A
calculation in the framework of the shell model always

leads to a single maximum, which is shown in Fig. 144d.

The various authors give only different intensities for
it (Refs. 10, 28, 39, and 40). In the quoted papers, the
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FIG. 14. Experimental data on the channel *Lify,t)’He @): 1)
Ref. 102, 2) Ref. 103, 3) the result of calculation'™ in the
framework of a cluster model, 4) Ref, 100, and 5) Ref, 86; b)
the experimental excitation spectra of the nucleus 8He for
quasielastic proton knockout from the 0s shell in the (p,2)
reaction’® and (e,e’p) reaction!®; c) the spectroscopic factors
for separation of a 0s proton in "Li (the calculation of Ref. 28);
d) the channel SLify,t)’He in the framework of the resonance
mechanism (Refs. 10, 28, 39, and 40).

energy position of the peak served as the point of ref-
erence for the complete scale of levels forming the
giant resonance. Measurements in the (»,2p) reaction
on "Li provided the basis for this. It so happens that
the knockout of 0s nucleons leads to predominant popu-
lation of the J", T=2",1 state of the nucleus ®He that is
responsible for the decay in the photoabsorption reac-
tion on *Hef. The corresponding distribution of the
spectroscopic factors for 0s -nucleon knockout?® is
given in Fig. 14c. It followed from the first experi-
ments on (p,2p) knockout that in °Li the level in which
we are interested is situated somewhere in the region
of 17 MeV.""1% gubsequent measurements with better
resolution,'®""" and also the data!% obtained from the
"Li(e,e’p) reaction, showed that the maximum is in ihe
region 20-21 MeV ( see Fig. 14b), which also agrees
well with the result obtained from photodisintegration %

As follows from the analysis of the proton quasielas-
tic knockout reaction and the photodisintegration of ®Li
through the channel °Het, the real situation is that the
level which collects the maximal intensity has a very
large width of the order of a few MeV. A similar situ-
ation is realized for all the remaining levels that form
the dipole resonance in ®Li. Therefore, a more realis-
tic calculation must be based on the quasi-a-particle
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mechanism of absorption if we are considering the pdt
channel (see Fig. 11d, curve 2; Ref. 88), and direct
disintegration!® through the channel *Het (see Fig. 14a,
curve 3).

The channel *Het for °Li photodisintegration corre-
sponds® to the 2¢ channel in the case of muon absorp-
tion, which is also associated with the configuration
|0s%1p7[33]) of the intermediate nucleus °He. On the
basis of the same approach as was used to predict
photodisintegration of °Li through the channel *Hef, it
was predicted in Refs. 31 and 32-34 that the relative
probability of the channel p®Li—2fv must be about 10~
15%.

The calculated spectrum of tritium nuclei®"* was
found to be very soft. Study of this channel in the
framework of a cluster model!'?’ also gave similar re-
sults for the spectrum of tritium nuclei, but, as for
the photonuclear reaction, it was found to have a great-
er spread. The predicted intensity is less than in the
first approach (see also Ref. 110).

First experimental data on this channel have already
been obtained.'!! It relative probability is (9.7+3.1)
x102. Measurements have also been made of the angu-
lar correlation between the tritium nuclei, from which
it follows that the particles are emitted predominantly
at large angles. It appears to us that these experimen-
tal data, together with the photonuclear data, will sti-
mulate new systematic calculations of this channel.

The coincidence method has now started to be used
to study the disintegration channels of ®Li with the
emission of charged particles.!”*!” In investigations
of this kind, it is important to have particle detection
thresholds as low as possible, since, as a rule, the
emitted fragments have low energies. In Ref. 112, the
reaction ®Li(y ,ab)X with emission of charged particles
a and b detected in coincidence in the range E ,< 55 MeV
of the y-ray energies was studied. The majority of
these reactions were °Li(y,pt)X (the detection thresh-
olds were 3 MeV for the protons, 3.5 MeV for the deu-
terons, 4 MeV for the tritium nuclei, and 10 MeV for
the nuclei *He and ‘He). The correlation between the
emission directions and the energy distributions of the
protons and the tritium nuclei were measured. These
results were analyzed under the assumption of a quasi-
a-particle mechanism of %1.i disintegration. The cross
section was expressed in the form

Gy (0, Ey)/dE, dQ, dQy ~ 0 (E,) | ® (q) |* (d0a,/d2)srre, (21)

where p(E,) is the density of the final states per unit
energy interval, ®(q) is the function which describes
the momentum distribution of the a cluster in the nu-
cleus, and (d cra,,/dQ)4He is the differential cross section
of 4He photodisintegration into the particles @ and b at
the energy E,. The obtained calculated curve for the
proton yield was normalized by the corresponding ex-
perimental curve at an aribtrary point. The results

of the calculation and the measurements are compared
in Fig. 15. It was concluded on the basis of the results
that the curve obtained under the assumption that the
$Li(y,pt)X reaction is a three-particle reaction, i.e.,
8Li(y,pt)d, does not agree with the experiment, where-
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FIG. 15. Energy distribution of the protons (a) and the coinci-
dent tritium nuclei (b) in the reaction ®Lify,pt)X according to
the results of Ref, 112: 1) the result of calculation under the
assumption of photodisintegration of a clusters for the reac-
tion Lify,pt)d; 2) the same as 1) but for the reaction Li(y,
ptlpn; curve 2 in Fig. 15a is normalized to pass through the
experimental points in the region of the ordinate.

as the curve constructed on the basis of a four-particle
reaction, i.e., *Lily,pt)np, is close to the measured
curve. However, this result contradicts the results of
the preceding experiments, the results of which are
shown in Fig. 11d. Therefore, it is necessary to make
a series of successive measurements of °Li photodis-
integration through different channels, which would
make it possible to establish the basic features of this
process.

Summarizing our discussion of 6Li photodisintegra-
tion, we should point out that, on the one hand, the
available experimental data indicate the existence of
configuration splitting of the photonuclear resonance
in this nucleus. Moreover, they confirm the prediction
made by the theory of a many-particle star nature of
the disintegration of this nucleus. On the other hand,
the quantitative agreement between the theory and ex-
periment is rather poor. The existing experimental
data are rather diverse, and much work is needed to
establish systematically the basic features of °Li dis-
integration. Complete calculations of °Li photodisinte-
gration are also not available. Here, an important
point could be played by calculations based on a clus-
ter nature of the SLi structure, as was done in Refs.
88 and 104. The Faddeev equations with forbidden
states!'!® could provide a good formal basis for taking
into account, for example, in the y +*Li~t+d+p
channel, the interaction of the particles in the final
state. As detailed information as possible is required
on the energy and angular characteristics.

2. Disintegration of 'Li. The results of the
theoretical™*®! and experimental investigations of the
population of the various states of the daughter nuclei
61,i and ®He are given in Table VI. The corresponding
theoretical total absorption curve was given in Fig. 9.
Overall, the calculation in the complete scheme leads
to qualitatively the same picture of "Li disintegration
as in the diagonal approximation. This last is shown in
Fig. 16 with indication of the Young tableau of each
group of levels. Also given are the experimental data
on the channel "Li(y,*He)¢, which determines the total
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TABLE VI. Results of theoretical'®® and experimental*
investigation of the population of the various states of the
datTlghter nuclei ’Li and ®He following photodisintegration
of 'Li,

Channel ¢ Li+n ! Channel * He+p
7 Partial cross i
1T |E* (8Li), section |Suhsequentv * (6He), Pm;.léugr: > |Suhsequent
MeV decay MeV decay
mb + MeV | % mb-Mev | %
1+0 4] 7 6 — iy = B o
3+0 2.18 ) 9| 4Hed - — — —
< 2,08
0+ 3.56 10 9 v 0 4 i
<5.08 14,406 ¢
11+3b 154
240 4.31 6 5| 4Hed — = = i
24 5.37 9 8 ¥ 1.8 6 6| 4He2n
4.0:1.4¢
1+0 5.65 1 0.5 —_ — = oo
Remaining positive- 8 7 4Henp 2 1| 4He2n
parity levels in the
energy range
10-17 MeV
2-1 (19,9) += 17 15] %He3H |[(17.9) ** 7 6| SH3I
1= (20,8) #= 5 4 (18.8) ** 1
Remaining negative- 18 16 5 5
parity levels
Sum over all positive-| 49 |43 12 10
parity states
Sum over all nega- 40 (35 13 12
tive-parity states
Sum over all states 8 |8 25 22

*The experimental data are taken from the following pa-
pers: a) Ef"®=32 MeV (Ref. 118), b) E"®=55 MeV (Ref.
115), c) E,;,T!a¥=35 MeV (Ref, 114), d) E.;l'lix=30 MeV (Ref,
116).

**0g hole states,

cross section in the low-energy part of the spectrum.
The cross section integrated over this channel is
small-from 3.8 mb- MeV according to Ref. 119 to

8.1 mb+ MeV."'" Theory relates decay "Li*—“%He +¢

to a group of states with Young tableau [43]. As for
the reaction °Li(y,*He)t, the theory correctly predicts
the position of the maximum, but again the width of
the level is so great that the spectrum is spread over a
broad energy range. The estimate of this channel'!” in
the framework of a simplified cluster model (broken
curve in Fig. 16) does not agree well with the experi-
mental data on the position of the maximum or the na-
ture of the energy distribution.

As follows from the theory, the population of the
positive-parity levels of the nuclei ®He and fLi is
associated with a state of group A, and therefore the
partial cross sections repeat the low-energy part of
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FIG. 16. Total photoabsorption cross section of "Li calculated
in the diagonal approximation® (a) with indication of the wave-
function structure of the final state; experimental data (b) on
the channel 'Lify,#)a and the result of calculation of this chan—
nel in a simplified ¢luster model'" (broken curve).

the total spectrum. The population of the negative-
parity levels is associated with the decay of group B.
Decays to levels of different parity are divided almost
equally.

The calculated integrated cross sections agree with
the measured values (see Table VI), with the only ex-
ception of the channel (y,p,). Overall, agreement is
also observed with the total yield through various
channels, for which the measured integrated cross
sections are given in Table VII.

Detection of two particles in coincidence in the disin-
tegration of "Li showed that the main channels are
"Li(y,pt)t and "Li(y ,pdn)t, the latter being the stronger
according to Ref, 112,

Concluding our discussion of the disintegration of
"Li, we note that the available experimental data con-
firm the conclusions of the theory of configuration
splitting of the resonance and the large part played by
“star” decay of the high-lying excitations. Of course,
much work must still be done on the accumulation of
data on the emission of various particles in coinci-
dence and the determination of the complete disinte-

TABLE VII. Results of experimental investigation of var-
ious disintegration channels of the nucleus " Li.

Integrated cross pmax
Channel tooion. mb MY y o MeV - Reference

(¥, 1n) 10.1 30.5 185
(¥, 2n) 10,0 30.5 [85
(Y, p2n) 13.3 23 [119
12.04:2.0 23—33 [119

(y, P) 14.04+1.5 23 [119
(s pY) 22+3 52 [119
v, nt 3354 52 [119
3.8 33 [119

8 30 [120]

(¥, o) 8.1 50 [117
4.440.7 28 [101
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gration scheme. The same work must be done in the
theory. When this has all been accomplished, it will be
possible to establish a detailed picture of the disinte-
gration of this nucleus.

3. Disintegration of °Be. The supermultiplet
structure of the levels in the initial nucleus and in the
final *Be leaves a strong imprint on the nature of the
decay. The clearest manifestation of this structure is
the low intensity of the channels (y,n,), (y,n), and
(y,m,). In the nucleus *Be there are up to 16 MeV only
levels with T=0, which are described by a configura-
tion with Young tableau [44]. The states of the giant
resonance of the nucleus *Be with isospin T=3/2 can-
not, of course, decay into them. The second branch
of the resonance with isospin T'=1/2 can decay through
these three channels only on account of the component
with the Young tableau [441]. However, as can be
clearly seen in Fig. 12, these yield a low intensity,
which explains the very weak population of the first
three states of the nucleus *Be. The experimental data
(see Ref. 121) completely corresponds to this conclu-
sion of the theory.

The strongest channels are the ones leading to popu-
lation of the states of the ®Be nucleus beginning at 16
MeV. Because of this feature of the decay, the part
played by the channels with the emission of a + He and
d +"Li fragments is more important. The cross sec-
tions calculated®? for these channels are shown in Fig.
17 together with the experimental data. Good agree-
ment between the theory and experiment is observed.

4, Disintegration of the remaining nu-
clei of the 1p shell. As the 1p shell is filled,
the importance of the group B decreases, and the de-
cay of the resonance is associated with population of
the ground state of the final A —1 nucleus and the
states with the same parity as the ground state. The
example of the decay of the resonance in *C already
considered illustrates how this change in the structure
of the state actually occurs. As is shown by the analy-
sis of Ref. 79, the picture is the same in all the fol-
lowing nuclei, namely, there is population of states
of the same nature as the ground state of the final nu-
cleus.

On the other hand, the group B does not disappear
completely. This follows from the theory. Moreover,

N C R 00
9Be(7,d) He

| 1
e |
= 1175 | |
Bo2 1
s
Qﬁ

=)
~

0

FIG, 17. Disintegration cross section of 9Be with emission of
fragments.®? The broken histogram is the result of the meas-
urements of Ref. 122.

380 Sov. J. Part. Nucl. 12(4), July-Aug. 1981

there are some experimental indications of the mani-
festation of this group. As was shown in Ref. 12, the
distinctive feature of this group is the star decay.
Thus, in *?C the group B is formed from states with
Young tableau [4431], and their decay leads to the
emission of 2a +£+p or 2a +n+ *He fragments. In
4N, they are states with Young tableau [4433], whose
decay leads to the formation of 2c +¢ + *He fragments
The identification of such channels requires a special
experiment. We believe that such experiments would
be of interest and that their results could give impor-
tant information about the nature of the hole excita-
tions of light nuclei.

Magnetic quadrupole excitations in inelastic electron
scattering and the radiative capture of m mesons.
Transverse El excilations. 1. We begin the discus-
sion of the excitation of an intermediate nucleus in the
backward scattering of electrons (M2 and E1¢ transi-
tions), the radiative capture of 7 mesons, and p cap-
ture with the '°0 nucleus with closed shells. The theo-
retical®’ and experimental!?3+1%4 excitation spectra in
the various reactions are given in Fig. 18. According
to the calculations, the M2 transitions in electron
scattering are grouped in three energy regions, which
is a consequence of the spin—-orbit forces, which lead
to configuration splitting. The greatest intensity is
associated with the transition 1p;,, —2d;,,. The two
outside maxima are manifested much less strongly.
Measurements of the inelastic scattering of electrons
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FIG. 18. Excitation spectrum of the nuclear system in the case
of radiative capture of pions (a), electron scattering (b), and
absorption of muons by the nucleus %0 (¢): the theory of Ref,
57 and the experiment of Ref, 123,
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FIG. 19, Excitation spectrum of the nucleus 0 in the case of
electron scattering!?! through 165°.

indicate the presence of a peak in the region of 20
MeV (true, it is split) due to excitation of J*T =271
states (Fig. 19).

In the '%O(n",y) reaction, the M2 resonance and its
splitting are manifested more clearly in the theoretical
curve, since the outer peaks collect a somewhat great-
er intensity. Analysis of the excitation spectra of the
nucleus %0 in the '%O(r,y) and '°O(e,e’) reactions re-
vealed a number of peaks (Table VIII), which correlate
in energy well with each other and with the result of
the theoretical calculation shown in Fig. 18. In particu-
lar, good agreement is observed in the position of the
J'T =271 levels that form the M2 resonance and the
splitting of the resonance. A similar correlation can
be established'®®:1?® in the nucleus C.

The transverse E1 excitations in the 'O(e,e’) reac-
tion are concentrated in the region of 25 MeV in one
level, with the consequence that in the total excitation
spectrum of the nucleus in the case of backward scat-
tering of low-energy electrons, which is the sum of
M2 and E1¢ transitions, the energy region 20-25 MeV
collects an appreciable fraction of the excitation inten-
sity. Indeed, in the measured cross section of inelas-
tic electron scattering in this region of excitation en-
ergies a broad maximum is observed'*® (see Fig. 19),
this being due in large measure to E1¢ transitions,!2

The absorption of muons leads to the excitation to
equal extent of the states J"7'=2"1 and 171, as in the
case of electron scattering. Concluding our discussion
of the nucleus %0, we emphasize that in this nucleus
with closed shells the available experimental data con-
firm the concept of configuration splitting.

TABLE VIII. Structure of the exeitation spectrum of the
nuclear system revealed in the ¥0(r~,y) and %0(e, ')
reactions,

190 (x, ) [123] 160 (e, e’) [124]
2 E* (16N), E* (150), (108 | E* (180), B (M 2,0,
By MY Mev Mev Ayt Mev | T [T
128.0 0 12, 14.5+0.6 | 12,98 2-
123.9 4.140,2 | 17.140.2 2,3+0.4 7.14 1=
123.2 4.840.2 | 17.740.2 2.4+0.4 | 17.8 2- 0.26
121.7 6.140.2 | 19.04-0.2 4.4+0.6 | 19.04 2- 3.8
120.5 19.5 =
120.5 7,540.2 | 20.4+0.,2 | 15.140.6 | 20.36 & 54
118.8 9.1+0.2 | 22.240,2 9.34:1.2 22.3 1-
116.9 41.440.2 | 24,04:0.2 5.80.8 24.2 i
115.8 12,24:0.2 | 25,240.2 2.9:4:0.6
114.5 13,54-0.2 | 26.4+0.2 3.6+0.6
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FIG. 20. Excitation spectrum of the nuclear system in the
case of backward electron scattering and radiative capture
of m mesons by the nuclei *C and “N: the theory of Ref, 57
and the experiment (histogram) of Ref. 126.

2. As the number of nucleons in the 1p,,; shell de-
creases, its contribution to the resonance becomes
weaker. Therefore, the low-energy branch of the M2
resonance associated with it also becomes weaker.
The splitting between the two groups of the transitions
13,2~ 2d5,, and 1p,, - 2dy,, remains, despite the
fact that the localization region of the first is signi-
ficantly broadened in nuclei with shells that are not
closed. As a result, the excitation spectrum of the
nucleus due to the M2 transitions (in the case of elec-
tron scattering and radiative capture of v mesons)
has two humps. This can be clearly seen in Fig. 20 in
the calculated® " excitation spectra of the nuclei '*C
and “N. The structure of the states that form the res-
onance in the (7,y) reaction in '3C and N is given in
Table IX.

The measured'?5"'?? gpectra of hardy rays from the
radiative capture of 7 mesons by the same nuclei also
reveals a two-hump nature of the excitation curve (see
the histogram in Fig. 20).

The transverse E1 excitations are again sharply con-
centrated in the same energy region as in 0. How-

TABLE IX. Structure of the states forming the M2 reson-
ance in the nuclei ®C and !N,

E'feight of component, % s ‘Weight of component, %
) R = f
Nucleus | 7% poy |2d5,3 20 |24 T MeV | 2a5n | g, [2a5
= 14.5| 89 5 6 || 14N 1~ | 22.0]| 15 |33 |52
3- 14.9 | 47 |22 |3 1= | 23.8( 50 5 |45
3 15.9 | 41 7 52
& 11.7] 63 |32 5
2= 18.3 | 85 6 9 3/2* | 5.5 | 34 |64 0
ity 3- |186| 53 | 9 |38 52| 6.4 67 [29 | 0
3- 20.1 59 7 44 3/2+ 8,0 56 |41 0
2- 24,3 35 |11 |55 [13C 5/2* | 8.6 | 36 |52 |12
27 || 46 |82 {28 3/2* 1106 | 36 |14 |50
52+ | 11,6 | 47 4 | 50
12+ | 11.9 9 |42 (49
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ever, in nuclei with unfilled 1p shell there are transi-
tions of the group B, i.e., 0s = 1p. As a result, as can
be clearly seen in Fig. 20, a high-energy shoulder is
formed.

3. We now consider nuclei in which the 1p shell is
only just starting to be filled. In these nuclei, the con-
figuration splitting of the M2 resonance is due not to
the spin—orbit splittings but to the presence of the two
groups A and B of the transitions—irom the closed and
valence shells. The calculated spectrum of hardy rays
resulting from the capture of 7 mesons in the nuclei
61i, "Li, and *Be (taken from Refs. 30 and 57) is given
in Fig. 21.

In the case of radiative capture of m mesons in "Li,
it follows from the calculations that the greatest ex-
citation intensity is associated with states in the region
of energies from 17 to 25 MeV (in the "He scale),
which are also associated with transition of a nucleon
from the 0s shell. As in the case of electron scattering,
the T, branch of the M2 resonance (Fig. 22) is split.
The excitation curves almost repeat one another. In
the E1t excitations, the group A is manifested weakly
and almost the entire strength of the transitions is
concentrated on group B.

Y] [5:5-}“[4”]
=1

] ]

30 20

0
Ex(°Lp,MeV

FIG. 21. Excitation spectrum of the nuclear system in the
radiative capture of v mesons by nuclei of the Li and Be iso-
topes: the theory of Ref. 30 and the experiment (histogram) of
Refs. 126 and 127.
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FIG. 22. Excitation spectrum of the nuclear system in the case
of backward electron scattering and radiative capture of 7
mesons by the nucleus " Li (theory of Ref. 30).

In °Be, strong transitions in the (m,y) reaction from
the Os shell are concentrated on levels situated above
15 MeV. However, they are not so strong as in the
Li isotopes. The strongest transitions—in the (m,y)
reaction and in the case of M2 excitations as a result
of electron scattering—are the transitions in which 1p
nucleons are excited. Conversely, the transverse E1
excitations are due predominantly to transitions of nu-
cleons from the 0s shell (Fig. 23).

Thus, in M2 excitations we observe the following
picture as the 1p shell is filled: a decrease in the in-
tensity of the transitions of nucleons from the 0s shell
(group B), an enhancement of those from the 1p shell
(group A), and a softening of the excitation spectrum
of the nucleus—in complete analogy with photonuclear
reactions.

Beginning with ’Be and in all the following nuclei the
most intense transition is an M2 transition in which the
spin of the nucleus changes by two units: AJ=2. The
Li isotopes are an exception, and this is due to the
existence of additional selection rules which arise be-
cause of the realization of the supermultiplet level
scheme, As a result of this, the orbital component,
which gives the dipole transitions, has selection rules
that restrict the possible values of the orbital angular
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FIG. 23. Excitation spectrum of the nuclear system in the
case of backward electron scattering and radiative capture of
T mesons by the nucleus Be (theory of Ref. 30).

momentum of the final state.** For example, in the
group of levels with the Young tableau [33] transitions
from the ground state 0s1p?[42]'%s proceed only to
states with the configuration |0s°1p%[33)%P). There-
fore, the total angular momentum of the state cannot
take the value J;=J;+2=3. Only the high-energy
group of levels can contain the configuration
|0s*1p3[321]5P), in which the angular momentum J; = 3
is realized. In 'Li, the situation is similar; there,
the states with spin Jf=7/2* play a small part in the
formation of the resonance.

Conversely, the transverse E1 excitations in nuclei
at the start of the 1p shell form the resonance pre-
dominantly from transitions of group B. Group A is
manifested much more weakly, and therefore the reso-
nance is at high energies. Calculations confirm the
decisive role of configuration splitting in the formation
of the gross structure of excitation spectra of the nu-
clei at the start of the 1p shell in the case of radiative
capture of T mesons and electron scattering. The
available experimental data [basically on the (m,y) re-
action] find a natural explanation in the framework of
such splitting. With regard to the inelastic electron-
scattering reaction, M2 transitions have, as we said
above, been found so far in *C and 'O.

Recently, there have been indications!?? that the max-
imum in "N at 16.1 MeV also corresponds to M2 exci-
tation. As yet, the situation is not sufficiently definite
for one to be able to speak with confidence of an M2
resonance on the basis of the available data on elec-
tron scattering.

As follows from what we have said, the 7-meson
radiative-capture reaction (together with inelastic
electron scattering) is a good tool for studying mag-
netic quadrupole transitions. Comparison of the re-
sults of measurements of both reactions will comple-
ment the information on the part played by the M2 res-
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onance in nuclei of the 1p shell and reveal the basic
features of its excitation.
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