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A universal property of dipole resonance in nuclei of the 25—2d shell—configurational splitting—is analyzed.
This phenomenon consists of the occurrence of two groups of transitions separated in energy and formed by
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reactions are described, and the consequences of such splitting in electron-scattering and muon-absorption

reactions are discussed.
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INTRODUCTION

In the investigations of the giant dipole resonance in
the absorption of ¥ rays by nuclei during the last 20
years several stages of development can be traced.

In the sixties, the main attention was devoted to the
problem of the formation of this resonance on the basis
of a microscopic picture of particle-hole (ph) excita-
tions. The basic idea was provided by Wilkinson,'
namely, that in the simplest single-particle shell model
the ph states excited in dipole absorption are concen-
trated in a comparatively narrow range of energies E,
with mean value E,,=Ew, where fw is the distance be-
tween single-particle levels of different parity in the
oscillator potential (or in the Woods—Saxon potential
well), the distance being #w=T7-8 MeV in heavy nuclei
and #w=12-15 MeV in light nuclei. The spin-orbit
splitting of the single-particle levels has little influence
on the position of the resonance, since in E1 transitions
there is no spin flip, i.e., transitions of the type (j=1
+3)=(j'=1+1-1%) are suppressed.

This idea of Wilkinson was coupled with another, no
less important, which corresponded to transition to the
many-particle shell model: The mixing of states by the
effective NN interaction forms a dipole state as a co-
herent sum of ph states and shifts it upward in energy?
(repulsion of the particle and hole), The same result
was obtained either by using simply the procedure of
diagonalization of the interaction matrix of the ph
states® (Tamm-Dancoff approximation) or by addition-
ally taking into account vacuum polarization (or corre-
lation in the ground state by the random-phase meth-
0s).*® This last is particularly important if one con-
siders the case of attraction of the particle and hole,
when the collective level sinks appreciably compared
with the zeroth approximation and the vacuum is
strongly polarized, giving isoscalar 2* and 3~ excita-
tions, etc. As a result, it became clear that the micro-
.scopic picture was equivalent to the earlier hydrody-
namic desecription of Migdal.®

Then came an intense i.nvestiga.tion into the fine
structure of the giant resonance: the doubling of the
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maximum, i.e., the doubling of the dipole state for
strongly deformed nuclei,’ the isospin splitting of the
giant dipole resonance,® the coupling of hole states to
phonon excitations® or their spreading over the spec-
trum of the system of valence nucleons,'® and the influ-
ence of friction, i.e., states of the type 2p-2h, on both
the excitation spectrum of the nucleus and the photonu-
cleon spectrum.!* This stage, like the first, was char-
acterized by great successes in understanding the ex-
perimental data and in the prediction of new effects.
But even today it is not possible to explain theoretically
the details of the fine structure of the giant dipole res-
onance, though an understanding has been achieved of
its comparatively gross properties.

Finally, in recent years there has been active study
of other high-lying resonances such as E0, E2, M2,
and their decay modes.'>'® For this purpose, « parti-
cles, electrons, nucleons, m mesons, etc., are used.

In this review, the main attention will be concen-
trated on effects manifested in dipole transitions in
light nuclei. These questions were already posed at the
time when the very foundations of the particle-hole ap-
proach were discussed, but they remained in the back-
ground for a long time, since a special experimental
method was needed. We are referring to configuration-
al splitting of the giant dipole resonance in light nuclei
(A <40) and the possible generalizations of this phenom-
enon. Already in the beginning of the sixties we noted'*
that in light nuclei dipole transitions calculated in the
zeroth, or diagonal, approximation are characterized
by a spread over a wide energy interval, and diagonali-
zation of the ph interaction matrix does not as a result
lead to a single dipole state—the large spread is pre-
served. The reason for this is the important part
played by Majorana forces in light nuclei, which have
two specific properties. First, the levels of nuclei of
the 1p shell (and, to a much lesser degree, of the 2s—
2d shell) are strongly split in accordance with the or-
bital Young Patterns [ £].'* Second, in nuclei of the 1p
shell a nucleon excited to the 2s—24 shell is weakly
bound to the core of the p nucleons, which, irrespective
of its internal state, simply appears as a potential well
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for the 2s~24 nucleon.'® Much the same occurs for nu-
clei of the 2s—2d shell when a nucleon is excited to the
3p—3f shell. This is due to the fact that with increasing
quantum numbers #nl of the nucleon the matrix elements
of the Majorana forces quickly lose their specific ex-
change nature and decrease.

The upshot is that for nuclei of the p shell the giant
resonance is strongly split in accordance with the
Young patterns [ 7] of the hole states,'” while for nuclei
of the 2s—2d shell another circumstance, also present
in nuclei of the 1p shell,'” comes to the forefront,
namely, when a hole state is formed in the 1p shell, its
energy increases rather rapidly with increasing A,%!°
As a result, in nuclei with a sufficiently large number
of nucleons in the 2s-2d shell (A>20), the dipole tran-
sitions are separated from the closed shell, 1p—(2s-
2d), and are shifted upward in energy. This is the ori-
gin of the configurational splitting of the giant dipole
resonance*****%; it plays an important part and in some
cases is more important than the other splittings men-
tioned above. This new form of splitting of the giant
dipole resonance is expressed in numerous specific
properties, which we discuss below. In particular, it
becomes particularly large in processes in which gR
Z 1 (g is the momentum transfer and R the radius of the
nucleus), i.e., in electron scattering (e, e’) and muon
absorption.

Thus, there intersect here, complementing each
other, two fields of investigation—the physics of photo-
nuclear reactions (and inelastic electron scattering) and
the physics of intermediate energies (quasielastic
knockout (p, 2p) and (e, e’p) processes,'® and also pickup
reactions at intermediate energies®). The need to
make direct use of data from quasielastic knockout and
pickup reactions instead of Wilkinson’s schematic pic-
ture for light nuclei was pointed out in Refs. 10, 20,
and 21. The interesting properties of the energies of
hole states in light nuclei that we have mentioned stim-
ulated theoretical studies by the Hartree—Fock method
(see, for example, Refs, 22 and 24), these now having
a more reliable basis of experimental data.'®®

1. DIPOLE RESONANCE IN NUCLEI OF THE 2s-2d
SHELL

In discussing the structure of the dipole resonance in
nuclei of the 2s-2d shell, we shall assume that the low-
est Os and 1p shells are closed. The remaining n=A4
—16 nucleons, where A is the mass number, occupy
the 2s—2d shell. Then the ground state of the nucleus
has the configuration

0s*1p® (25 — 24)™. (1)

The experimental data, which we shall discuss in detail
in the next section, indicate that this approximation
corresponds to reality rather well.

In the region of nuclei we are discussing, the dipole
resonance is formed from states with the configurations

0s*p® (25 — 2d)"1 (3p or 3f) (2)
and
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0sp™ (25 — 2d)m+, (3)

if we restrict ourselves to transitions of a nucleon in
only the band of 1%Zw excitations. The first is associ-
ated with excitation of an outer (valence) nucleon and
corresponds to transitions that belong to-group A in the
terminology used in the review of Ref. 17, The second
is associated with excitation of a nucleon of the closed
1p shell (group B).

As was already demonstrated in Ref. 17, similar con-
figurations arise in nuclei of the 1p shell. The residual
nucleon—-nucleon interaction has mixed them weakly,
and they have preserved their individuality. The same
effect occurs in the region of nuclei we are discussing,
though, as will be shown below, it is not so clearly ex-
pressed because the mixing of the configurations is
stronger.

In *Ne and the nearest nuclei, in which filling of the
2d; ,, shell is just beginning, it is to be expected that
the configurational splitting will be manifested most
clearly. The 2d,,,~ 3f;,, transitons form group A, and
the 1p,,,~ 2d;,, transitions from group B, the latter
being very strong. In the region of *Mg-2°si, the 2d,,,
shell is partly filled. Therefore, configurations asso-
ciated with the 2d;,,~ 3f,,, transition play a more im-
portant role, and configurations associated with the
1p;, .= 2d;,, transition are weakened because of block-
ing. Because of this weakening, 1p,,,~ 2d,,, transi-
tions become important in the high-energy part of the
spectrum.

If we ignore the spreading of the Fermi surface, then
in 8 and all the following nuclei the 2d;,, shell is al-
ready closed, and there are no 1p,,,~ 2d;,, transitions.
However, this case is not realized in reality, so that
besides the 1p,,,~ 2d;,, , transition there is also 1p,,,

- 2d;,,. Thus, the nature of the configurational split-
ting of the nuclei of the 2s—-2d shell will depend strongly
on the region of nuclei under consideration.

To investigate the configurational splitting of the di-
pole resonance in nuclei of the 2s—24d shell, it is nec-
essary to separate it into components due to transitions
of a nucleon from the inner 1p (1p,,, and 1p,,,) shell
and the outer 2s-2d shell. This can be done by mea-
suring the cross section of the photonucleon channel of
the splitting with a fixed final state of the formed nu-
cleus, i.e., by measuring the partial cross sections and
using spectroscopic information on the corresponding
states. Indeed, the low-lying states of the nuclei of the
2s—2d shell of positive parity are described in the ma-
jority of cases by the configuration 0s*1p? (2s—24)",
These states can be populated by excitation and subse-
quent escape of a valence nucleon [see the expression
(2)]. The escaping nucleon may be either the one that
directly absorbed the y ray or, by virtue of the channel
coupling, a nucleon that did not participate in the ab-
sorption.

In the general case, the negative-parity states of the
final nucleus A - 1 are described by the superposition of
configurations
oy | (2s — 2d)"2LE, (3p or 3f)) 4o, | 1p3j2 (25 — 2d)"J,E,)

+ay | 1pils (2s — 20) J,E,). (4)
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For the negative-parity levels of nuclei of the 2s-24
shell there are no detailed calculations of configuration
mixing, When analyzing their structure, it is necessary
to rely mainly on experimental data on pickup and
quasifree knockout reactions. As follows from such ex-
perimental data (see below), a configuration with a hole
in the 1p, ,, shell is weakly spread and, as a rule, is
concentrated on one or two levels. For these levels

the coefficient a, in (4) is large, Conversely, a config-
uration with a hole in the 1p,,, shell is very strongly
spread over a large number of states.

States of the nucleus A —1 with a configuration con-
taining a hole in the 1p shell can be populated by decay
of a resonance whose structure is determined by the
same hole configuration, i.e., 0s*1p' (2s - 2d)™.
Thus, the nature of the hole excitation of the final nu-
cleus A -1 is the trace that enables one to recognize
the transitions that formed the given partial cross sec-
tion.

After summation of the partial cross sections asso-
ciated with transitions from the 1p and 2s-2d shells,
we obtain the components of the dipole resonance due to
transitions from the inner and outer shells. The reli-
ance on pickup or quasifree proton knockout reactions
means that we cannot consider the states of the final
nucleus A — 1 which are hole states relative to the ex-
cited states of the initial nucleus.

The number of all the states constructed on the con-
figurations (2) and (3) is so large that realistically only
a small fraction of them can be included in calculations.
Many of them do not participate directly in the absorp-
tion of the ¥ ray but spread the dipole resonance over a
certain energy region. This opens up a large number of
decay channels to states of a complicated nature in the
final nucleus A —1. There is a similar influence of
configurations corresponding to transitions of a nucleon
to the band of 3%Zw excitations, etc. A complete de-
scription of the excitation and decay of the resonance
requires all these factors to be taken into account. The
effects of the spreading of the doorway particle-hole
states over more complicated states and the emission
of particles in each stage of complication of the doorway
state are considered at the present time in the frame-
work of the exciton model.? The fact that the state
structure of the final nucleus A —1 can be extracted
from experimental data makes it possible to avoid the
difficulties of the theory in describing the details of the
nuclear structure, partlcularly if this is due to the 1p
hole states.

Thus, combination of experimental data on the par-
tial photodistintegration channels of nuclei of the 2s-2d
shell with experimental data on the structure of the fi-
nal hole states solves to a large degree the problem of
separating the part of the reaction that proceeds without
subsequent strong entangling of states.

Now a few words on terminology. The transitions
‘separated in this manner are called particle-hole or
semidirect transitions. It must be borne in mind that
particle—hole transitions occur above the real ground
state, whose structure may be fairly complicated. In
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theory, one understands by the expression particle-
hole transition the simplified case when the maximal
number of subshells is closed. When discussing the ex-
perimental data, we shall use this term in a wider
sense. Essentially, we have an intermediate coupling
approximation that takes into account all states of par-
ticles in the 2s—2d shell.

2. SPECTRA OF HOLE STATES OF NUCLEI OF THE
2s5-2d SHELL

We begin the analysis of the structure of the states of
nuclei of the 2s—2d shell with the nucleus **Si. The cor-
responding results of measurements are given in Fig. 1.

Figure 1la shows the energy spectrum of the protons
obtained in the *Si(e, e’p) reaction® as a function of the
excitation energy of the final nucleus. In the region be-
low 10 MeV, two groups of unresolved levels are ob-
served; they are denoted by d+s and d+p in the figure,
and their quantum numbers are determined from the
shape of the momentum distributions of the protons.
The region of energies above 10 MeV can be divided in-
to two parts (10-30 and more than 30 MeV), in which
hole excitations in the 1p and Os shells are predomi-
nant. In Fig. 1b, the lines give spectroscopic informa-
tion from proton pickup reactions.'®**° It can be seen
that in the region of excitation energies up to 10 MeV
the results of the two types of experiment do not con-
tradict each other, though the proton pickup reactions
give more accurate information, since the high energy
resolution in such experiments makes it possible to in-
vestigate individual levels. Therefore, in many cases
it is possible in the proton pickup reactions (in contrast
to the quasielastic knockout reactions) to determine not
only the orbital angular momentum [ of the captured
proton but also its total angular momentum j.

oS 2site,ep? Al

6, 10%em? « MevZ « 572

2551 (2, He) *Ab
P 5.2, *He)? AL
2851 (THe! He)si

Pya [ 3
,JM\/\ 2
L " N 1
% 20 an 40 E f' MeV

FIG. 1. Comparison of data on proton guasielastic knockout
and pickup reactions for the Si nucleus.
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In the region above 10 MeV, where deep hole excita-
tions (1p7}, and 0s]},) are situated, the pickup reactions
are much less informative because of the strong de-
crease in the effective cross sections due to absorption
and growth of the level density. Therefore, there are
virtually no corresponding experimental data on pickup.
The region above 10 MeV is much better studied in pro-
ton quasielastic knockout reactions, which make it pos-
sible to determine the centroids and the extent of the
spreading of the deep hole excitations.

The paper of Ref. 31 makes it possible to compare the
results of quasielastic knockout and pickup experiments
for nuclei of the 2s—2d shell in the region of excitation
energies 10—40 MeV in the final nucleus. It contains a
study of the neutron pickup reaction **Si(*He, o)?Si.

The spectrum of neutron hole states of the nucleus 2Si
in the region 10-40 MeV, which is no longer a set of
resolved levels, is shown by the continuous curve in
Fig. 1b (the vertical scale is increased by three times).

In the region below 10 MeV, the information given in
Ref. 31 hardly differs from the information that is ob-
tained from the proton pickup reaction (the lines). The
possibility of using data on the *®Si(*He, a)*'Si reaction
to obtain information about proton hole states is based
on the fact that proton and neutron pickup in the case of
the ?®8i nucleus lead to the formation of the mirror nu-
clei ¥Al and ¥Si. It can be seen from Fig. 1 that the
spectrum of hole excitations in pickup in the region 10~
40 MeV has the same nature as in quasielastic knock-
out. The analysis of the angular distributions and cross
sections made in Ref. 31 shows that the discussed sec-
tion of the spectrum is due to pickup of a nucleon from
the 1p,,, subshell,

The features of the spectrum of hole excitations ob-
served in the #*Si nucleus are typical of nuclei of the
2s-2d shell. We mention two important circumstances
that follow from analysis of pickup reactions and nucle-
on quasielastic knockout reactions: 1) part of the spec-
troscopic strength of the hole excitations in the 1p shell
is situated rather low (below 10 MeV for nuclei with A
< 32); 2) the hole excitations in the subshell 1p, /2 are
distributed in a region of energies of width 20-30 MeV.
This phenomenon can be attributed not only to the emis-
sion of Auger nucleons but also to the Mahan—Noziéres
effect,®® which is well known in the physics of metals
[polarization of the conduction electrons by a suddenly
appearing hole in (y, e) processes, which leads to a
broadening of the spectrum of the deep hole state due to
the excitation of many “soft” particle-hole states in the
conduction electrons]. These ideas have not yet found
adequate reflection in studies on the theory of nuclear
reactions. An interesting phenomenon may occur
here—the breaking of SU(3) symmetry by a “suddenly
appearing” angular momentum (3/2%) of the core (see
below).

We consider in more detail the spectrum of hole ex-
citations in the region below 10 MeV, where the pickup
reactions give the most detailed information.

The data obtained in the pickup reactions for nuclei
of the 2s—24d shell are given in Refs. 23 and 33. We
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FIG. 2. Spectroscopic characteristics of proton hole states of
the nuclei ®Na, 2. 2Mg, A1, %5i, and S obtained in proton
pickup reactions.

shall discuss proton pickup reactions for the nuclei
*Na, *Mg, *Mg, *'Al, ®Si, and *%S, since below we
analyze the results of the proton decay channel of the
giant dipole resonance of these nuclei.

Data on the (d, *He) and (¢, *He) proton pickup reac-
tions for the nuclei *Na, **Mg, *Mg, ¥Al, #5i, and
%28 are given in Fig. 2, from which one can see the dis-
tribution of the proton hole excitations of these nuclei
among the levels of the nuclei **Ne, *Na, *Na, *Mg,
¥Al, and 'P. The number of protons in these nuclei is
smaller by one. We recall that the spectroscopic fac-
tors S of states with definite quantum numbers », I, and
Jj must satisfy the sum rule

E C* = {phip (5)

where C*=2T/(2T +1) (T is the isospin of the final nu-
cleus), (p),,; is the number of protons in the nlj sub-
shell, and the summation is over all states of the final
nucleus that can be excited following proton pickup from
this subshell. Independent information about the num-
ber of nucleons in the outer shell is provided by strip-
ping reactions, since the sum rule for the spectroscop-
ic factors of the levels excited in these reactions is di-
rectly related to the number of vacancies (holes) in the
nlj subshell. For the considered nuclei (**Na, *Mg,
Mg, TAl, *Si, and 325) the data on the proton pickup
and stripping reactions®'* for the numbers of protons
in the 2d,,,, 2s,,,, and 2d,,, subshells agree to within
the errors of the experiments. The numbers (p),,; ob-
tained by joint analysis of these two types of experiment
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TABLE I. Numbers of protons in different subshells for the
corresponding nuclei obtained from proton pickup and strip-
ping?33% and theoretical calculations s34 3%

Nucleus P32 ipyy2 2dg2 sy /2 2dyn 2g-2d
Experiment 2.4 13 2.9 0.1 0
23Na 3
Theory 4 2 == i s
Experiment 2,228 2.2 3.2 0.3 0.5
24Mg 4
Thoory* 4 2 | 286 o | om0
Experiment 1.5—1.8| 1.8 3.3 0.5 0.2
2\ g 4
Theory®* 4 2 2.91 0.86 0.23
Experiment 0.5—1 .(!{ 2.6 I 4.8 0.2 0
AL 5
Theory 4 2 1 —_ -
Experiment 1.2 1.5 4.5 l 0.75 0.75
il 4.48 0.82 0.70 B
o e N U o8 [ 8
Experiment 0 0.8 G ] 1.45 0.8
azg
Thoory 158t 4 5 5.08 1.51 1.41 :
Y * 5.68 1.55 0.77

are given in Table I, For the outer subshells, the er-
ror of the data given in the table does not exceed 10—
20% in the majority of cases.

The spectroscopic information for nuclei of the 2s-2d
shell has a number of general features:

1) the hole levels in the 2s—2d shell are situated
mainly in the region of excitation energies 0-8 MeV
and exhaust most of the sum rule for this shell;

2) the spectroscopic strength of the hole excitation in
the 1p,, , subshell is concentrated on one or two states;

3) an appreciable fraction of the spectroscopic
strength (40-100%) of the hole excitation in the 1p,,,
subshell cannot be seen because of the limitation in en-
ergy in pickup reactions (Table I).

We can also mention the following. In some cases
(*2Mg, 2°Si) the hole excitation in the 1p, ,, subshell is
situated very low in the energy scale (2.6—-4.0 MeV).
The results of analysis of the pickup reaction given in
Fig. 2 as well as of the proton quasielastic knockout re-
action indicate a strong spreading of the hole excitation
in the 1p,,, subshell. This is clearly manifested for the
nuclei #*Mg and ®*Mg. One observes a general fendency
for an increase in the energy of hole excitations in the
1p shell with increasing mass number A. For nuclei
heavier than 32§, hole excitations in this shell are not
seen at all in proton pickup reactions. Among the hole
states in the 2s—2d shell, the 247}, state is most
strongly spread.

Joint analysis of proton pickup and quasielastic
knockout reactions makes it possible to determine the
pinding energy of protons in the 1p,,, and 1p;,, sub-
shells. The pickup reactions give the most accurate in-
formation about the 1p,,, subshell, the removal of a
proton from this shell leading to the appearance of one
or two states at a comparatively low excitation energy
(10 MeV). In this energy region, the quasielastic
knockout reactions cannot, because of the low energy
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FIG. 3. Binding energies of protons in 1/, and 1p3/, sub-
shells obtained from pickup reactions (open circles) and
quasielastic knockout reactions (black circles and vertical
lines). The pluses are the binding energies of protons in the
1p3 /5 subshell for nuclei at the start of the 2s—24d shell
obtained from pickup reactions.

resolution, distinguish the 1p7}, state from the strong
background of states excited by stripping of a proton
from the 2s-24 shell. In contrast, data on the low-lying
1p,,, subshell with strong energy spreading must be
taken from quasielastic knockout reactions. The 1p™
state observed in the spectrum of these reactions,
which reaches a width of about 20-30 MeV, corresponds
to proton stripping from the 1p,,, subshell.

Data on the binding energies of protons in the 1p,,,
and 1p,,, subshells for nuclei with 16 < A< 40 and taken
from pickup®'* and quasielastic knockout'® reactions
are given in Fig. 3. For nuclei at the beginning of the
2s-2d shell, information about the 1p,,, and 1p,,, sub-
shells can be obtained from experiments of both types.
Thus, for *°0 and '°F, quasielastic knockout reactions
give the position of the hole excitations in the 1p,,, sub-
shell. For '¢!%Q, 1°F, ?»2*Ne, the pickup reactions make
it possible to find the centroids of the 1p}}, excitations,
since the states observed in these reactions exhaust not
less than 80% of the sum rule for the 1p;,, subshell.
Figure 3 shows where a direct comparison is possible,
i.e., for nuclei at the beginning of the 2s-2d shell, the
pickup and quasielastic knockout reactions give consis-
tent results.

The data given in Table I also characterize the struc-
ture of the valence shells of the considered nuclei. It
follows from the table that the ground states of the nu-
clei 2»2*Mg, 2°Si, and *S do not correspond to maximal
population of the lowest subshells (2d;,, for ***Mg,
*8i; 2d;,,and 2s,,, for **§), i.e., there is intermediate
coupling and the admixture of higher subshells is fairly
large, of order 10-30%.

The calculations in the framework of the many-parti-
cle shell model?*3*35 give numbers of protons in the
2d;; 5, 25y, and 2d,,, subshells close to the experi-
mental numbers (see Table I). In Ref. 34, the nuclei
Mg and *°Si were regarded as made up of the inert
core of °0 and valence nucleons in the 2s—2d shell,
The nucleus *2S was regarded as being made up of the
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inert core of *°Ca and eight holes in the 2s-24 shell.
All possible configurations allowed by the Pauli princi-
ple were taken into account. In Ref. 35, the inert core
for **S consisted of closed 0s—1p shells and 10 nucleons
from the 2d;,, subshell, i.e., allowance was made for
configurations containing up to two holes in this sub-
shell. The Hartree-Fock calculation made in Ref. 24
gives a fairly good description of the nucleons over the
subshells and, therefore, of the overall structure of the
wave function of the ground state of the 2*Si nucleus.

3. PARTIAL PHOTODISINTEGRATION CROSS
SECTIONS OF NUCLEI OF THE 2s-24 SHELL

Below, we shall give experimental data for the photo-
proton decay channel of the giant dipole resonance of
nuclei of the 2s—2d shell. This is the predominant
channel for the majority of stable nuclei of this region.

The partial cross sections of the photoproton reaction
for the nuclei *Na, **Mg, *Mg, '"Al, ?®Si, and 3?8 ob-
tained from photoproton spectra are given in Refs.
36-41. For comparison with the results of proton pick-
up reactions, it is convenient to use the distribution of
the intensity of transitions to different states of the fi-
nal nucleus A -1 in the (v, p) reaction (the procedure
for obtaining such distributions from the photoproton
spectra is described in Ref. 17). These distributions
for the nuclei **Mg, ¥Al, and **Si are compared in Fig.
4 with the spectroscopic factors determined in the pro-
ton pickup reaction. It can be seen that the position of
the maxima in the distributions of the transition inten-
sity in the (y, p) reaction is correlated with the position
of the levels of the nucleus A —1 that have large spec-
troscopic factors in the proton pickup reactions. This
permits the conclusion that the giant dipole resonance
of nuclei of the 2s-2d shell is to a large degree formed
by particle-hole excitations. Thus, for the even-even
nuclei *Mg and 2°Si between 60 and 80% of the inte-
grated cross section of the (y, p) reaction is concen-
trated on them,38:4°

Similar conclusions are reached by the investigation
of the spectra of ¥ rays that carry away the excitation

i,

Number of protons, rel. units

FIG. 4. Comparison of the intensity distributions of transi- .
tions to different states of the final nucleus in the (y,p) reac-

- tion (continuous curves) and spectroscopic factors of proton

pickup reactions (columns) for the nuclei *Mg, ¥ Al, and 2si,
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of the final nuclei formed in photonucleon reactions,
i.e., the (y,py’) and (v, ny’) processes. We analyzed the
experimental data for nuclei of the 2s5-2d shell.*>° In
all cases (we investigated the nuclei %1%0, °F, ®Na,
BB 28Mg, 281, 328, and *°Ca) not less than 90% of the
decays were to levels of the final nucleus revealed in
the nucleon pickup reactions.

The partial cross sections extracted from the photo-
nucleon spectra can usually be formed by population of
a group of states of the final nucleus, since the resolu-
tion with respect to the energy of the final nucleus for
such partial cross sections is usually 1 MeV. How-
ever, not all these states are populated with significant
probability. The data on the spectra of the ¥ rays that
carry away the excitation of the final nuclei, and the
clear correlation with pickup, make it possible to de-
termine what states are populated, and with what prob-
ability, in the region of excitation energies of the final
nucleus up to 5-6 MeV. The interpretation of the par-
tial cross sections for population of states with ener-
gies higher than 5-6 MeV in the final nucleus is not so
unambiguous, since for this energy region there are
usually no data on the spectra of ¥ rays.

We consider as an example the TAl(y, p)**Mg re-
action.®® For this reaction, the cross sections were
obtained for population of the ground state and the first
and second excited states of the final nucleus (1.81 and
2.94 MeV), and also groups of states whose centroids
E, are situated at the energies E,=4.4, 6.6, 8.5, 11.0,
and 13.0 MeV. The analysis of the partial cross sec-
tions was based on comparison with data on the proton
pickup reactions *Al(d, *He)**Mg (Refs. 51-53; Fig. 5)
and Z’FAl(n’ d)zeMg.S‘i

It can be seen from Fig. 5 that the first five partial
cross sections (E,=0,1.8,2.9,4.4,6.6 MeV) are formed
by transitions from the 2d,,, subshell. Transitions
from the 1p shell make a contribution to the remaining
partial cross sections (E,=8.5, 11,0, and 13.0 MeV).
There is good correlation between the pickup-reaction
data and the results of the (y, p) experiment. The states
of the final nucleus whose population cross sections in
the (v, p) reaction have the largest values also corre-
spond to the largest values of the spectroscopic fac-
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FIG. 5. Intensity of population of different states of the final
nucleus (a) in the ¥ Al(y, p)asMg reaction® and speciroscopic
factors (b) in the proton pickup reaction.’!™™ Figure 5b also
shows the level scheme of the final nucleus *Mg.
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TABLE II. Comparison of
relative spectroscopic factors
(C?8), =7 C¥S/(p) of proton
pickup and integrated values
o= 3 g ,(E,)dE, of the par-
tial cross sections of the

ty, #) reaction for the 2Al nu-

cleus.
b -

E?E a5 <

o Q ).
o S E'E g 3| =
?h .§ = ‘g ~§ a -t

=

Pt % g w28 ) %
0 2s—2d 6 6
1.81 2s—2d 18 18
2.9% 25—2d 4| 15
4.4 2s—2d 46 40
6,6 2s—2d 16 | 20
8.5 ip 43 46
11,0 ip 8 | 3t
13.0 1p — | 23

tors. This is a good illustration of the conclusion that
the states of the giant resonance of the Al nucleus
have an appreciable particle-hole component. In Table
II, we compare the relative partial cross sections of
the (y, p) reaction with the relative total spectroscopic
factors, which were calculated as (C?S),,, =27 C?S/{p),
where the summation was over all states of the final
nucleus that could contribute to the given partial cross
section, and (p) is the number of protons in the 2s-2d
or 1p shells. The comparison was made separately for
the first five partial cross sections, which are due to
transitions from the outer shell, and for the last three
cross sections, to which transitions from the inner
shell contribute.

It follows from Table II that for states of the final nu-
cleus with E,=0, 1.8, 4.4, 6.6, and 8.5 MeV the rela-
tive values of the spectroscopic factors and the relative
cross sections of the (y, p) reaction are practically
equal. It can be concluded from this that the (v, p)
transitions associated with these levels take place
mainly because of the decay of particle-hole configura-
tions. About 60% of the integrated cross section of the
ZAl(y, p)**Mg reaction is associated with these partial
transitions.

The sum of the first five partial cross sections (E,
=0-6.6 MeV) forms the cross section of the transitions
from the outer shell, It is shown in Fig. 6a. Transi-
tions from the inner shell contribute to the remaining
partial cross sections (E,=8.5, 11.0, and 13.0 MeV).
The sum of these partial cross sections is shown in
Fig. 6b. It should be noted that the precise contribution
of the transitions from the inner shell to the partial
cross sections for population of the states with E,=11.0
and 13.0 MeV is not known, since these cross sections
are to a considerable degree formed by decay of config-
urations more complicated than particle—hole configu-
rations, as is indicated by the absence of correlation
between the values of the spectroscopic factors and the
integrated cross sections for the population of these
states (see Table II). The cross section for population
of the states with E,=8.5 MeV is a quite definite part of
the cross section of transitions from the inner shell. It
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Zab(p,p)*My

s¢ — pf

FIG. 6. Sum of partial cross sections of the ¥ Al(y, p)**Mg
reaction with formation of the final nucleus in states with
E;=0-6.6 MeV (a) and E¢>6.6 MeV (b). The continuous curve
shows the partial cross section for population of states of the
final nucleus with E;=8.5 MeV.

is almost entirely formed by transitions from the 1p,,,
subshell,

The cross sections given in Fig. 6 make it possible to
estimate the configurational splitting (the difference be-
tween the centroids of the transitions from the inner -
and outer shells) and the probability of the transitions
from the outer shell. The configurational splitting of
the *'Al nucleus is obtained as the difference between
the centroids of the cross sections shown in Figs. 6a
and 6b, and it lies in the range 2.8-4.0 MeV, the small-
er value corresponding to the case when the partial
cross section for population of the states with E,z 8.5
MeV is taken as the cross section of the transitions
from the inner shell. A more probable value (but not
yet the upper bound) of the configurational splitting (4.0
MeV) corresponds to the assumption that the partial
cross sections for population of the states with E,=11.0
and 13.0 MeV are formed mainly by transitions from
the inner shell. It is natural to suppose that these high-
er-lying excitations are also associated with a 1p3},
hole, which, as we have noted above, induces many-
particle “soft” excitations within the configuration (2s-
2d)".

The probability of transitions from the outer shell is
in the interval 0.74-0.87. The spread in the estimate is
due to the current uncertainty in the interpretation of
the partial cross sections for population of high-lying
states of the final nucleus 2**Mg (E,=11.0 and 13.0 MeV).
The results of photoproton experiments on other nuclei
of the 2s-2d shell, namely, **Na,>Mg, 2*Mg, #*Si, **S,
were analyzed similarly.®* In all cases, we sepa-
rated a cross section of transitions from the outer shell
formed mainly by the decay of particle—hole configura-
tions and a guaranteed part of the cross section of tran-
sitions from the inner shell, due mainly to the decay of
the 1p7} (2s—2d) component of this cross section.
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FIG. 7. Results of decomposition of the photoproton reaction
cross sections for the nuclei *Na, #Mg, Mg, 7Al, ®si, and
323 into components due to transitions from the 2s-2d and 1p
shells. In the inserts, the continuous curves show the cross
sections of transitions from the 1p, s, subshell (for %Mg, not
determined; for %S an upper bound is given), and the dotted
curves are upper bounds on the cross sections of transitions
from the 1p shell, i.e., with allowance for transitions from
the 1p4,, subshell.

The results of the analysis are given in Fig. 7. For
the **Mg nucleus, the cross section of the 1p,,,~ (25—
2d) transitions is small, and its shape was not deter-
mined. Only its centroid (Table III) can be found with
sufficient accuracy. For the nucleus %3S, the cross
section of the 1p, ,,—~(2s-24) transitions given in Fig, 7
is an upper bound.

TABLE III. Centroids (E) of the cross sections of different
transitions and their differences (AE) (estimates obtained for
the region of excitation energies < 30 MeV.

1= g e o
= a . ~ a b
= al i w Il o ]
3 &l | = Z a 3
2 | 188 | 232 = £ | 128 | 233 2
2 | 8w | Bre -] 2 81 | &V =
23Na 20,1 22,0 | 1.9(4.2) | 8si 20.9 22,2 |1.3(2.5
Mg 21.6 22.8 1.2(2.0) | 3tP 21-22 25 3—4
26Mg 221 23—24 |1—2(2—3)| 928 20.4 21.9 1.5(2.9)
27AlL 20.4 23.2 2.8 (4.0) |j *°Ca 20—21 25 4—5

Note. In the brackets in the last column we give the configura—
tional splittings obtained under the assumption that the partial
cross sections for population of the highest levels of the final
nuclei are formed by transitions from the 1p3, subshell,
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4. THE ENERGY POSITION OF TRANSITIONS FROM
DIFFERENT SHELLS

Data on the energy position of the (2s-2d) - (3p-3f)
and 1p, ,,~(2s~-2d) transitions are given in Table IIL.
We indicate the centroids (E) of the corresponding
transitions, and also their differences AE, which char-
acterize the configurational splitting, In Table III, we
also give information for two nuclei (**P and *Ca) for
which the separation of the 1p, /2~ (25-2d) component of
the photoproton cross section has not been made exper-
imentally. However, the data available for these nuclei
are sufficient to obtain reliable estimates. The shape
of the total cross section of the (y, p) reaction for *p
and *’Ca is known,>*® For the “*Ca nucleus, the cross
section of transitions from the outer shell up to excita-
tion energy 25 MeV is also known.*® In addition, it fol-
lows from data on the proton pickup reaction® that
excitation energies of the final nuclei (3°Si and **K) not
less than 10 MeV correspond to a proton hole in the
1p,,, subshell. Thus, only the partial cross sections of
the *P(y, p)*°Si and *°Ca(y, p)*’K reactions with forma-
tion of the final nuclei in states with E,>10 MeV can
contain a contribution of 1p, ;2= (25-2d) transitions. As
follows from the experiments, for nuclei of the 2s—2d
shell**** the centroids and maxima of such cross sec-
tions are situated at energies =25 MeV, and their con-
tribution to the integrated cross section of the (v, p) re-
action up to the energy 30 MeV does not exceed 15-20%.
Obviously, the maximum of the cross section of the
(2s-2d) ~ (3p-3f) transitions for ¥'P and “°Ca coincides
with the maximum of the total photoproton cross section
(20 and 19 MeV, respectively).

The possibility of transitions from the inner shell in
the doubly magic nucleus *°Ca is due to the fact that the
ground state of this nucleus does not correspond to a
completely filled 2s—24 shell. As follows from the sin-
gle-nucleon transfer reactions, the 2s—24 proton shell
is not completely filled in the ground state of the *°Ca
nucleus®'3 and the admixture corresponds to the 3p-3f
shell, It can be seen from Table III that the centroids
of the cross sections of transitions from the outer shell
are situated around 20-22 MeV. The centroids of the
transitions from the 1p,,, subshell are around 22-25
MeV.

The energy splitting of the 1p,,,~(2s-2d) and (2s-2d)
- (3p=3f) transitions fluctuates strongly from nucleus
to nucleus (see Table III), remaining in the range 1-5
MeV. As we have noted above, the configurational
splitting in the nuclei of the 2s and 2d shell is due to
the fact that for these nuclei the separation energy of
nucleons in the 1p shell exhibits a tendency to increase
with increasing mass number, whereas the separation
energy of a nucleon in the 2s - 2d shell remains at ap-
proximately the same level. The coupling of these two
quantities can be clearly seen in Fig, 8, in which the
energy distribution of the 1p, ,,~ (2s - 2d) and (2s - 2d)
- (3p - 3f) transitions is compared with the energy of
a proton hole excitation in the 1p, /> Subshell obtained
in the pickup reaction. One observes a clear correla-
tion between the two quantities. Figure 8 also shows the
general tendency for the configurational splitting to in-
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FIG. 8. Comparison of energy splitting of the transitions
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energies of the proton hole excitation in the 1p4/, subshell
(open circles); estimate of the configurational splitting with
allowance for transitions from the 1p4,, subshell (triangles),
and the result of calculation of the configurational splitting
for the 2Si nucleus (the cross).40-57

crease with increasing number of protons in the outer
shell, which is also naturally expected from the syste-
matic increase in the binding energy of the 1p nucleons
with increasing A.

The most reliable estimate of the configurational
splitting must take into account transitions from the
1p*/? subshell, Transitions from this shell contribute
to the partial cross sections for population of the high-
est levels of the final nuclei. Allowance for the 1p,,
—(2s-24d) transitions increases the estimate of the con-
figurational splitting deduced from the centroids of the
cross sections by about 1-2 MeV (see the numbers in
the brackets in the last column of Table III). The con-
figurational splitting of nuclei with odd Z by 1.5-2.0
MeV is greater than for neighboring nuclei with even Z
(see the last column of Table III). Thus, the configura-
tional splitting of the giant dipole resonance estimated
from the centroids of the cross sections is about 1-3
MeV for nuclei at the beginning of the 2s-2d shell and
6—T7 MeV for nuclei at the end of the 2s—24d shell with an
odd number of protons.

It must be emphasized that all the above estimates of
the configurational splitting refer to the region of exci-
tation energies up to 30 MeV. It is well known that an
appreciable fraction (about 20-30%) of the integrated
photodisintegration cross section is situated at £,>30
MeV. In this region, the importance of transitions from
the 1p;, , subshell increases. Therefore, the above es-
timates of the configurational splitting are to be re-
garded as lower bounds.

Evidence for a predominant contribution of transitions
from the 1p,,, subshell in the region above 30 MeV is as
follows: 1) In all theoretical calculations in which the
position of the hole in the 1p,,, shell has been correctly
chosen the centroid of the 1p,,,~(2s—2d) transitions is
situated at excitation energies 30-40 MeV, and these
transitions in the considered region of energies are
predominant (see, for example, the calculations of
Refs. 10 and 57 for *28); 2) the strong spreading of the
1p3; , state (its width is about 20-30 MeV) has the con-
sequence that the 1p,;,,~(2s-2d) transitions will fill the
region of energies up to 50 MeV; 3) the relative contri-
bution of the photodisintegration cross section in the re-
gion 30-50 MeV agrees with the contribution that must
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be made to this cross section by the transitions due to
the part of the spectroscopic strength of the 1p,,, hole
that is not touched in excitations with energy less than
30 MeV.

It should be noted that with increasing excitation ener-
gy kinematic factors such as the penetrability will favor
the decay of the 1p;§, A28 -24)™* configuration with es-
cape of a nucleon to the continuum and formation of the
final nucleus in the hole state 15} ,.

To estimate an upper bound for the configurational
splitting, we chose twonuclei—the even—even nucleus *88i
andthe odd—even nucleus *’Al, for whichthe shape of the
photoabsorption cross section is well known up to 50
MeV.%® Under the assumption of a dominant role of the
1p—~(2s—-2d) transitions in the region 30-50 MeV and
with allowance for the shape of the photoabsorption
cross sections in this region we calculated the cen-
troids of the transitions from the 1p shell (as the cross
sections of the transitions from the 1p shell in the re-
gion 20-30 MeV we used the dotted curves in Fig. 7).
For both nuclei (*Al and ?®Si), the centroids of the 1p
- (2s-2d) transitions were at 33-34 MeV. This means
that the upper limit of the configurational splitting for
these nuclei is 12-14 MeV.

We compare the obtained estimates of the configura-
tional splitting with the isospin splitting AE, (for nuclei
with N#Z). We consider the three nuclei *Na, ¥Al,
and *'P, for which the isospin of the ground state is T,
=(N-Z)/2=%. Using the well-known relation AE,
=60(T,+1)A MeV,*® we obtain an isospin splitting equal
to about 3-4 MeV. Thus, the estimates of the configu-
rational splitting obtained in this section indicate that it
plays an important part in forming the width (the region
of the energy spread) of the giant dipole resonance of
nuclei of the 2s-2d shell,

5. PROBABILITY OF TRANSITIONS FROM THE
OUTER SHELL

The probability of transitions from the outer shell for
the nuclei *Na, ****Mg, ¥Al, %8i, and °2S was calcu~
lated as the ratio of the integrated photoproton cross
sections due to the (2s-24) — (3p—3f) transitions to the
total integrated cross section of the (y, p) reaction,®**
The obtained probabilities are given in Table IV, which
also contains information on five nuclei of the 2s-2d
shell: *°Q, %0, °F, ®'P, and *°Ca. For '°Q, the in-
formation is taken from Ref. 42, which gives the partial
cross sections of the (v, p) reaction and data of a (v,

TABLE IV. Probabilities of electric dipole transitions from
the outer 2s—2d shell obtained from the partial photoproton
cross sections.

Highest Highest
Proba- photon Refer- Proba- photon | Refer-

Nucleus | ey energy, eru;eI Nuclens | yaity energy, | ence

MeV MeV
150 0.06—0.11| 28.7 [42] 2771 0.74—0.87 29.7 136]
180y 0.04—0.12f 28.0 [50] 288 0,73—0.91| 28.0 [40]
16 0.10—0.18] 30.0 [44) ap 0.7—1.0| 30.0 [55)
23Na 0.27—0.56] 30.0 137] a3g 0,51—1.0 | 29,0 [41]
Mg 0.65—0.80] 30.0 38] 40Ca 0.8—1,0 | 30.0 [56]
2Ng 0.66—1.0| 27.0 39]
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photoproton decay channel of the giant resonance of nuclei
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py') experiment. For O and '°F, we used the results
of the (v, py’) experiment.’** For the *P and *°Ca nu-
clei, the large energy of the proton hole excitation in
the 1p;,, subshell (larger than 10 MeV) makes it possi-
ble to estimate a lower bound on the probability of
transitions from the outer shell using only the shape of
the total cross section of the (y, ) reaction,®s:

In the majority of cases, the spread in the probabili-
ties of transitions from the outer shell is due to the un-
certainty in the interpretation of the partial cross sec-
tions for population of high-lying levels of the final nu-
clei. All estimates refer to the region of excitation en-
ergies of the target nuclei up to 27-30 MeV.

The results given in Table IV are also shown in Fig.
9 as a function of the number of protons in the outer
shell. With increasing Z, the probability of the (2s—2d)
- (3p-3f) transitions increases, and in accordance with
the concept of configurational splitting this is a conse-
quence of population of the 2s-2d shell. Up to the **Na
nucleus, which has three protons in the outer shell, the
1p=(2s-2d) transitions are predominant in the photo-
proton channel. Beginning with *Mg, for which the
number of protons in the outer shell is four, the (2s—2d)
—(3p=—3f) transitions are predominant in the photoproton
channel.

6. COMPARISON WITH THEORETICAL STUDIES

Theoretical investigations of the process of photodis-

integration of nuclei of the 2s—2d shell in the frame-
‘work of the shell model with allowance for the residual
interaction have been made for four self-conjugate nu-
clei: *Ne (Refs. 22 and 60), **Mg (Refs. 21, 22, 60,
and 61), *Si (Refs. 22, 60, 57, 62, and 63), %S (Refs.
10, 60, 57, and 63-68). Except for the preliminary
work of Ref, 21, which was made in the diagonal ap-
proximation, mixing of configurations was taken into
account in all the remaining studies. Most calculations
were restricted to superposition of 1plh excitations. In
Refs. 10, 60, and 67, allowance was made for the com-
plicated structure of the ground state of the target nu-
cleus. In the remaining cases, the ground state was
chosen in the simplest form corresponding to filling of
the lowest shells. Correlations in the ground state
were taken into account in Refs. 60 and 61. The calcu-
lations used residual forces of zero and finite range
with different amplitudes, type of mixing, and radial
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TABLE V. Variants of calculations of the giant dipole reso-
nance of nuclei of the 2s—2d shell (references indicated by
square brackets).

Nucleus Types of Residual Ground state
excitation forces
Iplh + o | = |comelations
- - & more ol 8 a gz |in the
Z = @ @ = compli- | % = ] ound
g 5 g | g | B |tk | RE| & % §|5% b
221 |22 ey | — |22 — @ = | = -
[60] | [60] [ [60] | — | [60] — — | [60] | — | [60] [60]
— |24 ] — | — |11 = — | = |2 | = —
— |81 [ — | — |[61] = = |6 el [61]
e — | [82] — | [62] = [62] | — |[62] = o
= | =dmlEnlen| — | = (sa|E]] =] =
= S L I - 63 |[e3] | — (63 [ — =
= =""— |164 | [64] = [64] | — |[64] [ — 5
— — | — | I65] | [65] =y 165] | — |[65] | — =
= — — | [66] | [66] T [66] — | [66] = =
= === i 18] ] 6F] === — | 167] | [67] | [67] =
— —_ — | [68] — [68] — [68] | [68] —_ —
— — — [10] | [10] [10] — | [10] — [10] -—

dependence. The theoretical investigations are briefly
characterized in Table V.

We consider the details of the calculation that had a
strong influence on the characteristics of the giant res-
onance. Analysis shows that the form of the residual
forces does not have a strong influence on the energy of
the dipole states or the structure of their wave func-
tions. As a rule, the amplitude of the residual forces
is chosen to reproduce the experimental position of the
maximum of the giant resonance. The use of finite-
range forces shifted the dipole levels compared with
the calculation using zero-range forces by not more
than 0.5 MeV.®® The transition probabilities are some-
what more sensitive to the shape of the interaction, but
in this case too the differences are not appreciable.
Allowance for correlations in the ground state also
does not lead to a significant change in the spectrum of
the dipole transitions (because of the “repulsive” na-
ture of the p-h interaction, the difference between the
Tamm-Dancoff approximation and the random-phase
method is small).

Other factors influencing the characteristics of the
photodisintegration process are the structure of the
ground state of the nucleus and configurations more
complicated than 1plh, These two factors complicate
the photoabsorption spectrum without, however, leading
to a significant redistribution of the gross structure of
the giant resonance, and, which is particularly impor-
tant, the centroids of the transitions from the different
shells are situated at approximately the same energies
as without allowance for these factors, and their prob-
abilities are changed little. Figure 10 demonstrates the
influence of configurations more complicated than 1plh, ;
but not outside the band of 17w excitations, on the char-
acteristics of the giant dipole resonance of the *2S nu-
cleus.'® The calculation took into account an admixture
of the 2d;,, subshell in the *2S ground state. The spec-
trum in Fig, 10a was obtained in the 1plh basis (12 con-
figurations). The spectrum in Fig. 10b was obtained
with allowance for the interaction of the 1plh excita-
tions with one- and two-phonon quadrupole vibrations of
the surface. The total number of configurations parti-
cipating in the calculation was 64. It can be seen that
as a result of allowance for the more complicated con-
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FIG. 10. Cross section for absorption of E1 photons by the
325 nucleus.!? a) Calculation with allowance for only 1plh
excitations; b) calculation with allowance for excitations more
complicated than 1plh.

figurations there is no significant redistribution of the
dipole transitions in the giant resonance, and the gross
structure of the spectrum remains.

The effects of the zeroth approximation for the ener-
gies of the single-particle transitions and, above all,
the energies of the hole levels have a much greater in-
fluence on the configurational splitting and the probabil-
ities of the transitions from the different shells. This
can be clearly seen in Figs. 11 and 12. The influence
of the energy of the hole excitation in the 2d;,, subshell
on the characteristics of the giant dipole resonance of
the nucleus °28 is demonstrated in Fig. 11.1° The only
difference between the calculations whose results are
shown in this figure is the different energies of the hole
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FIG. 11, Influence of energy of the hole excitation in the
2d; s, subshell on the characteristics of the giant dipole .
resonance of the *S nucleus.!” a) E(d;};) =7 MeV; b) Eds /3 )
=3 MeV.
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=28.5 MeV; b) in accordance with Ref. 66: E(Lp7},)=7.5 MeV,
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excitation in the 2d;,, subshell. It can be seen that a
decrease in the nucleon binding energy in the 2d,,, sub-
shell by 4 MeV leads after diagonalization to approxi-
mately the same decrease in the energy of the (2s-2d)
—(3p-3f) transitions. At the same time, the spectrum
of the 1p—~(2s-2d) transitions is hardly changed, since
in %28 the 2d;, , subshell is practically full,

The influence of the choice of the position of the holes
in the 1p, ,, and 1p;,, subsehlls on the characteristics
of the giant resonance of the *2S nucleus is shown in
Fig. 12, in which we give the results of two calcula-
tions®" % made in the 1plh approximation of the shell
model and differing in the energies of the hole excita-
tions in the 1p,,, and 1p,,, subshells. The fractions of
the various particle-hole configurations in the wave
functions of the dipole states are indicated. It can be
seen that the calculation with large energies®® of the
hole excitations in the 1p shell (19 and 28.5 MeV for the
1p,,, and 1p,,, subshells) leads to strong (11-12 MeV)
configurational splitting (see Fig. 12a). The calculation
of Ref. 66, in which the energies of the 1p,,, and 1p,,,
holes were taken to be much less (7.5 and 13.7 MeV,
respectively), leads to mixing of the 1p—~(2s-24) and
(2s-2d) - (3p-3f) transitions, i.e., to an appreciable
Auger effect. At the same time, the configurational
splitting is reduced to 1-2 MeV (Fig. 12b).

It follows from these examples that without a correct
choice of the energies of the hole excitations (especially
in the 1p shell) it is impossible to describe satisfactor-
ily the basic characteristics of the giant dipole reso-
nance of nuclei of the 2s—2d shell, In the existing cal-
culations, either the energy of the 1p7}, state was too
low (if information on the zeroth approximation was
taken only from pickup reactions), or the energy of the
1p, state was too high (if data on the quasielastic
knockout reaction were used to determine the position
of this state). The “zeroth approximation” for the 1p,,,
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TABLE VI. Comparison of experimental and theoretical in-
vestigations of the giant dipole resonance of the 28i and s
nuclei.

Difference Energy of proton
Probability E’:ﬁ;’c&cen— hole excitation, MeV
Nucleus | Reaction | Of transitions | transitions Ref
fromouter | fromirer | et Jeat Ligst
a 2 2 3/2
sl shells, MeV ¢ i -
v, tot | 0.33 1:7 1 40157
wgi | v ot | 08t ] 0 |51 | 112 |} Theory
TP 0.73—-0.91 | 1.3-—-2.5 1.0 | 4.0 [10—20| Experiment*®
azg v, tot | 0.51 1.5 2.83| 7.5 | 13.7 | Theory**
vwp |051—1.0 | 1.5—2.9 | 1.2 |810{15-25| Experiment*!

hole was best chosen in Refs. 57 and 66, which were
devoted to a calculation of the giant dipole resonance of
the nuclei **8i and *S. Data on the importance of nu-
cleons of different shells in the formation of the giant
dipole resonance of the nuclei ?®Si and %28 obtained from
Refs. 57 and 66 are given in Table VI together with the
results of experimental investigations of the photopro-
ton decay channel of the giant resonance of these nu-
clei.*™* Such comparison is justified, since the given
experimental data refer to the region up to 30 MeV,
where most of the 1p,,,~ (25-2d) transitions are sit-
uated. In Table VI, we also compare the experimental
energies of the proton hole excitations in the 24;,,,
1p,,2, and 1p,,, subshells with the energies used in the
calculations. It can be seen that the centroid of the pro-
ton hole excitation in the 1p,,, subshell was lowered in
the calculations (especially for 32S), It follows from
Table VI that in the theoretical photoabsorption spec-
trum of the *Si nucleus transitions from the inner shell
are predominant, whereas in the photoproton channel
the experiments indicate that transitions from the outer
shell are predominant,

On the basis of the energy eigenvalues™ and the vec-
tors of the dipole states in the framework of the R-ma-
trix approach® a calculation was made®® of the cross
sections of the photoproton reaction with population of
the levels 2d7),, 1py},, and 1p3},. The theoretical
cross sections for transitions from the 2d;,, and 1p,,,
subshells are compared in Fig. 13 with the experimen-
tal data—the cross sections of the photoproton reaction
corresponding to the transitions (2s-2d) - (3p-3f) and
1p,;,~(2s-2d). The calculation correctly reproduces
the distribution of the electric dipole transitions from

da;'d!z,mblsr

F5ip,mAL

L Im b |
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FIG. 13. Comparison of experimental’’ and theoreticald® 57
. cross sections of the ®Si(y, p)¥ Al reaction for the transitions
@s—2d)—~ (3p-3f) (a) and 1p,/;— (25-2d) (b).
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the outer and inner shells and gives approximately the
same configurational splitting as the experiment (see
Table VI). The predicted contribution of the transitions
from the outer shell to the photoproton channel also
agrees with the experiment [the strong increase in the
probability of transitions from the outer shell in the
photoproton channel compared with the photoabsorption
cross section is due to the Coulomb barrier, which
suppresses the yield of soft protons emitted by the de-
cay of the configurations 1p™(2s-24)]. The calculated
characteristics of transitions from the different shells
in the photoproton decay channel of the giant resonance
of the **Si nucleus are indicated by the crosses in Figs.
8 and 9. Although the centroid of the proton hole exci-
tation in the 1p;,, subshell was somewhat too low in
Ref. 57, the data of this paper make it possible to esti-
mate the part played by the 1p,,,~(2s-2d) transitions
in the region up to 30 MeV in forming the configuration-
al splitting. The centroids of the (2s-2d) - (3p-3f) and
1p,;,~(2s-24d) transitions for **Si almost coincide. Al-
lowance for the 1p,,,~ (2s—2d) transitions shifts the
centroid of the transitions from the inner shell to ener-
gies higher by about 2 MeV. Approximately the same
increase in the configurational splitting in the region
below 30 MeV due to transitions from the 1p,,, subshell
is obtained from analysis of the experimental data (see
Fig. 8 and Table IMl). Thus, correct choice of the en-
ergies of the “zeroth approximation” leads to satisfac-
tory quantitative agreement between the theory and ex-
periment.

7. CONCLUDING REMARKS ON THE
CONFIGURATIONAL SPLITTING OF THE
PHOTONUCLEAR GIANT RESONANCE

We summarize our review of configurational splitting
of the photonuclear giant resonance of nuclei of the
2s5-2d shell. As follows from the experimental data
given above, configurational splitting plays an impor-
tant part in forming the giant dipole resonance of nuclei
of this region. As the outer 2s-24 shell is filled, we
observe the two main tendencies predicted by the con-
cept of configurational splitting—the increase in the
splitting and the greater probability of transitions from
the outer shell. The splitting is correlated with the en-
ergy of the hole excitations in the 1p shell, and if we
restrict ourselves to the region of energies up to 30
MeV it is 6=7 MeV for nuclei at the end of the 2s-24
shell. With allowance for the high-energy part of the
giant resonance (30-50 MeV), an upper limit of the
configurational splitting can be taken to be 12-14 MeV.

For satisfactory theoretical description of the giant
dipole resonance, it is very important to choose cor-
rectly (in accordance with the experiments) the ener-
gies of the “zeroth approximation.” The main difficulty
hitherto has been in the choice of the energies of the
hole excitations in the 1p shell (the particle and hole
levels in the outer shell have been studied for a com-
paratively long time and fairly reliably in single-nu-
cleon transfer reactions). The data so far accumulated
on pickup and proton quasielastic knockout reactions
permit a correct choice of the energies of the hole ex-
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citations in the 1p,,, and 1p,,, subshells. Information
on a 1p, ,, subshell is provided by pickup reactions, and
on the 1p;, , subshell by quasielastic knockout of pro-
tons. The main task that now faces theory is the calcu-
lation of the characteristics of the giant dipole reso-
nance with energies of the zeroth approximation taken
from modern experimental studies. Such calculations
should cover nuclei at the beginning, middle, and end of
the 2s-2d shell, including nuclei with odd Z, for which
the configurational splitting is maximal.

To describe finer details in the structure of the giant
resonance and the partial decay channel, it is neces-
sary to take into account the structure of the ground
state of the nucleus and the energy spread of the parti-
cle and hole excitations. Usually, the mixing of config-
urations in the ground state is ignored, and the simp-
lest form of the ground state is taken. However, mix-
ing of configurations in the ground state is important
for nuclei of the 2s—2d shell (see Table I). The exper-
imental data show*™*' that about 40 and 13% of the inte-
grated cross section of the photoproton reaction is
formed as a result of admixture of higher-lying sub-
shells in the nuclei ?®Si and 32S. The complicated struc-
ture of the ground state of the nucleus also leads to an
enrichment of the spectrum of electric dipole excita-
tions, improving the agreement with experiment.

Another important factor leading to a complication in
the structure of the giant resonance and not taken into
account in the calculations is the spread in energy of the
hole excitations. It is particularly large for the 2d;,,
and 1p,,, subshells. Thus, for the *’S nucleus the pro-
ton hole excitation in the 2d,,, subshell is distributed
among eight states of the *P nucleus lying in an inter-
val from 2.2 to 10 MeV. In the *’Al nucleus, the proton
hole excitation in the 2d,,, subshell is also distributed
among eight states of the **Mg nucleus lying in the in-
terval 0-7.3 MeV. And the width of the 1p;,, hole in the
288i nucleus is about 20 MeV. This, as we have noted
above, is possibly due to the existence of many-particle
excitation of (2s—24)" configurations when the mutual
orientation of the magnetic quantum numbers of the nu-
cleons of this shell is disturbed by the “suddenly” ap-
pearing fairly large angular momentum 3/2" of the deep
hole. The total angular momentum of the system is J
=J,,+Jye The level splitting of the p3;.d;,, configura-
tion in ®*N-'°0 is AV=2 MeV. Many-particle excitation
will be important if the amplitudes b= AV/(A€ - w) of
the single-particle excitations are of order unity. Here,
AE~10-20 MeV is the energy spread we are discussing,
and w are the Fourier frequencies of the f-dependent
external field, which must be sufficiently large in the
case of stepwise “switching on” of the hole for the re-
lation w= At to hold.

In the calculations, one can directly use data for sin-
gle-nucleon transfer and quasielastic knockout reac-
tions on the hole states and structure of the ground-
state wave function of the nucleus, which to a large de-
gree eliminates the uncertainty in these characteristics
and makes it possible to determine more precisely, by
comparison with experiment, the role of other factors
in forming the giant resonance, such as the form and
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amplitude of the residual interaction and the extent to
which the 1plh excitations are coupled to more compli-
cated excitations. However, the extent of the many-
particle excitation of the (2s-24)" configuration may be
less than in the (p, 2p) or (e, e’p) process, since the en-
ergy AE=Ey=25 MeV transferred to a nucleon by a
photon is appreciably less than in these processes, for
which AE=E - E}~100 MeV, i.e., the situation is more
nearly adiabatic and the frequencies w are lower.

Among the experimental tasks we can identify the fol-
lowing.

1. Investigation of the 1p7}, and 1pg;, states in pickup
reactions for nuclei with A>30. For this, it is neces-
sary to advance into the region 10-20 MeV of excitation
energies of the final nucleus.

2. Study of the partial decay channels of states lying
beyond the maximum of the giant resonance, i.e., at
excitation energies E, exceeding 30 MeV. For investi-
gation of the possible many-particle excitations within
the configuration 1p3},(25-2d)™" that we have discussed,
it would be important to detect in coincidence photonu-
cleons and comparatively soft photons [transitions be-
tween the levels of the configuration 1p3},(2s-2d)" of
the nucleus A — 1],

3. Study of the angular distributions of protons in
partial transitions to the discussed hole states of the
final nucleus A - 1. Knowledge of the angular distribu-
tions will make it possible to determine the angular mo-
mentum of the emitted proton and determine directly
the shell from which it came.

4, In nuclei in the middle of the 2s—-2d shell, two-
nucleon decay of the photonuclear resonance takes place
with high probability. Detection in coincidence of the
two nucleons with determination of their energy would
make it possible to establish the energy region asso-
ciated with such decay. This effect is due to decay of
group B of the dipole resonance.

These are difficult problems. However, their solu-
tion will make it possible to determine more precisely
the characteristics of the configurational splitting of the
giant resonance of nuclei of the 2s-2d shell.

8. SPIN-DIPOLE TRANSITIONS IN NUCLEI OF THE
2s-2d SHELL

In dipole photoabsorption in nuclei of the 2s—2d shell,
transitions from the closed 1p shell are weaker than
those from the outer shell in the majority of cases.

The only exceptions are the nuclei for which the number
of nucleons in the valence 2s-2d shell is small. More-
over, by virtue of the purely dipole nature of the exci-
tations the high-energy part of the spectrum, which is
mainly associated with the transitions 1p;,,—~2d,,,, is
manifested weakly (Fig. 14). The opposite picture is
observed if nuclei are excited in processes which affect
the spin variables of the nucleons. In the first place,
this is true of backward electron scattering and muon
capture. The structure of the operators responsible
for the nuclear trangitions in these reactions was dis-
cussed in Ref. 17. Therefore, we turn directly to the
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FIG. 14, Excitation spectrum (theory) of nuclear system in
the case of photoabsorption,’’ inelastic backward scattering of
electrons,’! and absorption of muons’® in the S nucleus.

analysis of these reactions for the example of 28,

In Fig. 14 we give not only the results of theoretical
analysis of excitation of the %S nucleus in dipole photo-
absorption’ but also results for backward scattering of
electrons with energy E =60 MeV (Ref. 71) and muon
absorption.”” In all three cases, the same approxima-
tion was used to describe the nuclear structure. The
structure of the strongest resonances is reflected in
Table VII for the example of the p-capture process.
The low-energy maximum (E*=10-15 MeV) was found
to be formed by transitions of nucleons of the valence
2s-2d;, , shell. Transitions of a nucleon from the 24,
shell formed the peak in the region of energies from 15
to 25 MeV, and transitions from the 1p shell formed the
peak in the high-energy region.

In both the electron scattering and the muon absorp-
tion not only states with spin J"=1" but also states with
J7"=2" are strongly manifested. The excitation of the
latter is due to spin-dipole transitions of type M2. The
excitation of the J"=1" levels is associated with trans-
verse electric dipole transitions (E1f) in the case of
electron scattering and the dipole component of the vec-

TABLE VII. States forming the resonance following absorp-
tion of muons by the *S nucleus and their structure.’™

Dominant configuration E* (2P, Lo 1815

MeV 4 gl g

107 sec i

(25—2dg,)%30j : J=0-, 1 u 2- 3.5—10.5 | 17 12
2dg)y (2s—2dg,5)10¢3f 75 1 27 10.9 13.9 | 10
2d5}y (2s—2d3,9)'0f3py s : 1 1.0 3.7 3
(25—2d;59)3f 5 : 1 12.5 42 | 3
2d5}s (25—2‘13/2”0;3.&/2 4= 12.6 10.1 T
2d3}p (25—2dy0)'0f3pyp 1 27 13.0 4.1 3
2d5} 5 (25—2dy)'083f ;5 : 27 16.4 4.1 3
2d5)s (23—2":3/2)'0?31‘5;2 e 17.5 10.9 8
1pifg (25—2dg0)% : 1= 18.9 5.5 4
1pg)g (2s—2dg)p)° : 1= 26.6 5.4 | 11
1pg)s 2s—2dyp)* 2 7 2729 10,5 8
+ All negative-parity states — 137 100
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tor and axial-vector weak nucleon current in the p-cap-
ture processes,

We consider first the excitation of states with spin
J*=1", In electron scattering and in muon absorption
the situation is the opposite to that in photodisintegra-
tion. The maximum of the intensity corresponds to
transitions to the high-energy excitation region of the
nucleus. However, as in the photonuclear reaction, the
structure of the excitation spectrum is determined by
configurational splitting. Moreover, it is enhanced
compared with the photonuclear splitting by virtue of
additional spin-orbit splitting. Such an effect also oc-
curs in nuclei of the 1p shell and was discussed in de-
tail in Ref. 17.

The magnetic quadrupole transitions of type M2 lead-
ing to excitation of states with spin J"=2" are localized
at lower energies. But in this case too we observe con-
figurational splitting enhanced by spin-orbit splitting.

All three results presented in Fig. 14 were obtained
in the approximation of a closed 24d;,, shell and a raised
value for the position of the 1p hole state. If we give up
the assumption that the shell is closed, and also take
into account 2p2h states, whose density in the high-en-
ergy region is high, then the resonance is spread over
a certain energy region. Then by the high-energy max-
imum shown in Fig. 14 one must understand the sum
over all the states into which it is actually split. Al-
lowance for the correction for the position of the 1p
hole leads to a shift of the peak to lower energies.

There are hardly any experimental data on backward
scattering of electrons by nuclei of the 2s-24d shell re-
lating to the high-energy excitation region. For the 32§
nucleus, there are data at comparatively small an-
gles.”™ These data, and also the results of the corre-
sponding calculation of Ref. 10, are given in Fig. 15
(electron energy E,=200 MeV, scattering angle 6=60°),
In the measured spectrum, resonances are observed in
the region of high excitation energies. Unfortunately,
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FIG. 15. Excitation spectrum of the *2S nucleus in the case of
inelastic scattering of electrons with energy E,=200 MeV
through angle 6=60.° The experimental data are from Ref.
73; the vertical lines are the integrated excitation cross sec-
tions of the strongest resonancesm; the curves are obtained
from the vertical lines by smearing them over an energy
interval I'=2 MeV (continuous curve) and I'=7 MeV (chain
curve).
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the multipolarity of the corresponding transitions was
not determined. The high-energy resonance was indeed
found to be spread over a wide range of energies, tak-
ing a fairly large fraction of the cross section. We be-
lieve it is necessary to make a more detailed analysis
of the excitation region of the nucleus from 25 to 40
MeV, not only experimentally but also theoretically.

In particular, it appears important to measure the de-
pendence of the transition form factors on the momen-
tum transfer.

Direct observation of the excitation spectrum of a
nucleus in muon absorption is unfortunately impossible.
All information about the nuclear excitation is concen-
trated in the neutron spectrum. As will be shown be-
low, the neutron spectra also give certain information
about the high-energy peak.

The presence of a strong peak in the high-energy part
of the nuclear spectrum associated with transitions of
the type Elf is a common property of many nuclei. It
can be traced’®”® in calculations up to the nickel iso-
topes (Fig. 16) and will probably be manifested in even
heavier nuclei. Indeed, in the case of muon absorption
by the ®Sr nucleus one can also, as follows from a cal-
culation in the framework of the particle—hole approach,
distinguish’® three groups of transitions to J"7,=175
states of the **Rb nucleus situated at energy 12.8 MeV:
one level around 10 MeV and two in the region of 6
MeV. The excitation intensities of these levels are ap-
proximately in the ratios 5:2:1. In the first, at the
highest energy, the configuration |37} ,4g,,), due to
excitation of a nucleon of a deeply bound shell, is pre-
dominant (with about 75% of the weight). Configurations
associated with excitation of a nucleon in the 3f;,, shell
occur with large weight in the states localized in the
region of excitation energy 10 MeV. The low-energy

maximum is associated almost entirely with the config-

uration |3p},4d;,,). With respect to the protons, the
3f5,» and 3p,,, shells in *°Sr are outer shells. How-
ever, our estimate is preliminary. We need systematic
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FIG. 16. Spin—dipole transitions in the nuclei %0, 38, ‘ICa,
and %°Ni in the case of electron scattering.”
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FIG. 17. Calculated excitation spectrum of the %*Ni nucleus
in the case of absorption of muons and ¥ rays.'”

calculations taking into account the influence of compli-
cated configurations, as was done, for example, in Ref.
75 in calculations for the nickel nuclei including phonon
excitations. Nevertheless, the tendency found in the
particle—hole approach for the formation of a high-en-
ergy maximum in **Sr may persist, as was the case for
the nickel nuclei.

Because of isospin splitting, two high-energy peaks
were found in the nickel isotopes in the nuclear excita-
tion spectrum due to electron scattering. One, the .
more intense and situated in the region 20 MeV, corre-
sponds to isospin T'=T,; the other, which is less in-
tense but higher in energy, corresponds to isospin T
=T,. The latter forms the main maximum in the exci-
tation spectrum of the nucleus in the case of muon ab-
sorption” (Fig. 17). The two peaks have the same
structure, which is determined by transition of a nu-
cleon from a deep shell,

The behavior of the form factors in the interval of ex-
citation energies of the ®*'Ni nucleus from 20 MeV and
above with variation of the momentum transfer is such
(Fig. 18) that the first level (T,) is predominant up to g
~140 MeV/c, while the second (7,) is more intense
than all the others up to g=100 MeV/c."®

.y

170 q, MeV/c

FIG. 18. Behavior of form factors of the levels in *'Ni in the
region of excitation energies from 20 to 32 MeV'®: 1) E1 T,
E=2173 MeV;2)E1 T,, E=25.59 MeV; 3) E2 T., E=24.6
MeV; 4) E2 T, E=24.99 MeV; b) E2 T, E =27.14 MeV;

68) M1 T, E=31.24 MeV; 7y E2 T.,E=28.36 MeV;8) M3 T,
E=19.75 MeV;9) E3 T., E=19.96 MeV; 10) M1 T., E=26.94
MeV.
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9. CHARACTERISTIC FEATURES OF THE DECAY OF
THE HIGH-ENERGY BRANCH OF THE £1¢
RESONANCE IN NUCLEI OF THE 2s-20 SHELL

The high-energy branch of the photonuclear resonance
due to excitation of a 1p nucleon decays to states of the
final nucleus A — 1 containing a corresponding hole
component with large weight. A similar situation will
be realized in muon absorption and electron scattering.
However, there is one difference due to the fact that the
greatest transition strength is now concentrated on
states with a 1p,,, hole. As we discussed above, the
corresponding configuration in the nucleus A -1 is
strongly fragmented, and its admixture in low-lying
negative-parity states is not large. But even a small
admixture of such configurations affects the decay of
the high-energy resonance we are discussing.”® We
shall illustrate this by the example of 328,

As a result of emission of a neutron after absorption
of a muon by the *2S nucleus the *P nucleus is formed.
The ground state and the first and third excited states
of this nucleus can be described by configurations in
which the 2d;,, shell is closed.**° In the second ex-
cited state (E*=2.2 MeV), in contrast, the contribution
of the component with a configuration containing a hole
in the 2d,,, shell is fairly large. Beginning with the
eighth excited state (E*=4.4 MeV), the contribution of
the 2d;,, hole component becomes decisive. The struc-
ture of all these states is reflected in Table VIII. The
level at E*=8 MeV can be described in two ways. In
one case, it is assumed that it is described by the con-
figuration |0s*1p'? (2s—-2d)""(3p or 3f)) and does not
contain an admixture of a 1p hole component, while in
the other there is an admixture and the wave function is
¥ (E*=8 MeV = |0s*1p*(2s-2d)"" (3p or 3f))

+ a |0s*1p* (25s-2d)™'). The inclusion of the second con-
figuration takes into account the Auger effect, when the
deep hole “eollapses,” and the other particle is trans-
ferred to the outer shell and is emitted.

TABLE VIII. Population of 3P levels as a result of decay of
states forming the dipole resonance following absorption of
muons by the *S nucleus (theory of Ref. 79).

E* (1P Transition rate, 10° sec™!
Structure of states of the *! P nucleus MeV
w2 =10 %2=0,05
(25 g —2dg 03 1 4/2¢ > 0 161 149
1(28y 5 —2d3,5)3 : 3/2¢ > 1.3 53 46
@y (0F : 5/2%) 23 382 320
1(28y/0—2dg5)3 2 1/2* > 3.1 36 33
125y j9—2dg0)% £ 5/2% > 3.3 15 12
[(28yyp—2dg0)% : /2% > 3.4 4 2
(2895 —2dyg,5) : 3/2¢ > 3.5 25 21
@ (2T 4.4 199 159
@1 (0F : 5/2%) 6.0 36 24
@1 (2807 6.5 147 110
Py (4} JT) 6.7 18 17
@ (0F : 5/2%) 7.0 83 33
Ve |pt (AT =0) >+4...° 8.0 = 148
Q{20 9.2 26 15
@ (0F £ 5/2%) 10.8 8 3
V@ (T =1) > 12.0 = 48

Note, o¢1@3%:d™=V0.350] 245_,,2.. (2542 — 2.13,2)41’;’.:. B L9 NI

02493% 1 I = VIO | 2a57h (2512 — 24 343 s T 4
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FIG. 19. Decay scheme of states of the **P nucleus formed as
a result of muon absorption by the %S nucleus.

The change in the nature of the decay of the **P states
formed as a result of L capture as a function of a is
reflected in Table VIIL."® Two cases have been consid-
ered: o®=0, i.e., no admixture, and @?=0.05. Even
the 5% admixture of the 1p;,, hole configuration is suffi-
cient for the decay of the high-energy branch of the
resonance due to excitation of a 1p nucleon to be asso-
ciated with the population of precisely these levels of
the *'P nucleus. The resulting decay scheme is shown
in Fig. 19.

As a result of the allowance for the spread of the 1p
hole over the states of the *P nucleus, the nature of
the energy dependence of the neutron spectrum is also
changed. Without allowance for the spread, the calcu-
lated spectrum is very hard, containing with high in-
tensity neutrons with energy 15-20 MeV resulting from
the decay of a high-energy resonance by virtue of an
admixture of configurations containing a 2d,,, hole to
corresponding low-lying states of the *'P nucleus and,
in particular, to a level with E*=2,2 MeV. After in-
clusion of the 1p;,, hole component in the wave function
of the level with energy E*=8 MeV, the decay of the
high-energy branch of the resonance is associated with
transition to this level, and as a result the neutron
spectrum becomes softer (Fig. 20). The last variant of
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FIG. 20. Calculated spectrum of neutrons™ emitted as a result
of muon absorption by the S nucleus. a) Without allowance
for admixture of a 1p-hole configuration in the wave functions
of the negative-parity levels of the *'P nucleus; b) with
allowance for an admixture (@?=5%). The part of the spectrum
associated with decay of the high-energy branch of the reso-
nance is hatched.
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FIG. 21. Spectrum of neutrons emitted after absorption of
muons by the 38 nucleus. The curve is the result of the
measurements of Ref, 81, and the histogram is the result of
the calculation of Ref. 79 with allowance for 1p-hole configura-
tions in the *'P nucleus.

the spectrum agrees better with the experimental one
(Fig. 21)® and the position of the peak in the hardest
part of the neutron spectrum agrees.

We now follow the fate of a state formed in the *P nu-
cleus with negative parity. In this nucleus, the thresh-
old for proton emission is 7.3 MeV, while that for neu-
tron emission is 5 MeV higher. Such behavior is char-
acteristic® of virtually all odd nuclei of the 2s-2d shell
with Z=N -1, namely, the threshold for emission
through the proton channel is in the energy interval
6-8.5 MeV, while that through the neutron channel is
4-5 MeV higher. The negative-parity levels in nuclei
with Z=N -1 appear in the region of the proton thresh-
old and higher. Thus, the *P nucleus formed in a neg-
ative-parity state decays subsequently through the pro-
ton channel. The proton decay will proceed by virtue of
the dominant component | 1s*1p'?(2s — 2d)"~%(3p or 3f))
-~ | 1s*1p'2(2s — 2d)""2), and therefore positive-parity
states are populated in the final nucleus (A —2,Z -2).

We now turn to the experimental data. The lower
bound on the contribution of the np channel to disinte-
gration of the Mg and *°Ca nuclei following muon ab-
sorption is®>®® about 5%, and for *Si it is about 10%.
Moreover, it is a state of positive parity, J"=2%, of
the **Mg nucleus that is populated with the greatest
probability.® All this agrees well with the theoretical
estimates. We note that the probability of emission of
charged particles following absorption of muons is
maximal for nuclei of the 2s—2d shell (see, for exam-
ple, the review of Ref. 85). Even in nuclei of the 1p
shell, in which the Coulomb barrier is much lower, a
yield of charged particles of such intensity is not ob-
served. It is the configurational splitting and the high
excitation intensity of nucleons from the deep shell that
is the reason for such an effect. Thus, the concept of
configurational splitting of the dipole resonance has
made it possible to describe in a uniform manner nu-
merous effects observed in muon-absorption reactions
and to relate them to one another.

Decay of states of group B in p-capture reactions
through the two-neutron channel will proceed with lower
probability than through the np channel, since the ener-
gy factor in the first case is less favorable. For decay
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of states of group B in electroexcitation reactions a
high intensity of the two-nucleon channel will also be
characteristic. However, for such reactions there are
as yet no measurements, In photonuclear reactions, as
follows from the data given earlier, the following pic-
ture is observed: in **Mg the contribution of the (v, 2p)
channel is about 10%, and in *°S it is about 20%. For
the Mg and ?*Si nuclei, the contribution of the two-nu-
cleon channels [respectively, (y,np) and (v, 2p)] is
small, apparently less than 1%,

CONCLUSIONS

In this and the earlier review of Ref. 17, we have con-
sidered many questions related to the excitation and
subsequent decay of states of the giant dipole resonance
in light nuclei and nuclei of medium mass. The parti-
cles exciting the nuclei are very varied: 7y rays, elec-
trons, muons, 7 and K mesons. The interactions due to
these particles are purely electromagnetic, strong in
conjunction with electromagnetic, and weak. However,
irrespective of the particle species and the interaction,
the response of the nuclear system has been found to be
universal and to consist of excitation of states of the
giant-resonance type, these exhibiting very varied de-
grees of collectivization, The universality of the re-
sponse of the nuclei, i.e., the fact that it is independent
of the particular type of disturbance (at least in the con-
sidered processes), is due to the circumstance that only
the tensor structure of the disturbance determines the
type of the resonance that can be excited in the consid-
ered reactions. The momenta transferred to the nu-
clear system were chosen to ensure that the dipole and
spin—dipole resonances are everywhere dominant,

On the basis of the analysis of the results of the ex-
perimental and theoretical investigations we have es-
tablished and analyzed a universal property of the di-
pole resonance in light and medium nuclei—configura-
tional splitting. The concept of configurational splitting
has made it possible to unify a large number of phenom-
ena that occur in the excitation and decay of the states
that form the dipole resonance and to explain them from
a common point of view. Much attention in this and the
earlier review!’ has been paid to hitherto little studied
specific features of the nuclear structure due to the
configurational splitting. In nuclei of the 1p shell these
are various types of star decay of excited states with
different multiplet structures and the gradual transition
to a quasi- a-particle mechanism of absorption of ¥
rays with increasing energy of the latter. Intimately
related to this question is the new problem of the decay
of A hypernuclei of the 1p shell. In nuclei of the 2s—-2d
shell, we are concerned with the position and energy
spread for the 1p holes. The data of the photonuclear
reactions agree on the whole with the assumption that
only the (p, 2p) and (e, e’p) processes actually affect the
1p;,, holes, in contrast to the (d,*He) processes. But
for a fuller elucidation of this question it is necessary
to investigate the giant resonance in the energy range
30-40 MeV, to say nothing of (p, 2p) and (e, e’p) proc-
esses with high resolution, For the theory of photonu-
clear reactions, an important question here is that of
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the microscopic description of the spreading of very
broad 1p hole levels (I'= 10-20 MeV).

Finally, the (e,e’) and (7,) processes and u capture
make it possible to use the spin-orbit splitting to ob-
tain, even in nuclei with closed shells and nuclei of
medium mass, isolated high-lying single-particle par-
ticle-hole components (with a hole in a closed shell)
embedded in a continuum of states of statistical type.
These are also undoubtedly objects of great interest for
investigation, especially from the point of view of their
decay. In attracting attention to these questions, we
hope that they will stimulate the interest of the experi-
mentalists. We can then hope to obtain answers to the
open questions found and posed in the discussion of the
configurational splitting of the dipole resonance.
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