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The main characteristics of the giant dipole resonance in 1p-shell nuclei—the energy dependence
of the cross section of total photodisintegration together with the partial (¥, n,) and (7, p, ) cross
sections—are considered. Possibilities of describing these characteristics in microscopic ap-
proaches based on the many-particle shell model are discussed.

INTRODUCTION

The giant photonuclear resonance is a phenomenon ob-
served in all nuclei—from the lightest to the heaviest. In
medium and heavy nuclei, if they are spherical, a single max-
imum is formed in the giant resonance, and the nuclear shell-
structure effects are weakly manifested. A different situation
is realized in light nuclei, particularly in 1p-shell nuclei. In
this case, a single peak is not formed, and the resonance con-
sists of several broad maxima and extends to very high exci-
tation energies of the nucleus. In the 1p-shell nuclei, the nu-
cleon-nucleon interaction is incapable of suppressing the
shell-structure effects and cannot form a single peak. This
aspect of the photonuclear resonance in 1p-shell nuclei was
already noted in the earliest stage in the investigations'~ on
the basis of a simple approach to the description of the reso-
nance as a superposition of doorway particle-hole configu-
rations.

To describe the resonance more realistically, it was nec-
essary to make extensive calculations, taking into account
the coupling of the doorway states to more complicated
states. Further, since the 1p-shell nuclei have well-defined
individual properties, it was necessary to make systematic
calculations for each of them. A further important stimulus
for detailed investigation of the photonuclear resonance in
1p-shell nuclei is the possibility of experimental separation
of the partial photodisintegration cross sections, i.e., the
cross sections with a fixed final state of the resulting nuclear
system.%” The investigations of the partial cross sections re-
vealed the fractional-parentage coupling of the giant reso-
nance to the low-lying states of the final nucleus, the struc-
ture of these states being established rather well. Through
the partial spectra one can test theory much more thorough-
ly and establish the extent to which it can describe the giant
resonance. On the theory side, such a program has been real-
ized for many years, primarily at the Joint Institute for Nu-
clear Research (Dubna), the Central Institute of Nuclear Re-
search (Rossendorf, GDR), and the Scientific-Research
Institute of Nuclear Physics at Moscow State University.
The present review is based on the results of these investiga-
tions; it summarizes the results of the theoretical study of the
general and specific features of the excitation and decay of
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the photonuclear resonance in 1p-shell nuclei. We shall not
dwell in detail on the specific problems associated with the
phenomenon of configuration splitting of the dipole reso-
nance; this has been discussed in detail in the review of Ref.
6.

The partial spectra of the photodisintegration of 1p-
shell nuclei have been discussed in a number of reviews.!!
The information available at the time of their writing was
rather disconnected, so that a unified picture covering the
complete range of nuclei from 4 = 6 to 4 = 16 could not be
established. Subsequent measurements of the partial spectra
have made possible a more systematic comparison of theory
and experiment.

The review begins with a discussion of the microscopic
approach to the description of dipole excitation of a nucleus
and its subsequent decay. The following section is devoted to
adiscussion of the energy dependence of the cross sections of
total absorption and the integrated characteristics of the di-
pole resonance. Then follows a discussion of the main fea-
tures in the decay of the photonuclear resonance. The study
of specific nuclei begins with ‘> C. This nucleus is one of the
most popular objects of microscopic nuclear theory. Com-
parison of the results with the extensive experimental data
makes it possible to establish the limits of applicability of the
theoretical approaches and to understand the physical rea-
sons for the discrepancy between theory and experiment.
Other nuclei in the middle and at the end of the 1p shell with
zero isospin of the ground state are discussed in the same
section.

The following section is devoted to nuclei in the middle
and at the end of the 1p shell for which the ground-state
isospin is nonzero. Study of their photodisintegration makes
possible an advance in understanding questions such as the
isospin splitting of the resonance. A separate section is de-
voted to the nuclei at the beginning of the 1p shell.

1. FUNDAMENTALS OF THE PHOTODISINTEGRATION
THEORY FOR LIGHT NUCLEI

Methods of describing photodisintegration of light nuclei

Essentially two approaches are used to describe the
photodisintegration of light nuclei. One, the continuum
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shell model (CSM), is based on the unified theory of nuclear
reactions and takes into account directly the fact that the
giant resonance is in the region of the continuum. The other
is the traditional bound shell model (BSM) approach, which
is based on a model that does not take into account the cou-
pling of the quasistationary states to the continuum.

Several forms of the unified theory are known.
They differ mainly in the assumptions used to simplify the
numerical calculations. One of them is based on the method
of strong channel coupling and Feshbach’s projection-oper-
ator formalism. It is described in detail in the review of Ref.
14. In this form of the theory, the basis of functions em-
ployed is divided into two subspaces, one of which, @, con-
tains all the states of the discrete spectrum and the single-
particle resonances and is identical to the basis of the
traditional shell model without allowance for the contin-
uum. The remainder of the wave function, including the
scattering states, belongs to the P subspace.

Following Ref. 14, we write the expression for the ma-
trix element of the transition of the nuclear system from the
ground state |0) to the state ¥/ -(E) under the influence of the
perturbation H;,, in the form

Mo (E) = (¥7 (E)| Hnt [0) = (97 (E)|Hint|0)

1/ 170 VioWoi
VIR L g, m
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The first term takes into account direct transition to the P
subspace. It depends smoothly on the energy. The second
term is the amplitude of a two-step resonance transition, and
it can be represented in the form of the diagram
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The contribution of each resonance p to the channel fis
determined by the transition matrix element W, and the
decay amplitude y 7, :

Yo =V 2n (o7 (E)|H|D}). (2)

In the neighborhood of an isolated resonance, the contribu-
tion of the first term can be ignored in (1), and in the sum we
can restrict ourselves to a single term, which determines the
transition probability associated with the resonance p:

zf‘||'\’)‘p|2

E=Ey e Wil B

(A-1)

Ap= o 5 dE

Usually, the weak dependence of ', and E, on the energy E
is ignored. Then for the isolated resonance

Ef h’fplzirp, (4)
and the expression for the transition probability becomes
Ap= [(Dp|H nt]|0) + QD3 | H it |0) |2 (5)

Here, &, is the resonance wave function, an eigenfunction
of the Hamiltonian

HY — QHQ+ QHP [E— PHP]*PHQ, (6)
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The second term in (6) is the result of the coupling of the
continuum to the discrete states. In (2) and (6), H is the Ha-
miltonian of the interaction of the nucleons in the nucleus.

If the coupling of the discrete states to the continuum is
ignored in (5), then for the probability of a transition with
excitation of an isolated resonance we obtain

Ap= (V5| Hine|0)]*. (7)
The traditional shell model without allowance for the
continuum (BSM) is realized when the calculation of ®_" in
(7) is based, not on the Hamiltonian (6), but on one in which

its second term is ignored, i.e.,
Hysu=QHQ. (8)

The description of the decay characteristics of a reso-
nance in the BSM approach is based on R-matrix theory and
the reduced-width formalism.'® The partial width of reso-
nance p with respect to emission of a nucleon (or nucleon
association) with quantum numbers A (r, /, j) and formation
of the daughter nucleus in the state B (Eg; Jg, Tp) is de-
scribed by

T'gp = 2kv5Pen (Ep) Spa- )

In (9), k is the wave number of the relative motion of the
emitted particle and the residual nucleus, Pg, (Eg) is the fac-
tor that determines the barrier penetrability, Sg; is a spec-
troscopic factor:

Sp=N{pllB, 2 - (10)

¥% is the reduced single-particle width,
s 11
Vo= Pele 2 acR: (ac)s ( ]

1, is the reduced mass of the decay products, . is the chan-
nel radius, and R, (a, ) is the value of the radial wave function
of the nucleon on the surface of the channel. It is customary
to use a value of ¥ constant for all channels and equal to
#/u.a,.

In the framework of the traditional shell model, the in-
tegrated cross section for photodisintegration of the nucleus
through the isolated resonance p with formation of the
daughter nucleus in the state 3 is written in the form

Opp = TpLpp/ % Tou (12)
where I', = 2, T, is the total width of the resonance.

Calculations in the framework of the unified theory are
technically complicated even when a small number of chan-
nels of the simplest configuration are taken into account.
The main difficulty of the approach is the limited number of
configurations that can be included in the calculation. It is
therefore nuclei with closed shells or their neighbors
(12C,13C, '°0) that have been investigated in such an ap-
proach. The calculations have made it possible to establish
the regions of applicability of the models that do not take
into account directly the coupling of the quasistationary
states to the continuum. The importance of calculations in
the CSM was above all that they provided a basis for the
calculations in the BSM approach. In contrast to the unified
theory, it is not difficult in the traditional shell model to take
into account the mixing of a large number of configurations,
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TABLE L. Structure of ground-state wave functions of 1p-shell nuclei!®2 [Hamiltonian
variant (8-16)2BME].

Configuration .

Nucleus| 7 T (n1, na) = Pgly P}y Welg %

BENERE 5 BREREYDNE
i | 82| 12 (eo|enlay| - | = | ss el 28| —| =
%Be | 3/2 [ 172 |(5.0)[(44)|(3.2)| (18| — | 51 | 17| 28| 3| —
10p 3 [ 0 |6.0)|5.4)|42)| 33| 24| 58| 19| 2]| 2|1
up 32 | 12 [(7.0)|(84) | (5:2) | (4.3) | (304)| 28 | 7| 38| 5| 3
120 0 0 1(8,0)[(8.2)|(5.3) | (44| — | 4 | 43| 7| 10| =
e |12 | 42 [(8.4)|(6.3) | (5.4 — | — | 73| 28| 1| = |2
uN 1 o lealaan =1 — | = | s;mlianl| S| ==
ug 0 | 2 |Bo|BA] = | —~ | = | &8l B] =] ==
BN lam ) e e =" = | = | = it S S

something which is necessary in order to describe the ob-
served spread of the doorway states. It is therefore natural
that the most detailed information on the disintegration of
light nuclei has been obtained in the framework of the tradi-
tional approach.

The problem of describing the reduced nucleon widths
in the BSM has been the subject of much discussion. The
partial widths of the resonances in the two approaches (CSM
and BSM)—the expressions (4) and (9}—were compared in
detail in Ref. 15. It was concluded that, despite the differ-
ences in their absolute values, their relative values in the
CSM and BSM are fairly close to each other if the decay
proceeds to hole states. It should be noted that in calcula-
tions of the photodisintegration of 1p-shell nuclei in the
framework of the CSM one also introduces an optical poten-
tial'” in order to reduce the cross section in the region of the
giant resonance and give the quasistationary states a finite
width.

Configuration space of the dipole-resonance states in 1p-
shell nuclei

The description of 1p-shell nuclei is usually based on the
assumption that the ground and low-lying states are de-
scribed by the configuration 1s* 1p"**, where A is the number
of nucleons of the nucleus. The wave function W(JT') of such
states is the superposition

Y(IT)= X a(LS, [M)|1pA=+(A] T (LS)J),

LS, &

(13)

if the basis is chosen in the LS representation, and
W (JT)

= b, Jz oL (JiTif JZTZ’ ninz) l 1p?31}2J1T11 1P,11,%2J2T2:JT)1
1T, JaTanine
(14)

if the basis is chosen in the jj representation; [A ] is a Young
diagram. The numerical values of the coefficients a are
found by diagonalizing the energy matrix.'®!® The distribu-
tion of the nucleons over the subshells is given in Table I for
the ground states of the nuclei. The weights of the dominant
components in the LS representation'? are given in Table II.
The admixture of higher configurations corresponding to
transition of a nucleon to higher shells is, as a rule, ignored.
We note that in the ground state of 'O this admixture is
about 20%.

In the construction of the dipole-resonance states, a re-
striction is usually made to transitions of a nucleon within a
band, corresponding to 1%w excitations. Then three types of
configuration,

1541 pA-52s;
1541 pA-51d;
1531 pA-3

(15)

form the states of the dipole resonance. There being different
ways of coupling the nucleon spins, these configurations
lead to a large basis. The total number of states is given in
Table IIL.?° States corresponding to center-of-mass motion
of the nucleus are also included in the space of the basis

TABLE II. Weights of dominant components in the ground-state wave function of 1p-
shell nuclei in the LS representation'® (variant of the Hamiltonian with Rosenfeld forces).

Nucleus [x§;1ﬁ°'2‘;‘i°f ‘}T Weight,%? Nucleus [:]g.ii f (;r;}:?nf?t Weight, %

Li [3]22 Py/s 97 | 12C [44]%1 8, 71

8Be [411 S, 97 :i ¢ [441]22 P/, 64

“Be [41]22 Py, | 81 ‘ 1N [442]18 D, 90

g (42119 D, o | e Lsahs o0 %

SRR | B | weens | oo

!
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TABLE III. Dimension in the complete basis of 17io excitations of the configuration space
of dipole excitations of 1p-shell nuclei.*® The number of spurious states is indicated in the

brackets.
E T; 1/2 3/2
Nucleas) 1 i | e 3/2+ 5/2+ 172+ 3/2+ 5/2¢
Li 3/2- 36(10) 52(14) | 45(11) | 21(4) 29(5) 24(4)
9Be 3/2- 97(21) | 148(32) | 146(31) | 66(12) | 99(17) | 91(14)
1R 3/2- 125(21) | 197(32) | 199(31) | 89(12) | 136(17) | 131(14)
136, 1/2- 75(14) 115(14) —_ 48(4) 72(5) —
15N 112 18(2) 25(2) — 8(1) 11{01) —
Ty 1
Nucleus i Iy e i 5 . -
108 3* - o 190(30) 157(25) 96(11)
120 o+ = 141(17) — = =
MN il 201(1) 50(5) 56(3) e -
160 0 s 5(11) _ = =
T, 1 2
Nucleus 7 I - -
g 0+ 50(5) | 13(0)

configurations. These configurations can be completely sep-
arated, and the subsequent calculation of the dipole excita-
tions is made in the basis corresponding solely to excitation
of the internal degrees of freedom of the nucleus. The maxi-
mal number of basis states in the band of the 17w excitations
after separation of the states corresponding to the center-of-
mass motion is 168 for the levels with the quantum numbers
J™T=5/2% 1/2in 11g. Technical difficulties arise in prac-
tical work with such a large basis. Therefore, not all 1p-shell
nuclei are included in the complete basis. Calculations have
been made for the nuclei °Li (Refs. 6, 11, and 20-23), " Li
(Refs. 20, 24, and 25), ° Be(T = 3/2) (Refs. 20 and 25), 114
(Refs. 20 and 26), ' C (Refs. 20, 27, and 28), * C (Refs. 20, 29,
and 30), '* N (Refs. 20, 22, 23, and 30-32), '*C (Refs. 20, 31,
and 32), '*N (Refs. 11, 20, 33, and 34). Instead of the basis
(15), one can use the equivalent basis
| 154 pA-5 (J'T'E"); 2s:JT);

| 1s#1pA-5 (J'T'E); 1d:JT);

| 131 pA-& (J'T'E"); ip: JT).
Here, |J'T'E ') isthe wave function of the state of thenucleus
with A-1 nucleons, total angular momentum J', isospin T/,
and energy E .

The second approach begins to exhibit its advantages
when the basis is truncated in order to simplify the calcula-
tions. One of the ways to achieve such a simplification was
proposed in Ref. 35: In the basis, one includes only those
states of the A-1 nucleus that have a fractional-parentage
coupling to the ground state (J, T'y) of the A nucleus, i.e.,
states for which the expansion coefficient (4, J, T, [|4-1,
J'T'E";j) is not small:

V(o To)= 2 <A Jololld—1
J'TE,

J'T'E'; j> | A—14, J'T'E' ;Apy.

(16)

(17)
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Thestates |4-1,J 'T'E ') of the A-1nucleusare usually called
1p; hole states of the original nucleus 4. In the nuclei from
12Cto !0, transitions from the 1s shell can be ignored. The
number of configurations involved in the calculations in
such an approach depends on the structure of the ground
state. For example, the fractional-parentage structure of the
ground state of ''B is exhausted to 97%, provided the calcu-
lation includes 15 states of the nucleus with 4 = 10. We shall
refer to this as the ‘“‘particle over the final-nucleus states”
(PFNS) approach. The number of basis functions in such a
truncation procedure is much smaller than in the complete
calculation that takes into account all the functions in the
1#iw-excitation band. The approach allows extension of the
basis by the inclusion in it of levels of the 4—1 nucleus having
a fractional-parentage coupling to the lowest collective
states of the nucleus 4. In the PFNS approach there are also
two versions.

In one, a continuum wave function is used to describe
the motion of the particle; in the other, the function of an
infinitely deep well. In the PFNS approach, the dipole reso-
nance has been calculated in the following nuclei: > C (Refs.
35-37), 1*C (Ref. 38), "*N (Ref. 39), >N (Ref. 39), !' B (Ref.
40), and '°B (Ref. 41).

Unfortunately, there has been no systematic compari-
son of the two approaches for an optimal description of the
giant-resonance structure. A basis reduction was made in
Ref. 28 for "2 C. First, the complete basis of excitations was
used, and then only six low-lying states of the 4 = 11 nucleus
of negative parity were retained. Spurious states were eli-
minated. Then the case when they are not eliminated was
considered, The conclusion reached was that allowance for
the complete basis leads to the formation of additional struc-
ture in the spectrum of the dipole excitations compared with
the case of the truncated basis. However, the gross structure
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of the spectrum is not changed. If the spurious states are not
separated, the maximum of the cross section is shifted to
lower energies. We note that in a calculation with a complete
basis the position of the main peak is lower than the experi-
mental position. However, the procedure of matching it to
the experimental data can lead to a rearrangement of the
wave functions and a change in the structure of the total-
absorption curve.

Choice of the residual nucleon-nucleon interaction

To describe the interaction between the nucleons in the
nucleus one uses various sets of phenomenological potentials
containing central, spin-orbit, and sometimes tensor compo-
nents:

V) =Ve(r) -V (r) + VT (r); )

VE(r) =V§i°(r) {af, P+ af PO af, PO+ oF, P11}; !I
VIS (r) = VESLS (r) (LS) {akS P% 4 alspiy; , (18)

VT(I‘)=VE]:T (r) 84y (agip‘“‘*‘ ﬂ?jp“)- J
Here, f(r)is the radial part of the potential, generally chosen
in Gaussian or Yukawa form; P™ are projection operators.
The parameters arg of the potential are chosen to reproduce
either the position of the low-lying levels of corresponding
parity or the position of the maximum of the dipole reso-
nance. The interaction of the 1p-shell nucleons is usually
described by the set of interaction parameters proposed in
Ref. 18—the variant (8-16) 2BME. The interaction param-
eters for nucleons in different shells were chosen for the case
of purely central forces from Ref. 42 (these are henceforth
referred to as COP or Ref. 43 (called henceforth CAL).
There is a further variant of the interaction,*"** which also
includes a contribution of noncentral forces; this will be re-
ferred to as MK. The parameters of the potentials used in
studies of the dipole excitations of the 1p-shell nuclei are
given in Table IV. In studies based on the PFNS approach a

TABLE IV. Parameters of nucleon-nucleon interactions.
A. Central interactions "
T)y=e"" —(G); f (= —e~"* ()

central potential with mixing parameters a, in the variants
of Rosenfeld and Gillet** has been used (Table IV). The in-
fluence of the mixing parameters on the photoexcitation
function is not so critical—the listed parameter sets give a
satisfactory description of the localization and gross struc-
ture of the resonance. However, the situation with regard to
the partial cross sections is different—in a number of cases,
variation of the mixing parameters radically changes the en-
ergy distribution of the cross sections and the relationship of
the channels (see Sec. 4).

2. MAIN FEATURES OF THE EXCITATION OF THE DIPOLE
RESONANCE IN 1p-SHELL NUCLEI

Energy dependence of the total-absorption cross section

One of the main characteristics of photonuclear reac-
tions is the energy dependence of the cross section for total
absorption of photons: o(E, ). This characteristic has been
measured directly in 1p-shell nuclei in Li, Be, C, O (Ref. 46),
and N (Ref. 47) (Fig. 1). In Li and Be, in which the filling of
the 1p shell is only just beginning, the photonuclear reso-
nance is strongly smeared, and o(E, = 40 MeV)is only half
of its maximal value, reached at E, =20 MeV. However,
already for '> C a fairly clear maximum is formed, though the
region of localization of the resonance is still large. The situ-
ation is quite different from the one in medium and heavy
nuclei, in which we observe a single (in spherical nuclei) very
clear peak, the complete resonance is localized in a small
energy interval, and the change in the structure of the reso-
nance on the transition from nucleus to nucleus is small.

Overall, the theory reproduces the experimentally ob-
served energy dependence of the total-absorption cross sec-
tion in the 1p-shell nuclei. This cross section has been calcu-
lated for 1p-shell nuclei in a huge number of papers. In most
of them, the treatment was restricted to one or two nuclei.
Only in one series of studies, in Refs. 20, 24, 25, and 29-32,
was use made of a unified set of parameters to calculate the

AP
Variant oy agy | of af f(r) byp-¥ MeV
Gillet-1 0,60 | 1,00|0,60 | —0,60 | & 1,03 45
Gillet (COP) 0,59 1,00 | 0,59 | —0,57 G 1,01 41,6
Gillet (CAL) | —0.65 | 1,00 | 0150 [ —0'15 | & 55
Gillet-2 0,50 | 1,00 | 0,40 | —0,50 G 1—1,2 40—45
Rosenfeld —1,78 1,00 ( 0,60 | —0,34 G 1,03 45
Y n=1,5 ¢m 50
MK —0,744 | 1,00 | 0,67 | —0,288 | ¥ 1,18 44,8
B. Noncentral part (MK)
Forces a1 a1y 1(r) b * — Vo MeV
LS 1.00 3.5 Y 2.36 26
T 1.00 —0,38 ¥ 1.18 16,25

*b is the parameter of the oscillator functions.
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FIG. 1. Results of measurements of total photoabsorption cross sections
in the nuclei Li, Be, 2C, "0 (Ref. 46), "* N (Ref. 47), and * He (Ref. 48).

photoabsorption and photodisintegration cross sections for
a large number of 1p-shell nuclei. Figure 2 shows the results
of this analysis.?® It was made on a complete basis of config-
urations with the COP set (Table IV) of parameters of the
residual interaction between the nucleons.

The curves were obtained by summing the contribu-
tions of all (including weak) transitions under the assump-
tion that the resonances have a Breit-Wigner shape. The
width of each was taken to be I' = 2 MeV. The broken curve
represents the branch of the resonance with isospin
T;,=T_.=T,,whereT, is the isospin of the ground state
of the target nucleus. The continuous curve represents the
total contribution of the two isospin branches 7. and
T. =T, + 1. For the nuclei °Be and 1B, only the
T. = 3/2 branch was included in the complete basis.

The positions of the maxima of the dipole resonance are
reproduced overall with accuracy 1-2 MeV in all cases ex-
cept for the lightest nuclei. In the lightest nuclei (" Li, ° Be)
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the calculations gave a number of maxima absent experi-
mentally. Such discrepancies were particularly pronounced
in the region of the 1s — 1p transitions (E, >25MeV). If one
uses the widths obtained in the framework of R-matrix the-
ory (as a rule, they appreciably exceed 2 MeV), the sharp
peaks disappear and the agreement with experiment is im-
proved.

The strong dependence of the cross section o(E, ) as a
function of the energy on the number of nucleons in the nu-
cleus is associated in accordance with the theory with the
following factors.

1. In the nuclei at the beginning of the 1p shell (%7 Liand
°Be) the resonance is formed mainly by transition of a nu-
cleon from the deep ls shell, this leading to excitation of the
high-energy region (E, >25 MeV). At the same excitation
energies, the dipole resonance in * He is localized.*® Transi-
tions from the valence 1p shell in nuclei with 4 = 6-9 form
the low-energy branch of the resonance (E, <20-25 MeV).
This specific feature of the dipole resonance in light nuclei
has become known as configurational splitting."** For a de-
tailed discussion of this phenomenon, see the reviews of Ref.
6.

2. As the 1p;,, subshell is filled, it plays a more impor-
tant part in the formation of the resonance. At the same time,
the effect of the Pauli principle is manifested more and more
clearly, the number of possible states that can be associated
with a 1s-1p,,, transition being reduced. Therefore, already
in ? Be the contributions of the transitions from the 1s and 1p
shells become comparable, and in nuclei with 4% 10 the
closed 1s shell is hardly manifested in the photonuclear reso-
nance. In Fig. 2, the transitions that lie to the right of the line
intersecting the figure obliquely are due predominantly to
nucleons of the 1s shell. Already in the nuclei in the middle
and at the end of the 1p shell the main maximum of the dipole
photoabsorption is associated with the configuration
1p%5 '1p7s, 1ds,, (see Table I).

3. As soon as “fouring” of nucleons, i.e., the appearance
of four nucleons with orbital symmetry [A ] = [4] (see Table
II), occurs in the 1p shell, the fraction of dipole transitions
associated with the 1p nucleons is shifted in the direction of
the maximum formed by the 1s nucleons. The breakup of
four such nucleons requires much more energy of the pho-
tons, and this leads to the appearance of a stable maximum in
the region of excitation energies 20-25 MeV. This energy
shift can be clearly seen in a comparison of the excitation
cross sections of the nuclei " Li and ° Be.

4, In the odd nuclei of the 1p shell and in ' C there are
two branches of the dipole resonance. The branch T _ makes
an appreciable contribution to the region of low excitation
energies of the nucleus, forming the so-called pigmy reso-
nance. In the region beyond the main maximum, the theory
also predicts an appreciable contribution of the 7' branch.

Now that we have discussed the general features in the
excitation of the photonuclear resonance, we turn to a de-
tailed comparison of theory with experiment. It is helpful to
begin this comparison with the even nuclei in the middle and
at the end of the 1p shell, where the resonance has already
been formed, i.e., with the nuclei > C and '*N.
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FIG. 2. Photoexcitation spectrum of 1p-shell nuclei cal-
culated on a complete basis of 17w excitations in the COP
variant.” The line running obliquely through the figures
separates the contributions of the Ls nucleons (right-hand

Integrated cross section, rel. units
Integrated cross section, rel. units

side) from those of the 1p nucleons (left-hand side).

10 20 o

Photoabsorption cross section in even nuclei

For the example of the > C nucleus, we first illustrate
the evolution of the model ideas used to describe the dipole
resonance in 1p-shell nuclei. If we assume that the 1p,,, sub-
shell in the ground state of 1> C is closed, then the resonance
in this nucleus will be formed by states described by a super-
position of 1p;,; (2s or 1d) and 1s~'1p,,, configurations.
Such an approximation leads to a clear configurational split-
ting of the resonance: The first maximum (E* = 20-22
MeV), which takes about 75% of the intensity, is associated
with transitions from the 1p, , subshell; the second (E * ~ 35
MeV), with transitions from the 1s shell. Figure 3a shows the
result obtained in such an approximation in the CSM ap-
proach.*” However, it does not reflect the real picture.

The results of dipole-resonance calculations with
allowance for the fact that the 1p,,, subshell is not closed,
realized in the PFNS approach,* are given in Fig. 3b. The

Ex,MeV

system of basis configurations included not only states of the
4 = 11 final nucleus having a fractional-parentage coupling
to the ' C ground state but also the states coupled to the first
excitation (J”T'=2% 0, E * = 4.44 MeV). This means that
the calculation includes not only the J 7 = 3/2;", 3/ 2, ,and
172 states of "' B and '' C but also5/2, 5/2; , and 7/2.
The subscript denotes the serial number of the state with
given n, measured from the ground state. A similar approach
was realized in the CSM method (Fig. 3c).3® The more so-
phisticated model led to a more realistic picture, and a new
peak appeared at E * ~26 MeV, associated with 1p nucleons.

A basis of 17w excitations was taken into account more
systematically for '* N; all configurations in the 1%w-excita-
tion band were included, and the center-of-mass motion was
separated. Figure 4 shows the results of such a calculation™;
the widths of the individual resonances were taken from cal-
culations in R-matrix theory. The same figure gives the re-

! T 1 1 T T T T T T T T T T T T T T T T ' T T T T
8, mb 2, 2 J8ydE, MeV - mb i
i 80 M d40
4 \
0 N | \‘
r
6’ mb b sot I} \ 130
/ A
Jor !I XY
40 T - 9 A 20
0 i \/ 1: *.pq# ik
; Ih% A
& mb & | ety
- 201 N nt 70
1 4+ .5
101 441 _.ﬂ; -
a i ] L ——sat Y |i [ li " ||
15 20 25 F,MeV — | O O s o i T i L T W W B
' 70 20 30 Ey MeV

FIG. 3. Comparison of the energy dependence of the total photoabsorp-
tion cross sections in ' C obtained in different theoretical approaches: a)
CSM on a basis of 1p—1k configurations*’; b) PFNS*; ¢) combined
PFNS-CSM variant.*®
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FIG. 4. Comparison of photoexcitation spectrum of '*N calculated on a
complete basis of 17iw excitations (MK variant*®) with the measurements

of Ref. 47 (points).

Goncharova et al.

343



sults of measurement of the total cross section.*’ It follows
from the figure that the inclusion in the calculation of only
the 17w configurations is inadequate to obtain quantitative
agreement between theory and experiment. The theory over-
estimates the cross section in almost the entire localization
region of the resonance. Thus, the theory has difficulties in
the quantitative interpretation of the total absorption cross
section but reproduces the energy dependence. Therefore,
for comparison between theory and experiment we must lim-
it ourselves to comparing the relative and not the absolute
quantities. This conclusion applies to all nuclei of the 1p
shell.

The next step, which makes it possible to reduce the
concentration of the dipole transition strengths, consists of
taking into account higher excitations, in particular those
lying in the 27w band. This has been done for the nuclei Wiy
16O (see, for example, Ref. 51), and '* N.** Allowance for the
higher excitations leads to an additional spread of the transi-
tion strengths and to a significant weakening of their concen-
tration in the region of the main maximum.

To complete the picture, we give the results of investiga-
tion of the photonuclear resonance in '°B. For this nucleus,
the cross sections

o (7, nyot) =0 (s n)+0 (7, pr)+06(y, 2n)+0 (v, 2np)

have been obtained in beams of bremsstrahlung™ and quasi-
monoenergetic®* photons. Since the contributions of the (y,
2n) and (y, 2np) channels are small,>* it follows that (19) is
almost equal to o(y, 1n), where

o ('Yl 1n) =0 (Yt ]1-) +0a (Y! Pn)- (20)

The calculation of the photoabsorption cross sections in
198 in the PFNS approach*! was based on 11 states of the
A = 9 nucleus in the energy interval from 0 to 16 MeV. The
fractional-parentage structure of the 1°B ground state was
exhausted to 99%. The calculated total photoabsorption
cross section (the interaction parameters are given in row 1
of Table IV) is compared with o(y, 1n) in Fig. 5. The theory
reproduces the main feature of the observed photoabsorp-
tion spectrum—its broad localization region and the absence
of sharp peaks.

We shall not give data on the photodisintegration of
6 Li. The large probability of the quasi-a-particle mechanism
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FIG. 6. Comparison of '*C photoexcitation cross sections calculated in
the PFNS approach®® (b), the BSM approach® (c), and the BSM ap-
proach'” (d) with the result of the measurements of Refs. 55 and 56 (a).

with breakup of the nucleus into several fragments makes it
difficult to analyze the photodisintegration of this nucleus in
the framework of the shell model. This question is consid-
ered in detail in the review of Ref. 6.

Photodisintegration of odd nuclei. Isospin branches of the
resonance. The pygmy resonance

For the nucleus > C, the total photoabsorption cross
section was obtained by adding®*® the measured (¥, n,o)
and (¥, p) cross sections. The sum is shown in Fig. 6a. We give
the results of calculations of the total-absorption cross sec-
tion in the PENS approach®® (Fig. 6b), in the COP variant of
the BSM approach?® (1#w) (Fig. 6¢c), and in the CSM ap-
proach!” (Fig. 6d). These variants of calculation, like many
others,'»%5738 differ only in the details (see Sec. 5). The
attempt to identify differences between the measured cross
section and any of the computational variants is not at all
simple or unambiguous, since they all reflect the gross struc-
ture of the resonance.

6(7,), eXp

FIG. 5. Result of calculation of the cross section of total pho-
toabsorption in '° B in the PFNS approach*' and measurements
of the photoneutron cross sections.™
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FIG. 7. Splitting of the photonuclear resonance into isospin branches in
13 C: a) measurement of Ref. 56; b) the result of the BSM calculation®®; ¢
measurement of Ref. 59.

In Refs. 56 and 59, the cross section was decomposed
into isospin branches for '*C. Figure 7 shows the results
together with the results of the calculation of Ref. 29. It
follows from both the theory and the experiment that the
low-lying region of the resonance in !*C (the pygmy reso-
nance) is formed by transitions to levels with isospin 7_ . A
certain concentration of the T'_ transition strengths in the
region of the pygmy resonance is observed. The theory also
predicts a small concentration in the region beyond the main
maximum. However, overall the 7"_ branch is more strong-
ly distributed over the energy than the 7 branch.

In "N, experimental data being absent, it is not possible
to put together the total photoabsorption cross section in the
manner done for the nucleus C. A restriction must therefore
be made to the experimental data on the photoneutron chan-
nel (¥, n,,). But this cross section also has a contribution
from secondary neutrons emitted by successive decay:
“N(y, p)'"*C* — *C + n. In Fig. 8, we compare the cross
sections calculated in the two cases: in one, the total-absorp-
tion cross section; in the other, the sum of the '*N(y, n)* N
and "*N(y, p)'* C* — '3 C 4+ n cross sections. The same fig-
ure shows the measured cross section of the (y, n,,, ) reaction.

It follows from the calculations of Refs. 33 and 34 that
in about half the cases the photonuclear resonance in >N
decays into highly excited states of '* N and '* C, this leading
to the emission of a subsequent nucleon. Secondary neutrons
will be emitted mainly as a result of decay of two excited
states of the nucleus *C(J" T =2+ 1, E * = 10.43 MeV and
J"T=1%1, E*=15 MeV). About 15% of the integrated
total-absorption cross section or about 30% of the cross sec-
tion in the channel *N(y, n)"* N corresponds to these two
levels.

The theory reproduces overall the gross structure of the
resonance in this nucleus. In the region of the pygmy reso-
nance, there is a small contribution from the T, branch.
The isospin branches have not been separated experimental-
ly in this nucleus.

A different situation in the formation of the energy re-
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FIG. 8. Calculation of total photoabsorption cross section (a) and photo-
neutron cross section (b) in '* N.3%** The experimental data on the (y, 1., )
channel are taken from Ref. 60 (open circles, right-hand scale).

gions of the resonance is realized in ” Li (as in ° Li). A strong
transition to the region of low excitation energies is associat-
ed with 1p nucleons, whereas a maximum at a much higher
energy is due to 1s nucleons. At the same time, both isospin
branches are responsible for the formation in” Li of the pyg-
my resonance as well as the resonance itself (see Fig. 2).

In !! B, the theory encounters difficulties in the qualita-
tive description of the gross structure of the total-absorption
curve. In fact, this is the only 1p-shell nucleus in which such
a problem arises. Figure 9 gives experimental data on the
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FIG. 9. Photoexcitation of the '"'B nucleus: a) calculation in the
BSM(17iw) method®® (the broken curve is the experiment of Ref. 54); b) the
result of calculation in the PFNS approach.”® The curves give the total
cross sections and the cross sections of 7_ and T, excitations.
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TABLE V. Integrated, =,, and energy-weighted, 2 _, , integrated photoabsorption cross

sections in 1p-shell nuclei (experiment).

Interval of - N —
: . Zp %= (%), “TRK"® -1 x (/o)
Nucleus | integration, | proy . mb MV -mb mb Reference
MeV
"Li 52 12338 103 4,9 [112]
100 1434(1.7) 4.64+(1.0) [46]
“Be 35 112,2 133 [114]
100 173:4-(2.0) 5.19+(1.5) [46]
Q 30 133+ (10) 180 5,4 [47]
35 144.0 [114]
100 201+ (1.6) 8.81+-(1.1) [46]
1N 30 195 (19) 210 8.4 [47]
160) 30 1714(10) 240 7.2 [47]
35 179.5 [114]
100 432-4-(2.0) 14.5(1.3) [46]

1 B(y, n,, ) reaction.>® A number of maxima can be traced
on the background of the rather structureless photoneutron
spectrum. Not less than 50% of the cross section is concen-
trated in the region E, > 25 MeV. In Fig. 9 we also give the
results of a calculation in the BSM approach with a complete
basis?® and in the PFNS approach,® in which 15 states of
the A = 10 nucleus were taken into account. The fractional-
parentage structure of the ! B ground state was exhausted to
97%. The calculation using the complete basis does not re-
flect the observed picture well. In the PFNS approach, after
the main maximum, situated at £ =26 MeV, has been
matched, better agreement with experiment is achieved.

Integrated photoabsorption cross sections

As follows from the sum rules, the cross section of di-
pole photoabsorption, integrated to the threshold of meson
production, is given by

E

. ,

3, (B)= ﬂ o (E) dEy= D) (1+2),
where Srpx = 60 NZ /A, MeV - mb, is the value that fol-
lows from the classical Thomas-Reiche-Kuhn sum rule,
while x includes the effects associated with the exchange
interaction (see for example, Ref. 61).

For the 1p-shell nuclei, experimental data on the inte-
grated cross sections as functions of the energy E are given in
Table V. As follows from these data, in the region up to 30—
40 MeV there is not always in fact exhaustion of even the
part of the cross section associated with the classical sum
rule. Tables VI and VII give the results of calculation of this
characteristic in the BSM (1#@) approach for different var-
iants of the residual nucleon-nucleon interaction. It can be
seen that there is a certain dependence on the choice of the
interaction. However, the differences do not exceed 10% for

(21)

TABLE VI. Total, £,, and energy-weighted, = _,, photoabsorption cross sections in 1p-

shell nuclei with N #2Z (theory), MK( — x)=MK(E |, ).

E E
= o 0 8
[=3=] " > -
g g |z | B|28|sEl8 2| 8
o s3 3 | > N s ]
g Iz, (oI E. = ~“u|l -o - b S
Z < S E " ] AS| A2 = | 4
Li 1.45 | COP 114 | 4.44 69 45 5.19 | 2.69 [20]
MK (—20) 133 | 1.29 i 56 5.19 | 2.69 [20]
Be 1.5) | COP — — 104 * — 3.69 [20]
np 1.55 | cop — | — |13+ — | — |5.38| [20]
153G 1.70 | COP 305 | 1.57 | 197 108 |13.45| 7.86 [20]
MK (—12) 321 | 1.65 | 207 114 |13.45 86 [20]
CSM 242 11.25 - -— - — [15]
e 1.706 | COP 318 | 1.54 | 147 171 [14.27| 5.56 [20]
15N 1.70 | COP 351 | 1,57 | 224 | 126 [15.36] 9.206 [20]
Rosenfeld: | 369 | 1.65 | 230 | 139 | — 133, 34]
*For the nuclei "Beand ''B only the T _ branch was calculated in the COP
variant.
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TABLE VII. Total and energy-weighted photoabsorption cross sections in 1p-shell nuclei

with N = Z (theory of Ref. 20): MK( — x)=MK(E ).

Variant of - 3 Zo/=
Nucleus b, F salentatios: zp,MeV.mb| Zo/Zrgg 3y, mb
12C 1.70 cop 303 1.68 12,6
4N 1.70 Cop 330 1.57 14.6
MK (—12) 341 1.62 14.6
MK 306 1.70 14.6
180 1.70 COoP 386 1.61 16.7

nuclei in the middle and at the end of the 1p shell. The calcu-
lated integrated cross section exceeds the classical one by a
factor of about 1.6 and is exhausted in the interval up to 35
MeV. The experimental data indicate that such exhaustion is
realized over a much greater energy interval, of order 100
MeV.
The energy-weighted cross section and, in particular,
the cross section
E
2, (E)= \ o (E,) dE,/E,
0

(22)

is almost independent of model assumptions. The values of
this quantity are given in Table V. For ” Li, the theory gives a
value for this quantity close to the measured one. With in-
creasing atomic number of the nucleus, the theoretical value
of Z_, begins to exceed the experimental value. The maxi-
mal excess is in the nucleus '°O.

Concluding remarks

The cross sections calculated in both the BSM (17i») and
the PFNS approach basically reproduce the observed energy
dependence and the ratio of the intensities in the different
regions of excitation energy of the nucleus. Practially all the
experimentally observed gross structure of the cross section
is explained. It is due to:

a) configurational splitting of the dipole resonance;

b) breakup of the “fouring” of the nucleons;

¢) the isospin splitting of the resonance.

The theory basically reproduces the position of the
main maximum to within a spread of 1-2 MeV but overesti-
mates the cross section in almost the entire range of excita-
tions up to 35 MeV.

Although spreading of the dipole resonance realized ei-
ther by including all states in the 1#iw-excitation band or in
the PFNS approach led to a qualitatively important result—
broadening of the localization region of the resonance—
quantitative agreement with the experimental data is not al-
ways achieved. The next step necessary in this direction is to
take into account states outside the 1#w-excitation band.

Completing the discussion of the gross structure of the
dipole resonance, we note that the total-absorption cross sec-
tions do not provide a characteristic that at the present stage
could discriminate between the various theoretical ap-
proaches. Much more informative are the partial transitions
in the photodisintegration, to the discussion of which we
now turn.
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3.DECAY OF DIPOLE RESONANCE IN 1p-SHELL NUCLEI.
PHOTODISINTEGRATION PARTIAL CROSS SECTIONS

Basic features of the decay of the dipole resonance in 1p-
shell nuclei

If in the description of dipole photoabsorption a restric-
tion is made to nucleon transitions in the l#w-excitation
band, then only three configurations [see (15)] are responsi-
ble for the formation of the resonance. Decay of the reso-
nance through the nucleon channel can be realized in three
ways:

1) 1s*1pA-51—1s¥1pA-5+ N (). (23)

The nucleon N is emitted with orbital angular momentum /
equal to O or 2, and the final A-1 nucleus is formed in states

with “normal parity”: 7 = ( — 1)*"!, these states being de-
scribed by the configuration 1s* 1p* =3
2) 1st1pA-%1—1s*1pA-S1 + N (p). (24)

The nucleon N is emitted with orbital angular momentum
I = 1. This is the so-called “shaking off”’ of a 1p nucleon. As
is shown by the experimental data®® and calculations (see
Sec. 5), this effect is small in the nuclei at the end of the 1p
shell.

3) 1s31pA-3 — 1531 pA-4 1 N (p). (25)

The nucleon N is emitted with / = 1.

Since in the nuclei at the beginning of the 1p shell the
dipole resonance is associated with a 1s — 1p transition, the
A-1 nucleus after emission of the p nucleon remains in a
highly excited state with the configuration 1s® 1p** There
then follows again a nucleon or cluster decay. Thus, in the
disintegration of nuclei at the beginning of the 1p shell two or
more particles or few-nucleon systems are formed with a
high probability in the final state. This effect is sometimes
called star decay of the resonance. It was discussed in Ref. 6.
A cluster can also be emitted as a result of its direct knock-
out, as, for example, in the reactions ¥ + °Li — *He + *H
or ¥ + ’Li— *He + *H, which were investigated in detail
in Ref. 62.

Beginning with the nuclei '>'' B, in which the 1s — 1p
transition no longer plays the decisive role in forming the
dipole resonance, nucleon decay becomes predominant. The
emitted nucleon carries away orbital angular momentum
I =0 or 2. With allowance for the presence of the subshells
1p,,, and lp,,,, the final A-1 nucleus after emission of the
nucleon remains in states with the configuration
1s*1p55°1p7 . In nuclei with A = 10-12, the main configu-
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TABLE VIII. Spectroscopic factors of 1p nucleon in the nuclei > C and '*N and partial

photodisintegration cross sections (references are given in square brackets).

Spectro- | Theoretical value of
i scopic | spectroscopic fact . s e
9“%‘ Final nucleus; factl:)r (pRef. lé;: Cpic-Tactor Part‘lal photos?lsmtlgranon Cross
‘“la E* MeV; 7 | from the section (experiment),
M (. d) P32 P12 | MeV - mb
reaction
re |uc|o [3/2-]|3 14163 2.85 0 (T7—88)% 1 (v. po) 49 [116]
2.0 |1/2-| 0.54 0 0.75 |(20-6)% 1} [76, 7]
4.8 |3/2-1 031 0.38 0 20, (s Pyus )5—8
[116]
Sum 3.99(4)| 3.234 0.75=3.98
uN BN |0 1/2-1 0,99([64]] 0 0.69 (v, p) 91 [72]; (v, n) 10,2 -
+0,5 [71]
3.51 | 3/2-| 0.8 0.44 | 0.02 |(y, p)4+0,5[72]
7.39| 5/2-| 1.51 18 | o (v, )17 [82]
8,92(1/2-1 0.75 0.61 0.05
9.52]3/2-) 0,99 1.15 0
Sum | 4.56 ()| 3.764 0.76=4.52

ration forming the photonuclear resonance has n = 0. As a
result of emission of the / nucleon, states of the 4-1 nucleus
with the configuration 1s*1ps;; will be populated, the
ground and low-lying levels of the A-1 nucleus correspond-
ing to them. In the nuclei after the '2 C nucleus, 70, and as
aresult of the nucleon emission there will be populated states
of the A-1 nucleus with the configuration 1s*1p5537°1p,,.
They lie quite high, sometimes above the threshold of subse-
quent breakup of the A-1 nucleus through the nucleon chan-
nel. Thus, population of excited states of the 4-1 nucleus
and emission of a secondary nucleon are characteristic of
nuclei at the end of the 1p shell.

A characteristic feature of the photodisintegration re-
actions of the nuclei in the middle and at the end of the 1p
shell is the preferred population of 1p;,, hole states. A defin-
ition of hole states has already been given above [see (17)].
The value of the spectroscopic factor or the coefficient of
fractional parentage indicates the extent to which a particu-
lar state of the A1 nucleus is a hole state with respect to the
ground state of the original nucleus 4. Tables VIIT and IX
give the theoretical values of the spectroscopic factors calcu-
lated in Ref. 18. Experimentally, these factors are deter-
mined from data on reactions with quasielastic knockout of
protons or on ( p, d ) reactions. Tables VIII and IX give the
experimental values of the spectroscopic factors extracted
from analysis of the ( p, d ) reaction.®**” The spectroscopic
factors are normalized to make their sum equal to the num-
ber of neutrons in the 1p shell. This number is given in the
brackets. It follows from the tables that the given levels al-
most exhaust the spectroscopic sum. The theory reproduces
the observed features of the distribution of the spectroscopic
system over the different levels.

The final columns of Tables VIII and IX give the partial
photodisintegration cross sections, integrated over the pho-
ton energies, of the 1p-shell nuclei. There is observed to be a
correlation between the 1p spectroscopic factor and the par-
tial cross section—the 1p hole states of the original nucleus
are preferentially populated. The same correlation is found
in the nuclei of the 25— 1d shell.® In this latter case, a systema-
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tic study has been made of the partial cross sections, and
much factual material has been accumulated. It would be
interesting to make similar systematic measurements for the
1p-shell nuclei.

Fractional-parentage coupling of the dipole resonance of the
nuclei '>C and "N to levels of the hole nuclei (4-1)

As a result of photodisintegration of > C through the
neutron channel there is preferential population of the ' C
ground state, since it exhausts an appreciable fraction of the
spectroscopic strength of the '>C ground state. But already
in N the ground and low-lying states are populated less
intensively, since they have a 1p,,, -hole nature and have a
weak fractional-parentage coupling to the main maximum
of the dipole resonance (Table X). The table gives the results
of the analysis of Ref. 31 on a complete basis of 1% configu-
rations of the decay of the level /7T =2 1, which forms
the maximum of the dipole resonance in *N (2, =78
MeV - mb). Also reflected there is the fractional-parentage
coupling of the resonance to the various states of the nuclei
3N and " C (spectroscopic factors), together with the struc-
ture of the ' N and '* C states. The fractional-parentage cou-
pling is strong to the levels J” = 5/2~ and 3/2~, which are
situated in the region of excitation energies around 7 MeV;
these are 1p; , -hole levels. We note that the smallness of the
spectroscopic factor describing the decay of the main maxi-
mum to the ground state of '* N and '* C leads to difficulties
in its calculation—it is sensitive to many details in the struc-
ture of the nuclear states.

As follows from the results of the measurements, the
¥ N-'*C ground state is populated in the photodisintegra-
tion of '* N with a greater probability than follows from the
theory. According to the measurements, the fraction of tran-
sitions to the ground state is about 15%,’"7*> whereas the
theory gives only about 6%. It should here be noted that the
description of the transitions to the ground state of the
daughter nucleus is here an open problem of the theory. A
detailed discussion of the decay properties of the resonance
in ">C and N will be given in Sec. 4.
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TABLE IX. Spectroscopic factors of 1p nucleon in the nuclei '*N and *C and partial
photodisintegration cross sections (references are given in square brackets).

) Spectro- | Theoretical value of ;
Orig- : scopic | Spectroscopic factor| Partial photodisintegration
inal | Finalnucleus; |factor | (Ref. 18) cross section (experiment),
nucleus| E* MeV; J” T | from the mb - MeV (%)
) d) P3/2 P12
reaction
BN uc o gl:l — 0 0.84 22 [69] h
701 511 }2_39 p 7.9 [70], 527 [75]
10,7 | 131 1,50 0 15+3 [79]
Sum 3,894+0.84=4.73
ux o [1+0 | 1.27(65)| 0.03 1.43 | 18 [68]
2.31] 0+ | 0.50 0 0,42 8.6
3.95 1*0 | 0.60 0.65 0.5 8.3 }[70]
7.03[ 20 | 1.02 1.25 0 7.9
9.17) 2#1 | 0,49 1.19 —
10.43| 21 | 0.39 0 s
Sum 5.08 (6) | 3.874-1.90=5.77
e [1B|o [2v| — 2.02 | o 149) \ =
0.95 01 0 0.19 Eﬂ%’% } (59]
1#1 1,20 0
Sum 3,220,109 =3,41 | (319) [59]
e lo [ov0]o.82 0 0,61 | (209%)[59], 23 [73]
66, 67] :
4.44] 240 | 1.19 142 | o (5%)
12.7 | 1*0 | 0.62 0,66 0 —_ 59
5.4 | 1+1 | 0.56 060 | 0 (179 [ P9
16.1 | 241 | 1.03 4081 0 (279%)
Sum 4.12 (5) | 3.394-0.61=4.,00 | (69%) [59]

TABLE X. Spectroscopic factors calculated in a complete basis of 17iw excitations for
decay of the main peak of the giant dipole resonancein *N (2~ 1, E = 22 MeV)to *Cand
13N states and integrated partial cross sections: fo{E, )dE, = 78 mb - MeV.*!

Neutrolr; spectroscopic Z.J Int[:-grla feg
factors'® determining the Orbital angul : partial cross
E* MeV Spectroscopic fac- s
-~ e o S8y f lmomentum ; |tors determining| Sections,
of emitted the decay of the| mb - MeV
main maximum®' |———————
13¢ | 13N piy2 32 nucleon 1o | 1N
1/2- Ground 0.69 0,005 dg/s 0.0°2 0,9 0,9
dg/s 0,020 80| 7.3
3/2- | 3.68 | 3,51 | 0,025 0.14 15/s 0,002 0,7 0,6
da/s 0,005 1.3 1,1
2s,/5 0.001 0.2 0.2
5/2- | 7.55 | T.40 | 0,015 1.86 ds/e 0,129 18,0 ] 1.4
dafs 0,010 1.4 0,8
28475 0,015 5,2 4.5
1/2= 8.86 | 8.92 0,055 0.615 dsa 0,033 3.1 1.2
3/a 0,035 3.3 1.3
3/2= [ 9.90] 9,52 | 0,005 1.15 ds/s 0,164 20 {10
dg/y 0,001 0 0
25472 0,002 0.5 0,2
Sum 0,79 3,77 0.419 47.6 | 28.5
|
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T=1/2

FIG. 10. Decay scheme of photonuclear resonance in nuclei with T,
= 1,2 with indication of the transition intensities obtained from the geo-
metrical factors.

Fractional-parentage coupling of the dipole resonance in the
nuclei '*C and '* N to the levels of the final nuclei

The decay scheme of the odd nuclei of the 1p shell is
shown in Fig. 10. The scheme shows, in relative units, the
geometrical factors that determine the excitation intensities
of both isospin branches of the resonance and the geometri-
cal factors that determine the intensity of population of the
various isospin groups of levels of the final 4-1 nucleus.
These factors do not take into account the influence of the
penetrability of the barrier (Coulomb and centrifugal). The
relative units are chosen to make the weakest 7'_ decay
branch through the neutron channel to the T, =1 levels
correspond to one intensity unit. The barrier penetrability
transforms the relative quantities given in the scheme, par-
ticularly for decay of the 7'_ branch to the T, = 1 levels,
since in this case the energy release is low. And in the odd
nuclei *C and '* N the fraction of transitions to the ground
state of the nuclei '* C and " N, respectively, is small, since
they are coupled, not to the complete photonuclear reso-
nance, but only to its 7 branch, provided, of course, that
the isospin mixing of the two branches is small. Indeed, the
transitions to the ground and low-lying states of the A-1
nuclei with isospin T , = 0 make it possible to separate the
T . branch of the resonance.

The pygmy resonance also has a fractional-parentage
coupling which is stronger to the excited states of the final
A-1 nucleus than to the ground state (Tables XI and XII).

Because of this, the theory predicts that the ground state of
12 C will be less strongly populated in the '* C(y, n) reaction
than the state J"T =27 0, E = 4.4 MeV. Thus, in accor-
dance with Ref. 29, 2, (y, n,)/Zq(y, no) = 3; according to
Ref. 15, this ratio is 1.74; and only according to Ref. 17 is it
0.93. The first result is obtained in the BSM and the last two
in the CSM. The experimental data are also contradictory:
0.58 in Ref. 73, 0.35 in Ref. 74, and 0.25 in Ref. 59. However,
in all three cases the ratio does not exceed unity. A detailed
discussion of the decay properties of the resonance in *C
and "> N will be given in Sec. 5.

Photoproton and photoneutron decays

Experimental data on the integrated cross sections of
the photoproton and photoneutron channels of disintegra-
tion of the 1p-shell nuclei are given in Table XIII. For nuclei
with T, = 0, the (y, p) and (y, n) reactions lead to population
of the levels of the mirror nuclei with T = 1/2. The spectro-
scopic factors that determine the coupling of the resonance
to the levels to which the decay takes place are the same in
the two channels. The deviation from symmetry arises be-
cause of the lower thresholds of proton separation and, sec-
ondly, because of the Coulomb barrier in the proton channel.
According to the calculations, the first factor is more impor-
tant than the second, and this raises the probability of proton
decay of the photonuclear resonance in the considered nuclei
above that of the neutron decay (see Sec. 4 below).

However, the relationship between the proton and neu-
tron photodisintegration channels of the 1p-shell nuclei de-
pends not only on the ratio of the probabilities of the primary
nucleons but also on the yield of secondary nucleons emitted
as a result of decay of the highly excited levels of the A-1
nucleus. Thus, in '* N only 15% of the total-absorption cross
section is associated with population of discrete states of the
nuclei *N and ®C.

For nuclei with T, #0, the neutron type of photodisin-
tegration is predominant. The T, branch of the dipole reso-
nance decays only to states of the final nuclei with isospin
T ; = 1. The predominance of the neutron decay in this case
is associated with the geometrical factors, given in Fig. 10.

TABLE XI. Spectroscopic factors for the strongest resonances corresponding to the

3C(y, n) "*C channel.?®

Quantum numbers

; State of final 3
(t)}f; :tragsegnf:;gémg s, nuolens Spectroscopic factors
MeV - mb
Jr Ty ﬁ:‘} IF T | B, MeV| 1dsp 25172 a3y
172+ 1/2 15.6 10 00 0 - 0,010 —
2*0 4,44 0,514 — 0.051
3/2+ 1/2 19.2 12 0+0 0 — — 0,007
240 4,44 0,008 0,002 0,002
b K 12,7 0,286 0.0M1 0,001
3/2+ 372 24.9 52 1+1 15,1 0,095 0.001 0.050
2+ 16,1 0,237 0,022 0,010
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TABLE XII. Spectroscopic factors for the strongest resonances corresponding to the
5 N(y, n) '"*N channel,**

Quantum numbers of S f final
tates fi : h tates of final "
f‘c:oelf a:g?mgt e " dhsis % partial, Spectroscopic factors
P ) MeV - mb i . MeV-mb
B o I T 7 23 1d
: MeV ! MeV
3/2+1/2 15.4 12.6 10 0 12.2 0.03 0.14
22.7 25.2 1+0 0 6.8 0 0.10
2*0 7.03 6.9 0.1 0.24
1+0 3.95 3.6 0.02 0.04
1/271/2 17.9 11.0 1+0 0 1.3 0.01 0
10 3.9 4.1 0.01 0.02
3/273/2 21,3 20.8 0+ 2.3 4.6 0 0.6
9.2 4.5 0.04 0.67
”
2 { 10.4
24.4 95.0 0+ 2.3 18.2 0 0.05
9.2 22.6 0.02 0.14
2 {40
26.2 13.4 3 " 37
g {1gi 58 b0t | ooy
1/i+3/2 23.6 4.5 941 { 13.2 15.7 V] 0.73
25.4 10.2 1+ 13.7 2.7 0.33 0.04

The T_ branch can decay either to levels with  dominantly to states with T 5 =T, — 1/2 through the neu-
T;=T, —1/20rtolevelswithT , = T, 4 1/2of thefinal  tron channel. This question will be discussed in somewhat
nucleus. The low-lying region of the T'_ branch decays pre-  more detail in Sec. 5 for the example of the '* N nucleus.

TABLE XIII. Photoneutron and photoproton disintegration cross sections and nucleon
separation energies.

E_.. or | b5 s
Nucleus| E, - E,, Mc%}",];n,, Me:’@,mb €,, MeV £,, MeV References
MeV

Li 23 56 27 7.3 10.0 (115, 112]
Be 18—26 13 — o - [53]
17—40 o 2 143 16.9 [112]
ug 35 69 — 11.5 11.2 [54]
15C 30 95 55 - 6]
28 85 36 4.9 178 (56]
LN 39 9) 70 10.8 10.2 [60]
108 35 81 = 8.4 6.6 [54]
12 30 42 72 - [60]
29 i 56 18.7 16.0 (116]
1N 30 99 15 10.6 7.6 (60]
150 3) 48 87 15.7 12.1 [60]
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FIG. 11. Partial photodisintegration cross sections of the '2C nucleus: a)
calculation of Ref. 37; b) experimental data of Ref. 77.

4. PARTIAL TRANSITIONS IN THE NUCLEI IN THE MIDDLE
AND AT THE END OF THE 1p SHELLWITH T, =0

The nucleus '2C

Experimental data on the partial cross sections for > C
photodisintegration,’®”” and also the results of calculations
obtained in various theoretical approaches, are given in Fig.
11 and in Table XIV. The first two columns, which relate to
the calculations, correspond to the PFNS approach®**” but
to different variants of the residual nucleon-nucleon interac-
tion and the single-particle energies.

As follows from the experimental data, the '*C(y,
DPo)'! B cross section is characterized by two clear maxima:
E*=22-23 MeV and E* = 25-26 MeV. In the inverse
"' B(p,y,) 12 C reaction, a similar structure of the energy de-
pendence of the cross section was obtained.”””

The results of the measurements of Refs. 76 and 77 dif-
fer in the estimate of the ratio of the contributions to the total
12C photodisintegration cross section of the transitions to
the ground (3/2), state and the first excited (1/2), state of
the final nucleus (see Table XIV). The photonuclear data on
12C are significantly augmented by the results of the mea-
surements of Ref. 80 of the '2Cle, ep) '' B reaction cross sec-
tion; these measurements fixed coincidences of an electron
and a proton (Fig. 12) under conditions when the reaction

o, mb
il
2F ‘s I Ill
! : I Py
[

ot op l""l'nll [

! | !

I e
oL Jllll'nlll 1 II|'Illllllllll

20 22 24 E£% MeV

FIG. 12. Results of measurement of the 2 Cle, e'p) reaction®: 8, = 40°,
8, = 120"

proceeds predominantly through excitation of the dipole
resonance. The experimental data on the (e, ¢’p, ) and (e, €'p, )
cross sections basically confirm the photonuclear data ob-
tained in Ref 77. The angular correlations in the > Cfe, e'p,)
and 2C (e, e'p,) reactions indicate® that at nuclear excita-
tion energies around 25 MeV the importance of the (e, e'p, )
reaction increases. The angular distribution of the emitted
Po and p, protons is characterized by a larger value of the
coefficient @, (~ — 0.5) in the Legendre-polynomial expan-
sion, this corresponding to preferential emission of protons
with angular momentum 1 = 2.

The conditions under which the experiment of Ref. 80
were made were such that the electrodisintegration of 2C
was determined by the C 1 and E 1 multipoles. The assump-
tion that the second maximum in the total ' C photodisinte-
gration cross section is due to the contribution of E 2 transi-
tions is not confirmed by the results of Refs. 79 and 80. It
follows from these measurements that the fraction Z,(E 2) in
the total cross section does not exceed 5%. Thus, one gets
the impression that in reality the fraction of the cross section
of the (¥, py) reaction in the total (¥, p) cross section is less
than follows from the results of the measurements made in
Ref. 76. However, the recent data of investigations of the
2C(%, po)"' B reaction''® confirm the result of Ref. 76.

According to the data of Refs. 76 and 77, the cross sec-
tions of partial transitions to excited '' B states higher than
the first do not contradict each other. However, the accuracy
of these measurements is as yet low. In Ref, 77, the contribu-
tions of the transitions to the second and third excited states
were not separated. We note that the total cross section has a
minimum at E, ~26 MeV.

The results of calculations of the partial '* C photodis-
integration channels are given in Fig. 11 and in Table XIV.
Figure 11 reflects the results of the calculation of Ref. 37
with Gillet-1 forces (see Table IV). An analogous calculation
with Rosenfeld forces leads to a raising of the relative prob-
ability of the transitions to the excited states of the final nu-

TABLE XIV. Partial '>C photodisintegration cross sections (references are given in

square brackets).

Levels of final ''B nucleus Experiment Theory
Z (v, Py 2
- = 5 o % = %
ik E*, MeV (¥, Piot tot

(761 (R [37] [371 | (31 | (811
(3/2) 0 88.4+10 76.9+1.1 | 75 55 68 | 80
(1/2); 2.12 5.4+210 | 20.8+0.6 | 13 23 9
5/27) 4.46 1.44-15 - 5 7 } 32 3
23/2-); 5.02 2.0-£15 } 2.3£0.2) 3 14 7
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cleus. It is characteristic that the results of the calculation
for the total photodisintegration cross sections for all the
employed variants of the residual nucleon-nucleon interac-
tion forces given in Table XIV are practically the same. The
partial cross sections represent the characteristic of the pho-
tonuclear reactions most sensitive to the parameters of the
model calculations.

The cross section of the transition to the ground state is
well reproduced by the calculations in the PFNS ap-
proach.”” The ratio of the cross sections at the peaks at
E, =22 MeV and E, =25.5 MeV is approximately 2:1,
which corresponds to the observed value.”®” According to
the calculation of Refs. 35 and 37, the main contribution to
the wave function of the state forming the main peak of the
dipole resonance is made by the component |(3/2), 1ds,, ).
However, 15-20% of the contribution to the main maximum
of the total cross section is made by the |(3/2), 1d 5, ) config-
uration above the third excited state of the 4 = 11 nuclei. In
the wave function of the state forming the second maximum
(E *~25.5 MeV), an important part is played by the |(3/2),
1d;,,) configuration.

The transition to the second excited state of '' Cand '' B
is interesting in that the corresponding levels are hole levels,
not with respect to the '2 C ground state, but with respect to
the level /T =2% 0 (E * = 4.4 MeV). Such transitions are
the result of coupling of the dipole and quadrupole vibration
modes in 12C.

Analysis of the partial cross sections in ' C shows that
the use of a large basis to describe the decay characteristics of
the dipole resonance is a necessary condition if the main
features of photodisintegration are to be reproduced. A

model that includes continuum states, the CSM, but con-
structed on a restricted basis, has great difficulties in inter-
preting the experimental data. A model that takes into ac-
count a large number of configurations reflects the observed
picture much more fully.

On the other hand, analysis of the partial characteris-
tics has revealed that the results are critically sensitive to the
structure of the wave functions of the individual resonances,
which to a large degree depend on the nature of the residual
nucleon-nucleon interaction and the single-particle ener-
gies. In the light nuclei, there is still a large arbitrariness with
regard to both the choice of the interaction and the choice of
the single-particle energies. Work on the unification of this
part of the problem is needed.

The theories that use a large basis have not yet been able
to overcome the difficulties associated with the excessive
concentration of the resonance in the region of the main
maximum; to an even greater degree this introduces difficul-
ties in the description of the decay properties.

It is possible to analyze quantitatively the relative but
not the absolute decay characteristics, and this greatly re-
stricts the possibilities of deep testing of the theory. Despite
all these difficulties, as we have seen, the partial characteris-
tics are, even at the present state of the art, a more delicate
probe of the dipole-resonance structure and make it possible
to test many predictions of the theory much more deeply,
though as yet on a semiquantitative basis.

The nucleus '*N

The main results of the investigations (Refs. 20, 31, 39,
69, 71, 72, and 82-90) of the photodisintegration of '*N are

TABLE XYV. Partial photodisintegration cross sections of the nucleus ' N (references are

given in square brackets).

Integrated partial cross section, MeV - mb (%)
State of final
Reaction nucleus, J” T Theory
=1/2,E, Experiment
MeV [31] | [59] ' [20]
1/2-, 0 27 1187 | 19(5.3) | (8) (6)
1/2+; 3.09 |2[86 ][ A
3/2-; 3.68 |2,5(86];7[84] | 13(3.8) | (14.2) | (9.3)
g/?; ??g 1 1% ]2] 63 (18) (12.8) | (16.3
uN 18 /275 1. 5 .
(B0 1/2-: 8.86 ol 20 (5.8) | (9.8) (4.2))
3/2-1 9.9) 26 (7.5) - =
3/2-; 1185 |5[82] 8 (2.4) (4.8) (12.3)
Z(v, p)
17210 10,2[71];20[82]| 16 (4.6) 4.9 (5.0
1/2* 237 2,2{[86]] fie N :
v TR sen e ) ag
,"; ” 1. " 10,
1N (v, n) 1N 1/2-; 8.92 12 (3.4) ((s 1) (z.n;
3/2-; 9.48 13 (3.8) (4.4) (4.3)
Z(y, n) 99 [60]
0+, 0 = 158 (44)
N (v, d) 12C 24 4.44 11 [86] 128 (35)
1 ’(...,‘ pn)12C | a-unstable |36 (11) [88] 21 (5.8)
levels
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FIG. 13. Results of measurements of the partial cross sections in '*N; a)
(%, 1) (Ref. 71); b) (¥, po) (Ref. 90); €) (¥, P3.6s ) (Ref. 90); d) (7, py.ss ) (Ref.
90).

given in Table XV and Figs. 13 and 14. The theory repro-
duces the energy dependence of the (¥, p, ) cross section, but
the maxima, as in the total-absorption curve (Fig. 4), are
displaced somewhat to lower energies.

The large number of partial disintegration channels is

odE, [ Jo, mb
MeV-mb[ ]
50 3
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i __/\/¥1 NGrp,) 2.5
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FIG. 14. Partial cross sections of '* N photodisintegration according to
BSM{(17iw) theory.*'
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due to the nature of the spreading of the 1p-hole states (see
Table VIII). Their large width of spreading is due to the
approximate realization of supermultiplet structure in this
nucleus. The lower group of transitions is associated with
the conservation of the “fouring” of the nucleons, while the
upper group arises from its breakup. The fractions of transi-
tions to the ground states of >C and >N are nearly equal
and are about 15% of the total cross section. The energy
dependences of the (¥, py ) and (¥, n, ) cross sections are also
similar.

According to the measurements of Ref. 90, Z(y,
D1sss)/Z(¥, po)R 2, this being lower than the result of the
calculation in the variant CAL BSM(1#iw).*' Calculations in
the variant COP BSM(17w) (Ref. 20) and in the PFNS ap-
proach® give lower values. The sensitivity of the (¥, p, ) and
(7, n, ) cross sections to the choice of the model parameters is
due to the fact that the corresponding '* C and * N states are
not hole states with respect to the '*N ground state.

Analysis of the angular distributions’>® shows that in
the (v, p, ) reaction the 1p,'2s,,, and 1p;;,'1d;,, configura-
tions are predominant, primarily the latter at E, > 23 MeV.
In the (y, p,) cross section, transitions from the 1p,,, sub-
shell are predominant.

In only half the cases does the theory associate the po-
pulation of the > C and "* N ground states with decay of the
main maximum of the dipole resonance. The emitted nu-
cleon has in this case the quantum numbers d 5, (see Table
X). The population of the 5/2 level is due primarily to de-
cay of the main maximum and emission of a d 5, nucleon.

All the excited states of '* N and all except the first three
13 C states populated as a result of decay of the resonance in
14N are unstable with respect to emission of a nucleon. The
intensity of the population of such states is high-more than
60%, as follows from the calculations of Refs. 31 and 39. As
a result, the integrated cross section oy, n,, ) appreciably
exceeds the cross section for the emission of primary neu-
trons.

The (y, d), (¥, @), and (¥, 2a) cluster decays from the
dipole-resonance states for which 7' = 1 to the ground states
of the nuclei with 4-2 and A-4, T = 0 are forbidden by iso-
spin. The fraction of the primary (, ) reaction is not more
than 2% of the total cross section.®®*" Among the a chan-
nels, the most important is (¥, pn, 3a).

The decay properties of the dipole resonance in "N
were calculated in Refs. 20, 31, and 39. The partial cross
sections to the ground state of the 4 = 13 nuclei obtained in
calculations using a complete 1#w basis (Fig. 14) reproduce
rather well the experimental data in the region from the
threshold to E, =25 MeV. Transitions from the region
E, >25 MeV are not reproduced in the (¥, ny) and (¥, po)
calculations.

We now turn to the energy spectra of the nucleons. Fig-
ure 15 shows the result of a calculation of the proton energy
spectrum in the PFNS approach®® (histogram). The norma-
lization is chosen to make the experimental data pass
through the histogram at the point of its maximum. The
theory reproduces the behavior of the energy dependence
from E, = 4 MeV onward. At the same time, Fig. 15 reveals
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the difficulties of the theory too—the softest part of the spec-
trum, which is most probably associated with pre-equilibri-
um and equilibrium processes, is depleted. There is a similar
situation in the neutron channel.

As already noted, the contribution of secondary decay
in '*N photodisintegration is large. We note an interesting
effect which arises in connection with this in the nucleon
spectrum. The shape of the spectral peaks of the secondary
nucleons (nucleons from de-excitation of the intermediate
nucleus) feels the effect of the nature of the angular distribu-
tion of the primary photonucleons. The anisotropy of their
emission due to the Doppler shift leads to a splitting of the
peaks. Figure 15b illustrates® the effect by the example
when allowance is made for the angular distributions of the
primary protons in the spectral curve of the neutrons. If !> C
is formed in the states 5/2~ and 1/27, then the probability
for emission of d protons is greater than that for s protons,
and this predetermines a splitting of the peaks of the secon-
dary neutrons.

Concluding the discussion of the photodisintegration of
N, we note that the rich spectrum of partial transitions in
this nucleus has made it possible to test quite thoroughly the
capabilities of the theoretical method. Basically, the theory
correctly describes the gross structure of the partial cross
sections. As the next step in the systematic analysis of the
partial cross sections it appears important to make a theo-
retical analysis of the angular distributions using the same
basis of 17w excitations. Also incomplete as yet is the experi-
mental study of all strong transitions. Moreover, the abso-
lute values of the measured cross sections differ in a number
of cases rather strongly, and this, of course, makes an unam-
biguous interpretation difficult.

The nucleus '°B

In the decay of dipole excitations of the '°B nucleus
solely as a result of the '°B(y, p, )’ Be reaction there arises a
state stable with respect to further decays. All the remaining
partial channels of '°B photodisintegration lead to many-
step decays, for example, '°B(y, n,)°B, °B — *Be + p,
® Be — 2* He. As a result, the final products of photodisinte-
gration through all channels except (y, p,) will be two «a
particles, a proton, and a neutron. Except for the (v, p,)
channel, there are no experimental data on any of the partial
channels of the '°B photodisintegration. The cross section
and angular distributions in the ® Be( p, ¥, )'° B capture reac-
tion®! are given in Fig. 16. The results of calculation of the
partial '°B photodisintegration channels in the PFNS ap-
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E,, MeV

proach*' are given in Fig. 16 and in Table XVL The total
photodisintegration cross section in this calculation and the
o(y, n) data® were given in Fig. 5. The appreciable width
of the region of the dipole excitations of the '°B nucleus is
associated with the spreading of the states of the final nuclei
over a wide interval of excitation energies.

The distributions of the partial cross sections of the (¥,
pi)and (y, n;) reactions are very similar. The main maxima of
the dipole excitations of the '°B nucleus are formed by con-
figurations constructed on excited states of the daughter nu-
clei, among which states the 7/2~ state plays the most im-
portant part. Transitions to these states of the daughter
nuclei form the maximum of the cross section at £~20
MeV. According to the data of the calculation, the transi-
tions to the® Be ground state occur mainly from the 4~ T = 1
excited state with E* = 11 MeV. However, comparison of
the theoretical curve with data on the capture reaction

a,

7/2, E<680
MeV

= 5/2ETY
! VAR T

st 7/Z E=98

MeV
3 j\
b

5/2 E=10.9 MeV _ " ————

i+ 5/7E=12.5MeV
) /’: MJe -/|\~1’\ ]

72 6 20 24 28 £, MeV

/2, E=m00
MeV

FIG. 16. Partial (y, p;) channels in '°B photodisintegration: theory of Ref.
41; experiment of Ref. 91; the upper figure shows oy, p, ).
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TABLE XVL. Partial probabilities of photodisintegration of the '°B nucleus.*!

Reaction (¥, n) Reaction (7, p)
rtial Partial
States of the °B nucleus g? ol;:bilities States of the °Be nucleus probabilities

i lation,

E, MeV i ??t‘; population, E, MeV 7 cg; population,
g.s 3/2 6.7 g.8 3/2 Tad
2.36 5/2 4.9 2.43 5/2 4.8
4.70 3/2 4.0 4.70 3/2 4.0
7.00 7/2 10.9 6.80 7/2 10.6
7.4 5/2 5.8 7.4 5/2 5.8
9.8 772 8.1 9.8 72 8.1
10.0 3/2 1.9 10.0 3/2 2.0
10.9 5/2 2.6 10.9 5/2 2.7
12.5 5/2 2.8 12.5 5/2 2.9

shows that the calculation underestimates the transitions to
the ground states of the daughter nuclei from the region of
excitation energies 13-20 MeV.

5. PHOTODISINTEGRATION OF NUCLEI IN THE MIDDLE AND
AT THE END OF THE 1p SHELL WITH 7, #0

The photodisintegration of nuclei in the middle and at
the end of the 1p shell with T, #0 (**C, '*N, ''B, *C) takes
place with the excitation of two branches of the dipole reso-
nance: T_ =T, and T, =T, + 1. The decay of the low-
energy part of the T branch—the pygmy resonance—takes
place to the ground and low excited states of the A-1 nucleus
exclusively through the neutron channel with population of
T =T, — 1/2 states. In the region of excitation energies
22-35MeV, the T, branch of the resonance is dominant, as
a result of the decay of which states of the final nuclei with
T ;= Ty + 1/2 are populated.

The nucleus *C

The distribution of the partial cross sections of '*C pho-
todisintegration was obtained in (y, Ny') experiments,* in
radiative capture reactions,” and in (y, ny) and (y, n, ) reac-

tions.” The cross sections of photoneutron and photoproton
disintegration were measured with the greatest accuracy in
Refs. 55 and 56. A theoretical investigation of the partial
cross sections of !> C photodisintegration has been made in
both the BSM?*?%3# and the CSM.'>'” There have been cal-
culations on a complete basis using not only purely central
forces of the residual interactions® but also the variant of
the MK forces.”*® The results of the investigations of the
partial channels of * C photodisintegration are given in Ta-
ble XVII. The energy distribution of the partial cross sec-
tions in accordance with the data of Refs. 59 and 74 is com-
pared with the results of the calculation of Ref. 29 in Fig. 17.

A characteristic feature of the '* C photodisintegration
is the complicated structure of the cross section of the (y, n,)
reaction. Besides several maxima in the region of the pygmy
resonance, this cross section has a peak at E~20 MeV and
makes an appreciable contribution to the region of excitation
energies E > 30 MeV.*® The calculations made in the BSM
lower the fraction of the (¥, ny ) channel in the total photodis-
integration cross section; allowance for the continuum
somewhat improves the agreement with experiment. Under-
estimation of the transitions to the ground state of the '*C

TABLE XVIL. Partial cross sections of photodisintegration of the '* C nucleus (references

are given in square brackets).

E '1' of Integrated cross section, MeV - mb (%)
ak- | nucleus :
" |withd = | | RO T
12, MeV <38 Me‘,/ Y| (291 * | [20] * } [38] [15] | [17]
0 0+0 35(20) | 8(2,5)|11 (3,4) |17 (8) |28.8 (11.9) |39 (15)
44k | 240 8(5) | 26(8)[32 (10) [17 (8) |50.0(20.8) |37 (14)
10.3 0+0) — 13 (4) |6 (2) — i —
12.7 1+ o = — |7(3) [17.5¢(7. 10 (4)
(v, m)| 4511 | 1+t 30 (17) | 26 (8) [25 (8) |52 (24) |27.5(11.3) |39 (15)
16.11 | 2+1 48 (27) | 43 (13)|44 (14) | 54 (25) |50.0 (20.6) |68 (26)
Z (v, n) 121 (69) (208 (63)[196 (61)| 146 (68)| 174 (72) 193 (74)
_ 1+ 25 (14) | 26 (8) | 22 (7) | 34 (15.5)] 27.5 (11.2) |24 (9)
e} 0.95 | 2+ 30 (17) | 36 (11)| 46 (14)| 36 (16.5)| 41.2 (17) ~ |45 (17)
Yi D
2(v, p) 55 (31) [122(37)[122 (38)| 70 (32) |68.7 (28.2) | 69 (26)
b 176 330 318 216 242.5 262

*Data on the main decay channels of the giant dipole resonance are given.
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FIG. 17. Partial cross sections of '* C photodisintegration: theory of Ref.
29 (continuous curves) and experiment of Refs. 59 and 74 (references are
indicated in square brackets).

nucleus from the region of high excitation energies is a short-
coming common to all the theoretical calculations.

The partial cross section of the C(y,
n;)?C(2* T = 0) reaction reflects the probability of excita-
tion of quadrupole vibrations of the core in the photodisinte-
gration of the '* C nucleus. The experimental estimates of the
ratio of the cross sections o(y, n, ) and oy, n, ) differ by more
than a factor 2 (see Sec. 3). Allowance for channel coupling
through the continuum strongly raises the probability of the
(¥, ny) channel and predicts'® a large contribution of the
channel to the region of the main maximum of the giant
dipole resonance. Calculations in the BSM lead to a more
realistic picture. For the distribution over the energy of the
(¥, ny ) cross section there is, according to the data of Ref. 74
and the results of the calculations of Ref. 29, a characteristic
spread over an interval E = 12-22 MeV with several maxi-
ma in the cross section (Fig. 17). However, according to the
(v, Ny') data,® the cross section in this channel is concen-
trated at energies 11-16 MeV. Consistency of the results on
the C(y, n, ) cross section requires a more careful investiga-
tion of this photodisintegration channel for a wide range of
excitation energies.

A characteristic feature of the photodisintegration
cross sections of the * C nucleus is the narrow peak at excita-
tion energy 20 MeV. The BSM****57 reproduces this peak
well, interpreting it as an excitation with T'= 1/2, although
in some calculation variants (PFNS with Rosenfeld mixing
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forces®®**) part of the dipole strength at this maximum is

attributed to the T = 3/2 branch. According to the calcula-
tions of Ref. 29, the decay of the dipole excitations concen-
trated at E~20 MeV must take place not only through the
neutron disintegration channels but also, with less probabil-
ity, through the proton channels, and this corresponds to the
results of Refs. 55 and 56.

The decays of the dipole excitations of '* C to the states
of the daughter nuclei with T" , = 1 take place primarily with
population of the levels 1+ I'=1 (E=15.11 MeV) and
2% T'=1(E =16.11 MeV) of the > C nucleus and their iso-
bar analogs (with £ = 0 and E = 0.95 MeV) in the 2B nu-
cleus. Calculations, both in a complete 17w basis®® (Fig. 17)
and in the PFNS approach,®® reproduce the gross structure
of the partial cross sections of these channels at least at the
level of the 20% accuracy of the measurements.*

Photodisintegration of >N

Measurements have been made of the partial photoneu-
tron cross sections for '*N disintegration to not only the
ground state®® but also the excited states’® of '*N. In the
photoproton channel, transitions to the ground state,’2
and excited states’®’* of '* C have also been identified. Tran-
sition to the '* C ground state has also been observed®® in the
'*N electrodisintegration reaction. There have been a num-
ber of studies of the inverse reactions: *C{ p, ,)'*N (Ref.
94), "*N(p, 7o) 5O (Refs. 52 and 95), and “N(n, yo) " N.%
There are experimental data on the deuteron®® and triton’®
disintegration channels for ' N,

The partial integrated cross section through the chan-
nel *N(y, *H) '>C (4.4 MeV) was found  to be 7 MeV - mb
in theinterval of excitation energies up to E * = 35 MeV, and
through the “N(y, d) *C _, channel to be 1.0 + 0.3
MeV - mb up to £ * = 25 MeV.

A series of studies has been made of inverse photonu-
clear reactions induced by light ions: '*C(d, ) '* N (Refs. 96
and 97), *C(*H, 7)"* N (Ref. 98), >C(*He, 7) '*N (Ref. 99),
and "'B(a y)15N. 100

The levels of the '* N and '* C nuclei most strongly pop-
ulated by photodisintegration of '*N through the nucleon
channel are given in Table IX. The pronounced discrepancy
between the results of the two measurements of the cross
section in the (y, p; o, ) channel stands out. It should be noted
that although the method employed in Ref, 75 made it possi-
ble to find the cross section associated with the (¥, Ps.3z2)
channel, this was not done. It is quite possible that this cross
section was added to the (¥, p,o,;) cross section. But even
then the discrepancy between the two measurements is not
eliminated.

The J”T'=2" 1 levels with energies E * = 7.01 MeV
and £ * = 8.32 MeV of the '* C nucleus are interesting in that
the shell configuration [s%p'°*'D,) (|p;;,'p;7,!) in the ji-cou-
pling representation) has been divided almost equally
between them, as indicated, in particular, by the spectro-
scopic factors (see Table IX). The same situation is found in
"N for the levels with the same quantum numbers
(E*=9.17MeV and E * = 10.43 MeV). In N, both levels
lie above the threshold of subsequent decay through the pro-
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ton channel, while in * C one of them is bound, the other
being just above (by 150 keV) the neutron threshold.

According to the calculations of Refs. 33 and 34, the
T branch of the resonance in '* N decays predominantly (in
apprommately 70% of the cases) to levels of the '* N nucleus
with isospin T ; = 0. The remaining 30% is to levels of the
nucleus ' C (proton channel) and '* N with isospin 7", = 1in
a ratio ~4:1. The geometrical factor leads to the ratio 2:1.
But since the proton threshold is below the neutron thresh-
old, and the orbital angular momentum of the majority of
the emitted nucleons is 1 = 2, the ratio deviates from the
geometrical value. According to the calculations of Refs. 33
and 34, about 10% of the integrated cross section of the T'_
branch and not more than 15% of the complete resonance is
associated with transitions to the negative-parity levels of
the * C nucleus due to the shake-off effect. The experimental
data of Ref. 70 also indicate weak population of such states.

The partial cross sections to the levels with 7, = 0 of
the "N nucleus are given in Fig. 18 together with the calcu-
lated cross section of total absorption in the 7' branch. It
follows from the calculation that more than half of the inte-
grated cross section of the 7 branch is concentrated in the
region of excitations of the '* N nucleus from 21 to 25 MeV.
However, in the (y, n,) channel the high-energy part of the
spectrum is very empty and does not correspond to the ob-
served picture. The situation found in '* C is repeated.

The high-energy region of excitation of the nucleus with
isospin T_ has a stronger fractional-parentage coupling to
the excited states of '* N. The experimental data also indicate

o, mb
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FIG. 18. Partial cross sections of > N photodisintegration into levels of
the "N nucleus with 7', = O: theory (vertical lines) of Refs. 33 and 34 and

experiment (points) of Refs. 68 and 70; the continuous curves are from
Ref. 70.
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such an effect. However the accuracy of the measurements,
which is not better than 30%, does not permit more definite
conclusions. The three levels considered take half of the to-
tal-absorption cross section corresponding to the T'_ branch
(theory of Refs. 33 and 34). Therefore, the transitions to
them reflect to a considerable degree the structure of the T,

branch of the resonance in '* N. In this connection, it is im-
portant to make new measurements of the transitions to the
excited states of *N with T, =0 with higher accuracy,
since this will help to establish the high-energy part of the
T . branch of the dipole resonance.

We now consider the population of the levels with
T,=1in "N and of the levels of the '*C nucleus. The
partial cross sections in the (¥, p) channel to three levels of
the ¥ Cnucleus (ground state,J" T=2* 1, E* = 7.01 MeV,
andJ™T=1% 1E * = 10.7MeV)are givenin Fig. 19. Figure
19a gives the cross section of the photoproton reaction con-
verted® from the experimental data on the inverse ( p, ¥o)
reaction.

The maximum in the cross section of the (¥, p, ) reaction
was found to be at excitation energy E * = 24.4 MeV and due
to the decay of the state that forms the main maximum in the
total-absorption cross section.

Figure 19c gives the partial cross section to the level
J"T=2%1,E*=7.01MeV in the "* C nucleus. The experi-
mental data are contradictory. It follows from the calcula-
tion of Refs. 33 and 34 that the maximum in the (¥, p701)
cross section is associated with the decay of the state that
forms the main maximum in the total-absorption cross sec-
tion and the decay of a state J* T'= 1/2*3/2 situated at a
slightly lower energy.

Figure 19d gives the partial cross section” to the level
J"T=1%1,E = 10.7 MeV and the result of the calculation
of Refs. 33 and 34. The theory again attributes the maximum
to the decay of the state that forms the main maximum in the
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FIG. 20. Partial cross sections of '' B photodisintegration: theory of Ref.
40 (continuous curves) and experiment of Refs. 101-103 (references are
indicated in square brackets).

total-absorption cross section. The observed maximum is 4
MeV higher.

The nucleus ''B

Data on the partial cross sections of !' B photodisinte-
gration from the experiments of Ref. 101 and 102 and the
results of a calculation using the PFNS basis*® are given in
Fig. 20. Table XVIII gives the distribution of the total pho-
todisintegration cross section over intervals of excitation en-
ergies as obtained in this calculation for different spins and
isospins of the '' B dipole excitation. Table XIX gives the
levels of the daughter nuclei °B and '°Be that are most

strongly populated by the photodisintegration of ' B. The
“friability” of the ground-state structure of this nucleus is
manifested in the broad spectrum of hole states and a corre-
spondingly large number of partial photodisintegration
channels.

Transitions to the 7= 0 states of the '°B nucleus are
associated with decay of the T = 1/2 branch of the dipole
resonance, this branch in the case of the ' B nucleus being
distributed over the complete interval of dipole excitation
energies (Fig. 9). According to Ref. 40, the decay of the
T' = 1/2 branch of the giant dipole resonance in the region of
energies above 20 MeV takes place predominantly to excited
T = 0 states of '°B. Comparison of the o{y, n, ) data of Ref.
103 with the results of the calculation (Fig. 20) shows that
the theory underestimates the mixing of the dipole excita-
tions coupled to the various hole states, and as a result of this
gives an underestimate of the cross section ofy, ng) of the
reaction in the region E > 19 MeV. The data on population of
the2™ T = Ostate of "B (E = 3.59 MeV) obtained in (, py’)
and (¥, ny') experiments'®"'* are contradictory and need to
be made more accurate. The result of calculation in the
PFNS approach corresponds to the distribution of Ref.
101—the partial cross section is distributed over a wide ener-
gy interval from 15 to 30 MeV, has no sharp peaks and passes
through a minimum at £ = 20-25 MeV.

Decays to the T = 1 levels of the final nuclei take place
mainly from the "= 3/2 branch, although the contribution
of the T'= 1/2 branch is important at E = 15-17 MeV. For
transitions to the 0 * T = 1 state, the calculation reproduces
well the data of the ' B(y, n, 5, ) "’Breaction'® (Fig. 20). The
same curve corresponds to the behavior of the (¥, p, ) partial
cross section. Almost the entire intensity of the decay to this
level is associated with the excitation 5/2+ T'=3/2
(E=19.2 MeV).

According to the experimental data of Ref. 101 and the
calculation of Ref. 40, the transitions to the 2+ T = 1 state
of the 'Be nucleus (E = 3.37 MeV) have a maximum at
E =25-28 MeV. In contrast, the experiment of Ref. 102
indicates a peak in this partial cross section at E = 20 MeV.
The contradictory nature of these data is due to the complex-
ities of obtaining information on the partial cross sections in
the cases when the levels of the daughter nuclei are separated
by small energy intervals and indicates the need for more
accurate experiments.

TABLE XVIII. Distribution of photoabsorption cross section over dipole excitation

states of '' B, MeV - mb (Ref. 40).

J'f=l,l'2 3/2 5/2
Ey - Ea, s
MeV T~z | g 172 3/2 1/2 3/2
E<<14.5 0.1 1.67 3.0 0 4.28 0 9.05
14.5—17.5 2.5 0 1.32 0 3.57 0 7.39
17.5—21.0 0.92 0.25 1.33 3.04 0.10 9.55 15.18
21.0—30.0 0.11 5.35 7.96 25,58 4.10 27.178 70.48
E>30 5.38 0.98 6.83 3.72 23.65 14,84 55.40
z 9.01 8.25 20,43 32.34 35.70 52.17 157.9
359 Sov. J. Part. Nucl. 16 (4), July-Aug. 1985 Goncharova et al. 359



TABLE XIX. Distribution of partial decay cross sections of dipole excitations of the

nucleus 1! B (excitation energy E <30 MeV), MeV - mb (Ref. 40).

Final g r |EMev ]| = Final gn T E MeV | i

nucleus * nucleus Y
3 0 4.77 1
R o+ | ¢+ | 1.4 | 9
1+ 0 215 6 2+ 1 5.17 2

2+ 0 3.59 4

+ lﬂBe 0+ 1 9
2 0 5.92 1 o4 1 20

The nucleus *C

The absorption of photons by the ** C nucleus leads to
dipole excitations with isospin T'= 1 and T = 2 (see Fig. 2).
The ground state of the '* C nucleus is the isobar analog of
the excited 0+ T =1, E =2.31 MeV state of the *N nu-
cleus. The main branches of photoexcitation with 7'= 2 for
these two states are identical. The difference between the
photoexcitation functions is due solely to the branches T'_ :
T=1 for the *C nucleus and T=0 for the excited
(E = 2.31 MeV) level of the '* N nucleus.

The ratio of the excitation cross sections for the isospin
branches is close to the ratio of the corresponding geometri-
cal factors. It is important that the structure of these reso-
nance curves is not similar to the structure of the curve of the
photoexcitation above the ground state of the N nucleus,
and the displacement of the maxima of the curves is not
equal to the excitation energy of a basis state.

The probability of decay of the dipole resonance in the
14 C nucleus through the (y, #) and (y, 2n) channels exceeds
by almost two orders of magnitude the probability of decay
with emission of charged particles. The results of the calcu-
lation of Ref. 31 of the distribution of the photodisintegra-
tion over the channels are given in Table XX. The strongly
collectivized principal maximum of the giant dipole reso-
nance (E =26 MeV) decays predominantly to the level of the
13C nucleus with 3/2~ T = 3/2, E = 15.1 MeV, which then
decays further through the neutron (y, n;) channel
(3 C)* — n + '2C, 4; or, with lesser widths, through the (y,
o) channel and channels with photon emission.

6. PHOTODISINTEGRATION OF THE NUCLEI” Li AND ° Be

The results of the calculation in Ref. 20 of the partial
cross sections of " Li photodisintegration through the nu-
cleon channel in the variant COP BSM(1#w) are given in
Table XXI. Also given there are the results of various mea-

surements. The characteristic feature of the ’ Li photodisin-
tegration through the nucleon channel is the large number of
levels of 8 Li and ® He that are populated with approximately
the same probability.

In" Li, the low-energy branch of the resonance (the pyg-
my resonance) is formed by transitions of a 1p nucleon to the
2s or 1d shell. Subsequent emission of a nucleon with 1 =0
or 2 leads to population of positive-parity levels of ® Li and
$He, the majority of these being unstable with respect to
subsequent emission of a nucleon or a deuteron. The final
decay product of the pygmy resonance is an & particle ac-
companied by nucleons or a nucleon and a deuteron.

The branch of the dipole resonance situated at high ex-
citation energies is formed by transitions of a nucleon from
the 1s to the 1p shell. Subsequent emission of a 1p nucleon
leads to population of highly excited negative-parity states of
the nuclei °Li and ® He. Among these states the group with
energy around 20 MeV, with which about 25% of the total-
absorption cross section is associated, is interesting. The
structure of the wave function of this group of levels is such
that one must expect strong decay of ° Li to * He + *H and of
3He to *H + *H. Thus, the high energy branch of the reso-
nance in ’ Li undergoes a star decay but among the products
there are no a particles.

The predominantly star nature of the ’ Li disintegration
makes it necessary to set up coincidence experiments. So far,
a number of such measurements have been made.'”” Coinci-
dence of only two particles was recorded. However, more
detailed quantitative information is needed on the energy
and angular characteristics. From the theoretical point of
view, an important part could be played by calculations in
the framework of the Faddeev equations with forbidden
states, 1% which make it possible to take into account the
interaction of the particles in the final states in the channels
y+'Li—»*H+*H+pandy+'Li—*He+*H+n.

The supermultiplet structure of the °* Be and ° Be levels

TABLE XX. Distribution of probabilities of photodisintegration of the '*C nucleus®"

over the states of the final nuclei.

Flnal 130
nucleus
Jar 1/2- 172 [3/2- 172 |5/2- 12 [1/2- 172 | 3/2- 8/2 | 0+0 | 2+0
E, MeV 0o | 3.68 | 7.55 |10.75 | 15.14 | 0 | 4.44 |Unstable
levels

Fraction of
integrated cross 1.3 12.6 7.0 4.8 37 4.3 | 17.0 6.6
section, %
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TABLE XXI. Photodisintegration of ’Li through the nucleon channel in the BSM (1%w)

approach in the COP variant™ (references are given in square brackets).

Channel (y, n) Channel (y, p)
Final state Partial cross section | gybge- fti:;zl :);:rttiﬁll 1085 | Subge-
E*, quent \ps Moy i
IaT | ey | MeV-mb decay ] MeV.mb| % | decay
140 0 5.8 5 oy = - s
3*0 2.18 | 7.9 T Ty — — — -
2.0 [86] — | ®td = 10 s _
041 | 3.56 | 6.4 6 P 0 4.3 4 B
5.0 [86] = i = 1446 [105 =,
113 (10g] | — e 15 [106] =
2+0) 4.31 |5.8 5 ¥ — — s ==
2+ | 5.37 |96 8 | *td | 48 | 82 7 | at+2n
1%0 | 5.5 | 0.7 1 v =ik = b
Remaining
positive-parity | 9 8 | atnp 2 2 | at2n
levels (10-17
MeV)
Sumoverall | 45 39 i — 14 12 =
positive-parity
levels
2 19.9 | 18 16 |3He--3H| 17.9 7 6 |3H®
1-1 20.8 5 4 18.8 1 1 o
Remaining 19 17 — — 5 4 s
negative-parity
levels
Sum over all 42 37 — —— 13 11 —
negative-parity
levels
Sum over all 87 76 — — 27 2 —
levels
strongly influences the decay of the photonuclear resonance  CONCLUSIONS

in ® Be. The dominant component of the ground-state wave
function of ® Be is 1s* 1p° [441] (see Table II). The doorway
states forming the skeleton of the dipole resonance are states
with Young diagrams [441]7 = 1/2, [432]T = 1/2 and 3/2,
[4311]T = 1/2 and 3/2. The decay of the dipole resonance to
the ground and excited states up to excitation energy 16
MeV (the Young diagram of the wave function of these states
has the form [44]) of the ® Be nucleus can take place only by
virtue of configurations with the Young diagram [441].
However, the importance of these configurations in forming
the dipole resonance is slight.'’® Therefore, the first three
levels of ® Be are weakly populated.

The decay of the dipole resonance in ? Be is associated
primarily with population of highly excited states (beginning
with 16.6 MeV) of the ® Be nucleus. The subsequent decay
leads to emission of nucleons, deuterons, or a particles.
These channels were considered in detail in Refs. 110-112
(see also Ref. 6).
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We have considered in detail the energy dependence of
the total photoabsorption cross sections and the partial pho-
tonucleon cross sections from the point of view of both the-
ory and the experimental material. The modern models us-
ing a large basis to construct the wave functions of the states
of the giant dipole resonance basically give a good qualita-
tive description of the existing experimental data on the total
absorption. All models give practically the same gross struc-
ture of the total-absorption spectrum. The experimental
data do not permit a choice to be made between the computa-
tional variants. However, in all cases the theory overesti-
mates the concentration of the dipole-resonance strengths.
This fact calls for further efforts aimed at the inclusion of a
new source of spreading. Such could be 2%w excitations. To
implement such a program in the 1p-shell nuclei systemati-
cally, it would appear to us to be more expedient to start
from the PFNS variant of the theory and include the higher
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excitations by using, for example, the strength-function
technique proposed in Ref. 113.

As follows from the analysis made here, study of the
partial cross sections has made possible a further important
step in the study and understanding of the nature of the di-
pole resonance. In numerous cases the theory reproduces the
main features obtained experimentally. Naturally, at the
deeper level there have arisen a number of problems that are
not yet understood and explained. In the first place, this is
due to the manner in which the ground state is populated, the
pygmy resonance decays, and some other factors. Of course,
the present state of the theory does not yet make it possible to
encompass at the microscopic level many important aspects
in the description of the decay properties of the resonance, in
particular, the part played by pre-equilibrium and equilibri-
um processes. At this level too it also appears important to
investigate fully the part played by the 27w excitations.

It should be noted that in many cases the results of mea-
surements made in different laboratories strongly contradict
one another. It is important to make more systematic invest-
igations of the partial cross sections.

Recently, data on the angular distributions of nucleons
in partial transitions have become available. This question
has not been treated in the present review. In the shell model
in the BSM variant this characteristic has hardly been ana-
lyzed. Of course, the possibilities of the BSM are here limit-
ed—the interference effects that complicate the picture can-
not be taken into account. Nevertheless, it would seem to be
important to consider such a characteristic even with these
limitations.

Of course, the theory based on the CSM takes into ac-
count these effects. But in it the problem of the spreading of
the resonance becomes acute. One of the steps by which such
spreading can be taken into account is associated with the
use of an optical potential. However, as analysis of the par-
tial spectra shows, it is necessary to include a number of
strong states directly.

Concluding the review, we note that an important step
in describing the decay properties of the dipole resonance
has been made. But at the same time this step has raised a
number of new problems. Subsequent investigations must
find the answers to them.
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