Partial photodisintegration cross sections of sd-shell nuclei extracted from
proton and deexcitation gamma-ray spectrometry

B. S. Ishkhanov and |. M. Kapitonov

Institute of Nuclear Physics, Moscow State University

R. A. éramzhyan

Institute of Nuclear Research, Russian Academy of Sciences, Moscow

Fiz. Elem. Chastits At. Yadra 26, 873-931 (July—August 1995)

A systematization of the partial transitions from the nucleon decay of the giant photonuclear
resonance is presented. Data from experiments on both particle spectrometry and spectroscopy of
secondary photons from the (y,xy") reaction are used. More than 300 transitions in 15
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The role of nucleons that occupy different shells of the target nucleus is discussed. © 1995

American Institute of Physics.

1. INTRODUCTION

In a previous review,' for three particular nuclei, we
demonstrated the great effectiveness of the method of study-
ing photodisintegration of nuclei that is based on measure-
ment of the spectrum of vy rays from deexcitation of the
daughter nucleus (A —x)* formed as a result of emission of
one nucleon or a group of nucleons x:

yt+tA—-x+(A—x)*

,yl
| (A—x).

Despite certain complications in the analysis and inter-
pretation of these 7y spectra, it was found that the method
makes it possible to obtain quantitative information about the
partial photonucleon cross sections. The method is particu-
larly informative if it is combined with direct spectrometry
of the emitted particle.

There is now an accumulation of extensive factual ma-
terial which spans a large number of nuclei of the 1d2s shell
(8<Z<20). These are the nuclei '"'%0, 'F, ®Na,
22526\1y 2171 282930g 31p 325 39K and “Ca. The total
number of measured partial transitions for these nuclei is
more than 300. All the information about the measured par-
tial channels is available at the Center for Data of Photo-
nuclear Experiments of the Nuclear Physics Institute of Mos-
cow State University. It seems important to systematize this
extensive and unique experimental material, thus elucidating
the general characteristics of the decay of the giant dipole
resonance in this region of nuclei. The analysis of this mate-
rial is the subject of the present review, which is the first
such systematization in the scientific literature.

We shall not describe the method of measurement of the
secondary vy rays from deexcitation of the daughter nucleus
produced as a result of the photonuclear reaction. The
method is described in detail in Ref. 1, to which we refer the
reader interested in this question.

2. REPRESENTATION OF THE EXPERIMENTAL DATA
AND PRINCIPLES OF THEIR ANALYSIS

The main factual material on the partial photonucleon
cross sections is presented in the form of tables. For each
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nucleus, the photoproton and photoneutron channels are
given separately. An exception is the case of the nuclei
75’26Mg, for which only the photoproton channel is given.
The left sides of the tables give details about the occupied
levels of the daughter nucleus A —1: the energy E;, the spin
and parity J", and the isospin 7. Besides these quantum
numbers, the tables give information about the spectroscopic
factors C2S; extracted from pickup reactions of the type
(d,*He), (p,d) on the initial nucleus A and the quantum
numbers (n,l,j) that characterize the hole structure of the
state i produced in the nucleus A—1.

The spectroscopic factors of the levels are given with the
factor C? (C is the Clebsch—Gordan isospin coefficient).
With this representation of the spectroscopic factor, it is easy
to estimate the hole component of a level on the basis of the
sum rule for this quantity. Thus, for ZEC,-ZS(P), where the
superscript indicates that we are dealing with proton pickup,
we have the relation

> €28 (nlj)=nP(nl}), (1)
where n‘? N(nl j) is the number of protons in the subshell with
quantum numbers (nlj), and C?=2T;/(2T;+ 1). The sum-
mation is over all states i of the final nucleus A—1. The
quantity

C2s{P(nlj)

n(”)(nlj) @

is the probability that the considered state of the nucleus
A—1 is a proton hole in the corresponding subshell relative
to the ground state of the nucleus A.

In the experiments, one can see only hole states corre-
sponding to the outer shells, 1ds/,, 1d;5, 2s,,, and the inner
1p shell: 1p,,, and 1p;,,. In the majority of cases, the spec-
troscopic factors are strongly fragmented over a rather broad
energy region even for states corresponding to a hole in an
outer shell. The lp,, hole is particularly strongly frag-
mented. In a number of cases, there are practically no traces
of it.

In the majority of the experiments, shells higher than
1d2s are not observed, and therefore the following analysis
of the cross sections is based on the assumption that the
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TABLE I. Integrated cross sections of '"O(y,p,)"°N reactions cxtracted from the (v.p ") experiment of Ref. 3 and characteristics of occupiced "N levels (Refs.
6 and 7). E,=28 MeV.

Characteristics of '°N levels (7=1)

i E;, MeV J7 nlj Cs; ™ (y,p;), MeV-mb
0 0 2 1pi, 0.94 17-19
2 0.298 3 1P 1.33
1 0.120 0 — 20-2.5
3 0.397 1 _ ]
o™(y, p) 21+2 (Ref. 3)

TABLE I1. Integrated cross sections of '"O(y, r,)"°O reactions extracted from the (y, ny’) experiment of Ref. 3 and characteristics of occupied '°O levels
(Refs. 6 and 7). E"=28 MeV.

Characteristics of '°O levels (7=0)

aj"‘(y,rzi),

i E;, MeV J7 nlj c?s,; MeV-mb
0 0 0t lds, 0.74 17-20 (Ref. 8)
1 6.05 o* — <0.2
2 6.13 3” 1p 1 0.46 3
3 6.92 2+ — <0.2
4 7.12 1~ — <0.2
5 8.89 2" 1P 0.33 —

o ™(y, n) 8085 (Ref. 9)

TABLE IIL. Integrated cross sections of the '®0(, p,)''N reaction from the (y, py’) experiment of Ref. 4 and characteristics of the occupied 7O levels.

Characteristics of "N levels (T=3/2) a"(y,p;), MeV-mb

i E;, MeV JT nlj C?s; E7=23.5 MeV E7=28 MeV
0 0 172~ 1P, 2.02 <10 <21
1 1.37 3/2” 1pan 0.38 031 2.01
2 1.85 1/2* 251 0.41 0.28 0.88
3 1.91 5/2” — 0.16 0.86
4 2.53 512* lds, 0.53 — —
6 3.20 3/2° 1py, 0.05 — -
10 401 3/2” 1pa 0.04 — —
11 421 5/2* — 0.31 0.88

o ™(y, p) 25-26 (Ref. 5, E7=28 MeV)

TABLE IV. Integrated cross sections of the "*O(y, ;)"0 reaction from the (y, ny’) experiment of Ref. 4 and characteristics of the occupied 7O levels.®

Characteristics of 'O levels (T=1/2) a™(y, n;), MeV-mb
i E;, MeV JT nlj C?Ss, E7=23.5 McV E%=28.0 McV
0 0 5/2* lds;, 1.53 21 (Refs. 10 and 11) 24-26 (Refs. 10 and 11)
1 0.87 172" 251 0.21 601 6.71
2 3.06 12 1P 1.08 5.18 8.69
3 3.84 5/2 — 0.77 1.17
o™y, n,) =84 (Rel. 5, 1%/ =28 McV)
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nucleons occupy only the listed shells and, of course, 1s.
Thus, the configuration structure of the ground state of the
initial nucleus is represented in the form

4 12 M2y 45020 41312
1s®1p “2s, ) 1d )t 1do 0

In accordance with this, the dipole resonance is formed from
transitions of nucleons from an outer shell (group A) to an
neighboring completely free shell,

(1d2s)—(1f2p),
and from a deep closed shell (group B) to a partly filled shell,
1p—(1d2s).

However, it should be borne in mind that calculations indi-
cate that shells higher than 1d and 2s are also represented in
the ground state of the initial nucleus A. Quantitative experi-
mental data confirming occupation of higher orbits are avail-
able for “*Ca (presence of magnetic dipole transitions) and
180 (nonzero values of the proton spectroscopic factors to
the levels i=2 and 4 of the '’N nucleus). The corresponding
spectroscopic factors will be given in the following section
(Table III), in which we discuss the photodisintegration of
the oxygen isotopes. Since in other nuclei direct quantitative
information about high orbits is absent, they will not be
taken into account in the present analysis.

The right-hand sides of the tables give the partial photo-
nucleon cross sections, which are integrated over the region
of the dipole resonance and are extracted from joint analysis
of data on spectrometry of the nucleons and on the (y,xy")
reaction,

a™(y,N;)= fEUJ'( v,N;)dE, 3)
0

where E’) is the upper limit of the y-ray spectrum, i is the
serial number of the occupied level in the nucleus A—1, and
N characterizes the species of emitted nucleon (neutron or
proton). If this quantity is obtained from both deexcitation
experiments and nucleon spectrometry, both sets of data are
given. At the bottom of the tables, we give the integrated
photonucleon cross sections obtained in experiments without
separation of the partial channels.

The levels of the final nucleus A—1 are occupied both
by the semidirect mechanism and by the pre-equilibrium and
equilibrium mechanisms. In the semidirect mechanism, the
nucleon is emitted as a result of formation of a particle—hole
state. Pre-equilibrium decay occurs after a particle—hole state
has become more complicated. The cross section for occupa-
tion of each level in the final nucleus due to the semidirect
mechanism can be estimated for self-conjugate nuclei on the
basis of the relation

rl(v))
Ty (lir( 77N1(B)) = Gexp( ‘V7Nbase) r (Nl ] (B)) ’ (4)

where 0, ( 7,V a5) is the cross section of the partial photo-
nucleon channel that is assumed to be due exclusively to the
semidirect mechanism. We shall call it the base cross section.
There must be one base cross section for each hole 3. We
shall regard the cross scctions of transitions to the lowest
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states of the final nucleus A —1 with maximum weight of the
corresponding hole component as base cross sections. Such
an assumption is confirmed by theoretical analysis of the
photoproton channel to the ground state of the final nucleus
in the case of 2Si, 32S, and “’Ca photodisintegration. In the
tables, these base cross sections will be identified by an as-
terisk.

In Eq. (4), r'w A(B)) is the resonance partial width asso-
ciated with the semidirect emission of a nucleon that results
in occupation of state i of the nucleus A—1 with respect to
the hole component 3, and I''(V,..(B)) is the resonance par-
tial width associated with decay through the hole channel 8
to the base level Ny, in the nucleus A — 1. Thus, for the base
levels o 4;i(7,N;) = Oep(¥:N;), while for the remaining
levels g dir( Y’Ni) = o-exp(‘y’Ni)-

The total width I" of the resonance is equal to the sum of
the partial widths of the semidirect transitions, EiFT(Ni),

and the width ' associated with the spread of the states over
more complicated states:

r=> riw)+rh (%)

The ratio of the widths of the semidirect processes,
which occurs in the expression (4), was calculated using the
relations obtained from R-matrix theory and the shell model
in the version with bound states (bound shell model). The
corresponding relations were discussed in detail in the re-
view of Ref. 1. Here we give only the final expressions used
to make the calculations:

FT(Ni(B)) _ S(e(B)) g Pe)
FT(Nbase(:B)) S(&pase(B)) Epase P 1( Ebase) '

Here S(&;(B)) is the spectroscopic factor obtained from the
reaction of nucleon pickup from the ground state of the ini-
tial nucleus A with production of the nucleus A—1 in state i,
g; is the energy of the nucleon emitted on decay of the state
formed as a result of photoabsorption, P,(¢) is the penetra-
bility of the barrier that the nucleon must overcome in order
to be in the continuous spectrum, and / is the angular mo-
mentum carried away by the nucleon. The values of the spec-
troscopic factors and the quantum numbers of the hole com-
ponents of the levels are given in the same tables in which
the cross sections of the partial transitions are given.

Experimental data on partial neutron channels are much
sparser than for the proton channels. To get a picture of them,
we used a procedure for conversion to them from the proton
cross sections. In even—even self-conjugate nuclei, the con-
version was done in accordance with

U(y’ni) _ \/s_npl(n)(sn)
o(y.p;) \/’s—ppl(p)(sp)’

where the index n is for a neutron, and p for a proton, and
P,y and P, are the barrier penetrabilities for the neutron
and proton, respectively. In a number of cases, this relation is
used to estimate the photoproton cross section from the pho-
toneutron cross sections.

In non-self-conjugate nuclei, the giant resonance has two
isospin branches: T.=T.+1 and T =7T_. The excitation

(6)

()
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and decay schemes of both branches with proton and neutron
emission are shown in Fig. 1. The figure also shows the
relationships between these branches, which are determined
by the Clebsch—Gordan coefficients.

The partial cross section associated with the semidirect
component for a non-self-adjoint nucleus is determined by
the expression

Ty dir( ‘)’,N,')
T exp( V>N pase)
for branch
o IL(N)+ao.TL(N) of decay to
={ 0 TL(Nppo) +a0-TL(Nppee)’ levels with
T,=T,+1/2,
TL(N)/TL(Nyae)s for T,=T,—1/2.
(8)
Here
a=T'_/T.. )

This ratio is a parameter that was varied to obtain the best
description of the experimental data.

It is assumed that the width I'T(N ;) is due to emission of
nucleons with angular momentum /=1 and 3 (dipole transi-
tion from the d shell leads to transition of a nucleon to the
2p or f shell with subsequent nucleon emission). The ratio
of the widths with fixed angular momentum was also a pa-
rameter used to fit the results:

FL(N)=b.TL(1=3)+(1-b)TL(I=1),
TL(N)=b-TL(I1=3)+(1—b=)TL(I=1).

(10a)
(10b)

The ratio of the cross sections o and o was determined
from the relation?

J(o-IE)dE 1 ( 1- 1.5TZA“2’3)

T,\ 1+1.54°23

[(o-/E)dE T, (1)

To make the calculations for a non-self-conjugate
nucleus, the resonance was represented in the form of two
states with T, and T _ that take up the complete cross sec-
tion. These states were ascribed energies corresponding to
the centroids of the corresponding isospin components: E o
and E .. . The semidirect components of the partial cross sec-
tions, integrated over the resonance, were calculated in ac-
cordance with the expression (8) with replacement on the
left-hand side of o gi(V,N;) and 0 (V.Npse) by
05 ¥>N;) and 0 (¥.Nyase), respectively.

For transitions to states associated with a 1p hole, the
semidirect components of the cross sections were estimated
on the basis of the principles described above only for the
subshell 1p,,,, which has energy corresponding to the region
of the 1d2s levels and, as a rule, is concentrated in 1-3
states of the final nucleus. For 780, the subshell 1p,, is
essentially an outer shell. If the spectroscopic strength of the
1p,;, hole is concentrated in one state (24Mg, ZSSi), the oc-
cupation of this state (which could be regarded as a “pure”
hole) was assumed to be entirely due to semidirect decay. [t
was found that the 1p,,, shell increased the fraction of the
semidirect mechanism by not more than 25%. In all cases,
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only an upper bound for the semidirect cross section was
given for the deep 1p;, hole. For nuclei more massive than
283, the 1p shell could not be seen at all in the partial cross
sections. Details of the estimate of the contribution of the 1p
shell to the semidirect part of the photonucleon cross sec-
tions for each nucleus can be found in the section devoted to
the given nucleus.

3. RESULTS OF MEASUREMENTS AND ANALYSIS OF
PARTIAL CROSS SECTIONS

3.1. The oxygen isotopes 70 and %0

For the 0O nucleus, there is one (vxy") experiment.3 Its
results for the nucleon channels (x=p,n) are given together
with the spectroscopic information in Tables I and II.

The photoproton cross section is mainly formed by tran-
sitions to the ground and the second excited state of the final
nucleus '°N; these are D12 hole states. Their fraction is 80—
95% of the total intensity of the proton channel. These tran-
sitions can be regarded as semidirect. The hole in the ps,
shell did not appear in the photoproton channel, since the
corresponding levels in the '®N nucleus are high.

In the photoneutron channel, the partial cross section
associated with occupation of the '%0 ground state is found
to be large. This corresponded to 20-25% of the intensity of
the photoneutron channel. This channel is formed by the de-
cay of a pygmy resonance—the low-energy branch of the
dipole resonance due to transition of the only neutron in the
valence d,, shell to a higher shell as a result of absorption of
a 7y ray with subsequent emission to the continuous spec-
trum. It is natural to associate this partial cross section with
the semidirect decay branch.

The remaining 150 levels are weakly occupied, although
there are among them two with fairly large spectroscopic
factors. However, all these levels have isospin T;=0. The
main branch of the dipole resonance of the 70 nucleus, for
which the isospin takes the value 7'=T-=3/2, cannot decay
to these states of the '°0 nucleus. Decay of the T'-, branch of
the resonance through the neutron channel must lead to oc-
cupation of levels of the '°0 nucleus with isospin T=1,
which are isobar analogs of low-lying levels of the '°N
nucleus. They lie high in the continuous spectrum (E*=12
MeV) and cannot be identified by means of y spectroscopy.
The absence of information on the occupation of high-lying
hole states of '®0 makes it possible to estimate only the
lower limit of the contribution of the semidirect processes to
the photoneutron channel. The limit is determined by
a™(y,n,) and is about 20%.

For the '80 nucleus too, a single (y,xy’) experiment has
been made.* Its results for the nucleon channels (x= p,n) are
given together with the spectrometric information in Tables
III and IV. The estimate of oj'“(y,po) was obtained by sub-
tracting from the integrated cross section of the photoproton
reaction® (given in the final row of Table III) the total inte-
grated cross section of the (7,p;-) reactions.*

As we already noted in Sec. 1, in the ground state of '*O
there is not only the ground configuration 1s*1p'2(1d2s)?
but also the configuration 1s*1p'°(1d2s)?*. Occupation of
these levels in the photoproton reaction can occur both by
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the semidirect mechanism through the second configuration
and by inelastic rescattering of a particle by a hole formed by
photoabsorption by the ground configuration. A theoretical
investigation of the role of both mechanisms is interesting.

In contrast to "0, part of the strength of the proton psy
hole in '80 corresponds to a low-lying level of '"N. How-
ever, the cross section of the partial photoproton channel for
this level was found to be small.

Assuming that only level i=0 of the '’N nucleus is oc-
cupied as a result of the semidirect process of decay of the
giant dipole resonance (GDR), we find that its probability in
the proton channel is <0.8.

According to Ref. 5, the integrated photoneutron cross
sections are

23
f o(y,n+vy,np)dE,~59 MeV-mb
0

and
28
f o(y,n+y,np)dE ,~84 MeV-mb.
0

Bearing in mind that on account of the high threshold
(around 22 MeV) the cross section of the (y,np) reaction is
small, the measured cross section must be attributed to the
(7,n) reaction.

As in the case of the 'O nucleus, the decay of the T-.
branch of the resonance in '*Q through the neutron channel
must lead to occupation of levels of the daughter nucleus in
the continuous spectrum. Therefore, it cannot be identified in
the (y,xy') experiment. As follows from the data of Ref. 5,
the partial photoneutron transitions observed in the experi-
ment of Ref. 4 exhaust only about 60% of the integrated
cross section of the (vy,n) reaction.

The ground state and the first excited level of 'O are
neutron hole states of valence nucleons (in the subshells
lds;, and 25, respectively) with respect to the ground state
of '®0. The occupation of these levels is due to the decay of
a pygmy resonance, i.e., a resonance formed by excitation of
two outer neutrons. The second excited state is a 1p,, hole
and is occupied in the photoneutron reaction by decay of the
main branch of the dipole resonance in this nucleus, i.c., as a
result of excitation of nucleons of an inner shell. The total
cross sections of the (y.ng), (y,n}), and (y,n,) reactions, di-
vided by o""(y,n), give lower bounds for the probabilities of
semidirect processes in the photoneutron channel. With al-
lowance for what we have said, the probability of semidirect
processes in the neutron decay channel of the giant dipole
resonance of the %0 nucleus is not less than 0.55 (E';’=23.5
MeV) and 0.47 (E’) =28 MeV).

The data of Table IV make it possible to estimate the
probabilities of the dipole transitions |p— 1d2s (group B)
and 1d2s—1f2p (group A) in the formation of the GDR of
the '®0 nucleus. Ascribing to group A the partial transitions
that lead to occupation of positive-parity levels of the final
"0 nucleus, we find that their probability in the photo-
neutron channel is not less than 0.46 (E£%)=23.5 MeV) and
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0.37 (E”7'=28.0 MeV). In the photoproton channel, the cor-
responding probability is in the interval 0.1-0.9 as a result of
the large uncertainty in the data.

3.2. The °F nucleus

For the 'F nucleus, two (y,xy') experiments were
made.'?!? Tables V and VI give the results of the later and
more complete experiment of Ref. 13. In addition, these
tables give data from Refs. 14 and 15, in which the energy
dependences of the cross sections of the (y,p;) and (y,n;)
reactions were determined by photonucleon spectrometry. In
the case of the photoneutron channel,' these data are re-
stricted to the (y,ny) and (vy,n,) reactions, which were inves-
tigated only up to E,=19 MeV. For the photoproton
channel,'* data on o(y,p;) were obtained up to E y=25-26
MeV and were extrapolated by us up to £, =30 MeV.

Comparison of the data of Refs. 13 and 14 (Table V)
shows that in the (y,py’) experiment it was not possible to
identify transitions to levels with E;>5 MeV of the '%0
nucleus, the intensity of which, according to Ref. 14, is very
high. Among these levels, there are both p,, and ps, hole
states. A fairly large fraction of the decay of the dipole state
formed by excitation of a 1 p nucleon must be to such levels.

In the final '®F nucleus, the levels with isospin T;=1 are
low, and some of them are in a bound state. This opens up
the possibility of detecting y rays from decay of the T-
branch of the resonance through the neutron channel. In the
experiments, it was possible to identify transitions to such
levels. They were i=2, 8, and 19.

The results of the estimates of the probability of semidi-
rect decay in the different partial channels are given in the
right-hand columns of Tables V and VL. In the estimates, we
took into account the isospin and configuration splitting of
the GDR of the °F nucleus in accordance with the data of
Refs. 2 and 16—18. For E1 transitions from the outer (1d2s)
shell, we took the values E(T.)=18 MeV and E(T-)=22.7
MeV. For o and o, we used the values 0.36 and 0.64 of
Ref. 2. The ratio a=I"_/I'. was found to be 0.8. For the
coefficients b and b, which determine the degree of mix-
ing with respect to the orbital angular momentum [ of the
emitted photonucleons in the semidirect decay of the T and
T. branches of the GDR, we obtained the values
b.=0.70-0.75 and b.=0.95-1.0. This corresponds to the
case when the semidirect decay of the T branch of the GDR
resonance occurs with probability 0.25-0.30 due to emission
of photonucleons with /=1 and with probability 0.70-0.75
due to emission of photonucleons with [=3. It was found
that the semidirect decay of the T- branch occurs almost
exclusively through emission of photonucleons with /=3. It
follows from the fact that the levels of the '®F nucleus with
zero isospin are occupied exclusively by decay of the T.
branch of the GDR resonance that the production of the '8F
nucleus in states with 7=0 must be accompanied by appre-
ciable emission of neutrons with [=1.

For E'1 transitions from the 1p shell in the photoproton
channel, only an upper bound was estimated. With allowance
for it, the integrated cross section of the semidirect processes
in the photoproton channel was found to be
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their semidirect components o'y,

13.14

TABLE V. Intcgrated cross scctions of the '"F(y, p;)'*O reaction, .- and characteristics of the occupied '30 levels (Refs.

20 and 21). E=30 McV.

Characteristics of '30 levels (T=1) a(y, p;), MeV-mb o™ (y.p)
, MeV-mb
(v pY") (v, pi)
i E;, MeV JT nlj s, Ref. 13 Ref. 14
0 0 o' 251 0.38 — 1* 11
1 1.98 2" lds, 0.53 20 12% 12
2 3.55 4* lgon 0.04 <13
3 3.64 0t 251 0.05+0.02 5.0+25 5 1.3-1.4
4 3.92 2+ ldsp, 0.0220.01 2.5+1.25 ] 0.3-0.4
5 4.46 1- 1pis 1.31 7.5%2.5 18-20 <11
7 5.26 2+ 1ds, 0.32+0.1 11 2.5-4.0
8 5.34 ot 25, 0.15+0.06 - ] 29-32
- 6.20 b 11 0.70 <14 <14
12 635 @) } P ' - ]
14 6.88 0- 1py, 1.03 — <5* <5
16 7.62 1~ ,
7 777 . J 1 0.42 — <40 <40
“ 11.14 0.65
48-49 11.75 0,1,2)” 1ps, 0.72 — <70 <70
51 12.25 0.89 ]
~"(vp) 120130 (Refs. 14 and 19)

o"(y.p+v.np) 160-170 (Ref. 14)
zigisn:ﬁr( ¥,p:)=30-100 MeV-mb, corresponding to a For the photoproton channel, we used two different (a
probability of semidirect decay in the (y,p) channel equal to  and b) base cross sections in the calculation of oy (¥,n;)
0.23-0.83. corresponding to occupation of levels containing some of the

int
s dir ?

13,15

TABLE VL. Integrated cross sections of the °F(y, n;)'®F reaction, and characteristics of the occupied '®F levels (Ref.

20). E=30 MeV.

their semidirect components o

Characteristics of '°F levels a™(y, n;), MeV-mb o™ (v, p),
MeV-mb
(v ny") (v, m)
i E;, MeV J T nlj Ccis Ref. 13 Ref. 15 a b
0 0 10 281 0.65 >9 15% 55
1 0.94 30 lds;, 1.47 12.5%+2.5 >11 12.5
2 1.04 0*1 251 0.27 11.3%*+2.5 1.8 11
3 1.08 00 1py, 0.38 2.5%+1.2 2.5
5 1.70 10 251 0.07 <0.6 13 6.5
6 2.10 270 1p (0.03) <1.3 —
7 2.52 2%0 1d = <0.5 —
8 3.06 2*1 1ds;, 0.74 38+1.9 03-1.4
9 3.13 170 () 1.04 38+13 52
1 372 251 0.015 ‘0.15 1.3
0.4-1.2
1ds), 0.22 0.8-2.6
13 3.84 1dsp) 0.5
251 0.04 - 25
. . .
16 436 170 { 1ds), 0.13 0.13-0.6
0.03
2811 - 0.09 0.89
19 475 01 { L 0.08 0.88+0.25
X 0.02-0.09
20 4.86 170 Ip 0.11) <0.2
25 5.601 1 (0+1) Ip (0.82) <1.6
26 5.67 1 (0+1) 1p (0.44) <0.9
" (y.n) 70-95 (Refs. 17 and 19)
d™(Cy.n+y.pnty,2n) 120-130 (Refs. 17 and 19)
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spectroscopic strength of the 2s,,, hole. In case (b), the cross
section for occupation of the level with i=2 was taken as
the base. In this case we obtain for o™ (7.n0), and there-
fore for o™(y,ny), a rather large value: 55 MeV-mb.
At the same time, it was found that ;0™ (y,n,)
=100-107 MeV-mb. With allowance for the fact that
[o(y,n+y,pn+ ¥,2n)dE ,=120-130 MeV-mb (see Ref.
19 and Table 24 in Ref. 17) and that the total contribution of
the (y,pn) and (y,2n) reactions to this quantity is 35-50
MeV-mb (Ref. 19), we find that the probability of semidirect
processes in the (,n) channel of the °F nucleus is close to
unity. In the total photoneutron reaction [i.e., with allowance
for the contribution of the (y,pn) and (y,2n) channels], this
probability is 0.77-0.89.

Case (a) envisages the possibility that ¢™™(y,n,) is much
smaller than 55 MeV.-mb. Rather arbitrarily, the value
™ (y,n0)=15 MeV-mb was chosen, and this cross section
was taken as the base. In this version, the values of
Uis“fﬁ,( v,n;) for levels containing an admixture of the 2s,,,
hole are much smaller than in case (b). At the same time, we
obtain =;6™, (y,n;) = 41-48 MeV-mb, and the probabil-
ity of the semidirect processes in the (y,n) channel is found
to be only 0.46—0.64. This is natural, since some of the se-
midirect decay of the T, branch through the neutron channel
takes place to levels of the daughter nucleus in the continu-
ous spectrum. As we shall see in what follows, case (b) fits
much better into the systematization of the data on the semi-
direct decay of nuclei of the 1d2s shell than case (a). Com-
bining the estimates of both possibilities, we find that the
probability of the semidirect mechanism in the (v,n) channel
is 20.46. Note that for neutron decays to high-lying levels of
the '®F nucleus, which have a 1 p-hole nature (i =20, 25, 26),
only an upper limit for the semidirect decay was estimated.

The fraction of the transitions of group A was 0.3-0.9 in
a"(y,p) and 0.48-0.93 in o™ (y,n). In the total integrated
photonucleon cross section, the fraction of transitions of
group A was 0.32-0.89.

3.3. The *Na nucleus

For this nucleus, two (y,x7y') experiments were
made,???? and there was one experiment to measure the en-
ergy dependences of the cross sections of the (y,p;)
reactions.?* Data of the experiments of Refs. 23 and 24 are
given in Tables VII and VIIL.

Details of the calculation of the semidirect components
of the GDR of the *>Na nucleus are given in Ref. 25. We give
the results of these calculations. For E1 transitions from the
outer (1d2s) shell, we took the values E(T.)=17 MeV and
E(T-)=21 MeV, and for transitions from the inner 1p shell
we took E(T.)=21 MeV and E(T-)=25 MeV. For o. and
o~ , we used the values 0.35 and 0.65. The following values
of the parameters ¢ and b ensure the best description of the
experimental data: a=0.7-0.8, b .=0.98, b =1.0. Thus, the
calculation indicates dominant emission of nucleons with
[=3 in the El transitions 1d—(1f2p).

For levels containing a hole admixture in the 1ds, sub-
shell, cither o(y,p ) or o(y,ng) was taken as the base cross
section. The corresponding final states are isobar analogs.
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For the neutron channels, o{y,n()) was used as the base cross
section. The uncertainty in ¢,";, (y,p;) for i=1, 2, and 3 is
due to the two choices mentioned above for the base cross
section, and the lower bound for o'y, (y,p;=|2.3) corre-
sponds to the choice of a(7y,n¢) as base cross section, and the
upper bound to o(y,p)).

The sum of the integrated partial cross sections of the
(7,p;) reactions obtained in the (y,py') experiment with the
addition of o™(y,p0)=4.0 MeV-mb is 61 MeV-mb. This
means that in approximately 60% of the cases the (y,p) re-
action leads to occupation of levels of the ?’Ne nucleus with
i>10, about which information was not obtained in the
(y,pv') experiment.

The sum of the partial photoneutron cross sections is
about 80 MeV -mb, indicating that the main channels through
which the excited levels of the Na nucleus are occupied
have been revealed. The remaining (unrevealed) part of the
neutron cross section is about 1/4 of this value and is asso-
ciated with the neutron decay channel of the T- branch,
which takes place to states in the continuous spectrum.

It follows from Tables VII and VI that
300(y,p)) = 26-46 MeV-mb, while 3;0™™,(v.n;)
= 63-75 MeV-mb. From this we conclude that the prob-
ability of the semidirect processes in the (7y,p) channel of the
2Na nucleus is 0.17-0.31, while in the (y,n) channel it is
0.60-0.71. At the same time, the fraction of the semidirect
processes in a™(y,p + v,n) is 0.34—-0.47. A small fraction of
semidirect protons is obtained because the occupation of the
high-lying levels of the >Ne nucleus with i>10, including
ones with an admixture of a hole in the 1p+/, subshell, takes
place through nonsemidirect processes. The semidirect pro-
tons from this subshell can somewhat increase the probabil-
ity of the semidirect mechanism in the proton channel and in
the total photonucleon cross section.

The semidirect decay of states of the GDR that are
formed by E1 transitions of group A, (1d2s)—(1f2p),
leads to occupation of levels of the final nuclei of positive
parity. As follows from Tables VII and VIII, the fraction of
such decays (i.e., the probability of excitation of E1 transi-
tions of group A in the ®Na nucleus) is 0.47-0.94 in the
(y.p) cross section and about 0.90 in the (,n) cross section.

3.4. The magnesium isotopes Mg and Mg

We discussed the partial cross sections in the **Mg
nucleus in the previous review of Ref. 1, and therefore we
shall not consider this question here. Data on the partial cross
sections of the (7y,p;) reaction were obtained for the magne-
sium isotopes A=25 and 26 in an (y,py’) experiment.?’ In
addition, data on the (y,p;) cross sections were extracted
from the spectra of the protons in an (e,e’p) experiment?®
for Mg and in a (y,p) experiment? for 2Mg. Tables IX and
X give the integrated partial photoproton cross sections taken
from the listed studies of Refs. 27-29. The upper limits for
the y-ray energy in Ref. 27 were 28.7 MeV for Mg and 30
MeV for 2(’Mg. In Refs. 28 and 29, these limits were 28 and
27 MeV, respectively.

In 25Mg and 2(’Mg, the photoneutron channel is domi-
nant. Its fraction corresponds to 60-70% of the integrated
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photoabsorption cross section. However, at the present time
there are no reliable data on the partial photoneutron cross
sections of these nuclei, and this prevents us from using our
procedure to extract the semidirect components of the cross
section. Therefore, the following discussion will relate only
to the photoproton channel.

Even the data of the (y,py’) experiment for 25Mg and
Mg are rather sparse, especially for 2Mg. Many partial
channels could not be identified (there is a dash in the cor-
responding column) because of methodological difficulties
(small cross section, complicated chain of y cascade transi-
tions, strong background 7 lines). In particular, there are no
data on the occupation of individual levels with E;>3 MeV.
Without the data of the experiments of photon
spectrometry,z&29 the extraction of the semidirect compo-
nents of the photoproton cross sections would be impossible.

Details of the procedure for extracting the semidirect
components o(y,p;) of the Mg nuclei are described in
Ref. 30. The configuration splitting for the E1 transitions
from the 1d2s and 1p shells was taken into account. Isospin
splitting was taken into account only for (1d2s)—(1f2p)
transitions. To simplify the calculations, the 1p—(1d2s)
branch was approximated by one state, i.e., its splitting into
isospin components was not taken into account. Data on the
energies of the dipole states used in the calculations are
given in Table XI.

For o and o, we used the values 0.39 and 0.61 for
Mg (T,=1/2) and 0.58 and 0.42 for *Mg (T,=1). The
value of the constant a was varied in the interval 0.5-2.0.
The variation of a in this interval had a weak effect on the
results of the calculations.

In the analysis it was assumed that the known sum of the
cross sections of the partial transitions to the levels i=0, 1,
and 2 of the ’Na nucleus is due solely to the ground state.
For the partial cross sections for occupation of states contain-
ing an admixture of a hole in the 25, subshell, only upper
bounds on the probability of semidirect decay could be ob-
tained, since the probability of the semidirect processes in
the corresponding base cross sections is unknown. For the
partial cross sections for occupation of states of the final
nucleus containing an admixture of a hole in the 1d5, sub-
shell, the (y,n,) cross section was chosen in the case of
®Mg. Its value was determined in Ref. 27 and is
o™(y,n,)=4.0 MeV-mb. It was assumed that this cross sec-
tion is entirely formed by semidirect decays. The occupied
level of the final nucleus Mg has J"=3/2" and contains an
appreciable admixture of a hole in the 1d;, subshell.

For the channels of the Mg(y,p;) reaction leading to
occupation of a 1d4, hole, only upper bounds for the semi-
direct components of the cross sections were obtained. For
the base cross section, the part of o™™(y,p,+ p,) due to decay
to a lds, hole was taken. Only an upper limit on this cross
section, which is 6.0 MeV-mb (see Table IX), is known.

For the hole states in the 1 p shell, the base cross sections
were taken to be those for occupation of levels with excita-
tion energies E£;=3.93 MeV, 4.52 MeV, and 5.24 MeV for
the 2*Na nucleus and the cross section for occupation of the
level i =12 of the »Na nucleus. In this last case, the value of
the cross section was estimated from the experimentally
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obtained?’ distribution of the probability for occupation of

different levels of the final nucleus in the 2(’Mg(y,p)zsl‘\la
reaction. Since in both isotopes the fraction of the semidirect
decays in the base cross sections to the 1p levels is un-
known, only an upper bound for the semidirect component
was estimated.

The data of Tables IX and X make it possible to deter-
mine the probability of E1 transitions from the outer shell,
(1d2s)—(1f2p), in the photoproton channel. For BMg,
such transitions lead, after proton emission, to occupation of
positive-parity states of 2*Na containing an admixture of a
proton hole in the 1d2s shell in the ground state of Mg. As
can be seen from Table IX, states with i<12 correspond to
just such states. It follows from this that

12

2:0 o™(y,p;)=48 MeV-mb,

=

and this is 0.53 of the integrated cross section of the photo-
proton reaction. This value is a lower bound for the probabil-
ity of (1d2s)—(1f2p) transitions in the photoproton cross
section of the Mg nucleus.

The partial cross sections for occupation of 24Na states in
the interval 3.22 MeV<E;<6.90 MeV contain in an unsepa-
rated form the cross sections for occupation of both positive-
and negative-parity states. If it is assumed that the partial
cross sections in this region are formed solely by occupation
of positive-parity states, then for the probability of
(1d2s)—(1f2p) transitions we obtain the upper bound
0.83.

The occupation of 2*Na levels with E;>6.90 MeV is due
almost entirely to decay of the branch of the GDR of the
Mg nucleus that is excited by 1p— (1d2s) transitions. In
particular, this is indicated by the fact that above this energy
there are no levels containing an appreciable fraction of the
spectroscopic strength corresponding to the 1d2s level. In-
deed, the C2S; sum for the positive-parity levels in the re-
gion 0<E;<4.94 MeV is 3.95 in a sum rule of 4.0 (the total
number of protons in the 1d2s shell of the Mg nucleus).
Thus, the probability of (1d2s)—(1f2p) transitions in the
photoproton cross section of the 2SMg nucleus is 0.53—-0.83.

A similar study for Mg leads to the estimate 0.56—0.63
for the probability of (1d2s)—(1f2p) transitions. The
spread is due to the uncertainty in o™(y,p,,)<8.0 MeV-mb
(Ref. 30).

3.5. The silicon isotopes 282930gj

83i. For this nucleus, a single (y,xy’) experiment has
been performed.’! Its results are given in Tables XII and
XIII. In addition, there have been several investigations of
the energy dependences of the partial photoproton cross
sections.’”*® These studies were made using various meth-
ods: with bremsstrahlung photons,” monochromatic
annihilation®® and tagged® photons, monochromatic polar-
ized photons obtained from scattering of a laser beam by an
electron beam,™ and also by the (¢,¢’p) method.*® There are
also data of (p.y,) (Reft. 37) and (y,n,) (Ref. 38) experi-
ments. The combined data of the most detailed investigations

of a{y.p;) for i=1-10 (Refs. 33, 36, and 37) are given in the
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TABLE VILI. Integrated cross sections of the **Na(y, p;)*’Ne¢ reaction®*** in MeV-mb, their semidirect components o™, and characteristics of the occupicd

PNe levels.?®

Characteristics of 2Ne levels (T=1) a"(y, Pis
MeV-mb
(7 PY') (Ref. 23) (7.p) (Ref. 24) o My, P,
i E;, MeV J7 nlj c?s,; E"=32 MeV E™=29.5 MeV MeV-mb
0 0 0 ldy, 0.08 — 40% 40
1 1.27 2+ 1ds, 1.13 20.7+3.8 23.5% 10-22
2 3.36 4* ldy, 0.41 92+19 21.6 1.9-338
2s 0.11 <50
+ 12 A " .
3 4.46 2 ‘ Lds 03 l 7.0+19 061310
4 5.15 2" Lpiz 1.73 9.4+3.8
5 5.34 1 — (1.020.4) 30.8
6 5.37 2* — 3.5+13
8 5.64 3* — 3.1+15
10 6.12 2t — 28+1.5
E;=69 MeV — 51
E;=89 MeV — 27
E;=11.8 MeV — 31
a™(v, p) 150-155  (Ref. 23, E7=30 MeV)

second column on the right of Table XII. The values of
™ (y,p;) given in this column were obtained by extrapola-
tion of o(y,p;) obtained in Refs. 33, 36, and 37 to E,=28
MeV. In the studies of Refs. 33 and 36, o(y,p;) were not
determined for i>10 (because of the restriction with respect
to the excitation energy of the target nucleus). In Table XII,

TABLE VIIL Integrated cross sections of the *’Na(y, n,)*Na reaction® in MeV -mb, their semidirect components o™,

2Na levels.?®

we give for a™(y,p;- ) the value 20 = 6 MeV-mb, which
was taken from the only experiment® in which this cross
section was determined.

It should be noted that the data of the (y,py’) experi-
ment of Ref. 31 not only agree well with the data of the
remaining studies represented in Table XII but in two cases

¢ dir» and characteristics of the occupied

Characteristics of 2Na levels a"(y, ny), ]
MeV-mb o™(y, n;),
i E;, MeV J°T nlj C?s; (Ref. 23) MeV-mb
0 0 3*0 lds, 0.97 — 19.6
1 0.58 170 1ds, 0.39 — 53
2(0) 0.66 0*1 1d;, 0.04 — 5.0-7.5
3 0.89 40 lds), 0.94 9.6+2.5 10
4 1.53 570 — 0.9+0.25
6(1) 1.95 2*1 lds, 0.58 9.6+ 1.5*% 10
7 1.96 3*0 lds), 0.58 2.1+0.6 2.1
8 221 170 1pin 0.53 25+1.0 29
9 2.57 270 1p1n 0.41 3.0+075[ * 26
1 3.06 20 lds) 0.07 1.8+0.9 0.05
14 3.94 170 25, 0.07 1.13+0.25 <]
15(2) 4.07 4*1 1ds;, 0.21 1.4%0.5 13
16 430 07)0 — 23*1
17 432 1*0 — 1.0+0.5
18 4.36 2*0 251 0.05 1.0+0.25 <0.13
{ 1ds;, ().05] 0.01
20 4.52 7°(5%)0 — 1.13+0.38
21 458 270 1piy 0.67 1.8%0.8 2.5
23 4.71 5*0 — 1.0+0.38
27(3) 5.17 (1.2)"1 251 0.05 6.0+1.9% <6.3
l Ids; 0.1 1} 0.25
5.96 21 1P 0.87 - 1.3-3.8
a"(y, n) 105 (Rel. 23 (£%=30 MeV)

P . - . . . ~ )2, . .
In brackets in the first column the number of the corresponding isobar-analog level of the 22Ne nucleus is given.
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TABLE IX. Integrated cross sections of the BMg(y,p,)*Na reaction, their semidirect components o)y, , and characteristics of the occupied 24Na levels.

int 20

" (v, p),
Characteristics of >*Ne levels (T=1) MeV-mb
E;, MeV E;, MeV v pY) (% p) oy, P,
i (Ref. 28) (Ref. 26) J" nlj C*s,; (Ref. 27) (Ref. 28) MeV-mb
0 0 0 4* ldsp 1.37 — 1.8 11.8*
1 0.51 0.47 I 1ds, 0.24 = 1.6-1.7
2 0.56 2" 1dy, 0.17 — <6.0%
2512 0.16 - 7.6 <3.0
3 1.341 2t - 2.7-2.9
4 1.345 3% 1dsp 0.58 6.09
5 1.43 { 1.347 1 2.20 } .
6 1.51 (3.5)* 1ds), 0.53 221 22-25
7 1.89 ( 1.85 2t 1ds, 0.04 0.15
8 1.89 3* { ldss 0.03 — <0.6
2512 0.07 3.72 l ek <1.1
9 2.53 2,51 3* 1ds), 0.06 0.15
10 2.56 (2,4)* {1(13,2 0.11 1.25 } <15
25112 0.08 3.67 51 <10
11 291 2.91 3t 251, 0.15 1.15 } <l.15%
6.1
12 { 2.98
13 3.22 4" lds, 0.08 0.11-0.14
14 4.0 3.37 27 1pan 0.15 <17
18 3.65 (1-3)* 1ds, 0.11 10.7 0.08-0.14
3.93 1pis 1.18 <10.5*
4.94 1ds), 0.17 10.2 0.02-0.07
5.0 4.52 1psn 0.78 <10.0%
5.24 1psp 0.40
6.0 6.7 0
7.0 6.90 1p3s 0.29 4 2.7
7.07 1Psn 052 -1
8-13 1psn <20 11.1 <0.1

a"(y,p+y.pn)
o"(v.p)

90+ 10 (Ref. 28) (E’;y=28 MeV)
7510 (Ref. 28)

make them appreciably more accurate. Thus, according to
Ref. 31, 0(y,p546)=0(7¥,ps) and a(y,pg4+9) =0(¥,py)- In
both cases, states of the 2’Al nucleus manifested in single-
nucleon pickup are occupied.

There are significantly fewer data on o™(y,n;). Here it is
necessary to rely almost entirely on the (y,ny’) experiment
of Ref. 31, augmented by the o™(y,n,) data from Ref. 38. In
Refs. 39 and 40, experimentally determined o(y,p;) values
were used to calculate o{y,n;). The resulting values are given
in the second column on the right in Table XII. Here it must
be borne in mind that o(y,ns5.¢)=0(y,ns) and
o(y,ng49)=0(vy,ny). The calculations of the photoneutron
cross sections used the energy dependence of the cross sec-
tion to the ground state o(y,no) (Ref. 38), ¢ (y,n;) from
Ref. 31, and the energy dependence of the total photoneutron
cross section (see, for example, Ref. 19), which was com-
pared with 2,0(y,n;), where o(7y,n;) were obtained by con-
version from o(y,p;). It was found that agreement of the
converted and experimental photoneutron cross sections is
possible only under the following assumptions about the an-
gular momentum of the emitted neutrons: In the region
E <19 MeV, the neutrons have orbital angular momentum
[=1; in the region £,=19-20.5 MeV, emission of neutrons
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with both /=1 and /=3 is possible, and the fraction of neu-
trons with /=3 increases with increasing E; finally, for
E.=20.5 MeV, the emitted neutrons have predominantly
[=3.

The total fraction of semidirect processes in " (y,p) is
0.66—0.86, and in ¢™(y,n) it is close to 1 (0.93-0.96). In
o™ (y,p+ v.n), the probability of semidirect processes is
0.74-0.89.

Besides o(y,p) and o(y,n), a significant contribution to
the photoabsorption cross section for the 2Si nucleus is
made by o(y,a) (Ref. 40). According to Ref. 33,
(y,@)=30 MeV-mb, and this cross section is, in accor-
dance with the conclusions of Ref. 41, formed mainly by
statistical forms of decay of the GDR. Bearing in mind what
we have said above, we find that the fraction of semidirect
processes in the integrated photoabsorption cross section for
the 28Si nucleus up to 28 MeV can be estimated at the level
0.66—0.80.

The uncertainty in the values obtained for (r_i\."zm.( Y,X;) i
due to the uncertainty in the base cross sections and the
uncertainty in the degree of mixing with respect to the orbital
angular momentum of the emitted neutrons.
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TABLE X. Integrated cross sections of the *Mg(y,p;)?*Na reaction, their semidirect components o™, , and characteristics of the occupied 2Na levels.?®

0Jnl(¥$l)i)v
Characteristics of *Na levels (T'=3/2) MeV-mb
E; MeV E; MeV (% p7) (o p) O D)
i (Ref. 29) (Ref. 26) JT nlj Cs; (Ref. 27) (Ref. 29) MeV-mb
0 0 5/2* lds, 28 — =40*
1 0 0.9 32 1dy, 0.22 . 41.2 0.4-0.9
2 1.0 12* 25, 0.35 <27 <2.7*
3 (.20 312 ldy, 0.12 —) 0.1-0.2
5 2.79 1/2* 251 0.06 — <0.3
6 291 5/2* lds, 0.32 1.0 1.0-1.4
9 3 { 3.69 (312,512)* (1dy5,1ds;5) (0.08) — 26.8 <02
10 393 12* 2511 (0.06) — <0.2
12 4.00 (1/2,3/2)" (1p12,1p32) 1.8 — <8.0*
14 (4.29 1/2* 251 0.08 —) <0.2
21 (5.19 0.7 R <27
27 5.69 0.18 - <0.7
31 6.01 0.08 — =0.3
34 6 6.55 (172,312) (1pi2,1p312) 0.22 — 39.2 <0.7
35 6.75 <0.12 — <0.2
39 7.60 0.3 — <0.7
41 |8.05 . <0.18 -} <0.2
" (.p) 107 (Ref. 29), (E"=27 MeV)

The data of Tables XII and XIII make it possible to
estimate the fraction of (1d2s)— (1f2p) transitions in the
GDR of the 28Si nucleus. The (1d2s)— (1f2p) transitions
form practically all the partial photoneutron cross sections.
An exception is o(%y,ny). In the photoproton channel, the
cross sections are o(yp;) with i=0-8 and 10. The
Ip—(1d2s) transitions are manifested essentially only in
the photoproton channel, and their fraction is 15-20% of
@™ (v,p). The fraction of 1p— (1d2s) transitions in the in-
tegrated photonucleon cross section [including o™(y,n)] is
11-14%.

The cross sections o™(y,po) and o™ (y,no) can be taken
as upper bounds on the semidirect cross sections correspond-
ing to 1p,,,—(1d2s) transitions. The 1p;,,—(1d2s) tran-
sitions contribute only to o(y,p;) with i=14. The strong
spreading of the 1p;, hole of the 2Si nucleus over the states
of the ?’Al nucleus and also the theoretical calculation of
Ref. 42 indicate that the fraction of semidirect processes in
the branch of the GDR of the 3Si nucleus that is associated
with excitation of the 1p;, subshell is small and can be
ignored.

5Si. Data of the only (y,xy') experiment® for 2Si, per-
formed at E'.;' =26 MeV, are given in Tables XIV and XV.

TABLE XI. Positions of centroids of the energies of dipole states (in mega-
clectron-volts) used in the procedure to extract the semidirect components of
the GDR of the 2*Mg nuclei.

(1d2s)—(1f2p)

Ip—(ld2s)
Nucleus T. . Both isospin branches
BMg 18.0 21.6 23.6
Mg 20.0 24.6 24.6
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For this nucleus, integrated cross sections of the (y,n+ y,np)
and (y,p) reactions*** were also determined; up to EY=26
MeYV, they were found to be 137+14 and 197-226 MeV -mb,
respectively; according to the estimates, the contribution of
™ (y,np) to the photoproton cross section does not exceed
10 MeV -mb. The cross sections of the (y,py,+p,) and (y,ny)
channels given in the tables were obtained by subtracting
from o™ (v,p) and o™ (,n) the total integrated cross sections
for occupation of excited levels of A1 and g, respec-
tively.

In Tables XIV and XYV, all the 1d hole levels have been
ascribed the 1ds, configuration. With allowance for the isos-
pin splitting, we set E(T.)=17.0 MeV, E(T-)=20.1 MeV,
0.=0.36, 0.=0.64. For the 1ds, subshell, the calculation
was made with two forms of base cross section:
o™ (y,po+p,) and ™™ (y,n,). The two possibilities gave prac-
tically the same results, confirming the proximity of
™ (y,po+p,) to the value 100 MeV-mb.

The range of possible values of '™, (7,x;) for the Al
and ?8Si levels containing an admixture of a 1ds;, hole (see
Tables XIV and XV) is due to the use of the two forms of
base cross section. The largest value corresponds to the
choice of the base cross section for occupation of the level
with i=1 of the 2Si nucleus (47.0 MeV-mb). The best de-
scription of the experimental data was obtained for the fol-
lowing values of the parameters a and b: a=0.8-0.9,
b_-=0.7, b.=1.0. We see that the semidirect decay of the
GDR of the #Si nucleus with occupation of 1d™! levels is
accompanied by the predominant emission of nucleons with
orbital angular momientum /=3 and ratio I'_/I'<, not less than
unity. The first of these facts indicates that the 1d— (1f2p)
transitions predominate over the 1d— | f transitions.

The calculation of the probability of semidirect pro-
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TABLE XIL Integrated cross sections of the ®Si(y,p;)" Al reaction (Refs. 31-33, 36, and 37), their semidirect componcents o™, and characteristics of the

occupied states of the Al nucleus (Ref. 26). E%=28 MeV.

Characteristics of 7Al levels (T=1/2)

a™(v,p;), MeV-mb ot
gy ail VoPi)s

i E;, MeV J7 nlj C?s; (Ref. 31) (Refs. 32, 33, 36, and 37) MeV-mb
0 0 512% 1ds, 3.2 60-65% 60-65
1 0.84 12+ 251 0.7 35+ 15 28-33% 28-33
2 1.01 32* 1dsyy 0.65 20+ 6 11-15% 11-15
3 221 72" — — <2 2-3 0
4 273 5i2* lds;, 0.6 13x2 7-10 3-7
5 298 32* ldy, 0.35 12+2 510 39
6 3.00 9/2% — — — a
7 3.68 12* 251, 0.03 8+2 4-6 0.06-0.07
8 3.96 3/2% 1dy — _
9 405 12" 1P 1.8 92 L4 <7-9
10 441 st 1dss 0.38 _ 1.5-2.0 <02
14 5.16 3/2° 1psn 1.35 — -
) 20+6

a(y.p) 150-175 (Refs. 32, 33, 36, and 37)

cesses for the upper limit of integration 26 MeV gives for the
photoproton and photoneutron channels the values 0.51 -0.59
and 0.67-0.78, respectively.

All the observed partial transitions correspond to excita-
tions of nucleons of the 1d2s shell, i.e., they correspond to
E1 transitions of group A. This indicates that for S the
contribution of the transitions of group B (1p— 1d2s) up to
E =26 MeV is small.

30Gi. The study of Ref. 43 is the only one that contains
information about the (y,xy') experiment for the 30si
nucleus. The data of this study are given in Tables XVI and
XVIL The probability of occupation of excited states of the
29A1 nucleus as a result of the (v,p) reaction is about 60%.
Assuming that all the important partial transitions to excited
29A1 levels were identified in Ref. 43, we estimate o‘i“'('y,po)

as the difference of o™™(y,p) and 2i>10im(%17i), and this

gives
o™(y,po)=45 MeV-mb up to E,=26 MeV.

This value, which is 40% of @™ (y,p), is given in Table X VL.

The large value of o™ (y,py) for 2°Si (as also for »Si)
can be explained naturally by the very large value of the
spectroscopic factor of the ground state of the final nucleus.
For example, in the case of 29A1, the fraction of the ground
state corresponds to about 80% of the spectroscopic strength
of the proton hole in the 1d5,, shell of the *9Si nucleus in the
ground state. Thus, the Al ground state is close to a pure
hole state, and o™(y,p,) must be formed by the semidirect
decay of the GDR.

TABLE XIII. Integrated cross sections of the 2Si(y,n;)*’Si reaction (Refs. 31 and 38-40), their semidirect components o™, and characteristics of the

occupied states of the 2’Si nucleus (Ref. 26). E’) =28 MeV.

Characteristics of 2’Si levels (T=1/2)

o™(y,n;), MeV-mb

Uimdi.-( V1),

i E;, MeV JT nlj c?s,; (Ref. 31) (Refs. 38—40) MeV-mb

0 0 5/2* 1ds) 3.45 42-52 42-52

1 0.78 12* 2511 0.65 14+5 14-15 14-15

2 0.96 32t ldy, 0.60 7+2 7-8 7-8

3 2.16 2% — — —

4 2.65 5.2F lds;, 0.50 <23 1.4-2.4 0.7-0.9

5 2.87 32* Ldy, 0.55 34=1 1.5-1.7

6 291 9/2* — — — 2392

7 3.54 /2% 2511 0.01 = 0.2

8 3.81 32* Ldy, — _

9 4.13 172" Ipin 1.6 — ] 08 =0.8

10 4.29 52" lds), 0.25 0.05 =0.02

14 5.23 312 1P, 1.8 —

™ (y,n) 70-80 (Refs. 38—40)
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TABLE XIV. Integrated cross sections of the 2°Si(vy,p,)?®Al reaction (Ref. 43), their semidirect components o™, | and characteristics of the occupied 28Al

levels (Ref. 26). E’;’=26 MeV.

Characteristics of the Al levels(T=1) ™ (y.p;), )

: MeV-mb olalvp),
i E;, MeV JT nlj cs, (Ref. 43) MeV-mb
0 0 3+ "
| . o+ 1ds), 3.58 ~100 ~100
2 097 o* 251 0.04 10.0+3.5 0.12-0.16
3 1.01 3* 1ds, 0.20 8.1+58 3.2-33
4 137 1" 251 0.47 250+4.5 1.25-1.6
5 1.620 1t 17.7+2.2
p {623 23 } lds), 0.25 (4703 } 2.7-2.8
7 2.14 2t — — 12.2+3.7
8 2.20 1* 1ds), 0.60 8.5%2.5 4.1-42
10 2.49 2* 1ds), 0.27 12317 1.45-1.49
12 2.66 -4* 1ds, =<0.1 — =<0.23
13 2.99 (1.3)* }
4 201 o 1ds, 036 — 12
17 3.35 2+ 1ds, 0.19 25*1.7 0.43-0.45
19 3.54 1t 25, 0.09 — 0.09-0.12

a™(v.p) 197-226 (Refs. 43 and 44)

It is found that 3;6'™(y,n;~,) = 180 MeV-mb (Ref.
43), and this value greatly exceeds the value
o™ (y,n+y,np)=137 MeV-mb obtained in the experiment
that measured the total photoneutron cross section in a beam
of quasimonochromatic photons.*> We introduce the coeffi-
cient K by which it is necessary to multiply all the partial
cross sections in order to bring their sum into agreement with
the total photoneutron cross section. We determine the value
of this coefficient from the revised value of o™ (y,n,). This
last value was estimated from oj“'(y,po) under the assump-
tion that (,po), like (,n,), is entirely formed by semidirect
processes. This gave o™(y,n,)=19 MeV-mb. In this way,
the value of K was found to be 19/35.3=0.53.

The renormalized values of oj"‘(y,ni) are given in the
second column on the right of Table XVII. The data of this
column are used below to estimate o™}, (7,n;). In its turn,
the cross section o‘i"'('y,no) was estimated as the difference of
™ (y,n) and 2;0™(y,n,~ ), where the renormalized values
were taken for o™ (y,n;). The value o™™(y,n,)=35 MeV-mb
was obtained. Under the assumption that the (y,p,) reaction

is entirely formed by semidirect processes, the upper limit
for oj"‘(y,no) was found to be 64 MeV-mb, and this is a
value that is consistent with the value 35 MeV-mb given
above.

In the calculation of the semidirect components, we took
E(T.)=17.0 MeV, E(T-)=21.0 MeV, 6.=0.58, 0-.=0.42.
The experimental data are reproduced best by the following
set of parameters: a=0.97-1.0, b_=1, and b.=0.7-0.9.
The probabilities of the semidirect processes in the proton
and neutron channels of the decay of the GDR of the *°Si
nucleus were found to be 0.57 and 0.71-0.73, respectively.

. However, we cannot entirely rule out the possibility that
oy v,p2) and o (y,p,) are appreciably greater than the
values given in Table XVI. The occupied levels of 2’Al with
i=2 and 4 contain an appreciable fraction of the spectro-
scopic strength of the 1d4, proton hole, and there is a cor-
relation between C2S; and o™(y,p;) for i=2 and 4. In addi-
tion, the levels with i=3 and 6, which lie in the same energy
region but do not have a hole nature, are not occupied in the
proton decay of the GDR of the 3°Si nucleus. All this indi-

TABLE XV. Integrated cross sections of the 2Si(y,n .)28Si reaction (Ref. 43), their semidirect components Ui"gi, , and characteristics of the occupied 2Si levels

(Ref. 26). E}=26 MeV.

Characteristics of the ®Si levels a™(yn,), )

y MeV-mb 0Vl v,
i E;, MeV J°T nlj cis (Ref. 43) MeV-mb
0 0 0'0 251 0.55 20-25% 20-25
1 1.78 210 lds, 0.51 47.0%6.0* 46.0-47.0
2 4.62 4%0 — — 1.9+1.8 —
3 498 0*0 251 0.08 92*1.8 1.9
4 6.28 3'0 lds, 0.45 23.9+4.0 13.4-13.6
11 7.93 2*0 Lds, 0.13 1.7x1.3 0.7
20 9.32 3%l Lds, 0.7 15.1+2.5 5.0-5.2
21 9.38 2°1 Ldss 0.33 15.6+2.0 2.2

Ayt yp) 137+ 14 (Ref.45)
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TABLE XVI. Integrated cross scctions of the *Si(y,p;)?Al reaction (Ref. 43), their semidirect components o™, , and characteristics of the occupicd 2°Al

levels (Refs. 26 and 46). E'}=26 MeV.

Characteristics of the Al levels (7=3/2) " (7p)), )
MecV-mb a',lcn:jir( YsPi)»
i E,, MeV JT nlj cs; (Ref. 43) MeV-mb
0 0 52+ lds, 4.8 =45+ 45
1 1.40 12* 25, 0.7 25.4+22 14
2 1.75 (312,712)* (Idyy) 0.2 72%25 0.09-0.15(7.2)
4 2.87 32t ldsy, 0.6 12.0+3.2 0.1-0.2(10.7)
5 3.06 52t ldy, 1.05 58+2.5 30
7 3.43 12* 25, 0.13 — 0.09
9 3.64
10 oy (312,5/2)* (Ldyp5) 0.25 — 0.01-0.5
14 422 52* 1ds), 0.24 1.1£1.0 0.3
15 4.40 (3/2-9/2)* — — 11.8+5.0
a(v.p) 93-127 (Refs. 43 and 44)

cates a semidirect nature of the (vy,p,) and (y,p,) channels
and forces us to consider one further way of calculating
0 7-p2) and 0% (7,p4) in which o™(y,p,) is taken as
the base cross section. The new estimates of o™}, (y,p,) and
o™.(¥,p4) are given in the brackets in the extreme right-
hand column of Table XVI. These values are to be regarded
as the upper limits of o}y, (y,p;) for i=2 and 4. At the same
time, for the upper limit on the probability of the semidirect
processes in the proton channel of the decay of the GDR of
the Si nucleus, we obtain the value 0.77.

It should, however, be emphasized that the choice of
@™ (v,p,) instead of 0™ (y,n,) as the base cross section in the
calculation of the semidirect components of the cross sec-
tions for occupation of levels containing an admixture of a
hole in the 1dy, shell gives for oly(y,n,) and
0,4 7,n3) values that greatly exceed the experimental val-
ues. With allowance for everything said above, we must ex-
pect for the probability of semidirect processes in the photo-
proton channel of the decay of the GDR of the *°Si nucleus a
value at the level 0.57 (certainly <0.77).

All the observed partial transitions correspond to excita-
tion of nucleons of the 1d2s shell, i.e., they correspond to

transitions of group A. Up to 26 MeV, the contribution of
transitions of group B is small.

3.6. The P nucleus

Many studies have been made of the partial channels of
the decay of the GDR of this nucleus. Three (y,xy") experi-
ments were made.'2*7*® From the spectra of photonucleons
measured with different upper limits of the bremsstrahlung
spectrum, energy dependences were obtained for the cross
sections of the (y,p;) reaction®° and the (y,n;) reaction.!
In Ref. 52, the cross section of the 3OSi(p,yo)”P reaction was
measured using a beam of polarized protons. Our analysis
was based mainly on the data of the most complete
experiments‘”'so using some data from Refs. 12, 48, and 51
(see Tables XVIII and XIX).

Comparison of the data for the (y,py') (Ref. 47) and
(7.pi) (Ref. 50) experiments (Table XVIII) reveals a large
difference in the values of o™ (y,p;) fori=1 and 2 and to a
lesser degree for the group of states with i =5-11. However,
the data of Ref. 47 are consistent with the analogous data
obtained by the (y,xy") method,'>*® and the data of Ref. 50

TABLE XVII. Integrated cross sections of the *°Si(y,n;)?°Si reaction (Ref. 4), their semidirect components o, , and characteristics of the occupied 2°Si

levels (Refs. 26 and 46). E’y =26 MeV.

Characteristics of the 2°Si levels

a™(y,n;), MeV-mb

ol vm),

i E;, MeV J'T nlj c?s; (Ref. 43) K=0.53 MeV-mb
1] 0 112* 172 25y 0.89 =35* 35

1 1.27 3212 1dy, 0.87 60.1+4.0 32% 32

2 2.03 512*1/2 1ds;, LS 353+338 19 19

3 2.43 32*112 ldy, 0.19 28.1+20 15 3.4-5.7
4 3.07 5/2* 1/2 1ds;, 0.15 17.1£4.0 9.1 0.9

5 3.62 2712 1 fa 0.10 10.5+1.8 5.6

8 4.34 124172 251 0.14 8.6+2.4 4.6 1.7

9 490 5/2* 112 s 0.84 79+2.7 42 0.4

10 493 3212 — — 45+20 24

16 6.11 (312,5/2)" 112 — — 6.2+2.4 33

47 8.33 512'312 Vs 235 <0.5 <0.3 =0

o™ya) 13015 (Refs. 43 and 45)

The eolumn headed K =0.53 gives the data of Ref. 43 muhiplied by the coefficient 0.53.
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TABLE XVIIL Integrated cross scctions of the *'P(,p,)*Si reaction (Refs. 47 and 50), their semidircet components o™, and characteristics of the occupied

Si levels (Ref. 26).

Characteristics of the *°Si levels (T=1)

™(y,p;),MeV-mb

(%.p¥') (Ref. 47) (7.p) (Ref. 50) LATCN DY

i E;, MeV J7 nlj cs; E')=32 MeV E%=25 MeV MeV-mb
0 0 o' 251 0.5 16* 16
1 224 2¢ 1ds;, 1.7 100+13 11.3* 12
2 3.50 2t lds, 0.5 59+11 2.8
3 3.77 1t — —_ 12.6+2.5 9.7
4 3.79 o 251 0.04 — 0.9
5 4381 2% 1dy, 0.007 18.8+5.7
6 4.83 3* lds), 0.17 11.1%£25 0.6
7 523 3* lds, 1.2 7.0%2.5 3.4
8 5.28 4* — — 6.0+2.0 p 28.8
9 5.37 o* 251 0.14 3.0+1.0 23
10 5.49 3” — — 18.6+4.4
11 5.61 2" 1ds, 0.31 153+4.4 ) 0.75
14 6.54 2* 1ds, 0.25 58+1.8 0.4
16 6.74 1~ — — —
18 6.87 3+ 1ds) 0.59 113+15 163 0.75
22 7.08 3*(1) 1ds), 0.22 — 0.25
23 7.26 2" lds), 0.12 11.3+38 0.13
27 7.63 2" — — 49+19
28 7.67 (1-3)* lds), 0.37 23+0.6 0.25

8.14 lds, 0.27 —

8.78 1ds, 0.14 — 24
43 8.90 1- — — 13.8+7.5

8.92 lds, 0.15 —
44 8.95 1ds, — -
50 9.25 (1-3)* 1ds, 0.18 —

=95 — — — 90-150

a™(y,p+ v.np) 33050 (Ref. 55, E"=30 MeV)

agree with the data of other (y,p;~¢ ) experiments.*>>? This
contradiction was analyzed in Refs. 53 and 54. The conclu-
sion was that the data of the (y,p;) experiments should be
regarded as correct. The large values of ™ (y,p;) for the
low-lying excited states (especially for i=1 and 2) obtained
in the (y,p¥") experiments'2*"*® can be explained by the fact
that in them it was not possible to take into account fully the
contribution of the 7y transitions from high-lying (=9.5 MeV)
states of °Si with J™=1" to low-lying >°Si levels. Such y
transitions have energy 7-10 MeV and are in a region in
which the y-ray detection efficiency of the Ge(Li) detector is
low. At the same time, in the *'P(7,p)*’Si reaction the final
nucleus in about 50% of the cases is in fact in a state with
excitation energy above 9.5 MeV. The data of the (y,py’)
and (7y,p;) experiments for i>11 are mutually consistent.

It follows from Table XVIII that 2;0™(y,p;) = 320
MeV -mb, where for i>0 the values of o™ (y,p;) obtained in
the (v,p y") experiment of Ref. 47 have been used. This value
agrees well with the value

30
f o(y,p+y,np)dE,=330+50 MeV-mb
0

obtained in Ref. 55 and indicates that the experiment of Ref.
47 identified practically all the proton decays from the GDR
of the *'P nucleus to excited levels of the *°Si nucleus with
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i=1 and 2, and an appreciable fraction of the decays to the
levels with i=5-11 is indeed due to the predominant occu-
pation in the decay of the GDR of *Si levels having excita-
tion energy above 9.5 MeV.

The integrated total photoneutron cross section was de-
termined in several experiments (in particular, in Ref. 19).
Averaging of the results of these experiments gives

30
f o(y,n+vy.np+vy,2n)dE ,~200+30 MeV-mb,
0

and, in accordance with Ref. 19, [o(y,np)dE =55
MeV -mb, while [ (3)00'( ¥.2n)dE , is small and can be ignored.

We also give some explanations of the experimental data
given in Table XVIIL. The value @ (y,po)=16 MeV-mb ex-
ceeds by 20% the value given in Ref. 50, since it takes into
account the contribution of o(7y,py) in the region from the
threshold to 14.6 MeV [in this region, o(7y,p,) was not de-
termined in Ref. 50]. In Ref. 50, there was also no determi-
nation of o™(y,p,) for E;=9.5 MeV. The value 90—150
MeV-mb given for this cross section in Table XVIII was
obtained by subtracting ;0™ (y,pi<so) = 108 MeV-mb
(data in the second column on the right in the table) from
o (y.,p) up to 25 MeV estimated in accordance with the data
of Refs. 50 and 55 after subtraction of f(z,S(r( v.hp)dE =25
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TABLE XIX. Integrated cross sections of the *'P(y,n,)™°P rcaction (Refs. 12, 47, 48, and S1), their semidirect components o

occupied 0p levels (Ref. 26).

int

v dir» and characteristics of the

Characteristics of the P levels

o™(y,n;), MeV-mb

(vny") (yny’) () ]
(Ref. 47) (Refs. 12 and 48) (Ref. 51) o™ (y.n)),
i E;, MeV J™T nlj cs; E"=32 MeV E"=30 MeV E"=23 MeV MeV-mb
0 0 1*0 2512 0.66 =40 63.2
{ 1ds) 0.13 8.7
1 0.68 0*1 251 0.25 25+4 (Ref. 48) 23.2
2 0.71 10 28112 0.11 } 30+8 (Ref. 48) 9.6
{ 1dy, 0.46 39+ 10 (Ref. 12) 27.1
3 1.45 2*0 1dsy, 0.47 24.1+11.3* 23.9
4 1.97 3*0 1ds), 0.75 448+38.8 13.3
5 2.54 3*0 lds, 0.65 11.7+4.0 10.0
6 2.72 2+0 1ds, 0.49 23-77 72
8 2.94 2*1 lds), 0.67 83+33 8.8
9 3.02 10 2512 0.07 6.8+1.8 39
{ 1dyy 0.12 } 4.0
N
20 38 20 { f;‘;/’z g:g? } 113+3.8 103
15 4.18 2*1 lds, 0.25 8.0%2.6 19
20 4.42 2%0 1ds, 0.44 3.0+13 3.1
21 4.47 0*1 251, 0.02 12
22 4.50 1*1 1dy, 0.003 3.5+1.3
24 4.74 (1.3)*0 1ds;, 0.06 83+
28 5.21 (1-3)*0 1ds, 0.24 0.9
31 5.51 (2.3)*1 1ds, 0.11 3.4%1.3 0.25
32 5.59 2% 1dsy,
33 5.71 10 251 0.05
35 5.89 (1-3)*"1 1ds, 0.67 1.1
38 6.00 1*0 lds;, 1.6 0
39 6.05 0*1 251 0.1 0
o™(y,n+y.np) 20030 (Ref. 19) |
o) 140150 (Ref. 19)| Ey=30 MeV

MeV-mb (Ref. 19). The interval 90—150 MeV -mb takes into
account the difference between the data of Refs. 50 and 55.
The summed partial photoneutron cross sections give

31

E a,int( v,n;)=230-245 MeV-mb.
i=0

This value exceeds the value given above (200+30
MeV -mb) for the integrated cross section of the total photo-
neutron reaction. This indicates that in the neutron decay of
the GDR of the *'P nucleus there is practically no occupation
of levels of the final *°P nucleus with i>32.

Details of the calculation of the semidirect components
are described in Ref. 54. Its results, with small corrections,
are given in Tables XVIII and XIX. They correspond to val-
ues a=1,b.=1, b_=0.6 for the levels with hole configura-
tions ld;,zl and ld;,zl. For E(T.) and E(T-), the values 18.3
and 21.2 MeV were taken, and o_ and o were taken equal
to 0.38 and 0.62, respectively. Good agreement of
o™ (y,n;) for i=0, 1, and 2 with the available experimental
data'>*! was obtained (see Table XIX). This indicates that
the semidirect components are dominant in these neutron
channels.
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The contribution of the semidirect processes in the pho-
toproton reaction was found to be 0.16—0.21 (E';,'=25 MeV),
and in the photoneutron reaction it was 0.80-0.85
(E%)=30-32 MeV).

According to the data of the single-nucleon transfer re-
action, levels containing a significant fraction of the spectro-
scopic strength of hole excitations in the 1p shell are not
observed in the final nuclei. This means that all the partial
transitions represented in these tables are due to dipole tran-
sitions from outer shells of the *'P nucleus. Such transitions
exhaust the entire neutron cross section and are not less than
42% of the proton cross section (up to £, =25 MeV).

3.7. The 32S nucleus

The most complete information about the partial nucleon
channels of the decay of the GDR in *2S was obtained in the
(v.p;) experiment of Ref. 56 and in two (yxvy')
experiments.57‘59 In Ref. 59, the data of the experiments of
Refs. 56, 58, and 59 were used to determine the energy de-
pendences of the (y,n;) cross section. Data of these studies
are given in Tables XX and XXI.

In the experiments of Refs. 56-59, the GDR decay prod-
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TABLE XX. Integrated cross sections of the 2S(v,p;)*'P reaction (Refs. 56-59), their semidirect components g

levels (Ref. 26).

ir» and characteristics of the occupicd *'P

Characteristics of the *'P levels (7'=1/2)

o™(y,p,), MeV-mb

(%p) (vry") (ypv") .
(Ref. 56) (Ref. 57) (Refs. 58 and 59) o™ (¥.p)),
i E;,MeV Jr nlj cs, E"=29 MeV E"=26 MeV E"=32 MeV MeV-mb
0 0 1/2* 251 1.0 16* 16
1 1.27 32t lds, 0.75 48 48+12 47+9% 47
2 2.23 512* lds, 2.1 29 25+4 28+6* 28
3 3.13 1/2* 251, 0.13 ITES 11 0.9
4 3.30 512* 1ds), 06 13%1 15+1 5.4-69
5 3.41 7/2* — - 2 33+0.6 3.1+0.6
6 3.51 32t ldyy — 10+3 13+3
7 4.19 512* lds), 0.6 6=1 9+1 3.5-5.5
8 4.26 312* 1dy, — 13+5 10+3
9 4.43 72— 1fan (0.04)
10 4.59 32t ldy, 02 44 5+1 7.5+2.5
11 478 512* lds;, 0.9-1.6
13-14 5.01 3/2 0.1 (9+4) 6=1
16 5.26 1/2* 2512 5+1 4.4%25 0.4
19 5.56 32" lds, 0.15 3.8+19 5.0+2.5
5.91 (1dsp) 0.14 0.4-0.9
23 5.99 3127 (1dsp) (3.8%2.5) 5+1 0.3-0.9
27 6.34 1/2* 25 0.11 6.3+25 0.2
40 6.91 1 3\~ 0.79 (5.0%2.5)
(53] s1
46 7.21 1 3\~ (1dsp) 1-3
3]
7.98 (Ipy) 0.82
9.68 (1dsp) 0.18 } 69 0.06—
0.15 0.26
9.97 (1dsp) 0.04-0.2
12.5 47
a"(y,p+v,np) 340-345 (Ref. 56)
™ (y,p) (E;=29 MeV)

=330(Refs. 19 and 56)

ucts were detected at a definite angle to the direction of the
primary y beam (90° in the detection of the photoprotons in
Ref. 56, and 140° and 150° in the detection of the secondary
y rays in Refs. 57-59). The values of ™™ (y,x;) given in
Tables XX and XXI for Refs. 57-59 were obtained by mul-
tiplying the differential cross sections by 44r. For Ref. 56, the
values of 0™(y,p;) given in Table XIX were obtained by
integrating over the angle with allowance for the experimen-
tal angular distribution.

The total integrated cross sections for the photoproton
and photoneutron transitions observed in the (y,xy") experi-
ment [with allowance for the (7,p,) and (7,n,) channels] are
191%£14 and 57*11 MeV-mb. At the same time, the inte-
grated cross sections of the (7y,p) and (vy,n) reactions up to 29
MeV are =330 and 95 MeV -mb, respectively. Thus, an ap-
preciable fraction of the photonucleon transitions in the
(y.xy') experiment was not separated. This applies mainly to
transitions to highly excited levels with E;=6 MeV of the *'P
nucleus and with £,=4 MeV of the *'S nucleus. The deficit
of photonucleon decays in the (y,xy') experiment to *2S can-
not be ascribed to the (y,np) and (y,2n) two-nucleon reac-
tions. According to the data of Ref. 19, in the region £, <29
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MeV we have o™ (y,np)=11 MeV-mb, while o™™(y,2n)=0
(B,,=28.1 MeV).

The procedure for calculating o(7y,n;) from the experi-
mental values of o(y,p;) (Ref. 59) made it possible to estab-
lish the orbital angular momentum of the photonucleons.
This showed that in the region E,<20.5 MeV there is pre-
dominant emission of photonucleons with /=1, i.e., shell
configurations of the type (1d2s)” '2p are predominant in
the GDR. At E,>20.5 MeV, photonucleons with various [
(from O to 3) are emitted.

In the calculation, the cross sections of the (y,py), (y,p,),
and (vy,p,) reactions were taken as the base cross sections. A
fluctuation analysis of the fine structure of the cross section
of the (p,y,) reaction on the 3'P nucleus made in Ref. 60
showed that the probability of semidirect decay in the *2S
(¥.po) channel is about 90%.

It follows from Tables XX and XXI that
20M(Y,p)=104-112 MeV-mb, while %,0™. (y.n,)
=55-79 MeV-mb. At the same time, we assumed that the
proton transitions to the states of the *'P nucleus with £,>10
MeV are not formed by the semidirect mechanism of decay
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TABLE XXI. Integrated cross scctions of the *2S(y,n;)*'S reaction (Refs. 57-59), their semidirect components o™, and characteristics of the occupied states

of the *'S final nucleus.?®

Characteristics of the *'S levels (T=1/2)

™ (,n,;),MeV-mb

Converted from (v.pi)
(v.p)) )
E7=29 MeV E%=26 MeV E'y=32 MeV olalrn),

i E;, MeV JT nlj c’s; (Ref. 59) (Ref. 57) (Refs. 58 and 59) MeV-mb
0 0 12* 251 0.95 =10 =10
1 1.25 32" 1dy, 0.8 17-36 24+3 21+7 21-24
2 224 52* 1ds, 22 8-20 13+4 24+6 13-24
3 3.08 12" 251 0.14 6 0.5
4 3.29 512%(3/2%) 1ds), 0.7 3.1-7.4 1.5-4.5
5 3.35 (3/2,7/2)* 0.2-0.8 1.9+13 2.1+0.6
6 3.44 32t 1dy, 2.6-6.0
7 4.08 (312,5/2)* 1ds) 0.85 1.5-4.0 1.3-4.1
8 4.21 1.5-4.5
10 453 (312,5/2)* 1dy, 1.1-3.0
12 472 (3/2,5/2)* 1ds), 0.45 0.3-1.1 0.5-1.8
14 4.97 (1/2,3/2)” 0.06 1.4-2.8 2.8
16 5.15 12* 251 0.32 1.6 0.4
22 5.78 (3/2,5/2)* 1ds); 0.27 0.2-0.7
24 5.89 (312,5/2)* 1ds); 0.20 0.1-0.5
27 6.27 1/2* 251 0.22 3-16 0.1
40 6.99 12+ 25, 0.05 0.02
41 7.04 (312,52)* 1ds), 1.0 0.3-1.6
43 7.17 (3/2,5/2)* lds), 0.21 0.06-0.8

9.68 (1dsp) 0.18 } L4-11 0.01-0.0

9.97 (1ds;) 0.15 <0.06

12.5 3.1 <3.1

a(yn) 95+10 (Ref. 19) (E’}=29 MeV)

of the GDR, since in this energy region there are only hole
excitations in the 1p shell of the 328 nucleus. These are
strongly spread over the levels of the final nucleus, so that
their weight in the wave functions of these levels is small. A
small fraction of semidirect decays of the 1 p— 1d2s branch

of the GDR of the *2S nucleus is also indicated by the theo-
retical calculations of Ref. 61. The probability of semidirect
processes in the (y,p) and (y,n) reactions for the *°S nucleus
is estimated at 0.31-0.35 and 0.58-0.83, respectively. The
probability of semidirect processes in the total cross sections

TABLE XXII. Integrated cross sections of the **K(y,p )*8Ar reaction (Ref. 62), their semidirect components Ui":ﬁ, , and characteristics of the occupied states

of the **Ar final nucleus (Refs. 26 and 46). E')=32 MeV.

Characteristics of the ¥Ar levels (T=1)

o™ (y.p), Tl v-p),
i E;, MeV JT nlj Cc?s; MeV-mb MeV-mb
0 0 o* 1dy), 0.67 29.5
PAI 0.05 «
1 2.17 2" { lds 2.8 } 7234 12.5
2 3.88 o+ 1dy, 0.01 8.2+3 0.18
3 3.81 3" 1fon 0.01 20.9+4 =0
R { 251/2 0.21 N 5
4 3.94 2 Ldy, 0.15 143+2.5
2.5
2s
6 457 2 v 0.56 36,129 1.9
ldy
0.30 3.8
9 4.88 3 1f9 <0.03 10.1+1.3 =0
{ 251 0.28 s
I 5.16 2" ldy, 0.2) } 19.8%5
1.9
12 5.35 ! — — 11.4+4.5 =()
13 5.51 3 — — 6.3+2.5 0
14 5.55 (1.2)" 250, 0.7 29.9+6 1.8
()J“l(}/,/)) 260x20 (RC". ()2)
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TABLE XXIIL Integrated cross sections of the *K(y,1;)*K reaction (Ref. 62), their semidirect components ™., and characteristics of the occupicd states

of the *¥K final nucleus (Refs. 26 and 46). E") =32 MeV.

Characteristics of the *K levels

a"(yn,), 0"l v.n),
i E;, MeV J°T nlj C2s, MeV-mb MeV-mb
0 0 3*0 ldy, 1.8 — 70.3
1 0.13 0*1 1ds, 0.33 - 327
. 251 0.19 _ 13.2
2 0.46 1o 1dy), 0.32 ] 10.7
[ 2o g‘gg 9.4+13 "
3 1.70 1*0 b 0‘03 :
AN )
{ldm 1.39 ] 42.7=6
4 2.40 2*1 [2p3/2 0.03 47.7
12 0.08 ] 9.2+2.5 0
(251/2 0.56
6 2.65 (2.4)70 1dy, 0.19 15.6+5% 15.6
0.2
13 3.43 2*0 16020 (Ref. 19)
™ (y,n)

of the (y,p) and (y,n) reactions is 0.37—0.45. The calculation
of Ref. 61 gives 0.40 for the probability of semidirect pro-
cesses in the cross section for photoabsorption of the 32S
nucleus.

It follows from Tables XX and XXI that not less than
55% of the proton transitions and 93% of the neutron tran-
sitions are due to the (1d2s)—(1f2p) branch of the GDR
of the *2S nucleus.

3.8. The *K nucleus

The partial channels of photodisintegration of the K
nucleus have been investigated in a single (yx7y')
experiment.%? The results of it are given in Tables XXII and
XXIII. The experiment was made at detection angle 140° of
the photons relative to the direction of the bremsstrahlung.
The values of @™ (y,x;) given in the tables were obtained by
multiplying by 44 the differential partial cross sections given
in Ref. 62.

Details of the calculation for *°K can be found in Ref.
62. The calculation was made for E(T_.)=18.0 MeV,
E(T-)=20.3 MeV, 0-.=0.35, 0-=0.65. For the calculation
of the semidirect components of the cross sections formed as
a result of the presence in the occupied states of an admix-
ture of a hole in the 1d, subshell the cross section o™(y,p,)
was used, and for the case of an admixture of a hole in the
25, subshell the cross section o™(y,n,3) was used. For lev-
els having comparable C%S ; for the 1d5,, and 2s,;, subshells,
estimates corresponding to semidirect decay due to the pres-
ence of each of these hole components separately were ob-
tained. The two estimates are given in the table. In the re-
maining cases, the calculation was made for the dominant
hole component. The best description of the experimental
data was obtained for a=0.7-0.8 and b_=b.=1. This
means that in the semidirect decay of the GDR of the ¥K
nucleus the **Ar and **K levels containing an admixture of a
hole in the 1d5, subshell are occupied by the predominant
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emission of nucleons with /=3. Assuming that the (y,p,) and
(7,n_3) partial channels are formed by semidirect processes,
we obtain from Tables XXII and XXIII the following esti-
mates of the integrated cross sections of the (y,p) and (y,n)
reactions up to E,~30 MeV:

a™(y,p)= Z a™(y,p;)=260+20 MeV-mb,
1]

o™(y,n)=2, o™(y,n;)=200%25 MeV-mb.

According to the data of Ref. 19, in the same energy region
(E,<30 MeV) the cross section is a™(y,n)=160+20
MeV-mb, in good agreement with the results of the (y,n7y")
experiment. The integrated photoabsorption cross section ac-
cording to the data of the (y,x7y') experiment is 480
MeV-mb [with allowance for the (7y,a) reaction®’], and this
is 80% of the classical dipole sum rule (60NZ/A MeV -mb).
All this indicates that the role of nucleon decays to states
with higher excitation energy than those given in Tables
XXII and XXIIT is small. In particular, the role of nucleon
decays to hole levels of the 1ds,, subshell and the 1p shell is
small.

It follows from Tables XXII and XXIII that the inte-
grated probabilities of the semidirect processes for the (y,p)
and (vy,n) reactions are, respectively, 0.56 and 0.95. In the
total cross section of the photonucleon reactions, this prob-
ability is 0.75.

3.9. The “°Ca nucleus

The most complete information about the partial nucleon
channels of decay of the GDR of the “’Ca nucleus is con-
tained in Refs. 63 and 64. Both studies use the (y,xvy’)
method. In addition, the energy dependences of the (y,p;)
cross sections were determined in Ref. 63 from the spectra of
photoprotons measured at different upper limits of the
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TABLE XXIV. Integrated cross scctions of the **Ca(v,p;)*°K and *°Ca(y,n;)*’Ca reactions (Refs. 63 and 64), and characteristics of the occupied states of the

final nuclcus (Refs. 26 and 40).

Characteristics of the *K and ¥Ca levels

a™(y,p;) and ™ (y,n;),

MeV-mb
(v.xy') Ref. 64 (7.xy') Ref. 63 (y.x;) Ref. 63
i Nucleus E;, MeV J7 nlj cs; E"=32 MeV E"=30.25 MeV E"=24.6 MeV
0 " K 0 32t ldy, 3.97 110-120 } estimates 1007
{_ Ca
5.4 40-50 38+4
1 [_é(a 2.52 z . - 1.65 61%2.1 59+4 49+5
el 2.1 18.2+1.3 18+2
[ . 2.81 - 0.53 172
2 Ca : % 7”2 Lo z 18.5+3.4
2.80 0.44 342 only (7y.p)
K L
3 [ Ca e % 3/2” 2P, 005 % 16.5+1.8 15+2
3.03 .
4 K 3.60 9/2” 3.6+1.7 23%1
> K 388 32 2 0.02 3.4% 1.4 29+0.7 505
. [ & g e % P . 4z, 90, .
6 K 3.94 32+
8 Ca 3.94 @127) @px2) 0.04 % =13 10207
10 Ca 4.02 1/2* 25, 0.09 42+2.4
8 K 4.08 32° (2p312) 3.8+2.5 3.5+0.7
13 Ca 4.49 (5/2%) (ldsp) 0.1 1.7+0.9
15 K 4.74 (327 =712 3.8+1.8
16 K 4.93 32* 63%1.8 5.4+0.8
22 - K 5.26 1.0 6.4*1.5 6.5+1
18 L Ca 5.13 f 5/2* 1ds, 1.3 0.9+0.9 2.0%0.7
21 K 5.17 (1/2=7/2%) 1.3+038
23 K 5.32 32t 40+1.1 3.8+1.6
26 K 5.60 0.66 8.2*1.8 8*1 67+8
19 \_ Ca 5.49 2 52+ 1dsa 0.52 2.4+0.8 22+038
28 K 5.71 32t 1.8+09
32 K 5.83 (1/2,3/27) (2p32) 0.05 26*1.5 2+1
34 T K 5.94 (1/2,3/27) 0.03 11
21 [_ Ca 6.00 (3/2)" % (2p31) (0.02) 1.020.6
42 K 6.35 5/2% 2 (1ds),) 1.25 6.7+1.4 7+1
22 [ Ca 6.15 (3/2,5/2)* 1.3 1.1+0.6 1.5x0.8
- Ca 6.40 (512%) (1ds;) (0.25) 1.4%0.5
49 K 6.55 7127, T=312 2+1
- K 6 (5/2%) (1ds;) (0.1) 4*15
- Ca 6.92 (5/2%) (1ds;) (0.09) 3.7*+1.3
- Ca 7.70 (5/2%) (1dss) (0.1) 1.5+0.9 97+1
- K 8.5
U%m(')’v]’) =430
a"(y.n) ~g0 | (E3=30 MeV)

Notes: 1) Occupied mirror levels are placed next to each other in the table. They are combined by the square bracket in the second column. 2) In the extreme
right-hand column, the curly brackets are for only the (7, p) channel, i.e., they refer to levels of the **K nucleus. 3) The values of ™ (y,p) and o™ (y,n) were
estimated from the data of several experiments. This is discussed in more detail in the text.

bremsstrahlung spectrum. The data on &™(y,p;) and
" (y,n;) obtained in Refs. 63 and 64 are given in Table
XXIV.

In Ref. 64, the photon spectra were measured at
6,=140°, and the values given in Table XXIV for this study
were obtained by multiplying the differential cross sections
by 4. The photons were detected in Ref. 63 at different
angles, and the integrated partial cross sections given in
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Table XXIV for this experiment take into account the shape
of the angular distribution of the decay photons.

The value of ¢™(7,n,) given in the last column of Table
XXIV was obtained on the basis of the data of Ref. 65. The
values of o™ (y,p,) and 0™ (y,n,) given in the third column
on the right of the table were obtained by extrapolating the
o(y,p,) and o(y,n,) measured in Ref. 63 to the region
E,>24.6 MeV.
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TABLE XXV. Probability of semidircct processes in integrated photonucleon cross sections of nuclei of the 1d2s shell and the fraction of transitions of group

A(ld2s—1[2p).

Fraction of group A

Probability of semidirect processes

EIII
Nucleus MeYV P v.n v,p+v,n VP vn v,pty,n
0 28 <0.05 0.20-0.97 0.35-0.75 0.80-0.95 =0.2 0.35-0.98
80 28 0.1-0.9 =0.37 0.30-0.88 <0.8 =0.47 0.36-0.97
F 30 0.3-0.9 0.48-0.93 0.32-0.89 0.23-0.83 =0.46 0.27-091
Na 30 0.47-0.94 0.90 0.65-0.92 0.17-0.31 0.60-0.71 0.34-0.47
Mg 30 0.68 0.82 0.71 0.47-0.62 0.90-0.95 0.62-0.73
BMmg 28 0.53-0.83 0.20-0.60
Mg 27 0.56-0.63 0.35-0.55
2771 30 0.87 1.0 0.92 0.28-0.42 0.88 0.53-0.62
2si 28 0.80-0.85 0.99 0.86-0.89 0.66-0.86 0.93-0.96 0.74-0.89
28 26 =10 =10 =1.0 0.51-0.59 0.67-0.78 0.57-0.67
39si 26 =10 =1.0 =1.0 0.57(=<0.77) 0.71-0.73 0.65-0.66
3ip 30 =042 =10 >0.60 0.16-0.21 0.80-0.85 0.37
g 29 =0.55 =0.93 >0.64 0.31-0.35 0.58-0.83 0.37-0.45
®K 30 =10 =1.0 =1.0 0.56 0.95 0.75
“Ca 30 =0.88 =10 =0.90 0.59-0.66 0.82-0.88 0.63-0.69

In Ref. 63, photoproton spectrometry in the region
E,<24.6 MeV was used to determine the energy depen-
dences of the cross sections of the (y,p,) and (y,p,) reactions
and also of the cross sections for occupation of groups of
states of the 3°K final nucleus with excitation energies in the
intervals 2.8—-4.2 MeV, 4.2—-6.5 MeV, and 6.5-8.5 MeV. The
integrated values of all these cross sections are given in the
extreme right-hand column of Table XXIV.

There have been no measurements of the energy depen-
dences of a(vy,n;) except for a(y,ny) (Ref. 65) and o(y,n,)
(Ref. 63). In Ref. 64, these dependences were determined by
conversion from the experimental cross sections oy, p;)
(Ref. 63).

In Ref. 64, not only the semidirect components o(, p;)
and oy, n;) but also o', (y,p) and o¥,(y,n) were calcu-
lated. The details of the calculations are given in Refs. 64,
66, and 67.

(N,Z-1)+P
T i
'T'z#i Tlo 1
T, = 44
A=N+Z 2
FIG. I. Isospin scheme of excitation and nucleon decay of the giant reso-

nance in non-self-conjugate (N #Z) nuclei. The probabilitics of cxcitation
and decay, determined by the squares of the Clebsch—Gordan isospin coef-
ficicnts, are shown,
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It can be seen from Table XXIV that the results of the
two (7, xy') experiments®*®* agree with each other and with
the data of Ref. 63 on proton spectrometry in the region
E;=<6.4 MeV. The levels of the final nuclei above this exci-
tation energy decay predominantly with the emission of
nucleons (the proton separation energy in the *’K nucleus is
6.374 MeV, and in the *Ca nucleus it is 5.804 MeV). There-
fore, only some of these decays could be separated by the

16 20 24 28 32 36 40
1,0 T T T T — T T
0,8} I[ [ I 4
0’6P I II a .I -
0,af II 1 —
0,21 b I I 4
0o F—+—+— + + + + t
1,0t - T . -
0,8} I I II s I
0,6t [ _
0,4} T 4
0,21 J

1,0} _

o,8f I I . -
0,6 I I I° B I
0,“— I ] I N
0,2+ B
o L 1 L 1 1 L 1

16 20 24 28 3 36 40

Mass number A

FIG. 2. Probability of semidirect decay of the giant resonance of nuclei of
the 1d2s shell: a) (y,p) reaction; b) (y,n) reaction; ¢) (,N) rcaction. Here,
N is a proton or a ncutron.
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—T T T T T T =
1,0 ) .I .
L J
08 I -
0,6 | I . J
0,0 J
0_2F ° ]
0 —-’—! + T
1..0 o r - ® o0 00 1 o o -
0.8 F "o ]
]
0,6 -
0,6 [ b
0} o 4
20 24 28 R 36 &0
0 + + + —t — +
1,0 .. XY . 1 .
el [ .
3
ot I -
0,4} J
02} o -
0 4 1 I 1 1 1 1
16 20 24 28 32 36 A0

Mass number A

FIG. 3. Fraction of transitions of group A (1d2s—1f2p) in the giant reso-
nance of nuclei of the 1d2s shell: a) (v,p) reaction; b) (,n) reaction; c)
(7N) reaction. Here N is a proton or a neutron.

detection of secondary 7y rays. The decays of the highly ex-
cited states of K and *’Ca must contribute to the cross
sections of the (y, 2p) and (y, np) reactions. The threshold of
the (7, 2n) reaction is too high (29.3 MeV) for this reaction
to make a significant contribution to the photoneutron chan-
nel up to E.,=30 MeV. A number of (y, 2p;) channels were
found in the experiment of Ref. 64. References to (y, np)
experiments can be found in Refs. 66 and 67. It follows from
the cited studies in particular that

|
e—
| P
|
T
—-__—_‘L-—
4

!
!

lE.c

—_ -

nn PP

FIG. 4. Schematic representation of the potential well for protons and neu-
trons.
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FIG. 5. Densities of 2p2h dipole states calculated for the 2Si and 28 nuclei
in Ref. 42.

32
J o(vy,np)dE,=7-8 MeV-mb.
0

Bearing in mind that in accordance with Ref. 17 (see Table
XXIV in this paper)

30
I o(y.p+vy.np+7v,2p)dE,=470+40 MeV-mb
0
and

30
f o(y,n+vy,np)dE,=88+8 MeV-mb,
0

we obtain the following estimates for the integrated cross
sections of the (y,p) and (7,n) reactions for E'y<30 MeV:

30
J o(y,p)dE,~430 MeV-mb,
0

30
f o(y,n)dE ,~80 MeV-mb.
0

The cross section ¢®™(y,n) obtained by adding the num-
bers given in the third column on the right of Table XXIV is
about 90 MeV -mb, and this exhausts the integrated value of
the photoneutron cross section in the region E,<30 MeV.
This means that the data of Table XXIV contain essentially
complete information about the neutron decay channels of
the GDR of the “’Ca nucleus.

According to the data of Ref. 63, the integrated cross
section for occupation of the **K levels with E;>6.4 MeV is
close to 100 MeV-mb (E,<24.6 MeV). Only a small frac-
tion of this value (not more than 20 MeV-mb) can be ex-
plained by the (7,p;) reaction channels observed in Ref. 64 in
this region of E; (see Table XXIV) and also by the (y,2p)
reaction. In the (y,py') experiment of Ref. 64 in the region
E;>6.4 MeV the total integrated value of the unseparated
(.p;) cross section is more than 80 MeV -mb.

The data of Table XXIV indicate that there are no
Ip—(1d2s) transitions in the (y,n) channel. In the (y.p)
channel, their fraction cannot be more than 50-100/430

Ishkhanov et al. 388



TABLE XXVI. Neutron and proton separation cnergics B,, and B, in the investigated nuclei of the 142 shell and the difference A, in the probabilitics of

semidirect processes in the (y,n) and (y,p) channels.

Isospin projection AB,,=B,—B,,

Group Nucleus T. B,, MeV B,, MeV MeV A, girr %
150 0 15.67 12.13 3.54 7.5+5.3
Mg 0 16.53 11.69 4.84 13+5

I 25 0 17.18 11.58 5.60 19+10
328 0 15.09 8.90 6.19 38+13
OCa 0 15.62 8.33 7.29 33+5
1°F 12 10.43 7.99 2.44 from —37 to +77
2Na 12 12.42 8.79 3.63 40+11

1l 2TAl 12 13.06 8.27 4.79 53+8
ip 12 12.31 7.29 5.02 64+4
K 12 13.09 6.37 6.72 39+5
e} 172 4.14 13.78 —-9.64
80 1 8.05 1594 —-7.89

Il BMg 12 7.33 12.06 —4.73
Mg 1 11.10 14.15 -3.05
2si 12 8.48 1233 —3.85 18+7
30gj 1 10.62 13.51 —2.89 15+6

=12% of the integrated cross section [in the total cross sec-
tion of the (y,n) and (7,p) reactions, this fraction does not
exceed 10%].

The ground state and first two excited states of the *K
and *Ca nuclei are pure nucleon holes in the subshells 1d;),,
25, and 1f5,, respectively, relative to the ground state of
the **Ca nucleus. The occupation of these states was as-
sumed to be entirely due to semidirect decays. The remaining
¥K and *¥Ca states either contain no hole components at all
(for them, C%S ; 1s equal to zero, and therefore they are not
given in Table XXIV) or contain only a fraction of the spec-
troscopic strength of the hole excitation in the 1ds, and
2p3j, subshells. The partial cross sections for excitation of
the levels for which C2S; are not given (i
=4,6,10,15,16,21,23,28,29) are entirely formed by the indi-
rect mechanism of GDR decay.

Calculation of the semidirect components shows
that the levels of *°K and *’Ca containing an admixture of a
hole in the 2p5,, subshell (i=3,5,8,32,34) are almost entirely
occupied by the indirect mechanism of GDR decay. Isobar
analog pairs of **Ca and *K levels containing an appreciable
fraction of the spectroscopic strength of the hole in the 1ds,
subshell (i=18 and 22, 19 and 26, 22 and 42) of the “’Ca
nucleus are occupied with high probability by semidirect de-
cays of the GDR. In the total integrated cross sections of the
(v,p) and (y,n) reactions, the fraction of the semidirect de-
cays is 0.59-0.66 and 0.82-0.88, respectively. In the total
integrated photonucleon cross section [o™(y,p)+o™(y,n)],
this fraction is 0.63-0.69. All estimates correspond to the
region E,<30 MeV.

Finally, in Refs. 64, 66, and 67 the probability of semi-
direct decays in the photoabsorption cross section o, was
estimated for “*Ca. It was found with allowance for all pos-
sible decay channels of the GDR: (vy,p), (y,n), (y.2p),
(v.np), (v,c0), (7y,7). Bearing in mind that the emission of two
nucleons and composite particles (@ and 7) makes the pre-
dominant contribution to the semidirect part of the photoab-

64,66,67
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sorption cross section, it was found that the probability of
semidirect decays in oj;," is about 0.55. A similar result was
also obtained in a theoretical calculation of o, for “Ca made
in Ref. 68. According to this calculation, the probability of
semidirect decay at the maximum of the GDR is =0.50.

4. SYSTEMATIZATION OF THE RESULTS

Separation of the transitions to different states of the
final nucleus A—1 showed that hole states of the initial
nucleus are predominantly occupied. Assuming that this fact
is directly related to the semidirect mechanism of nucleon
emission from states forming the dipole resonance, it was
possible to estimate qualitatively for each nucleus the corre-
sponding contribution in the framework of the employed as-
sumptions. This information is systematized on the right-
hand side of Table XXV. We give separately the results of
analysis of the experimental data on both the proton and the
neutron channel. In the final column, we give the total result.
Note that the total result almost exhausts the cross section of
total photoabsorption.

In the left-hand part of Table XXV, we have system-
atized data on the contribution of dipole transitions of nucle-
ons of the outer 1d2s shell to the giant resonance of the
investigated nuclei. These data are also given separately for
the proton and neutron channels. The total result is also
given.

The results of estimates of the fraction of semidirect
transitions in nuclei of the 1d2s shell and of the contribution
of dipole transitions of nucleons of the outer 1d2s shell are
also given in Figs. 2 and 3. These figures also give data for
the '°O nucleus obtained by analyzing the results of Ref. 69.

Our systematics demonstrate some interesting and some-
times unexpected facts. We shall discuss below in this sec-
tion these facts and give an interpretation of them at a quali-
tative level (since there are no theoretical investigations of
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this kind). Naturally, the analysis does not pretend to abso-
lute completeness and in some respects may be subsequently
refined or modified.

The probability of semidirect processes in the (y,p)
channel varies in the interval 0.2-0.8 with an average over
the complete group of nuclei around 0.5. We note the rapid
change of the probability of semidirect decay in the proton
channel in going from nucleus to nucleus. These changes
greatly exceed the errors in the estimates and therefore re-
flect the real situation.

The probability of semidirect decay in the (y,n) channel
is appreciably greater than in the (,p) channel (on the aver-
age by 40%) and varies in the range 0.6—1.0. For the total
cross section, this probability varies from 0.4 to 0.8 with an
average over all the nuclei of 0.6-0.7.

The noted significant excess of the probability of semi-
direct decay in the (y,n) channel over the (vy,p) channel is
essentially observed for all nuclei for which such a compari-
son can be made. We must here especially mention the nuclei
%0, 28i, and “’Ca, which have been most fully investigated
in a large number of experiments and for which there are no
doubts at all about the data.

At least two factors could influence such a strong differ-
ence in the probabilities of the semidirect processes in the
photoneutron and photoproton channels: the difference in the
thresholds (or separation energies) for the protons and neu-
trons, and isospin splitting of the GDR. We shall analyze
both factors. Let us consider Table XXVI, where for the
investigated nuclei of the 1d2s shell we give the separation
energies of the neutrons and protons, B, and B p» their dif-
ferences AB,,,,—-:B,,—B »» and also the differences

As gir= AY i~ A gir

in the probabilities of the semidirect processes in the (y,n)
and (y,p) reactions. The nuclei are divided into three groups:
The first group contains self-conjugate (N=Z) even—even
nuclei with isospin projection T',=0; the second group con-
tains nuclei having one proton less than the neighboring self-
conjugate nucleus, i.e., nuclei with 7,=1/2; the third group
contains nuclei having 1-2 neutrons more than the neighbor-
ing self-conjugate nucleus.

We begin the analysis with nuclei of the first group, for
which there is no isospin splitting of the GDR. For the nuclei
of this group, B, is appreciably greater than B,, and
AB,,P(A) increases as A increases from 3.54 MeV for '°0 to
7.29 MeV for “°Ca. This difference increases because of the
Coulomb interaction between the protons, as a result of
which the potential well for the protons in the nucleus is
shallower than for the neutrons by the proton Coulomb en-
ergy E.=1.44Z/A">—1.13 MeV. This situation is shown
schematically in Fig. 4. Because of the deeper potential well
for the neutrons, the B branch of the GDR, associated with
excitation of an inner 1p shell, is suppressed in the (y,n)
channel in relation to the (,p) channel. Since the probability
of semidirect processes in the B branch of the GDR is much
lower than in the A branch,'” this leads to the observed ex-
cess of the fraction of the semidirect mechanism in the (y,n)
reaction over the (y,p) reaction. It can also be seen from
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Table XXVI that with increasing AB,,, there is also an in-
crease of Ay ;. Averaging of A g4 for the first group of
nuclei gives A, dir = 22%.

For the nuclei of the second group, there is approxi-
mately the same difference between B, and B, as for the
nuclei of the first group, and this must lead to a higher frac-
tion of semidirect processes in the (,n) channel. In addition,
for the nuclei of the second group there exists an isospin
splitting of the GDR, which also helps to increase the prob-
ability of semidirect processes in the (y,n) reaction and to
reduce it in the (7,p) reaction. In the given case, the thresh-
old (kinematic) and isospin factors act in the same direction,
and this must lead to a larger value of A y;, for the second
group of nuclei than for the first. The data of Table XXVI
confirm this. The averaging of A, y; for the second group of
nuclei (without allowance for the insufficiently definite data
for °F) give A, 4 = 45-50%, which is much greater than
for the nuclei of the first group (22%).

We now consider why the isospin factor helps to in-
crease the probability of semidirect processes in the (y,n)
channel in relation to (,p). We examine Fig. 1, which shows
the scheme of isospin splitting of the GDR that arises for
nuclei with nonvanishing T, . The value of the isospin split-
ting (the difference between the energies 7. and T, of the
GDR branches), calculated in accordance with the expression
of Ref. 18,

Z

1
T Mev, (12)

AE=60

varies from 4.7 MeV for '°F to 2.3 MeV for *’K. Because of
this splitting in energy, the T, and T doorway dipole 1p1h
states can be in a region with very different density of the
dipole 2p2h levels, decay to which leads to the occurrence
of statistical (nonsemidirect) photonucleons. The probability
of occurrence of statistical nucleons is determined by the
decay width I'! (the total decay width of the giant resonance
is [=I'"+T", where I'! is the width of semidirect decay),
which is determined by the relation

I =27(2p2h|V|1p1h)pypon, (13)

where (__)7 is the mean-square matrix element of transition
of 1plh states to 2p2h states as a result of nuclear interac-
tions, and p,,,, is the density of 2p2h dipole states. Thus,
the probability of nonsemidirect decays is essentially deter-
mined by the density p,,,. As is shown by calculations* of
the densities of 2p24 dipole states made for the 28Si and *%S
nuclei (see Fig. 5), P2p2n increases sharply in the region of
the maximum of the GDR (=20 MeV). By virtue of this, the
T~ branch of the GDR is “embedded” in a much denser
background of 2p2h states than the T_ branch. Because of
this, the fraction of nonsemidirect photonucleons emitted on
decay of the T, branch must be appreciably greater than the
fraction of nonsemidirect photonucleons emitted on decay of
the T_ branch. At the same time, the T- branch is mani-
fested to a greater degree in the (7y,p) channel, and the 7.
branch to a greater degree in the (y,n) channel. This effect
explains the much larger value of A for nuclei of the
second group than for the first.

s dir
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We give further arguments that confirm the above con-
ception. Analysis of the experimental data on the partial de-
cay channels of the GDR of the nuclei Na, 77Al, 3P, and
YK (Refs. 23, 25, 54, 62, and 70) showed that most (60—
80%) of the neutron decays of the GDR of such nuclei take
place to levels with T=0 of the final nuclei (i.e., they arise
on decay of the 7T_ branch of the GDR), and these levels are
occupied almost entirely by emission of semidirect neutrons.
Further, for nuclei of the second group we observe a much
smaller fraction of semidirect decays in the (7,p) channel
than for the neighboring nuclei of the first group. This fol-
lows directly from the above conception, according to which
the presence of the T, branch in a region with high p,,, is
reflected above all in an increase of the statistical decays
through the proton channel. If we compare the values of
AB,, and A y; for nuclei of the second group, we see that,
in contrast to the nuclei of the first group, growth of A, 4,
with increasing AB,,, is not observed. This can be explained
by the halving of the isospin splitting in going from nuclei at
the beginning of the 1d2s shell (*°F) to nuclei at the end of
the shell (’K). The isospin factor has the greatest effect on
the nuclei at the beginning of the shell and thus equalizes the
values of A y;, for nuclei with different mass numbers.

It is important to emphasize that Fig. 5 also makes it
possible to explain what at first sight seems a very strange
fact—the much smaller (by a factor 2 if one considers the
total photonucleon cross section) probability of semidirect
processes for the *2S nucleus than for the 2®Si nucleus. The
two nuclei belong to the first group of nuclei (even—even
self-conjugate nuclei) and have nearly equal mass numbers.
It follows from Fig. 5 that the sharp increase in the density of
the 2p2h states over which the doorway dipole states can be
distributed occurs for the **S nucleus much lower in energy
(by almost 5 MeV) than for the 28G nucleus. Essentially, for
the 32S nucleus the entire giant resonance is “embedded” in
a dense background of such states, whereas for the 2%Si
nucleus this happens only for the high-energy part beyond
the maximum of the giant resonance.

For the nuclei of the third group, B,>B,, and in this
respect the situation is the opposite of that for the nuclei of
the first and second groups. If the isospin factor were absent,
one could expect equalization of the probabilities of semidi-
rect decays in the (,n) and (y,p) channels for nuclei of the
third group or even an excess of it in the (y,p) channel. On
the other hand, the isospin factor in this case (as in the case
of nuclei of the second group) has the effect of increasing
A,gir- Tt is difficult to predict the extent to which these two
factors will compensate each other and which of them will
be decisive. In any case, Ay, for the nuclei of the third
group must be less than for those of the second group. The
data on the two investigated nuclei of the third group
(*81,%Si) confirm this.

We now discuss the role of the nucleons of the outer
(1d2s) shell in the formation of the giant resonance of the
investigated nuclei. In Fig. 3, we have systematized the data
on the excitation probability of the A branch of the GDR. It
can be clearly seen that the probability of excitation of the A
branch increases with increasing mass number and that at
A==30 the B branch has practically disappeared. The increase
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of the A branch with increasing mass number is the effect,
predicted by the concept of “configuration splitting” of the
GDR (Ref. 17), of occupation of the 1d2s shell with increas-
ing number of nucleons.

Comparison of Figs. 3a and 3b shows that the B branch
in the (7,n) reaction dies away earlier than in the (7y,p) reac-
tion. This can be explained by the fact that for the majority
of the analyzed nuclei the photoneutron threshold is appre-
ciably higher than the photoproton threshold (see Table
XXVI), and this leads to an additional suppression of the B
branch in the photoneutron channel.

However, it must be remembered that an appreciable
fraction of decays of the group B is at excitation energies
above 30 MeV (Refs. 17 and 71), i.e., outside the energy
region that has been analyzed in this review. Therefore, to
see the B branch in the nuclei at the end of the 1d2s shell
and, a fortiori, to investigate it in detail, experiments that
measure the partial photonucleon cross sections at E,>30
MeV are needed.

5. CONCLUSIONS

In this review, we have systematized and analyzed all the
available material on the partial photonuclear cross sections
of nuclei of the 1d2s shell (8<Z<20) obtained from experi-
ments on nucleon spectrometry and gamma-ray deexcitation
(vxy' experiments). The total number of measured partial
transitions for the 15 nuclei of this region exceeds 300. The
presented systematization contains the most complete and
deep information on the decay of the giant dipole resonance
with occupation of individual levels of the final nuclei. Its
analysis demonstrates the exceptional effectiveness of this
method of investigating highly excited nuclear states. For the
nuclei of the 1d2s shell, this analysis has revealed:

*A high probability of the semidirect mechanism of de-
cay of the GDR, as a result of which the nucleus remains in
a hole state after emission of the nucleons.

*The photoneutron channel gives particularly good infor-
mation about the configuration structure of the doorway di-
pole states.

There is a strong influence of the kinematic and isospin
factors on the relative importance of the semidirect and sta-
tistical mechanisms of decay of the GDR.

*The shell structure of the GDR matches the conception
of its “configuration splitting.”'”

All these results follow directly from the experimental
data. It must be particularly emphasized that the presented
experimental material opens up a unique possibility for test-
ing modern nuclear theories. All the information about the
measured partial channels is available at the Center for Data
of Photonuclear Experiments of the Nuclear Physics Institute
of Moscow State University (Moskva 119899, NIIYaF
MGU, TsDFE) and can be supplied to interested persons.

At the present time, the most complete data on partial
photonuclear channels are available for the nuclei of the
1d2s shell. It is therefore desirable to extend the experi-
ments to nuclei of other regions and above all to the light
nuclei of the 1f2p shell, for which the considered method
may also be very effective. However, the interpretation of
such data may be less certain because of the stronger disrup-
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tion of the correlation between the partial cross sections and
the corresponding spectroscopic factors. So far, data have
been published for (y,xy') experiments for two nuclei of the
1£2p shell: “Sc (Ref. 72) and **Ni (Ref. 73).

With regard to nuclei of the 1d2s shell, it is also difficult
to regard the experiments in this region as completed. In
particular, it is necessary to obtain (y,xy’) data for the iso-
topes 1S, 337C1, and **%°Ar in order to fill the range of
mass numbers 32<<A <40. A first report of a (y,xy") experi-
ment on chlorine isotopes has been published.” It would be
very helpful to have data on the neon isotopes and more
accurate experiments on the isotopes of oxygen and >>**Mg.
If all these data were available, there would be a much more
secure basis for discussing the properties of photodisintegra-
tion of nuclei of the 1d2s shell in the region of the GDR that
we considered in the previous section, and such data could
lead to the discovery of new effects. One of the possible
expected effects is an increase in the probability of semidi-
rect processes in nuclei with closed shells. Figure 2 shows
that the probability of the semidirect mechanism is appar-
ently maximal at A=16, 28, and 40, i.c., at the mass numbers
that correspond to closing of the 1p shell, the 1ds,, subshell,
and the 1d2s shell. However, to draw final conclusions we
still need information on the nuclei with A=17, 18, 20-22,
25, 26, 33-38.

With regard to experiments using particle spectrometry,
the data of the present review indicate the very high value of
the energy dependences of the partial photoneutron cross
sections for studying the shell structure of the GDR. The
semidirect processes are dominant in the photoneutron cross
sections. Because of this, the nature and probability of the
occupied states of the final nucleus in the (7y,n) reaction give
the most direct information about the subshells that partici-
pate in the excitation of the GDR. The value of such infor-
mation justifies the difficulty of performing such experi-
ments.
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