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The results are presented of an experimental investigation of the y-decay of pyj2»P3» and f5, analog
resonances in **%6*$Cu, The decay schemes of the resonances were constructed, the angular distributions
of the y rays were measured, and the absolute partial y widths were determined. Data are deduced on
the intensities of analog-antianalog transitions, the intensities of 8 and y analog transitions, and the
positions of states of the core polarization type. The results are given of calculations of the strength
functions of the M1 y-transitions from analogs, and a comparison with the experiment is made.
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INTRODUCTION

A stormy development in the field of nuclear physics
associated with isospin was initiated by Anderson’s
discovery® in 1961 of analog states in nuclei of medium
atomic mass. It became clear that the concept of
isospin can also be used to describe heavy nuclei.
Even greater interest was stimulated by Fox’s dis-

. covery? in 1964 of analog states as resonances in the
compound nucleus. In nuclear physics, a phenomenon
had been discovered with the characteristic features
of the so-called microgiant resonance or intermediate
structure. Methods of studying analog resonances and
also various questions relating to the role of isobar
symmetry in nuclei were considered in the review of
Ref. 3.

Study of the y-decay of analog resonances has proved
to be an informative and fruitful field of research in
nuclear physics. Besides purely spectroscopic infor-
mation on low-lying states of nuclei, information can
be extracted about various effects due to the nature of
the analog states. These effects are considered in
detail in Ref. 4.

In our view, the most interesting problems are the
following.

1. Comparison of the intensities of gand y analog
transitions.

2. Study of the intensities of analog—antianalog
transitions.

3. Investigation of the properties of states of the-
core polarization type.

4, Study of the y-decay of the fine-structure com-
ponents of analog resonances.

5. Investigation of the structure of nonanalog proton
resonances.

In the present review, we describe the results of an
experimental investigation of these problems obtained
by analyzing the y-decay of analog resonances in Cu
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isotopes. The measurements of the y-decay of the
analogs in 5°+%1+63:65Cu were made with the EG-5 elec-
trostatic generator of the Laboratory of Neutron
Physics at Dubna.

The main aim of the investigation was to study the
properties of states of the core polarization type—
collective charge-exchange excitations that were de-
tected experimentally for the first time by Gaarde et
al. in a study of the y-decay of the p, , analog in *V.

The approach to the study of nuclear structure based
on analysis of the various collective degrees of free-
dom in the nucleus and the investigation of elementary
modes of nuclear excitations has proved fruitful for
both-experimentalists and theoreticians.’

From the experimental point of view, the study of the
elementary excitation modes makes it possible to for-
mulate more precisely and concretely the aim of the
investigation, to choose the process in which the given
mode may be manifested fairly reliably, and to choose
the nucleus in which the given excitation should be
studied.

Until recently, information on elementary modes of
nuclear excitations was restricted to single-particle
excitations and some low-lying collective states. The
theoreticians long ago predicted the existence of highly
excited (with energy 10-20 MeV) collective states
similar to the well-known E1 giant resonance. In phen-
omenological collective models, these resonances
correspond, for example, to shape vibrations of var-
ious multipolarities and also to degrees of freedom that
include changes in the spin and isospin. Resonances of
this kind have become known as multipole, or exotic,
resonances. Usually, one considers excitations with
isospin 7=0 or 1 and isospin projection p_=0. In
other words, the excitations exist in the same nucleus
as the ground state on which the given excitation is
based. However, one can consider elementary modes
with isospin projection p,=+1 and 7=1. These excit-
ations are based on a ground state that is a state of a
neighboring nucleus. The analog state is a well-known

© 1979 American Institute of Physics 502



example of such excitations. From the point of view of
the microscopic approach, analogs are collective ex-
citations involving a proton and a neutron hole coupled
to give angular momentum 0*,

The present investigation was devoted to collective
charge-exchange excitations (p, =- 1) of a different
type in which a proton and neutron hole are coupled to
give angular momentum 1*. The main difficulty in an
experimental study of multipole resonances is to find
a process in which the given state is manifested more
clearly than other states of more complicated nature.
Such a process must be described by an operator which
ensures coherence for the probabilities of transitions
to the investigated collective state. In principle, each
multiple resonance can be associated with one or sev-
eral reactions in which an enhancement of the transition
to this resonance can be observed. For analog reson-
ances, charge-exchange reactions of the type (p,n) or
Fermi p-transitions constitute such processes. For
charge-exchange excitations of the type 1*, Gamow-—
Teller B-transitions can be suitable for this purpose,
but the energy region accessible by means of B pro-
cesses is small.

It was found some years ago® that the M1 y-decay of
analog resonances is a suitable process for revealing
charge-exchange excitations of the type 1*. This cir-
cumstance, and also other problems associated with
the y-decay of analogs, stimulated intensive investiga-
tions in this direction.

Before the start of our investigations of v-decay of
analogs in the Cu isotopes, data had been obtained? on
the y-decay of analogs in the nuclei of the f7,2 shell
and in Sc and V isotopes.

The choice of the investigated nuclei is determined
by their shell structure: nuclei near closed shells or
filled levels were studied. This circumstance consid-
erably facilitates the interpretation of the experimental
data and the theoretical calculations.

Reliability of the interpretation and the possibility of
making comparatively simple theoretical calculations
which nevertheless reflect reality were the main re-
quirements in the choice of the actual analog resonan-
ces to be studied. Investigations were made of analogs
of the most clearly expressed single-particle states
having a fairly large (>0.6) spectroscopic factor in
transfer reactions involving one nucleon (neutron).
The choice of odd nuclei has a number of advantages
from the experimental point of view (the use of targets
with zero spin, convenient energy relations, reliable
identification of states) and does not significantly com-
plicate the picture from the theoretical point of view.

1. BASIC NOTIONS ABOUT THE GAMMA DECAY OF
ANALOGS

For the decay of analog resonances, AT =1, and
therefore only the isovector part of the y-transition
operator contributes to the transition. The informa-
tion obtained from transitions between low-lying states
with AT =0 (the latter are particularly sensitive to the
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isoscalar part). It is to be hoped that the y-decay of
isobar analog resonances will yield information about
the parts of the wave functions that are sensitive to the

isovector part of the operator of the electromagnetic
transition.

The splitting of this operator into isovector and iso-
scalar parts determines the main isospin selection
rule for y~transitions: y-transitions of any multipolar-
ity must satisfy the condition AT =0, +1.

Data on the y-decay of analogs can be used as a test
for the wave functions of low-lying states. It is imp-
ortant that in calculations of transition probabilities
from an analog there is no need to write out the wave
function of the analog explicitly. It is sufficient to
know the wave function 'I'%ﬂ_,.o‘1 of the parent state and
the wave function ‘I’{"o'"o of the final state.

In the majority of cases, one studies analogs of low-
lying states whose wave functions are fairly well known.
One can then compare the experiment with the results
of calculations made with any model functions

f
‘FTn. Tor

On the other hand, if ¥ is well known, then data on
the y-decay can give information about the function

PS
Wiy, ToLis

There is a fundamental relation connecting the prob-
ability of a y~transition from an analog state to any
level and the ff value for the B-transition from the par-
ent state to the same level. This relation is based on
the similarity of the isovector part of the operator of
a y-transition of definite multipolarity and the operator
of the 8-transition of corresponding type. The relation
has been frequently used to analyze transitions in light
nuclei.

The most frequent practice is to use the connection
between the reduced probability of 31 transition from
the analog state and the value of the corresponding
Gamow~Teller g-transition:

ft—=14530/T,B (21, o).

Here, T, is the isospin of the analog and B(M1, o) is
expressed in units of u2 = [ef(2Mc) .

Gamma-transitions from an analog with isospin T,
to low-lying states of the nucleus with isospin T,~ 1 and
the corresponding B-transitions are usually called 8
and v analog transitions.

Detailed study of the y-decay of analogs in medium
and heavy nuclei entails a study of collective charge-
exchange degrees of freedom. It is known that the
Gamow-Teller B-transitions to low-lying states are
hindered compared with the single-particle estimate.
Allowance for pairing correlations improves the agree-
ment between the theoretical and experimental f val-
ues.’

The experimental values of log ff of Gamew—Teller
p-decay are explained by ideas about the Gamow—Tel-
ler collective state, which is a coherent superposition
of (p,n) excitations coupled to give angular momen-
tum 1* (see Refs. 8-10). Configurations of the same

Naumov et al. 503



4
J J;I =N G Teller
Jx_, —_— glant resonance
ALs Spin-orbit splitting
b T=T,+1 Anslog
T,
J ;] T=T, Core
Jx-f = P states
a4 AE‘E Symmetry energy
P T=T, Anti

berccccccccccacd EVA

FIG, 1. Energy relationships between analog, antianalog, con-
figuration, and core polarization states.

type are also important for the analysis of the y~decay
of analogs.

Collective charge-exchange excitations appear when
allowance is made for residual interactions. The
analog state is generated by the isospin—isospin resi-
dual interaction and is a superposition of states in-
volving a proton particle and neutron hole coupled to
give angular momentum 0* (see Refs. 11 and 12). The
1* charge-exchange collective excitations appear when
the spin-isospin residual interactions are taken into
account. To study the y-decay of analog states, it ap-
pears expedient to use basis functions with definite
isospin. These functions are constructed in the form of
a superposition of particle-hole excitations. The con-
struction of states with definite isospin leads to the
appearance of analog, antianalog, and configuration
states, states of the core polarization type, and states
of the spin-flip type.* Figure 1 shows the states that
are the most important for the decay of the analogs,
and the ground-state configurations of these states.
The energy relations between these states are typical
of nuclei with A ~50-60.

In the many-particle shell model, the analog and the
antianalog state and the configuration states are deter-
mined as follows. Suppose that above a closed inert
core with zero isospin and zero spin there is a group
of nucleons (an even number) on the level j, with total
spin J, =0 and isospin T,. We consider only an odd
particle on the level j,. Then the wave function of the
analog corresponds to coupling of the odd particle and
core with J, and T, to give total angular momentum
J =j, and isospin T =T,+3. The antianalog state cor-
responds to the same coupling to give angular momen-
tum J =j, but isospin T, - 3.

All the other states that arise as a result of the re-
coupling of the spin J, and the isospin T, are called
configuration states in the terminology of Lane. Some-
times, the antianalog state is also included with the
configuration states. In what follows, we shall re-
strict the use of the adjective “configuration” to a
smaller class of states, eliminating the antianalog
state, the states of the core polarization type, and
the spin-flip states.

In the study of the y-decay of analogs, the most imp-
ortant particle—hole configurations are the ones in
which the proton and the neutron hole occupy states in
a spin-orbit doublet: j,=! ¥3, j,=I +3. We shall say
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that states with definite isospin in which such config-
urations make the main contribution are spin-flip
states.

Much attention is devoted to analog—antianalog trans-
itions in investigations into the y-decay of analogs.
Some years ago, when data on the y-decay of analogs
were known for only light nuclei, it seemed that decay
by a strong M1 transition to the antianalog was the main
feature of the y-decay of analogs. The values of B(M1)
for these transitions were found to be a few Weisskopf
units. In recent years, data have become available on
the decay of analogs in nuclei of the f,,, shell that have
necessitated the introduction of new ideas and shown
that in the analysis of the y-decay of analogs it is not
possible to restrict oneself to the antianalogs. It was
found, first, that there is a large number of analog—
antianalog transitions that are strongly hindered com-
pared with the single-particle estimate; second, in
many cases the strongest y-transitions from analogs
take place to states situated several MeV above the
antianalog; third, analysis of the 8 and y analog trans-
itions indicates an important influence of nonsingle
particle effects.

The strong hindrance of the analog—antianalog trans-
ition is explained by an admixture of core polarization
states in the analog. From the theoretical point of
view, allowance for states of this type is completely
justified, since the probabilities of transitions from
the analog to the pure antianalog state and to a pure
core polarization state are comparable. From the
experimental point of view, the study of core polar-
ization states is a more difficult problem than the in-
vestigation of analog-antianalog transitions. These
states are situated 1-2 MeV higher than the antianalog.
For this region of excitations, the general inadequacy
of the spectroscopic data on nuclear levels makes it-
self felt. In addition, a core polarization state at an
appreciable height will be distributed over closely-
spaced states, exhibiting a strength-function type phen-
omenon. Finally, the transition to the study of pop-
ulation of highly excited states entails a considerable
increase in the experimental difficulties.

The total decay probability of the analog is distributed
between the transitions to the antianalog and the core
polarization states. In some nuclei, the transition to
the antianalog is predominant. In muclei of the f,,,
shell, in contrast, the transition to the antianalog is
hindered and transitions to core polarization states
must be clearly manifested. The transition probability
does not depend on the state occupied by the odd part-
icle but is determined by the states that are occupied
by the excess neutrons. The transitions must be
strong if the excess neutrons occupy states with j, =1 +3
and weak if j,=1- 1. It should be noted that the residual
interactions strongly distort this simple picture, since
there occurs an admixture of the antianalog state and
the spin-flip states.

Considering the problem of the decay of analog res-
onances, we arrive at the need to study the strength
function of the y-transitions associated with the analog
state. The residual interaction has the consequence
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that transitions to spin-flip states are enhanced com-
pared with the unperturbed value. There is a redis-
tribution of the strength of the transition from the
antianalog state to a core polarization state and from
this latter to a spin-flip state. A fairly strongly coll-
ectivized state arises, and this carries the main
strength of the M1 transition from the analog. This is
none other than the Gamow-Teller resonance.

The question of the existence of a Gamow-Teller
giant resonance is intimately related to the question of
the validity of supermultiplet symmetry in medium and
heavy nuclei. 40

Experimental Condilions. The y de-excitation of
analogs in Cu isotopes was investigated with the EG-5
electrostatic accelerator of the Laboratory of Neutron
Physics at the Joint Institute for Nuclear Research,
Dubna. The maximal proton energy was 5 MeV and the
energy spread in the beam 1-3 keV.

The investigation of the y-decay of analog resonances
involves the solution of a number of problems that re-
quire knowledge of the reduced probabilities of trans-
itions from analogs to the levels of the studied nucleus.
To obtain these quantities, it is necessary to identify
the analog, measure the excitation function, measure
the y-decay spectrum of the analog, construct the de-
cay scheme of the resonance, determine the absolute
¥ widths of the transitions, and measure the angular
distributions of the y’s.

The approximate position of the analog is determined
from the value of the Coulomb energy with allowance
for the results on the transfer reactions in which the
analog states are identified. The most reliable iden-
tification of analog resonances is by means of the pro-
ton elastic scattering reaction measured with high
resolution. The definitive identification is made on
the basis of all known data with allowance for indep-
endent determination of the quantum numbers of the
resonance as manifested in the (py) reaction.

The excitation function in the (py ) reaction is meas-
ured by means of large NaI(T1) erystals. The discrim-
ination threshold is set in such a way as to reduce the
low-energy background of the y’s without losing essen-
tial information about the decay of the analog. In the
measurements, we used thin targets (~10-20 pg/cm?)
deposited on a carbon substrate (~20 pg/cm?).

The y-decay spectra of the analogs are measured by
means of large (16-40 cm?®) GeLi detectors with resol-
ution 6~7 keV for y’s with energy 8-9 MeV. Impurity
lines of different energies are used for the energy ca-
libration. In the analysis of the y spectra, it is nec-
essary to separate the direct y transitions from the
resonance among the other y lines. This can be done
if the analog resonance has a number of fine-structure
components. In this case, the direct y transitions
for the different components of the analog will be
shifted in energy by amounts AE corresponding to the
energy spacings between the components, whereas the
de-excitation y’s will remain unchanged in all spectra.

The lines observed in the spectrum are fitted into the
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decay scheme of the analog in the usual manner with
allowance for the energy and intensity balance. Pop-
ulation of a level is assumed to be established if one
observes not only its population by a direct transition
from the resonance but also the de-excitation of the
level.

In the majority of cases, the absolute values of the
partial y widths are determined by the “thick” target
method, For these measurements, targets in the form
of self-supporting foils of thickness 100-500 pg/cm?
were used.

The angular distributions of the direct ¥’s make it
possible to determine the multipolarity admixtures,
In many cases, information can be obtained about the
spins of the resonance or the final state.

Thus, the series of measurements just described
above briefly makes it possible to obtain a “complete”
experiment, i.e., the absolute values of B(M1), B(E1),
or B(E2), and these can be compared with the pre-
dictions of various models and theoretical approaches.

The choice of the Cu isotopes for the investigations
is largely determined by the fact that we go over to a
new shell compared with the nuclei from Ca to %Ni.
The first data on the y-decay of analogs in isotopes of
the f;/, shell were obtained in 1969-1970, and rapid
accumulation of data then followed. However, data on
the decay of analogs in the nuclei of the fb shell hardly
existed at all in 1972, when the present work was be-
gun. Despite the increased experimental difficulties,
the transition to the new region of nuclei offers hope of
obtaining new information, since many effects in the
decay of analogs depend strongly on the shell structure
of the investigated nuclei.

2. GAMMA DECAY OF ANALOG RESONANCES IN
59 Cu

In the parent nucleus *Ni (28 protons and 31 neutrons)
the 1, ,, shell is closed for protons and neutrons, and
three active neutrons fill the 2pg,, level in the 2p1f
shell. The reaction **Ni(dp)*Ni excites with high prob-
ability the well-defined single-particle states quantum
numbers p,,, P, 25 f5/2, and gg,,. The ®Ni ground
state (3/27), the first excited state (0.339, 5/27), and
the second excited state (0.465, 1/2°) carry the main
strength of the single-particle p,,,, f;,,, and p, /2 States,
respectively. The single-particle g, /2 State is at a
height of 3.06 MeV and has spectroscopic factor 0.47,
Analogs of the low lying states of **Ni were identified!®
in *Cu in the reaction (*He,d). The identification cri-
teria were the value of the Coulomb energy, l,, the
spin, and the spectroscopic factor.

Figure 2 shows the positions of the analogs in **Cu
and the proton energies at which they are excited in the
reaction **Ni(py)**Cu. The resonances in this reaction
have been studied on several occasions, The excitation
function in the reaction **Ni(py)**Cu in the range of pro-
ton energies from 0.8 to 1.9 MeV was studied in Refs,
16 and 17. The quantum numbers of the strongest re-
sonances were obtained in Refs. 16-18: the resonances
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FIG. 2. Scheme of low-lying levels of %*Ni and positions of
their analogs in °Cu,

with E,=1.376, 1.424, and 1.716 MeV have spin 3/27,
and the resonances with £,=1.663 and E,=1.844 MeV
have spin 1/2°. The analog of the second excited state
(0.466 MeV, spin 1/2°) must be at excitation energy
4,370 MeV. In this region, there is observed a reson-
ance with E, =947 keV, which has a decay scheme con-
sistent with quantum numbers 1/2°. The analog of the
first excited state is identified in the reaction (*He,d) at
excitation energy 50 keV lower. In this range of proton
energies, resonances are not observed in the (py) reac-
tion. The analog of the state (0.878 MeV, spin 3/27) in
the (*He,d) reaction is identified at excitation energy
4.78 MeV. To this excitation energy there corresponds
the proton energy E,=1.38 MeV in the (py) reaction.

In this energy region one can identify two J*=3/2" re-
sonances: E,=1.376 and E,=1.424 MeV, the second
being much stronger. It is not possible to identify un-
ambiguously analogs of the other excited states. In Ref.
19, it is assumed that the resonance with £,=1.833 MeV
is the analog of the *Ni state at 1.189 MeV. This inter-
pretation encounters serious difficulties because of the
large (130 keV) discrepancy in the excitation energy.

In addition, it is hard to expect the appearance in the
reaction of an analog of the 5°Ni state at 1.189 MeV be-
cause of the nonstripping nature of this last state. The
resonance at E,=1.844 MeV has the quantum numbers
J*=1/2" (Ref. 18), and its excitation energy is close to
the analog of the excited **Ni state with energy 1.308
MeV and spin 1/2°. However, as will be seen in what
follows, the nature of the ¥ de-excitation of this reson-
ance is not typical for decay of a p, ,, analog.

Experimental Conditions. The measurements of the
y-decay of the resonances in *Cu, as in *:%'%Cu, were

made a' the Laboratory of Neutron Physics at Dubna.
The protons were accelerated with the electrostatic ac-
celerator EG-5 (E,ga=5 MeV); the currents were
about 10 pA. Seli-supporting *Ni targets (96% enrich-
ment) of thickness 120-140 ug/cm? were used. The
yield of ¥’s from thinner targets would be too low. Since
the analogs in *Cu are at relatively low excitation ener-
gies, where the level density is still low, it was not
necessary to use very thin targets.

We studied the excitation function in the reaction
38Ni(p¥)**Cu in the range of proton energies from 800 to
1940 keV. The excitation function was measured by an
Nal(T1) crystal measuring 100 X 100 mm,

Since the excitation function had been fairly well mea-
sured earlier, our main task was to study the y de-ex-
citation of various resonances and to determine the ab-
solute partial ¥ widths. We measured the y-decay spec-
tra of three analog resonances: E,=950 (p,,, analog),
1424 (3/27), and 1844 keV (1/27), and we also studied
the decay of two resonances: E,=1883 and 1923 keV.*

Gamma Spectva and Decay Schemes of the Resonances,
The y-decay spectra of the resonances were measured
by means of a 40-cm?® GeLi detector with energy resolu-
tion 7-8 keV for y’s with energy ~6.5 MeV. The detect-
or was placed at 90° to the direction of the proton beam.
The spectra were measured with a 4000-channel pulse
analyzer. In the region up to 2.6 MeV, the energies of
the 7’s were calibrated by many datum points. At high-
er excitation energies, convenient datum points were
the photopeaks and peaks of single and double y-transi-
tion emission with energy 6.129 MeV in the reaction
19F(pa)®0. According to our data, the reaction energy
is @ =3417+2 keV. The decay schemes of the resonanc-
es were constructed on the basis of the energy and in-
tensity balance for the observed y-transitions with al-
lowance for all known data on the *Cu levels, In Table
I, we give the relative intensities of the direct transi-
tions from the resonances to the low-lying *Cu states.
The excitation energies for the corresponding resonan-
ces obtained from the analysis of the decay schemes
are given in the upper part of Table I.

Absolute Values of the Partial ¥ Widths. The absolute

TABLE I. Intensities of direct transitions from resonances in °Cu.

Ep, =950 keV Ep=1424 keV Ep=1844 keV Ep=1883 keV Ep=1923 keV

E o =4349£5 keV N E os =811 zsnvv Eres:-;u:*“'v o ”Erisisz:':::lk:rq v ELog=5311%4 keV

e (2J, +1)T T /T ~=0.096 e (2J + T T, T =2eV, (24 + 1) :,11':3-4! @2 -1r yif=0.22e Ve, ~ P = &

Ejoy. keV JT b J’r‘-' jzi o an: zl_ J“_F= e .117“= 4 (27 +~1)0 p Lyl v.h6eV
L% | FpeeV | BOIL 0 | 1% TyoeV | BOID, pg | L% |TypeV| BOM, ug | 1,.% |I‘.,..ev| BQIL. w3 |1, %[el,.ev] 88 (1), uf
T

0 32 6 0.012 0,012 15 0.08 0.06 90 1.5 0.90 29 10.015 0.01 13 | 0.03 0.02
401 L2 17 0.032 0.04 62 0.32 0.34 5 10.09 0.09 18 |0.01 0.008 - - -—
912 52 — — — — - — — — — 7 10.004 0.01 — - —
1987 B/2 — —_ — 9 00.045 047 — - — - - - — — —
2265 32 17 0.032 0.32 4 0.02 0.10 4 1007 0.28 s — - o i =
2318 12 25 0.048 0.48 — — — — —_ —_ 8 |0.005 0.015 - | = —
2324 32 — = — 3 0.043 0.08 — - - — — — 57 | 0.13 0.41
2707 9/2 — — oo — — — — - 12 [0.007 0.035 — — —

2927 52 e — — - — — — — — 7 |0.004 0.025

3025 (3i2 1| 0.020 0.72 3 | 0015 0.22 - | = — | = — 8 |0.018 0.12
314 (5:2) 9 0.016 0.72 — - — — - — 12 10.007 0.06 = | = -
3430 (3,2 15 0.028 1.32 — = — — — — = — i | 0.087 0.14
e ﬁ'é; w5 e :} 4| 0.2 0.65 TRET L 7 looos|l o | —| — LS
361€ - — — - - — - — = - | - - 6 |c.013 0.23
3905 = = ) -t - - L. - | = — — | - — 9 [ 0.02 0.62

Note. The quantity g is the statistical factor, equal to (2 g+ 1)/(2j,+ 1)(2Jpapgt 1).
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values of the partial ¥ widths were determined by mea-
suring the yield of ¥’s from a thick target (the energy
loss of the proton in the target was much greater than
the width of the resonance) at the resonance energy cor-
responding to the step in the excitation function of the
(p7) reaction. We measured the yield of ¥’s at the pro-
ton energy E,=1.844 MeV, which coincides with the
position of the strong resonance with a simple decay
scheme. The measurement procedure was as follows,
The excitation function of the reaction *Ni(py)**Cu was
measured using a thick (~0.5 mg/cm?) *Nj target in the
region of proton energies ~1.84 MeV. At the energy
corresponding to the step in the excitation function, we
measured the spectrum of ¥’s using an Nal scintillation
detector measuring 100 X 100 mm (the background was
taken into account by measuring the y spectrum to the
left of the resonance). At the same proton energies,
the ¥ spectra were measured by means of a GeLi de-
tector. The areas of the photopeaks for all spectra
were normalized to the number of incident protons.
Since the geometrical sizes and the efficiency for the
NaI(T1) crystals are well known, one can obtain the
yield of ¥’s and calibrate the GeLi detector on the basis
of the absolute efficiencies. In this way we obtained the
absolute value of the strength (27+1)T',I' /I for the de-
cay of the resonance with E,=1844 keV to the ground
state; it was found to be 3.0 +0.4 eV. Knowing the rel-
ative intensities of the y’s for the decay of this reson-
ance, we can obtain the strengths for the other transi-
tions from it. The total strength of the resoance is
determined by summing the partial strengths. For the
resonance with E,=1844 keV, the value of (2J+1)

x I, /T is 3.4 eV with an error of order 20%. Using
the absolute calibration of the GeLi detector and know-
ing the relative intensities of the ¥’s for the decay of
the resonances, we can also obtain the partial and total
¥ widths for them. Our measured total strengths of the
resonances were 1.3 times as large as those of Ref, 17,
whereas the relative strengths agreed well with the data
of Ref. 17. The method which we used to determine the
absolute yields was tested earlier in measurements of
the strengths of the resonances in ®'Cu and %Cu (Ref.
21).

To determine the value of I', from the known strengths
of the resonances, it is necessary to know the spins of
the resonances. The spins of the resonances at E,
=1424 and 1844 keV are well known: 3/2 and 1/2
The spin of the resonance at E, =950 keV is ap-
parently 1/2, as follows from the decay scheme of
the resonance. The spin of the resonance at E,=1883
keV was established to be 3/2 in Ref, 19. The spin of
the resonance at E,=1923 keV is also apparently 3/2,
which follows from the analysis of the decay scheme of
this resonance.

Usually, to determine I, one assumes that r,>»r,.
This assumption is justified at proton energies greater
than or equal to 1.2 MeV. For the resonance with
E,=950 keV, the ratio I',/T(I'=T,+I',) determined in
Ref 22 was 1/4 The relultmg values of the partial ¥
widths with allowance for this ratio are given in TableI.

For each resonance in Table I, we have given the
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B(M1) values in units of u2, These values were calcu-
lated under the assumption of a dipole nature of the Y
transitions from the resonances. As a rule, the correc-
tions for possible admixtures of E2 transitions are
5-10% for the B(M1) values.2?

Beta and Gamma Analog Transitions. The ®Cu
nucleus undergoes g*-decay to the levels of the parent
nucleus *Ni. The y-transitions from the analogs to the
ground state of Cu and the B*-transitions from the
ground state of **Cu to the *®Ni parent states are § and
v analog transitions, If we ignore the ! part in the op-
erator of the isovector y-transition, we can obtain a
definite relationship between the intensities of the v and
p analog transitions. For the case of ®Cu, this rela-
tion has the form (see Eq. (27) in Ref. 4)

11530 (2/4+-1)p

= o e,

=T (Y
In this expression, T, is the isospin of the analog,
equal to 3/2 for **Cu; B(M1,0) is the spin part of the
y-transition probability from the analog to the °Cu
ground state expressed in units of p2; J, is the spin of
the **Cu ground state, equal to 3/2; J, is the spin of
the considered analog. Using this formula, one can ob-
tain from the f¢ value for the 8-transition the value of
B(M1,0), and this can be compared with the experi-
mental value of B(M1) for the y-transition between the
analog and the **Cu ground state.

The experimental ft values for the 8*-decay of *Cu
were taken from Ref, 24,

Transitions are observed to many *Ni states, in-
cluding the states 0.466 (1/27), 0.873 (3/27), and 1.303
MeV (1/27), whose analogs were studied in the present
investigation. The log ft values for transitions to these
states are equal to 6.03, 5.31, and 4.70, respectively.
The B(M1, ¢) values were found to be 0.014, 0.038, and
0.32u2. The experimental values of B(M1) for the de-
cays of the corresponding analogs to the ground state
are 0.012, 0.06, and 0.90p3. The ratios B(M1)/B(M1, ),
which characterize the contribution of the I part to the
y-transition, are equal to 0.8, 1.58, and 2.8. These
values agree with the general systematics of the ratio
B(M1)/B(M1,0) for the decay of analogs. The contribu-
tion of the I part to the y-transition is comparable with
the contribution of the ¢ part. However, the absence
of very large or very small ratios B(M1)/B(M1,0) in-
dicates the presence of correlations between the prob-
abilities of the ¥ and B analog transitions.

Analog-Antianalog Transitions. The antianalog for
the p,,, analog can be only the **Cu state at 0.491 MeV
with quantum numbers 1/2°, The spectroscopic factor
for this state is not very large (0.55), butthe remaining
strength of the p,,, state is distributed over many %°Cu
levels up to excitation energies of 6 MeV. The experi-
mental value of B(M1) for the p,,, analog—antianalog
transition is 0.04u2, The “single-particle” value of
B(M1) for this transition, calculated in acecordance with
Eq. (52) in Ref. 4, is 0.13p2, i.e., the transition is
hindered by a factor 3. Allowance for the difference
of the spectroscopic factor of the parent state (0.466
MeV, 1/27) in **Ni (0.62 from 1.00) reduces this dis-
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TABLE IL. ' Beta and gamma analog transitions in 5Cu,

PS

E B (M1, 0), B (M1) B(M1)

n g '
ss_\-lf keV 7 la st ni ug BMI, 6
0 3= 5.03 0.07 (0.75) (10)

465 1/2- 6.03 0.014 0.012 0.8
878 32~ 5.31 0.038 0.06 1.6
1303 12 4.70 0.32 0.90 2.8

Analog—antianalog transitions

State BMD gy if |8 (MDypeqr i (Ref. 4)
P3ya 0.75 - 0.07 2.84
Pyja 0.04 0.13
crepancy.

The principal strength of the p,,, state in the parent
nucleus *°Ni is concentrated in the ground state of
this nucleus. As we have noted, the analog of the **Ni
ground state is situated in *°Cu at the height 3.901 MeV.
It was difficult to excite this state in the (p7y) reaction
, because of the low energy of the protons (E,=500 keV).
We cannot therefore give an experimental value for the
analog-antianalog transition probability for p,,, ob-
tained directly from decay of the resonance. However,
we can obtain this value in two other ways.

We measured the y-decay of the resonance with E,
=1424 keV, 3/2, which is the analog of the *°Ni state
with energy 0.878 MeV. This state carries a small
fraction of the single-particle p,,, strength: its spec-
troscopic factor is 0.08. If it is assumed that the -
decay of the analogs is basically determined by the
single-particle component of the parent state, it is
possible to obtain an estimate of B(M1) for a pure p,,
parent state. The probability of transition from the
resonance with E,=1424 keV to the 3/2 ground state
of %°Cu is B(M1)=0.06p2. Taking into account the spec-
troscopic factor of the parent state, we obtain for the
reduced probability of the p,,, analog—antianalog
transitions in *Cu the value B(M1)=0.75u2.

A different estimate for this quantity can be obtained
as follows. As can be seen from Fig. 2, the p;,, ana-
log—antianalog transition is the analog transition
with respect to the p-transition from the ground state
of %°Cu to the ground state of °®Ni. In this case, we
can calculate the value of -B(M1, 0) in accordance with
formula (1) for the y-transition in which we are inter-
ested from the f# value of the corresponding S-decay.
The calculations give the value B(M1,¢)=0.071p2,
which is ten times smaller than the B(M1) value ob-
tained above with allowance for the spectroscopic factor
of the state at 0.878 MeV (3/27) in **Ni. The ratio
B(M1)/B(M1, o) =10 does not fit into the systematics
of the ratios B(M1)/B(M1, o) for the decay of analogs.
Usually, these ratios are in the range 1-5 and are
larger in only one or two cases.

From all that we have said, we can only draw the con-
clusion that for the p,,, analog-antianalog transition
B(M1) <0.75u2, whereas the single-particle estimate
is 2.84p2. The data on the intensities of the analog-
antianalog transitions in *°Cu and on the intensities of
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B(M1), ;]
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E*=4.350 MeV

s | FIG. 3. Values of B(M1)

sk for y-decay of the p,, ana-
g F i
log in 3*Cu (experiment).

|\

o 7 2 3 E,MeV

the 8 and y analog transitions are given in Table IL. It
can be seen that the obtained values are smaller than
the theoretical values.

Core Polavization States. The y-decay of analogs in
%9Cu is characterized by a pronounced selectivity in the
population of the low-lying state. In Fig. 3, we show
the distribution of the B(M1) values for direct transi-
tions from the p,,, analog with E,=950 keV. It can be
seen that the highly excited *°Cu states are the ones
most intensely populated, and that two groups of levels
can be distinguished at excitation energies 2.3 and 3.1
MeV. A calculation with allowance for residual inter-
actions (details of the calculations are given in Sec. 5)
shows that states with large components of the type
PssoPasabsfa)ers i.€., states of the core polarization
type, must be the closest to the analog states. For
reasonable values of the parameters, the excitation
energies of the core polarization states agree with the
excitation energies of the states that are strongly
populated by the decay of the p,,, analog. In Fig. 4 and
in Table III we give the results of calculations of the
B(M1) distribution of the p,,, and p;,, analogs. It can
be seen that the calculations predict the existence of a
group of states populated strongly by the y-decay of the
analogs. The calculated value of the sum B(M1) for
transitions to core polarization states is 3uZ for the
decay of the p,,, analog. The experimental value of
the sum B(M1) for transitions to states with excitation
energy 2.3 MeV is 0.8p2 and to 3.1 MeV state it is
2.8u2. The following interpretation is the most prob-
able: the core polarization states can be identified with
two experimentally observed maxima. The maximum
is split into two components because of interactions
not taken into account in the calculation.

EqMeV) pyppanalog £, MeV|
/2" |, Analog

AR B
o o Analog

T -
52" it s il

w7 .

32 -4b— 41—
L 1 1 L
0 2z & smpul Yo

2 B(M), i

FIG. 4. Values of B(M1) for the y-decay of the p;,5 and p3,,
analogs in **Cu (calculation). The energies E, are measured
from the position of the analog. Gy=1.0 MeV, G;=0.7 MeV,
A=0.0. 8;‘”:1.0 MeV.
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TABLE I, Wave functions of the states and transition probabilities for p,,, and p, /2

analogs in %Cy.*

I | B MeV. ooy o203y oy P304/ Gaiapihy, Ips/2 01095 Ibasa or 2302 e 2w
b
32— 0.474 0.197 0.254 0.490 0.715 0.380 ¢ 8.37 1.93
12- . 0.447° 0.352 0.443 0.357 0.535 0.516 ’ 1.95 1.90
1/2- | —0.193 ~0.354 0.474 0.330 0.675 —0.284 | 1.3 1.26
32~ | —0.610 0.462 0.717 —0.129 ~0.433 0.281 I 0.22 43
52- [ —n.980 0 494 0.870 e : e 2 - 4.28
3.2~ | —1.574 —0.060 —0.168 0.822 : —0).334 0.087 2.22 0.009
12| —t.602|  —o.087 —U.108 0.855 ~0.503 0.067 142 0.004
172- | —2.415 —0.681 0.756 0.101 0.025 —0.332 ' 0.004 0.39
3,2~ | —2.541 0.773 —0.5%8 | —0.102 —0.027 0.182 ' 0.000 1.37
5/2- | —2.610 0.870 —0.494 ! = = S e 1.43
12- | —3.412 0.647 0.162 0.125 0.062 —0.732 0.001 0.003
3/2- | —3.928 —0.382 —0.183 1{ —0.238 —0.125 0.864 0.49 0.83

*Gp=1.0 MeV, G;=0.7 MeV, A=0,0 MeV, £;5=1.0 MeV,. The energies E, are measured

from the analog state.

3. GAMMA DECAY OF ANALOG RESONANCES IN
61Cu

The low-lying states of the parent nucleus ®'Ni are
well known.*® The ®Ni ground state (3/2°) carries an
appreciable fraction of the p,,, strength. The second
excited state can be assumed to be a single-particle
b1z State.

The analog state corresponding to the ®Ni ground
state must be at excitation energy 6.4 MeV in ®Cu (the
difference between the Coulomb energies of ®*:Cu and
®Ni is 9.41 MeV, the mass difference being 2.23 MeV).
The p;,, analog state in **Cu was identified®® in the
reaction *Ni(*He, d)*'Cu at excitation energy 6.402 MeV.
This region of excitation energies is accessible in the
(p7) reaction at proton energies of order 1.6 MeV. The
excitation function in the reaction *Ni(¥)*:Cu was
measured'® in 1957 in the energy range from 725 to
1793 keV. In Refs. 16 and 27, measurements were
made of the angular distributions of the strongest y-
transitions for several resonances, and their spins
were determined. Naturally, isobar analog resonances
were not identified in Refs. 16 or 27, Usually, isobar
analog resonances appear in the excitation function of
the (py) reaction as the strongest resonances, this
being evidently due to their comparatively simple struc-
ture. In the range of excitation energies that we need,
four strong resonances with E,=1588, 1599, 1605, and
1620 keV are observed. In our measurements, the spin
value 3/2 for the listed resonances follows from analy-
sis of the decay schemes and the angular distributions
of the direct y-transitions. We assume that these four
resonances are fine-structure components of the p,,,
resonance, which is the analog of the ®'Ni ground state.

The analog of the first excited state of *'Ni (68 keV,
5/27) was identified®® in the reaction ®Ni(*He, d)**Cu at
a height 6,469 MeV. Two resonances at £,=1669 and
1674 keV are observed in this region in the (py) reac-
tion. We measured the y-decay spectra of both reso-
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nances and found that they have different natures: in
the decay of the resonance at E,=1669 keV, the transi-
tion to the ground state (3/2°) is dominant, while in the
decay of the resonance at E,=1674 keV the transition
to the state at 1310 keV (7/2") is the strongest. From
the angular distributions of the direct transitions from
the resonance at E,=1674 keV there follows uniquely
the spin value 5/2 for this resonance. We assume that
the resonance at E,=1674 keV carries the main part

of the T, component of the Js;2 analog.

The analog of the second excited state of 5Ni (284
keV, 1/2) must be situated in the region E,~1.8 MeV.
Before our investigation, the excitation function had not
been measured in this region, though measurements
are known of the excitation function in the reaction
®INi(pp) with high proton resolution.’® It was found®
that at £, =1856 and 1875 keV there are excited two
fine-structure components of the p,,, analog, these
carrying the main strength of the 7, state. A simplified
state scheme of the parent nucleus **Ni, the analogs

£p, MeV
1.873 5. 86417 vz
1.855 §.6242 72"
167%  6.449 52"
1.620 8.3950 32
1.605 60799 =m0 ———13/2"
1,598 \I7%7 a2
1.588 58,3639 7
2.088 ve-
1.385 Ly
1.370 e
0575 2 FIG. 5. Scheme of *INi lev-
els, their analogs in ®Cu,
0475 i and the low-lying states in
810y,
a - 3/
&0y
Z log 1t
- 1 0-28% 7 3
a.088 6.3
o 51
2% .
HNi
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in 8Cu, and the low-lying states of ®!Cu is shown in
Fig. 5.

Excitation Functions and Gamma Decay Spectra of
the Resonances. Isobar analog resonances were ex-
cited in the reaction ®Ni(py)**Cu. We used a “Ni tar-
get (95% enrichment) of thickness 10 or 20 pg/cm?,
The excitation functions were measured only in the
region of the analog resonances. In the region of the
P32 isobar analog resonance, the excitation function
was measured in the range of proton energies (labora-
tory system) 1570-1640 keV; for the study of the p,,,
analog, in the range E,=1830-1860 keV; and for the
study of the f;,, analog, in the range 1650-~1680 keV.

The excitation functions in the region of the p,,, and
P1/» analogs are shown in Figs. 6 and 7. Note that near
the two resonances at E,=1856 and 1873 keV observed
in the (pp) reaction there is one further resonance at
energy E, =1849 keV, which is not excited with appreci-
able cross section in proton elastic scattering. We
measured the y-decay spectra of the three resonances.
The decay of the resonance at E,=1849 keV is charac-
terized by a dominant transition to the ground state, in
contrast to the decay of the other two resonances, for
which the ¥ width of the transition to the ground state
is only 10-20% of the total ¥ width. In view of these
data, we conclude that the resonance at E,=1849 keV
is not a fine-structure component of the p,,, analog.

5000 - a.20
r=0.60eVv 1873

Ep=:l849 keV

4000 :
FIG. 7. Excitation func-
tion in the reaction

60Ni ¢py)*!Cu in the region
of the p,, analog.

J000

2000

100 11200 f, kHz
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After the detection and identification of the isobar ana-
log resonance, we measured its y-decay spectra.
Analysis of the ¥ spectra showed that up to 20 low-
lying states of ®'Cu are populated by the decay of each
resonance. The resonance decay schemes were con-
structed on the basis of the energy sums and differ-
ences with allowance for the intensities of the y-transi-
tions. The most reliable data correspond to the levels
whose existence is known from various nuclear reac-
tions.2®=% The decay chain of a resonance is assumed
to be established if we observe both the direct y-tran-
sition from the resonance and also the transitions
corresponding to de-excitation of the populated state.
We constructed decay schemes of the py,,, P2, and
fs/» Tesonances and obtained data on the de-excitation
scheme of the ®*Cu levels up to energies of order 3
MeV.3

Absolute Gamma Widths of the Resonances. The ab-
solute values of the ¥ widths of the resonances were
obtained by the thick-target method. We used a target
of thickness 0.5 mg/cm?, which corresponds to 45-keV
energy loss for 1.6-MeV protons. The target enrich-
ment was 95%. The yield of ¥’s was measured by means
of a 100X 100 mm NaI(T1) crystal placed at a distance
70 mm from the target at an angle 90° to the proton
beam. For the measurement of the excitation func-
tion, the detector recorded ¥’s with energy >3 MeV.

The excitation function is shown in Fig. 8. One can
clearly identify three steps corresponding to resonance
energies of the protons. For comparison, we show
next to it the section of the excitation function mea-
sured by means of a target of thickness 1 keV.

. To determine the absolute values of the decay prob-
abilities of the resonances, we carried out an absolute
calibration of the GeLi detector using an NalI(T1) cry-
stal whose absolute efficiency was known.

Using the NaI(T1) detector at the resonance energy
of the protons, we measured the region of the y spec-
trum in which one could clearly identify the photopeak
of the transition from the isobar analog resonance to
the ®*Cu ground state (E,=6.4 MeV).

Using the measured angular distributions (see below),
we obtained the integrated intensity of the y-transitions
and determined the absolute yield of ¥’s corresponding
to the transition from the isobar analog resonance to

5598
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5000 | [ NIl

1620
20001

L]
1605 et

7599 il /
1e®
1000 | (“ i
FC_Q”J 2000 S

! 0 .
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40001 . -

FIG. 8. Excitation function in the reaction 8Ni@¥)*'Cu mea-
sured with thick (on the left) and thin (on the right) targets.
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the *Cu ground state. Simultaneously with the measure-
ment of the ¥ spectra, we recorded the protons inci-
dent on the target, so that we could determine the
number of emitted ¥’s of given energy per proton. The
proton charge was measured by means of a calibrated
integrator. Using the relation f odE=2g:r2A21‘r for
I',»T,, we determined the absolute values of the ¥
widths for transitions from the isobar analog reso-
nance to the ground state,?!

The total or partial ¥ widths for the other transitions
from the isobar analog resonance can be obtained by
using the relative intensities of the transitions deter-
mined in the measurements with the GeLi detector and
thin target. Using the absolute calibration of the GeLi
detector, we can determine the ¥ widths of the other
resonances whose y-decay was studied under the same
conditions as the decay of the p, /2 isobar analog reso-
nance and for which the number of ¥’s of given energy
per proton was measured.

The errors in the I', values are 20-30%. These are
the rms errors taking into account the statistical
spread and the errors in the determination of the detec-
tor efficiency, the intensity of the proton beam, and
the solid angle. The main error is that in the deter-

mination of the solid angle subtended by the ¥ detector
(12%).

Angular Distribulion of the Gamma Rays. Measure-
ments were made of the angular distributions of the ¥’s
from the decay of the resonances with E,=1599, 1605,
1620, 1674, 1856, and 1873 keV be drawn about the
spins of these resonances and the spins of some highly
excited states of %' Cu. The multipolarities were deter-
mined for many direct y-transitions from each of the
resonances to the *'Cu levels.??

The ¥’s were recorded by a 40-cm® GeLi detector
with energy resolution 7-8 keV for ¥ lines with energy
6.5 MeV. At given E,, we measured the ¥ spectra at
90, 60, 30, 0° to the direction of the incident beam.
For the measurement of the angular distributions of
the gammas, we determined the intensity of the proton
beam by the current integrator and we determined the
integrated intensity of the gammas detected by the
NaI(T1) (100 x 100) crystal at 90° to the beam. This
made it possible to normalize the intensity to both the
number of protons passing through the target and to the
number of ¥’s emitted from the target. The two norma-
lizations gave results that agreed to within 0.5%,
which indicates stable operation of the facility and
reliability of the measurements.

The probability of emission of a ¥ ray in a nuclear
reaction at angle 6 to the direction of the incident parti-
cles is represented in the form of an expansion in
Legendre polynomials:

W (8) = ; ay Py (cos 0).

If a target with zero spin is used in the (p7¥) reaction
and the excited state is an isolated resonance with defi-
nite spin value I", the coefficients a, for direct ¥ emis-
sion depend only on the spins of the resonance and the
final state and on the multipolarity admixture 6.
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The angular distributions were evaluated as follows.
The measured angular distributions, i.e., the counts
at the corresponding peaks of the ¥ spectrum, norma-
lized to the number of protons that passed through the
target, were represented in the form of exXpansions in
Legendre polynomials of degree not higher than four.
The experimental values of the expansion coefficients
az™® and a;* were found by the least-squares method.
If the spins of the initial and final states are known,
one can construct the dependence of af™°* on the multi-
polarity admixture and, from the curve a***(5), deter-
mine the value of 6 and its error. If the spin of the
initial or the final state is unknown, one calculates the
quantity

N
S(8)= El [¥: (0;) — W (8:))%0f,

where Y(6,) is the experimentally determined prob-
ability of ¥ emission at the angle 8,, W(6,) is the
theoretical value of this probability for a definite as-
sumption about the unknown spin, and 0; is the error

of the measurements. The calculations were made
under different assumptions about the value of the un-
known spin and 6. The minimal value of S corresponds
to the best choice of the values of the spin and 6. This
value must satisfy the y*(N — P) distribution with N — P
degrees of freedom, where N is the number of indepen-
dent measurements and P is the number of determined
parameters. The reliability of the minimal S value can
be determined by finding the probability for the occur-
rance of the S value for N - P degrees of freedom from
the y*(N - P) distribution. The error in 6 can be deter-
mined by analyzing the behavior of $(5) or from the de-
pendence a,(5).

We studied the angular distribution of more than 60
¥ lines corresponding to direct y-transitions from the
resonances to the low-lying ®Cu states. In some cases,
we obtained angular distributions for the photopeaks
and the peaks of single and double emission of one
v-transition. As a rule, the corresponding coefficients
a;™ agreed to within the errors.

In the cases when the analysis of the angular distribu-
tions of the ¥’s indicated that the resonance has spin
3/2, the results were re-evaluated in such a way as to
describe the angular distribution by means of a single
coefficient a, (for J,,,=3/2, a,=0). The value of 5§ was
determined from the value of this coefficient. For the
decay of resonances with spin 3/2, two solutions, equal-
ly likely, are obtained for 6. Some measured angular
distributions are shown in Figs. 9 and 10.

The spins of the resonances were determined from the
angular distributions of the direct y-transitions from the
resonances to the low-lying states with energies
0.0 (3/27), 476 (1/27), 970 (5/27), 1395 (5/27), and 2089
keV (1/27). The spins of these states are well known.
The angular distribution of one y-transition does not, as
a rule, uniquely determine the unknown spin of one of
the states participating in the transition. However, in
the case of y-decay of resonances, several direct tran-
sitions from each resonance are ocbserved. A combined
analysis of the angular distributions of these transitions
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FIG. 9. Angular distributions of ¥’s resulting from the decay
of resonances in $1Cu.

can yield a unique determination of the spin of the reso-
nance. Analysis of S{J,, 5,J,) shows that the angular
distributions for the sequences J;%3/2, J,25/2 give
approximately the same x2,, for different J,, i.e., they
do not permit one to deduce the spin of the resonance. -
However, transitions to states with spin 1/2 (J;21/2)
are very sensitive to the spin of the resonance. Figure
11 illustrates these properties. It can be seen from this
figure that the spin of the resonance at E, =1599 keV is
uniquely determined and equal to 3/2. Similarly, the
spin values 3/2 are obtained for the resonances at
E,=1605 and 1620 keV. The spin of the resonance at
E,=1674 keV was found to be 5/2. This was deduced
from an analysis of transitions to the 3/2 ground state
and the 1310 keV (7/2) level. In the case of the reso-
nances at E, = 1856 and 1873 keV, the angular distribu-
tions were isotropic within the errors of the measure-
ments. This agrees with a value 1/2 for the spins of
these resonances, although other values of the spin can-

Wi R 1605-=476 R 16052083 t R 16202357
1.0t 1.0+ 2.5
o.8F 2.9 2.4 %
0.8f 0.81 2.3t
0.7r 27 2.2t
0.5 0.6F 21t
0.5t 0.5 2.0t
04 0.4 795
0.3 L = 78}
21F 151
S RS EEE SRR 1.5_
T4
R 16051395 13| R 620~0.0 i
.01 1.2 1.2}
0,95 1.1 1.7+
0,8 1.0 1.0k
e.7r 29 2.9t
L 'S I L i 1 1 1 1 1 1 L
0 30 60 8,deg 0 30 60 W o 30 60 &0

FIG. 10, Angular distributions of ¥’s resulting from the decay
of resonances in $!Cu.

512 Sov. J. Part. Nucl. 9(6), Nov.-Dec. 1978

e~1e

5/ 2=7/2
| R7599-=476

_1/2_.%

0.1% limit

1072

107

P TR e B | s L L
-90-70-50-30-10 070 30 50 tan""s, deg

FIG. 11. The y? analysis for the transition from the resonance
at E,=1599 keV to the level with energy 476 keV.

not be eliminated on the basis of the measured angular
distributions. The complete set of data on the y-decay
of the resonances, the data on the (pp) reaction,® and
the angular distributions suggest 1/2 as the most prob-
able spin of these resonances.

The spins of some ®!Cu excited states were established
by analyzing the set of data on the reactions, the popu-
lation and de-excitation of the states, and our measured
angular distributions. The spins of the states at
2203 (5/2°7), 2357 (3/27), 24173 (3/27), 2584 (5/27),

2687 (3/2°), and 2792 (5/2°) are known from Ref. 29,
Our data on the angular distributions of the direct tran-
sitions from the resonances to these states agree with
the above spin values. The spins of the states 3002,
3022, 3062, and 3094 keV are in practice unknown. The
measurements of the angular distributions enabled us

to determine uniquely that the level at 3002 keV has

spin 5/2. For the levels at 3022 and 3062 keV, the most
probable spins are 1/2 and 3/2, respectively. The level
at 3094 keV has spin 1/2 and 3/2.

The obtained values of the multipolarity admixtures
make it possible to determine the partial ¥ widths sep-
arately for the M1 and E2 components. The partial
widths determined in this manner and B(M1) and B(E2)
are given in Table IV. Note that the B(M1) values given
in Table IV differ in the overwhelming majority of cases
from the values obtained under the assumption of pure
M1 transitions by 5-10%. The maximal difference, for
three transitions, is 30%. As a rule, the values ob-
tained for B(E2) are 0.01-0.1 Weisskopf units.

Beta and Gamma Analog Transitions. As we have al-
ready said, there is a definite connection between the
ft value for the B-transition and the B(M1) value of the
corresponding y-transition from the analog. In the case
of ®Cu, the connection can be established for g-transi-
tions from the ®'Cu ground state to some state in ®Ni
and for the y-transition from the corresponding isobar
analog resonance to the ®'Cu ground state.

In Table V we give the B(M1, ¢) values calculated from
the known fi for the $-decay of ®'Cu and B(M1) for the
y-decay of the isobar analog resonance. For the p,,,
isobar analog resonance we give the sum over four fine=-
structure components. It can be seen that B(M1) appre-
ciably exceeds B(M1,0). According to the single-parti-
cle estimate, the enhancement for the p;,—p,,, gamma-
transition may be by a factor 1.5 compared with the -
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TABLE IV. Partial widths for decay of analogs in ®1Cy,

Ereg—Ejeys keV Tt ti=22 | T10%ev | TED-10%,eV | T earty.tonev B(ED), etfme | poapt).von, ud
6375—0 3/ 0.036 17,1 0.6:£0.2 743 0.72 5.7
0.12 .
256 17.6+3.0 | 0.0651932 20.7 0.02
6375—476 12 0.053 8.3 042708 [ 79120 0.72 3.3
1600 8.342.0 0.0£0.1 14.4 0
6375—970 52 0,029, 6.4 -0.2%0.2 6.271.4 0.5 3.4
400 6.4+1,4 | 0.0i20.1 17.3 0.002
63751395 52 0.014 12.9 0.18%0.16 | 12.7%2.7 0.75 8.9
124 13.8%2.7 0.4%0.1 52 0.07
6375—2089 1/2- 0.0 4.6 0.0£0.1 4.6%1.0 0 5.1
2.89 3.4%1.2 1.250.5 30 1.3
6375—2203 (5/2) 0.09 5.1 00120042 | 4.1=5.1 0.01—4 526.0
9.61 tettd o510 i 0.56
6375—2473 32 0.25 2.6 05240148 | 2.4+0.6 7.2 3.0
25 2.5£0.7 | 04010 % 3 0.15
6375—2584 572 0.01 3.9 0.04—0.5 3.8793 0.6 6.2
9.6 3.620.9 0.4141 57 0.4
65752687 32 0.09 2.7 0.2240.46 | 2.4+0.8 4.0 4.2
289 2.740.8 0,088 48 0
63752859 | (1/2—5/2- | 0.0036 1.9 0.0£0,1 1.9+0.5 0 38
4 15305 | 0.38%0.25 3 0.75
83753022 | (12—52| o0.01 148 | 0.0153008 | 447403 0.43 3.3
9 0.7
1.3640.60 | 0.4470-17 39 0.3
63753062 | (1/2—7/2) | 0.0 148 | 0064008 | a0 1.3 3.4
400 1,4120.4 | 0.0110-08 i 0.02
63753004 | (1/2—52)-| 0.022 e 0.06+0.02 | 2.4%0. 1.8 5.9
9 ; 2.95%0.50 | 0.2540.10 73 0.6
6380—0 a2 0.01 5 0.29%0.15 2956 0.3 9.5
: i9 28.5%6.0 0.6%0.3 33 0.2
6380—970 s 0.00 ok 0.00 2.8+0.6 0 1.5
25 2.340.7 0.5+0.7 6.8 03
6380—1395 5/ 0.00 000 10.042.2 0 7.0
25 10.0 9.242.0 0.3+1.3 37 2—1
6380—2089 12 0.00 0.00 3541 0 3.1
+2.0 0.5
4 3.5 Lo Lyrds 15 1.9
6380—2473 32 0.04 2.0 0087098 | 49395 1.0 2.8
36 1.940.5 0.10.1 2 0.45
£380—2792 572 0.00 2.2 0.60 2:2%0.6 0 42
2 2.0+0.9 v 43 0.8
6396—0 3 0.026 27 0.067-£0.20 2645 0.78 8.6
- 100 2745 0.26%0,50 E) 0.1
6396—970 502 0.00 2.8 0.00 2.60.6 0 1.4
16 24408 | 0.45104 6.4 0.08
6396—1395 52 0.00 9.2 0.00 9.241.8 0 6.4
25 8.9+2.4 (T criys 35 0.2
6396—2089 112 0.00 5.2 0.00 5.241.0 0 5.6
2.25 g gtht 2 1.7
6396—2357 3/2 0.026 1.47 0.4740.04 1.4340.35 0.42 1.9
4 :a10s 0103 13.6 0.4
6396—2687 372 0.16 175 | 02642020 | 1.54075 43 2.5
81 ¥, 80 0.05=0.75 30 1—1.3
6396—2859 | (1/2—52) | o0.025 47 0.1040,06 |  4.6+0.9 2.3 9.0
9 42410 0:5%0,2 96 0.9
6449—0 372 0.00 0.56 0.00 0.56:£0.12 ) 0,17
9 0.5£0,2 | 0.05+0.10 0.5 0.02
6449970 5/2 0.096 10 0.410.30 09132 0.23 0.5
16 0.96+0.20 | 0.08+0.02 2.5 0.02
64491310 12 0.0025 4.9 0.0010:% | 4910 0.04 3.0
100 48+1.0 | 0.040.03 16.7 0.02
64491395 52 0,16 0.3 0.04+0.02 | 0.240.07 0.15 0.15
i9 0.2040.06 0.00 1.1 0
64492203 512) 0.04 45 0.4740.15 4.840.9 1.5 4.8
: 9 £.041.2 04103 36 0.5
84492473 372 0.00 2.1 0,00 24404 0 2.8
" : ¥
9 1,0£0,6 | 0.20102 23 0.28
64493002 | (12—72) | 0.1 1.4 0.014+0.008 |  1.40.4 0.4 2.9
6449—3062 | (12—7/2) | 0.0144 1.3 0.0240,08 | 1.3+0.3 0.5 2.9
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TABLE V. Beta and gamma analog transitions and analog—
antianalog transitions in *'Cu.

oyl | 00k Py
B (M1, 0), (NS I ; g analog-
Analog log ft T analog-g.s. j;eo;nal_og A!E (according to Eq.
periment) | (53 of Ref. 4)
“are 5.1 0.038 0.2 0.2 2.13
!51'2 6.3 0.0045 0.0027 0.0047 0.014
Pysn 5.5 0.028 0.024 - 0.057 0.094

transition. It is however known that the absolute value
of the matrix element of the B-transition is approxi-
mately an order of magnitude less than the single-par-
ticle estimate. The hindrance is explained by the fact
that there is a concentration of the strength of the g-
transitions near the analog resonance. The hindrances
for the B- and y-transitions may be different.

From the relationship between the values of the re-
duced probabilities for the - and y-transitions (p,;,
analog) a conclusion can be drawn about the influence of
collective effects, i.e., mixing of the low-lying states
with core polarization states.

For transitions from the f;,, and p,,, analogs, the
B(M1) and B(M1, ¢) values are approximately equal.
This indicates that the I part makes a small contribu- -
tion (in agreement with the single-particle estimates).

Analog-Antianalog Transitions. In®Cu, the antiana-
log states for the corresponding analogs may be identi-
fied as follows: the ground state (3/27) as the p,,, anti-
analog, the level at 476.4 (1/27) as the p,,, antianalog,
and the level at 970 keV (5/27) as the f;,, antianalog.
These states have large (greater than 0.6) spectroscopic
factors in proton transfer reactions.

The experimental values of the probabilities of ana-
log—antianalog transitions are given in Table V, in

which we also give the values obtained without allowance
for core polarization effects. It can be seen that the
s/, analog-antianalog transition is hindered by about a
factor of ten. This hindrance is explained by the contri-
bution of the core polarization states.

In nuclei of the sd shell, the intensity of the analog-
antianalog transition corresponds to the single-particle
estimate whereas in nuclei of the f;;, shell this transi-
tion is strongly hindered. In the decay of the p,,, isobar
analog resonance in ®'Cu we encountered an intermedi-
ate case—hindrance by an order of magnitude.

The probabilities of f;,, and p,,, transitions agree with
the single-particle estimates to within a factor 2.

The probabilities of analog— antianalog transitions of
the type py/s Pys2» and fy,, in ®*Cu have not previously
been calculated. We calculated these probabilities using
the model described below. In Table VI, we give the
energies, wave functions, and state population probabili-
ties for the p,;, and p,,, analogs in ®*Cu. The calcula-
tions predict a slight hindrance of the p;,, analog-anti-
analog transition and a fairly appreciable hindrance of
the p,,, analog—antianalog transition. For the p,,, tran-
sition, the predictions agree with the experiment. As
regards the p,,, transitions, the experiment does not
give such a strong hindrance. It should however be noted
that the p,,, analog—antianalog transition is very weak.
It is possible that the T, component of the analog makes
an appreciable contribution to this transition.

For the decay of the f,,, analog, the results of the
calculations are given in Table VIL. The antianalog is
also the lowest state. The calculation even predicts an
enhancement of the analog—antianalog transition com-
pared with the single-particle estimate. This effect is
made possible by admixture of spin-flip states to the
antianalog state. The experimental value is smaller -
than the one obtained by the single-particle estimate.

TABLE VI. Wave functions of 6!Cu states and transition probabilities for p3,, and p,,, analogs

in 81Cu.*
+ % pA + * -
— ™ “ - = Gl - o
= TS S ] = = o g 3
g = o a s s s & e T
2 g & g £ g g 5 4 3
5 g ) = a s &, a z 2
5 - g g g B g o g a 2
3/2- | —0.300 0.266 0.410 0.384 0.268 0.415 0.393 0.464 2.62 3,45
1/2- | —0.467 0.356 0.548 0.376 0.176 0.267 0.254 0.515 1.49 0.55
1/2- | —1.538 | —o0.199 | —0.308 | —o0.277 0.378 0.574 0.563 | —0.039 | 0.23 1.48
3/2- | —1.586 —0.296 —0.453 —0.442 0.302 0.463 0.453 —0.036 1.06 1,84
5/2- | —1.682 0.425 0.647 0.633 — —_ — — 2.88 —_
1/2- | —3.580 —0.163 —0.280 0.873 0.017 0.026 0.160 —0.326 0.01 0.00 ,
3/2- | —3.694 0.009 0.036 —0.023 —0.345 —0.520 0.780 —0.015 0.00 0.004
1/2- | —3.696 0.025 0.041 —0.090 —0.350 —0.531 0.765 —0.039 0.00 0.02
3/2- | —3.819 —0.009 0.036 —0.025 0.837 —0.545 0.005 —0.006 0.00 0.81
12~ | —3.819 0.000 0.000 0.000 0.835 | —0,550 0.000 0.000| 0,00 0.4
3/2- | —3.872 —0.334 —0.519 0,785 0.022 —0.029 0,041 —0.022 0.02 0.00
5/2- | —3.874 —0.343 —0.532 0,774 — —_ — — 0.03 —
5/2- | —3.999 0.838 | —0.546 | —0.004 = - - - 0.60 o~
3/2- | —3.099 0.8 | —o0.542 | —o0.008 0.019 | —0.020 0.010 | —0.000| 0.40 0.00
1/2- | —3.999 0,842 —0.539 —0.014 —0.001 —0.004 —0.001 0.003 0.19 0.00
1/2- | —=5.282 —0,312 —0.485 0.103 —0.079 —0,120 —0,094 0,792 0.10 0.00
3/2- | —6.302 —0.158 —0.247 —0.201 —0.128 —0.212 —0.174 0.884 0.87 0.32

*Goy=1 MeV, G;=0.9 MeV, A=1.0 MeV, £4=0.2 MeV. The energies are measured from the
analog state.
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TABLE VII. Wave functions of states and transition proba-
bilities for the f5;, analog in *iCu.* :

+ x .
i) &8 2
= % 5
> 8 2 2 ¥
O Wi o - -
= = 8 o =
3 g g g g g
g ® = = = = =
5/2= —1.292 0.405 0.622 0.596 0.308 1.86
3/2- —1.681 0.426 0.649 0.631 — 1.29
72- | —1.681 |  0.428 0649 0.631 2,56
7/2= —3.875 —0.338 —0.533 0.776 — 0.03
52- | —3.875 | —o0.33 | —o.522 0.786 | —0.020 | 0.02
3j2- | —38m | —0.338 | —o.533 0.776 = 0.01
7/2= —4.000 0.839 —0.543 —0.008 — 0.54
5/2- —4.000 0.840 —0.543 —0.006 0.002 0.40
32 | —4.000| 083 | —0.543 | —0.008 4 0.27
5/2- —5.39 —0.143 —0.217 —0.169 0.951 0.10

*The conditions are the same as in Table VI.

This could indicate an overestimation of the admixture
of spin-flip states in the antianalog state.

States of Core Polarization Type. The distributions of
the quantities B(M1) for transition from the analog to
low-lying states are given in Figs. 12—-14. The most
striking feature revealed by the analysis of these dis-
tributions is the selective population of the states in
¥Cu, which arises because levels with large components
of states of the core polarization type are involved in the
Y-decay of the isobar analog resonance. A maximum in
the strength function B(M1) from the analogs shows up
clearly for the decay of the p,,, analog. This was to be
expected, since the probability of transition from the
analog is distributed between transitions to the antiana-
log and core polarization states. For the p, /= analog,
the transition to the antianalog has a low intensity, so
that a manifestation of core polarization states is to be
expected.

As can be seen from Table VI, at excitation energies
2.5-3 MeV there is a group of states with large compo-
nents of the type j,, (juipy)1es4p =jp.;. The calculation was
made for A=1 MeV. Making a small change of this
parameter, one can achieve complete agreement be-
tween the average position of the core polarization
states and the position of the maximum in the experi-
mental distributions. The calculated B(M1) distribu-
tions are given in Figs. 15 and 16. The complete sums
of the quantities B(M1) to core polarization states for
the decay of the p,;,, p,;,, andf;,, analogs in *’Cu are

Ejoy KoV § E,=1588 kev 1598 - 7605 l 1620
000 . -

— e LT —_——

— —— f—— |5,

20001~ : = =

L = -
10004 b bt . 4
L 1 1 L | : U | H L 1 L 1
0 0.02 0.06 BOMT), pi?

FIG. 12. Distribution of B(M1)for transitions from the p3,,
analog in #!Cu (experiment).
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FIG. 13. Distribution of B(M1) for transitions from the p, /2
analog in #!Cu (experiment).

equal to 1.3, 1.3, and 1.1p}, respectively, in accord-
ance with the calculation. In the experimentally ob-
served distributions, the B(M1) sums are equal to 1.0,
0.5, and 0.142 for the same analogs.

Gamma-Decay of Fine-Struclure Componenis of the
Analogs. The p,,, and p,,, analog resonance in ®'Cu are
split into several components. The distribution of the
T, component of the analog, i.e., of the configuration of
the actual analog state, over the T, states of the com-
pound nucleus forms the fine structure of the analogs.
The p,,, analog is distributed over four resonances.

The strength of the p,,, analog (T, component) is mainly
concentrated in two resonances. The wave functions of
the analog resonances in the general case are a mixture
of the T, and T, components. This circumstance is well
known, but it is very difficult to obtain quantitative data
on the relative contribution of each of the components
to a given y-transition. At the same time, it is clear
that some transitions, especially the weakest, may be
entirely determined by the T, component of the reso-
nance and have no connection with the actual analog T,
component at all.

At the present time, all theoretical predictions for the
y-decay of analogs ignore the possible manifestation of
the T, component. In the experiments too, no attempts
are made to separate the contributions of the T, and T,
components. In the case of the p,,, analog in **Cu, we

Ejgys keV Ep= 1674 keV

E™=6449

3000 —/———

2000+ FIG. 14. Distribution of
- B {M1) for transitions from
I the f5;, analog in *!Cu (ex-
. periment).

1000 4__

0 z B
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FIG. 15. Distribution of B(M1)for p3/, and p,/, analogs in
61Cu (calculation). The energies are measured from the posi-
tion of the analog; Gy=1.0 MeV, G;=0.9 MeV, A=1.0 MeV,
£19=0.2 MeV.

made one of the first attempts at such estimates. In
Ref. 33, we suggested that the correlation coefficient
should be used to analyze the correlations between the
partial y widths for the decay of the analogs.

In the case of the decay of the p,,, analog in ®*'Cu, it
is natural to assume that the transition to the ground
state is determined by the T, component. If the transi-
tions to other states are also determined by this com-
ponent, we should observe correlations between the par-
tial ¥ widths. The results of the comparison show that
correlations between the partial widths of the transitions
to the ground state and to certain excited states are not
observed. In contrast, we do observe correlations be-
tween the widths of the transitions to these states with
one another and anticorrelations with the transition to
the ground state.

The results can be explained as follows: The T, com-
ponent of the resonance is not a complicated function of
the compound nucleus but a relatively simple configura-
tion which plays the role of a second (after the analog)
doorway state.

One further feature of the decay of the fine-structure
components of the analogs was manifested in our experi-
ments. We found that the transition probabilities to the
same state fluctuate rather strongly from resonance to

¥ foy E,. Me\;’T | f52analog
-~ -1+

Y — 5 —
— 723 | —

i 2r
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FIG. 16. Distribution of B (M1) for the f;,, analog in #!Cu (cal-
culation). The conditions are the same as in Fig, 15.
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resonance, though, as a rule, it is true that the same
states are populated. Some ®!Cu states are not popu-
lated by the decay of any of the four resonances despite
the absence of spin selection rules.

We mention one further circumstance which indicates
a relatively simple structure of the nonanalog proton
resonances. In the reaction, there is a fairly strong
resonance at E, = 1849 keV that is not observed in pro-
ton elastic scattering. The y-decay of this resonance is
distinguished by the dominant transition to the ground
state.

4. GAMMA DECAY OF ANALOG RESONANCES IN
63Cuy

The energies, quantum numbers, and spectroscopic
factors of the levels of the 5*Ni parent nucleus are well
known. The levels of this nucleus have been frequently
studied in neutron transfer reactions. The reaction
52Ni(dp) ®°Ni was investigated in Refs. 34-36. In con-
trast to **Ni and ®'Ni, the single-particle states are less
clearly expressed in ®*Ni. For example, the strength of
the p,,, state is distributed over many levels of the nu-
cleus, two of them, with energy 0.0 and 1.003 MeV,
having the largest spectroscopic factors, which are ap-
proximately equal. The p,,, and f,, strengths are con-
centrated to a greater degree. The levels at 0.088
(5/2°) and 0.155 MeV (3/2") carry the main strength of
the f,,, and p,,, single-particle states. Despite the
strong fragmentation of the single-particle strengths in
5Ni, we shall still say that the ground state, the first
excited state, and the second excited state are p, ,,,
fs/2, and py,, states. In *Ni, the single-particle g,,,
state is at 1.29 MeV.

The analog of the ground state of ®Ni (1/2") was iden-
tified in Ref. 18, in which the excitation function in
elastie scattering of protons on ®2Ni was investigated.
At E, = 2481 keV, there is observed a strong 1/2" res-
onance (I',= 180 eV), carrying the main strength of the
T, component of the p,,, analog. The same investiga-
tion identified the analog of the second excited state of
8Ni (3/27) with energy 0.155 MeV. This analog, which
is fragmented over several components, is observed at
E,~2660 keV. The main strength is concentrated in
two resonances with J* = 3/2" at E,= 2658 and 2659 keV.
The analog of the first excited state of ®*Ni (88 keV,
5/27) is not observed in the proton elastic scattering
reaction, this apparently being due to the large centri-
fugual barrier for I,= 3. In Ref. 37, it is asserted that
the f,,, analog is at E,= 2.576 MeV. In Ref. 37, and
also in Ref. 38, attempts were made to determine the
spin of the resonance by means of polarization measure-
ments. It is however hard to understand why this res-
onance did not appear in the measurements made with
high resolution in Ref. 18. Analogs of some more highly
excited states of ®*Ni were found in the (pp) reaction'®
and as resonances in the ®Ni (p#») reaction.3®

Earlier, analogs of the low-lying ®3Ni states had not
been studied in the (py) reaction. Since the energies of
the p,,, and p,,, analogs were established with an error
of 2-3 keV in the proton elastic scattering reaction, it
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was not difficult to identify them in the (py) reaction.
Harder was the search for the f;,, analog, whose po-
sition was not established in the (pp) reaction. How-
ever, it could be detected in the (pv) reaction. The
approximate position of the f;,, analog can be estimated
if the position of the analog of the ®Ni ground state is
known. However, the uncertainty of this estimate is
30-40 keV (it is associated with the uncertainty in A E,,
which is the difference of the Coulomb energies).

Our measurement of the excitation function in the
corresponding energy region revealed three strong
resonances at E, = 2546, 2556, and 2568 keV.:"%

The nature of their y-decay indicates that the reso-
nances at E,= 2546 and 2556 keV are components of the
split f,, analog. The y-decay of these resonances is
characterized by intense population of states with spins
3/2, 5/2, and 7/2, whereas the y-decay of the reso-
nance at E, = 2586 keV is characterized by strong trans-
itions to levels with spins 1/2. The spin value 5/2 for
the resonance at E,= 2556 keV follows unambiguously
from the angular distributions of the direct y-transi-
tions from the resonance to the %3Cu levels and the ¥
de-excitation of this resonance.

There have been recent studies of the p,,, and p, e
analogs in the (py) reaction.**

The scheme of the ®*Ni levels, their analogs in **Cu,
and the low-lying levels of 3Cu are shown in Fig. 17.

Excilation Functions and Gamma-Decay Spectra of
Analogs. The excitation functions in the reaction
®Ni(py) were studied under the same conditions as in
the reactions **Ni(py) and **Ni(py). The y’s were de-
tected by a 100 x 100 mm NaI(T1) crystal. A S®Ni target
of thickness 10 pg/em? was used for the measurements,
Since the form of the excitation function in the region of
proton energies of interest to us was not known, we
made series of measurements with different discrimi-
nation thresholds for the energies of the y’s detected
by the NaI(T1) erystal. Some excitation functions were
measured for a definite interval of y energies selected
by means of an analyzer. The excitation functions were
measured in the interval E, = 2440-2680 keV. In this
range of proton energies, there are p,,,, f;,,, and
Pa,, analog resonances. Figure 18 shows a section of

EP,‘ MeV
2.658  6.7433 /2"
2.558 8.6408 52~
2546  8.6317 (5/27)
2.481 85691 72°
1.526 32"
1.410 Ly
1,325 p————7/2"
0.962 572
-| 0.758
AT 0.668 e
V2 e B -
BN logfe=g5 ™ T
Cu

FIG. 17, Scheme of %Ni levels, the analogs in ®*Cu, and the
low-lying states of 8Cu.
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FIG. 18. Excitation function in the reaction $2Nigy)83Cu in the
neighborhood of analog resonances.

the excitation function in the neighborhood of the Dise
analog (E, = 2460-2490 keV). At E,= 2481 keV, a peak
corresponding to the p,,, analog can be seen. In the
same manner, we identified the p,,, analog at excita-
tion energy E,= 2659 keV. As we have already noted,
the f;,, analog was identified at energies E,= 2546 and
2556 keV. In the neighborhood of the p, /2 analog,
several resonances with energies E, = 2455, 2469, 2476
2492, and 2516 keV were also observed. The first four
of these resonances were observed in proton elastic
scattering,'® in which they were ascribed the quantum
numbers 1/2*, The resonance at E,= 2516 keV and also
some other resonances in the investigated range of pro-
ton energies were not observed in elastic scattering,
although they were fairly strong in the (py) reaction.

The y-decay spectra of the resonances were measured
for three analogs with E,= 2481 (p,,,), 2546 and 2556
(fs/2), and 2659 keV (p,,,) for a series of resonances
around the p,,, analog (E,= 2455, 2469, 2476, 2492,
and 2516 keV), and also near the f,,, analog (E,= 2586
keV). The y spectra were measured with 40-cm® GeLi
detectors of resolution 10-12 keV for 8.5-MeV
gammas.

In the spectrum of each resonance, we observed more
than 100 lines, including both direct y-transitions from
the resonances as well as y’s belonging to de-excitation
of low-lying states. The decay of the analogs and other
resonances that we studied resulted in the population of
about 40 levels in ®*Cu with energies up to 4 MeV. For
each resonance, a decay scheme, balanced with respect
to the energies and intensities, was constructed. In
constructing the decay schemes, we used the energies
of the low-lying **Cu states known*® from the decay of
537Zn, and levels with higher excitation energies known
from the proton inelastic scattering reaction on 53Cu26:47
In Table VIII, we give data on direct population of the
%Cu levels from analog resonances. In the first
column, we give the energies obtained from our mea-
surements together with the rms error. The greater
part of the low-lying states up to 3100 keV was observed
in the B-decay of ®Zn. Exceptions are the states with
energies 2405, 2678, 2831, 2956, and 2978 keV. These
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TABLE VIII. Probabilities of direct transitions from analogs in ¥Cu (the energy is
expressed in keV).

Pyy2 Analog F5/3 Analog P3; Analog
= E, =2i81, E,, = 2646, E, = 2556, E, = 2659,
Epey § Epoe=8560 % 1.5 Breg=8631.74 2.0 | E, =88i0,842.0 | 6F, —8743.321.5
T,-103,eV |B (len)-iﬂ'- r‘,_-wn.ev B W"la)-ﬂ’n r,-101,ev |B (M;)g- 10, T,-108,eV (B m:‘)i-m.
0 3/2- 22 3.0 1.8 0.24 4.6 0.61 6.0 0,77
668,3+0.5 i/2- 11 1.9 0.25 E2 1.0 E2 5.0 0.82
961,6+0,5 5/2- 2,6 E2 2.0 0.38 2,8 0,56 7.9 1.45
1325,64+0.5 /2~ - — 14 0,24 1.4 0.3 =14 E2
1410.4+0.5 5/2= 5.5 E2 1.1 0.25 2,8 0.66 4.6 1.0
1546.5 3/2- 17 4.3 2.3 0.55 2.6 0.63 1.8 0.44
1860.0+1.0 | 5/2-, 7,2~ - — 1.0 0.28 — - - —_
2012,24+1.0 3/2- (1/20) 3.7 1.1 ko, 0,41 0.8 0.24 1.6 0.45
2060.0+1.0 | 1/2-, 3/2- Tl 2.4 - - {14 E2 0.8 0.23
2080.0+1.5 5/2-, 3/2- — — — — 11 0.33 1.3 038
2333.6+1.5 3/2=, 5/2-,
1/2- - — - — 0.87 0,30 1.6 0.52
2405 +3 — 1.9 0.69 — — —_ — —_ —
2497.3+1.5 3/2- 10 3.9 — 1.5 0.56 0.4 0.13
2583.74+2.0 5/2=, 3/2- 0.7 0.27 - - 2.2 0.83 0.9 0.32
2677.9+1.8 — 9.9 4.2 —_ — 0.8 0.32 1.7 0.66
26907+2 1/2-, 3/2-,
5/2- LR | 2.2 -_ — e — — =i
2778+2 3/2~, 5/2-,
1/2-
= 2o s, — nid <2 0.54 - -—
2831-+2 — — — 1.0 0.39 — — - =
2860+2 172, 3j2~,
5/2% - 3 Al — — — 2.4 1.0
288642 | 1/2-, 3.2+,
5/2- 3.3 1.6 — — 0.7 0.32 0.8 0.30
2056+3 — 3.3 1.6 — = — 14 0.49
2978.6+1,6 — 2.6 1.3 — = = — 0.9 0.40
3042+3 172+, 32&,
5/2+ 3.5 1.8 ES - 1.6 0.78 0.4 0.43
3100+3 172+, 8'2%,
5/9+ 4.4 2.3 — - 0.9 0.46 = =
312743 ¥od is 2 il — 0.9 0.46 — —
322443 — 4.8 2.7 —_ — 0.9 0.49 1.6 0.82
3264+3 — 1.6 0.90 — == 1.3 0.72 —_ —
3202+4 v 5.7 3.0 S — 14 0.62 2.4 1.3
330944 = 7.5 4.5 0.7 0.40 2.5 1.42 3.8 2.0
3406+3 — 3.5 2.2 —_ — - — —
3429+ 4 48 3.0 - — - - - =
3461+4 = 3.7 2.4 = - == 4.2 2.4
3476-+4 i e — ot —_ — —_ 1.8 i1
3535+3 - - — - — - — 1.6 0.78
3657+4 s 44 3.2 — - - — - -
3774+4 — 2.6 2.0 — == i — i ==
3902+3 = . - b — - — 2.0 1.5
3060+3 s 2 — — — =2 = 1.8 1.4
405845 = L g iz — — — 2.2 1.8
411945 A1, cY - = - - = 4.6 4.0

Note. The values of the resonance strengths (2J+1)T,I,/T are determined with an error
20% for an angle 90° between the directions of the ¥ ray and the incident beam. The T, are
given without allowance for the angular distribution.

levels and the levels with energies >3000 keV were ob- greater than in the case of ®Cu. In the excitation func-
served in proton inelastic scattering. The level at tion obtained with a thin target (10 pg/cm?), which cor-
3264 keV is introduced for the first time. responds to an energy loss of 0.75 keV for E, = 2.5 MeV,
resonance peaks are situated in the region of the p,,,
The values of the quantum numbers in the second “and p,,, isobar analog resonances at distances 2-3 keV
column of Table VIII are taken from Ref. 45. For the from one another. Therefore, for the measurements
remaining levels, the J* values are unknown. In the with the thick target we selected the resonances that are
construction of the decay schemes, we traced the y fairly well isolated, namely, the resonances at E,
de-excitation of the low-lying states. = 2.556 and 2.516 MeV. We interpreted the resonance
; at E, = 2.556 MeV as a f;,, analog in *Cu. The quantum
Absolute Values of the Partial Gamma Widths. The numbers of the resonance at E,=2.516 MeV can be es-
absolute values of the partial ¥ widths in %Cu were tablished by analyzing the decay scheme of the reso-
measured by the thick-target method. In the reaction nance. The most probable spin value of this resonance
82Ni(py)®3Cu, analog resonances are situated in the re- is 3/2. Determining the strengths of the resonances at
gion of excitation energies of the compound nucleus 2.516 and 2.556 MeV in the direct manner, we can ob-
around 8.5 MeV. In this region, the level density is tain the strengths of the other resonances.
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FIG. 19. Angular distributions of some y-transitions from
analogs in %3Cu.

Angular Distribution of the Gammas. We measured
the angular distributions of direct y-transitions from
the analogs in ®*Cu to low-lying statesfor the resonances
at E, = 2481, 2566, and 2569 keV.*® The main task in
measuring the angular distributions is to determine the
spins of the resonances manifested in the (py) reaction.
The quantum numbers of the resonances at E, = 2481
and 2659 keV were determined from proton elastlc
scattering. However, some indirect data suggest that
the resonance revealed in the (py) reaction at E,= 2481
keV is an unresolved doublet of two states with spms
1/2 and 3/2 or 5/2. The angular distributions con-
firmed such an assumption. In the case of the reso-
nance at E,= 2659 keV, the angular distributions gave a
unique determination 3/2 of its spin, confirming the
elastic scattering data. For the resonance at E, = 2556
keV, we obtained the unambiguous spin 5/2. For y-
transitions from the resonances at E,=2556 and 2649
keV, we determined the mult:polamty admixtures 6.

WA R 2659-=71547 R 2556668
14 1.3+
1.0+ {
1.0+ 2,9+ {
PR 1 fr—y } R 25561410
R 255600 J‘g—% R 2556=362 5.0
T8
2,0+ 2.0F }
141 } :
1.0F 1.0t Lok
1 1 i 1 1

g 30 60 306, de g 30 60 30 o 30 60 90

FIG. 20. Angular distributions of y-transitions from analogs in
8Cu,
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The angular distributions were measured under the
same conditions as in the case of ®*Cu for angles 0, 30,
60, and 90° to the direction of the proton beam.

For the decay of the analogs in ®3Cu, we studied the
angular distributions of more than 50 y-ray lines in the
decay spectra of the resonances. The angular distri-
butions of some transitions are shown in Figs. 19 and
20 as an illustration.

The angular distributions of direct y-transitions from
the resonance at E, = 2481 keV (1/2°) should be isotro-
pic. In fact, for the majority of transitions we obtained
@, values that agree with the value a, = 0 within the
errors. However, transitions to some levels are
strongly asymmetric. This large asymmetry cannot be
explained by any experimental errors. It is natural to
assume that the resonance at E, = 2481 keV observed
in the (py) reaction is complex a.nd consists of a doublet
of states. One of them, with spin 1/2", appears with
considerable strength in the proton elastic scattering
reaction; the other, with spin 3/2 or 5/2, is excited
together with the first state in the (py) reaction.

The angular distributions of the direct y-transitions
from the resonance at E, = 2659 keV give a definite spin
value of this resonance equal to 3/2. This follows from
the analysis of the angular distribution of the transition
from the resonance to the level at 668 keV (1/2°) (Fig.
21).

The spin of the resonance at E,= 2556 keV can also be
unambiguously determined from the angular distribu-
tions of transitions to different levels.

We also measured the angular distributions of the Y
transitions in the decay of some resonances near the
Py, analog.* We studied the resonances at the proton
energies E, = 2455, 2469, 2476, 2492, and 2516 keV.
The first four resonances in the proton elastic scatter-
ing reaction were ascribed the quantum numbers 1/2-,
However, analysis of the y de-excitation of the reso-
nances suggests that their spin values are restricted to
3/2 and 5/2.

The data on the angular distributions indicate a strong
asymmetry for some y-transitions from these reso-
nances. This rules out the spin value 1/2 for the res-
onances E, = 2455, 2469, 2476, 2492, and 2516 keV.
Taken together, the data on the de-excitation and the
angular distributions indicate that in the reactions (pp)
and (py) we have excitation of different resonances that
have the same energy to within the errors.

i (p,7)
L R 2659-~668(1/2)

_5/2--7/2

5 FIG. 21. The x® analysis
W‘}'}g___,/z for the transition from the

resonance at E,=2659 keV
to the level w{th energy
668 keV in ®Cu,

0.1% limit

073
74‘?"- V
s |

90 70 -50 30 10 0 10 30 50 van’'5, deg
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TABLE IX. Analog—antianalog
transitions in ®Cu,

B(M1), uf
Anaslog Calculation
Experiment | in accordance with
Eq. (52) of Ref 4
Py 0.019 0.077
Tss2 0.0185 0.011
P3py 0.0077 1.70

Beta and Gamma Analog Transitions. The nucleus
$3Ni (1/2°) decays to the ground state of ®*Cu (3/2).
The value of log st for this transition is 6.5. The ana-
log for it is the y-transition from the p,,, analog to the
83Cu ground state. The value of B(M1, &) calculated
from the ft value is 0.001 p2. The experimental value
of B(M1) for the transition from the resonance at
E,= 2481 keV to the %*Cu ground state is 0.03pu2. The
value of the ratio B(M1)/B(M1,5) is 30.

The systematics of the ratios B(M1)/BM1,8) given in
Ref. 4 shows that as a rule this ratio is greater than 1;
in the majority of cases, it is between 1 and 5. The
value of the ratio B(M1)/B(M1,5) for ®*Cu is the largest.
From this, one could conclude that the ! part makes an
appreciable contribution in this transition. However, it
must be borne in mind that the angular distributions of
the y-transitions from this resonance indicate that the
resonance has a complicated nature. It would seem
that this explains the anomalously large value of
B(M1)/B(M1,86).

Analog-Antianalog Transitions. In the **Cu nucleus,
the antianalogs for the p,,,, f5,z, and p,,, analogs can
be taken to be the levels at 668 (1/27, S =0.71), 962
(5/2", 5 =0.29), and 1410 keV (5/2", S =0.34), and the
ground state (3/2°, S=0.78). The experimental values
of the analog—antianalog transition probabilities in ®*Cu
are given in Table IX, in which we also give the theore-

TABLE XI. Wave functions of states and transition probabil-
ities for the f5/, analog in ®¥Cu at Gy=1.0 MeV, A=1.0 MeV,
G1=0.70 MeV, €,=—0.2 MeV (the energies E, are mea-
sured from the analog).

Ey- —1 _ = B(M1)
L e e (5727578 )1+ | t52 (pajapsjn)ss 1872 (pyjepa/e)ts | o2 it
5/2~ |—3.665) 0,555 0.604 0.493 0.202 1.21
7/2- |—3.976 0.582 0.633 0,540 — | 1.65
3/2- |—3.976 0.582 0.633 0,510 — |o.83
5/2~ |—6.001 0.736 —0.677 0.000 0.000f 0.44
7/2- |—6.001 0.736 —0.677 0.000 — | 0.59
3/2- |—6.001 0.736 —0.677 0.000 — | 0.30
5/2- |—6.142 —0.354 —0.385 0.851 0.033] 0.01
7/2- |—6.144 —0.345 —0,376 0.860 — | 0.0t
32 |—6.144 —0.345 —0.376 0.860 — | 0.01
5/2- |—7.313] —0.157 —0.171 —0.180 0.956| 0.05

tical values calculated in accordance with Eq. (52) of
Ref. 4. It can be seen that the prediction of the single-
particle model for the absolute values of B(pM1) is sat-
isfied in order of magnitude in the case of the transi-
tions P, 3 —~Py/p and fo/,—f 55 For the py,, analog, the
analog-antianalog transition is observed to be hindered
by more than two orders of magnitude.

In 2 model with residual interaction (see below) one
can qualitatively explain the hindrance of both the p, ,,
and the p,,, analog-antianalog transitions. In Table X
we give the energies, wave functions, and state popula-
tion probabilities for decay of the p,,, and p,,, analogs
in 3Cu. The analog-antianalog transition of type p,,,
is hindered but the hindrance is much less than the
value observed experimentally. The analog—antianalog
transition of type p,,, is hindered more strongly than is
observed experimentally.

For the f;,, analog, data are given in Table XI. In the
case of the f;,, analog-antianalog transition, the exper-
imental value is larger than the single-particle value.
The value calculated in the model with residual inter-
action is also larger than the single-particle unper-
turbed quantity.

TABLE X. Wave functions of states and transition probabilities for p,;, and p3,; analogs in

83Cu.*
+ k) i) ., . A
= | B E | E | B £
5 B elaabarie Sant dagl- Bashasd | T | X | %
3 kK £ g s g g 5 g Z
2! % - . - = = - E Ea
¥ ol ' & = & & < & = ne g
3/2- —2.978 0.414 0,454 0.377 0.297 0.328 0.275 0.460 2.05 1.79
1/2- —3.023 0.504 01.548 0.350 0.167 0.181 0.152 0.489 1.04 0,24
5/2~ —3.981 0.582 0.632 0.512 — — — — 1,86 —
)/ —4.110 | —O0. —0. =0, 461 .501 4 0.050 0.37 1.7
3/2- 4 0.353 0.384% 0,310 0.46 0 0.408 0
1/2- —4.167 | —0.203 | —0.220 | —0.191 0.544 0.589 0.479 0.044 0.00 1.10
1/2- —5.993 | —0.179 | —0.231 0.911 0.061 0.066 0.054 | —0,272 0.00 0.00
5/2- —5.996 0.736 | —0.677 0,000 — — - — 0.2 0.00
3/2- —5.996 0.744 | —0.668 [ —0.018 0.004 0,001 0.000 | —0.002 0.66 —
1/2- —5.996 0.740 | —0.872 | —0.022 | —0.002 | —0.002 | —0.001 0.008 0.44 0,00
3/2- —6.142 | —0.389 | —0.402 0.850 | —0.016 | —0.019 0.012 0.021 0.04 0.00
5/2- 6.143 0.347 0.377 0.859 0.04
—0. —U. [ —U, . e : gt - — . dns
3/2- —6.211 0.003 0.004 0.003 0.745 | —0.667 | —0.043 | —0.008 0.00 0.89
1/2- —6.211 0.000 0.000 0.000 0.735 | —0.678 0.000 0.000 0.00 0.44
3/2- —6.857 | —0.002 | —0.002 | —0.030 | —0.343 | —0.400 0.849 0.027 0.00 0.04
1/2- —6.358 | —0.011 —0.011 0.004 —0.351 | —0.380 0.856 0.048 0,00 0.01
1/2- —7.354 | —0,358 | —0.382 0.102 | —0.098 | —0.108 | —0.114 0.828 0.14 0,00
3/2- —8.003 | —0.185 | —0.204 | —0.197 | —0.162 | —0.192 | —0.162 0.886 0.69 0.23

*G(=1.0 MeV, A=1.0 MeV, G;=0.7 MeV, £,45,==0.2 MeV. The energies E, are measured

from the analog.
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States of Core Polarization Type. The strength func-
tions for the decay of the py,,, f;,,, and p,,, analogs in
#Cu are given in Fig. 22. It must however be recalled
that in the case of the p, /2 analog the resonance at
E,= 2481 keV is complex. From the experimental point
of view, the decay of the resonance at E,= 2481 keV
is not the pure decay of a p,;, analog. A maximum in
the distribution of the transition probabilities is ob-
served for the p;,, analog and, less clearly, for the
fs;2 and p,,, analogs. The maximum is observed for
transitions to levels with excitation energies 3.5 MeV.
The excitation energies of the analogs are equal to
8.6 MeV. The calculated distributions of the B (1)
values for transitions from the analogs are given in
Figs. 23 and 24 (A= 1.0 MeV). For A= 2.0 MeV, the
excitation energy of the core polarization state is equal
to the energy of the maximum in the experimental dis-
tributions. The sum of the B(M1) values from the p,,,,
Jss2; and p,,, analogs to all core polarization states was
found to be approximately the same for all analogs and
equal to 1.3u% The corresponding experimental values
are 0.3, 0.3, and 0.1 2. The last value is the total
B(M1) sum observed for decay of the f;,, analog.

(i E,MeV § pypanalog  Exe MeV P12 analog
0 L £
/2"
7z
—_———oéls' = e ——
-5 1 T i
J/z;sﬂ'@é??fg?z ﬂ&ﬂm' b 327
- = =y
g -10 b+ - 179 " -
2 ] 7 2 T )l

FIG. 23. Strength functions of M1 transitions from p;,, and
D17 analogs in 8Cu (calculation). The energies are measured
from the position of the analog: G,=1.0 MeV, G;=0.7 MeV,
A=1,0 MeV, &4=-0.2 MeV.
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FIG. 24, Strength function of M1 transitions from the f; /2
analog in 3Cu (caleulation). The conditions are the same as in
Fig. 23,

5. GAMMA DECAY OF ANALOG RESONANCES IN
65 c“

The ®*Ni parent level whose analog we studied is a
level with energy 0.064 MeV, which carries the main
single-particle p, ,, strength: (2J+1)S (dp)=1.23 (Ref.
35).

Analog states in %°Cu have been studied on a number of
occasions. In Refs. 39 and 50, analogs of the ®*Ni levels
were studied in the reaction *Ni(pn)**Cu, and f;,,,
Pyy2s Pgygy and dg,, analogs corresponding to the ground
state of ®*Ni and states with energies 0.064, 0.692, and
1.92 MeV, respectively, were found.

In Ref. 51, the (pp) and (pp’) reactions on *Ni were
investigated. Analogs of the p,,,, py,, and dy,, levels
were identified. In Ref. 18, proton elastic scattering on
®Ni was investigated for E, in the range from 3100 to
3300 keV with high resolution (200-300 eV). A well-
developed fine structure of the 1/2" analog resonance
containing 15 components was found. The strongest
component was observed at E,= 3219 keV. Is proton
width I', is equal to 500 eV. The p,,, analog state
occurs at 10618 keV in ®*Cu. This energy is greater
than the neutron separation energy (9908 keV), and
therefore the neutron channel is open and the neutron
width T, is 410 eV.

An analog of the f,,, ground state of %Ni was not ob-
served in the (pp) and (pp’) reactions, presumably be-
cause of the large centrifugal barrier ({,=3). Analog
resonances have not previously been studied in the (py)
reaction. Figure 25 shows the state scheme of the iso-
baric pair ®Ni and %°Cu.

Ep_. MeV
Y2~ ~522

-

g
oy MeV Foy T

Sunas
= Y&

FIG. 25. Scheme of %Ni levels, their analogs in #%Cu, and low-
lying states of $Cu,
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FIG, 26, Excitation function in the reaction ®Niv)®5Cu in the
region of the p,,, analog.

Excitation Function. We measured the excitation
function in the reaction *Ni(py) *°Cu for E, in the inter-
val from 3100 to 3300 keV. The section of the excita-
tion function from 3150 to 3230 keV is shown in Fig. 26.

At E, = 3208, 3219, 3224 keV, there are peaks cor-
responding to the strongest components of the fine
structure of the p,,, analog observed in Ref. 18. Be-
sides these peaks, there are others at E,= 3156 and
3179 keV, which were ascribed in'Ref. 18 to resonances
with J*=1/2%,

After we had established the position of the analog,
we studied the y -decay of its strongest component with
E,=3219 keV.

Decay Scheme of the Analog. The y-decay spectrum
of the analog was studied under the conditions already
described. Details relating to the determination of the
energies, the relative intensities of the ¥ lines, and the
absolute values of the ¥ widths for transitions from the
analog were given above. The measurement and identi-
fication of the 7 spectra associated with the decay of
analogs in %®Cu are more difficult than for 5% %*%3Cu be-
cause of the higher proton energy at which the analogs
are excited in ®*Cu. At this energy, there are open
neutron channels in reactions that take place on light-
element impurities present in the target or in the Fa-
raday cylinder. Therefore, when we identified the y.
lines, we compared the spectra measured with thin
(10 pg/cm?) and thick (100 pg/ecm?) *Ni targets at the
given E,. In the thick target, the impurity lines were
much fainter than the lines belonging to the decay of the
analog. Such lines were ignored.

As a result of the analysis of the ¥ spectrum of the
resonance, the decay scheme of the resonance was
constructed. Decay of the analog by direct transitions
leads to population of 24 levels in %®*Cu with energies up
to 4.3 MeV. In Table XII we give data on the decay of
the resonance. In the first column, we give the ener-
gies of the populated levels obtained from our measure-
ments. Low-lying levels (up to 1725 keV) were ob-

- served in the 8-decay of ®*Ni. The major part of the

highly excited levels observed in our measurements
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TABLE XII. Probabilities of direct transitions from the
D1y analog to the 5°Cu levels at E,=3219 keV, E,,
=10618+3 keV.

Ejgyn keV i, I % T, eV B(M1), u}
0 32~ 100 0.15 0.011
770.6+0.5 1/2- 10 0.015 0.0014
1623.8%0.7 5/2- 6 0.009 E2
1725.0%0.5 3/2- 76 0.1 0.014
2214.6%1.5 1/2-, 3/2- 14 0.021 0.0030
23312 3/2- 15 0.022 0.0032
264472 = 17 0.025 0.0042
2656+3 7/2-, 52 10 0.016 =
2867+3 - 58 0.085 0.016
2990 %2 — 13 0.019 0.0037
20084 — 13 0.019 0.0037
30813 - 36 0.053 0.011
3154+3 — 28 0.041 0.0086
344943 - 25 0.037 0.0087
3506+3 - 13 0.020 0.0047
3740+3 — 10 0.014 0.0038
3895%3 = 22 0.032 0.0091
+3 — 27 0.040 0.042
3958+3 — 16 0.023 0.0068
40573 — 20 0.029 0.0090
40B4+4 — 17 0,025 0.0076
A17%4 - 19 0.028 0.0088
41B3%4 = 3 0.045 0.015
4245%4 — 21 0.030 0.010

was known from various reactions.’> We have intro-
duced the levels at 3449, 3923, 4057, and 4177 keV for
the first time. The quantum numbers J* for these levels
are taken from Ref. 52. For the remaining levels, the
J" values cannot be established sufficiently reliably. In
the table we give I,,, the relative intensities of y-trans-
itions from the analog to the given level, the partial
widths T, and B(M1). Since the spin of the resonance
at E,= 3219 keV is assumed to be 1/2, the ¥’s from the
resonance in a transition to any level should be iso-
tropic. We measured the angular distribution for some
vy lines from the resonance. The measurements were
made at 0, 30, 60, and 90° to the incident proton beam.
Within the errors, the angular distributions for the y-
transitions to the ground state of 5°Cu and the levels
with energies 770.6, 1623, and 1725 keV were isotropic.
The B(M1) values were found under the assumption
that the transitions are pure M1 transitions. Figure

27 shows the strength function of the y-decay for the
main component of the p,,, analog. The errors in the
determination of ', and B(M1) are 30% for strong lines
and may be 100% for weak lines.

Analog —Antianalog Transition. It can be assumed
that the antianalog for the p,,, analog is the *Cu level
with energy 770.6 keV, which carries the main p,,,
single-particle strength: (2J+1)S(®°He,d)=1.5 (Ref. 52).

BiM7)
WPl

10+

1. IIIM

7 2

Ejgys MeV

FIG. 27. Values of B(M1) for y-decay of the p;,, analog in
65Cu (experiment).
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;Ic"ABLE XML Analog—antianalog transitions in the Cu iso-
pes.

Nucleus T, B(M1), ug B(M1), p? B (M1) exp
(experiment) (calculation) calc
P12 Analog
Cy 1/2 0.04 0.13 0.3
8iCy 3/2 0.057 0.080 0.6
8Cu 5/2 0.019 0.077 0.25
&Cu 7/2 0.003 0.038 0.05
P3p Analog
61Cy l 3/2 0.24 ‘ 2.13 0.4
83Cy i 5.2 ] 0.0077 1.70 [ 0.004
89y Analog
59Cu 1/ 1.48 5.1 0.29
S1Cy 3/2 0.80 3.8 0.22
63Cy 5/2 0.36 2.8 0.13

The B(M1) value of the analog-antianalog transition is
equal to 0.0014 £ 0.0006 .2 for the component with E,
=3219 keV, which, in accordance with Ref. 18, is half
the total strength of the Py/, analog. Thus, it can be
assumed that the total value of B(M1) for the analog-—
antianalog transition is 0.003 u2; this is much less than
the single-particle estimate, which is 0.058 u2,

In Table XIII, we give the experimental values of
B(M1) for the p,,, analog—antianalog transitions in the
Cu isotopes and their single-particle values. A strik-
ing feature is the increasing hindrance of the transitions
compared with the single-particle estimates with in-
creasing T, of the nucleus (except *°Cu). A similar ten-
dency is also observed for analog-antianalog transi-
tions of type p,,, and g,,, in the Cu isotopes, the ex-
perimental and calculated values of B(M1) for them
being also included in Table XIII.

States of Core Polarization Type. It can be seen
from Fig. 27 that there is a concentration of the
strengths of the transitions from the P,/ analog to the
®Cu levels in the region of energies 3-4 MeV. It was
shown in Ref. 4 that the strength functions of the ¥
transitions from the analogs exhibit a maximum which
can be interpreted as strong population of core polari-
zation states. The energies of these states are well
predicted by calculations in the shell model with resi-
dual interaction.’® The strength function M1 of -
transitions from the p,,, analog in **Cu was also calcu-
lated. For the values of the parameters chosen as for
the nuclei calculated in Ref. 53, we find that the core

TABLE XIV, Wave functions of states and transition probabi-
lities for the p,,, analog in %Cu,*

E_ , ~ B3I,
= Moy | Pu/eYsialaleds | Pus Gapa®3hidye | Pyfy PypaPilahis | Pygy u2
1/2= | —2.481 0.404 0.618 0.646 0.193| 2.704
3/2- | —2.732 0.411 0.627 0.662 — | 5.281
1/2- | —6.712 0.355 0.544 —0.759 0.056 ) 0,044
3/2- —6.718 0.362 0.544 —0.750 — | 0.090
3/2- —7.200 0.837 —0,547 0.000 — | 0.421
1/2- —7,200 0.837 —0.547 0.00C 0.001] 0.210
1/2- —9.257 —0.101 —0.152 —0.084 0.980| 0.006

*Gy=1.0 MeV, G;=1.0 MeV, A=1.8 MeV, &,,=0.8 MeV.
The energies E, are measured from the p, /2 analog, E,
=10.618 MeV.
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FIG. 28. Dependence of AE (the distance from the analog to
the core polarization states) on the neutron excess N-Z in the
parent nucleus for the Cu isotopes. The filled circles are for
the py;, analogs and the filled squares for the P32 analogs.

polarization states must be at a distance of 7 MeV from
the analog.

In Table XIV, we give the energies, wave functions,
and state population probabilities for the decay of the
Py/. analog in ®Cu. It can be seen that the calculation
predicts hindrance of the analog-antianalog transition
and strong population of states at energy 7.2 MeV from
the analog in accordance with the experiment and the
systematics on the y-decay of the analogs. It is of in-
terest to note the experimentally observed dependence
in the behavior of the energy spacing AE from the ana-
log to the states of the core polarization type in the
copper isotopes, namely, AE is directly proportional
to the neutron excess N-Z of the parent nucleus. This
is illustrated in Fig. 28. The dependence of AE for the
decay of analogs in the Cu isotopes on the neutron ex-
cess N-Z of the corresponding Ni isotopes is a straight
line with slope 0.75 MeV/(excess nucleon).

6. CALCULATIONS OF PROBABILITIES OF GAMMA
TRANSITIONS FROM ANALOGS IN Sc, V, AND Cu
ISOTOPES

The experimental data show that the y-decay of ana-
logs has a number of interesting features due both to
the nature of the analog resonances and to the proper-
ties of charge-exchange excitations of the proton-neu-
tron hole type with spin 1*. Analysis of these data leads
to numerous questions which can only be answered on
the basis of calculations of the strength functions in a
model with residual interaction. The main questions
are the following: 1) How important are the core pol-
arization states in the y-decay of the analogs; 2) what
is the excitation energy of the core polarization states;
3) how does an admixture of core polarization states
in the antianalog affect the probability of analog-anti-
analog transitions; 4) how strongly do the strength
functions differ for Gamow-Teller -transitions and
M1 y-transitions from analogs?

Almost all these questions arose during the analysis
of the results of our measurements on the y-decay of
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analogs in 5V (Ref. 5). To answer them, we must
make calculations in a model which is more complica-
ted than the single-particle model. The first realistic
calculations were made by Ikeda in 1969. Since that
time, many experimental data have been published on
nuclei in the f,,, shell and the 2p1f shell. However,
systematic calculations have not been made, even in a
simple model. The need for such calculations is felt
when one attempts to systematize the experimental
data.

We used the model first formulated in Refs. 8 and 54,
in which it was used to calculate the strength function
of Gamow-Teller g-transitions. Later, this model was
used to calculate the strength function of M1 y-transi-
tions from analogs in *'V (Ref. 5) and **Sc (Ref. 55).

We obtained compact expressions for the matrix ele-
ments of the interaction and for the transition probabil-
ities. Below, we formulate the model that we used, we
give the corresponding expressions for the matrix ele-
ments and the transition probabilities, and we describe
the results of the calculations.

To treat charge-exchange excitations of particle-hole
type, we proceed from the Hamiltonian H, of the inde-
pendent-particle shell model and a residual interaction
of a specific type: .

a{ = (%0"}‘0?{[- (2)
The independent-particle Hamiltonian contains the
terms :

FHo= o+ FHra+H e, : 3)

where #=23, [T, + V(r,)] is the kinetic and potential en-
ergy of the particles, 3, =2 1/2V, J,0, is the spin-
orbit interaction, and #,=2J; (1+7,,/2W(r,,) is the
Coulomb interaction.

The residual interaction can be written in the form

Hy = ot Sox+Ho="2 3wy,
i=j
+ %—1- > TT0:0; + —Gz’— > 0105 (4)
i>j i>j

We shall use an interaction of long-range type in the
form of multipole forces. The radial integrals are re-
placed by a constant K. Only the isospin part of the
interaction (4) is considered.

Basis States and their Energies. As basis functions,
we choose the single-particle and particle-hole config-
urations that are the most important when one is con-
sidering the y-decay of analogs. Since we are studying
the decay of well-defined single-proton analogs, the
wave functions of the corresponding parent states can
be assumed to be single-neutron states:

q’l’s = I jm) = a;,u [ 6): (5)

where Iﬁ) is the wave function of the target nucleus.
The basis functions include configurations formed from
(5) by applying the operator Y _:

¥y =Y-]jny- (6)
These states are eigenfunctions of the single-particle
Hamiltonian J:

Ho¥i=E¥:.
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The single-particle configurations include the single-
proton state

w1’=|fm) (7)
corresponding to (5) and its spin—orbit partner
¥ =] (8)

In what follows, a prime on the function ¥ means that
the odd particle occupies the second term of the spin-
orbit doublet.

The particle—hole configurations have the form
¥o=|lny (pfw)] )= X

1y
mpmn

X (=) ""a}, i Sy m, | O (9)

{fnyMma, dm ll JM) (jpmpjn—mn | Im)

The configuration ¥, is expressed in the same way as
(9), containing instead of j, a particle on the level
> Which is the spin-orbit partner of j, . In the func-
tions ¥, and ¥/, the proton j, and the neutron hole

j.~ are in the same state.

The functions ¥, and ¥} are expressed in the same
way as (9) but contain configurations in which the pro-
ton j, and the neutron hole j -, are in different states
forming a spin-orbit doublet. In numerical calcula-
tions, we took into account particle-hole excitations
with only I*=1*. As will be shown in what follows,
these excitations play the main role in f-decay and M1
v-decay of the analogs.

The particle and particle~hole configurations for the
considered nuclei take into account the shells f;,,, pg/,,
Dises Fares and &9/ 2

The energies E, of the basis states, measured from
the energy of the analog state, are expressed as

Ey= —2TGy; Ej= —2TGo+epusi

Ey= —2TyGy+A; Ey= —2TGo+A+&nan}
Ey= —2TGo+ A +Enpasni

Ey= —2T4Go+ A +Enusy + Enpasr-

(10)

In these expressions, T, is the isospin of the analog,
A is the pairing energy of the excess neutrons, € 44
and €, ;4 are the spin-orbit splitting of the neutron or
proton states, and €, 44 is the difference between the
energies of the proton state j,=1 —1/2 and the corres-
ponding neutron state j, =1+1/2.

The states ¥, and Y] have definite isospin, this being
smaller by unity than the isospin of the analog state.

The configurations ¥,, ¥/ and ¥,, ¥; do not have def-
inite isospin. However, for the solution of problems
relating to isospin it is convenient to use a basis that
has definite isospin. This can be particularly impor-
tant in cases when a strongly restricted basis is used.

Parameters of the Theory. The parameters which
can be specified in calculations are divided into two
groups: the interaction parameters G, and G, and the
parameters which determine the average field.

The constant G,, which determines the symmetry en-
ergy, is fairly well known. It is determined from the
analysis of quasielastic scattering, from isospin split-
ting of single-particle states, and from other experi-
ments.? The value of this constant fluctuates rather
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strongly from nucleus to nucleus, but on the average
one can take its value to be G,=50/A MeV.

The constant G,, which determines the strength of the
spin-isospin interaction, is not known exactly. In con-
trast to G, for G, there is no physically measured
quantity directly related to G,. However, one can es-
tablish limits within which G, can vary.? One of the ex-
treme values for G, is realized when supermultiplet
symmetry is observed, as, for example, in light nuc-
lei. Then

Go=Gy=Gy; Vi (r)=;=0; [&;, T]=0;
[ Y1=0; (3, S]1=0;
= (/2 Z, (1+17;) (1 - 040;) -+ const.
=

In light nuclei, cases are known when a splitting is ob-
served of states with T=0, J=1* and T=1, J=0* (2-3
MeV). From this one can estimate the ratios of the
constants to be G,:G,:G,=3:2:1. In other cases, inter-
mediate estimates are obtained. Thus, for the ratio
G,/G, we have the limits 2/3<G,/G,< 1. Analysis of
the ( pn) reaction indicates that G is close to the limit
(2/3)G, (Ref. 56).

The parameters that determine the average field are
the magnitude of the spin-orbit splitting and the pair-
ing energy A. In the numerical calculations, no dis-
tinction was made between the spin-orbit splittings
for the neutrons and protons.

In the calculations reported here, the spin-orbit
splittings were taken from the experimental data for the
parent nucleus. This choice automatically leads to the
correct position of the analog states. Our calculations
were made with several values of A from 0 to 2 MeV.
All the parameters were varied within the limits al-
lowed by the experimental data and theoretical argu-
ments. The variation was performed to determine the
sensitivity of the results to the values of the parame-
ters.

Matrix Elements of the Interaction V. To calculate
the matrix of the Hamiltonian H and then diagonalize it,
we must calculate the following matrix elements:

a) diagonal and nondiagonal matrix elements of the
type
(Wai [ V1 Wanhy (Fau |V ¥ady (¥5:| V| ¥in)y
(Woi |V | Wandy (Fau [V | ¥Pon)y (Fai| V]| ¥or);
b) nondiagonal matrix elements of the type
Woi [V W), (Yail V| W), (Pos| V| Wik
¢) diagonal matrix elements of the type
Wyt | V¥ (FU|V | Wi
For each case, analytic expressions can be obtained.
Using the expression (9) and summing over the mag-

netic quantum numbers, we obtained the following ex-
pressions for the matrix elements of the interaction:
(U, ('R0 J* |V | Uing (P n79210)
=13 {pllof|l i) (Fp 10|l in) 5," i) 8y, 461, 107, 5
A
+V(2J+i)(21'+l){ i 1 p }(ﬂ!"a"im)
I jp jn
X Gpllo | 72a) 85 82 (11)
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(Ui (PRI |V |
(]’p ” g "In) {ip, "G " Jag) 61 !61' Ingd (12)
{Jpu|V |jp)=0. (13)

In the numerical calculations, the second term in the
expression (11) was not taken into account.

V3@, (2i

The expressions (11)-(13) were obtained for the case
when the protons and neutrons (apart from the odd neu-
tron in the parent nucleus) completely occupy neighbor-
ing shells, i.e., when the excess neutrons completely
populate the shell Jja» and the protons completely popu-
late the preceding shell. The proton levels correspond-
ing to the neutron shell j, are completely free. In
other cases, when the neutrons do not completely oc-
cupy a shell or when there are several protons on lev-
els corresponding to the neutron shell Jn» corresponding
occupation coefficients u, and v, are introduced. Then
each matrix element of the type ( Jpllollj,) is associated
with a certain quantity (j,llol| T,

(.rp"G"j'n) = (fp"']" Jnd pln,
where v,=Vn, /(2j,+1) and uy= Vl—ﬂ,,?iz_y', 1) s1y, is the

number of neutrons on level j , and ny, is the number
of protons on level j,.

To calculate the matrix elements of the interaction,
we must know the quantities {Z,llollZ,.):

Glioll Ly=(=)*"* VRN Er +1) VI—8;

U1 2D (L= 1/2) (+1—1/2)1 (172
x[(J+f'—1)l(1'+1+3.f2)l(H‘l+3l2)!:I ' (14)

We also have the relation
Gllellin=(=Y"4 lle|n. (15)

The matrix of the Hamiltonian was diagonalized nu-
merically, and for each spin value J we then obtained a
set of wave functions

¥i(, =3 el (16)

Transition Probabilities. The reduced probability of
an M1 y-transition from the analog to the state \Il,(J , M)
can be expressed as follows:

B(M1, an. - JM)=
=—,_—1-|<‘Fn, 1ol F* (e = 1) || 2551, 1) (17)

The y-decay of the analogs can be regarded as a charge-

exchange process:

(¥r,, o || E mt (:“‘:l)s @1l ‘yTn+1 o)

1/2(T— (¥ro. 1ol ? my (z0) [T, £, (O || ¥hoss, ow1)

= -ﬁ—_——( To, To |l 2 mY (z) - (i) | WSt Tt (18)

The probability of g-transition from the parent state
‘I’rsox.rnu to the state ¥, . is determined by a reduced
matrix element of the type

(¥ro, 7o [| 2 mf @) T @l YR 1, 70 0)- (19)

Using now (18), we can write the reduced probability
of transition from the analog in the form
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B (M1, an. — JM)
3
Tt g S C M) m (M) o) |
M

=( > B2 (M1, jn, —+ ¥}) | (20)
k

where y_=p - 1,=4.71 is the difference between the
proton and neutron magnetic moments, T, is the isospin
of the analog, and Sty

m ()= 3 (or+-E-1,) o). (21)
i

Using the relation between f¢ for the g-transition and
the value of B(M1,0) for the transition from the analog,
we can obtain the expression

B (M1, 0)=B (M1, 0; ¥* — ¥, (JM))
= 31 ) |1 (M1, 0) | jagma)
M

=| 3 chB"® (M1, 0 ju, > TP, (22)
k

- where m(M1,0)=Y_=23,0,7.(i).

The transition probabilities to the unperturbed states
. can be expressed in the form

BOMY, 0 oy > ¥ = () 2

2me =
1 s 4
X w(]m ol jnds (23)
B(M!, 0; joy > ¥o)=B(M1, ag; j,, = V)
3 ek \2 2J' 41 % 5
=0 EE) K G, T Ginllolijni®8y; ; - (24)

The reduced probability for y-transition is calculated
as follows:

B (M1; juy = ¥y)=B(M1, 6; ju, = Vi) (1 +gk'u)%
where

(25)

+1 for transitions J> = J>;
k= —1/2 for transitions j, — jo or je — j:
—(l+1) for transitions j< — j<.

Numevrical Calculations. Numerical calculations were

made for the following analog states®3:

1) pgrs in**Sc, ¥8c, 'S¢, °Sc, ¥V, 7V, 1V,

2) paiz in ¥Cu, *Cu, *Cuy;

3) pya in ¥Cu, *Cu, ®Cuy;

4) fsj2 in®'Cu and ®Cy;

5) gy in®Cu, ®Cu, *Cu.
Experimental data are available for all the studied
cases,

We obtained data for the decay of the p,,, analogs in

TABLE XV, Wave functions and transition probabilities for
£9/2 analogs in 83Cy.*

T

E. B(M1),
= Mov | B2 Uslofslohi+ | Bara P3:aP3'ehy+ | Bo/a (ProP3la)s+ | Soe [

9,2+ |—3.600 0.566 0.590 0.482 0.315] 2.59
11/2+ |—3.976 0.582 0.633 0.510 — 1.49
712+ 1-3.976 0.582 0.633 0.510 - 1.1
a2+ 1—5.990 —0.694 0.716 —0.010 —0.079| 0.32
11,2 —6.001 0.736 —0.877 0.000 — 0.53
772t |—6.001 0.736 —0.677 0,000 — 0.35
9/2+ [—6.143 —0.367 —0.346 0.863 —0.015| 0.04
11,2% 6.144 —0.345 —0.376 0.860 — 0.01
727 |—6.144% —0.345 —0.376 0.860 e 0.04
9,2+ [—7.383 —0.252 —0.142 —1.148 0.946| 1.96

*Gy=1.0 MeV, G;=0.70 MeV, A=1.,0 MeV, &4,=—0.2 MeV.
The energies E, are measured from the analog.
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FIG. 29. Strength function of M1 transitions from the p3,, ana-
log in 4%c (a), 4%V (), and from the gy, analog in 5Cu (c),
81Cy (d), and %3Cu (e) (calculation). The energies are measured
from the position of the analog. a) G;=0.92 MeV, G;=0.81
MeV, A=2.00 MeV, §;3,=2.5 MeV, &,;=5.00 MeV; b) 1.00,
0.90, 0.00, 1.60, 4.00; c) 1.00, 1.00, 0.00, 0.52; d) 1.00, 0,90,
1.00, 0.2; e) 1.00, 0.70, 1.00, 0.2.

8¢ and 51V, the p,,, and p, ,, analogs in *Cu, ®'Cu,
8Cu, and the f;,, analogs in ®!Cu and ®*Cu. The results
for the remaining analogs were obtained by other
groups.

As a result of the calculations, we can follow the be-
havior of the strength functions of M1 transitions from
the same analogs in different isotopes of one element.
Another possibility is to study the behavior of the de-
cay of different analogs in the same nucleus (copper
isotopes). :

In each of the five groups, the qualitative nature of the
strength function of M1 transitions from analogs is the
same. The results for some nuclei have already been
given. Here, we present the results for the calculations
of the other nuclei. In Fig. 29, we show the strength
functions of M1 y-transitions from the p,,, analogs in
“°Sc and *V and from the g,,, analogs in **Cu, *Cu,
83Cu, In Table XV, we give the wave functions of the
8Cu states associated with the g,,, analog. The wave
functions in other cases have a qualitatively similar
nature in each group.
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7. ANALYSIS OF THE RESULTS

In all cases, the lowest states are the states with the
largest contribution of the corresponding single-particle
component. These states are called antianalog states.
All the remaining components, whose contribution may
be fairly large, have a counter effect when added to the
single-particle component, reducing the probability of
the analog—antianalog transition.

At excitation energies a few MeV above the antianalog
there is a group of states in whose wave functions the
main component is a particle~hole configuration in
which the proton and the neutron hole are on the same
level. Such states are called states of core polarization
type. Note that in all nuclei this group is localized in
a relatively small range of excitation energies and is
strongly populated by the y-decay of the analog.

The greater part of the strength of the M1 transitions
associated with the analog is concentrated on states
near or above the analog. These states from the so-
called Gamow-Teller giant resonance. The main com-
ponent in the wave functions of these states is a parti-
cle-hole state [¥,] of spin-flip type. The amplitudes
of the various components in the functions of these
states have the same sign. These states can be re-
garded as collective states of particle-hole type, and
their appearance in the present model is not fortuitous,
since the model is a special case of the “schematic
model.”5738

Beta and Gamma Analog Transitions. The distribu-
tions of B(M1) for y-transitions from the analog and
B(M1,0) for B-transitions from the corresponding par-
ent state exhibit a common feature, namely, concentra-
tion of the transition probability on levels above or near
the analog resonance. The major part (up to 90%) of the
strength of the transitions is concentrated on the levels
which form the Gamow-Teller giant resonance. The
difference between the strength functions for the M1
Y- and B-transitions is greatest for population of core
polarization states. Beta-transitions populate such
states comparatively weakly, whereas in the B-decay of
analogs the core polarization states are observed al-

TABLE XVI. Analog-antianalog transitions and population
of core polarization states.

B(M1), 43 | B(ML), i B(M1), 3
BOM), uy f,f,].,?_' A’u’"’f'u BOMY), 1wy Core -
Analog- ntianalo; antianalo, Core arization

Nucleus|Analog anlinng?u; (si:lsgr-p-rti‘cie (ex hn=:t) larization experiment)

(calculation) | calculation) &!;r 4) calculation) Ref. 4)
438¢ D3l 0.72 2.85 0,012 11.3 0.17
455¢ | paa 0.37 2.8 — 9.6 2.1
475¢ P3je 0.31 1.58 0.012 8.4 0,3
93¢ Paja 0.24 1.27 0.002 8.4 5.2
ay P3’s 0.64 2.85 0.017 11.7 0.7
49y P3, s 0.48 2.06 0.032 9.2 1.2
81y Paje 0,30 1.53 0.015 9.2 1.3
88Cu | gg-p 3.13 4.92 1.48 1.3 —
81Cu | gose 2.08 3.53 0.80 1.3 —
8Cu | go/a 1.90 2.70 0.36 1.2 -
S1Cu | py/s 0.87 2.06 0.24 1.3 1.0
88Cu | py/e 0.69 1.58 0.0077 1.3 0.3
5%Cu | pyia 0.001 0.13 0.04 3.0 0.8
S1Cu | py/y 0.004 0.09 0.057 1.3 0.5
8Cu | py,s 0,004 0.07 0.019 1.3 0.3
S1Cu | f5/n 0.09 0.014 0.0047 1.1 0.1
BCu | fsre 0.05 0.010 0.019 1.3 0.1
8Cu | pye 0.006 0.06 ~ 0.0014 0.63 0.1
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most as strongly as the Gamow-Teller giant resonance.
It is possible that this effect is due to the model form
of the chosen interaction, which ensures a large con-
centration of g-transitions. For the transitions to the
antianalog states, the probabilities of g- and y-transi-
tions are comparable in magnitude.

Analog-Antianalog Transitions. The calculated B(M1)
values for the analog-antianalog transitions are given
in Table XVI, in which we also give the theoretical and
experimental values of B(M1) for the single-particle
transitions, Note that the probabilities of analog—anti-
analog transitions calculated in the present model agree
better with the experiment than the calculations using
the single-particle model. It is predicted that the tran-
sition probabilities for p,,, analogs will be suppressed
in the Sc and V isotopes but that there will be the single-
particle value of the transitions for the g,,, analogs
in the Cu isotopes. For the p,,, analogs in *1*%3Cu, the
predicted values of B(M1) for the analog—antianalog
transitions are somewhat less than the single-particle
estimate. Thus, the qualitative dependence of the ana-
log—antianalog transition probabilities on the quantum
numbers of the analogs and the considered nucleus is
correctly predicted by the model. However, in the
quantitative respect there are discrepancies. The sup-
pression of the analog—antianalog transitions for D32
states in Sc and V is much smaller than is observed
experimentally, Variation of the constant C, within
wide limits does not lead to agreement with the experi-
ment. The same discrepancy is observed for the p, /2
analogs in **Cu. The transition probabilities for the
&9/2 and P, ,, analogs in ®’Cu are described fairly well.

Core Polarization. As we noted earlier, in each nu-
cleus there is a group of states in the wave functions
of which components of the type ¥, are added coherently,
If only these components were taken into account, we
should obtain a collective state of the type

jﬂi (jp.fn-l)i‘v .ip = Jn1.

Allowance for spin-flip states leads to mixing of two
configurations with transfer of the transition intensity
to the upper state forming the Gamow-Teller giant
resonance. The energy position (with respect to the
analog) of the core polarization states depends weakly
on the constant G;. The strongest dependence ob-
served is that on A: E, - E,=E,- A, where E,does not
depend on A. The levels forming the core polarization
states have spins jm' 1; j,,i, j,,1 +1. In real nuclei, the
configurations corresponding to states of core polari-
zation type are distributed over the real levels of the
nucleus and a structure of the giant resonance type is
manifested. :

For reasonable values of the parameters, the calcu-
lated mean excitation energies of the core polarization
states (measured from the ground states) for the p;,,
analogs are as follows: 3.8 MeV for %S¢, 5.0 MeV for
55c, 6.7 MeV for ‘'Sc, 6.8 MeV for *Sc, 4.7 MeV for
'y, 3.8 MeV for v, 4.8 MeV for °'v, 2.8 MeV for
S1Cu, 3.7 MeV for ®*Cu, 2.9 MeV for f;,, in ¢'Cu,

3.9 MeV for *3Cu, 4.4 MeV for gy, in*Cu, 4.1 MeV for
61Cu, and 3.7 MeV for %Cu.
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A characteristic feature of the experimental data on
the y-decay of analogs in the Sc, V, Cu isotopes is the
strong population of groups of states a few MeV above
the antianalog. The experimental excitation energies
of these states agree well with the calculated position
of the core polarization states.

The experimental data make it possible to determine
the total value of B(M1) for the transitions to these
states and to compare it with the calculated value of
B(M1) for transitions to core polarization states. In
Table XVI, we give the theoretical values and the cor-
responding experimental data. Note that the calcula-
tions give the correct ratio of the B(M1) value of the
transitions to the antianalog and the core polarization
states for different nuclei. For the Sc and V isotopes,
it is predicted that core polarization states will be
predominantly populated; for the Cu isotopes (gy,, ana-
logs), the antianalogs. For other analogs in the Cu
isotopes correct relations are also obtained. The ab-
solute values of B(M1) for transitions to core polari-
zation states are predicted to be larger than the ex-
perimental values.

For some nuclei, this difference is small (by a few
times), but traces of strong deviation are encountered.
For Cu isotopes, the agreement can be regarded as
good. For the gy,, analogs, no data are available on
the population of core polarization states, which can
be attributed to the experimental difficulties.

We mention an interesting property of core polariza-
tion states revealed by the calculations. To good ac-
curacy, the difference between the energies of the
analog and the corresponding core polarization state
does not depend on the quantum numbers of the odd
particle. Such an effect had been observed earlier ex-
perimentally.

Gamow- Teller Resonance. In all the nuclei, the
group of states near or above the antianalog carries the
main strength of the transition. These states form the
Gamow-Teller resonance. For g-transitions, more
than 90% of the total strength can be concentrated in
the region of the Gamow-Teller resonance. In the
case of M1 y-transitions this fraction is smaller and
may be reduced to 50%.

The present model correctly describes the main qual-
itative features of the y-decay of analogs. It predicts
the correct relationship between the intensities of the
analog-antianalog transitions for different nuclei and
different analogs, and the energies of the core polari-
zation states agree well with the experimental values
found for the position of the maximum in the strength
functions of y-transitions from the analogs.

However, for the absolute values of the transition
intensities a discrepancy between the calculated and
experimental values is observed. The probabilities for
strong transitions give the best agreement. For the
probability of the analog—antianalog transitions in Sc
and V the calculations give less hindrance than is ob-
served experimentally.
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