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INTRODUCTION

Studies of the decays and structure of intermediate and
heavy nuclei at excitation energies above 2-3 MeV are im-
portant for our understanding of the nucleus. As the excita-
tion energy increases, the nuclear level density grows rapidly
and the wave functions of nuclear states acquire a quite com-
plicated structure, since even a small residual interaction can
lead to the mixing of closely spaced states. Therefore, as a
rule, it is assumed that the structure of these states is very
complicated, and the coefficients of the decomposition of the
wave function into the simplest configurations obey statisti-
cal laws. The characteristics of various nuclear processes are
rather simple to calculate in this statistical model. In particu-
lar, the transition-width distribution is described by the
Porter—Thomas equation,' the strength function of S transi-
tions S 4(E) depends smoothly on energy,” there are no cor-
relations between different partial widths,3 and the ratios of
the amplitudes for decay via various spin channels follow the
Cauchy distribution.*

Nonstatistical effects are closely related to the symmetry
of the nuclear interaction.’ Some of the first and most clearly
manifested nonstatistical effects in decays of highly excited
nuclear levels were observed for isobar-analog resonances,
owing to the isospin symmetry of the nuclear forces.® In fact,
the isospin of an isobar-analog resonance (analog) is one unit
larger than that of the nearby levels, which prevents the mix-
ing of the analog with levels of complex structure. At nuclear
excitation energies above 2—3 MeV a large number of other
(nonanalog) states and resonances are observed. They have
two possible interpretations: statistical or nonstatistical. In
the first case it is assumed that they are statistical states,
while in the second it is assumed that they are structures like
the giant resonance, related to a distribution of simple exci-
tations [for example, proton ()—particle (p) [(wp)] and
neutron (n)-hole (k) [(nh)], coupled to give angular mo-
mentum 17: [mp®nh],+] in the levels of the compound
nucleus. In the second case the physical interpretation of the
experiments must differ from that of the statistical approach.

For example, if nuclear forces were spin- and isospin-
invariant [i.e., if the spin—isospin group SU(4) were the
symmetry group], we should observe nonstatistical effects
for a number of nonanalog resonances and states. However,
since the nuclear interaction is observed to depend quite
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strongly on spin, so that’® SU(4) can be only an approxi-
mate symmetry, nonstatistical effects associated with spin—
isospin SU(4) symmetry will be less clearly expressed than
isobar-analog resonances [the isospin SU(2) symmetry of
the strong interaction]. The question therefore arises of iso-
lating and observing nonstatistical effects in the excitation
and decay of nuclear states and resonances, determining the
degree of mixing of a simple component with the levels of
the compound nucleus, and interpreting the structure of the
states at the microscopic level.

In the statistical model the wave function W, is written
as

*Ifss; Ce Pi» ; |C?=1, (1)

where ¢, are the wave functions of the ‘‘simple’’ configu-
rations, and C; are random numbers 7> 1. In the nonstatis-
tical approach it is usual to isolate a particular configuration
@ in the wave function ¥yg,:°

n

Wnse=Co- ¢o+; Ce o> |Col=|Cil,

lco|2+§ |Cil?=1. ' @)

Deviations from the statistical theory have been
discovered*>*™" in (p,p’v) and (p,7y) reactions, B~ and
B* (EC) decays, and delayed processes unrelated to the ex-
citation or decay of isobar-analog states.

In this review we discuss the recently discovered non-
statistical effects in 8~ and B (EC) decays, delayed pro-
cesses, and nuclear reactions. The new nonstatistical effects
which have been found experimentally are related to elemen-
tary nuclear-excitation modes of the type [mp®nh],+ and
[npewh]; .

1. THE MANIFESTATION OF NONSTATISTICAL
EFFECTS IN BETA DECAY

1.1. The strength functions of beta transitions

The B-transition strength function Sz(E) is one of the
most important characteristics of the nucleus.>' It is the
distribution of the squared moduli of the B-decay matrix
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elements in the nuclear excitation energies E. For excitation
energies E up to Q g, the total S-decay energy, Sg(E) deter-
mines the nature of the B decay and the half-life T, of a
radioactive nucleus via the B-decay channel. At large exci-
tation energies not reachable in B-decay, Sg(E) determines
the cross sections of various nuclear reactions depending on
the B-decay matrix elements.

The strength function S g(E) determines the distribution,
in the nuclear energy E, of elementary excitations and com-
binations of them of the type proton—particle (7p) and neu-
tron hole (vh), coupled to give angular momentum J™:
[mp®vh];s and neutron—particle (vp) and proton hole
(mh), coupled to give angular momentum J™: [vp
® wh] = The strength function of Gamow—Teller 3 transi-
tions describes excitations [ mp ® vh],+ or [vp® Th];+.

In B decay, Sg(E) is related to the probability density
for populating levels of the daughter nucleus I(E):

I(E)
T\ f(Qg—E)’
where f(Qg—E) is the Fermi function'® and (Qp—E) is the
B-transition energy.

For processes depending on Gamov—Teller-type matrix
elements,

Sp(E)= (3)

1
WB (GT,E), )

where D=27%" In2/g’m’>c*, D=(6260=60) sec, 8y and
g, are the vector and ax1al—vect0r [-decay constants,'

Sp(E)=

BL(GT.E)= 37— <1f|2 1z (k)a#(k)|1> )
41
B’I(GT,E)=-§§—B,—,(GT,E), (6)

where I; and I are the spins of the initial and ﬁnal states and
t. and o, are the isospin and spin operators The distribu-
tion B’ (GT E) calculated in a given model can be used to
find Sg(E) and T'yp;:

L—IQBS E —E)dE 7
7=, SsE)f(Qs=E)E. )

1.2. The statistical and nonstatistical approaches to
analyzing the strength functions of beta
transitions

Until recently, the statistical picture of the beta strength
functions dominated.? In beta decay, fairly simple configura-
tions are populated in the daughter nucleus. At excitation
energies in the daughter nucleus of several MeV, simple
states can mix strongly with states of more complicated
structure. If this mixing is large, Sg(E) can be described by
the statistical model. According to the latter, the S-decay
strength function is a smooth function of the excitation en-
ergy. As a rule, Sg=const or Sg(E)~ p(E) is used in statis-
tical calculations, where p(E) is the level density of the
daughter nucleus.
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FIG. 1. Scheme of the strength functions of Fermi B transitions (shaded
region) and Gamow-Teller B transitions. The strength function of Fermi 8
transitions is concentrated at the isobar-analog resonance (IAR). The com-
ponents of the Gamow—Teller resonance with different isospins [GT(T.)
and GT(T-)] and the configurations forming the strength function of
Gamow-—Teller f transitions are indicated. BSF is a backward spin-flip con-
figuration, CP is a core-polarization configuration, SF is a spin-flip configu-
ration, @ denotes a particle, and O denotes a hole. Isovector excitations are
characterized by isospin 7 and isospin projection i .

Experimental data later appeared which indicated that
Sp(E) for allowed B transitions depends strongly on energy.
The strong delay of Gamow-Teller B transitions to low-
lying excited nuclear states led to the idea of a giant
Gamow—Teller resonance,!”'® located near the correspond-
ing analog resonance. At energies below this giant resonance
there is an extended ‘‘train’’ whose energy structure is par-
ticularly noteworthy (Fig. 1). It has been shown that anti-
analog states play the main role in forming the resonance
structure of the train of the Gamow-Teller resonance for
nuclei of the s—d shells.!” States of the core-polarization
type dominate for nuclei of the f5, shell (Fig. 1).%° Experi-
mental information about these states has been obtained by
studying the M 17y decay of analog resonances.”' In studies
of Sg(E) in 236238p, puclei, it has been shown that states of
the ‘‘backward spin-flip’’ type play an important role in the
description of B decay for a number of heavy nuclei>'* (Fig.
1).

Data on the Gamov-Teller resonance have been ob-
tained by studying direct (p,n) reactions.”>?* The interpre-
tation of the peaks in the neutron spectra from direct (p,n)
reactions based on the nonstatistical approach to describing
charge-exchange excitations has made it possible to correctly
describe the experimental data on the locations and intensi-
ties of the peaks in the neutron spectra.>?*%

High-resolution study of the delayed-neutron spectra®®
has shown that a small number of daughter-nucleus levels
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are selectively populated in B decay, i.e., Sg(E) has a reso-
nance, nonstatistical nature.

Direct measurements of the level-population probabili-
ties in 3 decay by the y-ray total-absorption method®’-?® have
revealed the presence of energy structure in Sg(E).

The data cited above indicate that Sg(E) depends non-
monotonically (nonstatistically) on the nuclear excitation en-
ergy E.

From the viewpoint of the nonstatistical approach, the
structure of S g(E) is determined by the isovector parts of the
effective nucleon—nucleon interaction, and also by the mix-
ing of ‘‘simple’’ excitations with states of more complicated
structure.

A representation®’ of the elementary nuclear-excitation
modes is useful for analyzing the resonance structure of
Sg(E). The charge-exchange elementary excitations produc-
ing the structure of Sz(E) form a special class of elementary
modes (Fig. 1). They are characterized by isospin 7=1 and
isospin projection u,= * 1. In other words, these elementary
excitations occur not in the nuclei where the ground (parent)
state is located, but in neighboring (daughter) nuclei. The
ordinary elementary excitations (u,=0), for example, low-
lying phonon states or multipole giant resonances, are lo-
cated in the same nucleus as the ground state.

From the viewpoint of the microscopic approach to the
formation of collective states, charge-exchange resonances
are a superposition of particle-hole excitations of various
types, for example, proton—particle and neutron hole. The
Gamow-Teller resonance is a coherent superposition of con-
figurations of the proton—particle and neutron-hole type,
coupled to give angular momentum 17,

The scheme of states important for analyzing the
strength functions of Gamow-Teller transitions is shown in
Fig. 1. The parent state (for simplicity, an even—even
nucleus with N>Z) has isospin T and isospin projection
T,=T,. A family of particle-hole charge-exchange excita-
tions of the [mp®wh]; type is located in the adjacent
nucleus, whose ground state has isospin T=T,— 1 and isos-
pin projection T,=T,— 1. These are excitations with 7=1
and u.=—1. States with the structure [vp® 7h], are lo-
cated in the other adjacent nucleus. This nucleus has ground-
state isospin 7=Ty+1 and T,=T,+ 1, and elementary ex-
citation characterized by 7=1 and w .= + 1. Excitations with
7=0,1 and w,=0 occur in the parent nucleus.

For S transitions of the Fermi type, in the simple model
of Ref. 6 there is only a single state carrying the entire tran-
sition strength. This is the IAS analog state with spin 07,
isospin T=T, and T,=T,— 1, formed as a coherent super-
position of [ mp® vh]y+ configurations. A typical strength
function for Fermi S transitions is also shown in Fig. 1.

The situation regarding Gamow—Teller 8~ transitions is
more complicated. The principal B-transition strength is car-
ried by the Gamow—Teller resonance with J™=1"%, T=T,
—1,and T,=Ty,—1 (=1, u,= —1). This state is formed as
a coherent superposition of all possible [7Tp® vh];+ con-
figurations. It has a significant contribution from configura-
tions of the spin-flip type, ie., [mp@vh] +, j,=1—3,
jn=1+% and is located near the analog resonance. States of
the core-polarization type are located at lower energies:
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[mp®vh],+, j,=Jj.. Ateven lower energies there are states
of the backward spin-flip type: [mp® vh];+, jp=l+;—, Jn
=[—3%. The isospin of states of the core-polarization and
backward spin-flip types has the normal value, ie., T=T,
—1 and T,=Ty— 1. Since a configuration of the spin-flip
type does not possess definite isospin, there is a T (T
=Ty, T,=Ty—1) component of the Gamow-Teller reso-
nance located above the principal (7<) resonance.>** For
B" (EC) decay there is’ only one value of the isospin for
[vp®mh],+ configurations. The most strongly collectivized
state with
J=17, formed from excitations of the [¥vp® wh],+ type,
has T=Ty+1 and T,=Ty+1 (r=1, u,=1) and is also re-
ferred to as a Gamow-Teller resonance with u,=+1. Its
energy can vary strongly from nucleus to nucleus.

From the viewpoint of the phenomenological approach,
the Gamow-Teller (=1, u,=—1) resonance, the M1 (7
=1, u,=0) giant resonance, and the Gamow-Teller (7=1,
u,=+1) resonance form an isobaric triplet of 17 states.
However, from the microscopic point of view these states
cannot be regarded as an isobaric triplet, because, owing to
the Pauli principle, the configurations forming these states do
not always undergo transitions into each other when acted on
by the operators T, and T_ (Refs. 5, 24, and 25).

Ideas about the nonstatistical structure of the strength
functions Sg(E) have turned out to be important for widely
differing areas of nuclear physics.’

1.3. Calculation of the strength functions of beta
transitions

The microscopic description of the SB-transition strength
functions is closely related to the analysis of astrophysical
and thermonuclear processes, analysis of the values of log ft
for B transitions between low-lying states, the description of
delayed processes, analysis of the M1y decay of analog
resonances, and study of the properties of the Gamow—Teller
resonance.

The suppression of 0*=0" Fermi 8 transitions is asso-
ciated with the existence of a collective state—the isotopic
analog of the ground state of the parent nucleus, carrying the
principal strength of Fermi B transitions and located above
the ground state of the parent nucleus®® (Fig. 1). From the
microscopic point of view, the collectivization of the analog
is associated with the existence of the residual interaction

Vr‘r: %GT( Ty 7-2)' (8)

Just as the suppression of Fermi B transitions [the opera-
tor B =27+ (k)] can be explained by taking into account
the residual interaction V., to explain the suppression of
Gamow-Teller transitions [the operator Bar
=3,7+(k)o(k)] the authors of Refs. 14, 31, and 32 intro-
duced the residual interaction

V‘r‘m’(r:%G’ro'( 71 7-2)(0-10-2)- (9)

The models used at present to calculate S p(E) can be
divided into two classes.*>** The first contains models in
which the specific shell structure of the nucleus is ignored,
but the damping of giant resonances associated with [p
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®vh];+ and [vp®wh],+ configurations is approximately
taken into account. The most frequently used such models
are:

1. The gross theory,*>>® in which all the particle—hole
configurations forming S g(E) are assumed to be degenerate
in energy.

2. The schematic mode in which all the particle—
hole transitions are divided into energy groups depending on
the spin flip, and the basic relations are obtained by semi-
classical summation in the theory of finite Fermi systems.

These models possess an important advantage: they al-
low a parameter-dependent analytic description of the reso-
nance characteristics. However, they cannot describe phe-
nomena in detail.

The second group includes models using a realistic basis
of shell configurations and an effective quasiparticle interac-
tion parametrized in some given form. The most commonly
used such models are:

1. Models®'*3*40 in which the Tamm-Dancoff approxi-
mation or the random-phase approximation is used to diago-
nalize the shell-model Hamiltonian on the particle—hole ba-
sis, neglecting the single-particle continuum and the
coupling of simple configurations to complex ones, which
leads to the appearance of & peaks in Sz(E). Models of this
type have been used successfully to calculate Sg(E) for in-
termediate and heavy nuclei.'*3! The residual spin—isospin
interaction leads to the appearance of a state in whose wave
function the basis particle-hole configurations enter coher-
ently (i.e., with the same sign). This state is identified as the
Gamow-Teller resonance. Resonance relaxation is included
by broadening the 6 peaks, using Gaussian or Breit—Wigner
distributions.>*'*?

2. Models*** in which S4(E) is described by the shell
model taking into account the particle—hole continuum and
effective nucleon—nucleon interactions in the particle—
particle and particle—hole channels. The widths of the
maxima, due only to the nonzero probability for nucleon
emission into the continuum (I"= 100 keV; Refs. 34 and 45),
turn out to be much smaller than the observed ones (1 MeV;
Refs. 5 and 28), which makes it necessary to add a complex
term to the energy in the particle—hole propagator. Then the
energy widths of the peaks in charge-exchange processes are
described satisfactorily.

3. The quasiparticle—phonon model,”®*® based on diago-
nalizing the Hamiltonian on a basis including both particle—
hole (1p,lh) and (2p,2h) configurations, which allows the
effective inclusion of the peak relaxation in § B(E ), Le., es-
timation of the peak width.* The neglect of the single-
particle continuum in this model somewhat limits its range of
applicability and makes it difficult to study a number of
nuclear reactions.

4. The optical-shell mode which includes the
nuclear shell structure, the effects of the single-particle con-
tinuum, and the coupling of particle—hole configurations
forming resonances in S g(E) to multiparticle configurations.
The coupling of particle—hole and multiparticle configura-
tions is described within a particular parametrization of the
optical model. The quasiparticle damping is analyzed in
terms of the imaginary part of the optical potential.

1 37,38

34
L. 4.48
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It should be noted that the existing models for calculat-
ing Sg(E) are not capable of completely describing 8 decay.
However, they can be used to obtain a fairly good descrip-
tion of the locations and relative intensities of the peaks in
Sg(E), which is completely sufficient for, for example, de-
scribing delayed processes. New experimental data on S g(E)
will undoubtedly stimulate the further development of micro-
scopic approaches to calculating the strength functions. The
calculations can be improved by using different variants of
the (1p,1h) basis and systematically including the coupling
of these configurations to multiparticle ones, and also using
different variants of the effective interaction.

Some of the first microscopic calculations of § p(E) for
Gamow-—Teller 8 transitions in several nuclei taking into ac-
count shell effects were performed by the Tamm-Dancoff
method (the TDA model).>'* We shall discuss this model in
more detail, since both the model itself and the fundamental
principles on which it is based are used in many current
studies.***° The Hamiltonian of the system is written as the
sum of the single-particle part (Hy,) of the shell model and
charge-exchange residual interactions:

H=Hg,+V, (10)

where the residual interactions have the form [see (8) and

1]
V= Vr-r+ VTT(I(T )

G,,=(1.0-15)G,,. (11)

The states obtained from the parent state |W)) by acting on it
with the B-decay operator are used as the basis functions.
Then the matrix elements of the interaction V are represented
in factorized form:

G

(FIvIf >=§'vaf, (12)
where the V; turn out to be proportional® to the amplitudes
for B transitions to basis states |f) having excitation energy
E

f-

For example, for the Gamow-Teller B8 decay of an
N-odd nucleus, the basis states include single-particle proton
states |j,;) and three-quasiparticle states |[j,;®(j,
®jn")l+]l> with Spin J=jnl ] jnl *1

For the B decay of a Z-odd nucleus with the odd proton
in the state |j »1)» the basis states include single-particle neu-
tron states |j, ) and three-quasiparticle states [j p1®(n
®jl1‘)l+]l’ J:jpl ’ jplt 1.

Diagonalization of the matrix

gives the energies and wave functions of the states of the
daughter nucleus populated in Gamow—Teller B transitions
and allows Sg(E) and T, to be determined.>'*

The strength functions of 8% and B~ decays differ fun-
damentally. In those of 8~ decay the principal maximum is
located near the analog. In those of 8% decay the location of
the maximum cannot be associated with the analog location,
because in nuclei with 7.>0 (N>Z) there is no analog state
relative to 8" decay. The main difference is that the excita-
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tion energies of the basis states are measured from the
ground state of the daughter nucleus, and the results of the
calculations for 8" decay are more sensitive to the choice of
the average field and the inclusion of various correlations.’

Models using the QRPA3!? have been widely used in
recent years to calculate Sg(E). In the approaches based on
the QRPA, the wave functions are constructed on the basis of
a given single-particle model with pairing and residual inter-
action of the charge-exchange type, which is treated in the
random-phase approximation,>*4%-3!

The typical value of the Gamow—Teller residual interac-
tion constant is (Refs. 5, 14, 39, and 51) G,
=(40-50)/A MeV.

The location of the Gamow-Teller resonance for nuclei
near 2%Pb in the QRPA model corresponds to residual inter-
action constant’ G, =46/A MeV. The calculated location of
the Gamow—Teller resonance varies by 12% as G, varies
by 40% (Ref. 52). The location of the other resonances in
Sg(E) is less sensitive to the choice of the constant G .

Let us make a few comments about the strength func-
tions of B~ and B* transitions. The strength functions S p of
these transitions differ qualitatively, as is clearly seen in the

full sum of B8 and B~ transitions. For Gamow—Teller B~
transitions we have the sum rule'®?
S_—S,=3(N-2), (14)
where
=2, B.(GT.E), (15)

and the B. are related to Sg by Eqs. (4)—(6).

The quantities S . are called the integrated strengths of
Gamow-Teller excitations in the 8~ or 8% decay channels.
The sum rule (14) is model-independent in the space of the
nucleon degrees of freedom, i.e., it must hold when various
nucleon correlations are present, but may be modified when
non-nucleon degrees of freedom are included (quarks,
baryon resonances, and so on). It follows from (14) that in
nuclei with N>Z, the full sum of 8~ transitions is consid-
erably larger than that of 8% transitions. However, this does
not imply that log ft must strongly differ for 8~ and B*
transitions, since by no means do all the states contributing
to S, lie in the energetically allowed window (E<Qp) (Fig.
1). For example, more than 90% of the full strength of
Gamow-Teller B~ transitions is concentrated in the
Gamow-Teller resonance, whose excitation energy is higher
than Qg, so that the strengths S, and S_ at low excitation
energies can be comparable.’

In Sg(E) for B~ transitions, the principal maximum is
located near the analog state (Fig. 1). The location of the
principal maximum in Sg(E) for B" (EC) decay can vary
greatly in going from one nucleus to another. However,
whereas the principal maximum in Sg- (&= —1) is in prin-
ciple unattainable in the 8~ decay of nuclei with N>Z, the
Gamow—Teller resonance with p,=+1 can fall below Qg
for some nuclei®® and be manifested in B* (EC) decays. In
nuclei with Z>N the situation regarding 8% and 8~ decays
is reversed.
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The differences between Sg+ and Sg- have little effect
on the probabilities of 8% and B8~ transitions in nuclei near
the stability band. These differences are manifested more
strongly in going away from the B-stability band and with
increasing total B-decay energy Qg.

1.4. The Fermi function

Let us briefly discuss the calculations of the Fermi func-
tions, which are needed for analyzing the experimental data
and for comparing theory and experiment (3).

The B-decay probability per unit time is written as'®

2 2dk dk
% | I )6 6(E0 € —EV)’ (16)

where Ej is the total ,B—decay energy, Hy; is the matrix ele-
ment of the B transition from the initial state (i) to the final
state (f'), k, and E, are the electron wave vector and energy,
and k, and E, are the antineutrino wave vector and energy.
The matrix element |H ;| contains the product of the nuclear
matrix element |M ;| and the density of states for the elec-
tron and antineutrino. As a result, for the electron energy
distribution we can write'%>

Wf[=

AW, m,c?

fi e

de :T—3p(89zvR)|Mfi|2(80—8)28(82—1)1/2’
(17)

where  e=E,/m,c?, go=Eq/m,?, B=(#h/m,c?)

X (27 In2/T?)=4131sec, and the function p(Z,R,&) de-
scribes the effect of the atomic electric field on the energy
distribution of the B particles. For allowed B transitions the
effect of the atomic field on the energy distribution of the 8
particles is described by the Fermi function, which must be
multiplied by the B spectrum calculated at Z=0. The total

B-decay probability is>>2
m,c* I'? 5
Wfi= A ﬁlMﬂl f(ZvR’SO)’ (18)

where
f(Z’R980) = fgop(z789R)(£0— 8)28(82— 1)1/2d8 (19)
1

is the integrated Fermi function. Tables of Fermi functions
have been compiled.'®>*
The half-life is

In2 £ 27°In2 -1

T = =
2 EWfi moc2 r?

{ > M f(Z,R,e0)

-1
=1 sﬁ(Ef)f(z,R,an} : (20)
where
|M | g2 A27In2
Sp(E)= ., B=4231 sec=DS=—"—+,
B gs  myc’l?
2147 In2
D=—-—

gimgc?
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[Refs. 5 and 52; see also (4)].
These expressions are valid for both 8~ and 8% decays.

For electron capture, the expressions are slightly
modified: "¢
EEC=EB" +2m,C?-B,, Q1)

where E0 is the total energy of electron capture and B,
the electron binding energy, i.e., electron capture can occur
when B decay is energetically forbidden. The relation be-
tween 8% decay and electron capture depends on the transi-
tion energy.

The probability for electron capture from the K shell is

2 dk,
dWE =" |H®2—L 5(E,~E,), (22)
I I (2 )3 ( 0 Ev
m,C? I'? 2
(K)_ e T (Z,£,R)|M ;;|*&2, (23)
i 7\ Pk | f €y
12 E(WB'FW(K))

For a more accurate description of some processes (such
as delayed fission), it is often important to include electron
capture from the L shell:

22
" m,CT 1
szHI 7| fxl -'(g—lk‘Ik ~1L1qL1)
(25
m,C*T?
;+L]=_i:2—3[Mfl| k+LI(Z,R,€), (26)
T
fi7(Z,Re)= _(gvlqu 8210191 0> (27)

where g, is the energy carried off by the neutrino. Various
tables'®** have been compiled for the functions f and g.

The functions g and f are calculated using the self-
consistent Hartree—Fock—Slater potential for the field pro-
duced by the atomic electrons, and the effects of screening
and the finite size of the nucleus are included. As a rule, the
integrated Fermi functions f(e,Z,R) calculated in different
ways differ by several percent, and only in exotic cases
(large Qp>10MeV and large Z>80) can the differences
reach 20%.

For allowed transitions it is convenient to split the inte-
grated Fermi function for B~ and B transitions into two

factors:
f(E,Z,R)=®(E)Fy(E,Z,R), (28)
where
D(E)=(E*—1)"(2E*+9E*—8)/60
+EIn[E+(E?*—1)7], (29)

and E is the total energy of the B particle, including the rest
mass in units of m c . The function ®(E) depends rather
strongly on energy and is calculated analytically, while the
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FIG. 2. Relations between the reduced probabilities B(M 1) for M 1 7y tran-
sitions from the analog state and the values of ftand S ﬂ(E) for Gamow—
Teller B~ decay. B(M1,0) denotes the reduced probability of the M1y
transition when the [ part of the M 1 y-transition operator can be neglected.
A typical experimental distribution of B(M 1) for the M 1y decay of analogs
near A=51 is shown.

function Fy(E,Z,R) is calculated numerically; it is weakly
energy-dependent and convenient for interpolation. It is the
function F(E,Z,R) which is often given in tables.

1.5. Experimental studies of the structure of the beta
strength functions and comparison with the
theoretical calculations

Information about the structure of the Q-transition
strength functions can be obtained from the total-absorption
spectra of the y rays accompanying 8 decay,>> from studies
of the emission of delayed neutrons, protons, and «
particles,’®% and by studying the M1y decay of analog
resonances.”'

The first experimental manifestations of the resonance
structure of S g(E) were found in studying the M1 y decay of
analog resonances.?' The relation between B(M1,0) for vy
transitions from the analog state and the value of ft of the
corresponding B transition (Fig. 2) is used. The isovector
part of the M1y transition operator is

eh
E))'t(Ml)=(3/47T)”2WC—(—4.70'M+l,u)tz. (30)

When the contribution of the orbital part (I u) to the M1y
transition is small and can be neglected, the reduced prob-
ability of the M1 vy transition is denoted as B(M1,0). The
analog state does not contain significant admixtures of states
with other values of the isospin and the 7 transition is purely
isovector, and so we can write®
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e 11000
" (To+12)B(M1,0)
B(M1,0)~B(M1). (31)

A typical distribution of B(M 1) for the M1y decay of
analogs near A=50 is given in Fig. 2 (Refs. 6 and 60). The
B(M 1) distributions have a purely nonstatistical (resonance)
behavior, which, according to (3) and (31), indicates that
Sg(E) is nonstatistical in nature. The model calculations of
the M1y decay of analog resonances correctly describe the
main qualitative characteristics of y decay and the locations
of the maxima in Sg(E). However, the experimental and
theoretical absolute values of the transition intensities are
observed to differ by several times.*

If the energy of level i populated by the B transition
exceeds the proton or a-particle separation energy, delayed
protons or « particles can be emitted in the decay of that
level.’® The energy of the delayed particles is given by (Fig.
3)

A p
Ei=BX+Ef+ —FE,; x= .
A—M @

X

M,=1, M,=4, (32)

where B, is the binding energy of particle x in the daughter
nucleus, E, is the particle energy, and E; and E; are the
energies of the initial and final states after particle emission.
Several hundred emitters of delayed protons and « particles
have now been discovered.®"? Delayed protons can be emit-
ted after the B8+ (EC) decay of neutron-deficient nuclei. The
emission of « particles is possible62 both after the 87 (EC)
decay of neutron-deficient nuclei ('“Cs—1?°Cs) and after the
B~ decay of neutron-rich nuclei (>'*Bi, 2"*Bi, !°N). Let us
consider the relation between the shape of the delayed-
proton spectrum and Sg (Ref. 58):

I(E,)=2 I4(E)TYT, (33)
where I, is the emission intensity of the corresponding par-
ticle, I, is the proton width, I" is the total width, and

Ig=const S4(E)f(Qp—E)). (34)

If we assume that the widths I,/ I'! are uncorrelated with the
B-transition probabilities and that the widths I', and I'* can
be calculated using the statistical model,®* then
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FIG. 4. Delayed-proton spectra of ''®Ba and '®Te. The solid line is the
spectrum calculated in the statistical model for various quantum numbers of
the ''"Ba ground state. The strength functions of 8~ transitions correspond-
ing to the delayed-proton spectra are given in the lower figures.

I,(E,)=const Sg(E)f(Qp—E,)G(E,), (35)

where G(E;)=(I',(E,)/T'(E,)) is the statistical average of
the ratio I' ,(E,,)/T"(E;). The function f in (31) falls off ac-
cording to a power law for E,—Qp, while the function
G(E)) falls off exponentially for E;— B, and the delayed-
proton spectrum has the characteristic bell shape with width
2-3 MeV (Ref. 58). Therefore, a fairly narrow range of
Sg(E) can be judged from the delayed-proton spectra. The
spectrum of delayed « particles has a similar shape, but its
maximum is shifted to lower energies, owing to differences
in the separation energies and the Coulomb barriers.
Therefore,

Sp(E;)=const I,(E;)/R(E;). (36)

The function R(E) depends strongly on the parameters
of the model used to calculate (I',(E)/I'(E)), but this ex-
pression can be used as a qualitative estimate of S p(E). If
the resonance in Sg(E) lies in the range from B, up to Qg,
this must essentially be reflected in the shape of the delayed-
particle spectrum. The first manifestations of the resonance
structure of Sg(E) in the delayed-proton spectra were dis-
covered in Refs. 58 and 64. As a rule, the spectra of delayed
protons or « particles are not very sensitive to the choice of
Sg(E), and good agreement with experiment can be obtained
by an appropriate choice®® of the model parameters in calcu-
lating (T",/T"). That is, experiment is about equally sensitive
to the shape of Sg(E) and to the model for calculating
(T, /T"). However, for some nuclei it is impossible to de-
scribe the experimental data without the resonance structure
of Sg(E), no matter how the parameters of the model for
calculating T', and T are varied.>*® In Fig. 4 we give the
spectrum of delayed protons for '®Te and the spectra calcu-
lated by using various shapes of Sg(E). It follows from this
figure that the delayed-proton spectrum of '®Te can be de-
scribed only by including the resonance structure of S4(E).
We encounter the same situation for '2'Ba and '*Cs (Refs. 5
and 58).
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By studying the delayed-neutron spectra it is possible to
obtain more detailed information about the structure of
S(E) than by studying delayed protons or « particles, ow-
ing to the absence of the Coulomb barrier. The probabilities
for emitting delayed neutrons in the 8~ decay of neutron-
deficient nuclei turn out to be significantly higher than those
for emitting protons or « particles after the B+ (EC) decay of
neutron-deficient nuclei at the same values of (E;— B,) (Fig.
3). The absence of the Coulomb barrier makes it possible to
obtain information about Sg(E) in a wider energy range,
namely, practically from the neutron binding energy in the
daughter nucleus B, up to Qg.

Manifestations of the resonance structure of the strength
functions Sg(E) in the delayed-neutron spectra have been
observed for many nuclei.?6:6

For nuclei with a rather large neutron excess, states of
the backward spin-flip and core-polarization type are popu-
lated in B~ decay. As noted in Ref. 5, these states can also
appear in delayed-neutron spectra. By now, several hundred
emitters of delayed neutrons have been identified.”” The
probabilities for populating level i in 8~ decay [ ;; and emit-
ting a delayed neutron /,(E) of energy E=E,—B,—E; are
related as>®

: I
Tg=2 5 In(Ei=By—Ey), (37)

n

where I' is the total width of the level, ['~T" +T", and T'}
is the neutron width of the level. Equation (37) can be in-
verted:

A
E(E)=2 To(E) - (38)

The widths T'' and T are calculated using the statistical
model,?®%¢ and the intensity 1 ;;(E ;) is related to the S-decay
strength function by (3).

An example®”®® of the strength function for the 8~ de-
cay of ®Rb, obtained by analyzing the delayed-neutron spec-
trum, is given in Fig. 5, where we also give the results of
calculating S ?(E ) using various models. Comparing the
experimental®’ and theoretical>® data, we see that the
delayed-neutron spectrum can be correctly described only by
taking into account nonstatistical effects in Sg(E). A similar
situation occurs for many other emitters of delayed
neutrons. 26>

A characteristic feature of the strength functions of the
B~ decays of many nuclei obtained by analyzing the
delayed-neutron spectra is their resonance behavior. The na-
ture of these resonances is explained in Refs. 5 and 65. The
maxima near Qg are associated with transitions to states of
the core-polarization type, while the lower-lying peaks are
associated with transitions of the backward spin-flip type,
introduced into the TDA calculations in Refs. 5 and 14.

We note that in purely statistical calculations with mod-
eling of different types of fluctuations, it is possible in prin-
ciple to obtain ‘‘peaks’’ in the delayed-neutron spectra,’® but
impossible to describe the regularities in the intensities and
locations of the peaks when studying various nuclei.’ The
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FIG. 5. Strength function for the 8~ decay *>Rb—"Sr: theoretical calcula-
tions using various models and experimental data from analysis of the
delayed-neutron spectra. The histogram is from experiment, the thin solid
line is the calculation using the statistical model [S,;(E)“—‘p(E)], the dashed
line is the calculation using the gross theory, and the heavy solid line is for
S g(E) calculated using the microscopic model including the Gamow-Teller
residual interaction.

regularities in the resonance structure of Sg(E) can be ex-
plained only by using the nonstatistical properties of Sg(E).

Some studies quote data only on the delayed-neutron
emission probability, i.e., the probability for emitting a de-
layed neutron per 8~ -decay event:

I,

T3PS (E)f(Qp~E) —dE

Py=—p . (39)
I 3¢S 5(E)f(Q~ E)dE

The value of P, varies from a fraction of a percent to tens of
percent® and is sensitive to the shape of the B-decay strength
function.!3%

Before comparing the experimental and theoretical val-
ues of P,, let us make one remark regarding the calculation
of probabilities for delayed processes. The calculated prob-
abilities for delayed processes are rather unreliable when the
parameters determining the energetics of the process (B,,
QOp, and so on) are poorly known. This has an especially
strong effect on calculations of P, when there are peaks in
Sg(E) near Qg or B,. For example, in calculating P, for
3INa (Ref. 52), reasonable variations of the mean-field pa-
rameters cause the location of the peak in Sg(E) to vary
from 1.94 MeV to 2.06 MeV, i.e., they raise it just above B,
(B,=2 MeV). This causes P, to increase by 75%, while the
half-life changes by only 2% altogether. A similar situation
occurs for all delayed processes, in particular, for the delayed
fission of nuclei far from the stability band. Therefore, theo-
retical calculations of the probabilities for delayed processes
must be treated with care for nuclei far from the S-stability
band.”!

It can thus be stated that the probability for delayed-
neutron emission can be described only when the structure in
Sg(E) is taken into account. However, it is not always
possible®>? to obtain detailed agreement between the theoret-
ical and experimental values of P,. In the opinion of the
authors of Ref. 5, there are two reasons for this. The first is
that it is necessary to use Sg(E) with the real widths of the
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Studied
nuclei

FIG. 6. Experimental setup for measuring the y-ray total-absorption spectra.
After mass separation, the studied nuclei are transported to a well in the
Nal(T1) crystal, where the B detector is located. The total-absorption spectra
are measured in 47 geometry, both with and without coincidence with 8
particles.

peaks, and reliable calculation of the latter is quite problem-
atical. The second, perhaps more important, reason is that the
widths I, and Iy are calculated using the statistical model,
which, in general, can only be an approximation. Therefore,
the data on S g(E) obtained from the delayed-particle spectra
and the delayed-particle emission probabilities can be
viewed as estimates. More rigorous and detailed conclusions
can be drawn by studying B decay or nuclear reactions di-
rectly.

A conclusion about the nonstatistical nature of S g(E)
can be drawn on the basis of measuring S p(E) by the y-ray
total-absorption method (Refs. 5, 27, 28, and 72). This
method is attractive because it allows information to be ob-
tained about the structure of S p(E) in direct experiments.
The operating principle of a total-absorption spectrometer is
based on summation of the energies of the cascade 7 rays
produced after B decay to excited levels of the daughter
nucleus in 47 geometry. The first successful
experiments>””*° performed using a total-absorption spec-
trometer showed that resonance structure of Sg(E) is a typi-
cal feature of nuclear B decay. At present, y-ray total-
absorption spectrometers are being used in many
experiments to study the characteristics of S B(E) (Refs. 28,
and 72-74).

Let us discuss the analysis of the y-ray total-absorption
spectra for the example®® of the 8% (EC) decay of '472Tb
(T1p=1.6h). The '“’8Tb sources were obtained by bom-
barding a tantalum target by a 660-MeV proton beam. Thirty
minutes after the bombardment the target was dissolved and
the Tb fraction was extracted by the chromatography
method. The '*"Tb nuclei were isolated from the Tb fraction
by mass separation at the YaSNAPP-2 complex,” implanted
on Al foil, and studied using a y-ray total-absorption spec-
trometer (Fig. 6). The efficiency &, of recording 7y rays in
the energy range 0.6—4.2 MeV by using the total-absorption
peak depends exponentially on the summed energy of the y
transitions, E, (Ref. 28):

Eior=exp(—0.78E ), (40)
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FIG. 7. y-ray spectrum from 'Y2Tb decay measured with a total-absorption
spectrometer in coincidence with 8% particles. The arrow indicates the total
energy of electron capture for '47¢Tb.

where E, is expressed in MeV. It is well known” that in this
case the intensity of the 7-ray total-absorption peak is pro-
portional to the level-population probability in 8 decay and
independent of the decay scheme. The spectral analysis re-
duces to isolating the total-absorption peaks and determining
their intensities. The B strength function is constructed by
using the data on these intensities by means of (3). The y
spectra measured with a total-absorption spectrometer in co-
incidences with B* particles in the 8* (EC) decay of '472Tb
and also without coincidences are shown in Figs. 7 and 8.
The maximum energy of the total-absorption spectra is de-
termined by the total energy of electron capture, Qpc. The
peak of energy E,~4 MeV in Fig. 8 and the peak with
E,~3 MeV in Fig. 7 have the maximum energies and are
identified as total-absorption peaks. The peak with E

~3 MeV in Fig. 7 corresponds to the pcak with E,, E

—2m,c?~2MeV in Fig. 8, where 2m,c? is the energy of
the two annihilation quanta. Therefore, the peak of energy
E,~2MeV in Fig. 8 is also a total-absorption peak. It is
thus possible to reliably identify two peaks at 4 and 2 MeV
in the strength function of the 8* (EC) decay of '“’8Tb (Fig.
9), and determinination of the intensities and energies of
these two peaks in analyzing the ‘y total-absorption spectra
does not require any information about the decay scheme. A
third peak at E~1.4MeV is observed in S pEc)(E) for
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FIG. 8. y-ray spectrum from '“’®Tb decay measured using a total-absorption
spectrometer without coincidence with 8% particles. The arrow indicates the
total energy of electron capture for '4Tb.
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147eTh, but, owing to the difficulty of identifying the total-
absorption peak in this energy range, reliable information on
the intensity of this peak requires information on the '¥’Gd
decay scheme.

In Fig. 9 the intensity of the peak with E~1.4MeV in
Sp(E) was obtained by analyzing the y-ray total-absorption
spectra (Figs. 7 and 8), assuming level decay near excitation
energy E~1.4MeV via two 7y rays of equal energy. There-
fore, in the strength function of the 8+ (EC) decay of '*¢Tb
(Fig. 9a) it is possible to reliably determine the energies and
intensities of two peaks of energy E~4 and 2 MeV and to
establish the presence of a third peak of energy
E~1.4MeV (Ref. 28).

The '“’8Tb decay represents a rare case where Sg+gc)
can be constructed from the data on the decay scheme. The
function Sg+gc), obtained in Ref. 28 by analyzing the
1472Th decay scheme,’® is shown in Fig. 9b. We see from
Figs. 9a and 9b that the functions S g+gc) obtained by the
two different methods are in good agreement with each
other, indicating that S g+ gc) is reliably determined from the
total-absorption spectra in those cases where §g+gc) con-
tains a small number of peaks. The calculations of Ref. 28
using the QRPA (Fig. 9c) predict the presence of the most
intense peak in Sg(E) (a Gamow—Teller resonance with
w,==+1) near excitation energy E=4 MeV, which agrees
with experiment. The experimental data (Fig. 9b) reveal the
fine structure of this resonance.”’

The nature of the structure of S g(E ) is closely related to
the value of the half-life (3). Although the data on T, do not
give detailed information about Sg(E), the half-lives can be
determined fairly reliably experimentally, and the theoretical
values of T,,, depend on the model used to calculate Sg(E)
(Refs. 5 and 39).

The first qualitative explanations of the systematic retar-
dation of Gamow—Teller 3 transitions were given within the

4
Excitation energy, MeV

FIG. 9. Strength function of the 8% (EC) decay of '*"¢Tb ob-
tained from (a) analysis of the 7y-ray total-absorption spectra;
(b) analysis of the '*’8Tb decay scheme; (c) calculation in the
MQPM.

gross theory,”® where the principal strength of Gamow-—
Teller-type excitations is concentrated near the Gamow-
Teller resonance, and the rest of Sg(E) is approximated by a
smooth function.

The first calculations of T, including the nuclear shell
structure and the Gamow-Teller residual interaction were
made using the TDA model.>’® Calculations in the Tamm-—
Dancoff approximation (TDA) give more accurate values of
Sg(E) and T, than those using the gross theory, and the
results agree better with experiment.

In Ref. 39 the half-lives were calculated using the QRPA
model for a large group of nuclei. Although for individual
nuclei the calculations using the random-phase method in-
cluding pairing (the QRPA model) give values of T, closer
to experiment and, on the whole, give a more accurate de-
scription of the values of T/, than the TDA model, the dis-
agreement between their results and experiment can reach a
factor of 1050 (Fig. 10). Models which do not include the
details of the shell structure of Sg(E) (the gross theory) can
give unpredictable discrepancies with experiment amounting
to factors of tens to thousands, and in the overwhelming
majority of cases the gross theory gives half-lives which are
too large.

Thus, models which include the structure of the
B-transition strength function can be used to estimate the
half-lives for Gamow—Teller B transitions, but at present
there is no agreement between theory and experiment in the
details.

1.6. Nonstatistical effects in the beta decay of exotic
nuclei

Particularly interesting information about nuclear prop-
erties can be obtained by studying the structure of Sg(E) for
nuclei very far from the S-stability band. The reasons for this
are the following.
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FIG. 10. Comparison of the experimental values of the half-lives of B*
(EC) decay with the calculations including charge-exchange interactions and
pairing in the QRPA: @ are even—even nuclei, O are odd nuclei, and + are
odd—odd nuclei.

1. Nonstatistical effects can be significantly enhanced in
nuclei with a large neutron excess. This is related to the
possibility of restoration of the spin—isospin SU(4) symme-
try with increasing (N—Z) (Refs. 38 and 79) and reduction
of the degree of mixing of closely spaced levels with differ-
ent SU(4) quantum numbers. One consequence of the spin—
isospin SU(4) symmetry in nuclei is equality of the energies
of the isobar-analog resonance E(IAR) and the Gamow-
Teller resonance E(GT). The difference of the energies of
these resonances AE=E(GT)— E(IAR) as a function of the
neutron excess was calculated® and compared with
experiment® in Ref. 5 (see Fig. 11). The line

E(GT)— E(IAR)=[—50.2(N—Z)/A+11.0] MeV
(41)

runs through all the calculated points. We see from Fig. 11
that the difference AE essentially depends on the shell struc-
ture and is described by a straight line only on the average.
Obviously, on the average AE decreases with increasing
(N—2Z), i.e., the spin—isospin SU(4) symmetry and the re-
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FIG. 11. Calculated location of the Gamow—Teller resonance E(GT) rela-
tive to the isobar-analog resonance E(IAR) as a function of the ratio of the
difference of the numbers of neutrons and protons to the atomic number.
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FIG. 12. Strength functions for Gamow—Teller 8% (EC) decays of 128,130gm
calculated in the TDA model.

lated nonstatistical effects can be more clearly expressed in
exotic nuclei with a large neutron excess. The restoration of
SU(4) symmetry will be manifested experimentally as a de-
crease in the widths of the distributions of the Gamow-—
Teller resonance and its satellites and in the details of their y
decay. In particular, by including the quantum numbers cor-
responding to SU(4) symmetry, it may be possible to con-
struct relations like (31) between the vy decay of the
Gamow-Teller resonance and its satellites and the B decay
of the neighboring nuclei, and to study manifestations of
nonstatistical effects in B transitions of different degrees of
forbiddenness.

2. For nuclei with a large neutron deficit, it may be pos-
sible to reliably determine the total strength S, for 8% (EC)
decays and to analyze the sum rule (14). In fact, as the neu-
tron deficit grows, the total energy of electron capture Qgc
also grows, and this in turn can cause all the peaks of the
strength function S g+ gc)(E) for Gamow—Teller transitions
to lie in the region accessible to 8 (EC) decay.?®*® In Fig.
12 we give the values of S g+gc)(E) for Gamow—Teller B*
(EC) decays of '2*Sm and *°Sm calculated™ using the TDA.
We see from this figure that in some cases, measurement of
S g+Ecy(E) for nuclei with a strong neutron deficit can give
information about the total strength S, of Gamow-Teller
B* (EC) decays. The reliable experimental determination of
S, and S_ is currently a problem of great interest. The rea-
son is that the existing experimental estimates of S, and S_
are about 40% lower than the theoretical values (Refs. 5, 33,
34, and 50) and do not agree with the sum rule (14). How-
ever, in most cases the experimental determination of the
absolute values of S, and S_ is not very reliable, and so we
actually only have estimates of S, and S_ (Refs. 5 and 28).

It can therefore be expected that study of the character-
istics of the beta decay of nuclei very far from the stability
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FIG. 13. Scheme of B-delayed fission (Bdf). The heights of the inner (A)
and outer (B) fission barriers of the daughter nucleus are indicated.

band will provide answers to a number of interesting ques-
tions about nuclear structure and properties.

The set of experimental and theoretical data discussed in
this section unambiguously indicate that the strength func-
tions of B decay must be described using the nonstatistical
approach and taking into account nuclear structure. How-
ever, the theoretical models developed at present cannot give
a detailed description of the experimental data on the beta
decay of a wide range of nuclei. In principle, the statistical
approach neglecting nuclear structure cannot adequately de-
scribe the data.

2. NONSTATISTICAL EFFECTS AND B-DELAYED
NUCLEAR FISSION

2.1. B-delayed nuclear fission

The fission of nuclei from excited states populated in the
B decay of the parent nucleus is called S-delayed fission.3
This phenomenon was discovered®'®? in the Flerov Nuclear
Reactions Laboratory of the JINR in the actinide region and
is now being studied for a fairly wide range of heavy
nuclei.33-91:104 By now, B-delayed fission has been discov-
ered for many more light nuclei; in particular, Refs. 92 and
93 report the observation of B-delayed fission in the region
180T1-'88Bi. The study of delayed fission gives information
about the nuclear fission barriers, which is important in cos-
mic dating and in calculating element production in astro-
physical processes.
The probability of B-delayed fission P gy is determined

asM

2 (E; )SB(E) T (E ))

Ppi= , (42)
P S f(E)SHE;)

where f(E)Sg(E) is the probability of 8 decay to a level
with excitation energy E, f(E) is the Fermi function, I' #(E)
is the fission width, and I' ,(E) is the total width. The energy
relations are shown in Fig. 13. We see from (42) that to
calculate the delayed-fission probability it is necessary to
have information about the B strength function S z(E).
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TABLE 1. Fission-barrier parameters of 2°U and 233U, and total B~ -decay
energies Qg for 23%pa and 2*%pa.

Daughter E,, Eg, E,, fiwy, g, 0p,
nucleus MeV MeV MeV MeV MeV MeV
26y 6.1 59 2.6 0.9 0.7 3.1
28y 6.2 5.9 25 1.0 0.72 39

2.2. The strength functions of g* (EC) and 8~ decays,
and delayed fission of actinide nuclei

The observation of the delayed fission of 2*U and #3%U
nuclei after the 8~ decay of 2*6Pa and 2**Pa was reported in
Refs. 84-86. The parameters of the 23U and 2%*U fission
barriers are well known®* and are given in Table I. The de-
layed fission of *°U and >**U, taking into account nonstatis-
tical effects in Sg(E) leading to structure in the latter, was
calculated in Ref. 14. The fission widths were obtained using
the model of a two-hump fission barrier.>!>> The main com-
peting decay channel contributing to I',,, is y emission. The
v widths were calculated following Ref. 96. The fission
width was calculated as in Ref. 97.

The strength functions for the 8~ decay of ***Pa and
238pa are also given in Fig. 14. The function S g(E) for
236.238p, was calculated'* using the shell model including the
Gamow-Teller residual interaction in the Tamm-Dancoff

exc’ MeV 236Pn 236U a
4 5 N
LI T »
236p, Qp = 3.1 Mev
/////
236U
03 04’7 05
B(M1,0), 13
Eeoxe, MeV
20
b
16
—ad
124 -
238p, P 28y
84
| 4 & AN
" O
0 e i L 1
10-2 2x10? 3x10°2

B(M1, o), u}

FIG. 14. Strength function Sz(E) for B~ decay of (a) 2°Pa and (b) 238Pa,
and the 228U fission barriers. B(M1,0)= 11000/(T+ 3)ft = const
-S4(E), where T is the isospin of the ground state of the daughter nucleus,
B(M1,0) is in units of [L(z) (sg is the nuclear magneton), and ft is in
seconds.
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TABLE II. Delayed-fission probabilities P g4¢ for 26y and 2**U: experimen-
tal values and values calculated with various assumptions about the 3-decay
strength functions.

Values of P gy for various choices of S

Nucleus ~ Sg=const Sg(E)~p(E) TDA model  Experiment
5y 6-1077 6-107* 10712 10°°
By 2:107° 1072 1078 1078

approximation. The principal strength of the 8 transitions is
concentrated in the Gamow—Teller giant resonance, located
near the analog state. At energies of 7-8 MeV below the
analog in 2*®U and 28U there is a second maximum due to
spin-flip and core-polarization transitions. At energies of
about 18 MeV below the analog there is a maximum due to
backward spin-flip transitions (Figs. 1 and 14)). They give
the main contribution to the delayed-fission probability of
23607 and 238U.

For 23U the calculated'® value of P g4 is about 107%.
For variation of the parameters determining the strength
function within reasonable limits, the maximum value of
P par is about 6 X 10”8, The experimental value of P gar for
281 was also found® to be 1075,

For 2°U the calculated value'* is P pdr=4X 1072, The
maximum calculated value with variation of the strength-
function parameters was P gg=5X 10" 1 The experimental
values of P g4r were obtained in Refs. 85 and 86. According
to Ref. 85, P gg=3X107'°=107°. According to the data of
Ref. 86, Pgy=10""°.

In Table II we give the calculated values'* of P pat for
various assumptions about Sg(E). Calculation of P gy using
statistical models for the B-decay strength function gives val-
ues of P gy which are 2-3 orders of magnitude larger than
the experimental ones in the case § p= const, while for
strength function proportional to the nuclear level density,
S jB% p(E), the values are 5-6 orders of magnitude larger for
236U and **U.

Therefore, for the delayed fission of 236U and 2*®U the
assumptions used in statistical models, S p=const and
Sg(E)~p(E), give values of P gy which are significantly
larger than the experimental values, while use of the non-
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% o* 2+
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5 |=
0 \
S 0 —
.% -._Z“Cf — UOp.
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statistical Sg(E) reflecting nuclear structure effects leads to
better agreement between the experimental and calculated
values of P g4 for 2*U. The latter calculation predicts that
P gy decreases in going from 2*U to 2°U, also in agreement
with the data.

B

The delayed fission °Es” — 2®Fm— Bdf was studied in
Ref. 90. The value of the delayed-fission probability was
found to be P ggr=2X 10~°, and the decay scheme of ***Fm
was studied. It was shown experimentally that delayed fis-
sion occurs mainly after 8~ decay to the level with excita-
tion energy E=1425keV, i.e., a manifestation of resonance
structure in S g(E) in delayed fission was discovered experi-
mentally. The calculations also predict the presence of a
resonance in Sg(E) near excitation energies E=1.5MeV.

A rather large fraction of delayed fission is observed®’#

for the B* (EC) delayed fission of Z?Pu,
B1(EC) fission

B2Am 22py Bf: Ppgg=1.375¢X 1072, The
data on the delayed fission after the 8 (EC) decay of 2*?Am
were used in Ref. 88 to find the parameters of the inner
fission barrier (barrier A in Fig. 13) of *?Pu. The results of
Ref. 88, obtained by assuming S§g=const, give Pgg=1.3
X 10~2 for height of the inner fission barrier E,=5.3MeV,
which is 1-2 MeV higher than predicted by the calculations
using the Strutinsky method (E™=3.5-4.3MeV; Refs. 98
and 99). In Ref. 88 it was concluded on this basis that the
“‘experimental’’ and theoretical values of the fission barriers
for 22py disagree with each other. However, as was shown
in Refs. 5 and 32, the choice Sz=const is not justified and
does not reflect the features of the B* (EC) decay in the
particular case of the 22Am nucleus.

The structure of the strength function of the 8% (EC)
decay of ?Am was calculated in Ref. 32 on the basis of the
idea of Gamow-Teller charge-exchange excitations. The
single-particle states were calculated as in Ref. 100, and Sg
was obtained in the Tamm-Dancoff approximation and is
shown in Fig. 15. Nonstatistical effects leading to the pres-
ence of resonance structure in S g(E) significantly change the
analysis of the values of Pgys. The value of the total energy
of B* (EC) decay, Q g=5.2MeV, is marked by the arrow in
Fig. 15 and was obtained by using the Garvey—Kelson mass

FIG. 15. Structure of the strength functions of 8% (EC) decay of *°Am,
240Bk, 24248E5 and 2%¥Nd, and fission barriers of *?Pu, 24°Cm, 2#2%Cf,
and >®Fm. The total energies of EC decay were calculated using the
Garvey—Kelson mass formulas'®' and are indicated by the arrows.
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TABLE III. Experimental and theoretical values of the delayed-fission probabilities P par for B2py, 244248(f,
**Fm, and *°Cm. The fission barriers were calculated using the Strutinsky method (S). P par Was calculated
using the nonstatistical strength functions of 8% (EC) decay obtained in the TDA model.

EA(S), Eg(S), fiwy, fog, 0;p. Exp., Theor.,

Nucleus MeV MeV MeV MeV MeV P gqr P gar
22py 4.0 42 0.9 0.6 52 137541072 5x1072
Mor 53 2.8 0.9 0.6 45 5%107* 4x107*
28Fm 5.7 1.8 0.9 0.6 5.2 3%x1073 2x1073
e 5.7 3.3 0.9 0.6 2.9 <1077 2%x1077
20Cm 5.2 3.7 0.9 0.6 3.9 1073 9x1077

formula.'®" In Fig. 15 we also show the fission barrier of
2Py, calculated by the method of Strutinsky shell correc-
tions. The following parameters of the fission barrier for
2Py were used in the calculations of Pgy:
Ep=421MeV, hw,=09MeV, fiwg=0.6MeV, and the
height of the inner barrier E, was varied. Assuming
Sg=const and Pgg=1.3X 1072, it was found that
E,=53MeV (i.e., the same result as in Ref. 88), which is
1-2 MeV higher than in the calculations using the Strutinsky
method (E‘h=3.5—4.3 MeV). However, if the Sg(E) calcu-
lated in Ref. 32 is used and a realistic width is introduced
(FWHM=1MeV), then without any fit we find that
E;,=4.0MeV corresponds to Pgg=5.0X1077, in agree-
ment with experiment®”*® and with the Strutinsky calculation
of the fission barrier. Therefore, on the basis of the analysis
of Ref. 32 it can be concluded that:

1. If the structure of the S strength function is taken into
account in a suitable manner, the experimental data on the
delayed fission of 2*’Pu can be explained.

2. There are no grounds for stating that the fission bar-
riers calculated using the Strutinsky method do not lead to a
description of the data on delayed fission, as was done in
Ref. 88.

In the actinide region, the 8% (EC) delayed fission (8df)
has also been studied for the following processes:

*(EC)

240Bk N 240Cm N Bdf’

B+ (EC)

244’248Cf—> Bdf’

BT (EC)
248Md - 248Fm—>ﬁdf,

244’248ES

B*(EC)
234Am —_ 234Pll'—>ﬂdf.

The values of Pfi were measured in Refs. 88-91. In Fig. 15
and Table III we give the results of the calculations®? of
Sg, P%‘ﬁ;’r, and the experimental values P for a number of
nuclei. In the calculation of P gy the peaks in Sg(E) were
approximated by Gaussians with FWHM=1 MeV. The ratio
of the “‘peak’’ area to the ‘‘background’’ below the peak was
chosen to be 100. These parameters for the width and back-
ground correspond to the systematics of Refs. 102 and 103.
In this case the inclusion of the background models 8 tran-
sitions of various degrees of forbiddenness and is not very
important. We see from Table III that the calculated values
of Sp(E) and P gy together with the fission barriers calcu-

lated using the Strutinsky method lead to a good description
of experiment. Small discrepancies are observed where the
experimental values of P g4 are small (for 240Cm and 8Cf),
but by varying the height of the fission barrier within the
allowed limit$ (by no more than 0.5 MeV), agreement with
experiment can be obtained.

The delayed fission of 2**Am was studied in Ref. 91. It
was shown that Pgy=(6.61.8)X107°. Calculations®*
predict that S g(E) has a resonance near the excitation energy
E=2.5MeV determining the delayed-fission probability of
##Am. In this case the experimental value of P gy corre-
sponds to a 2**Pu fission barrier with the parameters
Ep=47MeV, fiw,=09MeV, Eg=42MeV, and #wg
=0.6 MeV, which agree with the values calculated by the
Strutinsky method.”®

It can therefore be concluded from this analysis of the
experimental data on delayed fission in the actinide region
that delayed fission can be correctly described only by using
the nonstatistical B-transition strength function reflecting
nuclear-structure effects. >

2.3. The strength functions of g* (EC) and g8~
decays and the delayed fission of preactinide nuclei

The region of preactinide nuclei offers great possibilities
for B-delayed fission. In this region there are very few ex-
perimental data on the fission probabilities and mechanism
for cold nuclei, and data cannot be obtained by any of the
traditional methods.!® At present, 8" (EC) delayed fission
has been discovered experimentally in the region of neutron-
deficient isotopes Hg—Pb. The observation of 87 (EC) de-
layed fission near '®Hg has been reported in Refs. 92, 93,
and 105. The ™ -delayed fission of neutron-rich isotopes of
Ra is being studied.'%

The delayed fission in the case

B (EC) fission

1 SOTl 1 SOH g Bdf

has been calculated in Refs. 49 and 107. The integrated
Fermi function f(E,Z) for the 8% (EC) decay of '*°T1 was
chosen to have the form

FE.Z)=fg+(E)+ fUE)+fL(E)*.... (43)

The terms correspond to the contributions from 8% decay, K
capture, and L; capture.

For the 8% (EC) decay of '®°TI to the level with excita-
tion energy E in '8°Hg, the contribution from the 8 transi-
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TABLE 1V. Calculated**'?” probabilities of 8 (EC) delayed fission P gy
for '8%Hg for various values of the fission-barrier height B; and curvature
#w. GS means that the peaks in the strength function of B* (EC) decay
Sg(E) were represented as Gaussians with FWHM A. BW means that the
peaks in Sz were represented as Breit—Wigner distributions of width I'gy, .
Sp(E) was calculated using the TDA model. The experimental value” is
Pga=3%107U="). The first qualitative estimate™ is By~ 11 MeV.

Bf, ﬁw, A, Pﬂdf, FBW ) Pﬁdfa
MeV MeV MeV GS MeV BW
1 1.4%x10753 1 1.7x1073
10 L9 2 9.3x 1077 2 3.7x1073
- 0 1 3.2x1078 1 1.1X107°.
’ 2 24x1077 2 23%107°
1 5%10° " 1 2x1078
12 Lo 2 4x10710 2 4.1x107%

tion is only about 10% for Qgc—E=3 MeV. It becomes
comparable to the contribution of K capture at Qgc—E
=5 MeV, and two times greater than the contribution of K
capture at Qgc— E=6.5MeV. The inclusion of L, capture
can be important at excitation energies near Qgc, where the
fission probabilities are especially high. The limits of the
summation (integration) in (42) are different for the different
terms. For 87 decay the upper limit is Qgc— 2m,c?, and for
K and L; capture it is Qgc— &y 1 -

The equilibrium deformation of the 180Hg nucleus was
estimated before calculating Sg(E). This deformation was
calculated**'% by the method of Strutinsky shell
corrections.”® It turned out that the equilibrium deformation
parameter in the ground state was |&|<0.1, i.e., Sg(E) can
be calculated by assuming that 180Hg is spherical.

The single-particle energies were calculated for the
Woods—Saxon potential with parameters chosen as in Ref.
100. According to the estimates of Ref. 108, the value of
Qkc for "T1 is 10.5-11 MeV.

The calculations*”'?” performed with the Gamow—Teller
residual interaction in the Tamm-Dancoff approximation
show that in this case Sz(E) can be represented as two Gaus-
sians with widths (FWHM) of about 1 MeV and comparable
intensities (1:1.9). The half-life for decay via the 8 (EC)
channel in the TDA is T,~1.8sec, while in the QRPA
method” T,,~0.74sec (for Qpc=10.9MeV). The experi-
mental estimate” is T9$=0.7070 05 sec, ie., 2.5 times
smaller than the half-life of 8% (EC) decay in the TDA and
in agreement with the half-life of B™ (EC) decay
calculated® in the QRPA. However, the fact that a decay
also contributes to the total half-life T7)f must be taken into
account. At present there are no experimental data on the
ratio of @ and 8% (EC) decays, and theoretical estimates”
predict roughly equal contributions of the two for '*°TL. On
the whole, the agreement between the theoretical and experi-
mental values of the half-lives in calculations of this type can
be considered completely satisfactory.

The delayed fission of '8°Hg is mainly determined by the
peak in Sz(E) at excitation energy E*=6.8 MeV. The cal-
culated values**'? of P par for 189Hg are given in Table IV.
By comparing the calculated and measured values of P gqs,
we can estimate the fission barrier of "**Hg. Taking fiw

I. N. Izosimov 145

=1MeV, the height of the fission barrier By in 180Hg corre-
sponding to the experimental estimate”” P pdr= 3 X 1077=D
will be Bi=11MeV (Pg4=3X 10™7), which agrees with
the qualitative estimate made in Ref. 93.

The calculations of Sg(E) using the QRPA® and TDA
models give qualitatively similar Sg(E) for the B* (EC)
decay of '®TI (intense peaks in the regions 2—4 MeV and
6-8 MeV). The differences between the S (E) calculated in
the two models are not important for calculating P gy [be-
cause in this case P g4 is determined by the peaks of Sz(E)
in the region 6-8 MeV, and it is necessary to know Sz(E)
only up to a constant), but they are important in calculating
the half-lives.>!?'® The calculated values of P gyr using
Sp(E) obtained in the QRPA give a fission-barrier height of
Bi=11MeV for '**Hg, with Pz4=8X 107", i.e., they agree
with experiment and with the TDA calculations.

The delayed fission of a number of preactinide nuclei
can be used as a test for checking the various models used to
calculate Sg(E) or the fission barriers. Studies of the
B~ -delayed fission' "

fission
22Fr,2?Ra —— Bdf

are very useful for this.

The experimental estimate Pf<2X 1076 for 2?Ra was
obtained in Ref. 106. The experimental estimate for P
strongly contradicts the theoretical value''' P‘gﬁfrz 0.3.

The calculations of P gy are very sensitive to parameters
like the total B-decay energy Qg, the height of the fission
barrier B;, the barrier curvature i w¢, and the structure of the
B-decay strength function. The dependence of P gy on the
barrier height and curvature % wy is especially strong in some
cases.

The calculations performed in Ref. 110 showed that for
the B~ decay of »?Fr the strength function Sg(E) has a
maximum at excitation energy E*=5.5MeV and can be ap-
proximated by a Gaussian of width FWHM=1MeV. If the
parameter of the effective one-hump fission barrier of *’Ra
is chosen to be Aw=1MeV, the experimental estimate
Ppgr<<2X10"° corresponds to barrier height B¢>7.7MeV
in 2?Ra. The value of Qg was chosen as in Ref. 108 (sys-
tematics): Q5=35.7=0.7MeV.

Theoretical calculations''? indicate that the fission barri-
ers for 2®Ra and **?Ra are roughly identical. Experimental
data on the effective one-hump barrier of ***Ra are given in
Refs. 113 and 114: B~7.8MeV, 2Aw=09MeV; and
Bs=8.7x04MeV. Thus, the estimate''® B;>7.7MeV for
the barrier in 2*?Ra is in agreement with a number of experi-
mental and theoretical results. The value of P g4 obtained in
Ref. 111 is too large, which may be due to an incorrect
choice of the barrier parameters.

Thus, for nuclei far from the B-stability band the calcu-
lations of P gy can give widely differing results if the energy
parameters [ Q 5,B¢,Sg(E)] are not known sufficiently accu-
rately. The solution of the inverse problem, i.e., estimation of
the barrier parameters from the data on delayed fission, can
give valuable information. However, in this case it is neces-
sary to have information about the structure of the
B-transition strength function.
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FIG. 16. A fragment of the r-process chart. The shaded region corresponds
to nuclei for which delayed fission is energetically allowed.

2.4. Delayed fission, the structure of the p-decay
strength functions, and nuclear production in
astrophysical processes

The relative abundances of nuclei of various elements in
our region of the Universe display a number of regularities
which can be associated with the properties of the astro-
physical processes in which these elements are
synthesized.!!115-119

Heavy nuclei, i.e., nuclei heavier than iron, are appar-
ently formed as a result of neutron capture followed by 8~
decay.! If the neutron capture is faster than the B decay,
neutron-rich nuclei are produced. The significant abundance
of such nuclei in the Solar System indicates that fast neutron
capture (the r-process) plays an important role in matter evo-
lution in the Universe.! After the r-process, which can occur,
for example, in a supernova burst,'?>'?! the synthesized nu-
clei decay to the B-stability line. The number of nuclei of a
given element near the stability line depends on the compe-
tition of several processes: B~ decay, delayed fission, and
the emission of delayed neutrons and y rays.m‘122

To check the various cosmological models, it is impor-
tant to estimate the time scales of the evolution of the Uni-
verse. Times of this type can be estimated by using the ratios
of concentrations of particular isotope-chronometric pairs:'2
28y/232Th, 25U/8U, 2Pu/?*Th, and >’Cm/***Th. The ef-
fect of delayed fission can be very important in the produc-
tion of chronometric pairs; it has been estimated in Ref. 124.
However, in the studies listed above the effect of the struc-
ture of the B-transition strength function on nuclear produc-
tion in astrophysical processes, was not taken into account.
The need to include the structure of Sg(E) in analyzing the
r-process and in chronometric-pair production has been
pointed out in Refs. 5, 14, and 31. The structure of S g(E)
was analyzed in Refs. 5 and 125 for several nuclei partici-
pating in the r-process, using the shell model including the
Gamow-Teller residual interaction. The chart of the
r-process is shown in Fig. 16 (Ref. 126). It turned out that for
nuclei with A=250-266 and N=165-175 (parent
nuclei),>'?* the excitation energy E; of the peak in S p(E)
determining delayed fission can be written as follows for
Gamow-Teller 8 transitions:

. N. lIzosimov
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FIG. 17. Scheme of the exponential model of nucleosynthesis and the time
scale. A is the duration of nucleosynthesis, 8 is the duration of meteorite
formation and hardening (2), f, is the present time, S is the contribution of
the nucleosynthesis burst (1) before the formation of the Solar System, 6 is
the age of the Galaxy, 65 is the age of the Solar System, and ) is the age
of meteorites.

E.(MeV)=—0.15(N—160)+0.46(Z—8)—B, (44)

where B=0.3—-3 MeV. This dependence can be extrapolated
up to N=200. This behavior of S z(E) agrees quite well with
the later calculations.®® When § p(E) is calculated for nuclei
participating in the r-process, it is necessary to make a num-
ber of extrapolations to nuclei which are rather far from the
stability band. Although the estimates of Sg(E) are quite
sensitive to the choice of extrapolation, such calculations can
indicate whether or not there is structure in Sg(E) and
whether or not it should be taken into account in analyzing
nuclear production in astrophysical processes.5’68’125

Let us qualitatively discuss the effect of structure in
S 3lg(E) on the formation of the cosmo-chronometric pairs
28y/A2Th, SUARU, 2%Pu/*?Th, and *'Cm/*°Th. The
exponential model of nucleosynthesis and its time scale''
are shown schematically in Fig. 17. The time evolution in
nucleosynthesis is determined by the following parameters:
the duration of nucleosynthesis A, the contribution S of a
burst of nucleosynthesis to nuclear production before the for-
mation of the Solar System, the nucleosynthesis exponent
parameter T*, the duration of meteorite production &, and
the present time #,. The age of meteorites is determined in
independent experiments and is''® fy=(4.6+0.1)X 10° yr.
Information on the age of a chronometric pair is contained in
the parameter R(i,j)=(P;/P;)/(N;/N;) and the half-lives of
the nuclei forming the pair. Here P;/P; is the ratio of the
number of nuclei after the series of 8 decays following the
r-process at time r=A+ & (Fig. 17), and N, /N; is the ratio at
the present time. By measuring N;/N;, the half-lives, and
the age of meteorites, and calculating P;/P; and R;/R;, we
can estimate the time parameters of astrophysical processes
by using various models of the r-process.

The yield P(A+ ) of nuclide i at the time when the
meteorite material hardens is given by''’
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TABLE V. Ratios of cosmo-chronometer production rates in the r-process:
(*) neglecting delayed fission; (**) including delayed fission, but with
Sp(E)=p(E); (***) including delayed fission and the structure in the 8
strength function Sg(E).

a;(0)/a;(0) a/(0)/a;(0) a;(0)/a;(0)

Isotopes *) **) (¥*%)
244py/232Th 0.47=0.1 0.31 0.12
ByAsu 1.5+0.5 0.89 1.24
e VT 19792 1.7 14
2ICm/?*Th 0.34 0.15 0.21

Pi(A+6)=a;(0)exp(—\;0)

l‘)\,T*

—NA) —exp(—A/T*

XCXP( iA) —exp( )+
1 —exp(A/T*)

:ai(o)‘Pi(A’SvT*’a’)\i)’ (45)

where a;(0) is the rate of production of nuclide i at the start
of nucleosynthesis and \; is the decay constant of nuclide i.
To evaluate the four unknowns (A, S, T*, and §), it is nec-
essary to have at least four independent quantities: the yield
ratios

Pi(A+6) ai(0) ¢i(A,S,T*6,\)

and the four ratios of nuclide production rates a;(0)/a;(0)
calculated by using various models of nucleosynthesis. The
inclusion of the structure of Sz(E) is important in calculat-
ing the ratios a,;(0)/a;(0).

In Table V we give the values of a;(0)/a;(0) for several
cosmo-chronometers obtained by neglecting delayed
fission'?”” (+), including delayed fission'”® but with S(E)
=p(E) (**), and including delayed fission and the
structure''! of S g(E) (***). The important role of delayed
fission and the structure of Sg(E) is obvious from the data in
Table V. However, it should be borne in mind that the cal-
culations of the delayed-fission probability for many of the
nuclei produced in the r-process are rather unreliable,”’ and
so some of the conclusions are only qualitative. The param-
eter R(i,j) is not model-independent, because the ratio
P;/P; depends on the dynamics of the r-process, and also on
the subsequent neutron irradiation,'?? and by using cosmo-
chronometric pairs it is possible to obtain only model esti-
mates of the time parameters of nucleosynthesis.

The first calculations of the ratios a;(0)/a;(0) taking
into account delayed fission were made in Ref. 122. It was
shown that near A =145 the probability of B-delayed fission
is significant, P=0.5, which tends to decrease the produc-
tion of U and ?**Pu, and so when delayed fission is in-
cluded, a;(0)/a;(0) for ***Pu/***Th and **U/*®U is signifi-
cantly decreased. Meanwhile, a;(0)/a (0) for Z2Th/338y
varies rather less than the data of Ref. 127. However,
SB(E)=p(E) was used in Ref. 122, and in this case the
fraction of delayed fission near A=244 is determined by the
fraction of B~ transitions occurring in an energy interval

(46)
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about 1 MeV below the ground state of the parent nucleus.’
If we take the S g(E) calculated in Refs. 5 and 125 with peak
width FWHM=1 MeV, the fraction of 8~ transitions falling
in this interval is smaller than for Sg(E)=p(E). Then the
ratios a;(0)/a;(0) for cosmo-chronometers must be in-
creased in relation to the data of Ref. 122, but remain smaller
than in Ref. 127. This conclusion has been confirmed in Ref.
111. The following estimates of the nucleosynthesis time pa-
rameters were obtained in that study:''' A=16x10° yr and
the age of the Galaxy 6g=(A+ 8+4.6X10°yr)=20.8
X 10° yr. These values of A and 8 exceed the values ob-
tained earlier,'”® which leads to rather interesting conclu-
sions. However, their discussion lies outside the scope of this
review.

Thus, all the data discussed above unambiguously indi-
cate that delayed nuclear fission and related processes can be
analyzed correctly only by using the nonstatistical strength
function of B~ and B (EC) decays taking into account
nuclear-structure effects.

3. NONSTATISTICAL EFFECTS IN (p,y) AND (p,p’y)
NUCLEAR REACTIONS WITH THE EXCITATION
AND DECAY OF NONANALOG RESONANCES

3.1. Studies of the resonance structure in reactions
involving low-energy protons

Studies of nuclear structure in reactions involving pro-
tons are important in the development of our ideas about
nuclear structure. Here the study of the properties and struc-
ture of various resonances is particularly important. The re-
gion of excitation energies where clearly expressed reso-
nances can be observed in reactions induced by protons
reaches 10—12 MeV in nuclei with A=60 and 15-17 MeV
in light nuclei, where the level density is low. As a rule, only
analog resonances are observed in nuclei with A>70 in the
cross sections for reactions involving protons. Analog reso-
nances are excited in proton elastic and inelastic scattering
on nuclei up to bismuth, and their widths range from a frac-
tion of a keV to several keV.% An analog resonance is a
structure like a giant resonance, formed owing to the distri-
bution of the strength of a ‘‘simple’’ excitation over the lev-
els of the compound nucleus, where the isospin of the analog
is one unit larger than that of the states of the compound
nucleus. The special nature of an analog resonance and the
related nonstatistical effects are well known®'? and are due
to the isospin symmetry of the nuclear forces. A large num-
ber of other, nonanalog, resonances are observed in the ex-
citation functions of the (p,p’'7y) and (p,7y) reactions. ! 13
There are two possible interpretations of nonanalog reso-
nances. One is that they are statistical resonances of a com-
pound nucleus, and the other is that they are structures like
the giant resonance, associated with the distribution of
simple excitations (for example, excitations like the GT reso-
nance or its satellites) over the levels of the compound
nucleus. In the second case the physical interpretation of the
experiments should differ from the statistical interpretation.
In the present section we shall analyze the manifestation of
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FIG. 18. Experimental setup for studying resonance excitation and decay in
the (p,y) reaction: p is the proton beam, T is the target, FC is a Faraday
cylinder, Ge(Li) is a germanium-lithium detector placed at angle 6 relative
to the proton beam, Nal(TI) is a scintillation detector, and WW is the data
storage and analysis system.
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nonstatistical effects in (p,y) and (p,p’y) nuclear reactions
in the excitation and decay of the nonanalog resonances of a
compound nucleus.

3.2. The experimental technique

A significant amount of experimental data on (p,7y) re-
actions has been obtained''''*!> by bombarding Ni targets
with low-energy protons. The experiments were performed
at the EG-5 electrostatic generator. The targets of isotopes
38.6062Nj (95% enrichment) were 20—40 wg/cm? thick. The
energy of the accelerated protons could be varied when seek-
ing resonances, and its maximum value could reach 5 MeV.
The currents reached 10 uA. The experimental technique is
described in detail in Refs. 11, 13, and 30. This technique
has been used to find nonstatistical correlations of the re-
duced y-decay widths [B(E2) and B(M1)] of nonanalog
resonances,' 2! to reveal and study nonstatistical effects in
the y-ray angular distributions,'>'*" and to estimate the frac-
tion of the nonstatistical component in the wave functions of
nonanalog resonances.'>> The experimental setup and the
(p,7y) reaction are shown schematically in Fig. 18. Reso-
nances in the excitation function were sought by using a y
spectrometer with a detector based on a Nal(Tl) crystal of
area 100X 100mm. The spectrometer operated in the
integrated- counting mode. The discrimination threshold was
chosen so that the energies of the recorded y rays amounted
to half of the excitation energy E*/2 in the given nucleus.
This discrimination threshold eliminated background v lines
with energy less than £*/2, while a significant fraction of the
vy rays from resonance decay were recorded. If the resonance
vy decay occurred to nuclear levels with excitation energy
less than E*/2, the spectrometer recorded these transitions
(E,>E*/2). In resonance decay to levels with energy
greater than E*/2, vy transitions from these levels to the
ground state and a number of low-lying states (E,>E*/2)
were recorded.

The thickness of the target was chosen so that the energy
losses in it were of the order of the accelerator resolution and
smaller than the distance between resonances. For nuclei
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with A=60 and E,,<5 MeV at resolution AE,=1-2 keV, it
is convenient to use a target of thickness 10-20 ug/cm?.
After a resonance was found, the y spectra of its decay were
measured by a Ge(Li) detector of volume 40 cm? and energy
resolution 7-8 keV for a y energy of 7 MeV.

The vy spectra were measured at the angles 0°, 30°, 60°,
and 90° to the incident beam direction for each resonance
studied. The proton beam intensity, the integrated intensity
of yrays recorded by the Nal(Tl) crystal, and also the inten-
sity of y lines recorded by the second Ge(Li) detector at
135° were determined when measuring the angular distribu-
tions, which allowed reliable normalization of the vy spectra
obtained at different angles.

The energy calibration of the vy rays in the region up to
2.6 MeV was done using many internal reference points. At
high excitation energies, convenient reference points were
the photopeak and the peaks corresponding to single and
double emission of the 7y transition of energy 6.129 MeV,
arising in the reaction '°F(p,a)'®0.

The angular distributions of the vy rays are represented as
an expansion in Legendre polynomials:

w(6)= }k) AP (cos ), A7)

where 6 is the angle between the beam direction and the y
detector.

For (p, y) reactions and targets with zero nuclear spin, in
the excitation of an isolated resonance with a definite spin
the coefficients of the expansion (47) depend only on the
resonance spin (/), the spin of the final state (/;), and the
mixture of multipole orders:

— <If||E2”Ires>
<If||M1 ||Ires>

where (I4/0,||I.,) is the reduced matrix element of the E2 or
M1y transition. %2 Expressions relating A, to I, I, and 6
are given in Ref. 15.

The experimental angular distributions for y transitions
from the studied resonance, whose spin is unknown, are
compared with the theoretical distributions for various values
of & and I,. The spins of the final states (I;, low-lying
levels) are known from other experiments. Then the function

(48)

N
(Yi—Wi)2
X2(5)=l_=] 7 (49)

is constructed'!! for various values of I,.,, where Y; is the
experimental value of the y-transition intensity at angle 6,
W; is the theoretical value of the intensity, and o; is the
standard deviation of Y;. The values of I, and & are deter-
mined from the y* minimum. An example of this analysis
taken from Ref. 13 is shown in Fig. 19. The minimum value
of x* (Fig. 19b) for the angular distribution of the v transi-
tion in Fig. 19a corresponds to the best choice of the reso-
nance spin /., and multipole mixture 4.

The angular distribution for a single 7 transition some-
times does not allow the unique determination of the reso-
nance spin. A combined analysis of the angular distributions
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of several transitions from a given resonance can signifi-
cantly simplify the determination of the resonance spin. The
quantity & is a quadratic function of the coefficient A,, and
so solution of this equation gives two values of 6. The x*
minimum is also reached for two values of é. As a rule, one
of these two values is small and corresponds to dominant
contribution of the M1 multipole order to the transition in-
tensity. The second value is large and corresponds to domi-
nant contribution of the E2 transition. According to the
system.aiticsm'133 for +y transitions in nuclei of the f—p shells,
strong M1 transitions with E2 admixture only rarely exceed-
ing 10% are typical. Therefore, as a rule, large values of &
can be discarded, because they lead to values of B(E2)
which are too large. However, in general it is impossible to
recommend any particular value of &in such experiments. It
is therefore generally more convenient to analyze nonstatis-
tical effects by using the coefficients A, directly."

Let us consider the determination of the spins and mul-
tipole mixtures for the reaction Ni(p, y)®'Cu. The proper-
ties of the resonances in this reaction at proton energy E,
=1920-2460keV were studied in Ref. 13. In Fig. 19 we
give the angular distribution (Fig. 19a) and the x? analysis
(Fig. 19b) for the 7y transition from the resonance at E,
=2442keV to the 475keV level in ®'Cu. The spin of the
final state with E*=475keV is known: I;=3" (Ref. 62).
The x? analysis of the resonance with E, —2442 keV and
excitation energy E *—7193 keV allows the unique asmgn-
ment of the spm I,.s= 2, because the minimum values of x*
for I.=% or 2 (shown by the * in Fig. 19b) significantly
exceed the x? minimum for I.;=3 These resonances are
assigned negative parity. The parity determination is based
on the fact that in this region there must be resonances with
a strong single-particle P3, component (/=1). Resonances
with positive parity (/=2) must have a lower excitation
cross section, owing to the stronger centrifugal barrier. In
addition, in this range of excitation energies no mixed tran-
sitions of the E1+ M2 type have been discovered for the
nuclei in question,l’29 and so nonzero values of §indicate the
presence of an M1+ E2 mixture, which in this case is typi-
cal for resonances of negative parity.

3.3. Nonstatistical effects in the angular distributions
in (p,v) reactions

For a target of even—even nuclei, the angular distribution
of the vy radiation in the (p,7) reaction for a resonance i and

y
the transition I,.;=3—1,=3 is written as"
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FIG. 19. Analysis of the ®Ni(p, ¥)'Cu reaction for the resonance at £,
=2442keV (E,, is the incident-proton energy, and E* is the excntatlon
energy of the 6'Cu nucleus). The angular distribution (a) and the x* analy-
sis (b) are given for the 7 transition from the resonance at E*
=7193 keV (E,=2442keV) to the level at 475 keV in ®'Cu. The depen—

dence of x? on the arctangent of the multipole mixture 5 for the 2—» 2 y

transition and the minimum of x? for the 2—> 2 and 5= 2 7y transitions are
given.

Wi( o)=; A (i)P,(cos 6),

04-1.555;
A2(l)= ) A4:0.

(50)
1+ 682

The distributions of the matrix elements or the multipole
mixtures & are calculated in various models. The coefficients
A,(i) are measured experimentally, and, as a rule, the values
of & are extracted using a number of assumptions. It is there-
fore interesting to obtain expressions directly for the distri-
butions of the coefficients A, and to compare them with
experiment. This has been done in Refs. 9, 15, and 131.

In the statistical model the matrix elements of y transi-
tions follow a normal distribution with zero average and
standard deviation o. In this case the probability density of &
for the resonance in question is described by the Cauchy
distribution:'!

P(9)= (51)

m(a?+ 8%) ’
where a= o (E2)/o(M1). It follows from (51) that the av-
erage is (8)=0 and that the distribution of & is symmetric
about 6=0.

As was shown in Ref. 15, the probability density P(A;)

for the coefficients A, is related to P(6) in a model-
independent way:

P(Ay)= P[51(A2)] (52)

do,
+P[52(A2)] Ta

2 2

where 8,(4,) and 8,(A,) are the two solutions of the qua-
dratic equation relating A, and &. Then for the (p,y) reac-

Y
tion Ipo— 1= ? we have'’

—0.775+ J0.6—A,(A,—0.4)
A, ’

61(Ay)=

—0.775—VJ0.6—A,(A,—0.4)

6,(Ar)= N
2

(53)

Substituting (51) and (53) into (52), we obtain the expression
for the density distribution of the coefficients A, in the sta-
tistical model." It is simplest to write P(A,) in the statistical
model for a=o(E2)/o(E1)=1:
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FIG. 20. Calculated and experimental values of the distributions P(A,) of

. . 3
coefficients A, for the y decay of nonanalog resonances with /™= 3" to the
ground state of the %Cu nucleus: O is for the statistical model, + is from
experiment, and A is for the nonstatistical model.

1

Ay)= :
PlAz) 27\J0.6—A,(A,—0.4)

fl P(A,)dA,=1. (54)
0.6

When comparing with experiment, the parameter a is
varied to obtain the best description of the experimental
data.'?

In the statistical model, decays via different spin chan-
nels are uncorrelated. The distribution taking into account
nonstatistical correlations of E2 and M1y transitions is
given in Ref. 15. In the case of the (p,7y) reaction, E2 and
M1y decay, and constant correlation coefficient for the ma-
trix elements of E2 and M1y transitions, the distribution is

poye b =]
¥ WaZCOSZ(p+Sin2(,D—<5>SiH2(p,
@=arctan( ), (55)

where (6) is the average value of & The known analytic
expressions (50) and (53) relating & and the coefficients A,
can be easily used to calculate the distributions P(A;). Natu-
rally, for { 5)—0 we obtain the corresponding expressions of
the statistical model.

The angular distributions for y decay to the I}'= -
ground states have been studied in Refs. 11-13, 15, and 135
for 19, 25, and 37 nonanalog resonances with spin and parity
IT.=3" in the nuclei *°%3Cu. The excitation-energy range
was 5.3-7 MeV for *Cu, 6-7 MeV for ®'Cu, and 8-9.5
MeV for 5*Cu.

Data on the characteristics of resonances with I™=3"
are given in Refs. 11, 13, and 15. These data have been
used”® to obtain the experimental probability densities
P(A,). The results of the analysis of P(4,) for
82Ni(p,¥)**Cu are shown in Fig. 20. In Fig. 21 we give the
dependence of the multipole mixture & for 7y transitions on
the energy of resonances in %*Cu. The dependence 8(E p) in
the reactions *%Ni(p, ¥)3*®!Cu has the same behavior as in
the reaction ®*Ni(p, y)®Cu, and the distributions P(A,) also
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FIG. 21. Dependence of the multipole mixture & on the incident-proton

energy for nonanalog resonances with /™= %" in *Cu. The excitation ener-
gies of resonances in ®*Cu ranged from 8040 to 9250 keV. The average
value of &is (8)=(0.6=0.1), while the statistical model gives (8)=0.

do not correspond to the statistical model."> Experimental
data on the average values of & have been obtained in Refs.
15 and 132:

(8)=(0.5%0.1) in *Cu,
(8)=(0.7%0.1) in 9'Cu,
(6)=(0.6+0.1) in **Cu. (56)

The statistical model gives the value {§)=0, which does not
agree with experiment.

In Fig. 20 we show both the experimental probability
densities P(A,) and the theoretical values!’ obtained from
the statistical model [(8)=0; Eq. (54)] and the model of
Ref. 15, which includes nonstatistical correlations of E2 and
M1y transitions (55). The parameter (&) was chosen from
the experimental estimate (56), (8)=0.5-0.7, and the pa-
rameter a in (55) was varied to obtain the best agreement
with experiment. Comparison of the calculations and experi-
ment leads the following conclusions: '

1. The statistical model does not describe the experimen-
tal data on the distribution density of A, in the reactions
SBS0S2N(p, ) 6163Cy,

2. The distributions P(A,) including correlations of E2
and M1y transitions give a better description of the experi-
mental data in the reactions %%2Ni( 2,7)°7%3Cu. In both
cases (for the statistical model and the model including E2
and M1 correlations), for the reaction 60Ni(p,y)62Cu the
theoretical estimates of P(A,) disagree significantly with ex-
periment.

3. To obtain the best agreement between theory and ex-
periment, it must be assumed that the parameter a in (55)
depends on the resonance energy, which corresponds to tak-
ing into account the details of the nuclear excitation-energy
distribution of the simple configurations in the resonance
wave functions.

The values of the components in the resonance wave
functions due to nonstatistical effects (the ‘‘simple’’ or non-
statistical components) were estimated'>? on the basis of
analysis of the angular distributions in (p,y) reactions. The
resonance wave function was written as
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‘I’izz CijojtCp @ (57)
]

where C, is the admixture of the nonstatistical (‘‘simple’’)
|

component ¢, for the resonance i and Z;C;;¢; is the statis-
tical part of the wave function of the resonance i. The C;; are
random numbers, and

; |Cyl2+]C, |2=1. (58)

The average values of the coefficients (lC,,ilz) for the
38.6062Nj( p, ) *0163Cu reactions are 20-50%, i.e., the reso-
nances excited in the (p,7y) reaction cannot be described by
the purely statistical model. A similar conclusion was
reached in Ref. 30 on the basis of different considerations.
The linear correlation coefficient of the y widths of transi-
tions from components of the fine structure of the p;;, analog
in ®'Cu to the ground state and to the excited p; and fs,
states of this nucleus was studied in Ref. 30. In 7y decay to
the ground state, the -y widths are determined by the certainly
nonstatistical component of the analog with large isospin
(T-). In vy decay to the p,;, and f5, states, the y widths are
determined by the assumed statistical, admixed component
with smaller isospin (7). If the T component is statistical
in nature, there should be no correlations between the y
widths. However, analysis of the experimental data®® re-
vealed the presence of correlations between the y widths,
which implies that the states T do not have the complex
nature characteristic of the statistical model.

3.4. Correlations of B(E2) and B(M1) in the
58,60.62Nj( p, y)°°¢1:63Cu reactions

In the statistical model there are no correlations between
the partial widths for decays via different channels.'*® Non-
statistical correlations of the reduced probabilities of E2 and
M1y decays of nonanalog resonances in
S860.62Ni( p, y)>°0193Cu reactions were discovered in Refs. 9,
12, and 131.

The angular distribution of the 7y rays in 7y transitions
from various resonances with fixed spin and parity J}T= 37 to
the ground state of the Cu nucleus (J}T= 27 in the reaction
Ni(p,y)Cu were studied experimentally, along with the
quantities (Refs. 9, 12, 130, and 131)

2712
I'Yi(s"kp
X;= N
(1+8%)E3 Wi(8)e (i)
1,k>
Yi P
Yi= 2 3 N (59)
(1+5,-)E7iW,~(0)8y(l)

where / v and £, are the intensity and energy of the vy tran-

sition, k, is the proton wave vector, and &,(i) is the effi-
ciency of detecting 7y rays of energy E ¥ Then the correla-

tion coefficient p(x,y) is calculated:

Sixi=(Ni— <)) B
[Zix— ()= ()21

p(x.y)= (60)
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where k is a correction associated with the errors in deter-
mining x; and y; (Refs. 30 and 137):

) Ao N2
K%[l_l >:(Ax;) 2i(Ay;) “ 61
2 Sixi— ()2 Zilyi— ()2

If we work with energy resolution of the incident proton
beam AEP>1" and Fy<I‘p . then!30

p(x,y)=p(B(E2),B(M1)), (62)

where T is the total resonance width, I, is the width in the
entrance channel, and B(E2) and B(M1) are the reduced
probabilities of E2 and M1y decay. It is the situation de-
scribed above which was realized in the experiments of Refs.
11, 13, and 130. The protons were accelerated by the EG-5
electrostatic generator. The proton energy resolution was
2-3 keV, which allowed resonances to be separated from
each other. The value of T, is of order 107?eV, and T,
=10-100eV (Refs. 6, 12, and 30), i.e., the situation in
which (62) holds is realized. For determining the correlation
coefficient p(B(E2),B(M1)), the values of B(E2) and
B(M1) can be known up to a constant, because according to
(60) this constant cancels. This made it possible'*'*® to use
the relative intensities of the 7 transitions to calculate p in
(p,7y) reactions, which leads to a smaller error in the result
than in absolute methods. In fact, in the traditional method of
determining the absolute values of I', using a “‘thick’

(=500 pg/cm?) target,é"30 it is necessary to know the isoto-
pic composition of the target, the stopping power of the tar-
get matter, the proton charge incident on the target, and the
efficiency &, of the y detector. In experiments using a
“thin”> (=20 ug/cm?) target, it is necessary to know only
the relative efficiencies ¢, the total proton charge, and the y
intensity. The relative efficiency &, was determined from the
known?!"1*® balance of the intensities of 7 transitions of reso-
nances studied by many authors (the resonances correspond-
ing to incident-proton energy E,=1424keV in B,
E,=1599keV in ®'Cu, and E,=2659keV in “Cu). To
monitor the depletion of the target in the course of the ex-

periment, the v intensities were measured for reference
resonances.'>!3°

The value of p(B(E2),B(M1)) for 7y decay to the
ground state of 8Cu of n=37 nonanalog resonances with
J™=2" and excitation energy E from 8.04 to 9.25 MeV was
determined in the reaction 62Ni(p,y)63Cu. It was found

thatlZ,[BO

p(B(E2),B(M1))=0.6%0.1.

For the reaction ®*Ni(p,y)%'Cu, n=25 nonanalog reso-
nances with J™=3" and E; ranging from 6.2 to 7.2 MeV
were studied. It turned out that for 7y decay to the ground
state of !Cu,

p(B(E2),B(M1))=0.6*0.1.

For the reaction >®Ni(p, y)**Cu, n=19 nonanalog reso-
nances with J™=2" and excitation energy ranging from 5.5
to 6.8 MeV were studied. For y decay to the ground state of

3Cu it was found that

p(B(E2),B(M1))=0.7%0.1.
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FIG. 22. Scheme of proton inelastic scattering.

Thus, these experiments and their analysis'>!** estab-

lished the presence of correlations between the reduced prob-
abilities for E2 and M1y transitions in the y decay o
nonanalog resonances with JT=3" in
58‘60‘62Ni(p,)/)59'61’63Cu reactions, which indicates that the
studied resonances are nonstatistical in nature.

The set of experimental data on the angular distributions
in the vy decay of nonanalog resonances with J™=3" in the
B062Nj(p, ) *6183Cuy reactions and their analysis shows
that the nonanalog resonances studied in Refs. 11-13, 15,

130—-132 are nonstatistical in nature.

3.5. Nonstatistical effects in (p,p’ y) reactions

There have been many studies devoted to (p,p’y) reac-
tions with resonance production in the compound nucleus
(Refs. 4, 10, 134, 138, and 139). The reaction scheme is
shown in Fig. 22. The proton and 7y angular distributions, the
p’—7 angular correlations, and the decay widths of the reso-
nances of the compound nucleus are studied experimentally.
Nuclei with J7=07 are used as the target. Resonance decay
can occur via various spin channels. For example, for the
decay of J™=2" resonances with excitation of the J™=2"
state (Fig. 22), the proton can carry off angular momentum
I=0 or =2 and the channel spin can be %, 3, or 3. The
probability for resonance decay with the emission of a par-
ticle i is characterized by the reduced width 7, which is
related to the partial width I'; corresponding to resonance
decay with the emission of particle i and the transmissivity
P, of the particle-emission barrier as

y;=T;/P;. (63)

The ratio of the amplitudes for decays via different spin
channels is

0=,/ Y,r . (64)

In the experiments of Refs. 4, 10, 134, 138, and 139, the
behavior of the reduced widths follows a Porter—Thomas
distribution, i.e., it is consistent with the statistical model.
But from the viewpoint of the statistical model, there are no
correlations between the widths and amplitudes for decays
via different spin channels, and positive and negative values
of &, are equally likely. In Refs. 4, 10, 134, 138, and 139,
three types of nonstatistical effect were found: correlations of
the reduced widths and reduced amplitudes in decays via
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TABLE VI. Linear correlation coefficients of the reduced widths and am-
plitudes for the decay of J™= %‘L nonanalog proton resonances via various
spin channels in the reaction **Ti(p,p’ y) for incident-proton energies in the
range E,=2.42-3.08 MeV. The values of the correlation coefficients p; ; for
the reduced widths are given in the rows of the table above the diagonal.
Below the diagonal (positions ji) are the levels of statistical significance of
the p;;. The correlation coefficients of the reduced amplitudes are listed
under the table. yi are the reduced elastic-scattering widths, and 73,, are the
reduced inelastic-scattering widths, where a is the orbital angular momen-
tum of the inelastically scattered proton and b=2.; S is the total spin of the
exit channel.

Widths ¥ % 7 Vs
'y; 1 0.02 —-0.05 0.00
o3 8% 1 0.43 0.85
V33 19% 98% 1 0.15
¥:s 1% >99.9% 56% 1

P(¥03723) =0.84; p(¥23¥25) = —0.65; p(¥p3725)=—0.57.

different spin channels, and also &, distributions inconsistent
with the statistical model. Various combinations of these
nonstatistical effects can be found for a given nucleus at
different resonance excitation energies.

As a typical example, let us present the data on the
*®Ti(p,p’ ¥)*®Ti reaction with resonance excitation in the
compound nucleus V. The linear correlation coefficients
for the reduced widths and amplitudes in the decay of proton
resonances with spin J™=3" in ¥V are given in Table VI.
The statistical significance of the results is given in %. The
data in this table show'>®!3? that there are nonstatistical cor-
relations of both the reduced amplitudes y; and the reduced
widths y,-2 for protons in resonance decay via different spin
channels in the ®Ti(p,p’y)®Ti reaction. Similar results
have also been obtained for a number of other nuclei (Refs.
4, 10, 134, 138, and 139).

An example of the distribution of the amplitude ratios &,
for proton inelastic scattering in different spin channels via
resonances of the compound nucleus *V in the reaction
“Ti(p,p’ y)*Ti is given in Fig. 23 (Refs. 138 and 139). In
this figure the dashed line shows the results calculated in the
statistical model, which differ significantly from the experi-
mental data. Therefore, nonstatistical effects are clearly seen
in proton inelastic scattering via resonances of a compound
nucleus.

Meanwhile, the resonances excited in reactions involv-
ing neutrons are, as a rule, poorly described by the statistical
model.'*® This great difference between the properties of
neutron and proton resonances can be attributed to the pres-
ence of a neutron excess. In fact, by bombarding a nucleus
with N—Z>0 with protons, it is possible to excite very
simple configurations of the type [mp® vh],+. The cross
section for exciting these configurations in the energy range
in question is sizable only when there is a neutron excess in
the nucleus, i.e., for N—Z>0. On the other hand, nonstatis-
tical effects indicate the present of a certain symmetry of the
nuclear interaction. Nonstatistical effects due to [wp
®vh];+ configurations are associated with the spin—isospin
SU(4) symmetry of the nuclear interaction, and SU(4) sym-
metry effects can be enhanced as the neutron excess grows.””
In 38:80.62Nj( p,7)>*8163Cu reactions, nonstatistical effects are

138,139
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FIG. 23. Distribution of experimental values of ® = arctan(y,s/y,s) for %’
resonances in “’V. The statistical model must always give a distribution
symmetric about ®=0. The distribution of experimental values of @ is
clearly asymmetric about ®=0. The dashed line shows the results of the
calculation in the statistical model for 34/ v3s)=1, where (y,zj) is the av-
erage value of the reduced width for the corresponding spin channel.

associated with excitation of the [7p®vh],+ and {[w7p;
®vh;],+®@vp,}3, components in the resonance wave
functions.”'*' Therefore, analysis of the y decay of nonana-
log resonances in 8%%62Ni(p, )3*¢63Cu reactions indicates
the presence of a partial SU(4) symmetry of the nuclear
interaction. Since nonstatistical effects are less clearly ex-
pressed for nonanalog resonances than for analog
resonances,®'>!*? the SU(4) spin—isospin symmetry is, as
expected, a more approximate symmetry than the isospin
symmetry of the nuclear interaction.

CONCLUSION

In this review we have presented the results of studies of
a number of nonstatistical effects in nuclear decays and
nuclear reactions occurring with compound-nucleus forma-
tion.

The analysis of the complete set of experimental and
theoretical results presented in this review unambiguously
shows that nonstatistical effects associated with elementary
nuclear excitation modes are present in nuclei. Only when
nonstatistical effects are taken into account is it possible to
correctly describe a large number of processes occurring in
nuclei and nuclear reactions. It is expected that nonstatistical
effects will be more strongly manifested in nuclei very far
from the stability band.
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