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Abstract: An analysis of experimental data on measurements of the resonant and fine structure of the B-decay

strength function Sg(E) in spherical, transitional, deformed, and halo nuclei has been conducted. Modern nuclear

spectroscopy methods have revealed peak splitting in Sg(E) for Gamow-Teller (GT) type f-transitions, caused by

nuclear deformation. The resonant structure of Sg(E) for first-forbidden (FF) S-transitions has been experimentally

confirmed in both spherical and deformed nuclei. It is shown that at certain nuclear excitation energies, FF f-trans-

itions can reach intensities comparable to those of GT f-transitions. An analysis of the evolution of the energy differ-

ence (EgTr—E1aR) between the Gamow—Teller resonance (GTR) and the isobaric analogue resonance (IAR) with

increasing neutron excess in nuclei has been performed. A region exhibiting Wigner spin—isospin S U(4) symmetry

has been predicted.
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I. INTRODUCTION

The strength function for f-transitions, Sz(E), is one
of the most important characteristics of the atomic nucle-
us [1-6]. It represents the distribution of the squared
moduli of f-decay-type matrix elements over nuclear ex-
citation energies E. For energies £ up.to Qs (total f-de-
cay energy), Sz(E) determines the characteristics of f-de-
cay and the half-life 7, of a radioactive nucleus with re-
spect to f-decay. At high energies, inaccessible in S-de-
cay, S(E) determines the cross-sections of various nucle-
ar reactions that depend on f-decay-type matrix elements.

The probability of f-decay is proportional to the
product of the leptonic part, described by the Fermi func-
tion f(Qs—E), and the nucleonic part, described by
Sp(E). Since the Fermi function decreases rapidly (Fig. 1)
with increasing E, the probability of S-transitions at excit-
ation energies £ above 3—4 MeV in medium and heavy
nuclei can be small. However, from the perspective of
nuclear structure and the description of -decay, the char-
acter of Sz(E) at excitation energies above 3—4 MeV is
most interesting. At E >3-4 MeV, resonances appear in
S4(E), caused by nuclear structure and residual spin-
isospin interaction [1—6].

By measuring level populations following f-decay,
one can determine [4, 6, 7] the reduced transition probab-
ilities (1/fr) and, consequently, the strength function
(Sp(E) ~ 1/f1(E)). Until recently, the structure of Sz(E)
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was studied experimentally using total absorption y-ray
spectrometers and total absorption p-ray spectroscopy
(TAGS) methods [4, 6—11], where y-rays accompanying
f-decay were registered by large Nal crystals in a 4z-
geometry. If the total absorption efficiency for y-rays is
sufficiently high, total absorption peaks can be identified
in the spectra, their intensity being determined solely by
the probability of level population in f-decay. This meth-
od allowed for the experimental demonstration of the res-
onant structure of Sz(E) for Gamow—Teller (GT) f-trans-
itions [4, 6, 7]. However, TAGS methods have several
disadvantages related to the low energy resolution of
Nal-based spectrometers. In TAGS spectra, typically
only one or two total absorption peaks can be identified;
isobaric impurities in the analyzed source often lead to
uncertainties; it is impossible to separate Gamow—Teller
and first-forbidden (FF) fS-transitions; the fine structure of
S4(E) cannot be resolved; and some problems often arise
during spectrum processing. Therefore, it is important to
measure Sg(E) using high-resolution y-spectroscopy
methods. Advances in experimental techniques now al-
low the application of nuclear spectroscopy methods with
high energy resolution to study the fine structure of Sz(E)
[7, 11-15]. Only in recent years, thanks to significant
progress in the production of monoisotopic sources and
the advent of HPGe semiconductor y-detectors combin-
ing high energy resolution and adequate efficiency, has it
become possible to measure Sg(E) with high reliability
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Fig. 1.  (color online) Diagram of fS-decay and its compon-

ents. S is the f-decay strength function, f(Z E) is the Fermi
function, I; is the level population after f-decay, I; and I are
the spins of the initial and final states, S, is the separation en-
ergy of x neutrons

and high energy resolution. This allows the detailed study
of Sz(E) at a qualitatively new level [11-15]. It has been
shown that high-resolution nuclear spectroscopy meth-
ods provide convincing evidence of the resonant struc-
ture of Sz(E) for both GT and FF S-decays in deformed,
spherical, and transitional nuclei. The most comprehens-
ive studies of this kind were performed for several nuclei
produced at the YAS NAPP —2 facility in Dubna [11]. De-
termining Sg(E) based on the detection of y-rays with
semiconductor HPGe detectors provides qualitatively
new information on the structure of S4(E). The standard
energy resolution of HPGe detectors used for measuring
y-ray spectra is no worse than 0.2%. The measured y-ray
spectra, yyt coincidence matrices, and internal conversion
electron (ICE) spectra were employed to construct the de-
cay schemes of the nuclei under study. The reduce half-
life (fr) values and Sz(E) were derived from the decay
scheme data. We were the first to determine S 4(E) and its
fine structure using high-resolution nuclear spectroscopy
techniques for the 8*/EC -decay of the spherical nucleus
¥I8Tb (T)), = 1.6 h, Qgc = 4.6 MeV), the deformed nucle-
us '%Ho (T, =25.6 min, Qpc =3.3 MeV), the isomer
10mHo (T)/, =5.02 h, Qpc =3346 keV), and the trans-
itional nucleus '*%Ho (T, =56 min, Qgc =5.05 MeV).
These nuclei were selected for the study because of their
sufficiently large total electron capture(EC) decay en-
ergy Qrc values and half-lives T),, and also because the
YAS NAPP -2 facility at JINR (Dubna) enables the effi-
cient production of high-purity monoisotopic radioactive
sources of these nuclei [11]. The high-purity monoisotop-
ic sources were produced by combining radiochemistry
(element separation from the irradiated target) and mass
separation (isotope separation after element separation).
The combination of TAGS with high-resolution y-
spectroscopy can be used to construct detailed decay
schemes [11, 15]. It has been experimentally shown that
for some excitation energies of daughter nuclei, the prob-
ability of FF B*/EC-transitions is comparable to that of

GT p*/EC-transitions. High-resolution nuclear spectro-
scopy methods [11—14] have for the first time experi-
mentally demonstrated the resonant nature of Sz(E) for
FF p-transitions and revealed the splitting of the peak in
S4(E) for GT f-decay of deformed nuclei into two com-
ponents. This splitting indicates anisotropy in the oscilla-
tions of the isovector component of nuclear density.

The structure of S4(E) for halo nuclei was analyzed in
[16—21]. The Gamow—Teller resonance (GTR) and reson-
ances in the GT f-decay strength function S4z(E) for halo
nuclei can have a structure corresponding to an np tango-
halo [18, 20]. At sufficiently large neutron excess, reson-
ances in Sz(E) can simultaneously have both an nn Bor-
romean halo component and an np tango-halo compon-
ent, forming a so-called mixed halo.

One of the consequences of Wigner spin-isospin
SU4) symmetry [21, 22] is Egrr = Eiar, Where Egrr 1
the GTR energy and Ejar is the isobaric analogue reson-
ance (IAR) energy. The effect of S U(4) symmetry restor-
ation is induced by the residual interaction, which shifts
the'GTR towards the IAR with increasing (N —Z)/A. The
study of S4z(E) for halo nuclei allows demonstration that
the value Z/N =~ 0.6 may correspond to a region of SU(4)
symmetry [21, 22].

The theory of GT- and FF-type excitations is still un-
der development, so one can hope for qualitatively new
facts and ideas about nuclear structure, as is usually the
case when investigating new phenomena and new areas
of nuclear physics.

II. RESONANCE STRUCTURE OF B-DECAY
STRENGTH FUNCTIONS

Beta-decay of atomic nuclei is a charge exchange pro-
cess, in which nuclear states with a large fraction of
charge-exchange configurations are populated with the
greatest intensity. The wavelengths of leptons emitted in
[f-decay of atomic nuclei are usually large compared to
the nuclear size; therefore, the f-transition amplitude can
often be considered independent of the position and velo-
city of nucleons [23, 24]. The parity of nuclear states
does not change in allowed f-transitions. Transitions that
can be considered within this approximation are called ”
allowed p-transitions.” Allowed pS-transitions can be di-
vided into two types: Fermi (F) and Gamow—Teller (GT).
The operator for Fermi-type f-transitions is independent
of the nucleon spin, while for Gamow-Teller type f-trans-
itions it is proportional to the spin operator of the decay-
ing nucleon. The Fermi-type p-transition operator is a
component of the total isospin, and the transition matrix
element depends only on the isospin quantum numbers of
the initial and final nuclear states. In Fermi-type S-trans-
itions, there is no exchange of angular momentum
between nucleons and leptons, whereas in GT p-trans-
itions, unit angular momentum is transferred. Thus, the
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selection rules for nuclear spin are: Al =0 for F f-trans-
itions and Al = 0,1 (0-0 transitions are forbidden) for GT
p-transitions. For f-decay with a change in the parity of
nuclear states or a change in nuclear spin by more than
one unit, the allowed matrix eclements are zero; therefore,
it is necessary to account for the dependence of the f-
transition operators on the spatial coordinates and velocit-
ies of nucleons. These fS-transitions are called "forbidden
transitions" and are usually classified by the degree of
forbiddenness n (n-forbidden transitions), i.e., by the sum
of the powers of nucleon coordinates and velocities ap-
pearing in the f-transition operator. The change in parity
of nuclear states x is always Ax = (—1)". Transitions with
multipolarity A=n+1 are called "unique n-forbidden
transitions."

When nuclei undergo f-decay, the Coulomb energy
of the electron inside the nucleus is often large compared
to the energy of the fS-transition AE and the electron rest
mass (the &-approximation). The Coulomb energy is rep-
resented by the dimensionless parameter &

&= (Ze*)/(2Rm,c*) ~ 1.2ZA7'7, (1)
which is a function of the nuclear radius R and charge Z.
The conditions of the f-approximation (or the Coulomb
approximation) are written as

> AE/m,?, £ 1. 2)
In some cases, the probability of a f-transition can be
represented as the product of the leptonic part, described
by the Fermi function, and the nuclear part, described by
the strength function [4, 6, 11]. The S-transition strength
function S4(E) is singled out only in the following cases:
for allowed p-transitions, for FF transitions in the &-ap-
proximation, and for unique n-forbidden transitions.

The strength function Sz(E) governs the distribution
over nuclear excitation energy (£) of elementary charge-
exchange excitations and their combinations, such as pro-
ton particle (wp)-neutron hole (vh) coupled to angular
momentum J”: [xp®vh];~ and neutron particle (vp)—pro-
ton hole (wh) coupled to angular momentum J”:
[vp®mh];=. The strength function for Fermi-type f-trans-
itions accounts for excitations [rp®vh]y: or [vp®mh]y:.
Since isospin is a reasonably good quantum number, the
strength of Fermi-type f-transitions is concentrated in the
IAR region. The strength function for Gamow-Teller
type p-transitions describes excitations [rp®vh];- or
[vp®nh]-. For FF p-transitions in the &-approximation,
significant ~ configurations are  [7pQ®vhly- - or
[vp®mh]y- 1-. Residual interaction can cause collectiviza-
tion of these configurations and lead to the emergence of
resonances in Sg(E). The positions and intensities of res-
onances in Sgz(E) are calculated within various micro-

scopic models [7, 24]. From a macroscopic viewpoint,
resonances in the GT f-decay strength function are asso-
ciated with oscillations of spin-isospin density without
change in nuclear shape [4, 11, 14].

Level population after f-decay I(E), half-life T,
and ft values are related to S;z(E) by the following equa-
tions [4, 21, 22]:

d(I(E))/dE = Sg(E)T\ )2 f(Qp — E), A3)
(T =/Sﬁ(E)f(Qﬁ—E)dE, “4)
/SB(E)dE =Zael/(fD), )

AE

where §4(E) is represented in units of MeV~'- s!, and ft
—is in seconds.

The reduced probabilities of GT transitions B(GT,E)
are related [4, 21-23] to ft, gy and g4 values as

B*(GT, E) = ((gaem)’ 4m) (2t () ()T /(21 + 1),

(6)
B*(GT,E) = [D(g},/4m)]/ ft1, (7

and for FF transitions, as
[B(A" =27)] = 3/4Dgy,/(4n - f1), (®)
[B(A" =07)+B(A" = 17)] = Dgy/(4n - f1), ©9)

where I; and I, are the spins of the initial and final states;
ga and gy are the axial-vector and vector constants of /-
decay; D = (6144 +£2) s; t.(k)o(k) is the product of isospin
and spin operators, giving the corresponding GT f-trans-
ition operators; ft is the reduced half-life for f-decay to a
level with excitation energy E; (I/||Zt.(k)o(bI|;) is the re-
duced nuclear matrix element for the GT transition.

The conserved vector current (CVC) hypothesis and
the partially conserved axial-vector current (PCAC) hy-
pothesis yield a value for the free nucleon [25]
Zafree/gv = —1.2723(23). Within nuclear matter, an effect-
ive value g4 1S necessary to reproduce experimental ob-
servations. Accurate information on the magnitude of
gaerr 18 crucial [25] for predicting f-decay half-lives, and
the beta-decay strength function for GT and FF f-trans-
itions. The effective value gu. is characterized by a
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renormalization factor ¢ (in the case of quenching of g4,
it is called the “quenching factor”): g = gaefr/gatiee, Where
gaer 18 the axial-vector coupling value obtained from a
given theoretical or experimental analysis. Experimental
methods for determining the quenching factor can have
significant uncertainties in many cases [25]. One model-
independent method for determining gu.r [21, 22, 25] is
comparing the experimental total GT beta-decay strength
with the Ikeda sum rule. To apply this method, it is neces-
sary to have the total GT strength within the energy win-
dow allowed for f-decay, and contributions from non-
nucleonic degrees of freedom (e.g., A-isobars) can be
neglected. Such a situation may be realized [21, 22] for S-
decay of halo nuclei (“He, ''Li) or for very neutron-rich
nuclei where the GT resonance energy Egrr is less than
the isobaric analogue resonance energy Eiag.

It is well known that the total GT strength satisfies the
Ikeda sum rule, which is written as

ST -S*=3(N-2), (10)

§* = ZKI I o /(21 + 1), (1)

2; B (GT,E;) - % B*(GT, E;) = 3(N — Z)(gae)* /47,
(12)

where B™(GT,E;) and B*(GT,E;) are determined from
Eq. (6) for charge-exchange processes of the GT type and
from Eq. (7) for the GT B~ or B*/EC-decay. When S* =0
or ST <« S, for the B~ -decay, one obtains

XjD/ft;= 3(N = Z)(gaer/gv)" (13)
and from B~ -decay data, one can estimate for mother nuc-
leus the ratio (g4cr/gv)* or the quenching factor ggr.

A level scheme significant for analyzing strength
functions for Gamow—Teller transitions is shown in Fig.
2. In B*/EC-decay of nuclei with N > Z, for isospin bind-
ing (=1, u, =+1) configurations [vp®nh];+ with the
isospin of the neutron excess T, there is only one isospin
value To+1. The most collective state formed by
[vp®mh],+ excitations, characterized by isospin 7 =1 and
isospin projection u. = +1, is also called [4] the u, =+1
GT resonance. For 8~ -decay of nuclei with N > Z, the GT
resonance (7 =1, u, = —1) lies (Fig. 2) in the IAR excita-
tion region, the GTR energies usually exceed Qp, and
GTR is typically energetically inaccessible for popula-
tion in B~ -decay, but the p, = +1 GT resonance can be
populated by B*/EC-decay [4, 6, 11]. In nuclei with
Z > N, the situation for 8~ - and 8*/EC-decays is reversed.

Strength functions for 8~ and B*/EC-transitions are

T=1p,=+1 T=1p=-1
SF SF cP BSF
.
——J< |J< )
No s ]L Q. j j. e J<
J>
p n » n » n P n
—— GT(T)
GT(T.)
= TAR
(p, n) B
— GT  (n, p) — SF
— ~ 74n
— \ ;— CP
_5 p*/EC § F—BsF
=" SF =
z7-14N41 z2114N-1
Fig. 2. / Diagram of Sg(E) for GT f-decays and configura-

tions that form resonances in Sg(E) for GT f-transitions and
charge-exchange reactions. SF — the spin-flip configurations,
CP —the core polarization configurations, and BSF — the back
spin-flip configurations. The strength of the Fermi type trans-
itions is concentrated in the IAR region

qualitatively different, which manifests primarily in the
total sum of 8~ and B*/EC-transitions. According to sum
rule Eq. (10) for nuclei with N > Z, the total sum of 8-
transitions is substantially larger than that of B*/EC-
transitions. However, this does not mean that the reduced
half-lives log fr for 8~ and B*/EC-transitions between
low-lying states must differ greatly. From the scheme in
Fig. 1, it is clear that not all states contributing to the total
sums S* fall within the energy window E < Qs in 8~ and
B*/EC-decays. It is known [4, 6, 11] that for nuclei with
N > Z, more than 90% of the total GT strength for 8-
transitions is concentrated in the Gamow-Teller reson-
ance, which is generally located much higher in excita-
tion energy than the total g~-decay energy Q, (Figs. 1
and 2), meaning that the strengths corresponding to the
total sums S~ and S* can be comparable in the low excit-
ation energy region. Differences in the strength functions
for 8~ and B*/EC-decay only weakly affect the probabil-
ities of 8~ and B*/EC-transitions in nuclei near the f-sta-
bility line. These differences become more pronounced as
one moves away from the f-stability line and the total
beta-decay energy Qp increases.

The previously dominant statistical model assumed
that there are no resonances in Sgz(E), and the relations
Sp(E)=const or Sz(E)~p(E), where p(E) is the level
density of the daughter nucleus, were considered good
approximations for medium and heavy nuclei [26]. Stud-
ies of beta-delayed processes and experiments measuring
Ss(E) using total absorption y-ray spectroscopy (TAGS)
unambiguously revealed the non-statistical character of
S4(E) for GT-type B-decay and stimulated the develop-
ment of microscopic models that allow using atomic nuc-
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lear structure to calculate S4z(E) [4, 6, 7]. The next step
was taken [11-14] by applying high-resolution nuclear
spectroscopy techniques to study the fine structure of
Sg(E). These techniques allowed unambiguous demon-
stration of the resonant structure of Sz(E) not only for GT
transitions but also for FF p-transitions [11—13]. It has
been experimentally shown that for some excitation ener-
gies of daughter nuclei, the probability of FF B*/EC-
transitions is comparable to that of GT B*/EC-transitions.
It is precisely due to high-resolution spectroscopy tech-
niques that the resonant structure of S4z(E) for FF trans-
itions was first revealed [11—13]. High-resolution nucle-
ar spectroscopy methods allowed observation of the split-
ting of the resonance in S;z(E) for B*/EC-decay of de-
formed nuclei into two components. This splitting indic-
ates anisotropy in oscillations of the isovector density in
deformed nuclei [11, 14].

The theoretical description of the beta-transition
strength function structure at the microscopic level is
closely related to the analysis of astrophysical and ther-
monuclear processes, the description of log fr for -
transitions between low-lying states of atomic nuclei,
analysis of delayed processes, study of charge-exchange
processes, and other problems of nuclear physics [1+6,
11]. Some of the first calculations of the microscopic
structure of S4(E) for GT P-transitions, accounting for
shell effects and residual spin-isospin interaction and al-
lowing explanation of delayed fission, were performed in
[1—4]. Currently, existing theory allows sufficiently cor-
rect calculation of positions and relative intensities of
peaks in strength functions for Gamow—Teller transitions
[7, 11, 24]. Even for spherical nuclei, the deviation of cal-
culated absolute intensities of strength function peaks
from their experimental counterparts ranges from several
tens to several hundred percent; theory predicts more in-
tense peaks than observed experimentally [4, 6, 7, 24,
25].

Strong configuration mixing at high excitation ener-
gies and high level densities should lead to the disappear-
ance of resonant structure in strength functions Sgz(E).
Approximate symmetry of nuclear interaction hinders
mixing of some configurations. For configurations popu-
lated by GT B and g*/EC-transitions, mixing is weaker
due to partial spin-isospin S U(4) symmetry of the inter-
action within the nucleus [4, 6, 11, 21, 22]. For FF g~and
Bt /EC-transitions, resonant structure is also observed in
the strength function S4z(E) [11-13]. Resonant structure
in the strength function for FF B and B*/EC-transitions
may indicate partial symmetry of the interaction in the
nucleus corresponding to the first forbiddenness. This
means that configurations populated by FF transitions are
also distinguished by approximate quantum numbers
among neighboring levels of the daughter nucleus, and
strong configuration mixing does not occur.

III. INVESTIGATION OF f-DECAY STRENGTH
FUNCTIONS USING TOTAL ABSORPTION -
RAY SPECTROSCOPY (TAGS)

The Fermi function f(Qz—E) decreases with increas-
ing excitation energy F, and, as a rule (Fig. 1), more in-
tense f-decays populate levels with low (less than 2—3
MeV) excitation energies. But from the perspective of
nuclear structure, f-transitions populating levels with
high (more than 2—4 MeV) excitation energies are most
interesting, where resonances or their tails” can be ob-
served in Sz(E). To obtain information about the struc-
ture of S4z(E), it is necessary to measure level popula-
tions after f-decay. The TAGS method for direct meas-
urement of level population probabilities in f-decay was
proposed in [27]. The principle of this method is that y-
rays accompanying fS-decay are registered by a large Nal
crystal in almost 47-geometry. If the total absorption effi-
ciency for y-rays is sufficiently high, the pulse amplitude
in such a total absorption y-ray spectrometer (TAGS) is
determined by the total energy of the y-rays, i.e., the en-
ergy of the level populated by the f-transition. Special
measures are needed to protect the crystals from p-
particles. However, the constructed spectrometer [27] has
a solid angle of about 80%, and the efficiency of the total
absorption peak registration for a cascade of y-rays de-
pends on the p-transition scheme and the number of y-
rays in the cascade (multiplicity). Application of the first
total absorption spectrometers [27] did not allow the au-
thors to identify the non-statistical resonant character of
Sp(E). As a result, it was erroneously assumed that both
p-decay and y-deexcitation of levels are statistical in
nature, and some observed "resonances" were interpreted
as statistical fluctuations. Considering the fundamental
importance of direct measurement of f-decay strength
functions, conditions for the possibility of using TAGS to
obtain f-transition strength functions over a wide range
of excitation energies were formulated in [4, 6]. Based on
this analysis, a spectrometer with practically 4x-geo-
metry (Fig. 3) was built and successfully used to demon-
strate the resonant structure of S4(E) [4, 6, 7, 11]. Res-
ults of some first successful applications of the TAGS
spectrometer for measuring the resonant structure of
Sp(E) are summarized in [4, 6, 7, 11, 28].

It was found [4, 6, 11] that the total absorption effi-
ciency &, is exponentially dependent in the energy range
of 0.1-4.5 MeV on the total cascade y-transition energy
Evy:

&t = exp(—eEy), a@=0.78(3)MeV ™. (14)
If Eq. (14) holds, the intensity of the total absorption
peak of a y-ray cascade is proportional to the probability

of population of a specific level in the daughter nucleus
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Fig. 3. General diagram of the detection part of the total ab-
sorption p-ray spectrometer [7, 11] for TAGS investigation of
p-decay strength function structure

in f-decay and does not depend on the decay scheme. In-
deed, if we have a deexcitation scheme for a level with
energy E populated in f-decay, then, if Eq. (14) is satis-
fied, the total absorption peak efficiency for a cascade of
N y-rays with total energy E = Ey, +...+ Eyy is determ-
ined as

Ewot(E) = exp(—aEy,) X...xexp(—a Eyy)

= exp(—a(Ey +... Eyy)) = N exp(—aE) (15)
and does not depend on the y-transition scheme. Conver-
sion of y-radiation (emission of conversion electrons
(CE)) introduces a systematic error into total absorption
spectrum analysis, and this error can be difficult to ac-
count for. The validity of Eq. (14) is essentially import-
ant for TAGS and requires experimental verification. It is
also important that the TAGS spectrometer maintains 4r-
geometry. Indeed, if the registration solid angle Q for a
cascade of N y-rays differs from 4n, the total absorption
efficiency will be determined not by Eq. (15) but by the
relation

w

ea(E) = (Q/41)" exp (—aE), (16)

i.e., it will strongly depend on the decay scheme (multi-
plicity N).

Until recently, experimental studies of the structure of
Ss(E) were conducted using total absorption gamma-ray
spectrometers (TAGS) and total absorption spectroscopy
methods, which had low energy resolution. Using TAGS
spectroscopy, it became possible [4, 6, 7, 11] to experi-
mentally demonstrate the non-statistical resonant struc-
ture of Sz(E) for Gamow—Teller S-transitions (Fig. 4-6).
There are two methods for analyzing TAGS spectra. In
the first [4, 7, 11], it is necessary to identify total absorp-
tion peaks in' TAGS spectra and have a 4x-spectrometer
with exponential ‘dependence of total absorption effi-
ciency on y-ray energies for y-ray registration. Only in
this case does the TAGS peak registration efficiency not
depend on the details of the decay scheme. This method
gives good results but can be applied to nuclei with total
p-decay energy Qg less than 5—6 MeV. Quantitative
characteristics can generally be obtained only for one
peak (B -decay) and for two peaks (87/EC-decay) in
S4(E).

The second method [8—10] is based on applying the
so-called response function, but to extract the shape of
Sp(E) from the TAGS spectrum, many assumptions must
be made. The analysis depends on assumptions about the
decay scheme, which is generally unknown. It is very dif-
ficult to estimate the associated systematic errors and un-
certainties of such analysis, and only qualitative informa-
tion about S4(E) can be obtained.

Conversion electrons are not measured by TAGS, and
it is desirable to estimate the associated systematic error
for both TAGS spectrum analysis methods.

In this review, we applied the first method for analyz-
ing TAGS spectra [4, 7, 11]. The TAGS spectrometer is
schematically shown in Fig. 3. Its registration efficiency
& for y-rays in the total absorption peak in the studied
excitation energy range in daughter nuclei ''Gd (0.1
MeV—4.6 MeV) exponentially depends on the total en-
ergy E, of the deexcitation y-transitions [7]. It is known

no
T

—_
T

Number of counts/103

L L L

w
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TAGS spectra of y-rays from the g*/EC-decay of ¥7¢Tb measured by TAGS in coincidence with g*-particles (a) and without

coincidence (b). The arrow points to the total electron capture energy Qgc for #72Tb
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Energy, MeV

Sp(E) for the g*/EC-decay of '“¢Tb obtained from
the TAGS yp-ray spectra (Fig. 4) analysis. The highest-intens-

Fig. 5.

ity peak in Sg(E) at the excitation energy region E ~ 4 MeV is
interpreted as a tail of the GT resonance with p; = +1

[4, 11] that in this case, the intensity of the total absorp-
tion peak of y-rays is proportional to the level population
probability in S-decay and does not depend on the decay
scheme. Therefore, the analysis of measured spectra was
reduced to identifying total absorption peaks of p-rays
and determining their intensities. Then, using the thus ob-
tained total absorption peak intensities of y-rays and Eq.
(3), the strength function for 8*/EC-decay of '47¢Tb was
constructed (Figs. 4 and 5).

The y-radiation spectra measured by the total absorp-
tion spectrometer in coincidence with pB*-particles in
B7/EC-decay of '¥7¢Tb and without coincidence are
shown in Fig. 4. The endpoint energy of the total absorp-
tion spectra is determined by the total electron capture en-
ergy Qgc =4.6 MeV. The peak with energy E, ~4 MeV
in the spectrum without coincidence and the peak at
E, ~3 MeV in the coincidence spectrum have the max-
imum energies and are identified as total absorption
peaks. The peak at E, ~ E,, —2m,c* ~ 2 MeV in the spec-
trum without coincidence, where 2m,c? is the energy of
two annihilation quanta, corresponds to the total absorp-
tion peak at E,, = 3 MeV. Thus, the peak at E, ~2 MeV
in the spectrum without coincidence is also a total absorp-
tion peak. Consequently, in the strength function for
B /EC-decay of '“¢Tb (Fig. (Figs. 4 and 5), two peaks at
energies 4 MeV and 2 MeV can be reliably identified,
and to find the intensities and energies of these two peaks
during analysis of total absorption y-spectra, no informa-
tion about the decay scheme is required. In Sz(E) for
1478 Tb, a third peak is observed at E ~ 1.4 MeV, but reli-
able determination of its intensity requires information
about the deexcitation scheme of excited levels in '*’Gd
due to difficulties in identifying the total absorption peak
in this energy region. Note that for B*/EC-decay, two
total absorption peaks can be identified in TAGS spectra.
This is possible when the total absorption peak with the

%

15

gL S5x10°

E, MeV

arb. units

Calculated Sg;

L L

Fig. 6. Level population (in %), Sg(E) (in MeV~!.s™) for
the g*/EC-decay of '*Lu obtained by using TAGS, and res-
ults of calculation of Sg(E) structure (linear scale) with the GT

(spin—isospin) residual interaction [4]

highest energy falls into the energy window accessible
for electron capture but inaccessible for 8*-decay. In Fig.
5, the intensity of the peak with energy E ~ 1.4 MeV in
Ss(E) was obtained from the analysis of total absorption
y-ray spectra under the assumption that levels in the excit-
ation energy region E ~ 1.4 MeV deexcite by emitting
two yp-rays with equal energies. Thus, the energy and in-
tensity of two peaks with energies E ~ 4 MeV and 2 MeV
in the strength function for g*/EC-decay of '¥7¢Tb (Fig. 5)
can be reliably determined. For the remaining peaks with
lower energies, we have no reason to consider them as
total absorption peaks of y-cascades and cannot process
them using our method. Therefore, for Fig. 4a, we do not
analyze peaks with energies below 2 MeV. The peak of
greatest intensity in the excitation energy region E ~ 4
MeV is interpreted as the "tail" of the main GT reson-
ance [7] with u, = +1 (according to the scheme for S4(E),
Fig. 2).

Theoretical calculations [7], performed within the
MQPM model with the QRPA approach, revealed, like
the experiment, a peak of greatest intensity in Sz(E) (GT
resonance with u, = +1) in the excitation energy region
E ~ 4 MeV of the daughter nucleus '“’Gd. This allows the
conclusion that this model is applicable for describing
S4(E) for spherical nuclei, which include the studied nuc-
leus "#Tb and its daughter nucleus 'Gd. Note,



LN. Izosimov

Chin. Phys. C 50, (2026)

however, that theoretical calculations [7] give an intens-
ity for the main resonance with energy E ~ 4 MeV sever-
al times higher than the experimental value. This "large
overestimation" may be a consequence of the fact that in
the experiment we observe only that part of the reson-
ance that falls into the energy region accessible for elec-
tron capture. However, theoretical calculations [4, 7, 24],
as a rule, correctly describe the energy but give higher in-
tensity for resonances (Fig. 6) than observed experiment-
ally. This (quenching factor) is characteristic of many
nuclei studied by the TAGS method [4, 28, 29].

Thus, TAGS methods allow revealing the resonant
character of S;(E) and obtaining data on the structure of
Sp(E) when total absorption peaks are reliably identified
in the TAGS spectrum. Usually, in Sgz(E) for B~ -decay,
one total absorption peak is identified, and in Sz(E) for
B+/EC-decay, two peaks are identified. To obtain more
complete information about the structure of Sgz(E), high
energy resolution nuclear spectroscopy methods should
be used [7, 11-15].

The endpoint of the TAGS spectrum is related to the
total beta-decay energy Qs;. TAGS spectroscopy can be
used to measure Q, with an accuracy of up to 50 keV [4].
Typically, the most informative region for determining
the TAGS spectrum endpoint has a low count per chan-
nel, and it is very difficult to determine it directly. The
part of the TAGS spectrum with sufficiently high statist-
ics is not as informative for this purpose. There is an op-
timal TAS spectrum interval for determining Qpc. We
use a y’-criterion to select the optimal energy interval
[15]. In the approximated region, errors in determining
intensity 6/ exceeded the maximum value of the pileup
spectrum intensity. Results of determining Qpc from
TAGS spectra of g+/EC-decay of '**Ho (T, ~ 56 min)
are presented in Fig. 7. The obtained value
Orc = (5.05£0.07) MeV for **Ho (T, ~ 56 min) is in
good agreement with systematics [15, 29].

Since conversion electrons are generally not detected,
and for E, >5 MeV there is no exponential dependence
of total absorption efficiency on E,, TAGS spectrum ana-
lysis can give incorrect results. Also, TAGS cannot dis-
tinguish GT and FF transitions and can offer only limited
information about S4(E). However, using TAGS, one can
determine the total beta-decay energy Qs [4, 6, 11, 15],
demonstrate the resonant structure of Sz(E), and, in com-
bination with high-resolution nuclear spectroscopy meth-
ods, provide quantitative information about Sgz(E) for
both GT and FF beta-decays and identify the degree of
incompleteness of the decay scheme.

IV. HIGH-RESOLUTION NUCLEAR SPECTRO-
SCOPY AND THE FINE STRUCTURE OF g-
DECAY STRENGTH FUNCTIONS

TAGS methods have some disadvantages related to
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Fig. 7. TAGS y-ray spectra (@) of »°Ho g*/EC-decay

(T1/2 56 min), Qpc =(5.05+£0.07) MeV and optimal fitted
range (b) of TAGS spectra was selected (see text) for Qgc de-
termination. The number of degrees of freedom for the fitted
range was v =105, 2. /v=0.81 (c)

the poor energy resolution of Nal-based spectrometers.
In TAGS spectra, only one or two absorption peaks can
be identified; isobaric impurities in the analyzed source
often lead to uncertainties; thus, it is impossible to distin-
guish GT and FF f-transitions and measure the fine struc-
ture of S4(E); difficulties often arise during spectrum pro-
cessing, namely when it is necessary to account for in-
ternal conversion of y-rays or identify total absorption
peaks. The exponential dependence [4, 11] of TAGS effi-
ciency on energy is essentially important for the total ab-
sorption spectrometer and requires experimental verifica-
tion in the energy range up to Q. Therefore, it is very
important to measure Sz(E) using high-resolution y-spec-
troscopy methods. Advances in experimental techniques
allow the application of nuclear spectroscopy methods
with high energy resolution (including high-resolution y-
spectroscopy and conversion electron spectroscopy) to
measure the fine structure of S;(E). Results of some first
successful measurements of the fine structure of Sgz(E)
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are summarized in [11, 12]. The combination of total ab-
sorption spectroscopy with high-resolution spectroscopy
can be applied to construct detailed decay schemes [7, 11,
15]. High-resolution nuclear spectroscopy methods
[11-13] have experimentally demonstrated the resonant
nature of Sg(E) for first-forbidden p-transitions and re-
vealed the splitting of the peak in Sz(E) for GT g*//EC-
decay of deformed nuclei into two components. This
splitting indicates anisotropy in oscillations of the isov-
ector component of density [11, 14].

Using our TAGS spectrometer, we observed [7, 11]
the "tail" of the Gamow-Teller resonance with u, = +1
(Fig. 5) in "78Tb (T, ~ 1.6 h) as a strong peak in Sz(E)
at E~4 MeV. But, the 8*/EC-transitions to levels with
excitation energies above 2 MeV were not identified in
the decay scheme (Fig. 8) from [29]. This means that the
decay scheme of ¥¢Tb in [29] is highly incomplete. A
more complete decay scheme of '47$Tb was constructed
in [30] (Fig. 9). The most interesting region for studying
the beta-decay strength function is at excitation energies
above 2—4 MeV. The strength function for 8*/EC-de-
cay (Fig. 10 and 11), derived from the more complete de-
cay scheme, was constructed in [11, 12]. The strength
functions (Figs. 5 and 10) are in good agreement, and one
can conclude that the g*/EC-decay scheme of '“¢Tb in
[30] is sufficiently complete. This demonstrates that de-
cay schemes for transitions to levels with excitation ener-
gies above 2—3 MeV in medium and heavy nucleican be
very incomplete. To construct a detailed decay scheme
and study the fine structure of S;(E), much more time for
measurements and data analysis is needed compared to
TAGS experiments.

From a macroscopic viewpoint, resonances in the GT
B-decay strength function S4(E) are associated with oscil-
lations of spin-isospin density without change in nuclear
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Fig. 8. '¥7¢Tb decay scheme [29]. Level energies and Qgc

are in keV. This decay scheme is not complete and does not
agree with TAGS data (Figs. 4 and 5). The g*/EC-transitions
to the region with excitation energy higher than 2 MeV are not
indicated

shape [4, 14, 31]. The intensities of K-allowed f-trans-
itions to levels of one rotational band and the intensity ra-
tios of electromagnetic transitions within the band and
between states of different bands satisfy simple relations
following from the rotational model (Alaga rules) [32].
The f1 ratios for |K;—K;| <2 and |K;+ K| > A expressed
through ratios of squares of the corresponding
Clebsch—Gordan coefficients:

JULK; = L Kp) [ f1(LK; = DpKy) =
= (LKAK =K (|\LyK ) [(LKAK; = KL K )2,
(17)

where A is the multipolarity of the f-transition (1= 1 for
GT p-transitions). If |K;+ K/ <A and K;;#0 contribu-
tions from terms involving signature must be accounted
for [31]. Compliance with this rule means that the wave
functions of rotational band levels do not have admixture
components of neighboring states and the adiabaticity
condition is satisfied. Results of calculations using Eq.
(17) and experimental data are presented in the Table 1
and Table 2. Considering the excitation energy and
quantum characteristics of levels, the experimental data
are in good agreement with estimates from Eq. (17), in-
dicating the correct balance of the decay scheme for
100s o (25.6 min).
The average energy (E) of the Sz(E) peakis calcu-
lated by formula
(Ey=XiE;- ;' [Zift;". (18)
Using data from Table 2, we obtain for the y-type of
spin-isospin oscillations (oscillations perpendicular to the
symmetry axis) (E), =2737 keV and for the f-type of
spin-isospin oscillations (oscillations along the symmetry
axis) (E)s = 1749 keV. Thus, the splitting due to aniso-
tropy of spin—-isospin density oscillations ((E),—(E)s; in
the deformed nucleus Dy is about 1 MeV. When oscil-
lations occur along the symmetry axis, the angular mo-
mentum projection on the axis is zero (AK =0), axial
symmetry is not broken, and oscillations of this type do
not lead to K-forbiddenness for GT f-transitions. Oscilla-
tions perpendicular to the symmetry axis break axial sym-
metry and have a non-zero angular momentum projec-
tion on the axis (AK = +1 for dipole oscillations, AK = +2
for quadrupole, etc.), which leads to K-forbiddenness for
a number of B*/EC-transitions and a decrease in intensity
of the corresponding peak component in Sz(E) (Figs. 12
and 13). An important fact is that the amplitude of the
higher energy peak is significantly less than that of the
lower energy peak. Such a ratio of peak amplitudes arises
due to K-forbiddenness of GT transitions for a prolate
nucleus (quadrupole deformation parameter S, >0). No
such peak splitting (Fig. 10) is observed in Sgz(E) for GT
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Fig. 9.

147¢Tb decay scheme [11, 30]. There are many g*/EC-transitions to the region where the excitation energy is higher than 2

MeV. a) Low energy levels of '’Gd; b) high energy levels of '“’Gd. This decay scheme is quite complete as it is in good agreement

with TAGS data (Figs. 4 and 5)

B*/EC-decay of the spherical nucleus '¥7¢Tb [11, 31].
Charge-exchange particle-hole excitations populated
by the f-decay are related to the oscillation of the u, = £1

components of the isovector density [11, 31] pr—y

-10

p‘r:l,p‘r(r) =X

2t (k) 6(r — 1), (19)
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Fig. 10.  (color online) Fine structure of the Sg(E) for FF

B*/EC-decay of '72Tb [11, 12]. For spherical nuclei '“¢Tb
Sp(E) was deduced from the quite complete (Fig. 9) decay
scheme [30]

where the summation is taken over all nucleons £, and 7,
is the spherical component of the nucleon isospin #:

(122 —ity),  pe=-1,
t/rr =Nt M= O, (20)
_(1/2)]/2(tx+ity)’ M = +1.

Oscillations with 7= 0 correspond to oscillations of
the isoscalar (total) density. Oscillations” with 7=1,
=0, I"=1" correspond to oscillations of the compon-
ent p,,-1 0 of isovector density and-describe oscillations

Table 1.
the f-component of the Sz(E) peak
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Fig. 11.  (color online) Fine structure of the Sgz(E) for GT
B*/EC-decay of *7¢Tb [11, 12]. For spherical nuclei '“’¢Tb
Sp(E) was deduced from the quite complete (Fig. 9) decay

scheme [30]

of protons and neutrons moving out of phase (oscilla-
tions of neutrons relative to protons), and deformation
leads to splitting of the E1 giant dipole resonance (GDR)
peak [32]. Oscillations with 7=1, u,==+1 describe
B+ /EC- (oscillations of proton holes relative to neutrons)
and B~ -decays (oscillations of protons relative to neutron
holes), and peaks in S4z(E) for deformed nuclei should
also be split [11, 31]. The splitting of the peak in the
strength function (Fig. 13) for GT g*/EC-decay of the
deformed nucleus '®%Ho was experimentally observed,
corresponding to anisotropy in oscillations of the isov-
ector density component p.,-; ;. Anisotropy of spin-
isospin density oscillations leads to the energy difference
(E),—(E); between oscillations of proton holes relative
to neutron particles perpendicular to the symmetry axis

Levels of 1°Dy populated by the 19%¢Ho (25.6 min) GT g*/EC-decay and making the largest contribution to the intensity of

Energy of the level, keV Quantum (/™; K™) characteristics Level population from the */EC-decay, % per decay log ft
1694.36(2) " IF=4%; K7™ = 4% 74(5) 4.72(3)
1802.24(2) " I =5%; K" =4* 10.8(9) 5.49(4)
1929.192) IF=6%; K" =4* 0.62(7) 6.65(5)
2096.87(2)° I"=4% K" =4* 2.92) 5.86(3)
2194.43(3)" I"=5%; K" =4* 0.43(3) 6.61(4)

Note. “and " stand for the levels in the same rotational bands.

Table 2.

Ratios of fr for pairs of levels from the same rotational band populated by the GT g*/EC-decay of ®%¢Ho (25.6 min),

I" =5%, K™ = 5*. Calculated and experimental data are given for two rotational bands in '°Dy

Energy of the level E;, keV Energy of the level E;, keV

Experiment, ft(E1)/ft(E2)

Calculation by formula (17), f1(E)/ft(E>)

1694.2 1802.2
1694.2 1929.1
1802.2 1929.1
2096.8 2194.4

0.16 0.11
0.012 0.018
0.07 0.16
0.17 0.11
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Fig. 12. Fine structure of the strength functions for GT and

FF p*/EC-decays of deformed nuclei '°Ho (7}, =25.6 min,
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Fig. 13.  (color online) Fine structure [11-14, 31] of the

Sg(E) for GT g*/EC-decay of deformed nuclei '*'Ho

and along the symmetry axis, which is about 1 MeV in
the deformed nucleus 'Dy. The amplitudes of isovector
density oscillations are tensors not only in isospace and
orbital space, leading to splitting of the GDR resonance
in deformed nuclei, but also in spin space, leading to
splitting of peaks in S4(E) in deformed nuclei.

For FF pB*/EC-transitions in the &-approximation
(Coulomb approximation), important configurations are
proton hole — neutron particle type configurations,
coupled to angular momentum 0~ or 17: [vpxsh]. The
question of the presence or absence of resonant structure
in strength functions for first-forbidden g -or B*/EC-
transitions long remained open. In [11-13], it was experi-
mentally established that 8~ for FF B*/EC-decays of
190sHo (Fig. 14) and the isomer '""Ho (Fig. 15) has a res-
onant structure. The fine structure of the resonance in GT
B /EC-decay of the isomer '““"Ho [11-13] was also ob-
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o | FF B+/EC-decay strength

e 1.0-1073 /

i o

S 8.0 -1074

= |

& 6.0 107

7401074
O.OVNVYVXIIVNVYVY

0 500 1000 1500 2000 2500 3000
Energy, keV
Fig. 14.  (color online) Fine structure [11-13] of the Sg(E)

for FF g*/EC-decay of deformed nuclei '°Ho
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Fig. 15.  (color online) Fine structure of the Sgz(E) for FF

B*/EC-decay of isomer %"Ho [11-13]

served (Fig. 16).

The resonant nature of S;z(E) for GT and FF trans-
itions in spherical, transitional, and deformed nuclei has
been experimentally proven. The fine structure of reson-
ances in Sg(E) has been measured (Figs. 9-—17). Strong
configuration mixing at high excitation energies and high
level densities should lead to the disappearance of reson-
ant structure in strength functions Sgz(E). Approximate
symmetry of nuclear interaction hinders mixing of some
configurations. For configurations populated by GT
B+ /EC-transitions, mixing is weaker due to partial spin-
isospin S U(4) symmetry of the interaction inside the nuc-
leus [4, 6, 11]. For FF B*/EC-transitions, resonant struc-
ture [11—13] has also been observed in the strength func-
tion S4(E) (Figs. 14 and 15). The resonant structure of the
strength function for FF B*/EC-transitions may indicate
that the interaction in the nucleus is characterized by
some partial symmetry. This means that configurations
populated by first-forbidden transitions are also distin-
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Fig. 16.  (color online) Fine structure of the Sg(E) for GT

B+/EC-decay of isomer '“"Ho (T}, =5.02 h, Q¢ = 3346 keV)
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Fig. 17. (color online) Fine structure of the Sg(E) for the GT

and FF g*/EC-decay of transitional nuclei '“%¢Ho (T}, =56
min, Qgc =5.05 MeV) [30]. a) Components of Sg(E) for
which it was possible to determine the type (GT or FF) of
B*/EC-decays; b) all observed Sg(E) components

guished by approximate quantum numbers among neigh-
boring levels of the daughter nucleus, and strong config-
uration mixing does not occur. The type of such sym-
metry corresponding to the first forbiddenness is cur-
rently an open question.

Since there is insufficient data to find the fine struc-
ture of Sg(E) at excitation energies of '**Dy above 3
MeV, Fig. 17 presents S;(E) in relative units. At an excit-
ation energy of 2.8 MeV, a resonance is observed in
Sp(E). The total absorption p-ray spectrum (TAGS)

(Fig. 7) also indicates the presence of a peak in Sz(E) in
the aforementioned excitation energy region. For some
energy regions, the intensities of FF 8*/EC-transitions are
comparable to those for Gamow-Teller transitions
(Fig. 17).

V. STRUCTURE OF THE -DECAY STRENGTH
FUNCTIONS AND DELAYED PROCESSES

The previously dominant statistical model [26] as-
sumed that there are no resonances in Sz(E) within the
Qs window, and the relations Sgz(E)=const or
Sp(E) ~p(E), where p(E) is the level density of the
daughter nucleus, were considered good approximations
for medium and, heavy nuclei at excitation energies
E >2-3 MeV. Concepts of the non-statistical structure of
strength functions Sz(E) have proven important for a
wide range of nuclear physics areas, including the de-
scription- of delayed processes taking into account the
structure of S4z(E) [1—4]. For correct analysis of beta-
delayed process probabilities Py, (Fig. 18), information is
needed on the positions, intensities, widths, and fine
structure of peaks in Sz(E) [1-6, 11].

The probability of f-delayed processes Pg,; is defined
as follows [1-6, 11, 33-42]:

Op
[ SH(E) f(Qs — EYCa(E) [Tl E)AE
0

Pﬁdz ) (21)

Op
[ S4(E) f(Qs — E)dE
0

where T,(E) is the width of the delayed process, and
I (E) is the total width. Since for calculating Pj,, the en-
ergy and relative intensities of peaks Sz(E) must be
known, theory often gives rather correct values of Ppg,.
However, when only the "tail" of an Sz(E) peak falls into
the energetically allowed region Qg, theoretical calcula-
tion gives the correct result only when the fine structure
of S4(E) is taken into account [1—4]. The most signific-
ant excitation energy region in the daughter nucleus [11]
is from Ey, to Qp, where Ey, = Ey for delayed fission, Ey
is the energy of the minimum in the second potential well
for a double-humped fission barrier, Ey, ~ B, for delayed
neutrons, B, is the neutron binding energy,
Ew =B, +E,, +q for delayed protons, B, is the proton
binding energy, E,, is the excitation energy at which the
probability of proton emission is comparable to that of y-
radiation, and ¢ ~ 1-2 MeV. Due to the influence of the
Coulomb barrier, the width of the proton emission chan-
nel will be a sharp function of the proton energy. To ob-
tain a detectable intensity of delayed protons and to re-
veal the structure of the 8*/EC-decay strength function, it
is necessary to introduce the corresponding terms E,, and
q [4, 50]. To obtain a detectable intensity of delayed al-
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Fig. 18. Scheme of delayed particle emission. B, is the bind-
ing energy of the particle emitted after the f-decay, Qg is the
total S-decay energy, T, is the width of the decay channel with
emission of a delayed particle

pha  particles, the corresponding  value s
Eg: = B, + E4, +q, where B, is the binding energy of the
a-particle in the daughter nucleus, and E,, is the energy
of the a-particle at which the probability of a-particle
emission becomes comparable to that of y-decay, and ¢
does not exceed 1-2 MeV. For the probability of delayed
fission and emission of delayed protons and alpha
particles, the structure of Sz(E) in the excitation energy
region from Ey, to Qp is very important. For the probab-
ility of delayed neutron emission, the integral quantity
Sp(E) in the region from Ey, to Qp is substantial.

]
J SH(E) f(Qs— EXT4(E)/T(E)dE

Op (22)
[ SH(E) f(Qs— E)dE
0

Naturally, for the analysis of delayed particle spectra,
the structure of Sg(E) is always important. When a peak
in Sg(E) is near Qp (Fig. 19, a) or Ey, (Fig. 19, b), in-
formation about the fine structure of Sz(E) is very im-
portant for correct calculation of Ps,. For processes of

delayed proton and alpha particle emission and delayed
fission Egs. (21,22), when the energy dependence of the
function T'y(E)/Tw(E) is stronger than that of the func-
tion f(Qp—E), Pp, increases when the peak in S4z(E) is in
the region of energies Qgc for f*/EC-decay or Qp for 5~ -
decay. In this case, statistical theory [26], assuming
Ss(E) ~p(E), where p(E) is the level density of the
daughter nucleus, may coincidentally yield that Py, val-
ues agree fairly well with experiment (Fig. 19, a) for both
statistical and non-statistical theories. Of course, for cor-
rect calculation of Pg,, non-statistical approaches taking
into account the structure of Sz(E) should be used. For
delayed neutron emission at E > B, the energy depend-
ence of the function f(Qs — E) may be stronger than that
of the function I'y(E)/T'\w(E), and Ps; will increase as the
Sp(E) peak shifts into the energy range E ~ B, (Fig. 19,
b). For GT B -decay of neutron-rich nuclei, two types of
peaks in Sz(E) are most significant. One is associated
with back spin-flip (BSF) type configurations (Fig. 2),
and the other with core polarization (CP) type configura-
tions (Fig. 2). The CP peak corresponds to the situation
shown in Fig. 19, a, and the BSF peak to the situation in
Fig. 19, b.

The spectrum of delayed particles depends on the
structure of nuclear states populated in f-decay and the
structure of states populated after the delayed process
[1-6, 11, 33-35]. Delayed particle spectra are determ-
ined both by the shape and structure of the beta-trans-
ition strength function Sz(E) and by the probability of
delayed particle emission from populated states or the ra-
tio ['4(E)/T(E). For example, GT B~ -decay of the nucle-
us '3Sb populates three-quasiparticle states in the nucle-
us '3Te. Transition to the ground state of the even-even
nucleus '**Te with emission of delayed neutrons from
three-quasiparticle states of '*Te is forbidden if the
ground state of **Te is considered as a quasiparticle va-
cuum [4]. At the same time, emission of delayed neut-
rons exciting the 2* state in '*Te is allowed, since the
structures of the ground and excited states are different.
This conclusion was experimentally confirmed: for all
states populated in S~-decay of '3Sb, neutron decay to
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Two different peak position options of the Sg(E) in (Qp — Egr) energy window. Descriptions for (a) and () are given in the
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the ground state of '**Te is forbidden by a factor of
30—40. Therefore, since the structure of initial and final
states is significant, statistical methods can be used to cal-
culate the width ratio T'y(E)/T'(E) only as an approxima-
tion [4, 6, 11]. In the study of delayed processes, it is ne-
cessary to take into account the resonant character of
Ss(E) for both GT- and FF-type p-transitions. Experi-
mental data on the resonant character of S;z(E) for FF -
transitions were obtained [11—13]. Nevertheless, the in-
fluence of the resonant character of S;z(E) for FF S-trans-
itions on the probability of delayed processes is still
poorly studied.

Delayed fission, i.e., fission of nuclei after f-decay
(Fig. 20), is a unique tool for studying fission barriers far
from the fS-stability line. However, to obtain information
about the fission barrier, one must know the shape of
S(E) [1—4]. The probability of delayed fission Eq. (27)
and Eq. (28) substantially depends on the structure of the
strength function for f-transitions. The influence of the
beta-decay strength function structure on the probability
of delayed fission was investigated for the first time in
[1-3]. Then, the method developed for describing
delayed processes taking into account the structure of
Sp(E) was used to analyze delayed fission for a wide
range of nuclei [1-6, 11, 29].

The probability of delayed fission (Fig. 20) substan-
tially depends on the resonant structure of Sz(E) for both
B~ and B*/EC-decays. Therefore, from the analysis of ex-
perimental data on delayed fission, it can be concluded
that the latter can be correctly described only using a non-
statistical f-decay strength function reflecting nuclear
structure effects [1-6].

Beta-delayed fission makes it possible to investigate
the fission barrier for nuclei far from p-stability.
However, before any information about the fission barri-
er can be extracted, the influence of low-lying structures
in the beta-decay strength function Sz(E) on the Bdf
yield must be considered.

7AN A B
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I 1I
B S S U A -
REl " Ppay
Qs — = AL -
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Y
zAN,
Fig. 20. Scheme of the S-delayed fission (Bdf). The heights

of inner (4) and outer (B) fission barriers of the daughter nuc-
leus are indicated

Delayed fission of 228U [1, 2, 4, 6, 11] occurs after
p-decay of #%2¥Pa. Calculation of Sz(E) for #*?*Pa was
performed in [1, 2, 4] within the shell model with resid-
ual GT spin-isospin interaction. Most of the f-transition
strength (Fig. 20) is concentrated in the GT giant reson-
ance located near the isobaric analogue state. At energies
7—8 MeV below the analogue state, a second peak is ob-
served, due to spin-flip and core polarization type trans-
itions. At energies about 18 MeV below the analogue
state, a peak arises from back spin-flip type transitions
(Figs. 2 and 21), which make the main contribution to the
probability of delayed fission of 362380,

Table 3 presents calculated values of Pg,, for various
assumptions about Ssz(E). Calculation of Ps,s using stat-
istical models for, Sz(E) gives Pg,y values that are 5—6
orders of magnitude larger than experimental ones in the
case of Sz~ p(E), proportional to the level density of
daughter nuclei, while for S;=const, Pg; values are
2—3 orders of magnitude larger for >*°U and **U. Thus,
for delayed fission of 2°U and #®U, the assumptions used
in statistical models, S; = const and S, ~ p(E), give Pg,r
values that significantly exceed experimental values,
whereas the use of non-statistical Sz(E), reflecting nucle-
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i 236Pa(1-)
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Fig. 21.  Sg(E) for the g~-decay of 238Pa (a), 23°Pa (b) and
the 2628y  fission barriers. B(M1,0)=11633/(T - f1) =

const-Sg(E), where B(M1,0) is in units of p(z) (pto — the nuclear
magneton), and f7 is in seconds, 7 is the isospin of the ground
state of the daughter nucleus
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Table 3.
about Sg(E)

Probabilities Pgyr of the 236U and 28U delayed-fission: experimental data and calculated values with various hypotheses

Values of Pg, for various choices of S g(E)

Nucleus Experiment
S(E) = const Sp(E) ~ p(E) Non-statistical model, Sg(E) from Fig. 21
2oy 6-1077 6-107* 10712 1079
28y 2-1073 1072 1078 1078

ar structure effects, leads to better agreement between ex-
perimental and calculated Pg,, values for 2*U. The latter
calculation predicts that Py, decreases when going from
28U to P%U, which also agrees with the data.

Delayed fission of »*"Es — 2Fm — Sdf was stud-
ied in [38]. The delayed fission probability value was
found to be Pg,r ~2-107°, and the decay scheme of »*°Fm
was studied. It was experimentally shown that delayed
fission occurs mainly after S~ -decay to a level with excit-
ation energy E = 1425 keV, i.e., manifestation of reson-
ant structure in Sg(E) was experimentally supported in
delayed fission. Calculations also predict a resonance in
S 5(E) near excitation energies E ~ 1.5 MeV [6, 11].

A rather large fraction of delayed fission is observed
[39] for  B*/EC-delayed  fission of  %Pu,
B2Am — *Pu— Bdf: Pgy~13-107. Data on delayed
fission after B*/EC-decay of *2Am were used in [39] to
find the parameters of the inner fission barrier (barrier 4
in Fig. 20) of 2?Pu. The results [39], obtained under the
assumption S z(E) = const, give Py, =1.3-1072 for an in-
ner fission barrier height E, = 5.3-MeV, which is 1—2
MeV higher than predicted by Strutinsky calculations
(Eqe =3.5-4.3 MeV [3]). In [39], it was concluded on
this basis that the "experimental" and theoretical fission
barrier values for 2?Pu do not agree with each other.
However, as shown in [3], the choice Sz = const is not
justified and does not reflect the peculiarities of 8*/EC-

decay in this specific case of the nucleus *?Am. The
structure of the strength function Sz(E) of 8*/EC-decay
of 22Am was calculated in [3] based on the idea of
Gamow—Teller charge-exchange excitations and is shown
in Fig. 22. Non-statistical effects leading to resonant
structure in' S4(E) significantly change the analysis of
P4 values. The value of the total g*/EC-decay energy,
0 =5.2 MeV, is marked by an arrow in Fig. 22 and was
obtained using the Garvey—Kelson mass formula. Also
shown in Fig. 22 is the fission barrier of ***Pu calculated
by the Strutinsky shell correction method. In calculations
of Py, the following fission barrier parameters for **Pu
were used: Ez=4.21 MeV, hw, =09 MeV, hwg=0.6
MeV, and the inner barrier height £, was varied. Under
the assumption Sz(E) = const and Pgyr = 1.3-1072, it was
found that E, = 5.3 MeV, i.e., the same result as in [39],
which is 1 —2 MeV higher than in Strutinsky calcula-
tions (Ew =3.5-4.3 MeV). However, if one uses Sgz(E)
calculated in [3, 4, 6, 11] and introduces a realistic width
(FWHM =1 MeV), then without any fitting we find that
E,=4.0 MeV corresponds to Pgr=5.0-1072, which
agrees with experiment [39] and with the Strutinsky fis-
sion barrier calculation. Consequently, based on the ana-
lysis [3, 4, 6, 11], it can be concluded that:

1. If the structure of S4(E) is properly taken into ac-
count, experimental data on delayed fission of **2Pu can
be explained.

Fig. 22.
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2. There is no basis to assert that fission barriers cal-
culated by the Strutinsky method fail to describe delayed
fission data, as was done in [39].

In the actinide region, the 8*/EC-delayed fission has
also been studied for the following processes:

240Bk N 240Cm —>ﬁdf,
244,248ES N 244’248Cf—>ﬁdf

MMd — Fm — Bdf,

234Am N 234Pu —)ﬁdf

In Fig. 22 and Table 4, we present results of calcula-
tions [3, 4, 6, 11] of S4(E), Pgasmeor> and the experiment-
al values Pgyrep for a number of nuclei. In calculating
Pgasmeor> peaks in Sz(E) were approximated by Gaussi-
ans with FWHM = 1 MeV. The ratio of the "peak" area to
the "background" under the peak was chosen to be 100.
These parameters for width and background correspond
to systematics [4, 6, 11]. In this case, inclusion of back-
ground models S-transitions of various forbiddenness de-
grees. From Table 4, we see that the calculated values of
Sp(E) and Pg,p, together with fission barriers calculated
by the Strutinsky method, lead to a description of experi-
ment. Some discrepancies are observed where experi-
mental Py, values are small (for 2°Cm and **°Cf), but by
varying the fission barrier height within acceptable limits
(no more than 0.5 MeV), agreement with experiment can
be reached.

Delayed fission of 2*Am was studied in [40]. It was
shown that Pgr=(6.6+1.8)-107°. Calculations [6, 11]
predict that S;(E) has a resonance near excitation energy
E ~ 2.5 MeV, determining the probability of delayed fis-
sion of #*Am. In this case, the experimental Py, value
corresponds to a fission barrier of 2**Pu with parameters
Ey,=47 MeV, hw,=09 MeV, Ez=42 MeV, and
hwp =0.6 MeV, which agree with values calculated by
the Strutinsky method [6, 11]. Thus, from analysis of ex-
perimental data on delayed fission in the actinide region,
it can be concluded that delayed fission can be correctly
described only using a non-statistical beta-transition
strength function reflecting nuclear structure effects [1—4,

6, 11].

Delayed fission of a number of pre-actinide nuclei
can be used as a test to verify various models used to cal-
culate Sgz(E) or fission barriers. For this, studies of 8-
delayed fission [6, 11, 42] of **Fr — ??Ra — Bdf are
very useful. The experimental estimate Ppyysex, <2-107°
for 22Ra was obtained in [43]. The experimental estim-
ate for Pguexpstrongly contradicts the theoretical value
[44] Pgafmeor = 0.3. Calculations of Py, are very sensit-
ive to parameters such as total beta-decay energy Qp, fis-
sion barrier height By, barrier curvature fiw;, and the
structure of the beta-decay strength function. The depend-
ence of Py, on barrier height and curvature hwy is partic-
ularly strong in some cases. Calculations performed in [6,
11, 42] showed that for g~-decay of 232Fr, the strength
function /Sz(E) has a maximum at excitation energy
E* ~ 5.5 MeV and can be approximated by a Gaussian of
width FWHM =1 1 MeV. If the effective one-humped
fission barrier parameter for »**Ra is chosen as hw; =1
MeV, the experimental estimate Pg,pex, <2-10~°corres-
ponds to a barrier height B;>7.7 MeV in *’Ra. The
value of Qg was chosen as in [45] (systematics):
Qs = (5.7+0.7) MeV.

Theoretical calculations [46] indicate that fission bar-
riers for ?2®Ra and **’Ra are approximately equal. Experi-
mental data on the effective one-humped barrier of ®Ra
are given in [47, 48]: By = 7.8 MeV, hw, =0.9 MeV; and
B;=(8.7+0.4) MeV. Thus, the estimate [42] B;>7.7
MeV for the barrier in >*?Ra agrees with a number of ex-
perimental and theoretical results. The value of Pg,r ob-
tained in [44] is too large, which may be related to an in-
correct choice of barrier parameters.

For nuclei far from the S-stability line, calculations of
P, can give widely differing results if the energy para-
meters [Qs, By, Sp(E)] are not known accurately enough.
Solving the inverse problem, i.e., estimating barrier para-
meters from delayed fission data, can provide valuable in-
formation [6, 11]. However, in this case, information
about the structure of the beta-transition strength func-
tion is necessary. Since the results of barrier height estim-
ates from Pg,; will strongly depend on the position and
width of Sz(E), much more effort must be applied to in-

Table 4. Experimental [3, 4, 6, 11, 29, 40] and theoretical values of the delayed-fission probabilities Pg,s for 232Pu, 244248Cf, 248Fm,
and 2°Cm. Pg4r was calculated using the non-statistical strength functions [3] of the g*/EC-decay (Fig. 22). The fission barriers were

calculated using the Strutinsky method

Nucleus Ea, MeV Eg, MeV hwa, MeV hwg, MeV 05, MeV Ppaf exp Ppafheor
232p, 4.0 42 0.9 0.6 52 1.3-10°2 5.10°2
2ud0p 53 2.8 0.9 0.6 45 5.104 4.107
248 5.7 1.8 0.9 0.6 52 3.10°3 2.10°3
48 5.7 33 0.9 0.6 2.9 <1077 2-1077
200, 52 3.7 0.9 0.6 39 10-5 9.10-7
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vestigate the details of Sz(E) both experimentally and
theoretically.

The spectrum of delayed protons [4, 33, 35] has a typ-
ical bell shape with a typical FWHM of 2 —3 MeV.
Therefore, the delayed proton spectrum allows investigat-
ing a fairly narrow energy interval in Sz(E) and obtain-
ing information about the structure of S4z(E). If this en-
ergy interval does not contain a peak of Sz(E), the shape
of the delayed proton spectrum agrees fairly well with the
statistical model. If a peak of S;(E) falls into the energy
interval determining delayed proton emission, then no
variations of parameters allow reproducing the shape of
the delayed proton spectrum for a wide range of nuclei if
the structure of Sz(E) is ignored [4, 6, 11]. The first case
is illustrated by the delayed proton spectrum for ®Se [4,
49]. Here (Fig. 23), calculation within the statistical mod-
el with S4z(E) = const reproduces the bell-shaped part of
the spectrum fairly well. Note that statistical calculations
with modeling of various fluctuations can in principle
yield "peaks" in delayed particle spectra, but they do not
allow describing regularities in intensities and positions
of peaks for different nuclei [4, 6, 11].

The latter case is most clearly illustrated by the

Ny

400 69Se
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0 |
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E,, MeV
Fig. 23. Delayed proton spectrum for the %°Se [29, 49]. The

smooth curve denotes the calculation using the statistical mod-
el with Sg(E) = const

delayed proton spectrum for '“Te [4, 50]. Here the
delayed proton spectrum can be described only by taking
into account the structure of S4z(E) (Fig. 24). Adequate
description of the resonant structure in Sg(E) allows ex-
plaining experimental data on the shape of delayed pro-
ton spectra for a great variety of nuclei [29, 33, 35].

Below (g, there exist local maxima in S4z(E) for both
GT and FF p-transitions. The fine structures of these
maxima in B*/EC-decay strength function manifest as
resonances in the delayed proton spectrum.

The study of delayed neutrons (Fig. 25) allows ob-
taining more detailed information about the structure of
Sp(E) in a wider energy window than the study of
delayed protons, since there is no Coulomb barrier. Mani-
festations of the resonant structure of Sz(E) in delayed
neutron spectra have been observed for many nuclei
[4—6, 11,29, 34]. An example of the strength function for
B~ -decay of *Rb, obtained from analysis of the delayed
neutron spectrum [4—6, 51], is shown in Fig. 25 together
with calculations of Sz(E) within different models. From
comparison of experimental and theoretical data [4—6,
511], it is seen that the delayed neutron spectrum for *>Sr
can be correctly described only by taking into account
non-statistical effects in S4(E).

In some studies, data are given only on the probabilit-
ies of delayed neutron emission P,, i.e., the probability of
delayed neutron emission per act of 8~-decay Eq. (22),
where I', =T’y and I, /T, is the ratio of neutron width to
total width for decay of a level with excitation energy E.
P, values vary from fractions of a percent to tens of per-
cent [4—6, 11, 29, 34] and are sensitive to the shape of
Sp(E). Only by considering the structure of Sz(E) can
one describe P, for a wide range of nuclei [4—-6, 11, 52].
However, it is not always possible to achieve close agree-
ment between theoretical and experimental P, values and
spectral characteristics of delayed neutrons. This is re-
lated to the fact that one should use Sz(E) with realistic
peak widths, while reliable calculation of widths is quite
problematic. Additionally, statistical approaches are ap-
plied to calculate T, and T, which is a kind of approx-
imation [4, 6, 11].

Another remark, general for calculations of delayed
process characteristics, is that the reliability of calcula-
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Fig. 24. Delayed proton spectrum [4, 29, 50] for the '®Te decay (a) and S4(E) obtained from it (b)
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Fig. 25.  Sp(E) for the g~-decay of *>Rb to *Sr: experiment-
al data from analysis of the delayed neutron spectra and theor-
etical calculations. The heavy solid line denotes Sz(E) calcu-
lated using the microscopic model including the Gamow—Tell-
er residual interaction, histogram Sg(E) is obtained by pro-
cessing the delayed neutron spectrum of *Sr, the thin solid
line represents the calculation using the statistical model
Sg~p(E), and the dashed line is the calculation using the
gross theory

tions is rather low if the parameters determining the ener-
getics of the delayed process (Qs, B., etc.) are poorly
known. This adverse effect on calculations is. especially
strong when Sgz(E) has peaks close to Qs or B,. There-
fore, one should be cautious with predictions of delayed
process characteristics in the region of nuclei far from the
[-stability line [4, 6, 11].

For analyzing the probability of beta-delayed fission,
emission of beta-delayed protons, and beta-delayed alpha
particles, the energy dependence of S4(E) is very signi-
ficant in the window (Qs— Ey,). For beta-delayed neut-
rons, generally only the integral quantity of beta-strength
in (Qs—Ew) is important. Of course, for analyzing
delayed particle spectra, the energy dependence of S4(E)
is significant in all cases.

In p-decay, simple (non-statistical) configurations are
populated, and, as a consequence, non-statistical effects
can be observed in the y-decay of such configurations. In
analyzing delayed processes, y-decay widths I, are calcu-
lated using the statistical model, which, generally speak-
ing, can only be an approximation. Since information
about y-decay is very important for analyzing delayed
processes, it is necessary to account for the influence of
non-statistical effects on the probability of delayed pro-
cesses not only for f-decay but also for y-decay. Strong
non-statistical effects have been observed for both M1-
and E2 y-transitions in nuclear (p,y) reactions [6, 53] for
y-decay of non-analogue resonances.

However, since the resonance wave function can also
contain an admixture of a statistical component [6, 53],
this admixture leads to statistical fluctuations in the distri-
bution of values of the E2/M1 multipole mixing ratio J
(Fig. 26). From the magnitude of these fluctuations, one
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04 F 'i" %,
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°
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21 2.5 2.9
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Fig. 26. O2Ni / (p,y)®Cu reaction, E,=1943-3175 keV,
Eres = 8040-9250 keV. Dependence of the E2/M1 multipole
mixture J (experimental data) for the y-decay of 3/2~ nonana-
log resonances to the g.s. (3/27) of %3Cu on the proton ener-
gies. The experimental average value of J is (6)=0.6+0.1,
while the statistical model gives (6) =0

can estimate the fraction of the non-statistical component
in the resonance wave function. It turned out that for the
considered y-decays of non-analogue resonances with
fixed spin-parity values I =3/2" in ¥:618Cuy, the frac-
tion of the non-statistical component in the resonance
wave function is about several tens of percent (from 20%
to 50% [6, 53]).

Experimental data are presented (Figs. 26 and 27) that
clearly indicate manifestation of non-statistical effects in
the y-decay of non-analogue resonances of the compound
nucleus in reactions with protons [6, 53]. Non-statistical
effects are associated with elementary modes of nuclear
excitations, e.g., proton particle and neutron hole coupled
to spin 17, similar to GT S-decay. At the same time, res-
onances excited in reactions with neutrons are generally
well described by the statistical model. Such a difference
between properties of neutron and proton resonances may
be related to the existence and structure of neutron ex-
cess in target nuclei [6, 53].

For correct calculations of probabilities of beta-
delayed processes Pg,, information and systematics are
needed both on the structure of Sz(E) and on the values
of T',. Only after proper accounting of non-statistical ef-
fects for both f-decay and y-decay can quantitative con-
clusions about delayed processes be made.

VI. SOME FEATURES OF THE p-DECAY
STRENGTH FUNCTION STRUCTURE IN
HALO NUCLEI
In general, the term "halo" is used when the halo nuc-

leon(s) spend at least 50% of the time outside the poten-
tial core region, i.e., in the classically forbidden region
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Fig. 27. Distribution of the E2/M1 multipole mixture J for

the y-decay of 3/2” nonanalog resonances to the g.s.(3/27) of
03Cu. %2Ni (p,y)*Cu reaction. The distribution of experiment-
al values of ¢ is radically different from the statistical model
(Cauchy distribution). Statistical model (dotted line) gives
(6) =0, experiment can be described by the normal distribu-
tion with () = 0.6. E, =1943-3175 keV, Eies = 8040-9250 keV
[53]

[54—59]. Necessary conditions for halo formation are:
small binding energy of the valence particle(s), small rel-
ative angular momentum L =0,1 for two-particle or hy-
per-momentum K =0,1 for three-particle halo systems,
and not too high level density (weak mixing with non-
halo states). The Coulomb barrier can suppress proton
halo formation at Z > 10. Neutron and proton halos have
been observed in several nuclei [54—57]. In Borromean
systems (Borromean halo), two-particle correlations are
too weak to bind any pair of particles, while three-particle
correlations are responsible for binding the system as a
whole. In states where there is one and only one bound
subsystem, the bound particles move in phase and were
therefore called "tango-halo" [16—18, 20].

When the parent nuclear state has a structure of a
two-neutron Borromean halo, the isobaric analogue res-
onance and configuration states can simultaneously have
nn and np components of a Borromean halo in their wave
functions [19, 20]. After M1 p-decay of an IAR with
npnp Borromean halo structure or GT B~ -decay of parent
nuclei with nn Borromean halo structure, states with np
tango-type halo structure or mixed structure of type np
tango halo +nn Borromean halo can be populated
[20—22]. Resonances in the GT beta-decay strength func-
tion Sgz(E) of halo nuclei can have an np tango-halo
structure or a mixed structure np tango halo +nn Bor-
romean halo.

The two neutrons forming an nn halo in the ground
state (g.s.) of °He occupy the 1p orbit (configuration p;
with 7% admixture of p;, configuration). The remaining
two neutrons and two protons occupy the ls orbit. The
operator T_ lowers the isospin projection by one unit
without changing the isospin magnitude. Therefore, ac-

tion of the operator 7_ on the ground state wave function
of the nucleus ®He (T = 1, T. = 1) leads to formation of an
analogue state with a configuration corresponding to a np
halo [60]. This IAR is in the nucleus °Li (7 = 1, T. = 0) at
an excitation energy of 3.56 MeV. The width of this state
is ' =8.2 eV, corresponding to a half-life 7, =6-10""
s. Theoretical and experimental data indicate that this
IAR state has an np halo [17, 60—62]. Formation of con-
figuration states is forbidden by the Pauli principle. The
isobaric analogue state (IAS) of the g.s. of ®*He (an nn
Borromean halo nucleus), i.e., the I = 0* state of °Li with
energy 3.56 MeV, has a Borromean-type np halo struc-
ture [17, 18, 60].

In general [63], the IAS (Figs. 28 and 29) is a coher-
ent superposition ‘of neutron hole — proton particle type
excitations coupled to angular momentum J =0%. The
IAS —has isospin T=T,+1= (N-Z)/2+1, where
T, =(N-2Z)/2 is the isospin projection. The isospin of the
gs. 18 T=T,=(N—-Z)/2. When the TAS energy corres-
ponds to the continuum, the IAS can be observed as a res-
onance. Configuration states (CS) are not a coherent su-
perposition  of such  excitations and  have
T=T,=(N-2)/2. One of the most studied CS is the
anti-isobaric analogue state (AIAS) (Fig. 30). Formation
of CS can be limited by the Pauli principle. The double
isobaric analogue state (DIAS) has isospin 7 =T, +2 and
is formed (Figs. 28 and 31) as a coherent superposition of
two neutron holes — two protons type excitations coupled
to angular momentum J = 0*.

For Fermi B -transitions, significant configurations
include states formed from the g.s. of the parent nucleus
by the action of the nuclear isospin ladder operator T_:

DIAS
7 T: T0+1
/
/
/
// AE.— 6
/
IAS"  / ‘
T=Ty+l— - L.
/
/ IS p_ g,
/S AE.-§ 2 ‘ :
/ /
/ /
/ /
—_— l ______ // AE,— ¢
_ / l
/
_
e i
7-14N+1 7AN 741481
T: TZ:TO+1 T:TZ: T—TZ:Tofl

—(N-2)/2=T,
Fig. 28. Diagram of isobar-analog (analog) and double
isobar-analog (double analog) states, where ¢ is the difference
of the proton and neutron masses and AE, is the Coulomb en-
ergy of the added proton
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Fig. 29.
the application of the operator 7- to the wave function for the
parent nn halo nucleus [17, 18, 60]. Closed circles above the
respective squares represent neutrons and protons of the nn

Structure of the IAS wave function obtained upon

and pn halos, while an open circle within the square denotes
neutron holes. Rectangles stand for the states occupied by pro-
tons and neutrons, respectively

_..... ........ .O .
-
(CS): | AIAS )= -
p n p n
Fig. 30. Structure of the AIAS wave function. The notation

for neutrons, protons, and neutron holes in the anti-analog
state is identical to that in Fig. 29. In the case where the par-
ent nucleus has an » halo, AIAS wave function involves com-
ponents corresponding to the p and » halos [16-22]

T_=Xa;.(p)-a;-(n) =X7(0)-. (23)

T_ is the operator for transformation of the neutron to
the proton without a change in the function of the state in
which the particle is. The f-decay strength of the Fermi-
type fS-transitions is concentrated in the IAS region. The
wave function for IAS and CS [16-22] involves both
configurations corresponding to the proton—neutron Bor-
romean halo (np halo) and two-neutron Borromean halo
(nn halo).

For the GT B~ -transitions, essential states include the
configurations made up of the g.s. of parent nucleus by
the action of the Gamow—Teller operator [18, 20-22] Y_:

Y_ =27@)_o(), (24)
where 7(i)_o (i) is a spin—isospin operator. Acting on the
ground state of parent nuclei by the operator Y_ results in
formation of configurations of proton particle (7p)—neut-
ron hole (vh) coupled to a spin-parity I” = 1*. These are
[4, 6, 11, 20-22] the so-called (Figs. 2, 32-34) core po-
larization, back spin flip and spin flip configurations.
Coherent superposition [4, 6, 11] of CP, BSF and SF
configurations forms the GTR. Non-coherent superposi-
tion forms so-called satellite (or pigmy) resonances in
Ss(E) at excitation energy £ lower than the energy of the
GTR. Since after action of Y_ operator on nn Borromean
halo state with /* =0* the np tango halo configurations
with I* = 1* are formed (Figs. 32-34), the GT and pigmy

oo -0 P S -
P @
o bl O R
P n » n P n

Fig. 31.  Structure of the DIAS wave function for halo nuc-
lei can be obtained after application of the operator T_-T- to
the wave function for the parent nn halo nucleus. The DIAS
wave function will contain the pp, pn, and nn halo configura-
tions [16-22]. The notation for neutrons and protons in the
parent nucleus and for neutron holes in the DIAS is identical
to that in Fig. 29

resonances in Sz(E) will have components correspond-
ing to np tango halo [20-22]. When neutron excess is
high enough, the, SF, CP and BSF configurations may
simultaneously contain both nn Borromean halo compon-
ent and np tango halo component and form (Figs. 32—-34)
the so-called mixed halo [16, 20-22].

Since the operators of GT f-decay and M1 y-decay do
not have spatial components (the radial factor in the MA
y-transition operator is proportional to r*!), GT S-trans-
itions and M1 y-transitions between states with similar
spatial shapes are enhanced. When the ground state does
not exhibit halo structure, but an excited state may have
it, isomer formation (halo-isomers) can occur [18].

The IAS in °Li has a Borromean structure because the
n—p subsystem is coupled to angular momentum J = 0%,
i.e., unbound, whereas the n—p subsystem for the ground
state of °Li is coupled to angular momentum J = 1%, i.e.,
bound. According to halo classification, such a structure
of the ground state of °Li corresponds to a tango-halo.
Since the IAS in °Li has a Borromean structure, M1 y-de-
cay of the IAS would be hindered [18, 20—22] if the
ground state of °Li did not have a halo structure (Fig. 35).

The ft value for GT f-decay of the parent nucleus
(°He in the g.s.) and the reduced probability B(M1,0) for
y-decay of the isobaric analogue state (°Li, E = 3562 keV)
are related [20—22, 63] by the Eq. (25).

ft=11633/[Ty- B(M1,0)], (25)
where T is the isospin of the isobaric analogue state, ft
is expressed in seconds, and B(M1,0) is expressed in
units of nuclear magnetons (up)*, for M1 y-transitions
Wau. = 1.79(up)*>. As a result, it turned out that
B(M1,0) =8.2 W.u. This means that the M1 y-decay of
the isobaric analogue state in °Li is enhanced. From the
experimental value [29] #,,= (806.7+1.5) ms, log
ft=2.9059 and using Egs. (10-13), we determine that
B(GT) = (7.63+0.07)g} /4n for the GT B~ -decay of He (=
(Ikeda sum rule) = 6(gacy)?/4n), i.e., the B~ -decay is also
strongly enhanced. These experimental facts support the
hypothesis that the ground state of the nucleus °Li has a
tango-halo structure [20—22].
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Fig. 32.  Structure of the CP states in halo nuclei. Proton

particle-neutron hole coupled to form the spin-parity I =1*
and to form: @) nn Borromean halo component; b) np tango
halo component
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Fig. 33.  Structure of the BSF states in halo nuclei. Proton

particle—neutron hole coupled to form the spin-parity I =1*
and to form: @) nn Borromean halo component; b) np tango
halo component

For nuclei with [N —Z| > 0, the maximum excitation
energy corresponds to the main resonance in Sz(E) (Figs.
2 and 36). Other, weaker resonances (pygmy resonances)
have lower excitation energies. This type of Sz(E) occurs
for '"Be. Since the GT strength B(GT) for the resonance
at energy 18.19 MeV (B(GT) = 21.8(gy)?/4n, Fig. 36) has
a large value, we conclude that this resonance (E = 18.19
MeV) in '"Be corresponds to the GTR. For ''Be we have
[29] Eiar =21.16 MeV, i.e., Egrr < Epar. GT-type reson-
ances were not observed in ''Be at excitation energies
above Q;. The total strength of all observed p-decay
transitions of ''Li is quite large according to the Ikeda
sum rule. For nuclei with [N —Z| > 0, theory predicts the
maximum excitation energy for the main resonance
(GTR) [4, 6, 11] in Sx(E). If any additional GT-type res-
onance existed at excitation energy above 18.19 MeV, it
would have, since |N —Z| > 0, comparable strength to the
18.19 MeV resonance. In such a situation, we would ob-
tain an additional large GT strength and a very strong
modification of g, in contradiction with systematics

. -0
J< - .
+ T
I=0
—@ %
N
Y.) > I=1+t
n .
R J-e
oo J<
a
b
D n
Fig. 34.  Structure of the SF states in halo nuclei. Proton

particle-neutron hole coupled to form the spin-parity 77 = 1*
and to form: @) nn Borromean halo component; b) np tango
halo component

T=1 IAS
3562.88 keV

ot

M1

L% logft
100 2.9059

1+

T =0 6Li
SHe f-decay and M1 y-decay of corresponding IAS

Fig. 35.

[25]. We neglected the possible contribution of experi-
mentally unobserved GT strength at energy above 18.19
MeV in '"Be to the Ikeda sum rule. Comparing the exper-
imental value [20—22, 29] of the total sum B(GT) with
the Ikeda sum rule Eqs. (10-—13), we obtained [20—22]
that (gerr/gv)? = 1.5+0.2 for ''Li.

For nuclei with N ~ Z (°Li), the structure of § s(E) can
have the opposite type, i.e., the minimum [20—22, 64—66]
excitation energy corresponds to the main resonance in
S4(E). This type of Sgz(E) occurs (Fig. 37) for f~-decay
of ®He — °Li. Only one additional resonance I* = 1* with
excitation energy 5.65 MeV was observed in °Li [29].
The value B(GT) for this resonance was not measured.
Theoretical estimation [24] gives a small B(GT) for the
5.65 MeV resonance, and we neglected its contribution to
the Tkeda sum rule. Comparing the experimental value
B(GT) = (7.63 +0.07) g3 /4n with the Tkeda sum rule (Egs.
(10-13)) £ B(GT) = 6(gucrr)? /47, we obtained [20-22] that
(gaerr/gv)* = 1.272+0.010 for “He.

For the free nucleon value

[25], the
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Fig. 36. Structure of the Sg(E) for ''Li GT g~ -decay to !'Be

in (gy)?/4n units [20-22]

8
B(GT) = 7.63(g,)%/4n
¥ (Ikeda sum rule) = 6( gAm)z/ 4r
§ 6 = ('chff/gV)2 =1.27, gAcff/gV =-L13
E in SU(4) limit g, /g, = —1
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Fig. 37.  Structure of the Sg(E) for ®°He GT) g~-decay to SLi

in (gv)?/4n units [20-22]

gatee/gv = —1.2723(23). Renormalization of g,, arising
from nuclear model effects, depends on the chosen theor-
etical scheme for describing the many-particle wave func-
tions involved in weak processes. That is why effective
values g can vary from one nuclear model to another.
The origin of the quenching of the g, magnitude is not
fully known [25], and various mechanisms for its origin
have been proposed, including tensor effects, admixture
of A-isobars to the nuclear wave function, relativistic cor-
rections to the Gamow-Teller operator, etc., but a clean
separation of these aspects is difficult. Also, experiment-
al methods for determining the quenching factor can have
significant uncertainties in many cases. One model-inde-
pendent method for determining g4 1S comparing the
experimental total GT beta-decay strength with the Ikeda
sum rule. To apply this method, it is necessary to have the
total GT strength within the energy window allowed for
fS-decay. Such a situation may be realized for S-decay of
halo nuclei ("'Li, “He) or for very neutron-rich nuclei
where EGTR < Ezr.

In the case of exact Wigner spin—isospin S U(4) sym-

metry, the energies of IAR and GTR are degenerate, and
we can expect that Ejzg = Egrr. In experimental and the-
oretical analysis of GTR data, a tendency of convergence
of GTR and IAR energies (Fig. 38) with increasing
(N—-2Z)/A has been noticed [4, 6, 11, 20—22]. This fact
may be interpreted as an approximate realization of
SU(4) symmetry in a certain nuclear region, namely for
nuclei with large (N—Z)/A, where spin—isospin S U(4)
symmetry determines nuclear properties (the SU(4) re-
gion). From a simple estimate (Fig. 38), it follows that the
value Z/N ~ 0.6 corresponds to the S U(4) region [20—22,
67]. An interesting  feature shown in Fig. 37 is that the
GTR energy is lower than the IAR energy for very neut-
ron-rich nuclei. There is a more complex dependence of
Egrr —Ear o0 (N —Z)/A than linear, for nuclei far from
the fS-stability line. The shell model [68, 69] also predicts
that the GTR ‘energy can be lower than the IAR energy,
i.e., Egtr — Elar <0 for very neutron-rich nuclei. Thus, it
is interesting to measure in more detail the evolution of
Egrr - E1ar for neutron-rich nuclei far from the f-stabil-
ity line.

8 -
>
g
=
LT Z/N ~ 0.6, SU(4) region?
o~
= 0 L 1 1
O
S 04 (N—2)/A
A
—4+
Fig. 38. The difference Egrr — Eiar (circles) as a function of

the neutron excess [4, 6, 11, 20-22]. Data for !'Li (triangle)
and °He (square) 8~ -decays were added [20-22]

VII. CONCLUSIONS

Modern advances in experimental techniques allow
using nuclear spectroscopy methods with high energy res-
olution to investigate the fine structure of Sgz(E). High-
resolution nuclear spectroscopy techniques, like TAGS
techniques, provide convincing evidence of the resonant
structure of S4z(E) for GT p-transitions in both spherical
and deformed nuclei. With these techniques, it became
possible to experimentally demonstrate the resonant
nature of Sgz(E) for FF p-transitions and to reveal the
splitting of the peak in the strength function for GT
B*/EC-decay of deformed nuclei into two components.
This splitting indicates anisotropy in oscillations of the
isovector density component p..;,.;. High-resolution
nuclear spectroscopy techniques in combination with
TAGS techniques allow effectively identifying incom-
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pleteness of nuclear decay schemes. They also allow find-
ing regions of nuclear excitation energies where the in-
tensity of FF B*/EC-transitions is comparable to or even
higher than that of GT B*/EC-transitions.

After GT B~ -decay of a parent state with an nn Bor-
romean halo structure or after M1 y-decay of an IAR with
an np Borromean halo structure, states with an np tango-
halo structure or a mixed structure np tango halo +nn
Borromean halo can be populated. Resonances in the GT
beta-decay strength function Sz(E) of halo nuclei can
have an np tango-halo structure or a mixed structure np
tango halo +nn Borromean halo. Correct interpretation of
halo structure is important in experiments studying - and
y-decay and in analysis of charge-exchange nuclear reac-
tions. Halo with different structure can be observed for
excited states and resonances in both neutron-rich and
proton-rich nuclei. Difference in halo structure for ex-
cited states of nuclei (or excited and ground states) can
lead to formation of halo-isomers.

It now seems important to develop theoretical models
and methods for calculating S z(E) with more detailed ac-
counting for deformation of atomic nuclei. Obtaining ex-
perimental data on the structure of strength functions for
both GT and FF p-transitions in spherical and deformed
nuclei is important for further improvement of theoretic-
al approaches to calculating S4(E).

Analysis of the full set of experimental and theoretic-
al results presented in this review unambiguously shows

that non-statistical effects associated with elementary
modes of nuclear excitations are present in nuclei. Only
by taking into account non-statistical effects is it possible
to correctly describe a large number of processes occur-
ring in nuclei and nuclear reactions. It is expected that
non-statistical effects will manifest more strongly in nuc-
lei far from the f-stability line, especially in the region of
Wigner spin—isospin S U(4) symmetry.

Maxima in the beta-decay strength function (GTR and
its satellites, resonances for FF fS-transitions) are a partic-
ular case of manifestation of the structure of charge-ex-
change excitations. The GTR and its satellites can mani-
fest in beta-decay of atomic nuclei, in direct charge-ex-
change nuclear reactions, in charge pick-up reactions, and
in reactions with the formation of compound nuclei [4,
53, 70-73].

It is of significant interest to conduct experimental
and theoretical investigations of charge-exchange excita-
tions of various types and manifestations of coherent ef-
fects ‘associated with the resonant structure of both
charge-exchange [72] and charge pick-up [73] reson-
ances. Also very attractive is investigating excitation of
the GTR and its satellites in reactions with heavy ions.
Therefore, one can hope for qualitatively new facts and
ideas about nuclear structure and nuclear reactions, as is
usually the case when new experimental capabilities ap-
pear and new phenomena are investigated.
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