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a b s t r a c t

Gamow–Teller (GT) transitions are the most common weak interaction processes of spin–
isospin (στ ) type in atomic nuclei. They are of interest not only in nuclear physics but also
in astrophysics; they play an important role in supernovae explosions and nucleosynthe-
sis. The direct study of weak decay processes, however, gives relatively limited information
about GT transitions and the states excited via GT transitions (GT states); β decay can only
access states at excitation energies lower than the decayQ -value, and neutrino-induced re-
actions have very small cross-sections. However, one should note that β decay has a direct
access to the absolute GT transition strengths B(GT) from a study of half-lives, Qβ-values
and branching ratios. They also provide information on GT transitions in nuclei far-from-
stability. Studies of M1 γ transitions provide similar information. In contrast, the comple-
mentary charge-exchange (CE) reactions, such as the (p, n) or (3He, t) reactions at interme-
diate beamenergies and 0°, can selectively excite GT states up to high excitation energies in
the final nucleus. It has been found empirically that there is a close proportionality between
the cross-sections at 0° and the transition strengths B(GT) in these CE reactions. Therefore,
CE reactions are useful tools to study the relative values of B(GT) strengths up to high ex-
citation energies. In recent (3He, t) measurements, one order-of-magnitude improvement
in the energy resolution has been achieved. This has made it possible to make one-to-one
comparisons of GT transitions studied in CE reactions and β decays. Thus GT strengths in
(3He, t) reactions can be normalised by the β-decay values. In addition, comparisons with
closely related M1 transitions studied in γ decay or electron inelastic scattering [(e, e′)],
and furthermore with ‘‘spin’’ M1 transitions that can be studied by proton inelastic scat-
tering [(p, p′)] have now been made possible. In these comparisons, the isospin quantum
number T and associated symmetry structure in the same mass A nuclei (isobars) play a
key role. Isospin symmetry can extend our scope even to the structures of unstable nuclei
that are far from reach at present unstable beam factories.
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1. Introduction

We shall be concerned here with spin–isospin excitations in atomic nuclei, in particular those probed with the Strong,
Weak and Electro-magnetic (EM) interactions. In weak interactions in nuclear physics, such excitations are dominated by
transitions with 1L = 0 and 1S = 1 (1S = ±1 or 0), and accordingly our discussions will be largely confined to
Gamow–Teller (GT) transitions and also M1 transitions that are analogous to them. The transitions are governed by the
relatively simple isovector (IV) στ operator. It reflects the uniqueness of nuclei that they can be described as a quantum
many-body system of two types of Fermion with ‘‘spin and isospin’’ degrees of freedom.

The main features of GT transitions can be summarised as follows:

(1) They start from a nucleus with Z and N and lead to states in a neighbouring nucleus with Z ± 1 and N ∓ 1. Thus the
β+-type GT transitions have the nature of 1Tz = +1 and the β−-type GT transitions 1Tz = −1, where Tz is defined by
(N − Z)/2. As a result, they are of IV nature with 1T = 1 (1T = ±1 or 0). Since GT transitions involve 1S = 1 and
1L = 0, they also have 1Jπ = 1+ (1J = ±1 or 0 and no parity change).

(2) They can be studied either in β decay (Weak Interaction) or in Charge-Exchange (Strong Interaction) reactions.
(3) Since the στ operator has no spatial component, transitions between states with similar spatial shapes are favoured.
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(4) In a simple, independent particle picture where the individual nucleons are in an orbit with orbital angular momentum
ℓ and spin s, a GT transition connects initial and final states with the same ℓ. Therefore, the transitions are among the
same j orbits or the spin–orbit partners, i.e., the j> (=ℓ + 1/2) and the j< (=ℓ − 1/2) orbits. The j> ↔ j< transition
and the transitions between the same orbits (i.e., j> ↔ j> and j< ↔ j<) are separated, in first order, by 3–6 MeV, the
separation in energy of the spin–orbit partners.

(5) In contrast to the Fermi transitions, where only the Tz is changed by the τ operator and hence only a single state (the
so-called Isobaric Analogue State) is populated in the final nucleus, GT transitions involve both the σ and the τ operators
and a variety of different states can be populated. As a result one can extract more information about nuclear structure
in the final nucleus.

(6) Besides the information on nuclear structure, GT transitions are also important in terms of our understanding of many
processes in nuclear astrophysics.

Experimental results relevant to these featureswill be presented in this paper and descriptions of items (1)–(5) can be found,
for example, in [1,2] and item (6) is discussed in [3].

In the study of GT transitions we are especially interested in the quantity B(GT) which is proportional to the square of
the GT matrix element. The details will be discussed in Section 3. This is because, on the one hand, it can be calculated if we
have a good theoretical description of both the initial and final states and, on the other hand, because it can be extracted
from measurement. In β decay there exists a simple relationship between the inverse of the (partial) decay half-life 1/T1/2
and the reduced transition strength B(GT). In addition, the coefficient of proportionality has been well studied. Therefore,
the absolute GT transition strengths, i.e., absolute values of B(GT), can be derived directly from β-decay studies. However
the study of β decay is limited because of the Q -value. (In this article we will denote the difference in the atomic masses of
the parent and daughter nuclei by Q -value or Qβ-value. Only in figures will QEC be used where it is necessary.) The Q -value
varies from less than oneMeV close to the stability line to about 12MeVwhen we go far from stability (in some exceptional
cases such as in very neutron-rich light nuclei, cases with 20 MeV Q -values also occur). The other limitation is that, in most
cases, nuclei undergo either β+ or β− decay but not both.

Charge-Exchange (CE) reactions that make transitions in the β− direction, such as the (p, n), (3He, t) and (6Li, 6He)
reactions and also in the β+ direction, such as the (n, p), (d, 2He), (t, 3He) and (7Li, 7Be) reactions, performed at 0° (i.e., at
small momentum transfer q) and intermediate incoming beam energies (100 < Ein < 500 MeV/nucleon) are good tools
to study the στ response of nuclei [1,4–9] and they have features complementary to β decay. They allow access to higher
excitation energies in the final nucleus. In addition it has been found that there exists a close proportionality between the
0-degree differential cross-section and the B(GT) values [10]. Therefore, CE reactions are useful tools to study the relative
values of B(GT) strengths up to excitation energies of more than 20 MeV. In deriving the absolute values, reliable reference
B(GT) values from β-decay studies are important. The GT transitions studied by β−-type ((p, n)-type) CE reactions can be
related to those studied in β+ decays through the isospin symmetry in the nuclear structure. Therefore, our discussion is
mainly on the (p, n)-type (3He, t) reaction, in which high energy resolution can be achieved. The β+-type [(n, p)-type] CE
reactions are discussed in Sections 5 and 12.

In order to combine the information fromβ decay and the CE reaction,we canmake use of the isospin symmetry structure
in nuclei and the associated equal strengths of isospin analogous transitions [11,12], i.e., the corresponding transitions
between isospin analogous states. As a result, the absolute values of GT transition strength can be reliably obtained up
to high excitation. As the reader will see in Section 7, the GT strengths for neutron-deficient nuclei in the sd- and pf -shell
region can be deduced from such combined studies. These GT transitions are thought to play an important role in various
processes of astrophysical importance [3].

The proton inelastic scattering (IE) (p, p′) reactions performed at small scattering angles, especially at 0° and intermediate
incoming beam energies are also a good tool to study the στ response of nuclei [13–17]. The transitions caused by the στ
operator or the σ operator in the (p, p′) reaction are usually called M1 transitions in analogy with the M1 transitions in
γ decay due to their 1Jπ = 1+ nature. However, in order to specify the spin oriented nature of these M1 transitions
in the (p, p′) reaction, we call them here the spin M1 transitions and they are denoted by M1σ . The M1σ transitions and
GT transitions in isobars can be analogous, but the isospin geometrical factors (isospin Clebsch–Gordan (CG) coefficients)
associated with them are different depending on the isospin values T of the final analogue states. This allows the T value of
a pair of excited analogue states to be deduced from experiment (Section 8).

The M1 transitions in γ decay or electron IE reactions ((e, e′) reaction) [18–20], caused by the electro-magnetic (EM)
interaction, also involve 1Jπ = 1+. However, the M1 operator (M1EM operator) causing these transitions involves not
just the στ component, but other components including the ℓτ component, where ℓ is the orbital operator. Hence, by
comparing the strengths of theseM1 transitions with the strengths of analogous GT orM1σ transitions, the interference of
the στ component with the other components in the M1 operator can be studied. This provides additional information on
the structure of excited states (Section 9).

Comparing the properties of analogous transitions studied with different probes involving the Strong, Weak and EM
interactions as the means of exciting analogue states, it is important that the data from the different probes should be of
high and similar quality. In particular, it is important that they should have comparable energy resolution, since one wants
to ensure that one is exciting the same states. In the (3He, t), CE reaction, resolutions of 25–50 keV can now be obtained [21].
This is an improvement of one order of magnitude in resolution compared with that in the pioneering (p, n) reaction
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studies [4]. This ensures a one-to-one correspondence with the transitions that can be seen in a comparison with β decay,
the (p, p′) reaction or γ decay. In β-decay studies, difficulties related with the systematic error due to the ‘‘Pandemonium’’
effect have been solved by using Total Absorption Spectroscopy (Section 4.3).

The rapid development of radioactive beam factories means that beams of nuclei far from stability will soon be available
with much higher production rates. In the short to medium term this will allowmuchmore precise studies of a wider range
of β-unstable nuclei. It will also eventually allow better CE reaction studies on unstable nuclei and open up studies of GT
transitions over a large part of the nuclear chart.

2. Isospin structure relevant to Gamow–Teller andM1 transitions

The connection between GT, spin M1 (M1σ ) and M1 (M1EM) transitions is discussed best and naturally in terms of
‘‘isospin’’. The τ operator involved in these transitions can connect a state having an isospin quantum number T with states
of isospin T −1, T and T +1. In this section, we introduce the concepts of isospin, isobaric analogous states (analogue states)
and also isobaric analogous transitions (analogous transitions). We will outline how our observations on GT, spin M1 and
M1 transitions can be understood in terms of isospin and analogous transitions.

It should be noted that a similar discussion on the analogue states and analogous transitions is valid for any transitions
caused by an operator that involves τ , such as the rY1τ operator for the IV E1 transitions.

2.1. Isospin and analogous transitions in nuclei

In the simplest view of a nucleus, it consists of Z protons andN neutrons. Although neutrons and protons are independent
fermions, they have almost the same mass and behave in the same way in purely nuclear interactions. The concept of
the isospin quantum number T is based on this observation of the charge independence of the nuclear interaction. The
z component of the isospin, Tz , is defined as (N − Z)/2. In a nucleus characterised by Z and N , this means that the minimum
value of T that any state can have is T = |Tz |. If T is a good quantum number then mirror nuclei, in which the numbers of
protons Z and neutrons N are interchanged, should have the same structure. Corresponding states in such a mirror pair are
said to be isobaric analogue states or, more simply, analogue states. The abbreviation ‘‘IAS’’ is often used. In this article, we
will use ‘‘IAS’’ to indicate the ‘‘analogue state of the ground state (g.s) of the initial nucleus’’ in the final nucleus.

Wemay now extend this idea to a series of isobars, nuclei with the samemass A and hence different Tz , where we expect
to see states of the same structure and T (note that T ≥ |Tz |). Transitions connecting corresponding analogue states are
called analogous transitions and have corresponding strengths (for the detail, see e.g. [2,12]). Our main concern in this work
is with GT andM1 transitions. Here we call the states excited by the β±-decay type (charge-exchange type) στ±1 operator,
which changes Tz by one unit, by the name ‘‘GT states’’ instead of identifying them as ‘‘the state excited by the GT transition’’,
and the states excited by the inelastic type στ0 operator or σ operator by the name ‘‘M1 states’’. Various GT transitions in
isobars can be analogous, and various GT andM1 transitions can also be analogous. They are expected to have corresponding
strengths. In addition, GT states and M1 states can be analogue states. We will discuss several such cases in detail in this
article.

In reality, the proton has charge while the neutron does not. Therefore, as far as the EM interaction is concerned, isospin
is not a good quantum number. As a result there will be differences in structure between analogue states. In mirror nuclei
with ±Tz , it is expected that the differences will increase with the absolute value of Tz .

2.2. Isospin structure and GT and spin M1 transitions in T = 0 nuclei

The g.s of an even Z , even N nucleus (even–even nucleus) with N = Z , such as 12C, 24Mg or 28Si, has Jπ = 0+ and
T0 = |Tz | = 0. By applying the στ or σ operator to the g.s, Jπ = 1+ states are excited.

The GT states with T = 1 in the neighbouring Tz = ±1 nuclei are excited by the (n, p)- and (p, n)-type CE reactions,
respectively, (see Fig. 1). The active operator is the στ interaction. On the other hand, in IE reactions, such as (p, p′) or (e, e′)
reactions,M1, 1+ states can be excited either by the isoscalar or isovector operator, because the isospin of the g.s is T0 = 0.
In the hadron IE reaction (p, p′), the M1 states with T = 1 are exclusively excited by the IV-type στ operator, while those
with T = 0 are excited by the isoscalar (IS)-type σ operator. Thus, they can be called the ‘‘IVM1 states’’ and ‘‘ISM1 states’’,
respectively (see Fig. 1).

It should be noted that the GT states excited by (p, n)-type reactions, the IV (T = 1),M1 states, and the GT states excited
by (n, p)-type reactions have identical space and spin configurations. Thus, they are analogous states. They form an isobaric
triplet [12], and are connected by dashed lines in Fig. 1. In addition, the transitions from the g.s of an even–even N = Z
nucleus to these states are analogous transitions, and have corresponding strengths.

One can readily illustrate the above point. Proton inelastic scattering, (p, p′), at 0° performed at intermediate incoming
energies can excite M1 states with the nature of 1L = 0 excitation selectively. The IV and IS nature of these M1 states
excited in T = 0, even–even nuclei can be distinguished by studying whether the analogue states are found or not in CE
reactions at 0°. As an example, the 28Si(p, p′) spectrum measured at 0° and Ep = 160 MeV at IUCF, Indiana University [23],
is compared with the 28Si(3He, t)28P spectrum at E = 140 MeV/nucleon in Fig. 2. The high energy resolution of ≈35 keV
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Fig. 1. Schematic isospin structure of Jπ = 1+ states excited from the g.s of an even–even Jπ = 0+ nucleus with T = T0 = 0 (N = Z). The reactions
mainly responsible for each excitation and the types of operator are shown alongside the arrows indicating the transitions. Isobaric analogue relationships
among states are shown by broken lines. The Coulomb displacement energies have been removed to show the isospin symmetry of the system clearly.

a

b

Fig. 2. A comparison of (3He, t) and (p, p′) spectra on the T = 0, 28Si target nucleus. The excitation energies in spectrum (b) are shifted by 9.3 MeV, the
amount of the Coulomb displacement energy. The M1 states observed in the (p, p′) spectrum can have either T = 1 or T = 0. On the other hand, the
(3He, t) reaction can only excite T = 1, GT states that are analogous to the T = 1,M1 states. The Ex values in the (3He, t) spectrum are from [22]. The Ex
values and the identification of T = 0,M1 states in the (p, p′) spectrum are from [15,22].

in both reactions leads to the states being well separated and clearly identified. If a pair of corresponding states is observed
in both (3He, t) and (p, p′) spectra, the M1 state in 28Si can be identified to be T = 1 [22]. In addition, we see that the
corresponding GT andM1 states, i.e., analogue states, are excited with corresponding strengths.

2.3. Isospin structure and GT, spin M1 and Fermi transitions in T = 1/2 nuclei

In a pair of Tz = ±1/2mirror nuclei, every state has an analogous state of similar structure in the conjugate nucleus (see
Fig. 3). Such states should have the same half-integral J values and parity. Examples of Tz = ±1/2 mirror nuclei are 9Be and
9B, 23Na and 23Mg or 27Al and 27Si.

Because of the symmetry structure of the Tz = ±1/2 mirror nuclei, M1 and GT transitions from the same state (or its
analogue) to another state (or its analogue) are all analogous. Analogous transitions are expected to have similar energies
and strengths. Therefore, the mirror and thus isospin symmetry properties can be investigated by combining the strength
and energy information for analogous transitions.

Most of the Tz = +1/2 nuclei in the sd-shell region are stable (e.g. 9Be, 23Na, and 27Al) while themirror Tz = −1/2 nuclei
(e.g. 9B, 23Mg, and 27Si) undergoβ decay. Therefore, analogousGT transitionswith Tz = ±1/2 → ∓1/2 are studied by (p, n)-
type CE reactions and β+ decay, respectively. Since the ground states are mutual IASs, the Fermi strength is concentrated in
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Fig. 3. Schematic isospin symmetry structures for Tz = ±1/2, odd-A mirror nuclei and the neighbouring Tz = ±3/2 nuclei for the A = 27 system,
where 27Al is stable. The Coulomb displacement energies have been removed to show the isospin symmetry of the system clearly. Analogous transitions
connecting the ground states with excited states in the same nucleus and in the isobars are indicated by arrows. The squared values of associated isospin
Clebsch–Gordan coefficients (C2) are shown alongside the arrows.

Fig. 4. Schematic view of the isospin structure of the T = 2 isobaric system with A = 56, as an example, where 56Fe is stable. The Coulomb displacement
energies have been removed to show the isospin symmetry of the system clearly. A similar symmetry structure in isospin is expected in T = 1 systems
and in systems with T = 3 and larger.

the g.s–g.s transition. In addition, the g.s has non-zero half-integral J value. Thus the GT strength and the total Fermi strength
of B(F) = |N − Z | = 1 co-exist (see the discussion in Section 2.6.1) in this transition as an incoherent sum of strengths.

The low-lying states of the Tz = ±1/2 mirror nuclei have isospin T = 1/2. However, above a certain excitation energy
(about Ex = 10 MeV), members of the T = 3/2 multiplet states can also exist. The IE and (p, n)-type CE reactions on a
stable Tz = +1/2 nucleus (e.g. 27Al in Fig. 3) excite both T = 1/2 and 3/2 states with analogous structure in Tz = +1/2
and −1/2 nuclei, respectively. However, the CG coefficients associated with the transitions are different, as shown in Fig. 3.
This difference can be exploited to allow the identification of the isospin values T of the excited states as discussed later in
Section 8.2. The GT states with T = 3/2 in the neighbouring Tz = +3/2 nucleus are excited by the (n, p)-type CE reactions.

The active operator in the CE reactions is always the στ interaction. On the other hand, due to the finite value of the g.s
isospin T0 = 1/2, the active operators in IE reactions depend on the T values of the final states; the low-lying T = 1/2,M1
states are excited by both the στ and the σ operator, while the T = 3/2,M1 states in the higher energy region are excited
only by the στ operator.

Various properties of the Tz = ±1/2 mirror nuclei are discussed later for the pairs 7Li and 7Be, 9Be and 9B, 11B and 11C
(Section 6.1), 23Na and 23Mg, 25Mg and 25Al (Section 6.2) and 27Al and 27Si (Section 8.2).

2.4. Isospin structure and analogous transitions in T = 1, 3/2, 2 and larger T isobaric systems

The isospin structures of the T = 2 and T = 3/2 isobaric systems are shown in Figs. 4 and 5, respectively. The Coulomb
displacement energies have been removed so that the isospin symmetry of the system is clearly evident. As a result, analogue
states are aligned in the figures.

The structures of the integer T (T = 1, 2, . . .) and half-integer T systems (T = 3/2, 5/2, . . .) are similar to those given
in Figs. 4 and 5, respectively. In addition, the isospin structures of these integer T and half-integer T systems are also similar
except that the symmetry line is at the Tz = 0 nucleus in the former, while it is between the Tz = +1/2 and −1/2 nuclei in
the latter.
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Fig. 5. Schematic view of the isospin structure of the T = 3/2 isobaric systemwith A = 41, as an example. The Coulomb displacement energies have been
removed to show the isospin symmetry of the system clearly. A similar symmetry structure in isospin is expected in T = 5/2 and larger T systems.

Fig. 6. Schematic view of the isospin analogue states and isospin analogous transitions for Tz = ±2, ±1 and 0 isobaric nuclei in A = 26, 50 and 58 systems,
where analogue states are connected by horizontal broken lines. The Coulomb displacement energies have been removed to show the isospin symmetry
of the system clearly. The stable nuclei 26Mg, 50Cr and 58Ni can be the targets in CE reactions. The corresponding mirror proton-rich nuclei 26Si, 50Fe and
58Zn undergo β decay. The (3He, t) reaction allows us to study the Tz = +1 → 0 GT transitions and excites T = 0, 1 and 2 states, while in the β decay,
the analogous transitions with Tz = −1 → 0 are studied.

Let us think of analogous GT andM1 transitions and their strengths. Stable target nuclei used in CE and IE reactions have
Tz ≥ 0. The isospin analogous GT and M1 transitions starting from nuclei, as an example, with g.s isospin T0 = Tz = 1
(e.g. 26Mg, 50Cr and 58Ni) are shown in Fig. 6. The figure also shows their analogous GT transitions that can be observed in
the β decay from the Tz = −1 mirror nuclei (e.g. 26Si, 50Fe and 58Zn). These analogous relationships are expected for the
transitions starting from nuclei with g.s isospin T0 = 1, 3/2, 2 or larger.

An (n, p)-type CE reaction (reaction in the β+ direction) on a Tz ≥ 1 target nucleus increases Tz by one unit. Therefore,
all final states have T0 + 1. On the other hand, a (p, n)-type (3He, t) reaction (reaction in the β− direction) decreases the Tz
by one unit. They can reach the GT states with isospin values Tf = T0 − 1, T0 and T0 + 1. Their analogous transitions can
be studied by the β+ decay of the proton-rich nuclei with −Tz for the energy region up to the Qβ-value (pairs of thick solid
arrows).

The transitions exciting T0 + 1 states in the (n, p)-type, Tz → Tz + 1 reactions are analogous with those from the T0 = Tz
g.s to the T0 + 1 excited states observed in the (3He, t) reaction (thick broken arrow). This transition is also analogous with
the exotic −Tz → −Tz − 1 transition (thick broken line on the right), which cannot be observed easily today.

The IE reactions, such as (p, p′) or (e, e′) reactions, on the T = T0 = Tz g.s excite Tf = T0 and T0 + 1 states in the same
nucleus. These states are analogous with the T0 and T0 +1 states excited by the (p, n)-type and the T0 +1 states in the (n, p)-
type reactions, respectively. However, the CG coefficients associated with the transitions are different in these reactions, as
shown in Fig. 7. The difference can be exploited to identify the isospin values T of the excited states (see Section 8.1).

As seen from Fig. 4, analogous GT and Fermi transitions can be studied in the 56Fe(3He, t)56Co reaction and the 56Zn →
56Cu β decay. The measurement of these analogous transitions is discussed in Section 11.2. The correspondence of the
analogous transitions in the A = 52, T = 2 system is discussed in Section 11.1. The isospin symmetry structure of the
A = 41, T = 3/2 system shown in Fig. 5 is described in Section 7.1.

2.5. Isospin Clebsch–Gordan coefficients of Gamow–Teller transitions from Tz = 1, 3/2, 2 and larger Tz nuclei

Aswill be described in Section 3.2, the GT transitionmatrix elements in the β−-type GT transitions starting from positive
Tz (Tz > 1/2) nuclei are proportional to the isospin Clebsch–Gordan (CG) coefficient CGT = (T0Tz1− 1|Tf Tz − 1) that comes
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Fig. 7. Schematic view of the transitions starting from the T = T0 = Tz g.s of the nucleus having Tz = (N − Z)/2, where N > Z (i.e. positive Tz value)
is assumed. Note that, as in earlier figures, the Coulomb displacement energies have been removed. Isospin analogue states are connected by horizontal
broken lines and isospin analogous transitions excited by GT and M1 transitions are shown by the arrows. The squared values of CG coefficients (C2) are
given alongside the arrows showing the transitions. The mirror scheme and the same CG coefficients are valid for the transitions starting from an N < Z
nucleus.

Table 1
The squared values of the isospin Clebsch–Gordan (CG) coefficients C2 for the β−-type GT transitions starting from the ground states of N ≥ Z (Tz ≥ 0)
nuclei with various initial values of isospin T0 . The same CG coefficients are valid for the β+-type transitions in the mirror N ≤ Z (Tz ≤ 0) systems.

T0 (=|Tz |) Isospin of final state Tf
T0 − 1 T0 T0 + 1

0 – – 1
1/2 – 2/3 1/3
T0 ≥ 1 (2T0 − 1)/(2T0 + 1) 1/(T0 + 1) 1/(T0 + 1)(2T0 + 1)
1 1/3 1/2 1/6
3/2 1/2 2/5 1/10
2 3/5 1/3 1/15
3 5/7 1/4 1/28
4 7/9 1/5 1/45
T0 ≫ 1 ≈1 ≈1/T0 ≈1/T 2

0

out when they are reduced in terms of isospin by applying theWigner–Eckart theorem, and thus each GT transition strength
is proportional to the C2

GT (see Eqs. (2) and (3) in Section 3.2). When the transition is from the T = T0 = Tz g.s of the nucleus
having Tz = (N − Z)/2 ≥ 1 (i.e., N ≥ Z + 2) the strength is distributed to Tf = T0 − 1, T0 and T0 + 1 states in the β−-
type transitions. The C2

GT values for different isospin Tf are given in Fig. 7. On the other hand, in the β+-type transitions, the
strength is concentrated in the T0 + 1 states, and thus the C2

GT values are unity. The calculated C2
GT values for the β−-type

transitions are summarised in Table 1.
It should be noted that the same absolute value of CGT and thus the same C2

GT values are valid for theGT transitions starting
from negative Tz (Tz < −1/2) nuclei. These GT transitions starting from proton-rich nuclei can be studied in β+ decay.

For a nucleus with T0 = 1, the C2
GT values are 2/6, 3/6 and 1/6 for the T = 0, 1 and 2 final states, respectively. On the

other hand, for a nucleus with large neutron excess (large T0), the C2
GT are almost unity, 1/T0 and 1/T 2

0 , respectively, for the
Tf = T0 − 1, T0 and T0 + 1 states, suggesting that most of the GT strength is concentrated in the T0 − 1 states (see Table 1).

The IE and (p, n)-type CE reactions excite both T = T0 and T0 + 1 states with analogous structure in Tz and Tz − 1
nuclei, respectively. However, the CG coefficients associated with the transitions are different. The detail will be discussed
in Section 8.

The large effect of the C2
GT values on the distribution of the GT strength to different Tf states in the β−-type reaction

can be illustrated from the spectra of (3He, t) measurements that have been systematically performed on T0 = 1, 2, 3 and
4 Ni isotopes 58,60,62,64Ni [24,25]. In Fig. 8, the spectra obtained are aligned simply as a function of the excitation energy
of the final nuclei. In both the spectra on 58Ni and 64Ni target nuclei (58Cu and 64Cu spectra), we see similar bump-like GT
resonance (GTR) structures at Ex ≈ 8–9 MeV [24,25]. On the other hand, the GTR structures are less clear in the 60Cu and
62Cu spectra. It seems there is no good systematics of the strength distribution seen for the four spectra as a function of mass
A. The ‘‘hidden’’ systematic change of spectra becomes apparent when the spectra are aligned by the excitation energy of
the IAS peak as shown in Fig. 9. We clearly see that the GTR structure at ≈8 MeV above the IAS moves to lower energy as A
increases and comes closer to the IAS, and finally in 64Cu the GTR structure is situated only≈3MeV above the IAS. The same
movement of the GT strength near to the IAS is reported in the (p, n) reaction on nickel isotopes (see Fig. 2 of [26]).
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a

b

c
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Fig. 8. The (3He, t) spectra on nickel target nuclei. All spectra are aligned simply as a function of the excitation energy in the final copper nuclei. The clear
bump-like structure associated with a GT resonance is observed at a similar excitation energy in the 58Cu and 64Cu spectra.

It should be noted that the T = T0 − 1, GT excitations are inherent to the final copper nuclei (isotopes) and they are
constructed on the g.s of the copper nuclei. On the other hand, the T0 excitations are the structure constructed on the g.s of the
initial nickel nuclei. They are called the spinM1 excitations in the initial nuclei and are observed in IE reaction experiments.
Since the analogue state of the g.s of the initial nucleus is the IAS in the final nucleus, the isospin analogous structure of the
T0,M1 excitations, i.e., T = T0, GT excitations, is constructed on the IAS.

In a simple, independent particle picture (shell-model picture), the single-particle (s.p) transitions j> → j>, j< → j<
and j> → j< can contribute to the GT excitations. Among them, only the j> → j< transition can contribute to the M1
excitations as neutron (ν) and/or proton (π ) excitations. The j< shell is situated at higher energy than the j> by the amount
of L · S splitting, i.e. 1ELS ≈ 5–6 MeV for the f5/2–f7/2 pair in the nickel region. In addition, since the IV-type particle–hole
(p–h) residual interaction is repulsive, it is expected that the T = T0,M1 excitations involving j> → j< s.p transitions are
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Fig. 9. The (3He, t) spectra on nickel target nuclei aligned by the excitation energy of the IAS peak. The main part of the GT strength comes closer to the
IAS peak as A increases.

pushed up by another fewMeV to≈7–10MeV in nickel isotopes. Therefore, the corresponding GT excitationswith T0 nature
in copper isotopes are expected at an excitation energy about 7–10 MeV higher than the IAS.

In the β−-type GT excitations starting from the neutron excess T0 = Tz ≥ +1 nuclei, T0 − 1 GT states are also excited. In
these excitations, the j> → j> and/or j< → j< transitions, in addition to the j> → j< transition, can contribute due to the
CE nature of the excitation, i.e., transitions of the ν → π nature are also allowed. In the GT excitations from nickel to copper,
most of these transitions make configurations with p–h nature in the final copper isotopes. Since the residual interaction
is repulsive in these p–h configurations, the main part of the strength is pushed up. It should be noted that the T0 − 1, GT
excitation is the structure constructed on the g.s of the Tz = T0 − 1 final nucleus. Therefore, the main part of the T0 − 1, GT
strength is expected about 7–10 MeV above the g.s of the final nucleus.

The observed distribution of the GT strength in the daughter copper isotopes can be explained by combining the above
argument with a knowledge of the CG coefficients. For the T0 = 1 target nucleus 58Ni, the C2

GT value is largest for the
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Fig. 10. The Fermi and GT transitions are shown schematically for β+ and β− decays from a variety of nuclei with different values of initial T and Tz .
Levels shown by dashed lines indicate that the transitions to them are hindered, usually because of the configurations involved. Panels (a)–(f) represent
β+ decays. They move progressively from nuclei of negative Tz (N < Z) through Tz = 0 (N = Z) to nuclei with larger Tz (N > Z). The nuclei with N ≃ Z
are given in detail although the odd–odd cases are not fully covered (see text). Panel (g) shows the situation for a typical β− decay. In panels (a), (f), and
(g), the isospin of the g.s is given as T0 .

transitions to the T = T0 = 1 states (see Table 1). On the other hand, for the T0 = 4 target nucleus 64Ni, the C2
GT values are

7/9, 1/5 and 1/45 for the T0 − 1, T0 and T0 + 1 transitions, respectively. Thus the GT strength mostly goes to the T0 − 1, GT
states and we see the concentration of strength ≈9 MeV above the g.s of 64Cu, but only 3 MeV above the IAS. The resulting
conclusion is that the bump-like GTRs in 58Cu and 64Cu with a similar shape have different natures in terms of their isospin;
the GTR in 58Cu has T = T0 character, while the GTR in 64Cu has T = T0 − 1.

2.6. Fermi and Gamow–Teller transitions in β decay

In contrast with CE reactions, which have no restrictions in energy, β decay is restricted to those cases which are offered
by Nature. Accordingly, it is worthwhile summarising here which cases are allowed, especially from the point of view of
isospin. Fig. 10 shows several representative decay schemes for β decays and gives an idea of where the Fermi and GT
transitions occur and the isospin values of the states populated. Among them, the β+ decays shown in panels (a) and (b)
represent the β+ decays already shown in Figs. 4 and 6, and those in panel (c) represent the β+ decays shown in Fig. 3.
The reader will recall that the corresponding mirror transitions can be studied in the β−-type CE reactions as discussed in
Sections 2.3 and 2.4. As we will see below, the transitions which occur in β-decay depend on where the nuclei are situated
relative to the N = Z line and also on the occupancy of the proton and neutron orbits.

2.6.1. Fermi transitions in β decay
We have already discussed the GT transitions caused by the στ operator, but have said little about the Fermi transitions

caused by the τ operator. In Fermi transitions neither the radial nor spin part of the wave function changes. Consequently
1T ± 1 transitions are not allowed because of the antisymmetrical nature of the total wave function. Hence the selection
rules in this case are 1L = 0, 1S = 0, 1T = 0 and 1Tz = ±1.

Since they connect states of the same structure in the initial and final nuclei, i.e., IASs, such transitions are strong in both
CE reactions and β-decay. They carry the total Fermi sum rule strength of B(F) = N − Z (except for the case shown in
Fig. 10(d)). It often happens that they dominate the decay process and effectively determine the decay half-life. It should be
noted, however, that the transition to the IAS is not always possible in β decay.

In β+ decay, Fermi transitions are allowed when the Tz of the initial nucleus is negative (N < Z) (Fig. 10(a)–(c)) and in
the decay of odd–odd Tz = 0 nuclei when T = 1 (Fig. 10(d)). On the other hand, they are not allowed in the β+ decay of
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odd–odd or even–even Tz = 0 nuclei when T = 0 (Fig. 10(e)). In addition, they are not allowed in the β+ decay from nuclei
with positive Tz (N > Z) (Fig. 10(f)), which means that Fermi transitions are forbidden for all nuclei with positive Tz values
situated ‘‘north-west’’ of the valley of stability in the Chart of the Nuclides.

Let us now look at the Tz = 0 (N = Z) nuclei in more detail. All such nuclei decay by β+ emission. In general we expect
that they have a g.s with T = 0 (Fig. 10(e)) and hence the Fermi transition is not allowed (see the discussion in Section 2.2).
There, only GT decay or forbidden transitions are possible. However, there are odd–odd, Tz = 0 nuclei where, due to the
strong proton–neutron pairing interaction, the T = 1, Jπ = 0+ state is located below the T = 0 states and becomes the
g.s (Fig. 10(d)). Its IAS also has Jπ = 0+ and T = 1 and is the g.s of the even–even, Tz = 1, final nucleus. The transition
between these two states is a super-allowed Fermi transitionwith a log ft value around 3.5. Among the sd- and f -shell nuclei,
examples are seen in the β+ decay of 34Cl →

34S, 42Sc →
42Ca, 46V →

46Ti, 50Mn →
50Cr and 54Co →

54Fe [27–30], and
the same transitions in the reversed direction from the g.s of the final nuclei excite the g.s of the initial nuclei as the IAS in CE
reactions (see [31] and Fig. 39). The decay to GT states with Jπ = 1+ is also possible, but these GT states lie at high excitation
energy and are weakly populated. In this case, the Fermi transition takes more than 99% of the decay [27] and accordingly
such transitions are used to determine the vector coupling constant gV [30].

In β− decay, the Tz of the initial nucleus is always positive (N > Z) and the Fermi transition from the T = T0 parent
state to the IAS with T = T0 in the Tz = T0 − 1 daughter nucleus is allowed in terms of isospin (Fig. 10(g)). However, the
IAS is always outside the Qβ window. This is mainly because the Coulomb displacement energy is always positive since the
daughter nucleus has one proton more than the parent nucleus. On the other hand, in β−-type CE reactions on positive Tz
nuclei, where such energy restrictions do not apply, IASs can always be observed. Today, however, such studies are restricted
to stable targets and will not provide information far from stability.

2.6.2. Gamow–Teller transitions in β decay
For Z > N nuclei with large Q -values, β+/EC-decay is the only possible process and the GT decays follow the selection

rules for isospin 1T = ±1 or 0 (Fig. 10(a)). The orbits occupied by protons are empty on the neutron side and usually p–h
configurations consisting of j> and j< orbits will contribute to GT transitions. Since Fermi decay is also allowed, the half-lives
of Z > N nuclei are usually short.

On the neutron-rich side of the N = Z line, both β+/EC and β−-decays are possible, depending on where the nucleus
lies relative to the valley of stability. In the β− case final GT states with all three isospins, i.e., T0 − 1, T0 and T0 + 1, are
possible starting from the nucleus with T = T0 (Fig. 10(g)). However, the allowed orbits for the transition are often at high
excitation energy in the final nucleus and consequently outside the Q -window. This effect is further exacerbated by the fact
that the repulsive nature of the residual interaction in the configurationwith p–h nature pushesmost of the strength to high
excitation energy, an effect which is discussed in Section 10 and is clearly seen in CE reactions. In theβ+ case only T = T0+1
final GT states are possible (Fig. 10(f)). Moreover we transform a proton into a neutron in a nucleus which is already proton
deficient. This means that, in general, all the allowed neutron orbits are occupied. However there are exceptions, such as
when the protons occupy the j> orbit and the j< orbit is empty on the neutron side. This is exactly the case for 150Ho decay
as presented in Section 10.3.

In general, states with lower isospin are lower in energy. However, the T = 1, Jπ = 0+ states in Tz = 0 odd–odd nuclei
can be located below the T = 0 states and become the g.s (Fig. 10(d)), as discussed in Section 2.6.1. Consequently, the
decay pattern and, as a result, half-lives can be different from the usual case (Fig. 10(e)). For the same reason, in the decay
of Tz = −1 nuclei into Tz = 0 nuclei (Fig. 10(b) and also Fig. 6), the IAS can lie below the T = 0, GT states. Such examples
are presented in Sections 7.3 and 10.1.

Finally, let us think of the β decays from half-integer Tz nuclei. As discussed in Section 2.3, both the Fermi and GT
transitions can contribute to the population of the IAS when the decay is from Tz = −1/2 nuclei (Fig. 10(c)). The same
happens for the β+ decay of Tz = −3/2, −5/2 and smaller values (Fig. 10(a)) and for the β− decay of Tz = +3/2, +5/2
and larger values (Fig. 10(g)).

It should be noted that Fig. 10 is not comprehensive and does not cover all odd–odd cases.

3. Properties of Gamow–Teller, electro-magneticM1 and spinM1 transitions

Let us consider the properties of GT, electro-magnetic M1 (M1EM), and spin M1 (M1σ ) transitions, which are studied
typically in β decay or CE reactions, γ decay or electron IE reaction [(e, e′)], and proton IE reaction [(p, p′)], respectively.
They are caused by the στ operator, magnetic dipole (µ) operator, and σ or στ operators, respectively.

3.1. Selection rules for Jπ values of states

The selection rules for the 1Jπ values in GT,M1 and Fermi transitions from a state with Ji to a state with Jf are;
GT andM1:1J = 0, ±1 (but no Ji = 0 → Jf = 0), no parity change;
Fermi: 1J = 0, no parity change (transitions are between isobaric analogue states).
In a highly deformed nucleus in which K , the projection of the total angular momentum J on the axis of deformation,

becomes a good quantum number, the 1K selection rules for GT andM1 transitions are important;
GT andM1:1K = 0, ±1 (but not Ki = 0 → Kf = 0).
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3.2. Strengths of Gamow–Teller and M1 transitions

Our aim is to compare the strengths of analogous GT transitions, GT andM1EM , or GT andM1σ transitions [32]. It is most
appropriate to compare the strengths of these transitions in terms of the ‘‘reduced transition strength (probability)’’ ‘‘B(α)’’,
where α is the name of the operator, such as GT or M1. The expression for B(α) values reduced in spin (J) are found in text
books (see e.g. [19,33,34]). In order to compare transition strengths for analogous GT and/or M1 transitions, however, it is
important to reduce the matrix element in terms of isospin [32]. Therefore, we start here with the reduced matrix elements
in spin (J) but not in isospin and follow the convention of Edmonds [35].

The reduced GT transition strength B(GT) for the transition from the initial state with spin Ji, isospin Ti, and z-component
of isospin Tzi to the final state with Jf , Tf , and Tzf is given by [36]

B±1(GT) =
1

2Ji + 1

⟨Jf Tf Tzf ‖ 1
√
2

A−
j=1

(σ jτ
±1
j )‖JiTiTzi⟩


2

, (1)

where τ±1
= ∓(1/

√
2)(τx ± iτy) and transforms as a tensor of rank one. By applying theWigner–Eckart theorem in isospin

space, we get

B(GT) =
1

2Ji + 1
1
2

C2
GT

2Tf + 1

⟨Jf Tf ||| A−
j=1

(σ jτ j)|||JiTi⟩


2

(2)

=
1

2Ji + 1
1
2

C2
GT

2Tf + 1
[MGT(στ)]2, (3)

where CGT is the isospin Clebsch–Gordan (CG) coefficient (TiTzi1 ± 1|Tf Tzf ), and the MGT(στ) is the IV spin-type GT matrix
element.

From this expression for the GT ‘‘reduced’’ transition strength, the important thing to note is that B(GT) consists of the
squared transition matrix element and the spin and isospin geometrical factors. Therefore, even if the initial and final states
are common, transitions in reverse directions have different B(GT) values. For example, a GT transition from a state having
|J T Tz⟩ of |0 T0 T0⟩ to the |1 T0 −1 T0 −1⟩ state has three times larger B(GT) than that in the inverse direction. This is because
of the different number of sub-states; a J = 1 state has three sub-states with Jz = −1, 0 and +1, while a J = 0 state has
only one.

In intermediate energy hadron IE reactions, such as (p, p′),M1 states excited by theM1σ transitions become prominent
at forward angles including 0°. They can, in principle, be excited by the σ and στ terms of the effective nuclear interaction.
In reality, however, since the στ term is much stronger, the excitations are mainly caused by the στ term [1,37], if they
start from a g.s with T0 ≥ 1/2. Then, as in GT transitions, we can define the reduced spin M1 transition strength B(M1σ ).
After replacing the τ±1

j in Eq. (1) by τ 0
j and applying the Wigner–Eckart theorem in the isospin space, we get

B(M1σ ) =
1

2Ji + 1
1
2

C2
M1

2Tf + 1

⟨Jf Tf ||| A−
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(σ jτ j)|||JiTi⟩


2

(4)

=
1

2Ji + 1
1
2

C2
M1

2Tf + 1
[MM1(στ)]2, (5)

where CM1 is the isospin CG coefficient (TiTzi10|Tf Tzf ), where Tzf = Tzi, and the MM1(στ) is the IV-type spin M1 matrix
element. The MM1(στ) is slightly different from the MGT(στ), because the contribution of the so-called meson exchange
currents (MEC) is different as will be discussed at the end of this section.

The operatorµ forM1EM transitions andmagneticmoments consists of an orbital part gℓℓ and a spin part gss[= (1/2)gsσ].
It can be rewritten as the sum of IS and IV terms (for example, see [33,34]) as,

µ =


A−

j=1

gℓℓj + gssj


µN =


A−

j=1

(g IS
ℓ ℓj + g IS

s sj) −

A−
j=1

(g IV
ℓ ℓj + g IV

s sj)τzj


µN , (6)

whereµN is the nuclear magneton, the z-component of the isospin operator τzj = 1 for neutrons and−1 for protons, and τzj
is τ 0

j . The coefficients g
IS and g IV are the IS and IV combinations of gyromagnetic factors (g factors): g IS

ℓ =
1
2 (g

π
ℓ + gν

ℓ ), g IS
s =

1
2 (g

π
s + gν

s ), g IV
ℓ =

1
2 (g

π
ℓ − gν

ℓ ), and g IV
s =

1
2 (g

π
s − gν

s ). For bare protons and neutrons, the orbital and spin g factors are
gπ
l = 1 and gν

l = 0, and gπ
s = 5.586 and gν

s = −3.826, respectively. Therefore, we get g IS
ℓ = 0.5, g IS

s = 0.880, g IV
ℓ = 0.5,

and g IV
s = 4.706.

Starting from the reduced matrix elements in spin but not in isospin, and following the convention of Edmonds [35], the
reducedM1EM strength B(M1) can be written [36] as
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where Tz = Tzf = Tzi for M1 transitions. By again applying the Wigner–Eckart theorem in isospin space, we get
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The isospin CG coefficient CM1 = (TiTzi10|Tf Tzf ) comes out explicitly by the use of reducedmatrix elements, where Tzf = Tzi.
The matrix elements are

IS terms: MM1(ℓ) = ⟨Jf Tf |||
A−

j=1

ℓj|||JiTi⟩, MM1(σ ) = ⟨Jf Tf |||
A−

j=1

σ j|||JiTi⟩, and (12)

IV terms: MM1(ℓτ ) = ⟨Jf Tf |||
A−

j=1

ℓjτ j|||JiTi⟩, MM1(στ) = ⟨Jf Tf |||
A−

j=1

σ jτ j|||JiTi⟩. (13)

Since the g IV
s coefficient is the largest, the contribution from the IV spin term is often the largest [18,19]. The M IS

M1 and M IV
M1

are the IS and IV terms of theM1 matrix element, respectively. They are

M IS
M1 = g IS

ℓ MM1(ℓ) +
1
2
g IS
s MM1(σ ), and (14)

M IV
M1 = g IV

ℓ MM1(ℓτ ) +
1
2
g IV
s MM1(στ), (15)

where the IV term is usually larger than the IS term. The IS term, therefore,may interfere destructively or constructivelywith
the IV term. In addition, the orbital termmay interfere constructively or destructively with the spin term. These interference
effects are dependent on the configurations of the initial and final states.

In 1T = 0 analogous M1 transitions in Tz = ±T (T ≥ 1/2) mirror nuclei, both IS and IV contributions are expected.
It should be noted that the sign of the isospin CG coefficient CM1 in Eq. (11) changes for these analogous transitions. For
Tz = ±T , Eq. (11) can be rewritten as

B(M1)± =
1

2Ji + 1
3
4π

µ2
N


M IS

M1 ∓
|CM1|
2Tf + 1

M IV
M1

2

, (16)

where |CM1| =
√
1/3 for the T = 1/2 case. If an M1 transition has more than average strength, the IV contribution in

the transition is usually about one order of magnitude larger than the IS contribution [18,19]. Under such a condition, we
can separately extract the IS and the IV transition strengths BIS(M1) and BIV(M1) in the 1T = 0,M1 transition by solving
Eq. (16) as simultaneous equations

BIS(M1) ≡
1

2Ji + 1
3
4π

µ2
N [M IS

M1]
2 (17)

=
1
4


B(M1)+ −


B(M1)−

2
, (18)

and

BIV(M1) ≡
1

2Ji + 1
3
4π

µ2
N

C2
M1

2Tf + 1
[M IV

M1]
2 (19)

=
1
4


B(M1)+ +


B(M1)−

2
. (20)
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It is known that the στ terms of the M1 and GT operators are both quenched. The reduction is partly attributed to the
core polarisation [12] and partly to the so-called meson exchange currents (MEC). The core polarisation modifies the initial
and final wave functions, and thus the effects on the analogous M1 and GT transitions would be the same. On the other
hand, the MEC effect can be different, because theM1 operator involves τ0, while the GT operator involves τ±. The different
contributions of theMEC to theM1 andGT operators have been studied theoretically [38,39] and experimentally [22,40–43].
These effects are expressed by the ratio

RMEC = [MM1(στ)]2/[MGT(στ)]2. (21)

The most probable value RMEC = 1.25 is deduced for nuclei in the middle of the sd shell [32,40–43].

3.3. Magnetic moments

Themagneticmomentµ of a statewith spin J and isospin T is defined by the diagonalmatrix element of the z component
of the magnetic dipole operator µz

µ = ⟨JJTTz |µz |JJTTz⟩. (22)

By applying the Wigner–Eckart theorem in the spin space,

µ =
(JJ10|JJ)
√
2J + 1

⟨JTTz‖µ‖JTTz⟩, (23)

where the CG coefficient (JJ10|JJ) =
√
J/(J + 1). By further applying the Wigner–Eckart theorem in the isospin space, and

by using Eq. (6), we get

µ =

√
J

√
(J + 1)(2J + 1)

µN

[
M IS

M1 −
CM1

√
2T + 1

M IV
M1

]
, (24)

where the IS and IV matrix elements are obtained by making the initial and the final states the same in the definitions given
by Eqs. (14) and (15), respectively. The CG coefficient is CM1 = (TTz10|TTz).

4. β-decay studies

The common modes of radioactive decay, α-, β and γ -emission, were discovered at the beginning of the 20th century.
The study of β decay is inherently more difficult than the other two because the spectra of the emitted β particles are
continuous and not discrete. This is because of the three-body nature of this process, which was explained by Pauli [44] in
1932 by introducing the idea of the simultaneous emission of the neutrino and the β particle.

Fermi’s theoretical explanation [45] of β decay followed Pauli’s hypothesis in just a few years. In the theory he postulated
that the interaction takes place at a point. In this allowed approximation, as it is called, no angular momentum can be
transferred in the decay. Thus the only change in the total angular momentum J in β decay must come from the spins of the
particles. In other words, if we write

1Ji = 1Jf + 1L + 1S (25)

where Ji and Jf are the total angular momentum (spins) of the initial and final nuclear states, 1L is the orbital angular
momentum carried away by the leptons and 1S is the vector sum of the intrinsic spins of the electron and the neutrino,
then in the allowed approximation, where 1L = 0 by definition, we can distinguish between two cases by 1S = 0 or 1.
They were called Fermi and Gamow–Teller decays, respectively, in honour of the work of the physicists who first recognised
their nature. They are the types of transition governed by the στ and τ operators mentioned in Section 1. As indicated
earlier allowed decays follow the selection rules 1J = 0 or 1, 1L = 0, with Fermi decay characterised by 1S = 0 and
Gamow–Teller by 1S = 1. Eq. (25) also tells us that for GT transitions 0+ to 0+ transitions are not possible. Such transitions
can thus only proceed by Fermi decays.

Fermi’s assumption of a point interaction was a good one and was fully borne out by the later discovery of the relevant
W± exchange particles with masses of about 80 GeV/c2. Transitions with 1L ≥ 1 do occur but, not surprisingly, they are
suppressed relative to allowed transitions. Historically they were designated as ‘‘forbidden’’ transitions because of this, a
name which is not really appropriate but has stuck. The transition probability is more suppressed with increasing L. This is
normally expressed in terms of the degree of forbiddenness.

As explained in Section 3.2, the strengths of GT transitions are most readily compared in terms of the reduced transition
strength B(GT). The definitions of this quantity appear in Eqs. (2) and (3). In this article our interest lies in the comparison of
B(GT) values derived frommeasurements of CE reactions andβ decay,which can subsequently be comparedwith theoretical
predictions of the same quantity. In Section 5 we will describe how one can extract B(GT) values from experiments on CE
reactions. Here we will discuss how they are obtained in β-decay studies.

Inβ-decay experiments, the B(GT) value for a GT transition to a level jwith an excitation energy Ej is expressed in terms of
the fjtj value, where tj is the partial half-life to level j and fj is the phase-space factor. Similarly, the Fermi transition strength,
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B(F), is related to the partial Fermi half-life tF and fF. Thus we have the relationships

Bj(GT)λ2
= K/fjtj and B(F)(1 − δc) = K/fFtF, (26)

where K = 6143.6(17) [30], λ = gA/gV = −1.270(3) [46] and δc is the Coulomb correction factor [47]. The Fermi transition
strength is concentrated in the transition to the IAS and has the value B(F) = |N − Z |. The GT transition strength is spread
over a number of states Bj(GT) and each individual value depends strongly on the details of the structure of the initial and
final states. If the β decay is from a state with a half-integral J value and the final state is its isobaric analogue state, the
transition strength is the incoherent sum of the Fermi and GT transition strengths. A good example is the strength of the
g.s–g.s transition between a pair of Tz = ±1/2 nuclei (see panel (c) of Fig. 10). In such transitions, the two parts in Eq. (26)
should be combined to give

B(GT)λ2
+ B(F)(1 − δc) = K/ft. (27)

The partial half-life tj is related to the total half-life T1/2 of the β-decay parent state by

tj = T1/2/I(Ej), (28)
where I(Ej) is the beta feeding to the state j. The phase-space factor, f (Z,Qβ−Ex), can be calculated accurately but it demands
a knowledge of theQβ-value and the excitation energy of the level fed in the decay. Therefore, we have to combine the values
of these quantities in order to obtain accurate Bj(GT) values.

As we have pointed out, a major limitation in β-decay studies is the Qβ-window; we cannot access the states situated
above this window. In addition, there is a further limitation in that the f -factor decreases as Ex of the final state increases;
the value depends on approximately (Qβ − Ex)5. Thus the observed intensities of the beta transitions to higher-lying levels
are strongly suppressed in intensity.

4.1. Q -value measurements

In order to determine the B(GT) with precision, it is necessary to have an accurate Qβ-value, which is defined as the
difference in mass between the initial (parent) state and the g.s of the final (daughter) nucleus in β decay. For many years
Audi and Wapstra [48–50] have carried out evaluations of all the available data on masses: an evaluation which is not a
simple compilation since there are many cross-links between the initial results. These evaluations provide a continuously
updated, consistent set of masses, which is the first port of call if one needs to know a mass or a Q -value.

The methods for the mass measurements can be divided into ‘‘indirect’’ and ‘‘direct’’ methods. The former are based
on mass difference measurements, either reaction Q -values or Q -values in radioactive decay. If one of the masses is well
known, then the other can be deduced. Direct methods are important, not because they are ‘‘absolute’’ mass measurements,
but because they are always made relative to some ‘‘well-knownmass reference’’ which is used to calibrate the setup. Over
the last few decades two direct methods have been steadily developed which now offer the possibility of high precision
measurements of masses. Mass measurements with Penning traps and mass measurements at storage rings, have so many
advantages over previously used techniques that they now dominate the present activity in this field and look likely to be
pre-eminent in the future as well.

In the Penning trap methods the ions are injected at low energy after being created and selected in either an Isotope
Separator On-Line (ISOL) or fragmentation facility. The trap has a strong homogeneous magnetic field B and an axially
symmetric static electric quadrupole field and this allows the storage of ions. In the trap they perform a complicatedmotion
consisting of a circular motion around the magnetic field with cyclotron frequency ωc = (q/m)B plus two types of radial
motion, which are usually called reduced cyclotronmotion andmagnetronmotion. Variousmethods are used but in essence
all of them involve a measurement of the cyclotron frequency and hence of the mass of the singly charged ions. The reader
is referred to [51,52] for the details.

Mass measurements at storage rings have been pioneered at the highly successful Experimental Storage Ring (ESR) at
GSI. The great advantage of this method is that it allows the simultaneous measurement of the masses of many different
nuclear species. At GSI relativistic fragments from fragmentation or fission reactions are filtered in A and Z by the FRagment
Separator (FRS) and injected into the ESR. Two methods, the isochronous method and the Schottky method, are then
available to determine the mass. Both of these methods essentially rely on having a long time-of-flight path over many
passages round the ring [53].

4.2. Half-life measurements

The (total) half-life (T1/2) of a β-decaying state is one of the three main ingredients needed to determine the β-decay
strength B(GT) and hence the transition probability. Half-lives vary over a wide range reflecting the detail of the nuclear
structure. For instance the T1/2 of 44Ti with Z = N = 22 is 58.9(3) years [54] while that of 46V with Z = N = 23 is only
422.50(11) ms [55]. In the decay of 44Ti, the Fermi transition is isospin forbidden (see panel (e) of Fig. 10) and possible
GT transitions are outside the beta window. In contrast, the Fermi transition is allowed in the decay of 46V (see panel (d)
of Fig. 10). Indeed, Fermi transitions are fast since the sum rule strength is concentrated in a single state, the IAS. The GT
transition strength can be distributed among many levels, and the full sum rule strength can never be observed due to the
Q -window limitation in a β decay.
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Fig. 11. A schematic view of the Fragment Recoil Separator at GSI [59]. Radioactive ions are produced in fragmentation or fission of an ≈1 GeV/nucleon
heavy ion beam from the SIS-18 synchrotron. In the first half of the separator the ions are selected. After passing through a variable thickness degrader the
ions are identified event-by-event in A, Z and charge q by measuring the time-of-flight between two scintillators (SC21 and SC41), the Bρ of the magnets
in the second half of the FRS and the energy loss (1E) in the multi-wire ionisation chamber (MUSIC). The ions leaving the separator are implanted into
double-sided Si strip detectors (DSSDs). This active stopper serves to detect the implantation of the ion and any subsequently emitted β particles. The
β-delayed γ rays are detected in the RISING γ -detector array.

It may seem simple to determine T1/2 values. However far from the line-of-nuclear-stability when the conditions are not
ideal, either from the point of view of the purity of the radioactive samples or the signal-to-noise ratio in themeasurements,
or from the statistical point of view, their determination can become complex and fraught with difficulty. We want to
emphasise here that systematic errors due to the wrong correlation of events are often the main difficulty and source of
error in reported values in the literature.

The simplest way to determine the T1/2 of a β-decaying state, most commonly the g.s of the nucleus, is to accumulate a
sample of the radioactive species of interest over a given period, then stop andmeasure the resulting radiation as a function
of time. In the simplest case one can measure either the βs or radiation emitted promptly following the beta decay process.
Themost common β-delayed radiation is γ rays but in nuclei far from stability, where the Qβ-value is large and exceeds the
particle separation energy, it may also be β-delayed neutrons or protons.

In a clean environment where a single decay is involved, the behaviour of the radiation as a function of time will follow
the exponential law and one can readily extract the T1/2 valuewith high precision. An example drawn from studies of super-
allowed Fermi decays can be seen in Fig. 1 of [56]. These ideal conditions are very seldom fulfilled. Often the daughter and
its progeny are also radioactive and form a decay chain. The usual way to deal with this complication is to measure either
the characteristic γ radiation, which is associated with one particular decay or, in the case of nuclei far from stability, where
the states in the daughter nucleus are proton or neutron unbound but those in the granddaughter are bound, one can follow
the decay of the β-delayed neutrons or protons. Examples can be found in [57,58].

In the most common type of experiment to date, the delayed γ s are detected with Ge detectors, which have good
resolution and thus ensure that one is following the decay of the nucleus of interest since the γ -decay pattern is highly
characteristic. There is, however, a price to pay because the low efficiency of Ge detectors means that the statistics of
the resulting measurements is often poor. Where one is detecting protons or neutrons the detectors usually have better
efficiency, typically of the order of 30%–50%. Consequently the results are statistically more significant.

This technique of accumulating, then stopping and measuring the activity is typically employed at ISOL facilities, where
a mass separator and sometimes chemical or other kinds of separation are used to produce clean sources of the nuclei of
interest. In order to achieve clean conditions and ensure that the daughter activity(ies) does(do) not dominate the spectra,
a tape transport system is usually used, either to place the accumulated activity in front of the detectors, or to remove the
accumulated activity if the range of the T1/2 is short (less than one s). In the case of short half-lives and, if the measurement
takes place at the collection point, one can follow the growth and decay of the activity and fit the corresponding equations,
but this method can be applied only where the accumulation is constant or follows a well defined function, which cannot
always be guaranteed.

The determination of the half-life in experiments at fragmentation facilities is more difficult. Ions are filtered through
the separator [59–62] and later implanted in a highly pixellated detector. Fig. 11 shows a schematic view of a typical
setup for such measurements at the Fragment Recoil Separator (FRS) at GSI with radioactive ions being implanted into
an active detector in the centre of the RISING γ -ray array [63]. An experiment using this particular setup is described later
in Section 7.3. However, full physical separation is seldom achieved, and sometimes deliberately not pursued since several
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Fig. 12. Feeding of a typical level in the daughter nucleus in a hypothetical β decay (see text).

species can be measured at the same time. Instead one tries to take advantage of the fact that one ends up with a ‘‘cocktail’’
beam; a mixture of nuclear species lying close together in A and Z . In the subsequent off-line analysis, the ions can be
identified on an individual basis from the measurements of the Bρ of the ion in the separator magnets, the time-of-flight
(TOF) and the 1E. The signal induced by the implantation of the incoming ion defines t = 0 for the subsequent decay of
the ion. The time of decay is then determined by the subsequent detection of the βs emitted in the decay and observed in
the same or a neighbouring pixel. Other radiations such as γ s, neutrons or protons can be recorded in coincidence with the
β signal. In the analysis, the time correlation between an implant and a decay is sought over a reasonable time interval,
usually at least several times longer than the half-life in question.

In ideal conditions, where the total implantation rate per pixel is low and the half-lives are short, the association between
the implant and subsequent decay can be reasonably good. However in real conditions random coincidences are often the
main source of error. To avoid systematic errors, it is important to have a clear definition of the randoms. One method
is to associate each decay not with the previous implant as one might do intuitively (which will deform the decay curve
towards shorter half-lives) but with the previous implant and several implants before. This ensures that the real correlation
is included for every decay but at the expense of a high background due to the randoms. The corresponding advantage is
that the background ismade up of uncorrelated events and therefore can be defined by some othermeans. Several examples
of this kind of analysis, where the resulting background is flat, can be seen in [58].

Another difficulty ariseswhen theproductionmethod includes a time structurewhich affects the definition of the random
background. One example of how to deal with this situation can be seen in [64]. Another example will be presented in
Section 7. In studies of the nuclei farthest from stability, where the production rate is small, the number of ions observed
can be small. In this case one has to extract the half-life using the maximum likelihood method. The application to rare β
decays is given in [65].

4.3. Determination of β feeding and the Pandemonium effect

Even if the number of branches in a β decay to states in the final nucleus is small, it is difficult to disentangle the different
components in the β-ray spectrum and thus to determine the β feedings. Instead we are compelled to deduce it from
measurements on β-delayed radiation.

The simplest and most common approach is to measure the spectrum of β-delayed γ transitions using a set or array
of Ge γ -ray spectrometers. They have the advantage of good energy resolution and are not disturbed by Doppler effects
in this application since the sources are stationary. In practice, decay schemes are first established on the basis of γ –γ
coincidences, then one can deduce the feeding to a level in the daughter nucleus from the difference between the total
intensities of the feeding and de-exciting transitions. It turns out, however, that this simple prescription for experiment
has a flaw in it. Although Ge detectors are well suited to determining decay schemes, they have only modest efficiency for
detecting high energy γ rays; they have, in the best case, efficiencies of about 20% for γ rays of 1332 keV energy, and much
lower efficiencies for higher energy γ rays.

In order to illustrate this flaw, we assume a hypothetical, simple decay scheme shown in Fig. 12. The level in the daughter
nucleus is fed directly by a β transition and indirectly by γ transitions from above. If many weak high energy γ rays are
not observed due to the lower efficiency of Ge detectors, their strengths may add up to a significantly large value. We may
get an incorrect result for the β feeding and hence the log ft values. In other words, by the use of γ -ray detectors of limited
efficiency, we are unable to extract reliable β feedings and log ft values. This problem will, in general, be exacerbated as
we move away from stability. Here Qβ-values will increase with a resulting increase in the fragmentation of the β feeding
because the level density increases rapidlywith increasing excitation energy. Thiswill, in general, result in a reduction in the
average γ -ray intensity and fewer γ transitionswill be observed. Therewill also bemore feeding of levels at higher energies,
which will be de-excited by higher energy γ rays on average and the efficiency for detecting them is lower. In addition, the
effect is more serious in heavier nuclei where the level density is higher. Hardy et al. [66] recognised this difficulty and
named it the ‘‘Pandemonium effect’’ [67].
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Fig. 13. A typical schematic setup of a Total Absorption Spectrometer such as Lucrecia [68] at an ISOL facility. The cylindrical NaI(Tl) scintillator, shown
on the upper left, has a transverse hole in the centre. The beam pipe is inserted into one side of this hole. As we see in the lower part of the figure, the mass
separated beam is directed onto a tape at the collection point. The tape is then moved at suitable intervals to carry the source into the centre of the NaI
detector. If a study of a very short-lived activity is needed, it is possible to deposit the activity directly in the centre of the TAS. Additional detectors, such
as a plastic scintillator to detect β particles and/or a Ge detector telescope to detect X rays and γ rays, can then be inserted into the transverse hole from
the opposite side.

In order to overcome this difficulty of determining the β feeding strength from the delayed-γ measurements, one can
use the Total Absorption Gamma Spectroscopy (TAS) method. The ideal γ -ray spectrometer used in this method is a 4π
detector with 100% detection efficiency for all γ rays. In the resulting γ -decay energy spectrum, one would then observe
the summed energy from all the γ rays in the cascade that de-excite the level fed by the β decay. Thus the population of the
levels is observeddirectly. An ideal TAS is impossible to construct, but several of themarenowavailablewith sufficiently high
efficiency to make the method work [68,69]. Fig. 13 shows schematically a typical experimental setup for measurements
with such a device. An experiment using this setup is described later in Section 4.3.

The analysis of the data from these devices is not trivial. The relationship between the β feeding I(Ej) of a jth state at
Ex = Ej in the final (daughter) nucleus and the data di measured in channel i in the TAS spectrum is given by

di =

jmax−
j=1

RijI(Ej), (29)

where Rij, the response function, is the probability showing how many counts are expected in the ith channel of the TAS
spectrum for the unit feeding of the state at Ej. To determine Rij we need to know how the TAS spectrometer responds to
individual γ rays and also β particles as a function of their energy. One also requires a knowledge of the branching ratios
for the γ transitions de-exciting the levels. To determine the β feeding we must solve the inverse problem represented by
Eq. (29). This equation falls into the category of ill-posed problems and their solution is neither trivial nor straightforward.
However Tain and Cano-Ott have found how to optimise the solutions [70,71].

In the analysis, which proceeds as an iterative process, a set of I(Ej) values that can best reproduce the measured TAS
spectrum is sought. In the process, a precise decay Q -value is needed to determine the energy distribution of β particles. It
is also necessary to have a knowledge of the γ -decay branching ratios of the levels or make a plausible assumption about
them. Thus the methods must be applied with due care and attention to the individual case under study. Examples of the
use of the TAS method will be given in Sections 4.4 and 10.3.

4.4. Measurement of nuclear shapes in β decay

The shape of the nucleus is one of the simplest of its macroscopic nuclear properties to visualise, but it turns out to be
difficult to measure. The shapes of the nuclei with A ≈ 70–80 and N ≃ Z are of special interest because of the symmetry
associated with the neutrons and protons filling the same orbits. This, together with a low single-particle level density,
means that one finds rapid changes in deformation with the addition or subtraction of only a few nucleons. One finds the
co-existence [72,73] of states of quite different shapes in these nuclei e.g. in the Se and Kr nuclei [74,75]. Shape co-existence
is also predicted for the lightest Sr nuclei.

There are a number of methods of measuring the g.s deformation in unstable nuclei based on the interaction of the
electric quadrupole moment of the nucleus with an external electric field gradient [76–78]. These methods do not apply to
nuclei with J = 0 or 1/2, because they do not have a spectroscopic electric quadrupole moment. In addition, to distinguish
between oblate and prolate shapes, the sign of the quadrupole moment should be determined, but this is not easy.

We introduce here a way of deducing the shape of the g.s of the initial (mother) nucleus by the accurate study of the GT
strength [B(GT)] distribution as a function of Ex in the final (daughter) nucleus. The idea was first put forward by Hamamoto
et al. [79] and then pursued in more detail by Sarriguren et al. [80]. In the latter case they begin by looking for local minima
in the potential energy surface. Because of the shape co-existence, they found two minima which, depending on the case,
may be spherical, prolate or oblate. They then calculate the B(GT) distribution assuming these deformations. In some cases
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Fig. 14. Singles spectrum of 76Sr decay overlaid with the spectrum recalculated (dashed line) after analysis (upper panel) [81] and the B(GT) distribution
extracted from these data as a function of excitation energy in the daughter nucleus (lower panel). The dashed lines indicate the experimental uncertainty.
Note that the uncertainty increases rapidly near the Q -value because of the smaller phase-space factor (f -factor).

they find that the calculated distributions differ markedly within the Qβ-window depending on the shape of the g.s of the
parent nucleus.

A number of cases have been studied with the TAS spectrometer ‘‘Lucrecia’’ at CERN-ISOLDE [68]. The example here is
of the even–even nucleus 76Sr [81], where the g.s is amongst the most deformed known, based on the measurement [82] of
the energy of the first excited 2+ state and Grodzin’s formula [83], an empirical relationship between the deformation and
the energy of the 2+

→ 0+ transition. This tells us, however, nothing about the sign of the deformation.
The CERN-ISOLDE facility provides, at present, the most intense, mass separated, low energy beams of neutron-deficient

Sr nuclei. The 76Sr beamwith a half-life of just 8.9 swas collected on a tape and transported to the centre of the spectrometer
Lucrecia where the delayed γ cascades were measured. In the final nucleus 76Rb, the proton separation energy (Sp) is
3.5 MeV. As a result β-delayed proton emission has been observed in the region with Ex = 4.8–5.8 MeV [84]. However,
this contribution was as small as 2% in B(GT), i.e., very small compared to the decay via β-delayed γ rays. The details of the
measurement are given in [81].

The analysis of the TAS spectrum was carried out following the methods described in [70,71]. The shaded area in the
upper part of Fig. 14 shows the experimental total absorption spectrum of the β decay of 76Sr. The dashed line indicates the
recalculated spectrumafter the analysis. This spectrumextends beyond the 76SrQ -value because of the daughter activity and
pile-up [85]. In the lower panel, we see the B(GT) distribution derived from this spectrum with the dashed lines indicating
the experimental uncertainty. The marked strength at 0.5, 1.0 and 2.1 MeV is to states already known [86], but the B(GT)
values reported were larger than the values obtained from the TAS measurements as a result of the ‘‘Pandemonium’’ effect
described above.

The theoretical derivation [80] of the B(GT) distribution startedwith the construction of the self-consistent quasi-particle
basis from a deformed Hartree–Fock (HF) calculation using density dependent Skyrme forces and pairing correlations in the
BCS framework. From the minima in the total HF energy versus deformation plot Sarriguren et al. deduced the possible
g.s deformations. In the case of 76Sr two minima were found; one is prolate with β2 = 0.41, the other is oblate with
β2 = −0.13. Using these results the quasi-random-phase approximation (QRPA) equations were solved with a separable
residual interaction derived from the same Skyrme force used in the HF calculation. To calculate the B(GT), it was assumed
that the states populated in the final nucleus have the same deformation as the initial state. Fig. 15 shows the cumulative
sum of B(GT) strengths calculated with the SK3 force, where results for both prolate and oblate cases are shown. It also
shows the experimental cumulative sum of B(GT) values. The shading indicates the experimental uncertainty. As we see,
the experimental result agrees well with the calculation assuming the prolate shape over the energy range of 0.5–6 MeV,
but not with the calculation assuming the oblate shape. Thus our results confirm the large deformation, deduced from the
in-beam γ spectroscopy [82] and provide the first experimental evidence that the deformation is of prolate character.

The result also indicates that this method of determining the g.s deformation works. This method was also applied to
the case of 74Kr [87], where earlier measurements [88] of the decay of the isomeric, first excited 0+ state had indicated
strong mixing of the oblate and prolate shapes. Again the TAS measurements were made at CERN-ISOLDE. Fig. 16 shows the
cumulative sum of B(GT) as a function of Ex for both theory and experiment for this case. The form of the cumulative sum
as a function of energy reflects the fact that the B(GT) strength is in this case smoothly distributed across the Q -window, as
can be seen in Fig. 4 of Ref. [87]. This time the experimental results are not fitted by the calculations for a prolate or oblate
g.s. The results show that it is likely that there is a mixture of prolate and oblate shapes in the 74Kr g.s. This is confirmed by
the Coulomb excitation of a beam of 74Kr [89]. We note that this method relies not just on an accurate measurement of the
B(GT) distribution in the Q -window but also on a correct description of the wave function of the parent state. Although the
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Fig. 15. The cumulative sum of the measured B(GT) as a function of the excitation energy in the final nucleus for the decay of 76Sr. It is compared with the
theoretical distributions for oblate and prolate shapes [81].
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Fig. 16. As in Fig. 15, but with the corresponding data for 74Kr [87]. The solid points represent experiment. The dotted and dashed lines are the theoretical
distributions for oblate and prolate shapes.

two cases presented here look convincing, more cases are needed in order to fully establish the method. A number of other
cases in this mass region as well as cases with A ∼ 190 are already under study.

5. Charge-exchange reactions

In contrast to β decay, which suffers from the Q -value limitation, charge-exchange (CE) reactions, such as (p, n), (n, p),
(d, 2He), (3He, t) or (t, 3He) reactions, can be used to study GT transitions leading to higher excited states.

In CE reactions, including (3He, t) reactions, it is known that GT excitations become prominent at intermediate energies
(≥100 MeV/nucleon) and at forward angles including 0°, where a small angular momentum transfer is realised. This is
because of the 1L = 0 nature of GT excitations and the dominance of the στ part of the effective nucleon–nucleon
interaction at small momentum transfer including q = 0 [1,37].

5.1. Various charge-exchange reactions

Charge-exchange reactions can be categorised into β− type [(p, n)-like reactions] and β+ type [(n, p)-like reactions].
Various combinations of projectiles and ejectiles are possible [90]. However, the preferred combinations are those with the
following properties; (1) projectile at least has a relatively long lifetime, (2) the ejectile has a simple structure, i.e., there is
no (or at most one) particle-stable excited state, and (3) the combination of the jπ values of the projectile and the ejectile
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Table 2
Properties of the representative β−-type charge-exchange reactions which decrease Tz of the target nucleus by one unit. All of these reactions are
endothermic. The reaction Q -values to transform projectiles into ejectiles (Qpe) are given in units of MeV. The Jπ values of the projectile (Jπp ) and the
ejectile (Jπe ), spin transfer 1S and the associated B(F) and B(GT) values of the projectile–ejectile sector are listed. The B(GT) values are calculated from the
log ft values [92] using Eq. (26) or Eq. (27) given in Section 4 and correcting the geometrical factors associated with reversed direction of transitions (see
Eq. (3)).

β− type Qpe Jπp Jπe 1S B(F) B(GT)

(p, n) −0.782 1/2+ 1/2+ 0, 1 1.0 3.049(11)
(3He, t) −0.019 1/2+ 1/2+ 0, 1 1.0 3.02(–)
(6Li, 6He) −3.508 1+ 0+ 1 0 1.577(5)
(12C, 12B) −13.369 0+ 1+ 1 0 0.982(6)

Table 3
Properties of the representative β+-type charge-exchange reactions that increase Tz of the target nucleus by one unit. The (n, p) and (t, 3He) reactions
are exothermic. The reaction Q values to transform projectiles into ejectiles (Qpe) are given in units of MeV. The Jπ values of the projectile (Jπp ) and the
ejectile (Jπe ), spin transfer 1S and associated B(F) and B(GT) values of the projectile–ejectile sector are listed. The B(GT) values are calculated from the
log ft values [92] using Eq. (26) or Eq. (27) given in Section 4 and correcting the geometrical factors associated with reversed direction of transitions (see
Eq. (3)).

β+ type Qpe Jπp Jπe 1S B(F) B(GT)

(n, p) 0.782 1/2+ 1/2+ 0, 1 1.0 3.049(11)
(d, 2He) ≈ − 1.5 1+ 0+ 1 0 ≈3a

(t, 3He) 0.019 1/2+ 1/2+ 0, 1 1.0 3.02(–)
(7Li, 7Be0)b −0.862 3/2− 3/2− 0, 1 1.0 1.189(5)
(7Li, 7Be1)c −1.291 3/2− 1/2− 1 0 1.059(5)
(12C, 12N) −17.338 0+ 1+ 1 0 0.871(6)
a From [90].
b 7Be is in the ground state.
c 7Be is in the first excited state at 0.429 MeV.

allows spin excitations. In addition, it is better if (4) the energy difference of the ejectile and the projectile (Qpe value) is
small. A larger Qpe value will make the momentum transfer and hence the angular momentum transfer larger.

In addition to the (p, n) reaction, (3He, t), (6Li, 6He), and (12C, 12B) reactions are the typical β−-type reactions. These
reactions at 0° are good tools to study GT excitations in the neighbouring nuclei richer in protons. In these reactions, all the
ejectiles are unstable against β decay. However, they all have rather long half-lives, and thus the effects from the reduction
in the number of ejectiles reaching the detectors, or the background caused by the β− decay of the ejectile are usually small.
It should be noted that both Fermi (no spin-flip) and GT (spin-flip) transitions are caused by the (p, n) and (3He, t) reactions,
because both projectiles and ejectiles have Jπ values of 1/2+ in these reactions. On the other hand, only GT transitions are
induced by the (6Li, 6He), and (12C, 12B) reactions, because either the projectile or ejectile has Jπ = 1+ and the other has
0+. The sensitivity (or the excitation strength) for the GT excitations is proportional to the ‘‘B(GT) value associated with
the transformation of the projectile to ejectile’’ [91]. This can be seen from the B(GT) values associated with each of these
reactions, which were derived from the β-decay study of the ejectiles and are listed in Table 2.

The (n, p) reaction is the representative β+-type reaction. The other reactions used are (d, 2He), (t, 3He), (7Li, 7Be),
and (12C, 12N), where 2He is actually the two protons emitted in the narrow cone that form the ‘‘S-wave’’ (1L = 0)
correlation [90]. The Jπ = 1/2− first excited state of 7Be, in addition to the 3/2− g.s, is particle bound, and it decays by
the emission of a 0.429 MeV γ ray. In the transition from the Jπ = 3/2− g.s of 7Li, the (7Li, 7Be) reaction can selectively
excite the spin-flip excitations if the first excited state of 7Be is excited. On the other hand, the g.s→g.s transitions excite
both the spin-flip and non-spin-flip excitations. Therefore, bymeasuring particle-γ -ray coincidences, it is possible to extract
spin excitations. The properties of these reactions are summarised in Table 3.

5.2. Realisation of high energy resolution in (3He, t) measurements

At the high energy resolution facility of RCNP, Osaka, consisting of the RCNP Ring cyclotron [93], a high dispersion beam
line ‘‘WS course’’ [94] and a high resolutionmagnetic spectrometer ‘‘Grand Raiden’’ [95], precise beammatching techniques
were fully applied [96–98] for the β−-type (3He, t) CE reaction at an intermediate beam energy of 140 MeV/nucleon (see
Fig. 17).

The introduction of magnetic spectrometers for the analysis of nuclear reaction products can open a new dimension in
nuclear structure studies [95,99–104]. As the beam energy (momentum) of an accelerator increases, however, the energy
(momentum) spread of the beam usually increases. It is clear that at higher energies the large momentum spread 1p of
the beam can severely limit the resolution of momentum spectra measured with magnetic spectrometers. In order to use
the full potential of a high resolution spectrometer, i.e. to derive a good quality spectrum from the measurements in the
focal plane detectors, it is, therefore, important to match the beam characteristics at the target location to those of the
spectrometer and to compensate for the deterioration from large 1p. The importance of beam matching was pointed out
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Fig. 17. A schematic view of the high energy resolution facility of RCNP, Osaka, consisting of the RCNP Ring cyclotron [93], a high dispersion beam line
‘‘WS course’’ [94] and a high resolution magnetic spectrometer ‘‘Grand Raiden’’ [95] having a mean orbit radius of 3 m and a plannedmomentum resolving
power of 3.7 × 104 . For the detailed properties, see text.

already 40 years ago [105,106]. The matching conditions kinematic correction (or kinematic displacement), lateral dispersion
matching (or dispersion matching as it is usually called), focus matching (also called kinematic defocusing) and experimental
procedures have been discussed in several papers [100,107,108].

Under the condition of lateral dispersionmatching, the beamwithmomentum spread1p has a finite size at the target. The
beam size of thematched beamwith finite energy (momentum) spread increases with the dispersion and thereforewith the
resolving power of the spectrometer. The spectrometer Grand Raiden has a momentum dispersion 15.45 m (15.45 cm/%)
and an image magnification −0.417. Therefore, a momentum dispersion of 37.1 (=15.45/0.417) m (37.1 cm/%) is needed
for the beam line [96]. This large dispersion results in a beam size of about 10 mm in the dispersive direction at the target
position of the spectrometer in the (3He, t) reaction at 140 MeV/nucleon, even if the energy resolution of the beam itself is
as good as e.g. 140 keV (1E/E = 3×10−4 or 1p/p = 1.5×10−4). Therefore, a high resolution spectrometer, such as Grand
Raiden, suffers from a large ambiguity in determining the scattering angle due to the required large beam size needed for
the realisation of the lateral dispersion matching. This effect can be minimised by angular dispersion matching. The detail of
the ion optics involved is described in [96] and the essential points are discussed in Section 5.2.1. The ‘‘WS course’’ at RCNP
shown in Fig. 17 was proposed [96] and constructed [94] as the first beam line that realises all of these conditions.

As a result, in comparison with the pioneering (p, n) work [4], nearly one order-of-magnitude better resolution (1E ≤

30 keV) has been achieved. Fig. 18 shows spectra from β−-type CE reactions at different resolutions. This significant
improvement in the energy resolution achieved in the past twenty years is clearly seen. With higher energy resolution,
fine structures have been observed even in the so-called GT resonance (GTR) region of Ex = 7–12 MeV. We recognise that
the GTR in 58Cu, which was observed as a bump-like structure [4], actually consists of many individual states on a smooth
continuum [24].

The high energy resolution in these spectramakes it possible to study transition strengths for individual GT states. Under
the concept of ‘‘isospin symmetry’’ described below, these strengths can be compared directly with those of analogous
transitions studied by IE reaction and γ decay as well as by mirror β+ decays.

5.2.1. Beam matching techniques
In order to realise the full potential of a high resolution spectrometer, the beam characteristics at the target location

are of great importance. In order to achieve both good energy and angular resolution, it is important to realise ‘‘matching
conditions’’ between the beam line and spectrometer. They were fully formulated for the first time in [96].

The ion-optical concepts of thematching conditions are illustrated in Fig. 19 for elastic scattering at 0° (small momentum
transfer q) assuming a beam with small emittance. Fig. 19(a) shows the beam making an achromatic focus at the target
position. Particle rays (beams)with different1p values are ‘‘momentum analysed’’ by the large dispersion of a spectrometer
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Fig. 18. Energy spectra of charge-exchange reactions at 0°. The broad spectrum is from 58Ni(p, n)58Cu reaction measurements in the 1980s [109]. In the
recent 58Ni(3He, t)58Cu reaction study [24], fine structure and sharp states have been observed up to an excitation energy of 13MeV. The proton separation
energy (Sp) is 2.87 MeV. An increase in the continuum background is observed above Ex = 6 MeV.

Fig. 19. Ion trajectories under different matching conditions of beam line and magnetic spectrometer: (a) when achromatic beam transportation (B.T.) is
used; (b) when dispersion matching is realised in B.T.; (c) when both dispersion matching and angular dispersion matching are realised. The lines represent
particle rays with different 1p values within a beam. For the details, see text.

and they spread spatially in the focal plane depending on the 1p value of the beam. Therefore, the resolution achieved in
the spectrometer using achromatic beam transportation can never exceed the resolution determined by the spread of the
beam momentum.

In order to achieve a resolution better than the momentum (energy) spread of the beam, it is necessary to realise a
condition called dispersion matching shown in Fig. 19(b). Particle rays with different 1p values are focused at different
positions on the target (dispersive monochromatic focus). The dispersion of the beam at the target is compensated by the
dispersion of the spectrometer and the achromatic focus is realised in the focal plane of the spectrometer. The achievable
resolution, therefore, is not affected to first order by the momentum spread of the beam.

This idea of ‘‘compensation of dispersion’’ can be understood in analogy with how white light with various colour
components behaves in an optical system. If we think only of the focussing in the horizontal direction, a spectrometer can be
represented by a magnet, which has the function of a convex lens and prism. A convex lens makes an inverted image of the
source. A prism creates dispersion depending on the frequency of the light, which corresponds to the fact that the amount
of bending (or the bending radius) of the beam in the magnet is dependent on the momentum of the beam. As shown in
Fig. 19(b), let us think of displacing a beam with p0 + 1p slightly to the right of the beam with p0, the reference beam, at
the target position (source position). Due to the function of the convex lens of the magnet, the p0 + 1p beam is expected
to arrive at the position slightly to the left of the reference beam in the focal plane (image position). However, owing to the
highermomentum of this beam, it bends less. Therefore, if the amount of the displacement of the p0+1p beam at the target
position is adjusted so as to make these two effects compensate each other, then we can get rid of the spacial spreading of
the beam depending on the beam momentum.

Under this condition, however, rays with different 1p cross the focal plane at different angles θpf , which means that the
angle measurements then have an ambiguity. Accurate angle measurements also become possible by adjusting the incident
angles of rays with different 1p values, i.e., by realising angular dispersion matching as well (see Fig. 19(c)).

5.3. Proportionality relationship

Owing to the simple reaction mechanism of the CE reactions performed at intermediate beam energies (E > 100
MeV/nucleon) and angles close to 0° (to be more precise, at zero momentum transfer q = 0), it was found that the
differential cross-sections for GT transitions are approximately proportional to their B(GT) values. The close proportionality
was first noticed in (p, n) reactions at the incident energies of Ep = 120–200 MeV and at 0° performed at IUCF, Indiana
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[10,110,111], which makes CE reactions, including the (3He, t) reaction at 140 MeV/nucleon, useful probes for the study of
GT transition strengths.

For specific mass A nuclei at a given incoming beam energy, the proportionality in the 0° measurement with small
momentum transfer is given by

dσGT

dΩ
(q, ω) ≃ K(ω)Nστ |Jστ (q)|2B(GT) (30)

= σ̂GT(q, ω)B(GT), (31)

where Jστ (q) is the volume integral of the effective interaction Vστ at momentum transfer q, K(ω) is the kinematic factor
and ω = Ex − Qg.s–g.s, i.e., the total excitation energy of the final nuclear state, Nστ is a distortion factor, and σ̂GT(q, ω) is
a unit (differential) cross-section for the GT transition [σ̂GT(q, ω) is given in units of mb/sr]. Therefore, if ‘‘a standard B(GT)
value’’ is obtained for some GT transition in the mass A system from a β-decay study that can give an absolute B(GT) value,
the unit cross-section can be determined. Then, the B(GT) values can also be derived even for transitions to higher excited
states by using this close proportionality. It should be noted that Eq. (31) is exact only if (a) the reactionmechanism is simple
enough that the impulse approximation can be applied, and (b) no interaction other than Vστ is active in the so-called 0°
measurement. In reality, as will be discussed, these assumptions are not always valid.

The unit cross-section σ̂GT(q, ω) in Eq. (31) is a smooth function of the momentum transfer q and the energy loss ω.
Note that the transferred momentum increases with ω even in the measurements at 0°. In the (3He, t) reaction, due to
the momentum mismatch between the incoming 3He beam and the outgoing triton, σ̂GT(q, ω) usually decreases when Ex
increases. A distortedwave Born approximation (DWBA) calculation can be used to estimate this kinematic effect (for details,
see e.g. [112]). The result shows that σ̂GT(q, ω) decreases by about 5%–12%when Ex increases from 0 to 10MeV. The amount
of decrease depends onmass number A and Qg.s–g.s, but it is rather insensitive to the specific configurations of the initial and
final wave functions used in the calculation (less than a few %).

The close proportionality in a mass A system given by Eq. (31) was examined by comparing the GT transition strengths
observed in the (3He, t) measurements with those from mirror β+ decays for a number of cases in which multiple pairs
of analogous transitions can be compared. Such comparisons could be made for the T = 1/2 and 1 nuclear systems in the
sd-shell region. Due to the high energy resolution achieved in the (3He, t) reaction, a one-to-one comparison of the strengths
of the analogous GT transitions could be made. In the T = 1 system, strengths were examined for analogous GT transitions
starting from the g.s of the Tz = ±1, A = 26 nuclei (26Mg and 26Si) to the Tz = 0 nucleus 26Al [113,112]. The isospin
symmetry structure and analogous transitions for the T = 1, A = 26 isobaric system are shown schematically in Fig. 6.
The thick arrows show pairs of analogous transitions that can be studied by the (3He, t) reaction and the β+ decay. In the
T = 1/2 system, the proportionality was examined for the GT transitions starting from the ground states of Tz = ±1/2
mirror nuclei with A = 27 (27Al and 27Si) [43] and A = 23 (23Na and 23Mg) [114]. As a result, a proportionality within 5%
has been seen in general for transitions of 1L = 0 nature and for B(GT) values larger than ≈0.04.

However, there is not always a guarantee of such good proportionality. In a naive picture, β decay and CE reactions
have different sensitivities to the initial and final wave functions, i.e., CE reactions are sensitive to the surface part of the
radial wave function, while β decay can occur at any point in the nucleus. The allowed GT transitions have 1L = 0, 1S =

1, 1T = 1 and thus 1J = 1. They are caused purely by the στ -type interaction in β decays. In the CE reactions mediated by
the ‘‘strong interaction’’, however, the amount of momentum transfer q is finite even in the measurement at 0° due to the
finite negativeQ -value of the reaction. Therefore, not only the στ , but also the non-central isovector–tensor (Tτ ) interaction
(behaving like 1L = 2, 1S = 1, 1T = 1 and thus 1J = 1) can contribute. In addition, the simple ‘‘one-step’’ process of
converting proton ↔ neutron (or u quark ↔ d quark) is guaranteed in the β decay, but more complicated ‘‘two-step’’ and
higher order processes can also contribute in CE reactions. Thus the proportionality cannot always be guaranteed.

Exceptionally large deviations from the proportionality mentioned above were observed in some specific (and relatively
weak) transitions. In the 34Ar β decay to the second 1+ state at 0.67 MeV in 34Cl, a B(GT) value of 0.06 was obtained. On
the other hand, in the 34S(3He, t)34Cl reaction, the B(GT) value calculated from the good proportionality observed for strong
transitions was 0.09. In order to understand such variations from proportionality, a DWBA calculation taking into account
the various types of interaction is useful. DWBA analyses performed using the transition matrix elements from a shell-
model calculation suggested that the contribution of the Tensor interaction is responsible for the observed differences for
A = 34 [31]. Another example is the strength of the g.s–g.s transition between 58Ni and 58Cu. In the β decay of the Jπ = 1+

g.s of 58Cu, a B(GT) value of 0.15 is obtained, while a DWBA calculation suggested that 20% larger strength is observed
in the (3He, t) reaction, again due to the Tensor contribution [115]. The common feature of these cases is that two (or
more) different major 1L = 0-type s.p transitions, each of them having a large στ matrix element (e.g. ⟨d5/2|στ |d5/2⟩
and ⟨d3/2|στ |d5/2⟩), contribute destructively to the GT transition strength. Then, the contribution of the 1L = 2-type s.p
transitions activated by the Tτ (and/or the IV 1L = 2 spin) interaction becomes relatively important. Even though the
contributions on their own may be small, they can play a larger role by causing constructive (or destructive) interference
with the major s.p matrix elements induced by the στ interaction [31].

In addition, deviations from the proportionality (enhancement of ≈20%) were reported in (p, n) reactions performed
at different incoming energies for relatively weak GT transitions involving the so-called j< (=ℓ − 1/2) → j< s.p
transitions [116,117]. Examples are the 35Cl(p, n)35Ar and 39K(p, n)39Ca g.s → g.s transition for the d3/2 → d3/2 s.p
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transition, and the 13C(p, n)13Ng.s → g.s transition for the p1/2 → p1/2 s.p transition. The same enhancementwas observed
in the 13C(3He, t)13N reaction. The DWBA analysis for this reaction suggested that the Tτ component is also responsible for
the enhancement of these j< (=ℓ − 1/2) → j< transitions [118].

In spite of these exceptions we can, in general, believe in the proportionality as a good way to deduce the relative values
of the GT transition strength B(GT). Furthermore, if the unit GT cross-section σ̂GT for a specific A system can be determined,
especially using the β-decay B(GT) values, reliable GT strengths can be obtained for the transitions to highly excited states.

A method using the absolute (3He, t) cross-sections as a means to determine absolute B(GT) values has also been
proposed [119]. It was suggested that the mass dependence of the unit GT cross-section at q = ω = 0 can be expressed as
σ̂GT = 109/A0.65 mb/sr.

As we have seen in Fig. 2 and will be shown in Section 8, spin-M1 (M1σ ) excitations that are analogous to the GT
excitations can be clearly observed by using (p, p′) reactions performed at intermediate beam energies (E > 100 MeV/
nucleon) and angles close to 0°. If contributions from the minor isoscalar term (σ term) of the effective nuclear interaction
and the exchange reaction process are small, a proportionality similar to Eq. (31) is expected in the measurements using
proton IE scattering. The close proportionality is given by

dσM1σ

dΩ
(q, ω) ≃ K(ω)Nστ |Jστ (q)|2B(M1σ ) (32)

= σ̂M1σ (q, ω)B(M1σ ), (33)

where σ̂M1σ (q, ω) is a unit cross-section for theM1σ transition. Owing to the close proportionality in both (3He, t) and (p, p′)
reactions, it is expected that the analogue states are excited with corresponding strengths.

6. Gamow–Teller response functions for p and sd-shell Nuclei

It is expected that the strength distributions of GT transitions vary considerably reflecting the structures of initial and
final nuclei. Here we show high energy resolution (3He, t) spectra obtained on various p- and sd-shell nuclei at 0° and the
intermediate energy of 140 MeV/nucleon, where the reaction mechanism is mainly one step. As mentioned earlier, at 0°
the dominant excitations are 1L = 0 transitions. Therefore, in the region of Ex ≤ 20 MeV, where the main part of the
‘‘structured’’ GT strengths are expected, all 1L = 0 transitions, except for the excitation of the IAS caused by the τ -type
Fermi operator, are GT excitations caused by the στ operator. In addition, due to the proportionality, the 0° spectra provide
us with a good empirical representation of the GT strength functions.

6.1. Gamow–Teller transitions in T = 1/2mirror p-shell nuclei

We consider here the GT and Fermi transition strengths starting from the g.s of the Tz = 1/2, 7Li, 9Be and 11B target
nuclei to the g.s and the excited GT states in the Tz = −1/2 mirror nuclei, 7Be, 9B and 11C, respectively. Due to the low level
density, we can observe the GT states in p-shell nuclei as individual states. However, when these states are situated above
the particle separation energies (either Sp or Sα), they can have a particle decay width, and if we can measure these widths
we can, as we will see below, extract information about their structure. In addition, it is known that some states in these
nuclei have cluster structures. We will find that the transition strengths in these nuclei are strongly related to the cluster
structure.

6.1.1. Gamow–Teller transitions in A = 7 nuclei
Themain feature of the 0°, 7Li(3He, t) 7Be spectrum shown in Fig. 20(a) is the excitation of the two low-lying states. They

are the Jπ = 3/2− g.s and the 1/2−, 0.429 MeV first excited state [120]. These states are stable against particle emission.
Since the ground states of 7Li and 7Be are isobaric analogue states, the transition strength between them is the incoherent
sum of the Fermi and GT strengths.

The log ft values of β-decay transitions from the g.s of 7Be to the g.s and the 1/2−, 0.478 MeV first excited state have
been measured with good accuracy. As discussed in Section 2.3 and shown in Fig. 3, they are the analogous transitions to
those observed in the 7Li(3He, t) reaction. From these log ft values and assuming B(F) = 1, we obtain B(GT) = 1.20 and
1.07 for the g.s–g.s and g.s-first excited state transitions, respectively, using Eqs. (26) and (27). These large B(GT) values and
the concentration of the GT strength in these transitions suggest that the Jπ = 3/2− g.s and the 1/2−, 0.429 MeV state are
LS-partner states.

If we magnify the vertical scale by a factor of fifty, we can identify the weakly excited Jπ = 3/2−, T = 3/2 state at
11.01(3) MeV (see Fig. 20(b)). This state is the IAS of the g.s of 7He and 7B [120]. The weak excitation of this state suggests
that the g.s of the T = 1/2, 7Li (and 7Be) and the g.s of the T = 3/2, 7He (and 7B) have rather different spatial shapes. It has
been reported that the strength of the analogous GT transition in the β+ direction, i.e., from the g.s of 7Li to the g.s of 7He,
observed in the (d, 2He) reaction is also very weak [121].

It should be noted that the energy difference between the Jπ = 3/2− and 1/2−LS-partner states is as small as 430 keV.
Since the spin–orbit force is proportional to −(1/r)dV/dr, LS-partners with a large spatial extension tend to have a smaller
splitting. Therefore, it is suggested that the ground states of 7Li and 7Be are rather diffuse.
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Fig. 20. Energy spectra for the 7Li(3He, t)7Be reaction at 0° on two vertical scales. (a) The excitations of the Jπ = 3/2− g.s and the 1/2− , 0.429MeV excited
state are the dominant features. (b) The same 0° spectrum, but the vertical scale is expanded by a factor of fifty. The weakly excited Jπ = 3/2−, T = 3/2
state is observed at 11.01(3) MeV.

a

b

Fig. 21. The 9Be(3He, t)9B spectrumon two vertical scales. (a) The simple structure shown in this figurewas identified in earlier CE reactions. The structure
of the low-lying bumps has been discussed in [123]. (b) By magnifying the vertical scale by one order of magnitude, fine structure was observed in the
Ex = 14–18 MeV region. The 14.66 MeV state was weak but sharp.

6.1.2. Isospin selection rule and shape effects in A = 9 nuclei
Excited states above particle separation energies can have decay widths. With the realisation of high resolution in a CE

reactions, it became possible to measure the decay widths even at intermediate incoming beam energies. In addition the
high resolution studies provide a powerful tool for the detection of sharp but weakly excited states that co-exist with broad
peaks in the high excitation region.

An interesting example is the observation of a sharp state at Ex ≈ 15 MeV in the 9Be(3He, t)9B spectrum. This is a
Tz = +1/2 → −1/2 transition. In CE spectra taken in the past, a simple structure consisting of a sharp Jπ = 3/2− g.s
and a broader 2.36 MeV state on top of a few-MeV-wide, bump-like structure was identified, just as we see in Fig. 21(a).
In 9B, all states are situated above the proton- and α-separation energies of Sp = −0.186 MeV and Sα = −1.689 MeV,
respectively [122]. Therefore, thinking in terms of the uncertainty principle, it is anticipated that states can have rather
large widths at excitation energies of a few MeV (i.e., the energy of the Coulomb barrier) above these particle separation
energies.

As shown in Fig. 21(b), when the vertical scale is expanded, we start to see a sharp state at Ex = 14.66 MeV. High
sensitivity accompanied by high energy resolution of about 30 keV was essential to observe this weakly excited state on the
continuum. The sharpness of the state can be explained by the isospin selection rule that prohibits proton- (and also α-)
decay. It is known that this 14.6550(25) MeV state has an isospin value of T = 3/2 (the so-called T> state), and is the IAS of
the g.s of 9Li and 9C [122]. The proton decay of 9B results in 8Be (observed as two αs in the resulting breakup). The nucleus
8Be and the proton have isospin values of T = 0 and 1/2, respectively. The vector sum of these two isospin values cannot
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Fig. 22. 9Be and 9B are mirror nuclei having Tz = +1/2 and −1/2, respectively. It is thought that the main component of their ground states is 2α+

one-nucleon [124]. On the other hand, the Ex = 14.66 MeV, T = 3/2 state in 9B is the IAS of the g.s of 9Li and 9C having a spherical shape. It should be
noted that 9Li and 9C are the p3/2 closed shell nuclei.

form an isospin value of 3/2; thus the proton decay is forbidden and the state is sharp. In a similar way, the isospin selection
rule prohibits the α decay.

As will be discussed in Section 8.1, analysis showed that several sharp states observed above 10.8 MeV in the
58Ni(3He, t)58Cu reaction (see Fig. 18) have T = 2 [24]. Although these T = 2 (T>) states are located at nearly 10 MeV
above the Sp value of 2.87 MeV, they still retain their sharpness. This is another example of the hindrance of the proton
decay by the isospin selection rule.

It is known that both the g.s and this 14.66 MeV state in 9B have Jπ = 3/2−. Thus, they can be connected with the
Jπ = 3/2− g.s of 9Be by an allowed GT transition. However, in reality, the transition strengths differ by two orders of
magnitude. It should be noted that the GT (στ ) operator cannot connect the states with different spatial shapes. Therefore,
it is suggested that the g.s of 9Be (and of 9B) has a different structure from the 14.66 MeV state in 9B which is the IAS of the
g.s of 9Li and 9C (see Fig. 22). In a calculation using the method of antisymmetrised molecular dynamics (AMD), a structure
consisting of 2α+ one-nucleon was predicted for the g.s of 9Be and 9B, while a mean field like structure is predicted for the
14.66MeV state in 9B and its IASs [124]. An ab initio no-core shell-model calculation [125] and a shell-model calculationwith
expanded 2h̄ω model space [126] shows that the GT transition from the g.s to the 14.66 MeV state is hindered. A detailed
analysis of a spectrum with higher statistics is in progress [127].

6.1.3. The ‘‘odd mass Hoyle state’’ in A = 11 nuclei
The nuclei 11B and 11C are mirror nuclei. As shown in Fig. 23(a), the GT strength observed in the 0°, 11B(3He, t)11C

spectrum was fragmented. It was found that the fragmentation can be roughly understood by the coupling of a p3/2
proton–hole (for 11B) or neutron–hole (for 11C) to the 12C core. The coupling to the 0+ g.s in 12C produces the Jπ = 3/2−

ground states in 11B and 11C, and the coupling to the 2+ first excited state at 4.44MeVwill produce amultiplet of states with
1/2−, 3/2−, 5/2− and 7/2−. The 1/2−, 3/2−, 5/2− states can be reached from the 3/2− g.s by GT transitions. As reported
in [128], the GT strength distribution was well reproduced by a classical shell-model calculation using the Cohen–Kurath
interaction [129] with the introduction of a quenching factor, and also by an ab initio no-core shell-model calculation
including a three-nucleon interaction [130,131]. It should be noted that the latter could reproduce the absolute B(GT)
strengths without introducing the quenching factor.

Because of the excellent energy resolution in the (3He, t) experiment, a peak observed at 8.4 MeV in an earlier (p, n)
experiment [129] was resolved into 8.105 and 8.420MeV states in agreement with [132]. It was found that there was almost
no strength in the transition to the second excited Jπ = 3/2− state at 8.105 MeV, although the transition from the 11B g.s
with Jπ = 3/2− is allowed by the Jπ selection rule. We can see this state only by magnifying the vertical scale by a factor of
thirty as shown in Fig. 23(b). Interest in this state is not only due to itsweak excitation, but also its absence in the shell-model
calculations. These features strongly suggest that this 8.105 MeV state has a completely different spatial structure from the
other strongly excited states.

The answer came from recent calculations within the antisymmetrised molecular dynamics (AMD) framework. It was
shown that the second excited 3/2− state in 11B and 11C and the first excited 0+ state at 7.65 MeV in 12C have a strong
similarity from the viewpoint of cluster structure [133]. As is well known, this 7.65 MeV, 0+ state, the ‘‘Hoyle state’’, is
situated just above the three α threshold and is interpreted as a dilute gas state of three weakly interacting α particles
[134–136]. It plays an essential role in the formation of 12C by the triple alpha reaction in the Cosmos. Correspondingly,
the AMD calculation shows that the second excited 3/2− states in 11B and 11C have the well-developed cluster structures
of 2α +

3H and 2α +
3He with dilute density, respectively. Therefore, these states may be called ‘‘odd mass Hoyle states’’.

The similarity of the structures of these states was suggested experimentally by the similarity of the angular distributions
of these states in the 11B and 12C(d, d′) reactions [137].
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a

b

Fig. 23. Energy spectra from the 11B(3He, t)11C reaction at 0° on two scales. (a) The spectrum up to Ex = 16 MeV. (b) The expanded 6–10 MeV region. The
weakly excited Jπ = 3/2− , 8.105 MeV state is observed.

6.2. K selection rule in the deformed T = 1/2 nuclei in the middle of the sd shell

The spectra in Fig. 24 show the strengths of the Tz = +1/2 → −1/2 Fermi and GT transitions starting from the g.s of
23Na and 25Mg target nuclei to the ground and excited GT states in the mirror nuclei 23Mg and 25Al. As seen, the features of
these spectra are quite different in the low-lying region below Ex = 6MeV.We seemany prominent GT states in the A = 23
system [114] in contrast to the A = 25 system where they are very few [138]. It is known that these nuclei are deformed
with a prolate shape (deformation parameter δ ≈ 0.4–0.5). Therefore, we can assume that low-lying states in these nuclei
have the structure of a deformed (and rotating) core and a single nucleon. In strongly deformed nuclei, each single nucleon
is in a Nilsson orbit labelled by the asymptotic quantum numbers [12]. When the rotation of the core is perpendicular to the
z axis (the axis of symmetry), the z component K of the total spin J becomes an important quantum number. Therefore, the
selection rules of 1K = 0 and ±1, in addition to the usual selection rules of 1J = 0 and ±1, should be taken into account
[138]. Each rotational band is specified by the quantum numbers of the s.p orbit Kπ

[NnzΛ], where N is the total oscillator
quantum number, nz the number of quanta along the z axis and Λ is the projection of the orbital angular momentum on the
z-axis.

The proposed rotational band structure in 23Na–23Mg [139] is shown in Fig. 36 of Section 9.2, while that in 25Al [12,140]
is shown in Fig. 25.

The ground states of the A = 23 mirror nuclei 23Na and 23Mg are specified by the quantum numbers 3/2+
[2 1 1] (see

Figs. 24(a) and also 36). Therefore, the transitions to the Kπ
= 1/2+, 3/2+ and 5/2+ bands are allowed by the K -selection

rule. Note that each Nilsson orbit specified by the asymptotic quantum numbers is filled with two nucleons. Therefore, the
increase in mass number A by 2 will change the configuration of the g.s. As shown in Fig. 25, now the ground states of the
A = 25 mirror nuclei 25Mg and 25Al are specified by 5/2+

[2 0 2]. Therefore, the transitions from the ground states to the
states of the common 1/2+

[2 1 1] band have different natures in the A = 23 and A = 25 systems with 1K = 1 and 2,
respectively. Those transitions that were allowed in the A = 23 system are no longer allowed in the A = 25 system.

An interesting feature that became apparent from the comparison of these A = 23 and 25 systems is that at the
deformation δ ≈ 0.4–0.5 the K selection rules are superior to the selection rules based on asymptotic quantum numbers
that would start to work for large axially symmetric quadrupole deformation. One can point out that transitions from the
23Na g.s of the 3/2+

[2 1 1] band to the 4.357 MeV, 1/2+ and 5.291 MeV, 5/2+ states of the 1/2+
[2 2 0] band in 23Mg are, in

principle, not allowed by the στ operator due to the 1nz = 1 and 1Λ = 1 nature of these transitions. However, they are
rather strongly excited, as seen in Fig. 24(a), because these transitions are allowed in terms of the K selection rule. Similarly,
the transition to the 5.658 MeV, 5/2+ state of the 5/2+

[2 0 2] band is rather strong. We see that this transition is allowed
by the K -selection rules, but not allowed by the nz and Λ selection rules [138].

7. Comparison of charge-exchange and β-decay studies and the combined analysis

In order to obtain precise B(GT) values for the transitions to individual states and thus an accurate total B(GT) in the Ex
region of interest, we compare and combine the knowledge of the mirror GT transitions starting from ±|Tz | mirror nuclei
and ending in ±(|Tz | − 1) mirror nuclei. As we have seen, these transitions can be studied in β−-type CE reactions and β+

decays, respectively. The (3He, t) reaction can access states up to the high excitation energy region of Ex ≈ 15–20 MeV but
the GT transition strengths obtained are relative. In addition, only stable nuclei can be used as targets at present. In contrast
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a

b

c

Fig. 24. Comparison of the (a) 23Na(3He, t)23Mg and (b) 25Mg(3He, t)25Al spectra. The ordinates of figures (a) and (b) are scaled so that states with similar
B(GT) values have similar peak heights. The vertical scale of the 25Mg(3He, t)25Al spectrum is expanded by a factor of ten in figure (c) in order to show
weakly excited states more clearly.

Fig. 25. Proposed band structure for the low-lying positive-parity states of 25Al [12,140]. Each band is specified by the asymptotic quantum numbers
Kπ

[NnzΛ]. Each state is identified by its Ex (in MeV) and Jπ value. The identification of a new band structure at a higher energy will be discussed in
Section 9.2.

absolute B(GT) values can be derived from the study of β decay, but access to states outside the Qβ window is impossible.
In addition the study of feeding to the states in the upper part of the Qβ window is difficult, because the phase-space factor
(f -factor) decreases rapidly with Ex. Thus, studies of the (3He, t) CE reaction and β+ decay are complementary. In order to
compare the results from these two studies, however, we need to have both stable targets with, for example, Tz = 1, 3/2, 2
and mirror Tz = −1, −3/2, −2 nuclei that are particle bound and accessible in the β-decay studies.

In the p- and sd-shell nuclei, comparison of mirror GT transitions is, in principle, possible for several Tz = ±1/2 and
±1 initial nuclei and a few ±3/2, ±2 nuclei, but here the β-decay Q -values are low and the number of levels inside the
window is small. Therefore, the comparison of strengths is possible only for the transitions to the low-lying states, but the
B(GT) values obtained from the β decay can be used to normalise the CE reaction data. Above the pf shell, we run out of
T = 1, 3/2, and 2 stable targets. At the same time the corresponding mirror β decay partners become very exotic and
unbound.

For this reason nuclei at the end of the sd-shell and throughout the pf -shell are ideal for a detailed comparison of mirror
transitions. Moreover GT transitions starting from stable aswell as unstable pf -shell nuclei are of interest not only in nuclear
physics, but also in astrophysics. They play important roles in the core-collapse stage of type II supernovae [3]. Therefore,
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Fig. 26. The 41K(3He, t)41Ca spectrum at 0°with an angular range up to 0.5°. A resolution of 35 keV was achieved. The main states populated in L = 0 GT
transitions are indicated by their excitation energies.

studies of electron capture andβ decay caused by charged currents and neutrino-nucleus reactions are of great astrophysical
interest [141–143].

7.1. Isospin symmetry of Tz = ±3/2 → ±1/2mirror Gamow–Teller transitions in A = 41 nuclei

The isospin symmetry structure of the T = 3/2 isobaric system was discussed in Section 2.4. We examine here the
strengths of Tz = ±3/2 → ±1/2 analogous GT transitions and analogousM1 transitions within the A = 41 isobar quartet.

As shown in Fig. 5, the Tz = +3/2 → +1/2 GT transitions from the Jπ = 3/2+ g.s of 41K leading to excited
Jπ = 1/2+, 3/2+, and 5/2+ states in 41Ca can be measured using the 41K(3He, t) CE reaction. The difficulty of making a
thin potassium target was solved by using a foil of 41K2CO3 supported by polyvinylalcohol (PVA) [144]. With a high energy
resolution of 35 keV,many fragmented stateswere observed, and the GT strength distributionwas determined up to 10MeV
excitation energy (see Fig. 26). The main part of the strength was concentrated in the Ex = 4–6MeV region. The GT strength
distribution obtained is shown in Fig. 27(a). The mirror symmetric Tz = −3/2 → −1/2 GT transitions can be studied in
the β decay of 41Ti to 41Sc. Two independent β-decay measurements have been reported. The work reported in [145] was
performed at the ISOL facility in Jyväskylä, while that in [146]was performed at the FRS facility of GSI. As seen from Fig. 27(b)
and (c), the reported B(GT) distributions were significantly different especially in the energy region above Ex = 6 MeV.

If isospin is a good quantumnumber, the transition strengths of the Tz = ±3/2 → ±1/2GTmirror transitions should not
bemuch different. It was found that the general features of the B(GT) distribution given in [145] are similar to those observed
in the 41K(3He, t)41Ca measurement [147]. In addition, the energy resolution of 30 keV achieved in the measurement of the
delayed protons after the β decay at the ISOL facility was comparable with the resolution of the (3He, t) measurement of
35 keV.

By comparing the 41K(3He, t) and the 41Tiβ decay B(GT) distributions shown in Fig. 27(a) and (b), respectively, we see
similar gross features for the isospin analogous Tz = ±3/2 → ±1/2 transitions. In addition, similar clustering strengths
can be seen at 4.2, 4.8, and 5.7 MeV, although the strengths are distributed somewhat differently in each cluster. It should
be noted that if the level density is high and if there exist forces that slightly violate isospin symmetry, such as the Coulomb
force, the transition strength distribution can be somewhat different in the Tz = ±3/2 → ±1/2 transitions (for the details,
see [147]). By combining further the knowledge of Jπ values of states in 41Ca and 41Sc evaluated in [148], correspondences
of states are suggested in Table 4.

In these two experiments detecting the isospin mirror transitions, we notice that the number of observed states with
appreciable B(GT) strength is identical in 41Ca and 41Sc, except for the weak transition to the 3.050 MeV state observed
in the (3He, t) reaction. The residual interaction depending on Tz , i.e., isospin asymmetric interaction, can make the GT
strength distribution somewhat different. However, since J is a good quantum number, the modification of the distribution
is expected only among the same J states. Rather accurate excitation energies and Jπ values have been obtained for many
of these states [148]. Therefore, the corresponding states can be assigned on the basis of excitation energies, Jπ values, and
the transition strengths from the (3He, t) and β-decay measurements. Once the correspondence between analogous GT
transitions became apparent, the knowledge of the Jπ values for a pair of analogue GT states given in columns two and six of
Table 4 can now be combined. Themost probable Jπ values are given in column eight. We see that the number of Jπ = 5/2+

states is the largest, while the number of 1/2+ states is smaller, suggesting a large contribution of the d5/2 hole.
For the analogue states, the correlation of B(GT) values between analogous Tz = ±3/2 → ±1/2 transitions was

examined. As we see in Fig. 28, points are distributed more or less along the 45° line, but they are scattered, especially for
pairs of stateswith smaller B(GT) values. As a result, we conclude that the gross symmetry of these isospinmirror transitions
is rather well preserved, but the fine structures are somewhat different. From such differences in the fine structure of the
distributions, isospin asymmetry matrix elements of ≈8 keV were deduced. A detailed discussion can be found in [147].

The Coulomb displacement energy (CDE) is dependent on the configuration of each individual state [149,150]. In order
to study the CDE as a function of excitation energy, the difference of excitation energies,

1Ex = Ex(41Sc) − Ex(41Ca), (34)
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Fig. 27. Experimental B(GT) distributions from Tz = ±3/2 → ±1/2 isospin mirror transitions. (a) B(GT) distribution from the 41K(3He, t)41Ca reaction.
(b) B(GT) distribution from the 41Ti→41 Sc β decay reported in [145]. (c) B(GT) distribution from the 41Ti→41 Sc β decay reported in [146]. The transition
strengths of the Tz = ±3/2 → ±1/2 GT mirror transitions should not be much different. It is clear that the β-decay B(GT) distribution of figure (b) is
similar to that shown in figure (a). Through a detailed comparison of figures (a) and (b), a one-to-one correspondence of analogue states in 41Ca and 41Sc
could be identified up to the excitation energy of 6 MeV, where the main transition strength was observed.

Fig. 28. A correlation between B(GT) values for analogous Tz = ±3/2 → ±1/2 transitions. The−3/2 → −1/2 B(GT)β values are from 41Ti β decay [145]
and the +3/2 → +1/2B(GT)Het values are from the 41K(3He, t) measurement [147]. Analogue states with an ideal correlation would follow the dashed
line.

was calculated for each pair of states. The 1Ex values are given in the last column of Table 4. We see a marked increase in
1Ex values at around Ex = 3.8 MeV. In the 1/2+ and 5/2+ distributions, a typical value of about 50 keV in the low-lying
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Table 4
Comparison of Tz = +3/2 → +1/2 and Tz = −3/2 → −1/2 analogous GT transitions observed in the 41K(3He, t)41Ca reaction and the β decay of 41Ti
to 41Sc, respectively. The comparison is for the transitions to the states below 6.2 MeV, where the main part of the strength is concentrated.

41K(3He, t)41Ca 41Tiβ decay to 41Sca Deduced values
Ex (MeV) 2Jπ ; 2T b 1L B(GT) Ex (MeV) 2Jπ ; 2T b B(GT) 2Jπ c 1Ex (keV)

2.012 3+ 0 0.031(3) 2.096 3+ 0.036(7) 3+ 84
2.607 5+ 0 0.020(3) 2.667 5+ 0.067(13) 5+ 60
2.676 1+ (0) 0.003(1) 2.719 1+ 0.010(3) 1+ 43
3.050 3+ 0 0.004(1) 3+

3.400 1+ 0 0.067(6) 3.411 1+ 0.061(7) 1+ 11
3.526 3+ 0 0.034(4) 3.563 (1, 3, 5)+ 0.031(6) 3+ 37
3.737 (3, 5)+ 0 0.030(3) 3.781 (5+) 0.029(6) 5+ 44
3.845 1+ 0 0.012(2) 3.951(14) 1+ 0.009(3) 1+ 106
4.093 5+ 0 0.446(33) 4.245(4) 5+ 0.360(30) 5+ 152
4.182 (3, 5) 0 0.034(4) 4.328(3) 5+ 0.016(4) 5+ 146
4.419 3+ 0 0.033(4) 4.502(5) 3+ 0.014(4) 3+ 83
4.550 0 0.014(2) 4.644(5) 1− 0.015(4) 94
4.727
4.777
4.815

(3)+, (5)+

(3)+

5+

0
0
0

0.220(17)
0.033(5)
0.149(12)


4.869(4)
4.777(5)
4.928(5)

5+

3+

(1, 3, 5)+

0.150(20)
0.056(9)
0.250(30)

5+

3+

5+

142
0
113

4.966 0 0.021(3) 5.023(5) 1+ 0.031(8) 1+ 57
5.097 3+ 0 0.011(2) 5.084(5) 3+ 0.031(8) 3+

−13
5.283 5+ 0.059(17) 5.375(4) 5+ 0.160(20) 5+ 92
5.406 5+ (0) 0.045(10) 5.493(5) 1+ 0.017(7) 87
5.480 (3)+ 0 0.079(7) 5.576(4) 3+, 5+ 0.081(19) 3+ 96
5.652
5.717
5.756
5.814

(5)−

(5)−

(5)+

3+
; 3d

0
0
0
0

0.067(6)
0.190(15)
0.051(6)
0.148(25)



5.774(4)
5.840(5)
5.886(12)
5.939(4)

(1, 3, 5)+

3+, 5+

(1, 3, 5)+

3+
; 3d

0.069(20)
0.320(40)
0.069(19)
0.110e

5+

5+

5+

3+

122
123
130
125

5.890
5.969
6.019

1−

(3, 5)+
(0)
0
(0)

0.021(4)
0.192(15)
0.018(4)


6.038(25)
6.083(20)
6.133(20)

(1, 3, 5)+

(1, 3, 5)+

3+, 5+

0.051(7)
0.060(8)
0.053(7)

1+

148
114
114

a From Ref. [145].
b From Ref. [148].
c Suggested Jπ values from the comparison.
d The IAS with T = 3/2. Other states are T = 1/2 [147].
e From the shell-model calculation, see Ref. [145].

region suddenly changes tomore than 100 keV above 4MeV excitation energy, where themain part of the strength appears.
For the transitions in the low-lying region, mainly d3/2 → d3/2 and f7/2 → f7/2 transitions are expected in a naive single-
particle model. On the other hand, at higher excitation energies the main transitions are expected to be d5/2 → d3/2 and
f7/2 → f5/2. The sudden increase in 1Ex values, corresponding to the sudden change in the CDE, suggests a change of the
main configurations of the wave functions at around Ex = 3.8 MeV.

TheM1 transitions strengths in 41Ca from the IAS, i.e., the isobaric analogue state of the g.s of 41K, to five low-lying excited
states were compared with the analogous GT transition strengths derived from the 41K(3He, t) 41Ca study (see Fig. 5) [147].
It was found that ratios of theM1 and GT transition strengths, except for one transition, were similar. Thus the contribution
from the ℓτ term, which is inherent to an M1 transition and has no corresponding term in a GT transition, is small in these
M1 transitions. As we will see in Section 9, the contribution of the ℓτ term can be large if a nucleus is deformed.

7.2. Merged analysis combining charge-exchange and β-decay information

We have been studying Tz = ±1 → 0 mirror GT transitions for the pf -shell nuclei (see Fig. 29). Starting from the 0+

g.s of the Tz = ±1 nuclei, the identical final 1+ excited states are reached in these transitions. Therefore, their comparison
should be simple. Thorough studies for the Tz = +1 → 0 transitions have already been made using (3He, t) reactions on
the stable Tz = +1, f -shell target nuclei 42Ca [151], 46Ti [152], 50Cr [153], 54Fe [151] and 58Ni [24] (see Fig. 39 for the spectra
obtained).

The Tz = −1 → 0 transitions have been investigated by studying the β decays of Tz = −1 proton-rich nuclei (for
details, see [154–157]). The B(GT) values from these β decays can, in principle, be used to determine the σ̂GT(0°) values.
Once the σ̂GT(0°) value is known, the B(GT) values can be determined for the transitions to highly excited states using
Eq. (31) and the results of CE reaction studies. However, the β-decay B(GT) values for the Tz = −1, pf -shell nuclei have
rather large uncertainties.

As we have seen, accurate values of the total half-life T1/2, with uncertainties of ≤5%, can be obtained in β decay studies,
but the study of accurate feeding ratios is more difficult. In order to overcome this difficulty, we introduce the ‘‘merged



582 Y. Fujita et al. / Progress in Particle and Nuclear Physics 66 (2011) 549–606

Fig. 29. Schematic illustration of the isospin symmetry GT transitions in the ‘‘T = 1 system’’ for A = 50 and 54. The Coulomb displacement energies have
been removed to show the isospin symmetry structure. The Tz = ±1 → 0 transitions can be studied by the (3He, t) reaction and β decay, respectively, for
the pf -shell nuclei. The ground states of Tz = 0 nuclei 50Mn and 54Co are the IASs of the neighbouring Tz = ±1 nuclei and have T = 1.

analysis’’, in which the relative GT strength distributions from the (3He, t) reaction are combined with the total half-life T1/2
and the decay Q -value from the β-decay study [153]. In this analysis, good symmetry for the strengths of Tz = ±1 → 0
analogous GT transitions is assumed.

The ‘‘merged analysis’’ starts with the formula connecting the total β decay half-life T1/2 and the partial half-life tF of the
Fermi transition and tjs of GT transitions

(1/T1/2) = (1/tF) +

−
j=GT

(1/tj). (35)

The inverse of the half-life represents the transition strength. Therefore, in this formula we assume that the total β-decay
strength given on the left side is the sumof the strengths of the Fermi andGT transitions, and the contribution from forbidden
transitions is small. Applying Eq. (26), one can eliminate both tF and tj, and we get

1
T1/2

=
1
K


B(F)(1 − δc)fF +

−
j=GT

λ2Bj(GT)fj


, (36)

where fF and fj can be calculated if the decay energy is known, B(F) = |N − Z |, and the relative strengths proportional
to Bj(GT) can be studied in the (3He, t) reaction (see Eq. (31)). Therefore, if the total half-life T1/2 of the β decay is known
accurately, the relative strengths of the Bj(GT) studied in the (3He, t) reaction can be converted into absolute values.

The first analysis was made for the A = 50, T = 1 isobaric system (see Fig. 6), because the decay Q -value and the
total half-life T1/2 for the 50Fe →

50Mn β decay (T1/2 = 0.155(11) s and Qβ = 8.15(6) MeV) [155] were the best known
among the T = 1 triplets in the pf -shell region. The partial half-lives and thus the feedings were, however, unclear; only the
feeding to the first 1+ state at Ex = 0.651MeV had been detected. A B(GT) value of 0.60(16) was deduced under the extreme
assumption that no feeding took place to higher excited states [155]. On the other hand, in the merged analysis the ratio of
unknown feedings up to a higher excitation region of the Tz = −1 → 0 50Fe β decay can be deduced by multiplying the
50Cr(3He, t) 50Mn spectrum (Fig. 30(a)) with the calculated f -factor (Fig. 30(b)). The deduced ‘‘β-decay energy spectrum’’ is
shown in Fig. 30(c).

The properties of the states up to Ex = 5MeV observed in the 50Cr(3He, t) 50Mnmeasurement are summarised in Table 5.
The g.s of 50Mn is the Jπ = 0+ IAS of the target nucleus 50Cr [158]. Since the only GT state known was at 0.651 MeV
[158–160], Ex values of higher excited states were determined with the help of kinematic calculations using well-known Ex
values of 26Al, 24Al, and 16F states in the spectrum from a polyvinylalcohol (PVA)-supported natMgCO3 thin foil target [144]
as references. All Ex values of 50Mn states were determined by interpolation. Estimated errors are about 10 keV.1

In order to select GT states with ‘‘1L = 0’’ nature, intensities of observed states were compared in the spectra for two
angle cuts Θ = 0°–0.5° and 1.5°–2.0°. All prominent states showed 0° peaked angular distributions, suggesting a 1L = 0
nature. Since the Fermi strength is concentrated in the transition to the IAS, it is very probable that the transitions with
1L = 0 are GT transitions. Intensities of several weakly excited states increased at larger scattering angles, suggesting a
‘‘1L ≥ 1’’ nature (see Table 5).

As discussed, the unit GT cross-section in Eq. (31) gradually decreases as a function of excitation energy. A DWBA
calculation showed that such a kinematical correction was small and amounted to only 4% at 5 MeV. The f -factors were
calculated following Ref. [162]. Values normalised to unity at Ex = 0 are shown in Fig. 30(b). Putting the value of T1/2 and
the calculated ratio of feedings in Eq. (36), absolute GT transition strengths B(GT) were derived for all of the GT states up to

1 There is a recent measurement of the γ -decay of these 1+ states to the 0+ g.s [161]. It suggests that the error is about 15 keV in the 4 MeV region.



Y. Fujita et al. / Progress in Particle and Nuclear Physics 66 (2011) 549–606 583

a

b

c

Fig. 30. (a) The 50Cr(3He, t) 50Mn spectrum for events with scattering angles Θ ≤ 0.5°. An energy resolution 1E = 29 keV (FWHM) has been realised.
Some of the strongly populated states with 1L = 0 are indicated by their excitation energies in MeV. (b) The f -factor for the 50Fe β decay, normalised to
unity at Ex = 0 MeV. (c) The estimated 50Fe β-decay energy spectrum obtained by multiplying the 50Cr(3He, t) spectrum by the f -factor. Note that the IAS
is stronger in the real β-decay experiment due to the different ratio of coupling constants for the τ and στ -type interactions for the (3He, t) reaction [153].

Table 5
States observed in the 50Cr(3He, t) 50Mn reaction below Ex = 4.6 MeV. For the states populated with 1L = 0, B(GT) values assuming T1/2 = 0.155(11) s
are given.

Evaluated valuesa (3He, t)b

Ex (MeV) Jπ Ex (MeV) 1L B(GT)

0.0 0+c 0.0 0
0.651 1+ 0.652 0 0.50(13)
0.800 2+ 0.800 ≥1
1.143 3+ 1.147 ≥1
1.802 3 1.805 ≥1

2.411 0 0.15(4)
2.694 0 0.11(3)
2.790 0 0.03(1)
3.177 ≥1
3.392 0 0.35(9)
3.654 0 0.14(4)
4.028 0 0.07(2)
4.333 0 0.11(3)
4.584 0 0.03(1)

a From Refs. [158,159].
b Present work.
c The IAS with T = 1.

Ex = 5 MeV shown in Fig. 30(a), and they are listed in the last column of Table 5. Owing to the newly deduced feedings to
higher excited GT states, themerged analysis showed that the B(GT) value of the first GT state should decrease by about 20%
down to 0.50(13) compared to the value of 0.60(16) deduced from the β-decay study assuming that only one GT transition
existed, i.e., the one to the 0.651 MeV state in 50Mn.

It should be noted that in this merged analysis [153], the half-life is introduced from the β-decay measurement and the
precise branching ratios are deduced from the high resolution spectrum obtained in the (3He, t) reaction, in combination
with the calculated f -factor, under the assumption of isospin symmetry. However, in the present analysis, we notice that
the uncertainty originates not only from the half-life but also from the Qβ-value used for the calculation of the f -factor. The
Q -value measurement will require another dedicated effort involving, e.g., the trap technique (see Section 4.1).
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Fig. 31. (a) The 54Fe(3He, t) 54Co spectrum for events with scattering anglesΘ ≤ 0.5°. Major states with1L = 0 are indicated by their excitation energies
in MeV. They are excited in the Tz = +1 → 0 GT transitions. (b) On-line γ -ray spectrum from the RISING array at GSI measured in coincidence with the
β particles from the 54Ni decay. The existence of γ -ray peaks and CE reaction peaks at corresponding energies suggests a good mirror symmetry for the
Tz = −1 → 0 and Tz = +1 → 0 GT transitions.

7.3. β-decay experiments for the study of Gamow–Teller strengths in proton-rich f -shell nuclei

As we have seen, the β-decay B(GT) values for the Tz = −1, pf -shell nuclei have rather large uncertainties, and con-
sequently a dedicated effort was required to improve them. A programme of comparing β-decay measurements with the
results from the (3He, t) reactions has now been undertaken for the nuclei 42Ti, 46Cr, 50Fe, and 54Ni at the GSI, Darmstadt.

The purpose of the experiments was (1) to obtain precise T1/2 values, which are important input parameters to perform
the ‘‘merged analysis’’, and (2) to observe the feeding to the states at high excitation energies. The nuclei of interest are
clearly at the frontier where the present fragmentation facilities start to be competitive with the ISOL facilities. The reason
is a combination of unfavourable chemical properties of the chemical elements of interest produced in the isotope separator
ion source and the short half-lives, much shorter than the release time of the ions in the source.

The fragmentation experiment [163,164] was performed as part of the RISING stopped beam campaign [165] at the
FRagment Separator (FRS), GSI. Beams of 42Ti, 46Cr, 50Fe, and 54Ni were produced in the fragmentation of a primary
680 MeV/nucleon 58Ni beam of 0.1 nA on a 400 mg/cm2 Be target. The primary beam length was 10 s with a repetition
cycle of 13 s. The reaction products were separated in the fragment separator and the ions of interest, mainly fully stripped,
focused at the end of the FRS and implanted into an active beam stopper system. Full separationwas not achieved during the
experiment, but the collected activity contained mainly the nuclei of interest (≈80%). Complete separation was achieved in
the off-line analysis using TOF, Bρ values and1E signals. The implantation detector consisted of three layers of double-sided
silicon strip detectors (DSSDs) with an area of 50 × 50 mm and 16 × 16 strips. The same detector registered the 1E signals
produced by the βs in the decay. The high pixellation was essential for the determination of the correct implantation-β
correlations. The detector systemwas surrounded by the RISING γ -ray array composed of 15 EUROBALL cluster Ge detectors.
The overall γ -ray detection efficiency was about 15% at 1.33 MeV. This sensitive array was a key piece of equipment for the
detection of γ rays of high energy.

The production rate of the four Tz = −1 nuclei, 42Ti, 46Cr, 50Fe, and 54Ni was relatively high, up to 500 counts/s
distributedmainly in twoDSSD detectors. As an example, we show the results for the A = 54 system. The spectrum from the
54Fe(3He, t) 54Co measurement [151] and the delayed-γ spectrum from the 54Ni →

54Co β decay are compared in Fig. 31.
Due to the high production rate for 54Ni and the good detection efficiency of the RISING setup, high energy delayed γ rays
could be seen (Fig. 31(b)) at the energies corresponding to theGT states observed in the 54Fe(3He, t) 54Comeasurement [151].
Prior to our work, only the first excited state, at 937 keV was reported in the literature [156].

The branching ratios to all the excited states are based on the intensity analysis of the β-delayed γ rays. Based on the fact
that we are dealing with a relatively light system and simple de-excitation patterns (mainly 1+ to 0+ g.s), we considered
that the Pandemonium effect in this casemust be small. An important and delicate issue in order to obtain correct branching
ratios, and thus the intensities to the states at high energy is a good calibration of the efficiency of the γ detectors at
energies around 4 MeV. This is far from trivial and demands a combination of calibration source measurements and Monte
Carlo simulations. The analysis is still in progress, but an interesting observation is that the states populated in 54Co by GT
transitions from 54Ni decay mainly by direct γ transitions to the 0+ g.s, and little or no γ branching is observed to the first
1+ state.

The analysis of the T1/2 [161], as mentioned in Section 4.2, can be based either on the βs or on the β-delayed γ s. The
first has better statistics, but the second is more specific to the decay under study. However, in a fragmentation experiment
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Fig. 32. Heavy ion implantation–β correlations for identified 54Ni ions produced at GSI (see text). The random background has been subtracted. The flat
baseline of zero counts for negative as well as for positive long correlation times gives an indication of the correctness of the background subtraction. The
fit includes the 54Ni decay curve as well as the growth and decay curve for the 54Co daughter activity; see text.

of this kind the big advantage is that one can, in principle, associate the βs detected in a pixel with the implantation of the
heavy ion. This is a clean method to identify a specific decay, but the randoms have to be evaluated properly. In Fig. 32, we
show the fit for the decay curve of 54Ni and the growth and decay curve for the 54Co daughter activity after the randoms have
been subtracted. As can be seen, a perfect fit is obtained for the combination of the two activities. The precise 54Co half-life
value of 193.271(63) ms [30] was used as an input in the fit. From the present fit, a preliminary value for the 54Ni T1/2 of
114.4(10)mswas obtained, where the fitting error is 0.2ms and the quoted error originates from possible systematic errors.
Any variation in the fitted half-life due to changes in the dead time was explored by repeating the analysis for events which
occur at different times during the synchrotron beam spill. A small variation was found near the end of the spill. Provided
this was avoided the half-life obtained was stable to within 1ms. Similarly, any systematic effects due tomis-identified ions
being included in the A = 54 windowwere explored using the information from the γ -ray spectrum. Such effects were also
found to cause a variation of less than one ms. This value is in agreement with the previous value of T1/2 = 106(12) [156]
and with a recent value of 115(12) ms measured at the Leuven ISOL facility in Louvain-la-Neuve [166].

In [156], a B(GT) value of 0.68(16) was obtained for the transition to the 0.937 MeV state assuming that all β-decay GT
strength is concentrated in this decay. However, the longer half-life and the finding of the feeding to higher excited states in
the 54Fe(3He, t) 54Co reaction [151] suggest that the GT transition strength to the Ex = 937 keV state should be smaller. In
the ‘‘merged analysis’’ presented in Section 7.2, we obtain B(GT) = 0.46(8); a value smaller by about 30% compared to the
previous one. The transition strength to this state has also been measured in an 54Fe(p, n) reaction at Ep = 135 MeV [167].
Compared to their B(GT) value of 0.74(5), which was derived from their own systematics, our new value is more than 35%
smaller.

8. Identification of isospin T by the comparison of charge-exchange reactions and inelastic scattering

As discussed in Section 5.2, given the high energy resolution achieved in the 58Ni(3He, t) 58Cu reaction, many individual
GT states have been observed (see Fig. 18) even in the so-called GT resonance (GTR) region of Ex = 7–12 MeV [24]. The
(3He, t) reaction on the Tz = +1 target nucleus 58Ni with a g.s isospin T0 = 1 excites T = 0, 1 and 2, GT states in the final
nucleus 58Cu. In general, the T = 0, GT states appear in the lower-lying region, the T = 1 states in themiddle, and the T = 2
states in the higher excitation region due to the isospin symmetry term of the nuclear interaction (see [2] and the discussion
in Section 2.4), but in the real spectrum they are not separated, but mixed with each other.

From the T = T0 g.s of a target nucleus with Tz (=T0), final states with T0 − 1 (if T0 − 1 ≥ 0), T0 and T0 + 1 are excited in
the Tz −1 nucleus (see Section 2.4).We call them T<, T0 and T> states, respectively. (If the transition is from T0 = Tz = +1/2
nucleus, only T = 1/2 and 3/2, i.e., T0 and T> states are excited in the Tz = −1/2 final nucleus, see Section 2.3.) Our interest
here is to separate the GT strength distribution into these different isospin components. For that purpose, we can use the 0°
(p, p′) spectrummeasured for the same target nucleus as a reference. This reaction excites the T0 and T> spinM1 states (M1σ

states), analogous to the corresponding states seen in the (3He, t) reaction. Therefore, those states that are not observed in
the (p, p′) reaction should be the T< states [168]. In order to distinguish the T> states from the T0 states, we can further use
the fact that the CG coefficients in the excitation of these different T states are different for the (3He, t) and (p, p′) reactions
(see the CG coefficients shown in Figs. 3 and 7).

We summarise the squared values of CG coefficients C2 and their ratios in the (3He, t) reaction and also the (p, p′) reaction
for the transitions to the T> (T0+1) and T0 states in Table 6. As seen, the ratios of CG coefficients between the T> and T0 states
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Table 6
The squared values of the isospin Clebsch–Gordan (CG) coefficients C2 for the T0 and T0 + 1 excitations in the (3He, t) and (p, p′) reactions for various
values of T0 , the initial isospin. The ratio of C2(T0 + 1) divided by C2(T0) shows that the T0 + 1 excitation is enhanced in the (p, p′) reaction compared to
the (3He, t) reaction. The enhancement factor is shown in the last column.

Initial T0 (3He, t) (p, p′) Enhancement in (p, p′)
C2(T0) C2(T0 + 1) Ratioa C2(T0) C2(T0 + 1) Ratioa

1/2 2/3 1/3 1/2 1/3 2/3 2 4
1 1/2 1/6 1/3 1/2 1/2 1 3
3/2 2/5 1/10 1/4 3/5 2/5 2/3 8/3
2 1/3 1/15 1/5 2/3 1/3 1/2 5/2
a Ratio of C2(T0 + 1) divided by C2(T0).

are always larger in the (p, p′) reaction than in the (3He, t) reaction, suggesting that the excitation of T> states, compared to
the excitation of T0 states, will be enhanced in the (p, p′) reaction, compared to the (3He, t) reaction, by the factors shown
in the last column. Therefore, if we compare the (p, p′) and (3He, t) spectra normalised by the strengths of the analogous
transitions to T0 states, we should see the enhancement of the transitions to the T> states in the (p, p′) spectra.

It should be noted that GT transitions observed in (n, p)-type reactions are analogous to the transitions to T> states
observed in the (3He, t) reaction. The associated CG coefficient in (n, p)-type reactions is always unity. For these GT
transitions in theβ+ direction, it is usually hard to find aβ decay that enables us to study the unit GT cross-section. Therefore,
the B(GT) values determined in the T0 → T> transitions in the high resolution (3He, t) reaction (after correcting for the
isospin CG coefficients) can provide good standard for B(GT) values in the (n, p)-type reactions. In a similar way, B(M1σ )
values studied in the (p, p′) reaction (see Eq. (5)) can be calibrated using the B(GT) values of the analogous transitions studied
in the (3He, t) reaction.

8.1. Identification of isospin T in the Tz = 0 final nucleus 58Cu and the isospin selection rule

The electron-capture rates from pf -shell nuclei are important at various stages of stellar evolution [3]. The rates are
determined by the GT strengths of transitions in the β+ direction. Since analogous transitions can be studied as the
T0 → T0 + 1 transitions in the (3He, t) reaction, it is intriguing to identify the T0 + 1, GT states in the (3He, t) spectra [24].

As seen from Fig. 7, the (3He, t) reaction on the target nucleus 58Ni with g.s isospin T = T0 = 1 and Jπ = 0+ excites
Jπ = 1+ GT states with T = 0 (T<), 1 (T0) and 2 (T>) in 58Cu. On the other hand, only the T = 1 and 2 analogue states are
observed in the 58Ni(p, p′) reaction as excited 1+ states in 58Ni. Therefore, if states are observed only in the (3He, t) reaction,
they are the T = 0 (T<) states. The 0.203 MeV state in 58Cu is the isobaric analogue state of the Jπ = 0+, T = 1, g.s of
58Ni [169]. Therefore, it is expected that the T = 1 and also T = 2, GT states in 58Cu have Ex values about 200 keV higher
than the parent M1 states in 58Ni. In order to distinguish between T = 1 and 2 states, we can use the difference of CG
coefficients in the (3He, t) and (p, p′) reactions.

The 58Ni(3He, t) experiment was performed at RCNP, while the 58Ni(p, p′) experiment was performed at IUCF [23,24].
The high resolution (p, p′) experiment at 0° is difficult to carry out [23]. Such measurements have been successful only at
IUCF, RCNP and iThemba-LABS (Cape Town, South Africa), where good magnetic spectrometer systems are available. The
detailed procedure in the experiment is described in [17].

The (3He, t) and (p, p′) spectra obtained at 0° are shown in Fig. 33(a) and (b) for the Ex = 8.5–12.5 MeV region. The
(3He, t) spectrum is shifted by 0.203 MeV, i.e., the Ex value of the IAS in 58Cu, in order to identify the corresponding GT and
M1 states with T = 1 and 2. Most of the states showed forward-peaked angular distributions, suggesting that they are the
states with 1L = 0. However, a detailed analysis of the 58Ni(p, p′) spectrum showed the existence of several extra peaks
that had no corresponding partner in the (3He, t) spectrum [24]. By consulting the nuclear resonance fluorescence (NRF)
measurement on 58Ni [170], those states were identified as Coulomb-excited E1 states. The Coulomb excitation is stronger
as the Z of the target nucleus increases.

The vertical scales of the two panels in Fig. 33 have been adjusted so that the corresponding 8.837 MeV state in the
(3He, t) spectrum and the 8.667MeV state in the (p, p′) spectrum have the same heights. This pair of states is known to have
T = 1 [169]. In addition to this pair, we see many corresponding states by comparing the two spectra in Fig. 33, and the
properties of the pairs of GT and M1 states are summarised in Table 7. From Table 6, we anticipate that the transitions to
the T = 2,M1 states are enhanced by a factor of three in the (p, p′) spectrum for the T0 = 1 initial nucleus 58Ni. It is clear
that the 10.664 MeV state in the (p, p′) spectrum is enhanced by a factor of about three over the corresponding 10.825 MeV
GT state in the (3He, t) spectrum. It is seen that several other peaks are enhanced in the (p, p′) spectrum and they are the
candidates for T = 2 (T>) states. We name the enhancement factor for the peak in the (p, p′) spectrum as ‘‘RGT’’ and give a
value of three for the strongest pair of analogue Tf = 2 states at 10.664 and 10.825 MeV [24]. The RGT values for the other
pairs were calculated, including the kinematic correction factor (of the order of a few %). The RGT values are listed in column
six of Table 7.

Almost all pairs of analogue states below 10 MeV show the RGT values of ≈1 or typically less than 1.5. A typical example
is the 8.837–8.677 MeV pair (see Fig. 33). The RGT value of 1.16(13) is in good agreement with the value of unity expected
for a Tf = 1 state. On the other hand, those at higher energies show larger values between 2.1 and 3.4. (The deviation from
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a

b

Fig. 33. The comparison of the 58Ni(3He, t) 58Cu and 58Ni (p, p′) spectra taken at 0° in the excitation energy region where both T = 1 and 2 states co-
exist. (a) The 0° 58Ni(3He, t) 58Cu spectrum measured at RCNP. (b) The 0° 58Ni (p, p′) spectrum measured at IUCF. Several states around Ex = 10 MeV are
apparently enhanced in the (p, p′) reaction, suggesting that they are T> (T = 2) states. The candidates for T = 2 states are indicated by arrows. For details,
see the text.

Table 7
Corresponding analogue states observed in the (3He, t) and (p, p′) spectra and the RGT values (see text). The B(GT) values (in arbitrary units), cross-sections,
differences of excitation energies 1Ex and determined Tf values are shown.

(3He, t) (p, p′) 1Ex (MeV) RGT Tf
Ex in 58Cu (MeV) B(GT) (a.u.) Exin 58Ni (MeV) Cross-section (mb/sr)

8.837 0.190(11) 8.677 1.02(4) 0.160 1.16(13) 1
8.959 0.040(5) 0
9.000 0.077(7) 8.856 0.41(5) 0.144 1.17(20) 1
9.129 0.075(6) 8.959 0.32(4) 0.170 0.93(17) 1
9.172 0.064(7) 0
9.209 0.048(6) 9.071 0.35(4) 0.138 1.6(3) 1
9.307 0.054(7) 9.156 0.36(4) 0.151 1.4(3) 1
9.371 0.047(6) 9.242 0.17(4) 0.129 0.8(2) 1
9.444 0.044(7) 9.326 0.20(4) 0.118 1.0(3) 1
9.567 0.032(5) 0
9.645 0.073(6) 9.526a 0.37(4) 0.119 1.11(19) 1
9.783 0.026(6) 0
9.861 0.031(6) 9.739b 0.37(11) 0.122 2.6(9) 2
9.989 0.055(6) 9.835c 0.33(4) 0.154 1.3(3) 1

10.291 0.054(6) 10.115 0.22(4) 0.176 0.9(2) 1
10.329 0.040(7) 10.156c 0.17(4) 0.173 1.0(3) 1
10.388 0.027(8) 10.211b,c 0.41(4) 0.177 3.4(1.1) 2
10.554 0.033(6) 0
10.597 0.028(6) 10.492b,c 0.27(4) 0.105 2.2(6) 2
10.825 0.120(8) 10.664b,c 1.59(5) 0.161 3.0d 2
11.137 0.027(5) 11.003b,c 0.27(4) 0.134 2.3(6) 2
11.358 (0.014(5)) 11.165 0.16(4) 0.193 2.7(1.2) 2
11.562 (0.021(5)) 11.423b 0.15(4) 0.139 1.6(6) (2)
11.815 (0.017(5)) 11.672b 0.31(9) 0.143 4.2(1.9) 2
11.903 (0.017(5)) 0
12.034 0.033(6) 11.883b 0.29(4) 0.151 2.1(5) 2
a Assigned as E1 state in Ref. [170].
b A corresponding state was found in the (d,2He) spectrum [171,172].
c A corresponding state was observed in the (e, e′) spectrum and identified to be T = 2 [173].
d RGT value of 3.0 is given from the ratio of CG coefficients.

the value of three may come from the uncertainty in the background subtraction and/or the contribution of the isoscalar
component in the (p, p′) reaction.) It is rather clear that pairs of states are divided into two groups by the value of RGT, and



588 Y. Fujita et al. / Progress in Particle and Nuclear Physics 66 (2011) 549–606

it is suggested that those pairs with large RGT have T = 2. The T = 2 states identified in the comparison are indicated by
arrows in Fig. 33(b) [24].

For the identification of T , it is essential to find a one-to-one correspondence in the analogous GT and M1σ excitations.
In this respect, high resolution measurements in IE and CE reactions were essential in the assignment of the isospin values
of states.

The difference of the excitation energies of the analogue states in 58Cu and 58Ni, i.e.,1Ex = Ex(58Cu)−Ex(58Ni), are listed
in column five of Table 7. The average value of 148 keV was smaller than the excitation energy of 203 keV of the IAS in 58Cu.

As we see from Fig. 7, these T = 2 states are selectively excited in (n, p)-type reactions. The overall distribution of the GT
strengths derived in the present T -decomposition analysis is in agreementwith the result from the 58Ni(t, 3He) 58Co reaction
performed at NSCL, MSU using a beam of E(t) = 115MeV/nucleonwith an energy resolution1E = 250 keV (FWHM) [115],
and also the result from the 58Ni(d, 2He) 58Co reaction performed at KVI using a beam of E(d) = 85 MeV/nucleon with
1E ≈ 130 keV [171,172]. However, it was suggested that the GT strength distribution from the 58Ni(n, p)58Co reaction [174]
was not consistent with that from the (t, 3He) reaction [115]. From a theoretical viewpoint, only shell-model calculations
can predict the detail of these GT strength distributions in pf -shell nuclei. Large scale shell-model calculations have been
performed using modern interactions, such as KB3G [175,176] or GXPF1 [177], and a comparison of the various theoretical
results can be found in [178]. The comparison between the experimental and theoretical results is discussed in [24,115].

In both the 58Ni(3He, t) 58Cu and 58Ni(p, p′) reactions, sharp states were observed with our resolution of ≈30 keV. As
we have discussed in Section 6.1.2, states above the particle separation energies can have measurable widths. The proton
separation energy Sp and the neutron separation energy Sn are 8.17 MeV and 12.2 MeV, respectively, in 58Ni. Thinking of the
Coulomb barrier (effectively ≈ several MeV high) which hinders the proton decay and also the centrifugal potential which
hinders both proton and neutron decays, it is understandable to see no extra width even for the states with Ex ∼ 12 MeV.
Similarly, Sn in 58Cu is as large as 12.43 MeV, but Sp is only 2.87 MeV.

In order to understand the existence of sharp peaks even in the Ex ≈ 10–12 MeV region of 58Cu, i.e., the region about
8 MeV above Sp, we have to consider the isospin selection rule associated with the proton decay. As we have seen, these
sharp states are mainly of T = 2 (T>) nature. After the decay, 58Cu becomes a proton with Tz = −1/2 and T = 1/2 and 57Ni
with Tz = −1/2 and g.s isospin T = 1/2. Since the vector sum of two T = 1/2 states gives only T = 0 or 1, the proton decay
from the T = 2 states in 58Cu to the T = 1/2 g.s or other T = 1/2 states in 57Ni is not allowed. The decays are possible only
to the T = 3/2 excited states above Ex = 5.2 MeV in 57Ni [179]. This means that the effective Sp for a T = 2 state in 58Cu
becomes 8.1 (=2.9 + 5.2) MeV or more. Therefore, the T = 2 GT states identified in the present analysis can, in principle,
decay by proton emission, but due to the hindrance of the decay by the Coulomb barrier and the centrifugal potential, we
find that they still retain their narrow widths even though they have high excitation energies of more than 10 MeV.

8.2. Identification of isospin T in the Tz = −1/2 final nucleus 27Si

The schematic isospin structure and the transitions in Tz = ±1/2 and the neighbouring Tz = ±3/2 nuclei are shown
in Fig. 3. Our interest here is to distinguish between the T = 1/2 and 3/2 states that can co-exist in the higher excitation
region.

The A = 27 mirror nuclei 27Al and 27Si have Tz = +1/2 and −1/2, respectively and the low-lying states have T = 1/2.
The lowest T = 3/2 (i.e., T>) state appears at 6.814 and 6.626 MeV in 27Al and 27Si, respectively [180], and thus above these
excitation energies, both T = 1/2 and 3/2 states can co-exist. For the identification of the T< and T> states of the analogous
GT and M1 states and also for the study of the symmetry structure at higher energies in these Tz = ±1/2 nuclei, we can
compare the spectra from the (3He, t) and (p, p′) reactions on the same initial nucleus 27Al.

As explained in Section 5.3, the στ -type interaction becomes important in the (p, p′) reaction at 0° and the transition
strengths are approximately proportional to those of the analogous GT transitions studied in the (3He, t) reaction (see
Eqs. (31) and (33)). However, the CG coefficients related to exciting the T = 1/2 and 3/2 states are different in these
two reactions. The squared values of the CG coefficients (C2) are 2/3 and 1/3 in the (3He, t) reaction and 1/3 and 2/3 in the
(p, p′) reaction, suggesting that the transition strengths of the T = 3/2 states are enhanced by a factor of four in the (p, p′)
reaction compared to the (3He, t) reaction, if the strength is normalised by the lower-lying T = 1/2 states, as summarised
in Table 6.

The 0°, 27Al(3He, t) experiment was performed at RCNP using a 3He beam with an energy of 140 MeV/nucleon, while
the 27Al(p, p′) experiment at 0° was performed at IUCF, Indiana University using the Ep = 160 MeV proton beam [23]. The
experimental details can be found in [24]. The (3He, t) and (p, p′) spectra obtained at 0° are shown in Fig. 34(a) and (b) for
the Ex = 8–14 MeV region. The analysis of the angular distributions showed that most of the states observed in the (3He, t)
reaction, except weak ones, have 1L = 0 nature, suggesting that they are GT states. Since the g.s of 27Al has a Jπ value of
5/2+, the possible Jπ values of the final states are 3/2+, 5/2+ and 7/2+. The vertical scales in the two panels of Fig. 34 are
adjusted to get agreement for the heights of discrete states in the 8 MeV region, where it is known that states are mainly
of T = 1/2 character. We can readily observe corresponding structures with similar intensities up to Ex = 11 MeV in
both spectra although the final nuclei are different. In the higher Ex region, however, the level density becomes large and,
in addition, we see many strongly excited states only in the (p, p′) spectrum. It looks as if the spectra are different in this
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Fig. 34. The comparison of the 27Al(3He, t) 27Si and 27Al (p, p′) spectra measured at 0° in the region of excitation energy where both T = 1/2 and 3/2
states co-exist. (a) The 0° 27Al(3He, t) 27Si spectrummeasured at RCNP with a resolution of 30 keV. (b) The 0° 27Al (p, p′) spectrummeasured at IUCF with
a resolution of 35 keV. Many states around Ex = 12 MeV are apparently enhanced in the (p, p′) reaction, suggesting that they are T> (T = 3/2) states. The
candidates for T = 3/2 states are indicated by arrows. For details, see the text.

region. A closer look, however, shows the existence of corresponding structures, and in addition, corresponding states can
be identified because of the energy resolutions of about 30 keV in both spectra.

Owing to the symmetry energy of the nuclear interaction, the centroid of the T> strength is situated at higher Ex than that
of the T< strength, and thus it is expected that T = 3/2 states in 27Si become dominant at higher excitation. Since excitation
of these T = 3/2 states should be enhanced by a factor of four as a result of the difference in the CG coefficients, we selected
states that are strongly enhanced in the (p, p′) spectra as good candidates for T = 3/2 states. In the comparison, attention
should be paid to the fact that the excitation energy of corresponding states as well as the transition strength may not be as
perfect as is expected from the assumption of isospin symmetry. It is known that the Coulomb displacement energy of the
corresponding states becomes larger as a function of Ex [43]. In addition isospinmixing canmodify the strength distribution.
The difference in the active operators is also important. In the (3He, t) reaction, only the στ -type nuclear interaction can
make a contribution to the excitation of both T< and T> states, whereas for the T< excitation in the (p, p′) reaction, the σ -
type as well as στ -type nuclear interaction and exchange term can contribute. Although it is usually said that the transition
matrix element of the σ term is one order of magnitude smaller than that of the στ term at small q transfer [37], the cross
term between the σ and στ terms can be large. Accordingly, the strengths of the T = 1/2 excitations in the (p, p′) reaction
may not represent the pure στ response of nuclei.

Those peaks which are enhanced in the (p, p′) spectrum up to Ex = 14 MeV in 27Al are indicated by arrows in Fig. 34(b).
It should be noted that these T = 3/2 states in 27Al in Fig. 3 are the analogues of the states in the Tz = ±3/2 nuclei 27Mg
and 27P, which can be studied in the (n, p)-type reaction on 27Al and the exotic (p, n)-type reaction on the unstable nucleus
27Si, respectively. An 27Al(d, 2He) 27Mg measurement at RIKEN [181] using an Ed = 135 MeV/nucleon beam showed the
existence of a bump at Ex = 5.6MeV in the GT strengthwith their resolution of about 600 keV. Since the g.s analogue of 27Mg
is at 6.8 MeV in 27Al, we find that this bump structure corresponds well to the concentration of the discrete T = 3/2,M1
states seen around 12.5 MeV in Fig. 34(b). It should be noted that the structure of 27Mg is not well known [182]. However,
we could deduce its structure up to Ex ≈ 7.2 MeV through the identification of T = 3/2 states up to Ex = 14 MeV. It is also
suggested that the possible Jπ values of these final states are 3/2+, 5/2+ or 7/2+.

It is rather difficult to study in detail the structures of Tz = ±3/2 nuclei in sd shell. However, if isospin symmetry is
assumed, it was found that the structures of such Tz = ±3/2 nuclei can be deduced by identifying the T = 3/2 states in the
highly excited region of Tz = ±1/2 nuclei.

9. Comparison of Gamow–Teller andM1EM transitions

Our aim in this section is to compare the transition strengths for the analogous M1 (or more precisely M1EM) and GT
transitions. As discussed in Section 3.2, there is a similarity in the form of the GT andM1 operators. The στ (IV spin) term is
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common to both operators and is usually dominant. However, in the M1 operator, there are additional terms. They are the
ℓτ (IV orbital) term and the isoscalar term. They can interfere constructively or destructively with the IV spin term.

9.1. Isoscalar and orbital contributions in M1EM transitions

In the comparison of GT transitionswith the analogousM1 transitions, a simple relationship is obtained for the transition
strengths if the στ term is dominant in theM1 transition. From the comparison of Eqs. (10) and (3) in Section 3.2, and using
RMEC defined by Eq. (21), the ‘‘quasi’’ proportionality between B(GT) and B(M1) is expressed as

B(M1) ≈
3
8π

(g IV
s )2µ2

N
C2
M1

C2
GT

RMECB(GT) = 2.644µ2
N
C2
M1

C2
GT

RMECB(GT). (37)

Therefore, the value ‘‘renormalised B(M1)’’ defined by

BR(M1) =
1

2.644µ2
N

C2
GT

C2
M1

B(M1) (38)

can be compared directly with the values of B(GT).
In order to examine the interference of IS and IV orbital terms with the IV spin term in an M1 transition, we define the

following ratio taking the effects of the MEC (Eq. (21)) into consideration [43],

RISO =
1

RMEC

BR(M1)
B(GT)

. (39)

By comparing Eqs. (10) and (3), it is seen that RISO > 1 usually indicates that the IS term and/or the IV orbital term make
a constructive contribution to the IV spin term, while RISO < 1 shows a destructive contribution. As discussed in [32,114],
the contribution of the IS term is minor. Therefore, it is expected that the deviation of RISO from unity mainly shows a
contribution of the IV orbital term in eachM1 transition.

9.2. Large orbital contributions in the M1EM transitions in deformed nuclei

We examine the M1 γ decays in the Tz = 1/2, 23Na nucleus and compare the M1 transition strengths with the GT
strengths obtained from the 23Na(3He, t) 23Mg reaction. As we have seen in Section 6.2, the mirror nuclei 23Na and 23Mg are
well deformed. The jth state with Jπj = 1/2+, 3/2+, and 5/2+ can decay directly to the Jπ0 = 3/2+ g.s byM1 transitions. The
M1 γ -transition strength B(M1)↓ (in units of µ2

N ) from an excited state to the g.s of 23Na is calculated using the measured
lifetime (mean life) τm (in units of seconds), gamma-ray branching ratio bγ (in %) to the g.s, E2 and M1 mixing ratio δ and
the γ -ray energy Eγ (in MeV). The relationship among these quantities is given (see e.g. [33]) by

B(M1)↓ =
1
τm

1
E3

γ

bγ

100
1

1 + δ2

1
1.76 × 1013 . (40)

The B(M1)↓ valueswere calculated up to≈Sp of 8.79MeV for all states thatmay possibly have these three Jπ values using
data compiled in [180]. The γ -decay data were far from complete, because either lifetime and/or branching ratio were often
missing formany states above Ex = 6MeV. For some of the transitions, the E2 andM1mixing ratios δ were not available. For
them δ = 0 was assumed, and thus only upper-bound values of B(M1)↓ were obtained. In order to determine the B(M1)↑
values, the 2J + 1 factors for the initial and final states were corrected by

B(M1)↑ =
2Jj + 1
2J0 + 1

B(M1)↓. (41)

In Eq. (38), the ratio of squared CG coefficients for a transition from a Ti = 1/2 state to a Tf = 1/2 state in mirror nuclei
is 2. Therefore, we find that the BR(M1) = (2/2.644µ2

N)B(M1)↑ value can be compared directly with the corresponding
values of B(GT). The BR(M1) values for the excited states of 23Na are shown in Fig. 35(b). From the comparison with the
B(GT) distributions shown in Fig. 35(a), we see that some M1 transitions, even strong transitions, are strongly enhanced
compared to the analogous GT transitions, suggesting large orbital contributions, while in some others, almost no orbital
contribution was found. The low-lying spectra of odd-A deformed nuclei can be analysed in terms of the rotational bands
formed on intrinsic configurations, which are specified by the quantum numbers of the Nilsson orbit of the odd particle. We
analyse such a large difference of the orbital contributions on the basis of the different selection rules for ℓ and σ operators
in transitions connecting different deformed bands [114].

Let us consider an odd A, deformed nucleus with an even–even core. Under the assumption that the nucleus is
symmetrical about the z axis, the single-particle orbits (Nilsson orbits) are labelled by using the asymptotic quantum
numbers Kπ

[NnzΛ] (see Section 6.2 for the asymptotic quantum numbers).We noteΛ andΣ (=sz) are the projection of the
orbital angular momentum and the spin along the z axis, respectively, and K = Λ + Σ holds. On top of each single-particle
orbit, a rotational band with J = K , K + 1, . . . is formed.
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Fig. 35. Comparison of B(GT) and BR(M1) strength distributions. (a) B(GT) strength distribution from the 23Na(3He, t) 23Mg reaction. (b) BR(M1) strength
distribution in 23Na deduced from γ -decay data.

Fig. 36. Proposed band structure for the low-lying positive-parity states of 23Na. Each band is specified by the asymptotic quantum numbers Kπ
[NnzΛ].

The BR(M1) value, which is proportional to B(M1)↑, and the ratio RISO are also indicated. Each state is identified by its Ex (in MeV) and Jπ value.

The proposed band structure for the low-lying positive-parity states of 23Na, based on the Nilsson-orbit classifica-
tion [139], is shown in Fig. 36. We study the possible contributions of σ and ℓ operators for the intra-band and inter-band
transitions between the rotational bands specified by the asymptotic quantum numbers Kπ

[NnzΛ].
(a) Intra-band transitions

In intra-band transitions, asymptotic quantum numbers of intrinsic motion do not change. The matrix elements for the
operators ℓz and σz are given by

⟨Kπ
[NnzΛ]|ℓz |Kπ

[NnzΛ]⟩ = Λ, and ⟨Kπ
[NnzΛ]|σz |Kπ

[NnzΛ]⟩ = 2Σ, (42)

respectively. Therefore both orbital and spin contributions are expected in the intra-bandM1 transitions.
The transition from the Jπ = 3/2+ g.s to the 0.44 MeV, 5/2+ state is an intra-band transition (see Fig. 36). The RISO of 2.3

is much larger than unity. Since the major component of the 3/2+
[2 1 1] orbit is d5/2, constructive interference is expected

between the ℓ and σ contributions for this transition [114]. This rather large experimental RISO value suggests a relatively
large orbital contribution because of this constructive interference.

Both ℓ± and σ± operators cause inter-band transitions. However, it should be noted that they connect bands of different
character.
(b) Transitions caused by the ℓ± operator

Operators ℓ± can cause transitions between states in different rotational bands. By applying ℓ+, we get

ℓ+|Kπ
[NnzΛ]⟩ ∝ |(K + 1)π [Nnz ± 1Λ + 1]⟩, (43)

and by applying ℓ−, we get

ℓ−|Kπ
[NnzΛ]⟩ ∝ |(K − 1)π [Nnz ± 1Λ − 1]⟩, (44)
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a

b

Fig. 37. The 25Mg(3He, t) 25Al reaction spectra of (a) the range up to the excitation energy of 8.5 MeV and (b) expanded 5.5–8.5 MeV region. The members
of the 3/2+

[2 0 2] rotational band are indicated by arrows. The ‘‘desert region’’ spreading between 2–6 MeV region is discussed in Section 6.2.

where the relationship 0 ≤ nz ± 1 ≤ N and 0 ≤ Λ ± 1 ≤ N should hold. Therefore ℓ± connect the bands in which the
asymptotic quantum numbers nz and Λ change by one unit.

The 4.43MeV, Jπ = 1/2+ and the 5.38MeV, 5/2+ states are assigned to bemembers of the 1/2+
[2 2 0] band [139]. In the

transitions from the g.s to these states, the asymptotic quantum number Λ decreases by one unit. Therefore, the transitions
should be caused by the ℓ− operator, and the contribution of σ is only through the admixture of wave functions from orbits
other than 1/2+

[2 2 0]. The RISO values are large for these transitions.
The J = 5/2, 5.74 MeV state in 23Na is assigned to be the band-head state of the band 5/2+

[2 0 2] [139], and its analogue
state is at Ex = 5.66 MeV in 23Mg [180]. The M1 transition from the g.s is the second strongest in the low-lying region.
Because of its 1Λ = 1 nature, the M1 transition should be caused by the ℓ+ operator. However, the RISO value of 1.5
obtained was not so large. It is suggested that some contribution from the σ operator exists in this case. The B(GT) value to
the analogue 5.66 MeV state in 23Mg is large in the analysis of the 23Na(3He, t) reaction (see Fig. 35(a)).
(c) Transitions caused by the σ± operator

By applying σ±, we get

σ±|Kπ
[NnzΛ]⟩ ∝ δ(Ω, Λ ∓ 1/2)|(K ± 1)π [NnzΛ]⟩. (45)

As expected, the σ± operator causes transitions in which the asymptotic quantum number Σ , and thus K changes by one
unit.

Starting from the J = 3/2 g.s of the 3/2+
[2 1 1] band, transitions to the J = 1/2, 3/2, and 5/2 states of the 1/2+

[2 1 1]
band at 2.39, 2.98, and 3.91 MeV are allowed by the σ− operator. The RISO values obtained for the latter two transitions,
assuming RMEC = 1.25 [32], are nearly unity, in agreement with the expectation that the transitions are caused mainly by
the σ− operator.

As we have seen, by comparing the strengths of analogousM1 (M1EM) and GT transitions, we see the contribution of the
ℓτ term that is inherent to theM1 transition. The contribution can be large in deformed nuclei and thus the RISO value gives
us a good hint for specifying the Nilsson orbits involved in the transition, especially in combination with the K selection rule
for GT andM1 transitions (see Section 3.1). Since theM1 transitions can be studied not only in the γ -decay measurements,
but also in (e, e′) reactions, the RISO values can be obtained even for the transitions to the high Ex region.

We see a good example in the identification of the 3/2+
[2 0 2] orbit in the deformed nuclei 25Mg and 25Al [183]. It is the

highest-lying orbit among the six Nilsson orbits in the prolate deformed sd-shell nuclei and was never properly identified
for more than 50 years after its prediction by Nilsson [184,185]. This orbit would lie in the low-lying region for nuclei with
neutron or proton numbers N or Z ≈ 19. Therefore, the expectation was that this orbit would not be observed, because
nuclei with these values ofN or Z located near the stability line are not deformed due to the shell closure at Z and/orN = 20.
Therefore, the 3/2+

[2 0 2] orbit was sought in the well deformed lighter mass nuclei 25Mg and 25Al but at higher Ex. As a
result of an examination of the 25Mg(3He, t) 25Al spectrum at 0°, it was found that the Ex = 6.117 MeV, Jπ = 3/2+ state in
25Al was the band-head state of the 3/2+

[2 0 2] orbit connected by the K -allowed GT transition from the Jπ = Kπ
= 5/2+

g.s of 25Mg. The excited 5/2+ and 7/2+ members were also clearly assigned at 6.655 and 7.422 MeV, respectively, as shown
in Fig. 37.
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In making the assignment, the difficulty was how to distinguish two possible Kπ
= 3/2+ bands, i.e., (a) the 3/2+

[2 1 1]
neutron–hole band made in the ν3/2+

[2 1 1] → π5/2+
[2 0 2] transition, and (b) the π3/2+

[2 0 2] particle band made in
the ν5/2+

[2 0 2] → π3/2+
[2 0 2] transition, where both of themwere expected to appear in the same Ex region. Therefore,

the derived B(GT) value for the transition from the g.s of 25Mg to the 6.117 MeV in 25Al was compared with the B(M1)
values of the corresponding analogous M1 transition studied in γ -decay and (e, e′) measurements for 25Mg. It was found
that the analogous M1 transition was weaker than the strength obtained by assuming only the στ contribution (RISO < 1)
showing that the IV spin term and the IV orbital term interfere destructively. Since constructive interference was predicted
in the theoretical calculation [12] for the case (a), and destructive interference for the case (b), the experimental finding was
consistent with the prediction assuming that the 6.117 MeV state is the band-head state of the 3/2+

[2 0 2] orbit.
As expected, the 3/2+

[2 0 2] band is situated higher (in the region of Ex = 6–7.5MeV) than other well established bands
(see Fig. 25) [12,140]. In order to compare the results with the γ -decay and (e, e′) results and also to identify the band
members in the region of high level density, the high resolution in the CE reaction spectrum was important.

10. Observation of Gamow–Teller resonance structures in charge-exchange reactions and β-decay

The residual interaction for a neutron and proton in a particle–hole (p–h) configuration is known to be strongly repulsive,
particularly for cases where the particles are spin–orbit partners and couple to J = 1, e.g. in the π f −1

7/2νf5/2 configuration.
In contrast, the residual interaction for p–p and h–h configurations is attractive [186]. A repulsive (attractive) residual
interaction pushes the strength up (down) to higher (lower) excitation energy than the energy expected without such
residual interactions.

It should be noted that in heavy stable nuclei, the neutron excess becomes large. Thus, the configurations of states pop-
ulated by GT transitions in β−-type CE reactions from even–even nuclei have in most cases p–h nature. As a result, the
main part of the GT strength in heavy nuclei is pushed up to a region higher than the energy difference of the LS partner
orbits (1ELS = |ϵ(j<) − ϵ(j>)|). The resonance structures excited in GT transitions (GTR) were first reported by the Michi-
gan group [187] and have been studied intensively at IUCF, Indiana using (p, n) reactions at intermediate energies [4,110,
188–191] and also at RCNP, Osaka [8]. However, in a few limited cases, i.e., when the initial nuclei are 6He (6Be), 18O (18Ne)
or 42Ca (42Ti) in which two neutrons (protons) sit on top of doubly LS-closed inert core nuclei, namely 4He, 16O and 40Ca,
respectively, states of particle–particle (p–p) character can be formed by the β−-type (β+-type) GT transitions in the final
nuclei 6Li, 18F and 42Sc. In these cases, the main part of the GT strength is pulled down to the low-lying region. As a result
the GT strengths observed in such reactions exhibit a wide variety of distributions.

10.1. Development of Gamow–Teller resonance structure in pf -shell Nuclei

In nuclei lighter than the sd shell, we do not observe a prominent resonance structure in the GT strengths in β−-type CE
reactions. However, in nuclei heavier than the iron isotopes, we see well-developed GTRs [4]. Therefore, it is expected that
we should observe the development of the GTR structure in the f -shell region.

As mentioned above, the main configurations of the GTRs of the N > Z nuclei are of p–h nature. The observation of a
GTR at much higher Ex than the energy gap between the j< and j> orbits can be explained by the repulsive p–h interaction
but, in a few rare cases, p–p configurations can be formed if the transitions start from nuclei having two nucleons outside a
doubly closed shell.

There then arises a simple question of how the attractive p–p (or h–h) interaction competes with the repulsive p–h
interaction in the IV, GT excitation. We find that such a competition can be studied by examining the mass dependence
of the strength distribution of GT transitions starting from the N = Z + 2 (Tz = 1) even–even, f7/2-shell nuclei and leading
to the N = Z (Tz = 0) odd–odd nuclei. We can study these transitions for the nuclei with A = 42, 46, 50 and 54, where
the initial nuclei are 42Ca, 46Ti, 50Cr and 54Fe, respectively. As mass A increases, the f7/2 orbit with j> nature will be filled
gradually on top of the 40Ca inert core, and the νf7/2 orbit is filled completely in 54Fe. On the other hand, the f5/2 orbit with
j< nature always remains empty (see Fig. 38). Therefore, the transitions between single-particle orbits contributing to the
GT transitions in these A = 42, 46, 50 and 54 systems are always the same, i.e., νf7/2 → π f7/2 and νf7/2 → π f5/2, but their
character changes from p–p, p–p starting from 42Ca to h–h, p–h in the 54Fe case.

Since the Tz values of the initial nuclei are all identical (Tz = 1), one would anticipate that the total GT strengths would
be similar [90]. In addition, the strength distribution is not affected by the isospin CG coefficients that re-distribute the GT
strength among the final T = T0 − 1, T0 and T0 + 1 states [24,32] because the initial state always has T0 = 1.

In the A = 42 system, as a result of GT transitions one neutron and one proton remain outside of the 40Ca inert core.
Therefore, we see that the two final configurations, i.e., both (π f7/2, νf7/2) and (π f5/2, νf7/2) have p–p nature formed on top
of the 40Ca inert core, as we see in Fig. 38. These p–p configurations should have attractive nature. As A increases, both
νf7/2 and π f7/2 orbits are filled gradually. Accordingly the (π f5/2, νf7/2) configuration loses its p–p nature and finally in the
A = 54 system, the νf7/2 orbit in this final configuration has the nature of a pure hole. Therefore, this configuration now
has repulsive p–h nature. The (π f7/2, νf7/2) configuration also loses its p–p nature as A increases, but in A = 54 it again has
attractive h–h nature.
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Fig. 38. Allowed configurations for GT− transitions starting from TZ = +1, f -shell nuclei 42Ca, 46Ti, 50Cr and 54Fe to TZ = 0 nuclei 42Sc, 46V, 50Mn and
54Co, where the simplest shell structure is assumed. The filled orbits of protons (π ) and neutrons (ν) are shown by open crosses. The newly created holes
and particles following the transitions are shown by the open circles and filled crosses, respectively. More configurations are involved in the transitions
from the pf -shell nucleus 58Ni.

Fig. 39. High energy resolution (3He, t) spectra for the f -shell, Tz = +1 target nuclei 42Ca, 46Ti, 50Cr and 54Fe and also for the pf -shell nucleus 58Ni. An
energy resolution of ≈30 keV was obtained. The angular distributions suggest that strongly populated states are GT states with 1L = 0. The vertical scale
is normalised with the heights of the IAS peaks all having B(F) = 2. Since the ratio of strengths of the τ and στ -type nucleon–nucleon interaction changes
only slowly as a function of mass number A, we expect the heights of the peaks to reflect the B(GT) values assuming the proportionality between the 0°
cross-section and the B(GT) and ignoring kinematical effects. As A increases from 42 to 54, the GT states are more fragmented and more GT strength is
found in a higher energy region of 7–12 MeV. In 58Cu, strengths below 4 MeV revive because of the contribution of the p-shell configurations.

With the splendid resolutions of 25–40 keV, the GT strength distributions of the transitions starting from the Tz = +1
target nuclei with A = 42–56 were studied in detail in the (3He, t) reaction as shown in Fig. 39. The analysis of the angular
distribution for each transition shows that most of the strong transitions have 1L = 0 nature and are GT excitations. We
see that the Gamow–Teller (GT) strength that is concentrated in one low-lying state in the lightest odd–odd N = Z f -shell
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nucleus 42Sc moves to higher energy with the increase in mass A, and finally forms a resonance structure in the heaviest
f -shell nucleus 54Co.

In 42Sc, it is clear that the GT strengths are pulled down and accumulate in the 0.61 MeV, 1+ state. This feature can be
explained by the fact that both the (π f7/2, νf7/2) and (π f5/2, νf7/2) configurations have the attractive p–p nature in 42Sc (see
Fig. 38). On the other hand in 54Co, where the (π f5/2, νf7/2) configuration is of the repulsive p–h character, the main part of
the GT strength is pushed up. The (π f7/2, νf7/2) configuration has attractive h–h nature, but only 10%–15% of the observed
GT strength remains in the first 1+ state. The overall repulsive nature of the residual interaction in 54Co can be understood
in terms of the numbers of available transitions that make up the (π f5/2, νf7/2), p–h configuration and the (π f7/2, νf7/2), h–h
configuration. If we assume a simple shell structure, they are 48 and 16, respectively.

It should be noted that the pure p–p configuration in 42Sc (i.e., (π f7/2, νf7/2)) having a small intrinsic energy can be
realised due to the ‘‘charge-exchange’’ nature of the GT transition, in which the conversion of an f7/2 neutron into a proton
in the identical f7/2 shell is allowed. (In IE excitations, on the other hand, a proton (or a neutron) remains as it is. Therefore,
transitions inside a shell do not make any sense.) The existence of the p–p configuration is also due to the simplicity of the
στ operator that cannot change the spacial part of the initial and final wave functions, and thus the simple configurations
consisting of only j> and j< orbits can be excited.

10.2. Structure of Gamow–Teller resonances in a Sn isotope

In the (p, n) reactions performed at intermediate incident energies in the 1980s [4], a broadbump-like structure due to the
GTR was always observed for nuclei with mass A larger than ≈60. As shown in Fig. 18, the broad bump of the GTR observed
in the 58Ni(p, n) 58Cu reaction was resolved into fine structure and sharp states in the high resolution 58Ni(3He, t) 58Cu
measurement [24]. It is thus of interest to study whether such fine structures can be found in even heavier nuclei if they are
studied with high resolution. The level density of states excited in GT transitions is thus another topic of interest. We select
118Sn as the target nucleus. It is a representative, spherical medium–heavy nucleus.

The 118Sn(3He, t) 118Sb spectrum taken at 0°with a resolution of 30 keV is shown in Fig. 40. The g.s of 118Sb has Jπ = 1+,
and the g.s–g.s transition starting from the 0+ g.s of 118Sn is a GT transition. Since the B(GT) value for this transition is well
determined in theβ-decay study of 118Sb, we can get the unit GT cross-section σ̂ GT(0°). Then, using Eq. (31), the B(GT) values
can be deduced for the transitions to excited states. In this spectrum, the 51 keV, 3+ state in 118Sb was clearly recognised as
a skirt on the g.s peak, and we expect to get a reliable cross-section for the g.s–g.s transition.

The proton separation energy Sp is 4.887(3) MeV in 118Sb. Therefore, below this energy the decay width should be small
and we should see discrete states. We see that the low-lying states below Ex = 2 MeV are well separated. In the energy
region between 2–4 MeV, however, we see fine structures, but the spectra are not decomposed into states even with our
resolution of 30 keV. Above this energy region, only the IAS has been clearly observed as a discrete state. The IAS is apparently
wider than the g.s, with the decay width being due to isospin mixing [192,193].

In 118Sb, it is interesting to see that the GT strength is divided into four parts, i.e., the g.s, the clustering states in
Ex = 1–2 MeV, 2–4 MeV, a bump-like structure at 4–8 MeV and the GTR structure with Ex = 8–15 MeV. The bump-like
structure at 4–8 MeV is called a pygmy GT resonance [194]. It should be stressed that the existence of such a complicated
structure even in a nucleus with a relatively high mass of A = 118 is a challenge to the understanding of nuclear structure.

Whether fine structures exist in the bump-like structure of the GTR is another interesting subject. By analysing the high
resolution 90Zr(3He, t) 90Nb data using a ‘‘wavelet analysis’’ technique, characteristic energy scales were extracted [195].

10.3. The Gamow–Teller resonance observed in the β+ decay of 150Ho

As explained in Section 2.6.2, whenwe depart from the N ≃ Z region andmove towards heavy, neutron-deficient nuclei,
β+ decay is, in general, inhibited (see panel (f ) in Fig. 10). An exceptional case is found when the j> state is occupied by
protons and the j< orbit is still empty on the neutron side. Now, only the π j> → νj< transition takes place. In general, such
a transition proceeds to low-lying states in the daughter nucleus and no GT resonance structure is formed. However, in the
decay of an odd–odd nucleus, provided that a GT transition demands the breaking of a pair of particles in the j> orbit, the
final states can lie at relatively high energy but still inside the Qβ-window.

Here we present such a case, the β+ decay of a neutron-deficient, odd–odd heavy nucleus 150Ho (Z = 67,N = 83) with a
relatively high Qβ-value of 7.3MeV. The nucleus 150Howith a β-decaying isomer of Jπ = 2− is of particular interest because
its β+ decay to states in 150Dy is configuration forbidden at low excitation energy, and allowed at ∼5 MeV. This is the first
case where the GT resonance structure has been clearly observed in β decay. Our aim was to study both the fine structure
of the GTR and obtain reliable B(GT) values. Therefore, this β+ decay was measured using both high resolution Ge detectors
and a TAS spectrometer [196,197].

Fig. 41 gives a schematic view of the relevant single-particle orbits available above the 146Gd doubly closed shell [198].
It also shows the expected configuration of the 150Ho, 2− isomer with the odd neutron in the f7/2 orbit and a proton in the
d3/2 orbit. A pair of protons, which couple to 0+, can partially occupy all three of the s1/2, h11/2 and d3/2 orbits. As we see
from Fig. 41, since the only allowed GT transition is from the πh11/2 to the νh9/2 orbit, the decay requires the breaking of an
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Fig. 40. (a) 118Sn(3He, t) 118Sb spectrum. The discrete g.s, low-lying states, and the IAS are prominent. (b) 118Sn(3He, t) 118Sb spectrumwith an expanded
vertical scale. (c) 118Sn(3He, t) 118Sb spectrum with expanded vertical and energy scales.

Fig. 41. Schematic view of the s.p. orbits available above the 146Gd doubly closed shell and the allowed GT transition in the β+ decay of the Jπ = 2−

isomeric state of 150Ho.

h11/2 proton pair in the parent 2− state. This breaking of the h11/2 pair requires extra energy and it is expected that the GT
strength will lie at relatively high Ex.

The four-particle states with spins and parities 1−, 2− and 3− populated in the 150Dy daughter nucleus have the
configurations [(πd3/2 − νf7/2) (πh11/2 − νh9/2)]. A simple approximation to the excitation energy of these states is just
twice the pairing gap for protons plus twice the pairing gap for neutrons plus the neutron h9/2 s.p. energy, i.e. at ≈4.5 MeV
excitation energy. This is well within the Qβ-window for this decay. It should be noted that this decay is closely connected
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Fig. 42. The β-decay strength as a function of Ex in the daughter nucleus 150Dy following the β decay of the 150Ho 2− state measured with the CLUSTER
CUBE (sharp lines) and the GSI–TAS (continuous function) [197].
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Fig. 43. Comparison of part of the GSI–TAS and CLUSTER CUBE spectra (with various coincidence gates) for the decay of the 150Ho, 2− isomer state
measured with the CLUSTER CUBE (sharp peaks) and the GSI–TAS (continuous spectrum) [197]. The horizontal axis represents the excitation energy in the
final nucleus for the TAS spectrum. For the γ rays (sharp peaks) the energy of the gating transition has been added to match the excitation energy.

to the decay of 148Dy, a simpler case, since it has just a single proton pair outside the 146Gd core. The two cases must clearly
be much the same and should have a comparable log ft , namely 3.95(3) [199]. It will, of course, be slightly different because
of the presence of the d3/2 proton, which will modify the probability of the proton pair occupying the πh11/2 orbit. With this
minor caveat we can say that we expect the 150Ho, 2− state to decay strongly to levels at≈4.5MeVwith a log ft of about 3.9.

The work was carried out using both the GSI–TAS [69] for the total absorption (γ -ray) spectroscopy (TAS) and a Ge array
called the ‘‘CLUSTER CUBE’’ for the high resolution and high efficiencymeasurement of individual γ rays. This array consisted
of six EUROBALL cluster detectors [200] in a highly compact geometry, with four of the detectors 10.2 cm from the source
and the other two at a distance of 11.3 cm. The photopeak efficiency of the array was 10.2(0.5)% at 1332 keV. The number
of γ -ray lines observed by the CLUSTER CUBE and located in the decay scheme was 1064, which were arranged into a decay
scheme with 295 levels. These numbers show the high quality of the measurement.

In Fig. 42, β-decay strength distributions are shown as a function of excitation energy for the measurements using the
GSI–TAS and the CLUSTER CUBE. In this study an analysis, based on the shell model, provided a prediction of the distribution
of B(GT) strength between the 1−, 2− and 3− states of 3.6:4.0:7.4 normalised to 15 arbitrary units [197]. In the experiment
the possible Jπ values 1−, 2− and3− of the final states could be assignedby analysing thedecaypattern to the states of known
Jπ . Using these assignments it was possible to estimate the B(GT) strength distribution to the states with Jπ = 1−, 2− and
3−. The resulting ratios of 3.4:4.2:7.4 were consistent with the theoretical estimate.
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Fig. 44. Schematic view of the analogue states and the isospin symmetry transitions in the mass A = 52, T = 2 quintet, where the Coulomb energy is
removed. The (3He, t) reaction provides information on the Tz = +2 → +1 GT transitions and the Fermi transition to the IAS, while the β decay allows
us to study the analogous transitions with Tz = −2 → −1.

In Fig. 42, one can see clearly the distinctive feature of the spectra from both types of spectrometer, namely the strong β
feeding to a narrow interval of about 240 keV at 4.4MeV excitation. This is theπh11/2 to νh9/2 transition that we expected to
see. The resonance structure is similar to those observed in CE reactions on heavy nuclei. The excitation energy of this GTR
structure is more or less in agreement with the predicted value [197]. The two spectra have the same shape, which gives
confidence in the analysis techniques used for the TAS spectrum. There is, however, a clear loss in sensitivity in the CLUSTER
CUBE spectrum at higher energies. If we take the total B(GT) up to the Qβ-window then we miss, in total, 50% of the B(GT)
in this high quality Ge measurement.

On the other hand the individual levels and γ transitions can only be disentangled in the spectra from the CLUSTER CUBE.
Therefore, we see a wealth of fine structure in the GTR in Fig. 43. The GTR structure measured with the GSI–TAS is compared
with the spectra from some coincidence gates showing γ rays de-exciting levels in the same region. This is the clearest
example of the observation of the GTR structure studied in β decay up to now.

Using the same GSI–TAS, similar resonance structures have also been observed in the study of allowed GT transitions to
nuclei close to the doubly magic nucleus 100Sn [201–203].

These examples demonstrate the need for the use of both TAS and high resolution Ge measurements. The TAS measure-
ments are essential because it is the only way to obtain a proper measure of the GT decay strength in heavy nuclei. The high
resolution measurements are also essential if one wants to study the details of the level scheme and the fine structure of
the resonance.

11. Studies of Gamow–Teller transitions in exotic nuclei

The rp-process of nucleosynthesis proceeds through nuclei near the proton drip-line, in which GT transitions starting
from unstable pf -shell nuclei play important roles. Therefore, the study of these GT transitions is one of the key issues in
nuclear astrophysics [3,141]. Our knowledge of these transitions, especially the GT transitions starting from unstable pf -
shell nuclei with Tz[=(1/2)(N − Z)] = −2 and larger is poor. Here we discuss the study of GT transitions in nuclei far from
the line of stability by combining results from studies of the β decay for these nuclei with the detailed information onmirror
transitions obtained from (3He, t) reactions on stable target nuclei.

11.1. Deduction of Gamow–Teller transitions in the decay of the proton drip-line nucleus 52Ni

In β-decay studies of Gamow–Teller (GT) transitions starting from pf -shell nuclei near the proton drip-line, half-lives
can be measured rather accurately. On the other hand, the high resolution (3He, t) CE reactions on mirror nuclei provide
complementary information on individual GT transitions up to high excitation energies in the final nucleus. For the accurate
study of GT transition strengths in the A = 52, T = 2 system, we compare and combine results from the β-decay study
of the proton-rich nucleus 52Ni and the measurement of the 52Cr(3He, t) reaction assuming that good isospin symmetry
applies to the Tz = ±2 → ±1 transitions, which do not share common final states as shown in Fig. 44.

In the β-decay study of 52Ni, an accurate half-life of T1/2 = 40.8(2) ms has been measured [58]. In addition the delayed-
proton spectrum has been measured, but the derivation of GT transition strengths, B(GT)s, was difficult. This is because of
the low production rate for these nuclei far from stability and the suppression of feeding to states at high excitation energy
due to the small phase-space factors (f -factors). The isospin symmetry of analogue states and the analogous GT and Fermi
transitions in the ‘‘T = 2 quintet’’ are shown in Fig. 44 for the A = 52 isobars. In the quintet, GT and Fermi transitions from
the Jπ = 0+ ground states of the Tz = ±2 even–even nuclei to the 1+, GT states and the 0+, IAS in the Tz = ±1 odd–odd
nucleus, respectively, are analogous. This allows us tomake the Tz = −2 → −1β-decay resultsmore informative by adding
a detailed knowledge of the Tz = +2 → +1 isospin analogous GT transitions studied in the 52Cr(3He, t) measurement.

The Tz = +2 → +1, 52Cr(3He, t) 52Mn experiment was performed at the high energy resolution facility of RCNP, Osaka.
A resolution of 1E < 30 keV, achieved by using matching techniques, was crucial in separating the IAS and the nearby
1+, GT states (see Fig. 45(a)), which was not possible in the earlier 52Cr(p, n) measurement [204]. Using the proportionality
(Eq. (31)) and the ‘‘merged analysis’’ (see Section 7.2 and [153]) which uses the T1/2 value (40.8(2) ms) in the β decay of 52Ni
as an input, accurate B(GT) values can be derived.
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Fig. 45. (a) The 52Cr(3He, t) 52Mn spectrum taken at the incoming energy of 140 MeV/nucleon for events within scattering angles Θ ≤ 0.5°. Prominent
states with 1L = 0, most probably the GT states, are indicated by their excitation energies in MeV. The identification of the IAS and the low-lying 1+ states
is from [205]. (b) The estimated 52Ni β-decay spectrum obtained by multiplying the calculated f -factor with the 52Cr(3He, t) spectrum from figure (a). The
proton decay from the T = 2, IAS in the Tz = −1 nucleus 52Co is not allowed by the isospin selection rule; the decay is possible only through T = 1 isospin
impurities. Therefore, the peak corresponding to the proton decay of the IAS should be suppressed. (c) The delayed-proton spectrum obtained in the 52Ni,
β-decay measurement (from [58]). Note that the energy scale is shifted by the proton separation energy of Sp = 1.58 MeV in 52Co [58].

Assuming good isospin symmetry for the Tz = ±2 → ±1 GT transitions, the ‘‘β-decay spectrum’’ of the Tz = −2 nucleus
52Ni can be deduced by multiplying the calculated f -factor and the (3He, t) spectrum for the Tz = +2 target nucleus 52Cr
shown in Fig. 45(a). By adding the width of 150 keV corresponding to the resolution of the delayed-proton measurement,
the spectrum shown in Fig. 45(b) was obtained. It should be noted that the proton decay from the IAS is suppressed by the
isospin selection rule, in which the Tz = −1 nucleus 52Co becomes the Tz = −1/2 nucleus 51Fe with the g.s isospin T = 1/2
and a proton with Tz = −1/2 and isospin T = 1/2. The vector sum allows either T = 0 or 1. Since the IAS in the Tz = −1
nucleus 52Co has T = 2, it is expected that the proton decay only occurs through the isospin impurity components in the
wave functions.

The ratios of the Fermi and GT coupling constants (interaction strengths) are different in the corresponding β-decay and
(3He, t) reaction. It was found that the unit Fermi transition strength compared to the unit GT strength is larger by a factor of
≈5 in the β decay than in the (3He, t) reaction for mass A = 52 at 140 MeV/nucleon [37,151,153]. By including this factor,
the broken line in Fig. 45(b) was estimated. However, in reality, the delayed-proton spectrum (Fig. 45(c)) suggests that the
proton decay of the IAS is suppressed by the isospin selection rule. By assuming the suppression factor of about 60% (the full
line in the Fig. 45(b)), we could reproduce well the delayed-proton spectrum of the 52Ni β decay.

Since theβ-delayedproton spectrum from thenucleus 52Niwaswell reproduced by the spectrum reconstructed using the
(3He, t) spectrum on the mirror 52Cr nucleus, it is suggested that the isospin symmetry holds well even for Tz = ±2 → ±1
mirror transitions. The β-decay measurement suggests the Ex value of the IAS in 52Cr is 2.93 MeV, which is also in good
agreement with the value of 2.94 MeV in 52Mn. All of this suggests that the strengths of Tz = −2 → −1 GT transitions can
be deduced from accurate measurements of the analogous transitions in the high resolution (3He, t) reaction. It should be
stressed that the strengths of these exotic GT transitions have never been well studied in direct measurements.
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Fig. 46. The 58Ni(3He, t) 58Cu and 56Fe(3He, t) 56Co spectra at 0° and an intermediate incident energy of 140 MeV/nucleon. The GT transitions in these
58Cu and 56Co spectra are the Tz = +1 → 0 (see Fig. 29) and Tz = +2 → +1 (see Fig. 4) transitions, respectively. The vertical scales are normalised by
the heights of the IAS peaks representing the Fermi transition strengths of B(F) = N − Z = 2 and 4, respectively. Since the ratio of strengths of the τ and
στ -type nucleon–nucleon interaction changes only slowly as a function of mass number A, we expect the heights of the peaks to reflect the B(GT) values
assuming the proportionality between the 0° cross-section and the B(GT) and ignoring kinematical effects.

11.2. Nuclei above the f shell

Since the proton separation energy Sp of the daughter nucleus becomes lower as the mass number A and isospin T
increase, delayed-proton measurements in β decay will become important for the study of proton-rich pf -shell nuclei far
from stability. In addition, due to the larger Qβ-values, the β+ decay can access the GT transitions up to higher excited states
in the daughter nucleus. There are, however, more experimental difficulties as A increases. One is the low production rate of
such exotic nuclei, which makes it difficult to determine the absolute yields of the emitted protons and γ rays. The second
is the fact that the proton transition may populate a state other than the g.s in the final nucleus, which makes it difficult to
determine the excitation energy of the level fed in the decay. Finally, if the setup used is similar to the one described in 7.3
the summing of the proton signal in the implantation detector with the beta signal limits either the resolution of the proton
spectrum (if the implantation detector is thick, i.e. 1 mm Si) or the β detection efficiency (if the implantation detector is
thin, i.e. 0.3 mm Si).

Nevertheless a project to study the β decay of these exotic nuclei is in progress at GANIL, France. We have started with
the decay of 58Zn and 56Zn cases with Tz = −1 and Tz = −2, respectively. They are the isospin mirror nuclei of the stable
58Ni and 56Fe nuclei, respectively (see Figs. 4 and 6). Moreover 58Ni is the heaviest Tz = +1 target nucleus that exists and
allows us to inspect the T = ±1 system beyond the f7/2 shell with both CE and β-decay.

The half-lives and branching ratios obtained in the β-decay studies can be combined with the (relative) GT strength
distributions from the high resolution (3He, t) measurements at RCNP for the better understanding of the nuclear structure
of these pf -shell nuclei far from stability.

The (3He, t) spectra obtained for 58Ni (Tz = +1) [24,168] and 56Fe (Tz = +2) [206] are shown in Fig. 46. The angular
distribution analysis suggests that most of the prominent excitations are the transitions to GT states (except the IAS). With
an excellent energy resolution of 1E = 19 keV (1E/E = 4.5 × 10−5) in the 56Fe(3He, t) measurement, it was found that
the 3.5(2) MeV peak assigned as the ‘‘IAS peak’’ in the 56Fe(p, n) reaction [109] consists of four states at 3.44, 3.50, 3.53 and
3.60 MeV. Since the proton decay from the IAS will be suppressed, as was discussed in Section 11.1, the identification of the
IAS is important.

Asmentioned above, we have recently carried out an experimental programme at GANIL using the LISE3 separator [207].
In the first experiment, a 64Zn29+, 79 MeV/nucleon beam with an average intensity of 500 enA was accelerated by the
two GANIL accelerators CSS1 and CSS2 and impinged on a natNi production target. The 58Zn nuclei produced by the 6-
neutron removal fragmentation process were selected by the LISE spectrometer and the followingWien filter. In the second
experiment a beam of 58Ni26+ with 75 MeV/nucleon was used. The 56Zn nuclei were produced through a double charge-
exchange reaction. It was found that the production of both 56Zn and 58Zn was better with the 58Ni beam.

The implantation detector setup at the focal plane consisted of a standard 300 µm-thick silicon detector providing the
energy loss signal, a 1004µm(first experiment) optimised for goodβ detection efficiency, or a 300µm(second experiment)
optimised for good proton energy resolution, double-sided silicon strip detector (DSSD) with 16 × 16 strips with a pitch of
3 mm used as the implantation device, and a 4 mm thick lithium-drifted silicon detector used as a veto detector for the
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implantation events and also to detect β particles. The implantation array was surrounded by four germanium CLOVER
detectors.

We obtained a preliminary value of T1/2 = 90(8) ms for the decay of 58Zn from the β-delayed γ -ray measurement in
the first experiment. An experiment at ISOLDE reported a value of 86(18) ms [157]. An earlier study at GANIL gave a value
of 83(10) ms [208]. In the second experiment the β-delayed protons emitted in the decay of 56Zn were clearly seen with
higher statistics and better resolution than in a previous experiment [58]. A full analysis of these experiments is in progress.

12. Summary and outlook

In this article we have tried to compare and contrast our present knowledge of CE reactions and β decay. We have also
looked at howM1 transitions can provide closely related spectroscopic information. In both cases, β decay and CE reactions,
there have been rapid advances in experimental methods over the last two decades or so.

Our studies ofβ decay have been transformed (see Section 4) not just by the increasing availability of beams of radioactive
nuclei far from the line of stability with higher intensities but also by improvements in detection techniques (Sections 4.1–
4.3). These improvements allowed us to observe the GT resonance for the first time in β-decay studies (Section 10.3), or to
perform spectroscopic studies using fragmentation reactions (Sections 7.3 and 11).

The dramatic improvement in energy resolution achieved in the β−-type CE reaction (3He, t) has allowed us to see the
details of the GT transitions; details lost in the fog of poor resolution in earlier studies. Even the fine structure of GTRs can
now be studied. The higher sensitivity associated with the much improved energy resolution even allows us to identify a
sharp T = 3/2 state at Ex = 14.66 MeV in 9B in spite of its weak excitation strength (Section 6.1.2).

All these improvements nowallowus to combine studies of both processes and obtain a richer andmore complete picture
of GT states and the strengths of the spin–isospin excitations in nuclei. One of the best examples of how these studies can
be combined is the ‘‘merged analysis’’ (Section 7.2) which relies on two main ideas. One is the proportionality between the
(3He, t) cross-section and the B(GT), and the other is the assumption that isospin is a good quantum number and hence
states in mirror nuclei have identical configurations (only protons and neutrons are exchanged) andmirror transitions have
identical strengths. If these conditions are fulfilled then we can combine the results from β decay and CE reactions in mirror
nuclei.

Aswehave seen in Section 5.3,mirror transitions have been compared in the sd-shell nuclei, where a goodproportionality
was observed for the stronger transitions. However, a better comparison can be made for the pf -shell nuclei, because the
Q -values are larger there and several states are populated in the beta decay inside the Qβ-window. We performed (3He, t)
measurements on Tz = +1, pf -shell nuclei to study Tz = +1 → 0GT transitions.With an energy resolution of about 30 keV,
discrete GT states were identified, which allowed us to perform the merged analysis in combination with the accurate T1/2
value from the mirror β-decay study (Section 7.2). The unknown energy spectra of the Tz = −1 → 0 β-decay of exotic
nuclei were estimated bymultiplying the (3He, t) spectra by the f -factor calculated from theQ -value of the decay. By further
combining the half-life values obtained in the β-decay measurements, absolute values for GT transition strengths B(GT)
were derived. Note that no feeding information, which is sometimes difficult to measure in a β decay, was used.

The B(GT) values obtained in the merged analysis, however, require an experimental validation, to this end, we have
launched a series of experiments at the fragmentation facilities at GSI (Section 7.3) and GANIL (Section 11.2). All the levels
which were observed in the (3He, t) reactions and lie within the sensitivity limit of our setup were observed through the
detection of theβ-delayed γ s. Although the detailed analysis for the determination of precise γ -ray intensities is in progress,
a good isospin symmetry is suggested.

The merged analysis for the determination of absolute GT strengths can be extended not only to other T = 1 systems,
but also to T = 2 and even higher T systems, thus allowing the GT strength distributions in proton-rich exotic nuclei to be
deduced. The uncertainty in the GT strength obtained is due mainly to the ambiguities in the T1/2 and the decay Q -value.
A better knowledge of the T1/2 and Q -values will make the merged analysis more fruitful as the means to determine the
absolute GT strengths in proton-rich exotic pf -shell nuclei. A knowledge of these strengths is also important because they
are needed to deduce astrophysical transition rates under extreme conditions.

We have also analysed the nature of the στ operator and how it transforms the initial state into states in the final nucleus.
The στ operator does not modify the spatial distribution of the initial state (Sections 6.1.2 and 6.1.3), it changes a proton
into a neutron, or vice versa and it can flip the spin. Consequently, parent and daughter states are closely related. This has
been used to determine the shape of 76Sr (Section 4.4).

In the present article, we have focused on (p, n)-type reactions. It is worth noting that the new results on GT transitions
obtained in the high resolution (3He, t) reaction are constructed on the bases of the accumulated knowledge and the
understanding achieved by using the (p, n) reactions performed at intermediate incoming energies of Ep = 120–200MeV [4,
10,110,189,191,209]. In the (p, n)-type reactions, the proton separation energy Sp in the final nucleus is usually lower
than the neutron separation energy Sn. Therefore, studies of proton decay from GT states (GT resonances) can provide
direct information on the configurations involved or their microscopic structure. At intermediate incoming energies, proton
decays were studied in coincidence with (3He, t) reaction at 150 MeV/nucleon [210–212]. Since the (6Li, 6He) reaction has
a selectivity for spin excitations, it can be used for the study of GT and other spin-flip excitations [213].
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Although we could not pay much attention to (n, p)-type CE reactions, they play important roles in GT transition studies.
The (n, p) reaction at intermediate energies has been studied at Uppsala [214] and at TRIUMF, where measurements have
been carried out extensively for various target nuclei [5,215–218]. A considerable effort has been devoted to advancing the
use of the (d, 2He) reaction at RIKEN (Ed = 135 MeV/nucleon) [219,220]. At KVI a resolution of 110–150 keV has been
realised at incoming energies of Ed = 85–92 MeV/nucleon [172,221–224]. It was found that the comparison of the results
obtained with (3He, t) results was fruitful [25,225]. Reactions using heavier incoming beams such as the (12C, 12N) [226]
and (13C, 13N) [227] reactions have also been performed at RIKEN. At NSCL, MSU, secondary beams of tritons have been
produced and used to study (t, 3He) reactions on stable targets [9,112,115,228]. Another interesting (n, p)-type reaction is
the (7Li, 7Beγ ) reaction [91,229,230]. Since the Jπ = 1/2−, 0.429 MeV first excited state and the 3/2− g.s of 7Be are particle
bound, the spin-flip and non-spin-flip excitations can be distinguished by measuring the particle-γ -ray coincidences (see
Section 5.1).

The (n, p)-type reactions on stable target nuclei with T0 = 1/2, 1 and larger values excite only T0 + 1 states (see Fig. 3
in Section 2.3 and Fig. 7 in Section 2.5). By combining with the results from (p, n)-type measurements on the same T = T0
target nucleus and assuming isospin symmetry, the T0 + 1 GT states and their GT strengths were studied [24,25,112,216].
From the combined studies of (p, n)-type and (n, p)-type CE reactions, the nuclear matrix elements that are needed for the
determination of the rate of two-neutrino double-β decay, except the ambiguity of phase relationship, can be obtained [7,
222,224,231].

How will all of this develop in the future? Up to the present we have been largely concerned with CE reactions on stable
targets and β decays far from the line-of-nuclear-stability, but still not at the limits. It is clear that the future of this area of
nuclear science is firmly focused on the development of beams of radioactive nuclear species and their use to study nuclear
structure. Accordingly we can anticipate that CE reaction and β decay studies involving unstable, exotic nuclei will become
part of the major extension of our traditional repertoire of experimental methods.

The reader will find many articles devoted to the development and construction of facilities intended to produce
accelerated beams of radioactive nuclear species. These facilities fall into twomain categories, namely ISOL and In-Flight (or
Fragmentation) facilities. The great advantage of the former is that the accelerated beams are of high quality as discussed in
Section 4.1. However, the beamsproduced at ISOL facilities depend on the chemistry of the species involved. In general, beam
intensity is another difficulty. Probably reasonable intensitieswill be available only at the future EURISOL facility [232]. In the
case of fragmentation (or high energy fission)-based facilities beam production is independent of the chemistry. However
the beam quality is poor compared with ISOL facilities. The beams at RIKEN, GSI, GANIL and MSU are all produced after
passage through a fragment separator [233–236]. In general the beams are not fully separated physically but are delivered
as a cocktail of species of neighbouring A and Z (see Section 4.1). They also suffer from poor energy resolution. This will
make comparison with the analogous states produced in other ways very difficult since one cannot be sure one is seeing the
same states. One way round this is to detect the γ rays emitted in CE reactions in coincidence with the heavy ejectile [230],
if the states are particle bound. One can then identify the states based on the higher resolution in the γ -ray spectrum.
The other possibility is to use cooled beams in storage rings, this however imposes a limitation on the nuclei which can be
studied depending on their half-life (short-lived nucleiwill not survive the cooling period). In addition, in inverse kinematics,
measurements at 0° are difficult, because the energy of light particles emitted close to 90° is almost zero.

If we are to exploit CE and β decay fully at these new facilities, we must develop new and improved detection methods
as well as the new beams. In this context the direction of improvement in the β decay studies has been set by experiments
already undertaken at MSU (see e.g. [237,238]), at GANIL [58] and also at GSI (see e.g. [164]). Here the relevant radioactive
species is identified using the time-of-flight and energy loss of the ion and the Bρ of the separator magnets. The identified
ion is stopped in a highly pixellated set of double-sided Si Strip detectors (DSSDs). The subsequent β rays and β delayed
radiation are then recorded in coincidence with the heavy ion implant (for details, see Section 7.3). As beam intensities
increase by the orders of magnitude promised at the new facilities it will also require improvements in electronics and data
acquisition. In addition one will also need to develop improved techniques for detecting the β-delayed neutrons emitted far
from stability and allowing the use of the TAS technique. A concerted development programme is underway in conjunction
with the FAIR facility at GSI [239] and at the DESIR-SPIRAL 2 facility in France [240].

As a conclusion, if one can develop these techniques to the point where one can start with the g.s of the nucleus and
study exactly the same transition in CE and β decay, we will be able to look in detail at the differences in the two processes.
This holy grail remains in the distant future at this point.
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