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Gamow-Teller (GT) transition is one of the most popular nuclear weak processes caused by the
very simple spin-isospin (0T) operator. It is of interest not only in the study of nuclear physics,
but also in astrophysics; it plays important roles, for example, in supernova-explosion or nuclear
synthesis. Relatively limited information can directly be obtained through the study of weak
processes, such as f3-decay or neutrino induced reactions. However, it was found that charge-
exchange (CE) reactions, such as (p,n), (n, p), CHe,t) or (t,’He), at intermediate incoming ener-
gies (E > 100 MeV) and at 0° can selectively excite GT transitions. This is due to the fact that
the oT-type operator plays relatively important roles under these conditions. Therefore, the study
of nuclear weak response was extended to the higher-excited region of so-called Gamow-Teller
giant resonance (GTGR) with E, = 10 MeV or more. With one-order-of-magnitude improvement
of the energy resolution in (3He,r) measurements at 140 MeV/nucleon, fine structures of GT ex-
citations, even those of GTGRs, can now be studied. Determination of GT transition strengths for
pf-shell nuclei with astrophysical interest is discussed. We show that quantum number “isospin”
plays important roles in such studies. A method to derive B(GT) values, in that we combines
the strength distribution form the (*He,r) measurement with the half-life and Q-value information
from the mirror 3-decay study, is presented. In this analysis, we assume good isospin symmetry
of GT transitions in &|7,| — £|T, — 1| nuclei. This “merged analysis” is powerful in deriving the
absolute B(GT) values for p f-shell nuclei.
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1. Introduction

Weak-interaction processes of pf-shell nuclei play important roles in the core-collapse stage
of type II supernovae. Therefore, studies of electron capture and 3-decay caused by charged cur-
rents and neutrino-nucleus scattering involving neutral currents are of great astrophysical inter-
est [1, 2, 3]. The charged-current processes are dominated by Fermi and Gamow-Teller (GT)
transitions. The Fermi strength is concentrated in the transition to the isobaric analog state of the
ground state (g.s.) of the mother nucleus (IAS), but our knowledge of the GT transitions is very
poor. Therefore, interest in the accurate determination of absolute values and the distribution of
GT transition strengths in pf-shell nuclei are increasing.

In laboratory experiments, direct information on the GT transition strength B(GT) can be de-
rived from -decay measurements. In a B-decay, the partial half-life 7; of the ith GT transition and
tr of the Fermi transition multiplied by the phase-space factor (f-factor) are related, respectively,
to the B(GT) and the reduced Fermi transition strength B(F) as

fti=K/A*B(GT) and ftr=K/B(F)(1—&.), (1.1)

where K = 6147.8(16), A = ga/gyv = —1.270(3), &, is the Coulomb correction factor [4], and
fr and f; are the phase-space factors (f-factors) of the B-decay to the TIAS and to the ith GT
state, respectively. The Fermi transition strength has the value B(F) = [N —Z|. On the other
hand, the B(GT) values are largely dependent on the structure of each nucleus. Pioneering studies
were performed on several far-from-stability pf-shell nuclei (e.g. 46Cr [5], Fe [6], *Ni [7] and
587n [8]). In these studies, however, B(GT) values were derived for at most a few low-lying states
with large uncertainties. Note that the study of the feeding to higher excited states in -decay is
difficult, because the f-factor decreases rapidly with the excitation energy.

Charge-exchange (CE) reactions can access analogous GT transitions without the Q-value
limitation. In particular, CE measurements performed at angles around 0° and intermediate beam
energies (E > 100 MeV/nucleon) were shown to be good probes of GT transition strengths owing
to the close proportionality between the cross sections at 0° and the B(GT) values [9]
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where 6°T(0°) is a unit cross section for the GT transition at 0°. Therefore, if a “standard B(GT)
value” is obtained for a mass A system from a -decay study, the B(GT) values can be determined

(0°) ~ 6°T(0°)B(GT), (1.2)

even for the transitions to higher excitation energies.
At the high energy-resolution facility of RCNP, Osaka, consisting of RCNP Ring cyclotron [10],

a high-dispersive beam line “WS course” [11] and a high-resolution magnetic spectrometer “Grand
Raiden” [12], precise beam matching techniques were applied [13, 14, 15] for the B~ -type (*He,?)
CE reaction at an intermediate beam energy of 140 MeV/nucleon. As a result, in comparison to the
pioneering (p,n) work, nearly one order-of-magnitude better resolution (AE < 30 keV) has been
achieved. Figure 1 shows spectra at different resolutions. A significant improvement in the energy
resolution that has been achieved in the past twenty years can be well seen. With a high energy-
resolution, fine structures have been observed even in the so-called GT giant resonance (GTGR)
region of E, =7 — 12 MeV. We recognise that the GTGR in *Cu that was observed as a bump-like
structure [16] consists of many individual states on a smooth continuum [17].
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Figure 1: Energy spectra of charge-

0 ﬁNif_{?a f?)ﬁgc u exchange reactions at 0°. The broad
§ E, =160 MeV spectrum is from 3Ni(p,n)>8Cu re-
v 58Ni(3}3{e, z‘):‘-sCu action measured in 1980’s [16].

In the recent 58Ni(3He,1‘)58Cu reac-
tion [17] fine structure and sharp
states have been observed up to the
excitation energy of 13 MeV. The
proton separation energy (S,) is at
2.87 MeV. A increase of continuum
is observed above E, = 6 MeV.

E =140 MeV/u

6 8 10 12

2 14
Excitation Encrgy (McV)

High energy-resolution of spectra makes it possible to study transition strengths for individ-
ual GT states. Under the concept of “isospin symmetry” described below, these strengths can be
compared directly with those of analogous transitions that can be studied by inelastic scatterings, ¥
decays as well as by mirror S decays.

2. TIsospin in nuclei and the validity of the proportionality

Under the assumption that isospin 7 is a good quantum number, an analogous structure is
expected for nuclei with the same mass A but with different 77, i.e., isobars (see e.g. Ref. [18]),
where T; is the z component of isospin 7 defined by 7, = (N — Z) /2. The corresponding states
in isobars are called analog states and are expected to have the same nuclear structure. Various
transitions connecting corresponding analog states are called analogous transitions and have corre-
sponding strengths. As an example, the isospin symmetry structure and analogous transitions are
shown for the isobaric systems with A = 26, 50 and 58 in Fig. 2. The thick arrows show pairs
of analogous transitions that are studied by the (*He, ) reaction and the B+ decay. Therefore, the
close proportionality given by Eq. (1.2) can be examined by comparing the GT transition strengths
observed in the (*He,r) reaction with those from mirror B+ decay in multiple pairs of analogous
transitions. Strengths were compared for analogous GT transitions starting from g.s. of T, = +1,
A = 26 nuclei (*Mg and 26Si) to the T, = 0 nucleus 2°Al [19, 20]. Such study was also performed
for T, = 41/2 mirror nuclei with A = 27 (*’Al and ?’Si) [21] and A = 23 (**Na and »Mg) [22].
As a result, a proportionality of ~ 3 — 10% has been seen for transitions with an L = 0 nature and
for values of B(GT) > 0.04. Therefore, by using the unit GT cross section 89T (0°) for specific A
system determined by using the B-decay B(GT) values, reliable GT strengths can be obtained for
the transitions up to highly excited states.

A method using the absolute (*He,7) cross sections as a means to determine absolute B(GT)
values is also proposed [23]. It was suggested that the mass dependence of the unit GT cross section
at momentum transfer ¢ = 0 can be expressed as 6°T(g = 0) = 109/A%63,

It should be noted that the properties of CE reactions, mediated by the strong nuclear force,
are certainly not identical to -decay in which the relevant interaction of the allowed GT transition
is purely of o7 type. Thus the proportionality cannot always be valid when the transition strengths
are rather weak. Such an exception was found for a relatively weak GT transition from the g.s. of



Gamow-Teller transitions with astrophysics interest

T, = +1, 3*S nucleus to a low-lying state of the 7, = 0 nucleus **Cl. The observed GT transition
strength was larger by about 40% compared to that of the analog transition studied in 3*Ar —34
Cl B-decay. A DWBA calculation combined with a shell-model calculation suggested that two
major configurations of ¢'T interaction contribute destructively to this GT transition and, therefore,
minor configurations of Tensor 7 interaction make a larger contribution [24]. In addition, a large
ambiguity has been reported for the so-called j(=£—1/2) — j- type transitions, like d3, — d3 2,
in the studies of (p,n) reaction [25].

Figure 2: Schematic view of the isospin analog
states (connected by horizontal broken lines) and
isospin analogous transitions for 7, = +£2, +1 and
0 isobaric nuclei in A = 26,50 and 58 systems. Sta-
ble nuclei 26Mg, 50Cr and 5®Ni can be the targets in
CE reactions. The Coulomb displacement energies
are removed so that the isospin symmetry of the
system and that of transitions are put in evidence.
The (3He,t) reaction studies the 7, = +1 — 0 GT
transitions and excites 7 = 0, 1 and 2 states, while
the B-decay studies the analogous GT transitions
with 7, = —1 — 0 (thick solid arrows).

3. Gamow-Teller transitions in p f-shell nuclei with astrophysical interest

Gamow-Teller transitions starting from stable as well as unstable p f-shell nuclei are of interest
in astrophysics. In the study of S-decays starting from far-from-stability 7, = —1 pf-shell nuclei,
the determination of feeding ratios to higher excited states is usually difficult, but half-lives can
be measured rather accurately. On the other hand, in high resolution (*He, ) CE reactions starting
from 7, = +1 nuclei, individual GT transitions up to high excitations can be studied. Assuming the
isospin symmetry for the strengths of 7, = £1 — 0 analogous GT transitions, we present a unique
“merged analysis” for the determination of absolute B(GT) values.

3.1 High energy-resolution study of 7, = +1 p f-shell nuclei

In the pf-shell region, T, = +1 — 0 transitions can be studied via (*He, #) reactions on stable
T, = +1 target nuclei. The obtained spectra for target nuclei 42Ca [26], “°Cr [27], °Cr [28],
34Fe [26] and *®Ni [17] are shown in Fig. 3.

In the “T" = 1 triplet” system, T, = +1 — 0 and 7; = —1 — O transitions can be studied via a
(*He, 1) reaction and a 3-decay from the unstable mirror nucleus, respectively. Assuming that these
analogous GT transitions have the same B(GT) values, the B(GT) values from -decays [5, 6, 7, 8]
can in principle be used as “standard B(GT) values” to determine the 69T(0°) value for each A
system. Once the 69T (0°) value is known, the B(GT) values can be determined for the transitions
up to highly excited states using Eq. (1.2). However, due to large uncertainties in the -decay
B(GT) values for the pf-shell nuclei, this idea is not practical.
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3.2 Merged analysis combining charge-exchange and 3-decay information

In order to derive more accurate B(GT) values, we introduce the “merged analysis,” in which
the precise, but relative GT strength distribution from the (*He, ) reaction is combined with the
decay Q-value and lifetime from the mirror 3-decay.

In a B-decay study, the accurate determination of the feeding ratios to higher excited states is
more difficult due to smaller f-factors [see Eq. (1.1)]. On the other hand, in the (*He, ) reactions
studying the analogous GT transitions, transition strengths that are proportional to B(GT) values
(i.e., relative B(GT) values) to these higher excited states can be obtained accurately from the mea-
sured cross sections at 0° [see Eq. (1.2)]. Then the unknown f3-decay feeding ratios can be deduced
by combining the (®He, ) cross sections at 0° with the f-factors that are calculated from the decay
Q-value. Our idea is to deduce absolute B(GT) values by further combining the knowledge of total
half-life T , of the B-decay [28].

It should be noted that the inverse of the partial half-life #r of the Fermi transition and #;s of
GT transitions are the feeding to the IAS and GT states, respectively. Therefore, the inverse of the
half-life T, /25 i.e., the total transition strength, is the sum of 1/#z and 1/#; of GT transitions

(1/Tip) = (/) + Y, (1/1). (3.1)

i=GT

Applying Eq. (1.1), one can eliminate both #r and #;, and we get

1 1
— = — |B(F)(1=8.)fr+ A%B;(GT)f: |, 3.2
T, K (F)( ) fr i:XG‘,T (GT)f; (3.2)
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where fr and f; can be calculated, B(F) is |N — Z|, and the relative strengths proportional to B;(GT)
can be studied in the (*He, 7) reaction. Therefore, if the total half-life T; /2 of the B-decay is known
accurately, the relative strengths of B;(GT) studied in the (®He, ) reaction can be converted into
absolute values.

The first analysis was made for the A = 50 isobaric system (see Fig. 2), because the decay
Q-value and the total half-life T}/, for the NFe—Mn B-decay [T} /2 =0.155(11) s and Qgc =
8.15(6) MeV] [6] are the best known among the 7 = 1 triplets in the p f-shell region. The partial
half-lives and thus the feedings, however, were unclear; only the feeding to the first 1T state at
E, = 0.651 MeV 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 [6]. On the other hand, in the merged
analysis the ratio of unknown feedings up to the higher excitation region of the T, = —1 — 0 °Fe
B-decay was deduced by multiplying the 3°Cr(*He, r)>Mn spectrum [Fig. 4(a)] and the calculated
f-factor [Fig. 4(b)]. The deduced “B-decay energy spectrum” is shown in Fig. 4(c).

Putting the value of 7; , and the calculated ratio of feedings in Eq. (3.2), absolute GT transition
strengths B(GT) were derived for all transitions up to E, = 6 MeV shown in Fig. 4(a) [28]. Owing to
the newly deduced feedings to higher excited GT states, the merged analysis showed that the B(GT)
value of the first GT state should decrease by about 20% down to 0.50(13). Here the uncertainty
originates mainly from the half-life and also the Q value.

@ 5000 -
S 4000, @2 CrCHe H)*Mn |
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s000] = ot CMUeeON T Fioure 4: (a) The Cr(3He, r)**Mn
2000 ° : _ . spectrum for events with scattering an-
1000 ~ gles ® < 0.5°. Major L = 0 states
ola , are indicated by their excitation ener-
0 4 5 6 ies i _
E in *Nin (MeV) gies in MeV. (b) The f factor f(-)r the
& 12 ( b)l ——————————————————— 5;' i NFe B-decay, normalised to unity at
2 ] - . : - [ .
ki 0; B-decay f-factor: 'Fe --> "'Mn E, =0 MeV. (c) The estimated °Fe 3-
g 087 =8.152 MeV [ . .
S 061 Qgp=8152MeV | decay energy spectrum that is obtained
8 8:7 - by multiplying the °Cr(*He,) spec-
DR P ; trum by the f-factor. Note that the IAS
o + . .
Za000l9 2 o B-decay intensity: *°Fe -->*Mn | g stronger in the real S-decay experi-
£ 2600 5; 2 ;_ t ment due to the different ratio of cou-
> ; o pEy 9 .
2 1000 b 5 % . pling constants for the T and oT-type
£ 04 R . interactions from the (3He, 1) reaction.

3.3 Gamow-Teller transitions in the S direction

In (n, p)-type reactions, such as (t,>He) reaction, on the T, = +1 nuclei, T, = +1 — +2 GT
transitions in the B direction can be studied (the left most thin solid arrow of Fig. 2) . These
transitions can play important roles in the electron-capture reactions that has a significant influence
on the nucleosynthesis as well as neutronization of nuclear mater inside the star. These 7, = +1 —
42 transitions are analogous with the transitions from g.s. of the same target nucleus to the 7 =2
states that can be studied in the (*He, ¢) reaction (thick broken arrow).
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The (¢,> He) reaction at an intermediate beam energy has been performed at the NSCL, MSU,
using a 115 MeV/nucleon secondary triton beam. The outgoing 3He particles were momen-
tum analysed by the S800 spectrometer and an energy resolution of ~ 200 — 250 keV has been
achieved [29]. The GT strength distribution obtained in the 58Ni(z‘,3 He)SSCo reaction [30] was in
good agreement with the T = 2 GT strengths extracted from the **Ni(*He, ) measurement by using
an analysis that distinguishes the 7 =2 and T = 1 states [17]. In the analysis, the difference of the
Clebsch-Gordan coefficients in the excitation of analog states with these different T states in the
proton inelastic scattering [*Ni(p, p’)] and the *He, t) reaction. The consistency of the T = 2 GT
strength distribution with the 38Ni(d,2 He)>®Co reaction was also seen [31].

It is not often the case that absolute B(GT) values are obtained for these transitions studied
in the (n, p)-type CE reactions from the f3-decay measurement of the analogous or corresponding
transitions. It is noticed that by using the analogous relationship of the T = 1 — 2 GT transitions in
the (®*He,7) and (z,> He) reactions, the absolute B(GT) values can be determined for the transitions
in the (¢, He) reaction.

4. New [3-decay experiments

4.1 Half-life measurement of >*Ni

We now apply the “merged analysis” to the A = 54 system, in which 7, = =1 — 0 mirror
transitions are measured in the *Fe(*He, 1)>*Co reaction and the >*Ni B-decay. As we have seen,
an accurate half-life plays an important role in the analysis. Therefore, for the A = 54 system, we
first had to seeking an accurate 7T;/, value. The f-decay of proton-rich nucleus Ni was studied
at the CRC, Louvain-la-Neuve. The *Fe(*He,3n)’*Ni fusion evaporation reaction at the beam
energy of 45 MeV was used for the production of 3Ni. Nickel was selectively ionised in a laser
ion source using a two-step ionisation scheme, and A = 54 nuclei were selected by the Leuven
isotope separator facility (LISOL) [32, 33, 34]. The mass separated ions were implanted in a tape
system surrounded by three plastic 8 detectors and two MINIBALL Ge detectors.

%2(5)227 a) S4Fe(®He,t)%Co | Figure 5:  (a) The *Fe(*He,r)**Co
020007 2 ; 5:&,40 MeV/nucleon | spectrum for events with scattering an-
1500 Z § o2 g of gles ® < 0.5°. Major L = 0 states, most
10001 Qe e® @l probably the GT states, are indicated by
500 [ their excitation energies in MeV. (b) The
0 J‘ . o 1, LJ‘, l J " f-factor for the 54N B-decay, calculated
o T B e veV from the decay Q-value of 8799(50) keV.
%\ 2'27 b)‘\ ‘ B-de;:ay f-f?:IICIOI’ 5“‘Ni s 5400 I (c) The estimated >*Ni B-decay energy
S 15 L spectrum that is obtained by multiplying
:g o 15 - the f-factor to the *Fe(*He, 1) spectrum.
0 0l ; ,‘ ,‘ , - Note that the TAS is stronger by a factor
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?1 000+ i due to the different coupling constants in
:‘§ 500 i the B-decay and the (*He, r) reaction.
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E_in>*Co (MeV)



Gamow-Teller transitions with astrophysics interest

The T;, value of 5Ni was determined by observing the exponential decay of the intensity
of the 937 keV delayed 7 rays from the first J* = 17 GT state to the g.s. of ¥*Co. A preliminary
analysis of the decay curve gave a half-life of 11544 ms [35]. This value is longer than in Ref. [7]
(106 £ 12 ms), suggesting that the B(GT) value should be smaller. It is important to note that the
uncertainty has been reduced due to higher statistics.

The longer half-life and also the feeding to higher excited states found in the 3*Fe(*He, )>*Co
reaction [26] made the GT transition strength to the E, = 937 keV state smaller. In the merged
analysis, we obtain B(GT) = 0.46(8); this value is smaller by about 30% compared to the previous
B-decay value of 0.68(16) [7]. The T, = +1 — 0 transition strength to this state has been measured
in a >*Fe(p, n) reaction at E » = 135 MeV [36]. 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.

4.2 Measurement of feeding ratio

The T, = —1 — 0 B-decays of **Ti, *°Cr, °Fe and *Ni and associated delayed 7 rays were
studied. The experiment was performed as part of the RISING stopped beam campaign [37] at the
FRagment Separator (FRS), GSI, Darmstadt. The experimental goals were to measure the half-
lives as well as the feeding ratios in these decays to derive B(GT) values for comparison with the
T, = +1 — 0 strengths measured in the corresponding (*He,) reactions. Beams of “*Ti, 40Cr,
50Fe and 7*Ni were produced by the fragmentation process from a primary 680 MeV/nucleon >®Ni
beam of 0.1 nA on a Be target. Each beam was well separated by the FRS facility and ions were
implanted into an active stopper system consisting of three layers of double-sided silicon strip de-
tectors (DSSDs). They were surrounded by the RISING y-ray array composed of 15 EUROBALL
cluster Ge detectors.

Due to the high production rate and the good detection efficiency of the RISING setup for >*Ni,
as an example, high-energy delayed 7y rays could be seen [Fig. 6(b)] at the energies corresponding to
the GT states observed in the >*Fe(*He, #)>*Co measurement [26]. A good symmetry is suggested
for the T, = £1 — 0 GT transitions, which supports the basis of the “merged analysis” of the
B-decay and (*He, ?) results.
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5. Summary and prospects

With an improvement of the energy resolution in the B~ -type CE reaction (*He, 1), we started
to see the details of the GT transitions; fine structures of GT excitations, even those of GT giant
resonances, can now be studied. For sd-shell nuclei, B(GT) values of multiple GT transitions
are studied for T, = —1/2 — +1/2 and T, = —1 — 0 transitions in B+ decays. The analogous
T,=+1/2 — —1/2 and T, = +1 — O transitions were studied in (*He, #) reactions. By comparing
these analogous transitions, a good proportionality between the cross-sections at 0° and B(GT)
values were observed in the (*He, 1) reaction at 140 MeV/nucleon.

Owing to the proportionality, the B(GT) values can be deduced up to high excitation region
once a standard B(GT) value is provided by the -decay. However, in the pf-shell region, the
B-decay B(GT) values have lager uncertainties; only 77/, values were relatively reliable. We in-
troduced the “merged analysis” to overcome this difficulty and to determine the absolute B(GT)
values. We performed (*He,r) measurements on 7, = +1 pf-shell nuclei to study 7, = +1 — 0
GT transitions. With an energy-resolution of about 30 keV, discrete GT states were identified. The
unknown energy spectra of the 7, = —1 — 0 B-decay of exotic nuclei were estimated by multi-
plying the f-factor calculated from the Q-value of the decay. By further combining the half-life
values obtained in the f3-decay measurements, absolute values of GT transition strengths B(GT)
were derived.

This merged analysis for the determination of absolute GT strengths can be extended to other
T =1 systems and also to 7 = 2 and even higher 7" systems, thus allowing to deduce the GT
strength distributions in proton-rich exotic nuclei. The uncertainty of the obtained GT strength
is mainly due to the ambiguities in the 7j/, and the decay Q value. Therefore, efforts to obtain
accurate Ty, values and also the feeding ratios of GT transitions for proton-rich nuclei have been
performed. New attempts at ISOL facilities (e.g. [38]) as well as at fragment-separator facilities
(e.g. [39], [40]) are also in progress. In addition, precise Q-value (mass) measurements that can
be performed at trap facilities [41] would bring more accurate f-factors. A better knowledge on
them will make the merged analysis more fruitful as the means to determine the GT strengths in
proton-rich exotic pf-shell nuclei, which are needed to deduce the astrophysical transition rates
under extreme conditions.

The high-resolution (*He,?) experiments were performed at RCNP, Osaka University. The
author is grateful to the RCNP accelerator group, especially to Professors Hatanaka and Saito.
He is grateful to Dr. B. Rubio (Valencia) for various discussions. This work was supported in
part by Monbukagakusho, Japan under Grant No. 15540274 and No. 18540270, and also by the
Japan-Spain collaboration program by JSPS and CSIC.
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