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Given the importance of Gamow-Teller (GT) transitions in nuclear structure and astrophysical
nuclear processes, we have studied 7. = +3/2 — +1/2, GT transitions starting from the 47T
nucleus in the (®He, t) charge-exchange reaction at 0° and at an intermediate incident energy of
140 MeV /nucleon. The experiments were carried out at the Research Center for Nuclear Physics
(RCNP), Osaka using the high resolution facility consisting of a high-dispersion beam line and
the Grand-Raiden spectrometer. With an energy resolution of 20 keV, individual GT transitions
were observed and GT strength was derived for each state populated up to an excitation energy
(Fz) of 12.5 MeV. The GT strength was widely distributed from low excitation energy up to 12.5
MeV, where we had to stop the analysis due to the high level density. The distribution of the GT
strengths was compared with the results of shell model calculations using the GXPF1 interaction.
The calculations could reproduce the experimental GT distributions well. The GT transitions from
the ground state of *"Ti and the M1 transitions from the isobaric analog state in *"V to the same
low-lying states in *"V are analogous. It was found that the ratios of GT transition strengths to the
ground state, the 0.088 MeV, and the 0.146 MeV states are similar to the ratios of the strengths of
the analogous M1 transitions from the TAS to these states. The measured distribution of the GT
strengths was also compared with those starting from the 7. = +3/2 nucleus K to the T, = +1/2

nucleus *!Ca.
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I. INTRODUCTION

Nuclear weak processes are crucial for the understand-
ing of both nuclear structure and astrophysical pro-
cesses. The most important nuclear weak processes are
the Gamow-Teller (GT) transitions. In the pf-shell re-
gion, GT transitions starting from proton rich nuclei
play important roles in the rp-process nucleosynthesis [1].
Therefore the study of GT transitions including those
starting from unstable nuclei are of importance.

Studies of 8 decay can access the GT transitions from
unstable nuclei. In addition, they give the most direct
information on the GT transition strength B(GT). How-
ever, the excitation energies (E) in the daughter nucleus
accessible in 8 decay are limited by the decay @ values.
In addition there is also a rapid decrease in feeding as
E, increases due to the decrease in the phase space fac-
tor. In contrast in charge-exchange (CE) reactions, such



as the (p,n), (n,p), (d,> He), (*He, t), and (t,> He) reac-
tions, one can observe GT transitions to states at higher
energies without the @Q-value limitation (e.g., see Refs.
[2-6]). In CE reactions, at intermediate incident ener-
gies above 100 MeV /nucleon and forward angles around
0°, there is a close proportionality for GT excitations be-
tween the GT cross-sections and the B(GT) values [7, 8.
Under these conditions,
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where J,-(q) is the volume integral of the effective inter-
action V., K(w) is the kinematic factor, w is the total
energy transfer, and N, is a distortion factor. The value
gt is the “GT unit cross section” for a specific nuclear
mass A at a given incoming energy and the value F'(q,w)
gives the dependence of the GT cross-sections on the mo-
mentum and energy transfers. It has a value of unity at
¢ = w = 0 and usually decreases gradually as a function
of E, and can be reliably obtained from DWBA calcula-
tions.

In the 1980s, pioneering (p,n) experiments at inter-
mediate incident energies became possible and B(GT)
strength distributions were studied for various nuclei [3].
In particular, resonance structures in GT strengths
[GT resonances, (GTR)] were systematically observed at
E, ~ 10 MeV, which can not be observed in g-decay
studies. In addition, in a recent pioneering (p,n) reac-
tion using inverse kinematics, GT transitions from the
T. = 0 unstable nucleus 5°Ni have been studied [9].

The energy resolutions achieved in the (p,n) reaction
studies were around 300 keV or greater. With these res-
olutions, it was difficult to resolve individual peaks lying
close to each other in the excitation energy spectra.

The constraints imposed by the energy resolution were
overcome by the use of the alternative (*He,t) reac-
tion [5]. By applying precise beam matching tech-
niques [10] to a magnetic spectrometer system, an en-
ergy resolution of 30 keV or less is possible at 140
MeV /nucleon and 0° in measurements with stable tar-
get nuclei. As a result, discrete states were observed not
only in the low-lying region, but also in the GTR region
of E, ~ 10 MeV [11].

The close proportionality given in Eq. (2) was exam-
ined by comparing the cross sections in (*He, t) measure-
ments with the equivalent B(GT) values from § decays
for mirror GT transitions in sd-shell nuclei. Although
some exceptional cases were recognized, the proportion-
ality was generally good (= 5%) for “AL = 07 transi-
tions in studies of the A = 23, 26, 27, and 34 nuclear
systems [5, 12-15].

On the basis of these observations, the strengths of
GT transitions starting from the T, = 41, pf-shell nu-
clei *0Ti, 59Cr, ®*Fe, and °®Ni, and also the T, = +4
nucleus ®Ni have been intensively studied [11, 16-19].
The bump-like GTR structures consisting of many frag-
mented states were observed for nuclei A > 54 but not

for the nuclei A < 50. As an extension of these studies,
in this paper, we report the study of the GT transitions
starting from the T, = +3/2 target nucleus *"Ti to the
T, = +1/2 nucleus *"V. It should be noted that mirror
GT transitions starting from the unstable nucleus *"Mn
with T, = —3/2 to *"Cr with T, = —1/2 can be deduced
from this study on the assumption that isospin symmetry
holds in mirror transitions.

II. EXPERIMENT

The states populated by GT transitions become promi-
nent at intermediate energies and at forward angles near
0°. We performed the “"Ti(*He,t)*"V measurement at
the high energy resolution facility of the Research Center
for Nuclear Physics (RCNP), Osaka using a high quality
140 MeV /nucleon *He beam from the K = 400 Ring Cy-
clotron [20]. This facility consists of a high-dispersion
beam line “WS course” [21] and the Grand Raiden spec-
trometer [22] placed at 0°. The *He beam was stopped
by a Faraday cup placed inside the first dipole magnet.

A thin self-supporting 4"Ti target with an isotopic en-
richment of 94% and an areal density of 0.50 mg/cm?
was used. The outgoing tritons were momentum ana-
lyzed within the full acceptance of the spectrometer and
detected at the focal plane with a system consisting of
two multi-wire drift-chambers (MWDC) that allow track
reconstruction [23] and two plastic scintillators used for
the creation of triggers to start the data acquisition sys-
tem and particle identification.

An energy resolution of 20 keV [full width at half
maximum (FWHM)] was realized by applying matching
techniques [10] and the “faint beam method” [24, 25].
This resolution allowed us to resolve states in 4"V up to
E, = 12.5 MeV. The “0° spectrum” for the 4"Ti tar-
get with scattering angles ® < 0.5° is shown in Fig. 1,
where © is defined by /62 + ¢2. In order to obtain this
spectrum, data were recorded for about half a day with
a beam current of ~ 25 enA on average. One can see the
fine structure of fragmented states in Figs. 2 - 4.

In order to determine accurately the scattering angle
© near 0°, the scattering angles in both the x direction
(0) and y direction (¢) should be measured equally well.
Good 0 resolution was achieved by using the angular dis-
persion matching technique [10], while good ¢ resolution
was achieved by applying the “over-focus mode” of the
Grand-Raiden Spectrometer [26]. A more detailed de-
scription of the experimental procedure can be found in
Ref. [18].

III. DATA ANALYSIS

In 47V, the proton separation energy Sp is 5.17 MeV
and the Coulomb barrier and centrifugal potential for an
f-shell nucleon are approximately 6 MeV and 8 MeV, re-
spectively, and we could see sharp peaks even in the high
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FIG. 1: (Color online) The *"Ti(*He, t)*"V spectrum at 0°. Events with scattering angles © < 0.5° are included.

*Ti(*He,h*'V
E=140 MeV/nucleon
0=0°

7.345
7. 828
7.970
8.467
8.628
9.543
10 436
10.486

T
12
E, in 7V (MeV)

Prominent

states populated in AL = 0 transitions are indicated by their excitation energies.

300+

200+

Counts

o
O—; 0.0
0.143 0086

100+

2175

1 2
E, in ¥V (MeV)

N
o1 = 2.551
r3

"V, 0.421
00 -{==—2.984

0.5 1

FIG. 2: Part of the *"Ti(*He, t)*"V spectrum shown in Fig. 1
for 0 < FE, < 4 MeV. Prominent states populated in AL =0
transitions are indicated by their excitation energies. States
n *V are also indicated.

excitation energy region of the spectrum. The positions
of the peaks were obtained by using a peak decomposi-
tion program [27]. In order to obtain the peak positions
reliably, the peak shape of a well isolated strong peak
was used as a reference in the program. From the peak
positions obtained, the F, values of states in the higher
excitation energy region were determined using the well
known E, values of states in 12N, 13N, and 'F as refer-
ences in kinematical calculations. These states were ob-
served in the spectrum from a thin Mylar target with an
areal density of ~ 1 mg/cm? measured for the purpose of
calibration. The measurement was performed under the
same conditions as for the 4"Ti target. The E, values of
the 47V states could be determined by an interpolation
process and they are listed in Tables I-VI. In 47V, accu-
rate E, values of states are known up to 6.8 MeV [28], as
shown in Table I and Table II. Most of these F, values
could be reproduced within a difference of a few keV. In
addition the E, value of the 2N, ground state (g.s) which
appeared at =~ 14.4 MeV in the 4"V spectrum has been
reproduced with an error of 7 keV. Therefore, even if we

300 P .9 L
+ 7 8278

) 0] P N 2 @Ol

£ 2004 2 D9 = I Py

S o © 00 © = T N8N~

Q S] [oe] wo ol o 1 B8R T

8 5 g 5 flgngd | 2xrt

100> w o giﬂg h J uuw_

N 1 \ [

o g A

: 55 6.5 7 75 8

Ex in 47V (MeV)

FIG. 3: Part of the *"Ti(*He, t)*"V spectrum shown in Fig 1
for 4 < FE, < 8 MeV. Prominent states populated in AL =0
transitions are indicated by their excitation energies. In the
region E, < 6.7 MeV, newly observed states that are clearly
populated in AL = 0 transitions are indicated by arrows.
States of **V are also shown.
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FIG. 4: Part of the *"Ti(*He, t)*"V spectrum shown in Fig. 1
for 8 < E, < 12 MeV. Prominent states populated in AL =0
transitions are indicated by their excitation energies.

take the uncertainty of the peak decomposition process
into consideration, we believe that the E, values of the
states listed in Tables I-VI have an accuracy better than
10 keV even in the region above 6.5 MeV.



The intensities of the peaks were obtained up to 12.5
MeV for the 47V spectra using the peak decomposition
program. Above this energy the level density is so high
that it is difficult to separate the peaks even with the en-
ergy resolution of 20 keV, as we can see in Fig. 1. A con-
tinuum background was observed above E, =~ 6.5 MeV,
which increased with excitation energy and appears to be
almost saturated at E, ~ 12 MeV. Accordingly a smooth
background was subtracted empirically in the peak fitting
analysis.

The main impurity in the target was the **Ti isotope,
which leads to the observation of states in “*V in the ex-
perimental spectra. In order to identify the *®V states
present in the 4"Ti(*He, t)*"V spectra, the (*He, t) spec-
trum from a target foil enriched in *®Ti was measured
under the same conditions as for the 47Ti target. Several
of the intense peaks assigned to the states in 48V that
were observed as contaminants in the 47V spectra are in-
dicated in Figs. 2 and 3. Some of the peaks associated
with 48V overlap with peaks in 47V. Their contributions
could be subtracted reliably up to an excitation energy
of 7.5 MeV in 47V. Above this excitation energy, how-
ever, the number of 48V states was large, although most
of them were weakly excited. In this energy region, only
the contributions from the prominent peaks in **V could
be subtracted. The peak of the IAS in *®V is situated at
about 50 keV lower energy than the peak of the TAS in
4TV (see Fig. 3). However, due to the good energy reso-
lution in the experiment, the two states could be clearly
separated.

In order to distinguish the AL = 0 transitions, the
relative intensities of the peaks in the spectra were ex-
amined with the angle cuts © = 0° — 0.5°, 0.5° — 0.8°,
1.2° — 1.6°, and 1.6° — 2.0°. It was found that there is
no clear enhancement at the larger scattering angles for
any of the states strongly excited in the © = 0° — 0.5°
cut, suggesting that they all have AL = 0 character. We
assume here that the states populated in AL = 0 tran-
sitions, except the IAS, are the GT states [5]. A clear
enhancement at larger angles was observed for some of
the weakly excited states. This indicates that they have
AL > 1 character. For the detail of the angular distri-
bution analysis, see Ref. [19].

Some states form close multiplets and the separation
of these states in the analysis inevitably has some ambi-
guity. For these multiplets, the AL values and the GT
strengths were derived for the multiplet as a whole. The
multiplets are indicated by the } sign. For some states,
a AL assignment was not possible because of the high
level density. Therefore, only the E, values are given for
these states. In particular in the region above 12 MeV,
we could only assign candidates for the states populated
in AL = 0 transitions (see Table VI). They are the
prominent states seen in the 0° spectrum.

If we think of the simple Shell Model picture, the
ground states of the odd mass nuclei 4" Ti and 4"V should
have J™ values of 7/27. In reality they have the g.s J™
values of 5/27 and 3/27, respectively. These unexpected

J7 values are explained by the anomalous J-coupling of
three nucleons [29, 30].

According to the GT selection rules, the 5/27 g.s of
the 47Ti nucleus can be connected by GT transitions
to 3/27, 5/27, and 7/2~ states in 47V. Therefore, the
states populated in AL=0 transitions should have one of
these spin values. Thus, the g.s of 4"V with T, = +1/2
and J™ = 3/27 is populated by a GT transition in the
4TTi(*He, t)*"V reaction. As is seen in Fig. 2, with the
energy resolution of 20 keV, one of the best energy reso-
lutions we have ever achieved, the 47V g.s was well sep-
arated from both the nearby 5/27 state at £, = 86 keV
and the 7/27 state at 143 keV. It should be noted that
the GT transition strength in the T, = +1/2 — +3/2 di-
rection can be studied in the Bt-decay of 47V, and thus
this GT strength can provide a standard B(GT) value for
the purpose of normalization. A logft value of 4.901(5)
has been reported for the GT transition from the g.s of
4TV to the g.s of 47Ti [28]. The B(GT) values in the
direction of the CE-reaction can be derived from this by
correcting for the (2J + 1) factors of the spin Clebsch-
Gordan coefficients [5]. A B(GT) value of 0.0319(4) is
thus obtained for the 4"Ti g.s — 47V g.s GT transition.
The B(GT) value here is given in units where B(GT)=3
for the 8 decay of the free neutron.

Many fragmented states were observed up to E,, = 12.5
MeV in the 4"Ti(3He,t)*"V reaction. The B(GT) values
of the transitions to these excited states were derived
by applying the proportionality given by Eq. (2) to the
measured excitation strength of each state.

The gradual decrease in the F(q,w) in Eq. (2) as
a function of excitation energy was corrected by us-
ing the results of a Distorted Wave Born Approxima-
tion (DWBA) calculation. For this purpose, the DW81
code [31] was used assuming that the f7/ — f7/2 and
fr/2 = f5/2 configurations were involved. In the calcu-
lation, we followed the procedure discussed in Refs. [32—
34]. The optical potential parameters were taken from
Ref. [35]. The DWBA calculation suggested that the GT
cross section decreases with increasing excitation energy,
and the decrease was ~ 6% from the g.s to E, = 8 MeV.

In the low-lying F, region where the states are clearly
separated, in general, the AL values and also B(GT) val-
ues were well determined. On the other hand, as men-
tioned, in the highly excited region where the level den-
sity was high, the identification of the AL value, espe-
cially for weakly excited states, became difficult. In addi-
tion, the close proportionality is in question even for the
states populated in AL = 0 transitions [6, 15]. There-
fore, for these weakly excited states, B(GT) values with
0.005 < B(GT) < 0.01 are indicated by the sign “S” and
those with < 0.005 by “SS” in Tables I - VI. For the
states assigned to have AL > 1, the B(GT) values are
not given. Only counts for © < 0.5° are listed.

The uncertainties in the B(GT) values given in Ta-
bles I-VI include the statistical uncertainties in the ex-
perimental data, the peak-fit analysis, and also the un-
certainty in the B(GT) value of the g.s—g.s transition



TABLE I: States observed in the *"Ti(*He, t)*"V reaction up to E, = 5.5 MeV. The B(CGT) values for weak transitions
with AL = 0 are listed in two categories marked by S and SS, where S indicates 0.005 < B(GT) < 0.01 and SS indicates
B(GT) < 0.005. The measured counts of states in the © < 0.5° spectrum are listed.

Evaluated values * (°He, t) ©
E.° (MeV) J" E, (MeV) AL Counts B(GT)
0.000 3/2° 0.000 0 1218 ( 49) 0.0319 (4) ¢
0.088 5/2° 0.086 0 1012 ( 45) 0.027 ( 2)
0.146 727 0.143 0 284 ( 25) S
1.139 7/2+ 1.141 > 1 1m( 5)
2.083 3/2° 2.078 >1 200( 7)
2.176 5/2° 2.175 0 994 ( 43) 0.026 ( 2)
2.546 (8) 5/27,7/2° 2.551 0 279 ( 32) S
2.723 5/2° 2.723 (0) 91 ( 16) S
2.749 >1 48 ( 13)
2.984 727 2.984 0 603 ( 55) 0.016 ( 2)
3.006 3/2° 3.002 0 155 ( 44) SS
3.054 5/2” 3.051 > 1 2 ( 8 )
3.248 7/2- 3.246 0 119 ( 19) SS
3.371 3/2 3.372 ° 0 408 ( 70) S
3.517 (5/2) 3.517 0 557 ( 48) 0.015 ( 1)
3.590 5/2 3.590 0 1330 ( 53) 0.035 ( 2)
3.628 0 467 ( 34) 0012 ( 1)
3.718 7/2,5/2,9/2F 3.715 0 386 ( 28) 0.010 ( 1)
3.763 1/2 to 5/2 3.762 0 364 ( 29) 0.010 ( 1)
3.823 1/2,3/2 3.828 0 458 ( 33) 0012 ( 1)
3.876 (5/2),3/2~ or 7/2 3.876 0 4191 (90 ) 0.112 ( 5)
4.032 0 504 ( 32) 0013 ( 1)
4.100 3/2° 4.102 © 0 716 ( 124 ) 0.019 ( 3)
4.150 * 5/2(7) 4.150 0 17309 ( 185 ) &
0 2863 (821 )™ 0.073 (21)
4.197 5/2 4.198 0 1611 (104 ) 0.043 ( 3)
4.222 5/2 4.222 0 5690 ( 136 ) 0152 ( 7)
4.266 0 1122 ( 58 ) 0.030 ( 2)
4.296 (12) (7/2)~ 4.300 0 1071 ( 51) 0029 ( 2)
4.403 7/2,5/2,9/2 4.401 0 1734 ( 58) 0.046 ( 2)
4.510 5/2,3/2" 4511 > 1 258 ( 25)
4.569 5/2 4.568 0 231 ( 22) S
4.613 (20) 4613 > 1 155 ( 20)
4.654 0 209 ( 25) S
4.719 3/2,1/2,5/2~ 4.717 (0) 280 ( 24) S
4.797 3/2,1/27,5/2" 4.796 0 299 ( 24) S
4.853 5/2,1/27,3/2" 4.848 >1 79 ( 17)
4.878 0 407 ( 31) 0.011 ( 1)
4.999 5/2,7/2 4.998 >1 105 ( 17)
4.999 5.094 0 742 ( 39) 0020 ( 1)
5.142 3/2,1/2 5/2~ 5.137 0 399 ( 32) 0011 ( 1)
5.206 0 635 ( 85) 0.017 ( 2)
= ) U S
5.373 > 1 194 (26 )
5.428 0 518 ( 61) 0.014 ( 2)
5.544 © 0 105 ( 41) SS
*From Ref. [28].

PPresent, work.

“Energy uncertainties of < 1 keV are not indicated.

dFrom f-decay measurement.

°The contribution from the 8V state was subtracted.

fThe IAS (T = 3/2).

€The total count of the IAS.

LEstimated count corresponding to the GT transition strength in the IAS.



that was measured in the 7V, 8 decay. However, the
uncertainties associated with the background subtraction
were not included. Therefore, the B(GT) values of the
states in the highly excited region, where the background
counts were larger, can have larger uncertainties than is
indicated.

The 4.150 MeV state is the IAS of the g.s of 7Ti.
In the T, = +3/2 — +1/2, CE reaction, both the Fermi
strength and the GT strength contribute in the transition
to the TAS. In order to derive the B(GT) strength in the
transitions to the TAS, we introduce the ratio of GT and
Fermi unit cross-sections denoted as R? [7] and defined
by

&GT(OO) _ O’GT(OO)
5¢(0°)  B(GT)

O'F(OO)

7 = B(F)’

(3)

where we assume that all of the Fermi transition strength
is concentrated in the IAS, and it consumes the complete
sum rule value of B(F) = N — Z = 3. We also assume
that R? is a constant for a given mass number A and is
a smooth function of A. The A dependence of R? was
systematically studied and a smooth increase in R? was
observed as A increases [36, 37]. A value of R?=8.1+0.4
can be deduced for the A = 47 nuclei by quadratically
interpolating the experimentally obtained R? values for
A =26 [13], 34 [15], 46 [16], 54 [18], 64 [19], 78 [38], 118,
and 120 [39]. The resulting B(GT) value obtained for
the GT transition to the E,=4.150 MeV, TAS is shown
in Table I.

IV. RESULTS AND DISCUSSION
A. B(GT) distribution in "V

Many discrete states, including weakly excited states,
could be studied up to E, = 12.5 MeV. Some con-
centrations of GT strength were found around 4 MeV
and 6 MeV, but in general, the GT strength was highly
fragmented, and no compact resonance structure of GT
strength was observed [see Fig. 5(a)].

Shell model (SM) calculations in the full pf-shell model
space are now available. The experimental B(GT) dis-
tribution in 4"V up to E, = 12 MeV is compared with
the results of the SM calculation using the GXPF1 in-
teraction [42] [Fig. 5(b)]. The B(GT) values from the
SM calculation include the average normalization fac-
tor (quenching factor) of (0.74)% [43]. It is seen that
the experimental and calculated B(GT) distributions are
generally in agreement. The fragmentation of states, al-
though more pronounced in the experimental distribu-
tion, is also relatively well reproduced. However, the or-
der of the J values for the lowest three states is different
from that of evaluated values [28]; in the SM calculation,
they were in the order of J=5/2, 3/2, and 7/2 while the
evaluated values were J=3/2, 5/2, and 7/2. Separate
calculations using the interaction KB3G [44] in the pf
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FIG. 5: A comparison of the experimental and theoretical
B(GT) strength distributions with (a) the B(GT) distribu-
tion derived from the *"Ti(*He, t)*"V measurement, and (b)
the B(GT) distribution from the Shell Model (SM) calcula-
tion.

model space and the program NuSHELL [45] gave essen-
tially the same results.

The good agreement between experiment and theory
can also be seen in the cumulative sum of the B(GT)
values as a function of excitation energy shown in Fig. 6.
The cumulative B(GT) strength increases very gradually
as a function of excitation energy in both experiment
and the SM calculations. This gentle increase shows that
the GT strength is fragmented over the whole region up
to 12.5 MeV, where we had to stop the analysis due to
the high level density of states. Above 10 MeV, the SM
cumulative sum is larger than the experimental one. In
the (*He,t) experiment on **Fe, a similar tendency was
observed for the GT strength distribution in **Co [18].

B. Total B(GT) strength

The total sum of the B(GT) strength observed in the
excitation of discrete states was 3.60. We suggest that
this B(GT) value is the minimum of the total sum in the
entire region up to 12.5 MeV. One can see that this value
is only 40% of the sum-rule-limit value of 3(N — Z) even
if the negative contribution from the GT strengths in the
BT direction is ignored.

A continuum from quasifree scattering (QFS) [40, 41] is
expected above the proton separation energy of S, = 5.17



TABLE II: States observed in the *"Ti(*He, t)*"V reaction between FE, = 5.5 and 7.7 MeV. For details, see the caption to
Table I.

Evaluated values * (°He,t) ®

E.° (MeV) JT E, (MeV) AL Counts B(GT)

5.585 (12) 1/2=,3/2° 5.587 >1) 60 ( 15)

5.635 3/2° 5.634 ¢ 0 307 ( 41) S
5.703 (>1) 156 ( 23)

5.738 (3) 1/2,3/2 5.739 (0) 140 ( 26) Ss
5.770 ¢ (0) 215 ( 64 ) S
5.803
o } 0 3123 (164 ) 0.084 (5)

5.885 3/2 5.881

e o vy } 0 1514 ( 151) 0.041 (4)

5.928 (20) 5.933 0 820 ( 99) 0.022 (3)
5.982 0 367 (1 36) 0.010 (1)
6.046 0 536 ( 41) 0.015 (1)
6.136 0 1406 ( 68 ) 0.038 (2)

6.166 3/27) 6.164 0 1187 ( 62) 0.032 (2)
6.241 (0) 215 ( 26) S

6.271 (3/2) 6.266 0 982 ( 87) 0.027 ( 3)

6.297 3/2(7) 6.290 0 1397 ( 82) 0.038 (3)
6.322 0 641 ( 48) 0.017 (1)
6.362 0 792 ( 45) 0.022 (2)

6.426 or 6.427 (3/2) or (5/2) 6.428 0 2099 ( 66 ) 0.057 ( 3)
6.500 0 1504 ( 133 ) 0.041 (4)
6.567 0 368 ( 35) 0.010 (1)
6.600 (0) 313 (1 38) S
6.632 0 578 ( 43) 0.016 (1)

6.680 7/2(7) 6.672

. /2 6'693} 0) 795 ( 54) 0.022 (2)

6.749 (20) 6.744 0 869 ( 47) 0.024 (2)
6.787 0 1157 ( 54 ) 0.032 (2)
6.834 4 0 249 ( 51) S

6.895 (20) 6.898 ¢ 0 437 ( 43) 0.012 (1)
6.941 0 184 ( 27) Ss
6.979 0 468 ( 45) 0.013 (1)
7.000
018 } >1 341 ( 26)
7.040 4 0 330 ( 54) S
7.101 0 463 ( 41) 0.013 (1)
7.128 >1 125 ( 20)
7.172 0 443 ( 37) 0.012 (1)
7.212 >1 97 ( 46)
7.231 0 243 (1 50 ) S
7.272 4 156 (50 ) SS
7.294 ¢ 163 ( 48) Ss
7.345 ¢ 0 1041 ( 79) 0.032 (2)
7.424 (0) 300 ( 33) S
7.471
191 } 0 730 (68 ) 0.020 ( 2)
7.523 0 312 ( 44) S
7.552 0 699 ( 49) 0.019 (2)
7.623 0 455 (40 ) 0.013 (1)
7.668 0 498 ( 44) 0.014 (1)
7.701 0 707 (50 ) 0.020 ( 2)
7.738 0 392 ( 40) 0.011 (1)

*From Ref. [28].

PPresent work.
“Energy uncertainties of < 1 keV are not indicated.
9The contribution from the “®V state was subtracted.



TABLE TIT: States observed in the *"Ti(*He, t)*"V reaction TABLE TV: States observed in the *"Ti(*He, t)*"V reaction
between F, = 7.8 and 9.6 MeV. For details, see the caption between E, = 9.6 and 11.3 MeV. For details, see the caption

to Table I. to Table I.
(°He, t) * (°He, t) *

E, (MeV) AL Counts B(GT) E, (MeV) AL Counts B(GT)

7.799 0 548 ( 49) 0.015 (2) 9.634 0 318 ( 48) S

7.828 0 1132 ( 64) 0.031 (2) 9.663 (0) 552 (56 ) 0.016 ( 2)

7.863 0 555 (47 ) 0.015 (1) 9.693 0 650 ( 58 ) 0.018 (2)

7.906 ° (0) 88 (1 57) S 9.723 >1 320 ( 50)

7.933 0 154 ( 50) SS 9.752 >1 373 (65 )

7.970 0 1610 (124 ) 0.045 (4 ) 9.776 0 674 ( 87 ) 0.019 (3)

8.007 0 203 (46 ) S 9.797 (>1) 234 ( 66 )

8.071 0 217 ( 36 ) S 9.852 0 564 (60 ) 0.016 ( 2)

8.106 0 296 ( 51 ) S 9.909 >1 166 ( 37 )

8.128 0 277 ( 49) S 9.937 (>1) 152 ( 53)

8.168 0 206 ( 34) S 9.960 0 527 (70 ) 0.015 (2)

8.204 0 364 (46 ) 0.010 (1) 9.984 }

8.231 0 230 ( 62) S 10.007 ©) 869 ( 73) 0.025 (2)

8.251 0 429 (59 ) 0.012 (2) 10.036 (0) 246 (57 ) S

8.313 ° (0) 30 ( 50) SS 10.060 (>1) 203 ( 48)

8.366 0 708 (49 ) 0.020 (2) 10.111 0 318 ( 40) S

8.399 © 0 564 (59 ) 0.016 ( 2) 10.156 0 420 ( 43) 0.012 (1)

8.426 (0) 356 ( 53) 0.010 ( 2) 10.207 >1 228 ( 40)

8.467 0 1529 ( 98) 0.043 ( 3) 10.241 0 622 (56 ) 0.018 (2)

8.520 " 0 353 (1 62) 0.010 (2) 10.271 } 0) 795 ( 74) 0.022 (2)

8.542 © 0 678 ( 72) 0.019 (2) 10.291

8577 (0) 230 ( 50) g 10.351 (>1) 303 ( 87)

3.600 0 320 ( 54) g 10.371 (0) 571 (101 ) 0.016 ( 3)

8.628 0 826 ( 54) 0.023 (2) 10397 (=1 553 (101)

8.695 0 365 ( 57) 0.010 (2) 10.421 } (0) 1702 ( 177 ) 0.049 (5)

8.728 (0) 522 ( 52) 0.015 (2) 10.436

8755 0 277 ( 49) g }8.128 (0) 512 (1 95) 0.015 (3)

8.783 0 382 (45 0.011 (1 - 021

8783 0 52 ( ) L(1) 130 } 0) 735( 83) 0021 (2)

g } 0 756 ( 92) 0021 (3) 10361 } 0) 704 ( 90) 0.020 (3)

8.913 ° 0 991 (144 ) 0028 (4) 10590 (0) 275 ( 74) S

8.048 b ) 60 ( 35) SS 10.611 (>1) 255 ( 79)

8.979 0 727 ( 68 ) 0.020 (2) 10634 172 ( 57

b 10.667 (0) 265 (69 ) S

9.001 (0) 299 (67 ) S 10795 ©) 224 ( 54) .

9.030 0 439 ( 57) 0.012 (2) 10750

9.055 0 376 (50 ) 0.011 (1) 10760 } (0) 850 (94 ) 0.025 (3)

9130 0 536 ( 45 ) 0.015 (1) 10.807 0 342 (1 65) 0.010 (2)

9.175 0 515 (58 ) 0.015 (2) 10830 0 300 ( 89 ) 0.011 (3)

9.199 0 880 ( 63 ) 0.025 (2) 10853 :

9.259 (0) 297 ( 47) S 10.873 } (0) 704 (103 ) 0.020 ( 3)

9-286 0 604 ( 63) 0.017 (2) 10.925 0 649 (50 ) 0.019 (2)

9.311 (0) 251 ( 48) S

0357 0 550 ( 50 ) 0.016 (2) 10.960 0 537 (59 ) 0.016 ( 2)

0 339 0 731 ( 69) 0021 (2) 10.986 0 769 (138 ) 0.022 (4)
11.005 (>1) 340 (136 )

9.412 (0) 452 ( 64) 0.013 (2) 11085 0 505 ( 90 ) 0.015 (3)

9.444 (0) 336 ( 43 ) S 11102

9.497 0 204 (50 ) S 11191 } (0) 752 (136 ) 0.022 (4)

g:gig } 0 1585 ( 96) 0.045 (3 ) 11.157 (>1) 378 ( 47)

9.576 (0) 594 (60 ) 0.017 (2) ﬂ‘;’g } (0) 568 ( 61) 0.017 (2)

9.601 ) 279 ( 52) S 11.247 (0) 374 ( 48) 0.011 (1)
11.280 >1) 558 ( 73)

#Present work.
PThe contribution from the 8V state was subtracted.

#Present work.



TABLE V: States observed in the *"Ti(*He, ¢)*"V reaction
between F, = 11.3 and 12.0 MeV. For details, see the caption
to Table I.

CHe,1) *
E, (MeV) AL Counts B(GT)
11.302 ) 54 ( 75) 0.013 (2)
11.330 (0) 443 ( 62) 0.013 (2)
11.360 0 737 ( 71) 0.021 (2)
11.387 405 (79
11.409 334 ( 83)
11.433 278 ( 77)
11.456 288 (61 )
11.501 261 (40 )
11.538 (0) 325 (45 ) 0.010 (1)
11.600 0 547 ( 63) 0.016 ( 2)
11.624 (0) 2097 ( 62) S
11.653 >1) 395 ( 68)
11.669 (0) 168 ( 58) SS
11.691 378 ( 68)
11.715 >1 468 (66 )
11.746 (> 1) 326 ( 50)
11.778 >1 536 (77 )
11.800 (0) 208 ( 97) S
11.824 (0) 345 (86 ) 0.010 ( 3)
11.852
e } 0) 751 (115) 0.022 (3)
11.896
11.914 } (0) 1067 ( 171) 0.030 (5)
11.934
11.959 (0) 583 (100 ) 0.017 (3)
11.983 >1 419 ( 107)

#Present work.

TABLE VI: Candidates for the states populated in AL = 0
transitions and observed in the *"Ti(*He, )"V reaction be-
tween F,; = 12.0 and 12.5 MeV. For details, see the caption
to Table 1.

(®He,t) *
E, (MeV) AL Counts B(GT)
12.103 0) 169 ( 99) 0.014 (3)
12.158 (0) 384 ( 53) 0.011 (2)
12.186 (0) 206 ( 74) S
12.229
12.251 } (0) 892 ( 109) 0.026 ( 3)
12.273
12.304 0 456 ( 51) 0.014 (2)
12.387 (0) 246 ( 87 ) S
12.415
12.433 (0) 625 (114 ) 0.018 ( 3)
12.460
12.476 } (0) 910 ( 98) 0.026 ( 3)
12.497

#Present work.
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FIG. 6: (Color online) A comparison of the summed B(GT)
strengths from the *"Ti(*He, t)*"V measurement (solid line)
and the SM calculation using the GXPF1 interaction (dotted
line) as a function of excitation energy.

MeV. Since there is no theory for reliably calculating the
cross section of the QFS continuum, a background de-
scribed by a smooth line was subtracted in our analysis,
as mentioned above. Under the extreme assumption that
all of the counts in the continuum are due to GT tran-
sitions, they would add additional value of 1.58 to the
summed B(GT) strength in the region up to 12.5 MeV.
Therefore, our result shows that the total sum of the
B(GT) strength located in the energy region from 0 to
12.5 MeV is ~ 40%, but can never be more than 57% of
the sum-rule-limit value.

C. M1 ~ transitions in ¥V

The M1 ~ transitions from the IAS at E, = 4.150
MeV to low-lying states in 47V are analogous to the corre-
sponding GT transitions to the same low-lying states ob-
served in the 4" Ti(*He, t)*"V reaction, as shown in Fig. 7.

In order to compare the strengths of analogous M1 and
GT transitions, we have to examine the similarities and
differences between these transitions. The GT operator
has only an isovector (IV) spin (o7) term. The GT tran-
sition strength B(GT) reduced in isospin [5, 46] is given
by

1 1 Céy
(2J; +1)2 (2T + 1)

B(GT) = [Mar(o7)]?,  (4)

where Cgr is the isospin Clebsch-Gordan (CG) coeffi-
cient (T;T.; 1 £1|TyT.¢) with T,y = T.; £ 1. The matrix
element Mgr(o7) denotes the GT transition matrix ele-
ment of o7 type.

In addition to the IV spin (o7) term, the M1 operator
has an IV orbital (1) term and an isoscalar (IS) term.
Since the M1 transitions of interest here are between the
T = 3/2, TAS and the T' = 1/2 states populated in GT
transitions, only the IV terms can contribute. Then, the
M1 transition strength B(M1) reduced in isospin [5, 46]



T=3/2
T=3/2
M1
y decay
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4722Ti25 4723V24
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FIG. 7: (Color online) Schematic view of the isospin analog
states and analogous transitions in the A = 47, T, = 43/2
and +1/2 isobaric system. The Coulomb displacement ener-
gies are removed so that the isospin symmetry of the states
and transitions becomes clearer. The type of the reaction or
decay is shown alongside the arrow indicating the transition.

is given by
1 3 c?
B(M1) = ——— % 2 _ M1
M) = GIF D" Er, +1)
1 2
X [givMMl (fT) + gLIgV§MM1(O'T)} R (5)
where (1 expresses the isospin CG coefficient

(T;T,;10|TyT.5) with T,y = T,;. The matrix elements
M1 (o7) and My (€7) denote the o7-type and ¢7-type
components of the M1 transition matrix element, respec-
tively. The IV combinations of spin and orbital g factors
are expressed by g1V = 3(¢7 — ¢¥) and g;" = (97 — g7),
respectively. Using the bare spin and orbital ¢ factors of
protons and neutrous, i.e., g7 = 5.586, g¥ = —3.826 and
g =1,97 =0, we get gtV = 4.706 and g%v = 0.5. Due to
the large value of the coefficient gV, it is expected that
the o7 term is usually larger than the 7 term [47, 48].
Therefore, the strengths for the analogous GT and M1
transitions are expected to correspond (for details see,
e.g., Ref. [46]).

The energies E, and relative intensities I, of the «y
transitions from the IAS to the states at E, = 0.0,0.088,
and 0.146 MeV are given in Ref. [28] and are listed in
columns 3 and 4 of Table VII, respectively. Using these
values, the transition strengths proportional to the M1
transition strengths B(M1) can be deduced under the
assumption that the F2/M1 mixing ratios § are small
for these transitions. They are obtained using the rela-
tionship (see, e.g., Ref. [49])

B(M1) %17. (6)

The relative strengths of the B(M1) values for these
three M1 transitions are listed in column 5 of Table VII,
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and the relative strengths for the corresponding GT tran-
sitions are given in column 7, where the strongest M1 and
GT strengths to the g.s of 7V are normalized to unity.
As one can see, the intensity ratios of the analogous M1
and GT transitions are in good agreement. From the
similarity of these ratios, we see that the contributions
of the 7 term in the transitions are relatively small.

As discussed in Refs. [12, 50, 51] it was found that the
contributions of /7 terms are very large for the deformed
nuclei in the A = 23 — 25 mass region, where large en-
hancements or suppressions of M1 strengths compared
to the analogous GT transition strengths were observed.
Therefore, it is suggested that the deformation of 47V
is small, which is in good agreement with the result of
a macroscopic calculation for the nuclear deformation of
4TV saying that the deformation parameter 3 is zero [52].

D. T.,=+43/2 to T, = +1/2 GT transitions

It is interesting to compare the spectrum obtained
in the present *"Ti(*He, t)*"V reaction study with the
spectrum from another T, = +3/2 — T, = +1/2
case. In Fig. 8, our 0° spectrum is compared with the
41K (*He, t)*! Ca spectrum obtained at 0° and at the same
incoming energy of 140 MeV /nucleon at RCNP [53]. The
scales of the ordinates are adjusted so that the states pop-
ulated with the same B(GT) value have the same height
in these two spectra.

We can try to understand the difference in the strength
distributions in simple terms. In “'K, we begin with a
proton hole in the ds/, orbital and two neutrons in the
f7/2 orbital. The g.s of 47T has two protons in the f7)2
orbital and five neutrons in the f7/5 orbital. Accordingly,
in the (®He,t) reaction on 'K, GT transitions mainly
proceed from the neutron (v)f7/, orbital to the proton
(m) f7/2 and 7 f5/ orbitals. This results in states in 41 Ca
of particle-particle (p-p) character, namely 7 f7/2-v f7/2
and 7 f5/o-1 f7 /2 configurations on top of the 40Ca core
with one 7ds /5 hole. Because of the attractive nature of
the p-p interaction [54], we expect that these states to lie
at a relatively low excitation energy.

Turning to the GT transitions starting from the 47Ti
g.s, we also find that the transitions with v f7,5 — 7f7 /2
and vfr/o — mf5/o are involved. However, the result-
ing states in 47V are not of p-p character, but rather of
particle-hole (p-h) character. Since the p-h interaction is
of repulsive nature [54], the states observed are pushed
up in excitation energy, as can be seen in Fig. 8. A very
similar comparison has been made for the strength distri-
butions of GT transitions starting from 7, = +1 nuclei
in the pf-shell [5].
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TABLE VII: Comparison of analogous GT and M1 transitions in the A = 47 isobars. The ~ transitions in "V from the 4.150
MeV, IAS to lower-lying states are analogous to the GT transitions to the same low-lying states from the g.s of *"V. Relative
transition strengths can be compared for these transitions assuming that the « transitions are of pure M1 nature.

States in 7V

~ transitions in 47V

GT transitions to 47V

E, (MeV) *® 2J" ® E, (MeV) Intensity ratio * B(M1) ratio B(GT) P B(GT) ratio
0.0 3" 4.150 50(1) 1.00(2) 0.0319(4) 1.00(1)
0.088 5 4.063 37(1) 0.79(3) 0.027(2) 0.81(13)
0.146 7 4.004 13(1) 0.29(2) 0.007(2) 0.22(6)

*From Ref. [28].

PPresent work.

‘ concentration of the strength was observed. In addition,

21600 N 2 U CHeHMCa | judging from the increasi.ng trend of the cumulative s
g G 4 3 lg ~ of the B(GT) strength, it seems that the strength still

8 12001 ;g s g;léjo MeVinucleon; exists even in the region above 12.5 MeV.

B Shell model calculations were performed using the
8001 RN N RS a GXPF1 interaction. The experimental B(GT) distribu-
IR R [ tion was well reproduced, although a higher degree of
4001 - fragmentation was observed in the experimental distri-
Jk L RMU bution.

oy . - ]! A A et lﬁo‘ i1‘2 The strengths of M1 transitions in 47V from the IAS to
E.in“Ca (MeV) the three low-lying states were compared with the analo-
2000 ‘ - ‘ gous transitions observed in the 4" Ti(*He, t)*"V reaction.
‘g 2 TTiCHe, H*'v It was found that the ratios of M1 and GT strengths are

8 1500 ;] E=140 MeV/nucleon - in good agreement.
¥ 0=0° A comparison was made for T, = +3/2 — +1/2, GT
10001 3 transitions starting from the nuclei 'K and 4"Ti. In the
o oy smm 3o 3 41K (3He,t)*! Ca spectrum, the GT strengths are concen-
5001 & 3 QT F s 22 § b trated in the region between 4 — 6 MeV, while in the
4TTi(3He,t)*"V spectrum, they are spread out in energy.
We note that the T, = —3/2 — —1/2, GT transition

10 12
E,in*'V (MeV)

FIG. 8: (Color online) Comparison of (a) the *'K(*He, t)*' Ca
spectrum and (b) the *"Ti(*He, t)*"V spectrum measured at
140 MeV/nucleon and 0°. The scales of the ordinates are
adjusted so that the states with the same B(GT) value have
the same height in these two spectra.

V. SUMMARY

The T, = +3/2 — +1/2, GT transitions were studied
in the 47Ti(*He, t)*7V reaction at the intermediate beam
energy of 140 MeV /nucleon and 0° scattering angle. An
energy resolution of 20 keV was achieved. This was one
of the best resolutions that has ever been achieved at
this incoming beam energy of 420 MeV in total. Owing
to this excellent energy resolution many discrete states,
including those weakly excited, could be studied up to
12.5 MeV. As a result of angular distribution analysis,
it was found that AL = 0 strengths, most probably GT
strengths, were highly fragmented. There were some con-
centrations around F, = 4 and 6 MeV, but no strong

strengths, i.e., the GT transition strengths that can be
observed in the *"Mn —47Cr, gt decay [55], can be
deduced from the accurate measurement of analogous
GT transitions in the high resolution study of the
(®He, t) reaction, if the isospin symmetry [5, 56] of
the T, = £3/2 — =£1/2, analogous GT transitions is
assumed. It should be stressed that the study of GT
transition strengths starting from an exotic nucleus,
such as *"Mn, contributes to the understanding of weak
processes that are important in astrophysics and have
not been well studied previously.
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