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High-resolution study of the °Be(*He,?)’B reaction up to the °B triton threshold
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A high-energy-resolution Be(*He,t)°B charge-exchange reaction was performed around a scattering angle
of 0° and at an intermediate incident energy of 140 MeV /nucleon for the study of precise Gamow-Teller (GT)
transition strengths. The energy resolution of 30 keV allowed a precise deconvolution of the spectrum and the
determination of angular distributions of cross sections, excitation energies, and decay widths. The GT strength
of 10 states has been determined for the first time using the GT strength of the analogous 8 decays of °Li and
°C as standards. The large difference between the GT strengths going to the low-lying 7 = 1/2 and the highly
excited T = 3/2 states is interpreted as a result of their different spatial structures. The obtained GT strength
distribution is compared to the results of a (p,n) experiment with lower resolution performed in the 1980s. In
particular, the width of the 16.8 MeV, J™ = (5/27) state has been determined for the first time.
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I. INTRODUCTION

Charge-exchange reactions are a useful tool for determining
matrix elements characterizing weak decay processes [1,2]
such as the Gamow-Teller strength. The Gamow-Teller (GT)
transition is mediated by a o t-type operator and is the most
common weak process in nuclei. Direct information on the GT
transition strength B(GT) is obtained from B-decay studies.
Charge-exchange reactions such as (p,n) or (®He,t) are useful
tools for the study of B(GT) values [1]. In particular, those
performed at angles around 0° and intermediate beam energies
(E Z 100 MeV /nucleon) were shown to be good probes of GT
transition strengths. There is a simple proportionality between
the cross sections at linear momentum transfer g = 0 of these
reactions and the B(GT) values [3]. GT transitions can be
accessed by CE reactions without the Q value limitation of
B decay, and B(GT) values can be determined if a standard
B(GT) value is known from a -decay study.

Our interest is the GT transitions in the A =9 nuclear
system. We performed a high-energy-resolution *Be(*He,?)°B
experiment, in which precise beam-matching techniques [4-7]
were applied. As a result, an improvement in the energy res-
olution by one order of magnitude (AE =~ 30 keV) compared
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to the pioneering (p,n) experiments was realized. However,
there is no observed B decay from °B to °Be. Only analogous
decays of °Li and °C have been observed.

The B(GT) strength and the Fermi strength B(F’) are related
to the B-decay ft value by the equation

’ K
B(GT) > + B(F) = —, (1

ft
where K = 6143.6(17)s [8] and A = g4/gv = —1.270(3) [9].
The cross sections from a charge-exchange experiment at
zero degree scattering angle, extrapolated to ¢ = 0, allow
us to determine the corresponding GT strength by using the

proportionality [3]

do 561 B(GT) @)
—_ = O
17491 q=0 6T
for transitions to Gamow-Teller states and
do
— = 6rB(F) + 6grB(GT) 3)
dQ2 q=0

for transitions to the isobaric analog state (IAS), if both
Fermi and Gamow-Teller transitions are allowed. The factors
6F and 6gr are the unit cross sections for the Fermi and
Gamow-Teller transitions, respectively, and measured in the
same units as the experimental differential cross section.
The value of B(F)= (N — Z) is obtained by assuming
that the Fermi strength exhausts the full Fermi sum rule
[10]. The unit cross sections can be obtained by calibrating
the experimental cross section with known B(GT) values
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(i.e., partial lifetimes and branching ratios) from g-decay
studies. The close proportionality given in Eq. (2) has been
previously examined by comparing the GT transition strengths
derived in the (*He,r) measurements with those from mirror
B decays for a number of cases in which multiple pairs of
analogous GT transitions could be compared, and a good
agreement has been found in most cases [11-15]. The absolute
values of the Fermi and Gamow-Teller unit cross sections for
the (*He,?) reaction at 140 MeV /nucleon were studied across
a wide range of nuclear masses [16]. As a result of these
investigations, the empirical formulas

6p = 72A71% mb/sr, 4)
bar = 109A7%% mb/sr, 3)

have been shown to be a good approximation of the mass-
number dependence of the unit cross sections. The observed
data points have a maximal deviation from the systematics of
5% for 6t and 15% for 6 [16].

The cross section at linear momentum transfer ¢ = 0 and
the (experimental) cross-section at zero degree scattering angle
are related via kinematic and distortion factors [3]. These
factors can be expressed by a factor F(g,w) which describes
the shape of the cross-section distribution as a function of
the momentum transfer g and the energy loss w = E, — Q
{where Q is the reaction Q value, Q[°Be(*He, t)’B] =
—1086.7(10) keV'}. For a fixed reaction, F(g,w) only depends
on the excitation energy of the considered state and the
scattering angle. The factor F'(0,w) can be calculated in DWBA

do DWBA

0%, w)
F(0, ) = — R (©)
49 77PN 0°, w = 0)

and it is quite robust against changes in the DWBA parameters.
The factor F goes to unity in the limit of zero momentum
transfer and energy loss. It can be used to obtain the cross
section at zero momentum transfer

do _ do
dQlg=0  dQle=o

The B(GT) value can then be calculated if the unit cross
sections are known [see Egs. (2) and (3)].

A pioneering °Be(p,n)°B experiment was performed in the
1980s [17,18] with an energy resolution of about 400 keV.
Since the strength of the GT transition from the g decay that
can provide the unit GT cross section 6gr was not available at
that time, GT strengths could not be deduced. In addition,
unlike our experiment with a higher-energy resolution of
30 keV, weak and discrete states could not be resolved in the
(p,n) experiment. In particular, the state at 14.65 MeV which is
needed for the accurate calibration with 8-decay data could not
be isolated in the (p,n) experiment. The GT strengths could,
therefore, not be determined. A °Be(*He,r)°B experiment was
performed by Akimune et al. [19] with an energy resolution
of about 150 keV and found compelling evidence for a state at
3.8 MeV.

We have recently reported preliminary results of our (*He, )
experiment performed with higher-energy resolution [7,20].
The present paper describes the experimental results in detail.
We will first report the excitation energies and decay widths

(FO,w)™". (7
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of states observed in the spectra and their zero-degree cross
sections deduced from the angular distribution analysis. We
will then give the GT strengths obtained from our data using
the analogous g decays of °Li and °C for calibration. We will
compare our results to the previous (p,n) study. We will also
propose an interpretation of the large difference between the
values of GT strengths going to the levels with lower excitation
energies and to those with higher excitation energies.

II. EXPERIMENT

The experiment was performed at the Research Center for
Nuclear Physics (RCNP; Osaka, Japan) using a *He beam
accelerated by the K = 120 AVF cyclotron and boosted up to
420 MeV (140 MeV /nucleon) by the K = 400 ring cyclotron
[21]. The beam was guided to the target through the WS beam
line [4,5]. A target of metallic °Be (1.73 mg/cm?) was used
to study excited states in °B via the (*He,t) reaction. The
outgoing tritons (A/Z = 3) were momentum analyzed by use
of the GRAND RAIDEN spectrometer [22]. In order to achieve
a good energy resolution, dispersion matching conditions
were realized between the beam line and the spectrometer
[4,23]. The 3He?* (A /Z = 3/2) beam was dumped into the
Faraday cup installed inside the inner bend of the first dipole
magnet (D1), which was also used to monitor the beam
current. At the focal plane, the particles were traced using
multiwire drift chambers (MWDC) for track reconstruction.
Two plastic scintillators were used for particle identification
and for triggering of the MWDCs [24]. The data were taken at
a spectrometer angle of zero degrees. In nearly 5 h beamtime
with an average beam current of 11.6 nA, 6.4 x 104 3He
particles were collected in the Faraday cup. The dead time
of the focal plane detector and data acquisition system was
approximately 6%. The beam integration can have a systematic
error, which can influence the absolute value of the differential
cross sections. However, since we use the B(GT) value of the
14.65-MeV state determined from a S-decay study, it has no
effect on the derived B(GT) values. The number of beam
particles as well as the target thickness cancel when the ratio
T g—o(Ex)/ GG ,_o(14.65 MeV) is calculated [see Egs. (2)
and (8)].

The spectrometer acceptance is about 20 mrad in the
horizontal and 40 mrad in the vertical direction, which allowed
study of the angular distribution of states from scattering
angles of zero up to about ®y,, = 2° with one setting. For the
analysis of angular distributions, the recorded spectrum was
subdivided in four scattering-angle regions using the track
information from the MWDCs. The angles (determined in
the laboratory frame) were converted into the center-of-mass
(c.m.) frame using CATKIN [25].

The use of the angular distribution data is twofold. It
allows identification of the states that are excited via A¢ =0
transitions (GT states) and to separate them from the non-GT
states. It also allows extrapolation of the cross section at a
zero-degree scattering angle, which is needed for the deter-
mination of GT strengths using the proportionality given by

Eq. (2).
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III. ENERGIES AND DECAY WIDTHS

After offline corrections for kinematic effects as well as
spectrometer aberrations, energy spectra for different scatter-
ing angle regions were obtained. Events within these regions
were projected onto the x axis of the focal plane (measuring
the bending radius of the tritons and thus their energy) to
obtain these spectra. An energy resolution of about 30 keV
was realized. The spectrum for scattering angles between 0°
and 0.5° (see Fig. 1) is of main interest for the determination
of Gamow-Teller strengths. The spectra at higher angles were
used to determine the angular distributions of excited states
and identify transitions of A¢ = 0 (GT) nature, which have
a pronounced forward peaking in their angular distributions.
Using several spectra at different scattering angles, the angular
distributions were extrapolated to the differential cross section
at zero degrees, which is needed to obtain the GT strength.

The excitation energies were calibrated using peaks with
well-known excitation energies from the nuclei ' 13N, 2420 A,
and '6'8F obtained with the same experimental settings.
Some of the excited states in °B below 10 MeV have large
widths and are overlapping, which makes the identification
of some individual states rather difficult. All these states

12x104 T I I I I
g 9Be(3He,t) B, scattering angle < 0.5° |
=
3 (a) Full spectrum, 0-25 MeV

6x104 L
T=1/2
01 /L‘*ﬁ
§ i (b) Full spectrum (cut—off at 3000 counts) |
3
2000 +
1000
0 J

E, [MeV]

FIG. 1. (Color online) Spectrum of the Be(*He,¢)°B reaction at
140 MeV /nucleon beam energy and at scattering angles ® < 0.5°.
(a) The full spectrum without any cutoffs. The only prominent peaks
are the two T =1/2, J™ =3/2~ (ground state), and J™ =5/2~
(2.4 MeV) states. (b) The same spectrum with a cutoff at 3000 counts.
Weakly excited states at higher excitation energies become visible.
The two T = 3/2 states at 14.65 MeV (J™ =3/27) and 17.1 MeV
(J™ = 1/27) are marked in the figure.
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below 10 MeV are T = 1/2 states. The deconvolution of
the spectrum was made on the basis of the evaluation by
Tilley et al. [26], using the software code SFIT [27]. The
deconvolution assumes Lorentzian peak shapes, convoluted
with a spectrometer response function (derived from the
peak shapes of isolated peaks with no intrinsic width) as
shown in Fig. 2. The obtained excitation energies and widths
are summarized in Table I and compared to the compiled
values.

counts A
10000f @ 9Be(3He,t)?B, scattering angle <0.5°
® (energy region 0—12 MeV)
i Data —— |
All peaks ——
(a) Background ------
1.Ex=0keV
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4. Ex=2730 70) keV
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FIG. 2. (Color online) Deconvolution of the energy spectrum of
the °Be(*He,¢)°B reaction at 140 MeV /nucleon beam energy, with the
scattering angle ® < 0.5°. The spectrum has been subdivided in three
excitation energy regions for better visibility. In the first spectrum, the
ground-state peak was cut off (the maximum lies at &1 20 000 counts).
The peaks have been deconvoluted using Lorentzian shapes folded
with a spectrometer-specific reponse function. All peaks have
numbered labels corresponding to their excitation energy, which are
also used in Table I.
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TABLE I. Summary of the spectrum deconvolution. The observables presented in columns indicated by a (NDS) superscript denote values
from the evaluation by Tilley et al. [26], unless another citation is given. All states are identified by the labels in Fig. 2 which are given in the

first column.

Label in AL EiEXP) EE,NDS) JT FEFKP) rgl'\rlr?s)
Fig. 2 (keV) (keV) (NDS) (keV) (keV)
@ 0 0.0(3) g.s. 2" 0.0703 0.54(21)
@ >1 1850(130) ~1600° 700+270 ~700
18007320 [19] 600+3% [19]
@ 0 2358(7) 2361(5) 3" 84(7) 81(5)
@ 0 2730(70) 2750(300)° 1 1000(200) 3130(200)
2788(30) N 550(40)
8107310 [19]
@ 0 3930(100) 38207330 [19] 1570(250) 13307520 [19]
@ >1 4900° 4800(100) 2000(500) 1200(200)
@ >1 7000° 6985(50) - 2190°¢ 2180(150)
>1 8800¢ ~ 6000
@ 0 12 245(56) 12 190(40) 3" 376(20) 450(20)
0 14 101739 14 010(70) T=— 454(35) 390(110)
@ 0° 14 450¢ 175
@ 0 14 652(3) 14 655(3) 27, r=2 0.0*70 0.395(42)
@ 0° 14 895¢ 14 700(180) (g*) 330 1350(200)
0° 15 205¢ 15 290(40) 150
@ 0 16 050(40) 16 024(25) 155(20) 180(16)
@ >1 16 800(10) 16 710(100) (g+) 81(5)
0 17 076(4) 17 076(4) 1.T=3 22.5(35) 22(5)
>1 17 637(7) 17 638(10) 102(18) 71(8)
17 540(100)" (g*) (28]
>1 18 650(100) 18 600(300) 680(140) 1000
@ >1 20 850(100) 20 700(500) 2560(220) 1600(300)

2A wide range of excitation energies and widths have been given from searches for the analog of the 1.68 MeV 1/27 state of *Be [26]. The
values obtained by Akimune ez al. [19] for the excitation energy and width of this state are in good agreement with our values.

®A 5/2* and a 1/2~ state have been reported in this energy range [26]. See discussion in text.

“This value has been kept fixed for the deconvolution.

dThis state is not present in the previous evaluations. The deconvolution of the spectrum supports the presence of an additional very broad peak
within this energy range.

¢The bumplike structure between 13.8 and 15.3 MeV was deconvoluted based on the clearly separated peaks at 14.1 MeV and 14.65 MeV.
It was found that three states are needed to correctly reproduce the observed spectrum (see discussion in text). They are given with the fitted
positions and width, without errors. The state at the edge of the bump, at E, = 15.2 MeV might correspond to the 15.3-MeV state in the
compilation. The angular distribution of the whole structure has A¢ = 0 character.

fLevel from unpublished work on *Be(p,n) [17,18], which might not be distinct from the 17.637(10)-MeV level [26]. The angular distribution
of the observed 17.637(7)-MeV peak does not have A¢ = 0 character.
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The first excited state in °B is deemed to be the analog of
the 1.68 MeV, J™ = 1/2% state of °Be [26]. The search for this
analog state has yielded a wide range of possible energies and
widths in previous experimental studies. Since a 1/2% state
can be only weakly excited in the (*He,t) reaction at forward
angles, this state is buried under the very large bumplike
structure arising from the overlapping higher excited states
with large widths. The present deconvolution attempt suggests
an excitation energy of 1.85(13) MeV for this state [label 2 in
Fig. 2(a)] and a decay width of 70030 keV. This is broadly in
line with previous studies, especially the recent deconvolution
analysis of (*He,t) data by Akimune et al. [19]. The next state is
the strongly excited 5/2 state at 2.358(7) MeV. The excitation
energy and the width of this state are in good agreement with
the compiled values as shown in Table 1.

The spectrum also contains a rather wide and strongly
excited state with Af = 0 character at 2.73 MeV [label 4
in Fig. 2(a)]. By using the same (*He,) reaction at a slightly
higher beam energy of 150 MeV /nucleon but with a lower
resolution of around 150 keV, this state was also observed in
Ref. [19]. However, they fixed the position at the excitation
energy of 2.788 MeV, which is the value of a state assigned as
J™ = 5/2% [26]. They acknowledged the angular distribution
of this state did not follow the expected A¢ = 1 behavior for
a5/2% state. The width, however, matched the reported value.
The evaluation [26] lists a state at 2.75(30) MeV with J" =
1/2~ (analog to the 2.78 MeV state in *Be). This value would
explain the observed angular distribution and strong excitation
of this state. However, the decay width given in the compilation
[3.13(20) MeV] is much larger than the value obtained from
our deconvolution [1.0(2) MeV]. The width of SIOig‘l‘g keV
obtained in Ref. [19] is consistent with our value of 1.0(2) MeV.

Akimune et al. found compelling evidence for a state at
E, = 3.8 MeV [19]. We also clearly see this state [label 5 in
Fig. 2(a)] in the present experiment. The angular distribution
also supports a A¢ = 0 character, and the obtained decay width
also agrees with the value obtained in Ref. [19].

The states listed at 4.8 and 7.0 MeV in Ref. [26] are not
strongly excited and also do not exhibit a A¢ = 0 character in
their angular distributions. Their excitation energies have been
kept fixed at 4.9 and 7.0 MeV for the deconvolution [labels 6
and 7 in Fig. 2(a)]. Although the presence of further strongly
excited states in the spectrum can be ruled out, there is some
evidence pointing to the presence of one (or more) state(s) with
a large decay width at E, >~ 8 MeV excitation energy (there
is actually a (5/27) state listed at 7.94 MeV in °Be [26]). It is,
however, very difficult to give an exact position or width for
this hypothetical state because of the weak excitation and large
ambiguity in the fitting procedure. A good fit was obtained
assuming E, ~ 8.8 MeV and I" ~ 6 MeV.

Peaks that are more easy to deconvolute appear in the spec-
trum starting with the E, = 12.245(56) MeV, 5/2~ state [label
9 in Fig. 2(b)]. The observed excitation energy of this state
agrees well with the compiled value, but we found a somewhat
smaller decay width of 376(20) keV [TNPS = 450(20) keV].

The evaluation [26] lists three states between E, = 14 and
15 MeV. As can be seen in Fig. 2(b), a bumplike structure
consisting of five peaks exists in the spectrum between 13.8
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and 15.3 MeV. Among them, the well-separated 14101f38 keV
state [label 10 in Fig. 2(b); energy and width agree with the
evaluated values] shows a A¢ = 0 angular distribution. This
gives the possible spin-parity values J* = (1/2,3/2,5/2)".
A very sharp state is observed at 14.65 MeV. This state is the
T = 3/2 analog state of the °C ground state with J* = 3/2~.
A detailed discussion of this state is given later.

The evaluation [26] lists a J* = (5/2) state at E, =
14.70(18) MeV with " = 1.35(20) MeV, a very broad state
at an energy degenerate with the 7 = 3/2 peak at 14.65 MeV.
However, the deconvolution of the spectrum cannot be
achieved in a satisfactory way assuming the existence of this
broad state. Especially the sharp drop of the spectrum at around
15.3 MeV rules out a significant strength with large decay
width. Therefore our deconvolution was performed assuming
three states [labels 11, 13, and 14 in Fig. 2(b)]. The best
fit places these states at E, = 14.45, 14.90, and 15.2 MeV,
with decay widths of 175, 330, and 150 keV, respectively.
The angular distribution of the whole “bump” shows no
significant A¢ > 1 contribution, so it can be assumed that
the whole structure could have GT nature. However, since a
decomposition in several smaller states is required in order to
reproduce the total structure, we did not attempt to extract a GT
strength for the three states derived from the deconvolution.
Rather, we will give an upper limit for the GT strength that
can be derived from the zero-degree cross section of the whole
structure.

Near the contaminant 2N ground-state peak, a well-
separated state was observed at 16050(40) keV [label 15 in
Fig. 2(c)], which agrees well with the compiled value of
16024(25) keV (the obtained width also agrees; see Table I).
This state does not have a spin-parity assignment. Since the
angular distribution supports a A¢ = 0 character, it can have
J*=1/2",3/27,5/2".

The second T = 3/2 state of °B at 17.1 MeV (the analog of
the first 1/27 state in °Li and °C) is seen as a narrow peak in the
(*He,t) spectrum [label 18 in Fig. 2(c)]. Its excitation energy
is known with good accuracy (44 keV) from its y decay to
the ground state.

Some 300 keV lower, we observed a rather sharp state
at E, =16.8 MeV [label 17 in Fig. 2(c)]. A state at
16.71(10) MeV is suggested [26] from the unpublished work
on the 9Be(p,n) reaction [17,18]. Dixit et al. [28] observed
its analog state in °Be at 16.671(8) MeV, which is assigned
J™ =5/2%. This assignment is supported by the observed
angular distribution of this state in the (*He,t) reaction which
exhibits a Af¢ > 1 character. We believe the energy value
E, =16.800(10) MeV is more precise than the compiled
value, since the state can be well separated from the 7 = 3/2
state at 17.1 MeV due to the high-energy resolution in our
experiment. We derive a new value of 81(5) keV for the decay
width of this state in the present study. The mirror (5/27) state
in°Be at E, = 16.671(8) MeV has I' = 41(4) keV.

At 17.637(7) MeV, a peak with I' = 102(18) keV was
observed [label 19 in Fig. 2(c)]. There are two levels listed
in the compilation which correspond to this energy, and it
might be [26] that both levels are not distinct. One state at
17.54(10) MeV is given with J* = (7/2%) from unpublished
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9Be(p,n) work [17,18] and is thought to be the analog of the
17.49MeV, 7/2% state in ?Be observed by Dixit et al. [28]. The
other compiled state lies at 17.638(10) MeV with a decay width
of 71(8) keV. The energy assigned in the present study [E, =
17.637(7) MeV] agrees well with the second value. However,
the width is smaller than our value [I" = 102(18) keV]. The
evaluated decay width is the average of 71(8) keV obtained
from a "Be(d,n) experiment and 70(20) keV from a ®Li(*He,a)
study [26]. The angular distribution of this peak hasa A¢ > 1
character.

Two more levels are compiled above the 18-MeV excitation
energy in °B. Both are broad and located near to the neutron
and triton separation energies. We observe the first level
(given at E, = 18.6(3) MeV with I' = 1 MeV in Ref. [26])
at 18.65(10) MeV with a width of 680(140) keV [label 20 in
Fig. 2(c)]. The 8B + n separation threshold lies at 18.577 MeV.
The highest compiled state is at E, = 20.7(5) MeV with I =
1.6(3) MeV [26]. We observe this level at 20.85(10) MeV with
a larger width of I' = 2.56(22) MeV [label 21 in Fig. 2(c)].
The ®Be+t separation threshold lies at 20.909 MeV.

IV. GAMOW-TELLER STRENGTHS

Gamow-Teller strengths can be extracted from the obtained
spectra using the proportionality between the differential cross
sections at momentum transfer zero and the B(GT) strengths.
For this purpose, we extrapolated the cross sections at a
zero-degree scattering angle using the experimental angular
distributions. The cross section at momentum transfer zero
can then be calculated by using the kinematic and distortion
factors [3] obtained from distorted-wave Born approximation
(DWBA) calculations.

The differential cross sections were calculated using

do(©;) 1 Nyiton(©;)
(-] ®)
dQem, iR Y ntargelN3He

1
= (1.372)2(0.239246 x 10~ s1)(6.3565 x 104
. 9.012 x 10 gmol~! x 10*” mbcm™2
1.0 x 1.73 gem~2 x 6.022 x 102 mol~!
Ntriton(®i)
X —
Qi /€

©))

= (3.02176 x 10~ mb/sr)[w]

Qi /€

Here, Nyion(®;) is the number of tritons observed in the focal
plane at angle ®; (i.e., in the corresponding scattering angle
bin €;, with €, ~ 0.24 x 1073 sr) that can be attributed to
the charge-exchange reaction for a given number of incident
3He particles (Nspe = 6.3565 x 10'#) on the target. The value
Nyiton(0;) has to be adjusted for the efficiency of the detection
system, which is around 90%. The value nge gives the
number of target nuclei per unit area [calculated using N4 =
6.022 x 108 mol !, a target enrichment of 100%, the molar
mass of “Be (9.012 g x mol~'), and the target thickness of
1.73 mg/cm?]. The solid angle in the laboratory frame (£2;)
is transformed into the solid angle 2., in the center-of-mass
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TABLE II. Parameters used for the DWBA calculation of angular
distributions. Only the values for the incident channel are given, the
values for the outgoing triton channel are obtained by multiplying the
well depths by a factor 0.85 (see text).

Vr rr ag Vi ry ap
MeV)  (fm)  (fm) (MeV)  (fm)  (fm)

T=1/2
T =3/2

—140 1.10 0.78 =70 0.60 0.61
—-112 0.94 0.66 —56 0.51 0.52

frame via the factor f which connects both frames. The factor
f can be calculated relativistically and we obtain f = 1.372
for the beryllium target. The average angle ®; (laboratory
frame) used to represent each angular bin was calculated in a
way such that it would halve the surface of the corresponding
area in the plane spanned by the horizontal and vertical
scattering angles.

It should be noted that N3y, and ngge can be subject to
systematic errors due to the current integration and the determi-
nation of target thickness. However, since we use the unit cross
section derived from $-decay measurements, these errors will
not be taken into account when analyzing the angular distribu-
tions and determining the B(GT) values. Systematic variations
in Nspe and npgec affect all cross sections in the same way and
thus have no influence on the B(GT) values after calibration.
The only error that is considered for the angular distributions
is the statistical error of Nyiton arising from the deconvolution.
The uncertainty of the standard B(GT) value from § decay that
is used for calibration of the unit cross section égt will also
be taken into account when determining the B(GT) values.

The obtained angular distributions were compared to those
calculated in DWBA using the program FOLD [29]. This code
uses the Love-Franey nucleon-nucleon interaction [30,31],
double folded over the projectile-ejectile and target-residue
transition densities. A short-range approximation [30] is used
for the exchange terms in the potential. Radial wave functions
were calculated using the Woods-Saxon potential (parameters
from Ref. [32]) with the code WSAW, a part of the FOLD
package. For the outgoing triton channel, by following the
arguments given by Van der Werf et al. [33], the well depths
were multiplied by a factor of 0.85 without changing the
geometrical parameters of the optical potential (radii and
diffuseness). The parameters used are listed in Table II.

The 0° cross sections of observed GT states are summarized
in Table III. These cross sections can then be used to calculate
the cross section at momentum transfer ¢ = 0 by dividing by
the calculated factor F (0, w) [see Egs. (6) and (7)]. The cross
section at the 0° scattering angle and zero momentum transfer
can then be used to determine the Gamow-Teller strength of
the corresponding state. The individual angular distributions
j—gz (®,.m.) of GT states, together with the fitted DWBA curves,
are shown in Fig. 3. The error bars show only the statistical
error arising from the deconvolution of the spectrum and do
not account for systematic errors (mainly the beam intensity
and target thickness) which would have the effect of scaling
the entire set of derived cross sections by a single scaling
factor. The same DWBA calculation parameters were used to
calculate the angular distributions of all 7 = 1/2 states. For
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FIG. 3. Angular distribution of cross sections around the zero-degree scattering angle of states excited with A¢ = 0. The line is the angular
distribution calculated in DWBA, multiplied for each state by a single scaling factor, which is used to extrapolate the cross section at the
zero-degree scattering angle from the experimental cross sections. For the 7 = 3/2 states, the DWBA parameters were changed to obtain a
good fit to the experimental data. The differential cross sections were calculated using Eq. (8). As mentioned in the text, the error bars include
only the statistical errors arising from the deconvolution of the spectrum.

the two T = 3/2 states, the optical DWBA parameters were
adjusted to obtain a good fit of the experimental data (see
Fig. 3). The radii and diffuseness were decreased by 15%, and
the potential depths by 20% (see Table II).

By using the extrapolated cross sections at ¢ =0 and
the proportionality given by Egs. (2) and (3), the B(GT)
strengths can be determined. Equations (4) and (5) give unit
cross sections 6 = 7.01 mb/sr and égr = 26.13 mb/sr for

A=9 (R(%He » = Ga1/6F = 3.73 for A = 9). However, since

the ground state of °B is unbound, there is no known 8 decay
from °B that can be used for calibration purposes.

The Gamow-Teller unit cross section can, however, be
obtained by using the B(GT) values of the analog § decays
from °Li and °C (see Fig. 4). Studies of the °C g+ decay were
carried out by Buchmann et al. [34], Bergmann et al. [35], and
Mikolas et al. [36], and studies of the °Li 8~ decay by Nyman
et al. [37] and Prezado et al. [38].

B[GT;’°C(g.s.) — *B(g.s.)] = 0.0183(5), (10)
B[GT; Li(g.s.) — *Be(g.s.)] = 0.0181(6).  (11)

These values were derived from those compiled by Tilley
etal.[26]. Analogous Gamow-Teller strength was also studied

in the experimental work of Dangtip et al. [39] using the
Be(n, p)°Li reaction.

Large asymmetries in the B(GT) values have been observed
in the A =9 system for decays from °Li and °C to excited
states (e.g., the 5/2 states around 12 MeV in °Be and °B
[38]). However, the decays to the ground states of °Be and B
exhibit no asymmetry. The B(GT) value in the direction of the
(*He,t) charge-exchange reaction can be derived by adjusting
the Clebsch-Gordan coefficients [40] for the different spin and
isospin values (J™,T,T;) of the initial and final states.! Using
the B(GT) values from the °C B+ decay [Eq. (10)], we obtain
the B(GT) value for the *Be(g.s.) — *B(E, = 14.655 MeV)
transition

9
3- 1,1, Bs
3 3.t 3) G,

1
B[GT; 9Be( - =3 0.0183(5)

= 0.0061(2).

t-n]

where the subscripts are the values of J*, T, and T,
respectively. In the same way, by using the value from the

'The B(GT) strength is related to the reduced matrix element Mg

. _(NTuATAT Ty Tef)* 5 2
via B(GT)_W Mér.
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°Li B~ decay [Eq. (11)], B(GT) = 0.0060(2) is obtained. In
the present study, we shall use the value B(GT, 9Beg,s, —
°Bi4.65 Mev) = 0.00607(18) as the calibration value for the
Gamow-Teller unit cross section. The value is given as
B(GT) = 0.0061(2) in Table III.

Using this transition to calibrate the GT unit cross section
has the disadvantage that the Q value for this transition is rather
large (~16 MeV) which means that the momentum transfer in
the (*He,¢) reaction is relatively large. The value of the cross
section at zero momentum transfer has to be extrapolated using
the factor F'(0,w) calculated in DWBA. This is, however, the
only practicable way since there is no known ground state
decay of ?B.

Using F(0, w = 15.74MeV) = 0.836 and the zero-degree
cross-section extrapolated from the angular distribution data
[0.135(1) mb/sr], one obtains

do

— (Ey = 14.655MeV) = 0.161(2) mb/sr.  (12)

1749 q=0
Using this value and B(GT) = 0.00607(18), as shown above,
the obtained GT unit cross section is 26.5(8) mb/sr, which is
consistent with the value of 26.13 mb/sr obtained from the
systematics [Eq. (5)]. The errors do not include the systematic
errors stemming from the beam normalization and the target
thickness. The fact that the obtained experimental unit GT
cross section is consistent with the mass number systematics
is important. The B(GT) value used for the calibration is very
small, and it has been observed in several cases that for small
B(GT) values the proportionality does not always hold (e.g.,
in 3*Cl [15] or 3Ni [41]). The reason is thought to be that
the contribution of the tensor-t part of the effective projectile-
target interaction can be large in these cases [14—16,41]. Since
the systematic study of Zegers et al. [ 16] excludes these effects,

[13.94]

FIG. 4. The A =9 isobar diagram. The arrows show the start
and end point as well as the direction of the transitions °Li(87)°Be,
°Be(*He,t)’B, and °C(B8*)°B. Adapted from Ref. [26]. The di-
agrams for individual isobars are shifted vertically to eliminate
the neutron-proton mass difference and the Coulomb energy. The
energies in square brackets represent the approximate nuclear energy
Ey=M(Z,A)—ZM(H)— N M(n) — Ec, minus the correspond-
ing quantity for °Be.
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the agreement of the GT unit cross section derived from the
empirical formula [Eq. (5)] and the experimental GT unit cross
section indicates that we do not suffer much from this effect.
We can thus rely on the proportionality and the deduced GT
unit cross section as a calibration standard. It should, however,
be noted that the trendline for the unit cross section in Ref. [16]
was only determined down to A = 12 and that we use an
extrapolation to a lower mass number. This can be a further
source of uncertainty.

Using the GT-to-F-unit cross-section ratio R?>=
6gt1/6F = 3.7(6) obtained from the systematics,2 the Fermi
unit cross section can be calculated as

6gr _ 26.5(8)
R>  3.7(6)
This Fermi unit cross section can be used to extract the
B(GT) strength in the ground-state transition (9Beg,s_ —
9Bg.s_). Following Eq. (3), we obtain [assuming that the total
Fermi strength of B(F) = (N — Z) =1 is contained in the
transition to the IAS]

do

TO | Ex=0
Qb

= 7(1) mb/sr. (13)

6F =

= 6r x 1 + 661 x B(GT; Begs. — *Bgy)

& B(GT; Begs. — “Bys)

1 do "
= —_— —_— _ — 0
Gor \d@l 530 F

= 0.66(18). (14)

Due to the uncertainty of the unit cross-section systematics,
the error given for the B(GT;’Be,s. — By.) value is much
larger than the uncertainties of B(GT) strengths of pure GT
transitions. All other (pure) B(GT) strengths were obtained
by dividing the extrapolated 0°, g = O cross sections by the
determined 6Gt. The results are summarized in Table III and
the B(GT) strength distribution is shown in Fig. 5(a).

V. COMPARISON WITH (p,n) DATA

The Gamow-Teller strengths can also be determined from
the cross sections measured in the (p,n) reaction [3,42].
By analyzing the °Be(p,n)°B reaction at E, = 135 MeV,
Pugh obtained differential cross sections for GT transitions
to the excited states in °B [17,18]. In order to compare with
our (°He,?) results, these cross sections were converted into
B(GT) values. Since the J* = 5/27, sharp and strong GT
state at 2.36 MeV was clearly observed in both the (p,n) and
(®He,?) reactions, we used our value B(GT) = 0.241(8) as the
normalization standard for the conversion.

The 0° cross sections obtained by Pugh were first modified
to g = 0 cross sections by using the F(0, w) factor calculated
in DWBA. The proton bombarding energy of £, = 135 MeV
and the optical potential parameters Pugh used for the fitting
of cross sections in his experiment (Vzx = 16.2 MeV, rg =
1.2fm,agr = 0.66fm, W; = 11.1MeV,r; = 1.28fmanda; =

2The error is derived from the error of the systematics indicated in
Ref. [16] (5% for gt and 15% for 6).
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TABLE III. Experimentally derived B(GT) values for °Be(g.s.) — °B(E,) obtained by using the B(GT) values from the studies of the 8
decay of the nuclei °C and °Li. The errors are the statistical uncertainties only (arising from the fitting of the triton spectra) and do not include
possible systematic errors arising from the beam current integration or target thickness determination. The factor F(0°, w) relates the 0° cross
section to the cross section at ¢ = 0 [see Eq. (7)]. The energy loss w is defined as w = E, — Q (Q is the reaction Q value).

Label in E, J F(0, w) 42.(0°) 99 (g =0) B(GT)
Fig. 2 (keV) (mb/sr) (mb/sr) from (CHe,t)
@ 0.03) " 0.997 24.53(6) 24.61(6) 0.66(18)
@ 2358(7) 3" 0.985 6.29(1) 6.38(1) 0.241(8)
@ 2730(70) - 0.983 18.71(20) 19.02) 0.718(24)
@ 3930(100) (G.3.3)° 0.974 9.31(5) 9.56(5) 0.360(12)
@ 12 245(56) 3" 0.875 0.732(9) 0.836(10) 0.0315(11)
14 10175 (.3.2)" 0.845 0.461(6) 0.545(7) 0.0205(7)
@ 14 652(3) 37, r=2 0.836 0.135(1) 0.161(2) 0.0061(2)
14 895 C) 0.832 0.494(7) 0.594(9) <0.0224(8)®
@ 16 050(40) 4.3, 0.812 0.065(1) 0.0806(18) 0.00304(12)
17 076(4) 17 r=3 0.793 0.0705(8) 0.0889(1) 0.00335(11)
b 2.07(18)

2Obtained using R? from systematics (see text), leading to a larger error for this value. See Eq. (14).
"Upper limit B(GT) value for the bumplike structure (see text). This value was included in the total sum of B(GT) strength.

0.63 fm [17]) were used for the calculation. The normalization
to the B(GT) strength of the 2.36-MeV state yields a GT unit
cross section of

s _ 2.13(4) mb/sr
GT 0.241(8)

which agrees well with the systematic trend of the (p,n) GT
unit cross sections [3]. All g = 0 cross sections (except for
the ground state) were then divided by 67" to obtain the
corresponding B(GT) strengths. The results are shown in
Table IV. The ground-state B(GT) value was derived using
Eq. (14). The ratio R*> was taken from the systematics for
(p,n) experiments [3], assuming a 10% error:

R2 _ Ep (MeV)
(p.n) 35

The B(GT) value for the ground-state transition obtained in
this way is B(GT,E, = 0) = 0.91(15), which agrees within
the error bars with the value of 0.66(18) obtained from the
(PHe,r) data.

The B(GT) values obtained for the strongly excited states
that could be resolved in the (p,n) reaction (£, = 0.0, 2.36,
and 12.2 MeV) agree with the (*He,t) results. In the case
of the 2.36-MeV state, the agreement is enforced due to the
normalization. Especially the B(GT) value for the 12.2-MeV
state [0.031(2)], which is the strongest among the higher
excited states and is also well separated from other states,
agrees with the (®He,t) value [0.0315(11)], which shows that
the proportionality holds well in both reactions.

= 8.85(34) mb/sr, (15)

2
} = 6.0(6). (16)

The sharp T = 3/2 state at 14.65 MeV [which was used
for the calibration of the (*He,r) data] is not present as a
sharp state in the (p,n) spectrum and could not be well
separated from the “bump” structure (see Sec. III) between
14 and 15 MeV. A calibration using the cross section of
this state is thus not possible. It should be noted that the
main difference in the results from the (p,n) and the CHe,t)
reactions is a result of the different energy resolutions. The
14-MeV state is also not clearly separated. The whole strength
in the 14- to 15-MeV region is in better agreement although
there are more states observed in the (*He,t) spectrum. From
the (p,n) data, we obtain ¥ B(GT) = 0.0091(5) 4+ 0.030(4) =
0.039(4) and from the (PHe,t) data ¥ B(GT) = 0.049(1)
(sum of the strengths of the 14.1-MeV state, the 14.6-
MeV state, and the 14.9 MeV state) which is in better
agreement than the individual B(GT) strengths. The good
agreement is an indication that this region contains little or
no A¢ > 1 strength.

This separation problem also arises for the states observed
at 15.9 and 16.7 MeV in the (p,n) reaction [17,18]. Both
states are near to the 16.8-MeV state and the 17.6-MeV state.
In our analysis, both of these states have A¢ >1 character and
significant cross sections. Therefore, the B(GT) values of both
states being larger by a factor of 2 in the (p,n) results is not
suprising.

The total B(GT) strength is more than 40% larger in the
(p.n) result (X B(GT) = 2.98) compared to the (*He,¢) result
(X B(GT) = 2.07). The difference is mainly caused by the
treatment of the broad states in the region E, = 2-4 MeV.
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FIG. 5. (a) Distribution of B(GT) strengths obtained from the
°Be(*He,t)’B charge-exchange reaction studied in this work. Tran-
sitions to low-lying states in °B have large GT strength, whereas
the transitions to the highly excited states in °B have very small
GT strengths. The B(GT) values of all observed GT transitions,
including the weak transition strengths indicated by arrows, are given
in Table III. (b) The same pattern is seen in the “reverse” transition,
which shows the distribution of B(GT) strengths obtained from the 8+
decay of °C (data from Refs. [26,34,35]). The °C B+ decay exhibits
strong GT transitions to the highly excited states in °B, and weak
GT transition strengths to the low-lying states. See the A = 9 isobar
diagram in Fig. 4 for the energy difference and the starting and end
points of the respective transitions.

Pugh assumes a 2.71-MeV state and a 2.75-MeV state in this
region [17], which yield a total B(GT) value of 1.46. On the
other hand, we only see one A¢ = 0 state at 2.73 MeV in the
(*He.t) reaction, which has a B(GT) value of only 0.718(24).
Looking at the spectrum decomposition of the (p,n) data in
Ref. [17], the 2.75-MeV state is shown as a very broad peak
with a width of 3.1 MeV. In addition, an asymmetric shape
had to be introduced to obtain a good agreement with the
measured spectrum. Due to the large width and large strength
required for this state in the (p,n) spectrum to fit the low-energy
“bump” with only two states, the higher-energy tail of this state
stretches up to the 10-MeV region. On the other hand, from
our measurements with higher resolution, we know that the
low-energy region of the charge-exchange reaction is made
up of several peaks of both A¢ =0 and A¢ > 1 nature (see
Table I). It is therefore understandable that the GT strength
obtained from the (p,n) data is far too large in the low-lying
region. The B(GT) values for the other weak or overlapping

PHYSICAL REVIEW C 84, 014308 (2011)

TABLE IV. B(GT) values for *Be(g.s.) — °B(E,) deduced from
the cross-section data of the *Be(p,n) experiment [17,18]. The B(GT)
values of strong and well-separated GT states agree with the (*He,t)
results, while weaker states and states that are near to other A¢ >1
states that cannot be resolved in the (p,n) reaction result in much
higher B(GT) values (see text).

Er  FO0f 27700 457" q=0  BGD™
(MeV) (mb/sr) (mb/sr) from Ref. [17]°
0 0.995 9.52(4) 9.56(4) 0.91(15)¢
2.36 0.98 2.094) 2.134) 0.24(1)°
2.71 0.977 2.83(36) 2.9(4) 0.33(4)
2.75 0.977  9.73(29) 10.0(3) 1.13(5)
4.3 0.962 2.41(6) 2.50(6) 0.28(1)
12.2 0.848  0.230(14) 0.27(2) 0.031(2)
14 0.814  0.0657(22) 0.081(3) 0.0091(5)
14.6 0.802  0.213(25) 0.27(3) 0.030(4)
15.9 0.775 0.0578(59) 0.075(8) 0.0084(9)
16.7 0.759  0.0441(50) 0.058(7) 0.0066(8)
z 2.98(16)

*The F factor was determined by DWBA calculation, using the
parameters given in Ref. [17].

"The B(GT) values were derived from the zero-degree cross sections
from Ref. [17], using the 2.36-MeV state [B(GT) = 0.241(8)] as a
standard (see text).

“The ground-state B(GT) was calculated using Eq. (14) and using the
R? value obtained from (p,n) systematics [3].

states could not be determined from the (p,n) reaction in
a reliable way because they are often masked by A¢ > 1
strength. The (PHe,t) reaction, however, can determine more
reliable crosssections, and thus B(GT) values for these states,
since the energy resolution is better by about one order of
magnitude.

VI. INTERPRETATION OF RESULTS

High-resolution studies of B(GT) strength in light nuclei
are an important testing ground for theoretical nuclear structure
calculations, as has been shown, e.g., for the nucleus !'C [43].
The B(GT) transition strengths are an important observable
that state-of-the-art nuclear structure calculations like ab
initio calculations (no-core shell-model) or cluster calculations
[antisymmetrized molecular dynamics (AMD) or fermionic
molecular dynamics (FMD)] should reproduce.

The B(GT) strengths also give insight into the nuclear
structure, as can be illustrated here for the °B case. An
immediately obvious feature of the B(GT) strength distribution
in °B (Fig. 5) is that the B(GT) strengths above 14 MeV
excitation energy are two orders of magnitude smaller than
the B(GT) strengths of the low-lying T = 1/2 states with
E, = 0-4 MeV.

To understand this, it should be noted that the GT transition
is caused by the action of the ot single-particle operator,
which by its simple form cannot change the spatial shape of
the nucleus. The B(GT) strengths to the higher excited energies
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lying in the excitation energy range of the ground states of the
T, = £3/2 nuclei °Li and °C are strongly suppressed. This
suggests that these states have a different spatial structure than
the ground states of °Be and °B (the 14.65-MeV state in °B is
the IAS of the ground states of °Li and °C). A similar pattern
can be observed in the § decays of these 7, = +3/2 nuclei to
the 7, = £1/2 nuclei °Be and °B (see Fig. 5). As mentioned,
the B+ decay of °C to B [34,35,38] and the B~ decay of °Li
to °Be [37] have been measured with high precision. These
measurements show that the transitions from the ground states
of these nuclei to the ground states of “Be and °B have very
weak B(GT) strengths, while transitions to the highly excited
states have very large B(GT) strengths. This interpretation of
the spatial structures of the A = 9 nuclei and the strength of
o T-type transitions connecting them is illustrated in Fig. 6.
The ground states of °Be and °B have a strongly deformed
shape, which can be described in terms of a 2a-+particle
cluster model [44—46]. On the other hand, the ground states
of °Li and °C, as well as their isobaric (highly excited) analog
states in °Be and °B can be seen as more shell-model like
due to their closed p3/ shells (for neutrons and protons,
respectively) [7,20].

The simultaneous description of states with strongly differ-
ent spatial structures is a challenge for the shell model. While
standard shell model calculations (see Ref. [36]) are able to
predict quite well the excitation energies and B(GT) strengths
leading to low-lying levels in *B, the higher excitation energies
and B(GT) values could not be reproduced. A systematic shell
model study of p-shell nuclei using a modified Hamiltonian
(taking into account the role of the j.-j., p-n monopole
interaction) was undertaken by Suzuki, Fujimoto, and Otsuka
[47]. This study has yielded an improvement in the theoretical

excited states
T=3/2
shell-model-like
(spherical shape)
B*/ oc

(9Li ) (gs.)
.S. 9 9 g.s.
close% neutron Be (3He t) B closed proton
P3, shell ’ Ps, shell
(®Be+n) (®Betp)

T=1/2
ground states
(cluster structure, deformed)

FIG. 6. (Color online) [llustration of the spatial shapes inthe A =
9 system and interpretation of the distribution of B(GT) strengths in
charge-exchange processes in the A =9 system (see Figs. 4 and
5). The ground states of °Li and °C can be considered spherical or
mean-field like and have closed p3,, shells, while the ground states
of °Be and °B are strongly deformed and have a 2a+n or 2a+p
cluster structure. The weak process, mediated by the ot operator,
connects states with very different spatial structure only very weakly.
Transitions that have a large B(GT) value are marked with a thick
arrow, while transitions with small B(GT) values are marked with a
thin arrow.
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description of the GT strength distribution in the °Li 8~ decay.
Recent ab initio shell-model calculations using a three-body
interaction (TNI) [48,49] have also been quite successful in
the description of higher excited states in light nuclei. The
small B(GT) strength of the °Li 8~ decay to the ground state
of *Be as well as the qualitatively larger B(GT) strength going
to the higher excited states in °Be [similar to Fig. 5(b)] have
also been reproduced in a recent cluster calculation using the
AMD method [50].

VII. SUMMARY

We have measured the “Be(*He,7)°B reaction at 420-MeV
beam energy (140 MeV /nucleon) and scattering angle around
zero degrees. The high-resolution setup at the RCNP in Osaka
allowed us to observe excited states in °B with an energy
resolution of 30 keV. We determined excitation energies
and decay widths of °B states up to 21 MeV. The angular
distributions around the zero-degree scattering angle were
obtained for these states (see Table I) and it was found that
10 states are excited by a A¢ =0 transition (GT states).
The excitation energy of the 16.8 MeV (5/2+) state was
determined precisely, and its width was determined for the first
time.

We determined the B(GT) strength of the A¢ = 0 transi-
tions by using the proportionality [Egs. (2) and (3)] between
the differential cross section at ¢ = 0 and the B(GT) strength
(see Table III). The GT unit cross section 6gr was determined
using the data from analogous B decays of °Li and °C. The
Fermi unit cross section & was determined using the mass
number systematics of the unit cross sections [Egs. (4), (5),
and (14)].

The large difference between the B(GT) strengths for the
transitions to the low-lying °B states and the °B states with
higher energy point to a difference in spatial structures. This
observation is corroborated by the B(GT) strengths derived
from the B decays of °Li and °C. We also compared our
experimental results to a previous (p,n) study, in which a
determination of unit cross sections [and thus B(GT) values]
was not possible because of low resolution. We derived
absolute B(GT) values from the given (p,n) cross sections
and found that the values agree with our (PHe,t) data, but only
for strong and well-separated states.
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