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Background: Gamow-Teller (GT) transition strength distributions in stable and unstable pf-shell isotopes are
key inputs for estimating electron-capture rates important for stellar evolution. Charge-exchange experiments at
intermediate beam energies have long been used to test theoretical predictions for GT strengths, but previous
experiments were largely restricted to stable nuclei. Since a large fraction of the nuclei relevant for astrophysical
applications (including key nuclei such as **Ni) are unstable, new methods are needed to perform charge-exchange
experiments in inverse kinematics with unstable isotopes.

Purpose: The 56Ni(pm) and 55Co(p7n) reactions were measured in inverse kinematics in order to extract GT
strengths for transitions to *Cu and *®Ni, respectively. The extracted strength distributions were compared with
shell-model predictions in the pf-shell using the KB3G and GXPF1J interactions. By invoking isospin symmetry,
these strength distributions are relevant for electron captures on the ground states of °®Ni and ®°Ni to final states
in 59Co and ®°Co, respectively.

Method: Differential cross sections and excitation energy spectra for the 56Ni(pm) and 55Co(p7n) reactions were
determined by measuring neutrons recoiling from a liquid hydrogen target into the low-energy neutron detector
array (LENDA). GT contributions to the spectra were extracted using a multipole decomposition analysis and
were converted to strengths by employing the proportionality between GT strength and differential cross section
at zero linear momentum transfer.

Results: GT strengths from °Ni and 5°Co were extracted up to excitation energies of 8 and 15 MeV, respectively.
Shell-model calculations performed in the pf-shell with the GXPF1J interaction reproduced the experimental GT
strength distributions better than calculations with the KB3G interaction.

Conclusions: A new technique for measuring (p,n) charge-exchange reactions on unstable nuclei was successfully
developed. It can be used to study the isovector response of unstable nuclei in any mass region and for excitation
energies beyond the particle decay threshold. In the first experiment, 56Ni(pm) and 55Co(p7n) reactions were
studied and GT transition strengths were extracted for the purpose of testing shell-model calculations used
to estimate electron-capture rates in simulations of late stellar evolution. The calculation using the GXPF1J
interaction was found to best reproduce the experimental strength distribution.
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I. INTRODUCTION

Charge-exchange (CE) reactions at intermediate beam
energies (Fpeam > 100 MeV/u) have long been used
to investigate isovector (change in isospin AT = 1)
spin-transfer (AS = 1) excitations in stable nuclei [1].
One important goal of such experiments is the study of
Gamow-Teller (GT) transitions, which are characterized
by angular-momentum transfer AL = 0 and mediated
by the o7+ operator. GT strengths extracted from CE
experiments are directly connected with weak matrix ele-
ments of allowed S-decay and electron capture (EC). GT
strengths from weak-decay studies only provide the small
portion of the full distribution located within the energy
window restricted by the decay Q-value. CE experiments
have, therefore, become the main tool to extract the more
complete GT response [1, 2].

The GT strengths from CE reaction studies have pro-
vided important experimental information for validating
theoretical models that are used to estimate weak reac-
tion rates (8-decay and EC capture). These rates are
used in simulations of the late evolution of stars prior to
their demise as type Ia (thermonuclear) or type II (core-
collapse) supernovae (see e.g. Refs. [3, 4] and references
therein). Weak reactions on a large number of medium-
heavy nuclei (predominantly in the regions of the pf and
sdg shells) play an important role in these astrophysi-
cal phenomena. However, because of the high temper-
atures in these environments, EC and (-decay from ex-
cited states can also contribute significantly. Hence, it is
impossible to determine all relevant GT strength distri-
butions experimentally. Data from CE experiments are
used to test and constrain the theory on a limited set of
nuclei. Further complicating the situation is that many
of the nuclei that play a role are unstable. However, per-
forming CE experiments on unstable nuclei has proven
to be a challenge and successful experiments have so far
been restricted to relatively light nuclei and to the ex-
traction of the GT strength at low excitation energies
[5-9].

In this work, a new technique for measuring the (p,n)
CE reaction at ~ 110 MeV/u in inverse kinematics on un-
stable isotopes is presented. The method relies on mea-
suring the energy and laboratory scattering angle of the
recoiling neutron, from which the excitation energy of
the residual nucleus and center-of-mass scattering angle
are determined. The residual nucleus, or one of its decay
products (if the excitation energy exceeds the threshold
for decay by particle emission) is also detected to assist
in the unambiguous assignment of the reaction channel.
The technique is suitable for experiments with unsta-
ble isotopes of any mass, up to high excitation energies.
The results for 5°Ni(p,n) and 5°Co(p,n) reactions are pre-
sented here; the first successful studies to implement this
technique. The main results for ®Ni have been published
in Ref. [10]. Here, we provide details and results of that
experiment which were not included in the original pa-
per, and also include the results for °°Co, which were

obtained simultaneously.

Both %6Ni and 5°Co reside in the astrophysically im-
portant iron region. In type II supernovae, they are
among the nuclei that dominate the change in electron-
to-baryon ratio in the pre-supernova stage and thereby
affect the structure of the star prior to the collapse [11-
13]. In the Chandrasekhar-mass model for type Ia su-
pernovae, ECs on iron-group nuclei take place in the
wake of the thermonuclear flame, which leads to a reduc-
tion of the pressure and a retardation of the expansion
of the star [14]. In addition, EC reactions also reduce
the amount of **Ni produced and thus the brightness of
the explosion. Since type Ia supernovae are thought to
produce about half of the iron-group nuclei in the uni-
verse, models for the progenitor and the explosion can
be constrained [15]. However, such constraints require
that accurate weak-reaction rates are used in the simula-
tions [14]. Besides the direct role that Co and *°Ni play
in the above-mentioned astrophysical processes, the data
presented here are of broader impact. In particular, the
GT strength distribution extracted from the 56Ni(p,n)
data can help to improve the theoretical estimates for
weak-reaction rates on a larger number of nuclei in the
iron group and thus lead to overall better input for as-
trophysical simulations that rely on weak reaction rates.

The doubly-magic nature of the N=2Z=28 nucleus *°Ni
has attracted much attention (see e.g. [16-20]). Since
both protons and neutrons occupy the same major (pf)
shell, the proton-neutron interaction is relatively strong,
thereby softening the f7,, core [19, 21]. Shell-model
calculations using interactions from the “KB family”
[22, 23], which have been used for the generation of a
weak-reaction rate library for astrophysical calculations
[24], and the “GXPF1 family” [25-27] both predict that
the probability of a closed (f7/2)'® shell configuration for
6Ni is about 65%. However, the GT strength distribu-
tions for °Ni predicted by these interactions differ signif-
icantly from each other [27]; the strength distribution cal-
culated with the KB3G interaction is more localized and
resides at lower excitation energies. Consequently, EC
rates on °6Ni calculated using the KB3G and GXPF1J
interactions differ by as much as 30% [27]. Discrepancies
of a similar nature are also observed for nearby stable nu-
clei [4, 27]. Data on %5Ni provide the best possible guid-
ance for understanding and resolving these ambiguities.
The additional data collected on **Co provide insight for
a nearby odd-Z,odd-A nucleus and further constrains the
theoretical estimates.

By using the (p,n) CE reaction, GT strengths from
Ni (T = 0) and **Co (T = 1) were extracted in the
AT, = —1 (B7) direction, populating final states in
56Cu and ®°Ni, respectively. Because isospin symmetry
breaking effects are small, the extracted GT strengths
from 5SNi—56Cu(T = 1,7, = —1) also describe the
transitions for the Ni—%Co(T = 1,7, = +1) reac-
tion (the AT, = +1 (87 /EC) direction). Similarly, GT
strengths extracted for the 5°Co—5°Ni transitions also
provide information for GT strengths associated with



transitions from %°Ni to °°Co. The method of extracting
GT strengths in the ST /EC direction from AT, = —1,
(p,n) data has been used successfully in the past for sta-
ble Ni isotopes [28].

A key feature of CE reactions at intermediate beam en-
ergies is the proportionality between the differential cross
section at 0°, og7(0°), and the GT strength (B(GT)) as-
sociated with the corresponding transition [29]:

O'GT(OO) = &GTF(q,w)B(GT). (1)

Here, F(q,w) gives the dependence of ogt on the mo-
mentum (q) and energy (w) transfers, and can be reliably
calculated by employing a distorted wave impulse ap-
proximation (DWIA). gt is the normalization factor of
B(GT) referred to as the “GT unit cross section,” which
depends on the incident energy and target mass. ogr
is conveniently extracted from a transition for which the
B(GT) is known from S-decay. 6¢r determined in this
manner can be applied to GT transitions for which no
[-decay data are available. In this work, égr is derived
by comparing the measured ogr(0°) value for the transi-

tion from ®Co(% ~,g.s.) to ®>Ni(% ,g.s.) with the B(GT)
value known from from 8+ decay of %°Ni (log ft=3.6) [30].
B(GT) is defined such that it equals 3 for the S-decay of
the free neutron.

In the following, the experimental setup (Sec. II) is
described, followed by the analysis and results of the ex-
periment (Sec. III) and a comparison with the above-

mentioned shell-model calculations (Sec. IV).

II. EXPERIMENT

A. Beam production and beam-particle
identification

A 20-pnA, 160 MeV /u beam of *®*Ni from the NSCL
Coupled Cyclotron Facility struck a 410-mg/cm? thick
Be production target at the entrance of the A1900 frag-
ment separator [31]. The produced secondary beam was
purified by placing a 237-mg/cm? thick aluminum wedge
at the intermediate image and a momentum-defining slit
at the A1900 focal plane. The resulting cocktail beam of
N = 28 isotones, with a momentum spread of £0.25%,
had an intensity of ~ 8 x 10° pps. It contained secondary
beam particles of *°Ni (66%) at 110 MeV /u, **Co at 106
MeV/u (32%), and ®*Fe at 102 MeV/u (2%). Particles
were identified on an event-by-event basis by measuring
the beam-particle timing relative to the cyclotron radio
frequency (RF) signal (42 ns period) with a 1-cm? in-
beam diamond detector [32] installed at the entrance of
the analysis beam line toward the S800 spectrograph [33].

B. Liquid hydrogen target

The reaction target consisted of a liquid hydrogen cell,
with an average thickness of 60 mg/cm? and a diameter

of 35 mm. The hydrogen, kept at a pressure just above 1
atm and a temperature of about 19 K, was contained by
125-pm-thick Kapton foils. The target was placed 65 cm
upstream of the pivot point of the S800 spectrograph.
To ensure that the cocktail beam of unstable nuclei hit
the center of the target cell and did not hit the target
frame, it was tuned to a diameter of about 5 mm as
observed with a beam viewer made of ZnS painted on a
thin aluminum plate. Once the beam spot was checked
at the beginning of the experiment, the beam viewer was
removed. For the purpose of subtracting background due
to events originated from the Kapton foils, data were also
acquired with an empty target cell.

C. Low Energy Neutron Detector Array (LENDA)

The liquid hydrogen target was surrounded by the
newly constructed Low Energy Neutron Detector Array
(LENDA) [34]. LENDA is comprised of 24 neutron de-
tectors, each of which consists of a plastic scintillator bar
with photomultiplier tubes attached at each end. In this
experiment, 12 bars were placed to the left and to the
right of the beam line. The center of each bar was posi-
tioned at the beam height and at a distance of 1 m from
the target, i.e. the flight-path length (FPL) for the neu-
trons was 1 m. Each bar had a vertical height of 300 mm
(A¢p = £8.5°), a depth along the axis through the target
of 25 mm (AFPL/FPL = £+1.3%), and a width of 45 mm
(A0 = £2.6°). The shaded areas in Fig. 1 show the cov-
erage of the LENDA bars in the coordinate space of neu-
tron energy (E, ) and laboratory angle (61,). Laboratory
angles between 20° and 70° were covered. The spatial
separation between neighboring bars corresponded to a
gap in laboratory angle of 1.7°. The total solid angle
coverage by LENDA was 0.32 sr. 6,1, was determined on
an event-by-event basis from the location of the bar in
which a hit was recorded ((x, z)-plane) and by correcting
for a small effect (less than 1°) due to the vertical posi-
tion (y) along the bar. That correction was made based
on the assumption that the hits in the y-direction were
distributed uniformly along the height of the bar.

The performance of LENDA was characterized in test
measurements using radioactive sources as well as by
Monte-Carlo simulation, as described in Ref. [35]. The
neutron energy (F,) was determined by measuring the
neutron time of flight (TOF), for which the time reference
was taken from the diamond detector signal. The abso-
lute TOF scale was obtained by calibrating with prompt
~v-rays whose TOF can be reliably calculated from the
light velocity and the flight path length. The resolu-
tion in neutron energy was estimated to be £2%, mainly
due to AFPL/FPL. Even though intrinsic thresholds for
neutron-detection of as low as E,, = 150 keV can be
achieved with LENDA, the threshold for neutron detec-
tion was set to E,, = 200 keV (35 keV electron-equivalent
in units of light output, and corresponding to a TOF
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FIG. 1. (Color online) The region (blue shaded area) covered by the LENDA bars in the coordinate space of neutron energy
(E») and laboratory angle (61ap). The negative (positive) values of 01,1 correspond to placement of the bars on the left (right)
side with respect to the beam line. The continuous curves indicate the correlation between FE,, and 6.1, for different values of
the excitation energy in the residual nucleus from 0 MeV (g.s.) to 30 MeV with 5-MeV steps. The dotted curves indicate the
correlation between F, and 6.1, for scattering angles in the center-of-mass system ranging from 2° to 12° with 2° steps. The
figure on the left (right) is for the ®Ni(p,n) (**Co(p,n)) reaction.

of 160 ns) by software to ensure high precision for the
threshold value (which is important for the efficiency es-
timates) and a uniform treatment of all bars. The mea-
sured neutron-detection efficiency for a single bar varied
from 40% at E,, = 0.3 MeV to 20% at E,, = 4.0 MeV.
Neutron-detection efficiencies simulated with the Monte-
Carlo code MCNP [36] reproduced these efficiencies well
[35]. On the basis of that same simulation, the efficiency
was estimated to drop off smoothly for neutron-energies
in excess of 4 MeV, to 10.7% at E,, = 10.0 MeV. It is fur-
thermore noted that in the analysis only events in which
a single LENDA bar was hit were used in order to elim-
inate contributions from cross talk between neighboring
bars.

Fig. 2 shows a typical neutron TOF spectrum. Given
that the maximum TOF for neutrons originating from
scattering events in the target was 160 ns, events with a
TOF in excess of that value are due to the background of
random coincidences between a neutron event in LENDA
and a hit in the diamond detector belonging to differ-
ent beam bunches. Such random coincidences appear
repeatedly (every 42 ns) in the TOF spectra and must
be subtracted from the true coincidence signal. This was
achieved by duplicating events in the TOF region from
183 to 225 ns (random coincidences only) after shifting
in time by multiples of 42 ns. The dashed curve in Fig. 2
shows the TOF spectrum of the simulated events due
to random coincidences, which reproduces the repetitive
structures observed on top of the smooth neutron spec-
trum (shown with the continuous curve).

—— w/ random coincidence
-===-  only random coincidence

142 nsa‘

Counts (arb. units)

0 100 200

TOF (ns)
FIG. 2. (Color online) A typical TOF spectrum for the

%Ni(p,n) reaction (continuous curve). A TOF of 150 ns (20
ns) corresponds to a neutron energy of 0.23 MeV (5 MeV).
A spectrum due to random coincidence is generated from the
data itself by using the events between the vertical dotted line
(183 ns) and the right edge of the window (225 ns) and shown
with dashed curves. See the text for the details.

D. Particle identification of beam residue

Event-by-event particle identification (PID) for beam
residues produced in the target was performed in the
S800 spectrograph [33]. The energy loss (AE) and TOF
of the residues were measured with an ionization cham-
ber and a plastic scintillator, respectively, which were lo-
cated in the focal plane of the spectrograph [37]. The
reference for the TOF measurement was provided by
the signal from the in-beam diamond detector. Two
cathode-readout drift chambers (CRDC’s) provided two-
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FIG. 3. (Color online) PID spectra in the spectrograph for
events associated with the *Ni component (a) and **Co com-
ponent (b) in the beam.

dimensional hit-position information, which was used
to determine the momentum and angle of each particle
track. The energy-loss and TOF signals were corrected
for their dependence on momentum and angle. The PID
spectra (energy-loss vs. TOF) for events generated by
the °°Ni and %5Co beams are shown in Figs. 3(a) and
(b), respectively. PID gates used to select residual par-
ticles in the spectrograph are indicated by ovals. Their
two-dimensional widths were chosen between 1o and 20
to reduce the contamination from neighboring isotopes
to very minor levels (see also Sec. IITH). The efficiency
of PID gates was calculated based on two-dimensional
Gaussian distributions in AE-TOF space.

Owing to the large angular (20 msr) and momentum
(£3%) acceptances of the S800 spectrograph, the trajec-
tories of the beam residues directly produced by the (p, n)
reactions as well as heavy fragments associated with their
decay by single proton emission were covered in a single
setting of the spectrograph’s magnetic field. On the other
hand, for decay-branches associated with double proton
emission (or other multiple-nucleon emissions), the mo-
mentum distribution of the residues were too broad to be
fully covered in the spectrograph due to the recoil from
the decays. Only about 60% of the full momentum distri-
bution was covered in the spectrograph and the absolute
magnitudes of the cross sections for these double-proton
emission branches could not be reliably calibrated, and
thus scaled arbitrarily. This ambiguity can easily be re-
solved by taking data at several magnetic rigidity settings
for the spectrograph, but this was not pursued in the ex-
periment discussed in this paper.

Table T shows the list of selected beam residues and
the reaction channels through which the residue was pro-
duced. For the ®°Ni incoming beam, the *6Cu, %°Ni,
54Co, and °3Co nuclei were selected. The °6Cu nu-
cleus was produced through the Ni(p,n)%¢Cu reaction.
Within the excitation-energy region of interest for the
extraction of the GT strength distribution, °’Ni and
% Co nuclei could be produced in the decay of 56Cu if

the excitation energy exceeded the threshold for decay
by single or double proton emission, respectively. How-
ever, °*Ni and °*Co nuclei were also produced by knock-
out/fragmentation reactions of **Ni on the hydrogen tar-
get. These reaction types are associated with the si-
multaneous emission of fast neutrons at forward scat-
tering angles. These neutrons could scatter indirectly
from the surroundings into LENDA and produce false
coincidences with events in the S800 focal plane, creat-
ing background to the events associated with CE reac-
tions. This background was found to be structureless
and largely independent of the nature of the particles
detected in the spectrograph. °3Co cannot be the final
residue in the decay of 5Cu produced in the CE reaction
in the excitation-energy region of interest for the extrac-
tion of GT strengths. Therefore, coincidences between
%3Co events in the spectrograph and neutron detected in
LENDA were used for modeling the background.

Similarly, for the °°Co beam components, ®Ni residues
were directly produced in the 5°Co(p,n) reaction. In ad-
dition, ®*Co and 53Fe residues could be produced if the
excitation energy in °°Ni exceeded the thresholds for de-
cay by single and double proton emission, respectively.
The background due to the knockout/fragmentation re-
actions was modeled by coincidence events in which °2Fe
residues were detected in the S800 focal-plane detectors.
The latter fragment cannot be produced in the multi-
nucleon decay from °°Ni in the excitation-energy region
of interest for the extraction of GT strengths.

III. ANALYSIS AND RESULTS
A. Neutron energy and laboratory scattering angle

Fig. 4 shows scatter plots of E;, versus 0}, for neutrons
detected in LENDA for events associated with the *°Ni
beam component. Scatter plots are shown separately for
different residue species detected in the spectrograph, as
listed in Table I. In Fig. 4(a), a clear kinematical corre-
lation between FE,, and 64, can be seen, which is associ-
ated with the ground state or excitation of states at low
excitation energies in Cu produced in the **Ni(p,n) re-
action (see Fig. 1 for comparison). Figure 4(b) shows the
spectrum associated with the detection of ®*Ni fragments
in the spectrograph. Two broad kinematic correlations
can be distinguished, corresponding to the excitation of
states in Cu near approximately 3 and 12 MeV. Such
kinematic correlations are barely visible in Fig. 4(c) (as-
sociated with the detection of ®*Co in the spectrograph)
and completely absent in Fig. 4(d) (associated with the
detection of >3Co in the spectrograph).

Fig. 5 shows similar scatter plots but for events asso-
ciated with the ®Co beam component. Clear kinematic
correlations are visible in Figs. 5(a) and (b) owing to the
excitation of different levels in ®°Ni and associated with
the detection of ®Ni and 5*Co in the spectrograph, re-
spectively. Such correlations are difficult to distinguish in



TABLE I. Overview of secondary beam components and associated beam residues, reactions, and reaction types.

Beam components Residue detected in S800

Reaction channel

Reaction type

560u
55Ni

56Ni

54CO

53CO
55Ni
54CO

55CO

53 Fe

52 Fe

Ni(p, n)* Cu—"Ni+p
56Ni+p = Nit+p +n
56Ni(p,n)*°Cu —**Co4p + p
56Ni+p —%1Co+2p +n
56Ni+p —*3Co+3p+n

55 Co(p, n)** Ni—**Co+p
55Co+p =% Co+p+n
% Co(p,n)**Ni =**Co+p +p
55Co+p =3Fe+2p +n
55Co+p —%?Fe+3p +n

CE reaction

CE reaction
Knockout/fragmentation reaction

CE reaction
Knockout/fragmentation reaction
Knockout/fragmentation reaction

CE reaction

CE reaction
Knockout/fragmentation reaction

CE reaction
Knockout/fragmentation reaction
Knockout/fragmentation reaction

56Ni(p,n)**Cu

% Co(p,n)**Ni

T T
61-(@) *°Cu in spectrograph | (b) **Ni in spectrograph

K 1

|I \I I

0
6l(c) *Co in spectrograph
|

8., (degrees)

FIG. 4. Neutron spectra as a function of neutron energy (Ep)
and laboratory angle (0;45) for the 56Ni beam component and
for events associated with the heavy fragments in the spec-
trograph: (a) 6Cu, (b) **Ni, (c) **Co, and (d) **Co.

Figs. 5(c) (°*Fe detected in the spectrograph), and com-
pletely absent in Figs. 5(d) (°2Fe detected in the spec-
trograph).

Regardless of the reaction channel, two sources of back-
ground are present in the scatter plots shown in Figs. 4
and 5. In Figs. 4(d) and 5(d), they are the sole contrib-
utors to the two-dimensional spectra. The first source
of background, associated with the events evenly dis-
tributed in 6,1, for E, < 0.5 MeV, is due to random coin-
cidences, which can be subtracted by using the method
described in Sec. IIC. The second source, associated
with neutrons predominantly observed at forward scat-
tering angles, is due to knockout/fragmentation reactions
in which neutrons rescatter from material downstream of
the target into the detector array.

L (b) >*Co in spectrograph

T

(&) *Niin spectrograph
| I

R

[<2]

N

8., (degrees)

FIG. 5. Same spectra as in Fig. 4, but for the 5°Co beam com-
ponent and for events associated with the heavy fragments:
(a) °°Ni, (b) *Co, (c) **Fe, and (d) **Fe.

B. Corrections for neutron-detection efficiency

The neutron-detection efficiency was estimated as a
function of excitation energy (E,) and center-of-mass
scattering angle (6..m.) by using a Monte Carlo simula-
tion with the GEANT3 package [38]. For each simulated
(p,n)-reaction event, the E, and 0., values were re-
constructed by taking into account the intrinsic neutron-
detection efficiency per bar (see Sec. 11 C), the geometri-
cal acceptance, and the time resolution of LENDA. The
effects of the energy loss of beam particles in the tar-
get prior to the reaction were also taken into account.
Simulated events were grouped into 2°-wide bins in 6. .
(the estimated resolution in the reconstructed 6. ., was
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FIG. 6. Simulated overall efficiency of LENDA as function of
the excitation energy in *Cu (Fz) and the scattering angle
in the center-of-mass system (0c.m.), including the intrinsic
neutron-detection efficiency plus the geometrical acceptance,
for the *°Ni(p, n) reaction. The time resolution of LENDA
and the effect of the beam energy loss in the target are also
taken into account. See text for the details.

better than 0.5°). The efficiencies for angular bins up
to Oc.m. = 20° are displayed as a function of excitation
energy in °°Cu in Fig. 6 for the *°Ni(p,n) reaction. Sim-
ilar simulations were performed for the efficiency as a
function of excitation energy in 5°Ni for the 5°Co(p,n)
reaction.

With increasing values of 6. .,., periodic structures in
the efficiency as a function of excitation energy become
apparent. This is because the excitation energy becomes
predominantly dependent on the neutron laboratory an-
gle at backward center-of-mass angles (see Fig. 1) and the
gaps between the LENDA scintillator bars cause cusps
in the efficiency. In the regions where the efficiencies be-
comes very small, the simulation is strongly dependent
on the precise matching of the locations of the bars in
the simulation to the real locations during the experi-
ment. To avoid artificial biases due to the uncertainties
in the alignment of each bar, events in the region where
the efficiency is smaller than 20% of the maximum effi-
ciency, for a given bin in 6. ,, , were excluded from the
analysis.

From the experimental data, E, and 6., were recon-
structed and grouped into the same bins as used for the
calculated efficiencies. The efficiency-corrected yield was
then calculated by dividing the number of counts in each
bin by the corrsponding calculated efficiency. In Fig. 7
an example of the obtained excitation energy spectrum
for events associated with the detection of a °°Ni frag-
ment in S800 is shown (at .., = 4° — 6°). Clearly,

e data (stat. error)
knockout neutrons
£ random coin.

56Ni(p,n)56Cu - 55Ni+p
| 8,,=4°-6°

GaTow-TeIIer target cell
* Q“
- * Spin dipole
& "o “’._0’ p p

Counts (arb. units)

FIG. 7. (Color online) An example of the reconstructed spec-
trum (filled circles) for the 5®Ni(p,n)**Cu reaction following
the decay by single proton emission from *Cu. Shaded areas
indicate the simulated or measured contributions from the
backgrounds due to knockout/fragmentation reactions, ran-
dom coincidence, and reactions caused by the target cell (see
text).

background is present in the spectrum. The subtraction
of this background is described in the next section.

C. Background subtraction

The shaded areas in Fig. 7 indicate the various back-
ground contributions. There are components: originat-
ing from knockout/fragmentation reactions, from ran-
dom coincidences, and from reactions that took place
in the target-cell windows. The contribution from reac-
tions on the target-cell windows were determined by per-
forming measurements with an empty target cell. This
was the smallest source of background. The background
from random coincidences was obtained as described in
Sec. IIC. This source of background decreased in in-
tensity with increasing excitation energy. The shape
of background due to knockout/fragmentation reactions
was modeled by fitting the excitation-energy spectra of
events associated with the detection of 53Co (°2Fe) in
the S800 focal plane with second-order polynomials for
events associated with the 56Ni (*Co) beam component.
The fitted background component was then scaled to
match the spectra containing the CE events for unphys-
ical values of FE, (significantly below 0 MeV and above
18 MeV). Uncertainties in the determination of the three
background components were propagated in the further
analysis.
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FIG. 8. Double differential cross sections for the **Ni(p,n)
reaction as a function of the excitation-energy (E), from 0°—
20° with 2° steps. Open triangles and filled circles indicate
the components associated with *®Cu and 3°Ni, respectively.
The cross sections shown with open triangles are magnified
by a factor of 10. The E, regions indicated by arrows are not
covered because the corresponding laboratory neutron angles
were outside of the acceptance of LENDA.

D. Double differential cross sections

Figs. 8 and 9 show the obtained double differential
cross sections for the *Ni(p,n)%¢Cu and %°Co(p,n)>>Ni
reactions, respectively, for each 2°-wide bin. Absolute
differential cross sections were determined with an un-
certainty of 10% by taking into account the efficiencies
of the diamond detector, the S800 focal plane detectors,
and the PID gates, the transmission of the beam from
the diamond detector to the target and the dead time
of the data acquisition system. The upper limit of the
excitation-energy region shown in the figures is 15 MeV,
sufficiently high to include the main components of the
GT strength distribution.

Figure 8 includes two data sets. The first set is associ-
ated with the detection of Cu in the S800 focal plane.
Contributions are primarily restricted to excitation ener-
gies below ~ 1 MeV, since the threshold for decay by pro-
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FIG. 9. Same as in Fig. 8, but for the *Co(p,n) reaction
with the components associated with *Ni and %*Co. The
cross sections shown with open triangles are magnified by a
factor of 3.

ton emission in %9Cu (S, (°®Cu)), is only 560 keV. Events
associated with this channel have differential cross sec-
tions that do not strongly vary with scattering angle,
indicating that they belong to transitions with angular
momentum transfers AL = 2 or higher. The second com-
ponent is associated with the detection of °Ni in the fo-
cal plane of the S800. This channel opens at S,(°*Cu)
and dominates the spectra. Differential cross sections in
the region between 2 MeV and 8 MeV peak at forward
center-of-mass scattering angles, indicative of strong GT
(AL = 0) transitions. On the other hand, the bump
structure around 12 MeV peaks around 6., = 6° — 12°,
indicative of large contributions from spin-dipole (SD)
(AL = 1) transitions.

In Fig. 9, the data associated with the detection of °Ni
in the S800 focal-plane detectors are shown, i.e. from
%Co(p,n) reactions that populate states in 5°Ni below
the proton separation energy S,(°°Ni)= 4.6 MeV. The
spectrum exhibits one sharp peak at 0 MeV, correspond-
ing to the transition to the ground state of ®*Ni. Events
associated with the detection of °Ni are observed up to
E.(°Ni)~ 8 MeV, and peak at forward scattering an-
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FIG. 10. Comparison of the double differential cross section
spectra for the 56Ni(p, n) reaction at fcm. = 2° — 4° (filled
markers) and 0c.m. = 4° — 6° (open markers).

gles, indicative of strong GT contributions to the spec-
trum. The same is true for events associated with the
detection of 54Co in the focal plane of the S800, i.e. af-
ter the emission of a proton from ®°Ni. A strong, broad
bump that peaks at E,(°°Ni)a~ 10 MeV appears to be
predominantly due to GT transitions.

The differential cross sections for the branches associ-
ated with dual proton emission are not shown in Figs. 8
and 9, because their absolute magnitude could not be
established reliably, as explained in Sec. IID. However,
the angular distribution of these contributions were ex-
amined to confirm that no significant GT strength was
present at higher excitation energies.

E. Evaluation of the excitation-energy resolution

Fig. 10 shows the extracted excitation-energy spec-
tra for the °°Ni(p,n)*®Cu reaction at 0., = 2° — 4°
and 6., = 4° — 6°. The two prominent peaks at
E.(°5Cu)=3 MeV and 5 MeV at .., = 2°— 4° are not
well separated at 6., = 4°—6° because the resolution in
E,, deteriorates with increasing center-of-mass scattering
angle. For the purpose of reliably extracting contribu-
tions from excitations associated with different transfers
of angular momentum on the basis of their angular dis-
tributions, the effects of the reduced energy resolution
must be taken into account. Therefore, the resolution
was evaluated as a function of F, and 6., by perform-
ing GEANT3 simulations as described above. Discrete
values of E, were input to the simulation, indicated with
black bars in Fig. 11. The responses (shaded histograms)
are also included in this figure. The resolution in E, de-
teriorates rapidly with increasing 6., and more slowly
with increasing F, and ranges from about 700 keV to
3 MeV (full-width at half-maximum (FWHM))
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FIG. 11. (Color online) Results of a GEANT3 simulation for
the excitation energy resolution for the "*Ni(p,n) reaction as
a function of F; and fcm, shown with the same binning as in
the Fig. 6. The vertical bars are the discrete input excitation
energies for the simulation. The response is shown with the
shaded areas.

F. Multipole decomposition analysis

Finally, contributions to the excitation-energy spec-
tra from transitions associated with AL = 0 were ex-
tracted on the basis of a multipole decomposition anal-
ysis (MDA) [39]. The experimental angular distribution
for each bin in excitation energy was fitted with a lin-
ear combination of calculated angular distributions as-
sociated with AL = 0 — 2 (The inclusion of additional
components with AL > 2 did not improve the quality of
the fits):

calc Z agn Ucalc ) (2)

Examples of calculated angular distributions associated
with AL = 0,1 and 2 transitions are displayed in Fig. 14.
The calculations were performed in Distorted-Wave Im-
pulse Approximation (DWTA) using the computer code
DW81 [40] with the effective nucleon-nucleon interaction
of Love and Franey at 140 MeV [41]. Optical poten-
tials were taken from Ref. [42] for which the Coulomb
component was switched off for the exit channel. One-
body transition densities for transitions to final states
with different J™ values were calculated in a normal-
modes procedure [43] using a harmonic oscillator basis
with oscillator parameter b = 1.970 fm~!. Single-particle
states were filled according to the independent particle
model: in Ni, neutron and proton orbits were both
filled up to the 0f% shell, while **Co was assumed to

have one proton hole in the 0 f % shell. Final states with
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FIG. 12. (Color online) Double differential cross sections
(dots) are shown with the MDA results for the **Ni(p,n) data
(shaded areas). Results are presented for Oc.,n,,. = 2° — 4°
(top), Oc.m. = 8° — 10° (middle), and O¢.,,. = 14° — 16° (bot-
tom) and separately for the decay branches associated with
the beam residues of **Cu (a-c), **Ni (d-f), and **Co (g-i).
The absolute magnitude of the cross sections with the **Co
beam residue is arbitrary.
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FIG. 13. (Color online) Same as in Fig. 12, but for the

55Co(p,n) data. Results are presented for 0., = 2° — 4°
(top), fc.m. = 8% — 10° (middle), and fc.rm. = 14° — 16° (bot-
tom) and separately for the decay branches with the 55Ni
(a-c) and °*Co (d-f) residues. The branch with two-proton
emission does not contribute in the energy region of interest
below 15 MeV, and is not shown herein.
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FIG. 14. Angular distribution for transitions with AL = 0,1
and 2 in the *Ni(p,n) reaction at 110 MeV /u. Details of the
calculations are provided in the text.

J™ = 17(AL = 0),17,27(AL = 1), and 27 (AL = 2)
were included. In contrast to our original report in
Ref. [10], transitions to 0~ states (AL = 1) were ex-
cluded because the associated cross sections are expected
to be significantly smaller than those associated with
transitions to 1~ and 27 states. This significantly im-
proved the stability and quality of the fitting procedure,
thereby reducing the systematic uncertainties. Angu-
lar distributions of final states associated with AL = 2
(J™ = 17,2%,3%) were very similar. Hence only the
J™ = 2% contribution was included in the fit. To avoid
artificial biases due to the deterioration of the excitation
energy resolution with increasing center-of-mass angle,
the spectra at forward angles were smeared with Gaus-
sian line shapes so that the excitation energy resolution
becomes 1.2 MeV at forward angles (6., < 8°), indepen-
dent of excitation energy and scattering angle.

In Fig. 12, the results of the MDA for the 56Ni(p, n)
reaction are shown for three scattering angles, and sep-
arately for events associated with the detection of *6Cu,
%5Ni, and ®*Co in the spectrograph. The results for the
%Co(p,n)°Ni reaction are shown in Fig. 13, separately
for the detection of °°Ni and ®*Co in the spectrograph.

The %°Ni(p,n) spectrum is dominated by GT transi-
tions up to E,(°9Cu)=8 MeV, except at the lowest exci-
tation energies (associated with the detection of °Cu in
the S800), where quadrupole transitions are dominant.
Between 8 MeV and 14 MeV, dipole transitions are dom-
inant. At the highest excitation energies, quadrupole
transitions become dominant. Similarly, the **Co(p,n)
spectrum is dominated by GT transitions up to 15 MeV,
with minor contributions from dipole and quadrupole ex-
citations in the region above 10 MeV and 4 MeV, respec-
tively. For both reactions, no significant GT contribu-
tions to the spectra were uncovered at excitation energies
above 15 MeV, i.e. associated with branches for decay
by two-proton emission.
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FIG. 15. Differential sections  for  the
Co(L™ g.5.)(p,n)*°Ni(§ ™ ,g.s.) reaction and the
®Ni(p,n)°®Cu reaction at F,(°*Cu)=4-4.5 MeV (right).
The angular range for the former transition is limited to
Oc.m. < 10° by the acceptance of LENDA. In both cases the
angular distribution fits well with a GT (AL = 0) angular
distribution calculated with in DWIA. The 0° differential
cross section for the **Co(Z ™ ,g.5.)(p,n)*°Ni(Z ~,g.s.) reaction
is derived by extrapolating the data points to 0° using the
fitted angular distribution.

Cross

G. Gamow-Teller unit cross section dgT

GT strengths were derived from the cross sections asso-
ciated with AL = 0 excitations extracted in the MDA on
the basis of Eq. (1). The GT unit cross section gt was
determined by using the >°Co(% " ,g.5.)(p,n)*°Ni(% ,g.s.)
reaction, which can clearly be observed in Fig. 13(a).
Due to the angular coverage of LENDA in the present
experiment, differential cross sections for this transition
could only be extracted for 6., < 8° and are shown in
Fig. 15 (filled markers). The 0° differential cross section,
oaL=0(0°), was determined to be 1.624+0.09 mb/sr by fit-
ting differential cross sections calculated in DWIA (also
shown in Fig. 15) to the experimental angular distribu-
tion. Since the ground state of ®Ni is the isobaric analog
of the ground state of ®>Co, oa—0(0°) for this transition
has both GT and Fermi (AL = 0, AS = 0) contributions:
oaL=0(0°) = 0gr(0°) + 0r(0°). The fraction due to the
GT component, defined as for = 0gr(0°)/0ar=0(0°),
was reliably estimated (0.51 & 0.03) by using the known
Fermi (B(F) = N — Z = 1; assuming full exhaustion
of the Fermi sum rule) and GT (B(GT) = 0.267 [30])
strengths for this transition, as well as the ratio R? =
&&G—FT = 4.0+ 0.2. 6F is the unit cross section for Fermi
transitions, similar to that for GT transitions expressed
in Eq. (1). The R? value was calculated from its well-
established dependence on beam energy [29]. The values
of F'(q,w) for the Fermi and GT contributions were deter-
mined in DWIA and differed by less than 1%. We found
that 6gr = 3.2+ 0.5 mb/sr, which is consistent with the
value of 3.5 & 0.2 reported for the ®8Ni(p,n) reaction at
120 MeV [29].
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FIG. 16. (Color online) Extracted strength distribution for
GT transitions from *°Ni to %Cu (dots) and the comparison
with shell-model calculations using the KB3G and GXPF1J
interactions (continuous and dashed curves). The shaded
bands indicate the systematic uncertainties mainly due to the
subtraction of neutron-knockout/fragmentation background.
The uncertainty in the unit cross section is not included in
the band. See the text for the details of the systematic un-
certainties.

H. Gamow-Teller strengths

Given the GT unit cross section derived from the 5°Co
data, and by calculating F'(¢,w) in Eq. (1) in DWIA as
a function of excitation energy, the GT strengths for the
%0Ni(p,n)%Cu and 5°Co(p, n)>>Ni reactions could be ex-
tracted for all relevant excitation energies from the values
of oar—o extracted in the MDA. The GT strengths asso-
ciated with different beam fragments were then combined
in a single strength distribution as shown in Figs. 16 and
17. In the case of **Ni(p, n) reaction, nearly all the yield
(> 95%) for 1 < E,(°5Cu)< 8 MeV was due to GT tran-
sitions. Consequently, the unsmeared distribution shown
with filled markers in Fig. 10 was used in the description
of the final GT strength distribution shown in Fig. 16.

The boundaries of the shaded bands in Fig. 16 and
17 indicate the upper and lower limits of the systematic
uncertainties in the extracted GT strengths. The largest
source (< 20%, depending on excitation energy) of sys-
tematic uncertainty came from the background subtrac-
tion due to neutrons detected in LENDA from knock-
out/fragmentation reactions (see Fig. 7). It was esti-
mated by changing the fitting functions used for mod-
eling this source of background (e.g. a linear function
instead of a second-order polynomial). The effects of
changing the PID gates (see Section IID) (either making
them wider or narrower) were also included in this error
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FIG. 17. (Color online) Same as Fig. 16, but for GT tran-
sitions from %*Co to °*Ni (dots) and with their shell-model
calculations using the KB3G and GXPF1J interactions (con-
tinuous and dashed curves).

analysis.

The second major source of systematic uncertainty
comes from the characterization of LENDA (< 15%, de-
pending on excitation energy). To evaluate this uncer-
tainty, different thresholds for the detection of neutrons
were chosen (in software) simultaneously in the efficiency
calculations and in the analysis of the data. The ef-
fects of excluding double-hit events (e.g., due to cross-
talk between neighboring bars), and uncertainties in var-
ious input parameters for the Monte-Carlo simulations
(e.g. target thickness, beam profile at the target, loca-
tion of the bars) were also included in the estimation of
this source of background.

Additional sources of systematic uncertainties were re-
lated to the inputs for the DWIA calculations used in
the MDA (< 5%), which were estimated by varying the
input parameters within reasonable boundaries, and the
effects of smearing the excitation-energy spectra (see Sec-
tion IITE) (~ 2%) for the purpose of the MDA analysis.

Since the different sources of systematic errors are not
independent, the overall systematic uncertainty was es-
timated by re-performing the full analysis many times
with different inputs/choices for the parameters affect-
ing these individual sources of uncertainty. On the basis
of that procedure, we found that the combinatorial effect
of all systematic uncertainties was ~ 30%. The overall
uncertainty in the estimation of gt (15%, see Section
IIIG) is not included in this overall uncertainty, as it
simply scales all extracted GT strengths up or down.
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IV. COMPARISON WITH SHELL-MODEL
CALCULATIONS

The GT strength distribution extracted from the
%Ni(p,n) reaction shown in Fig. 16 was compared with
shell-model calculations performed in the full pf shell by
employing the KB3G [23] and GXPF1J [26] interactions.
The theoretical strength distributions, also shown in Fig.
16, have been smeared by the experimental excitation-
energy resolution and scaled by a quenching factor of
(0.74)? [44] to account for degrees of freedom not in-
cluded in the shell-model calculations. Please note that
in Ref. [10] the GXPF1A interaction was used instead
of the GXPF1J interaction. GXPF1A was made by im-
proving GXPF1 [25] by taking into account additional
new experimental data of neutron-rich Ca, Ti and Cr
isotopes with N >32. It was further modified to repro-
duce the peak position of the M1 strength in Ca at
10.23 MeV (see Ref. [27] for more details). GXPF1A
predicts that peak position to be at 10.90 MeV. There-
fore, the GXPF1J interaction is considered to be more
suitable for the calculation of spin-isospin modes in pf-
shell nuclei, although in the calculation of GT strengths
from °°Ni and ®°Co the differences between the calcu-
lations with the GXPF1A and GXPF1J interaction are
minor.

The shell-model calculations with the GXPF1J inter-
action produce a GT strength distribution in 6Cu that
is shifted up in excitation energy by about 0.5 MeV rela-
tive to the strength distribution extracted from the data.
On the other hand, the calculation with the KB3G inter-
action exhibits a strong peak at an excitation energy just
above 3 MeV, and much less strength at higher energies,
in clear contrast to the experimental results.

In both sets of shell-model calculations, the GT
strength is dominated by contributions from f7,o—fs5/2
1p — 1h excitations. However, due to weaker spin-orbit
and residual proton-neutron potentials in the case of the
KB3G interaction, the average excitation energy for the
GT transitions is lower by about 1.5 MeV compared to
the GXPF1J interaction. Since the level density rapidly
increases with increasing excitation energy, the spreading
of the strength is enhanced in the shell-model calculation
with the GXPF1J interaction, which results in a broaden-
ing and fragmentation of the strength distribution. The
effect is enhanced by the fact that the level-density for
11 states in ®°Cu in the calculation with the GXPF1J
interaction below an excitation energy of 8 MeV is about
double of that level density in the calculation with the
KB3G interaction.

A similar effect is observed for the GT strength distri-
bution in 5°Ni, as shown in Fig. 17. The GT strengths
from the shell-model calculations with the GXPF1J
interaction match the distribution extracted from the
®Co(p,n) data quite well. The calculation employing
the KB3G interaction puts the GT strength on average at
lower excitation energies and is more concentrated. Note
that although the two shell-model calculations do equally
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TABLE II. Comparison of the integrated GT strengths between experimental data and theoretical predictions.

E, (MeV) Data® GXPF1J(KB3G)®
5Ni—55Cu 0-7 3.8 £ 0.2(stat.)+0.8(syst.) 5.5 (5.2)
55 Co—5Ni(g.s.) 0 0.267 (from Ref. [30]) 0.209 (0.253)
%5 Co—%"Ni 0-15 5.3 4 0.5(stat.) 22 (syst.) 6.8 (6.2)

& The quoted error margins do not include the uncertainty in the value for the unit cross section (15%), which would change all

strengths by a common scaling factor.

P A quenching factor of (0.74)2 [44] has been applied to the shell-model summed strengths.

well (see Table II) in reproducing the GT strength asso-
ciated with the ground-state to ground-state transition
from S-decay (B(GT) = 0.267 [30]), the experimental
signal for this transition in Fig. 17 is higher due to the
additional contribution from the Fermi component.

Table II shows the comparison of the integrated GT
strengths between the experimental values and the the-
oretical predictions. For both the °°Ni(p,n)%6Cu and
%Co(p, n)°°Ni reactions, the GT strengths predicted ap-
pear to be slightly higher than those extracted from the
data. However, the experimental error margins are signif-
icant and there exists an additional uncertainty of 15%
due to the determination of &gr, which scales all GT
strength in this work by a common factor. Therefore, it
is not clear that the differences between the magnitudes
of the summed strengths from the experiment and the
theoretical models are significant.

As mentioned above, shell-model calculations using in-
teractions from the “KB family” form the basis of the
weak-rate library for astrophysical simulation of Ref.
[24]. Since the shell-model calculations with the GXPF1J
interaction provide a better match to the experimental
GT distribution from °°Ni, it can be concluded that the
existing weak-rate library can be further improved. The
possible improvements are difficult to quantify, but based
on a study of a limited number of nuclei in the p f-shell
[4], gains in precision of up to about 30% appear feasible
for stellar densities in excess of 107 g/cm®. The present
results provide key information to achieve such improve-
ments.

V. CONCLUSION

In summary, a new method to study (p,n) charge-
exchange experiments at intermediate energies in inverse
kinematics is described on the basis of an experiment
aimed at extracting Gamow-Teller strength distributions
from ?®Co and ®6Ni. As part of the experiment, the Low-
Energy Neutron Detector Array (LENDA) and a new lig-
uid fydrogen target were commissioned. The new method

for performing (p,n) experiments in inverse kinematics is
attractive as it can be used for studying isovector transi-
tions in a wide variety of rare isotopes up to high excita-
tion energies. The excitation energy and center-of-mass
scattering angle can be extracted, allowing for analysis
of the data much like for charge-exchange experiments
with stable isotopes in forward kinematics. Although
the experiments presented in this paper were primar-
ily motivated by the need to provide data to improve
the estimates for weak-reaction rates of relevance for as-
trophysics, the method opens the door for experiments
aimed at other topics as well, such as the study of isovec-
tor giant resonances in rare isotopes. Certain improve-
ments to the method are likely possible; in particular, it
would be desirable to reduce the amount of background
due to neutrons produced in contaminant reactions. Al-
though it was possible to subtract contributions from
such sources of background, it introduced significant sys-
tematical uncertainties.

The extracted GT strength distributions from the
%Co(p,n) and *°Ni(p,n) reactions were compared with
shell-model calculations that use the GXPF1J and KB3G
interactions in the full pf shell-model space. It was found
that calculations with the KB3G interaction produce
strength distributions that are more concentrated and
peak at excitation energies significantly lower than seen
in the data. The calculations with the GXPF1J interac-
tion matched the experimental GT strength distributions
much better. It is concluded that weak-reaction rate ta-
bles compiled for nuclei in the pf-shell by using shell-
model calculations with interactions of the “KB family”
can be further improved.
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