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Electron captures on iron-group nuclei near *°Ni play an important role in the evolution of type Ia
and type II supernovae. A new technique that allows the study of Gamow-Teller (GT) strengths
from unstable nuclei has been developed at NSCL and used to probe the GT response of *°Ni.
The *°Ni(p,n)°°Cu charge-exchange reaction at 110MeV/u was employed to extract GT strengths
from *°Ni for the first time. Because of isospin symmetry, the extracted strength distribution is
also valid for the >*Ni — 3°Co electron-capture direction, which is most important for astrophys-
ical applications. The results were compared with shell-model theory employing two modern
interactions, GXPF1A/J and KB3G. The calculation with the GXPF1A/J interaction provides a
better match to the experimental results. Besides the results for S°Ni, newly extracted Gamow-

Teller strengths from the 3Co(p,n) reaction are presented.
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1. Introduction

Weak reaction rates, in particular electron capture rates, are a key ingredient of astrophysical
simulations of thermonuclear and core-collapse supernovae. In Core collapse supernovae, when
a massive star has gone through Si burning, the remaining iron-core is sustained against gravita-
tional collapse by the degenerate electron pressure in the core. The electrons however get gradually
captured by the iron-region nuclei in the core and the pressure drops [1]. Electron captures (EC)
thus play a significant role in the dynamics of the collapse. Studies of properties like electron
fraction, density, entropy, and other characteristics of the astrophysical environment that affect the
pre-supernova phase, demonstrate that the use of different electron-capture rate inputs can have a
significant effect [2].

In type Ia supernovae the nature of the progenitor system is still uncertain. Progenitor properties
(e.g. age of stellar population) are related to the peak brightness of the event which can be measured
by astronomical observation [3] . The observed peak brightness is correlated to the abundance of Ni
produced [4]. Astrophysical simulations starting with different assumptions about the progenitor
system result in varying abundances for Ni and other iron-region nuclei. Type Ia supernovae are
thought to be responsible for more than 50% of the observed iron-group abundances in the solar
system. Astrophysical models can be constrained if the uncertainties in the nuclear reaction rates,
and the electron-capture rates in particular, are small [5].

Electron captures proceed through Gamow-Teller (GT) transitions. Charge-exchange reactions at
intermediate energies have become the preferred tool to extract Gamow-Teller strength distribu-
tions, since direct measurements through 3 or EC-decay are only available for a very limited num-
ber of transitions. The extraction of GT strength from CE data is based on the well-known propor-
tionality between the differential cross section at vanishing momentum transfer and GT strength.
This proportionality was studied extensively in the late eighties for already the case of nucleon in-
duced [(p,n) and (n,p)] reactions [6], and more recently for reactions induced by composite probes,
such as (d,”He), *He,t) and (t,*He). [7-9].

Simulations of supernovae have to include electron-capture rate input for a large number of nu-
clei. Typically spanning the region of 40 < A < 120, the majority of the involved isotopes are
unstable. In addition, due to the relatively high temperatures during the late evolution of the above-
mentioned explosive scenario, the contribution of ECs on thermally excited states of the nuclei
involved has to be taken into account. The experimental determination of all the participating rates,
or even of a significant subset, is impossible. One has to resort to theoretical estimates to obtain
reliable electron-capture rates over the range of nuclei involved. The theoretical models that are
used to generate Gamow-Teller strength distributions have to be developed and tested on the basis
of experimental data. Experiments should thus be focused on extracting GT strength distributions
from nuclei that can provide detailed information about basic properties of the underlying theory.
In addition, direct measurements for nuclei that are particularly abundant in the relevant stellar en-
vironments are important as well.

Ni falls in both these categories. In the independent particle model, *°Ni with N = Z = 28
is doubly magic. However, since both protons and neutrons occupy the same major (pf) shell, the
proton-neutron interaction is relatively strong, thereby softening the 7, core [10, 11]. Shell-model
calculations with the KB [12, 13] and GXPF1 [14 —16] families of interactions both predict that
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the probability of a closed f;?z shell configuration for °Ni is about 65%. GT strengths calculated
with the KB family of interactions, which have been used in the generation of a weak-reaction
rate library for astrophysical calculations [17], differ drastically [16] from those using the GXPF1
family. The differences between the two sets of calculations impact the estimates for EC rates on
6Ni by as much as 30% [16]. Moreover, by resolving the ambiguity between the two shell-model
calculations for the case of *°Ni, it becomes possible to improve the EC rate estimates for many
nuclei in the iron group, which leads to an overall improvement of the input for the astrophysical
simulations. A benchmark of this approach is the GT strength from 3>Co, a nearby odd-A, odd-Z
nucleus of astrophysical interest which was was also studied in this work.

A new technique for measuring the (p,n) CE reaction at ~110 MeV/u in inverse kinematics has
been used in this work to determine the GT strengths from S6Ni and >Co [18, 19]. The method
relies on measuring 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
particle decay) is also detected for unambiguous assignment of the reaction channel. The technique
is suitable for experiments with unstable isotopes of any mass, up to high excitation energies and
signifies a new experimental capability to routinely study CE reactions with unstable nuclei.

A detector that can measure neutrons of relatively low energy (~200 keV and above) with good
energy and angle resolutions and with high efficiencies is required. With those goals, the Low En-
ergy Neutron Detector Array (LENDA) has been developed at NSCL [20]. LENDA is composed
of 24 neutron detectors and provides fast timing (~400 ps timing resolution), reasonable position
resolution (~ 6 cm ) and a low neutron energy detection threshold of 150 keV. In the following, de-
tails of the ®Ni and >>Co(p,n) experiments will be presented. These will be followed by the results
from the analysis of the experimental data and a comparison with suitable theoretical calculations.

Experimental

A beam of *®Ni at 160 MeV/u from the NSCL Coupled Cyclotron Facility was fragmented on
a 410 mg/cm? thick Be production target at the entrance of the A1900 fragment separator. A 237-
mg/cm? thick aluminum wedge was placed at the intermediate image of the A1900. Contaminant
species were mostly removed by a momentum-defining slit at the exit of the A1900. The resulting
cocktail beam had a momentum spread of +0.25%, and an intensity of 8 x 10° particles per second.
It was composed by “°Ni (66%) at 110 MeV/u, ¥Co at 106 MeV/u (32%), and >*Fe at 102 MeV/u
(2%). Beam particles were identified on an event-by-event basis by measuring the particles’ timing
relative to the cyclotron RF with a 1-cm? in-beam diamond detector [21] installed at the object of
the S800 spectrograph [22].
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-um-thick Kapton foils. The target was placed 65 cm upstream
of the pivot point of the S800 spectrograph. A few runs with an empty target cell were acquired to
estimate the background due to events originated from the Kapton foils.
The liquid hydrogen target was surrounded by the newly-constructed Low Energy Neutron Detector
Array (LENDA) [20] which registered the timing of a neutron hit relative to the the signal from
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an in-beam diamond detector at the object of the spectrometer [16], the corresponding scintillation
light output, and the neutron’s hit position. This information provided the neutron emission angle
and energy on an event-by-event basis. For the experiment, 12 bars were placed to the left and 12
to the right of the beam line covering laboratory angles between 20° and 70°.The total solid angle
coverage by LENDA was 0.32 sr.

Event-by-event particle identification (PID) for beam residues produced in the target was performed
in the S800 spectrometer [22]. The energy loss (AE) and time of flight (TOF) of the residues were
measured with an ionization chamber and a plastic scintillator, respectively, which were located in
the focal plane of the spectrograph. The reference for the TOF measurement was provided by the
signal from the above-mentioned diamond detector. Two cathode-readout drift chambers (CRDCs)
at the focal plane provided two-dimensional hit-position information, which was used to determine
the momentum and angle of each particle track.

Analysis

The PID information taken from the focal plane of S800 in coincidence with neutron events
was used to identify the reaction products and the various background contributions. For the >°Ni
component of the incoming beam the relevant PID spectrum is presented in figure 1. The *°Cu,
3Ni, and >*Co loci in the figure correspond to possible final products of the °Ni + p reaction. For
excitation energies below the proton separation energy, >°Cu is the only product of the °Ni(p,n)
reaction. Above the one proton separation threshold, *°Cu can decay to *Ni, and above the two
proton separation energy, >*Co can be the final product. The corresponding neutron spectra for
these 3 cases are shown in figure 2. The lines in the spectra correspond to the neutron kinematics
for states in 3°Cu.  The fourth spectrum of the figure, gated on *Co, shows no correlation to
the (p,n) reaction and corresponds to accidental coincidences between background neutrons (most
probably from knockout reactions) and the S800 focal plane. The largest source of background was
caused by neutron-knockout events, in which a fast neutron was scattered of surrounding material
back into LENDA. Other contributions to the background, such as the interaction with the target
cell materials and random coincidences, were less significant.

Results

The results for the Gamow-Teller strength from *°Ni and >>Co that were deduced in this
work are presented in figure 3. The results of shell model calculations using the GXPF1A [15]
or GXPF1J [16] effective interactions of the GXPF1 [14] family and the KB3G [13] effective inter-
action of the KB family are presented in the same figure. All calculations in figure 3 were smeared
with the resolution of the experimental data in order to compare with the measurements. A quench-
ing factor of (0.74)> was used to account for the overestimation of the theoretical strength due to
missing degrees of freedom in the shell-model calculations [23]. The calculations with the KB3G
interaction feature a single maximum in the strength distribution for both °Ni and °>Co cases.
This strength appears lower in excitation energy and is more concentrated compared to the experi-
mental data. In the case of “°Ni, the double-peak structure observed in the experiments is missed.
The GXPFI family of interactions shows a better agreement with the data for both nuclei. For the
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Energy loss (arbitrary unit)

Time of flight (arbitrary unit)

Figure 1: Particle identification plot of Energy loss versus TOF for the reaction products detected
at the focal plane of S800 in coincidence with neutrons in LENDA.
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Figure 2: Experimental spectra of the neutron events in LENDA, gated with events on different
PID loci. In the panels associated with final states in which °Cu, >Ni and >*Co were detected in
the spectrometer, kinematic correlations associated with (p,n) reactions can be observed. For the
case where >3Co is observed, only background is present.
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case of °Ni it reproduces the basic characteristics of the double-peaked strength distribution. The
two interactions of this family, GXPF1A and GXPF1J represent successive improvements of the
GXPF1 interaction constrained by data [15, 16] for nuclei in the pf-shell and thus feature slight
differences in the calculated strength distribution for >Ni as seen in a comparison between figures
3 a) and 3 c). Since the most sophisticated database of weak reaction rates [17] is based on calcu-
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Figure 3: Experimental results for the Gamow-Teller strength. The experimental data points are
represented by black bullets. The green area surrounding the data corresponds to the estimated
systematic uncertainty while the error bars correspond to the statistical uncertainty of the data. The
blue dashed line corresponds to shell model calculations using the KB3G effective interaction [13]
while the red line corresponds to calculations using the GXPF1 interaction [14]. a) Experimental
data and theoretical calculations with KB3G and GXPF1J interactions for the GT strength from
SONj through the reaction 56Ni(p,n). b) The same for the GT strength from 3Co through the reaction
3Co(p,n). ¢) Same as a) but using GXPF1A interaction.

lations with an interaction from the KB family of interaction, it appears that further improvement
can still be made on the basis of the present results.

Conclusions

The GT strength from the astrophysically important nuclei 3°Ni and >>Co has been measured
for the first time using a novel technique that enables the study of CE reactions on unstable nuclei
without any limitations in mass or energy range. The results have been used to test shell-model
effective interactions. It is found that modest improvements to the most modern library of weak
rates are feasible by employing an interaction from the GXPF1 family of interactions, rather than
from the KB3G family.
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