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A new technique to measure (p,n) charge-exchange reactions in inverse kinematics at intermediate
energies on unstable isotopes was successfully developed and used to study the 56Ni(pm) reaction
at 110 MeV/u. Gamow-Teller transition strengths from °°Ni leading to **Cu were obtained and
compared with shell-model predictions in the pf-shell using the KB3G and GXPF1A interactions.
The calculations with the GXPF1A interaction reproduce the experimental strength distribution
much better than the calculations that employed the KB3G interaction, indicating deficiencies in
the spin-orbit and proton-neutron residual potentials for the latter. The results are important for
improving the description of electron-capture rates on nuclei in the iron region, which are important
for modeling the late evolution of core-collapse and thermonuclear supernovae.

PACS numbers: 21.60.Cs, 25.40.Kv, 25.60.Lg, 26.30.Jk

Electron capture (EC) and 3—decay on medium-heavy
nuclei play important roles in late stellar evolution [1]. In
core-collapse (type II) supernovae, these weak reactions
strongly affect the evolution towards the explosion [2, 3].
EC on °°Ni is an important contributor to the change
in electron-to-baryon ratio in core-collapse supernovae of
stars of 25-40 solar masses [4]. Accurate EC rates on
isotopes in the region near °*Ni are also critical to bet-
ter understand the nature of thermonuclear supernovae
(type Ia) [5] and help constrain the explosion models [6].

Gamow-Teller (GT; AL = 0, AS = 1, AT, = +1)
transition strengths are the key ingredient for calculat-
ing EC rates. In this work, we extract the GT strengths
from °°Ni in the AT, = —1 (87) direction using the
°0Ni(p,n) reaction at 110 MeV/u in inverse kinematics.
Because isospin-symmetry breaking effects are small, the
extracted strengths also describe GT transitions to *°Co
in the AT, = +1 (8%/EC) direction and directly im-
pact the EC rate estimates for the above-mentioned as-
trophysical processes. More important is that the results
provide a deeper insight into the validity of shell-model
calculations used to generate strength distributions for
many iron-group nuclei for which data are not available.

In the independent particle model, 5Ni with N=7Z=28
is doubly-magic. However, since both protons and neu-
trons occupy the same major (pf) shell, the proton-
neutron interaction is relatively strong, thereby softening
the f7 /5 core [7, 8]. Shell-model calculations with the KB
[9, 10] and GXPF1 [11, 12] families of interactions both

predict that the probability of a closed (f; /2)16 shell con-
figuration for *°Ni is about 65%. However, GT strengths
calculated with the KB family of interactions, which have
been used in the generation of a weak-reaction rate li-
brary for astrophysical calculations [13], differ drastically
[14] from those using the GXPF1 family. The differences
between the two sets of calculations impact the estimates
for EC rates on °°Ni by as much as 30% [14]. Moreover,
by resolving the ambiguity between the two shell-model
calculations for the case of 56Ni, 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.

Charge-exchange (CE) reactions at intermediate ener-
gies (F 2 100 MeV/u) have been used extensively to
investigate isovector excitations, and in particular to ex-
tract GT strength distributions [15]. The need to bench-
mark weak reaction rates on isotopes in the pf shell of
importance for stellar evolution has motivated many ex-
periments on stable nuclei. However, the development of
experimental techniques to study charge-exchange reac-
tions on unstable isotopes has been a challenge; success-
ful experiments have focused on the study of relatively
light nuclei and at low excitation energies (see e.g. [16—
18]). In this letter, a new technique for performing (p,n)
experiments with unstable isotopes of any mass and up
to high excitation energies is presented. The low-energy
recoil neutron produced in the inverse (p,n) reaction is
used to reconstruct the excitation energy (E;) and scat-



tering angle in the center-of-mass (c.m.) frame (0., );
the detection of the heavy residue (here, *Cu) or one of
its decay products is used to tag the CE reaction.

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 fragment
separator [19]. The secondary beam was purified by plac-
ing a 237-mg/cm? thick aluminum wedge at the interme-
diate image and a momentum-defining slit at the A1900
focal plane. The resulting cocktail beam of N = 28 iso-
tones, with a momentum spread of £0.25%, had an in-
tensity of ~ 8 x 10° pps and contained %°Ni at 110 MeV /u
(66%), 55Co at 106 MeV /u (32%), and **Fe (2%) at 102
MeV/u. The beam energies were obtained by injecting
the beams into the spectrograph and measuring their mo-
menta. The beam was transported to a liquid hydrogen
target placed 65 cm upstream of the pivot point of the
S800 spectrograph [20]. The target had an average thick-
ness of 60 mg/cm? and was contained by 125-um thick
Kapton foils. The time of flight (TOF) between an in-
beam diamond detector [21] placed upstream of the tar-
get and a plastic scintillator placed in the focal plane
of the spectrograph uniquely labeled the isotopes in the
cocktail beam. The TOF measurement was combined
with the energy loss measurement in an ionization cham-
ber to perform the particle identification (PID) of the
heavy residues. PID plots for events generated by 56Ni
and 55Co beams are shown in Figs. 1(a) and (b), respec-
tively. PID gates in these plots were used to select resid-
ual particles in the spectrograph. The two-dimensional
widths of these gates varied between 1o and 20 to reduce
the contamination from neighboring isotopes to insignif-
icant levels.

Recoil neutrons from the (p,n) reaction were detected
in the newly constructed Low Energy Neutron Detec-
tor Array (LENDA) [22], consisting of 24 plastic scin-
tillators bars placed at beam height and at 1 m from
the target. Each bar had a vertical height of 300 mm
(A¢p = £8.5°), a depth along the axis through the target
of 25 mm, and a width of 45 mm (A# = £2.6°). Labora-
tory angles between 20° and 70° were covered, with gaps
of 1.7° between bars. High-gain photomultiplier tubes
were attached to both ends of each bar. The time refer-
ence for the neutron TOF measurement, from which the
neutron energy was deduced, was provided by the above
mentioned in-beam diamond detector. The neutron TOF
resolution was 700 ps. The light-output thresholds were
set to 35 keV electron-equivalent. Neutron-detection ef-
ficiencies, ranging from 40% at F,, = 0.3 MeV to 20%
at £, = 4.0 MeV, were calculated using the simulation
code MCNP [23]. The validity of the simulations was
confirmed by comparing with measured efficiencies using
a 252Cf fission source [24].

Decay by proton emission of 5Cu (proton-separation
energy of 560 keV) to 5°Ni was dominant for E,(**Cu)>
1 MeV. Above E,(°°Cu)~ 6 MeV, decay by two sub-
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FIG. 1: PID spectra in the spectrograph for events associ-
ated with the **Ni component (a) and ®*Co component (b) in
the beam. The event selections for *°Ni,>Co(p,n) CE reac-
tions used in the analysis are indicated by the ovals (c) Dif-
ferential cross sections for the *>Co(Z ™ ,g.s.)(p,n)*°Ni(Z ™ ,g.s.)
reaction and the 5°Ni(p,n)*¢Cu reaction at E,(°®Cu)=4-4.5
MeV. The angular range for the former transition is limited
to Oc.m. < 8° by the acceptance of LENDA. In both cases
the angular distribution is well-reproduced by DWTIA calcula-
tions assuming AL = 0 contributions only. For comparison,
angular distributions associated with AL =1 and AL =2 are
shown as well.

sequent proton emissions to ®*Co becomes energetically
possible, but no significant contribution from this de-
cay channel was observed below E,(°®Cu)=10 MeV.
Gamow-Teller transitions mainly populate states be-
low that energy. Therefore, the present discussion fo-
cuses on events in which neutrons detected in LENDA
were coincident with the detection of either Cu or
®Ni in the spectrograph. = We also analyzed the
Co(%" ,g.s.)(p,n)*Ni(Z ™ ,g.s.) reaction (°°Ni detected
in the spectrograph). It is useful for calibration purposes
since the logft=3.6 is known from ST decay [25].

Values of E, and 6.,, were reconstructed from the
kinetic energy and laboratory scattering angles of neu-
trons detected in LENDA in coincidence with the resid-
uals in the spectrograph. The excitation-energy resolu-
tion varied from 1 MeV at 0.,,. = 2° to 2.2 MeV at
Oc.n. = 20°. The uncertainty in 6., was less than
0.5°. The data were grouped in excitation-energy bins
of 0.5-MeV wide and center-of-mass scattering-angle bins
of 2° wide and corrected for geometrical acceptances and
neutron-detection efficiencies. Absolute differential cross
sections were determined with an uncertainty of 10% by
taking into account the efficiencies of the detectors and
PID gates, the transmission of the beam from the dia-
mond detector to the target and the dead time of the
data acquisition system.

The °°Ni(p,n)%6Cu—5°Ni+p channel was contami-
nated by °°Ni—®°Ni+n knock-out/fragmentation reac-
tions. Such processes are not associated with the pro-
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FIG. 2: (color online)Differential cross sections and the MDA
of the 56Ni(p7n)560u* data. Results are presented for 6c . =
2° — 4° (a,c) and fc.m. = 10° — 12° (b,d). The spectra are
shown separately for events in which **Cu does not decay by
proton emission and is detected in the focal plane of the spec-
trograph (a,b) and for events in which 56Cu decays by pro-
ton emission and ®°Ni is detected in the spectrograph (c,d).
Above 10 MeV, events associated with the detection of **Co
in the spectrograph (due to two decays by proton emission
from °®Cu) contribute. This energy is indicated by an ar-
row in (d), but these events are not included in the figures.
(e) shows the spectrum measured at 0c..,. = 2° — 4° without
the artificial smearing applied to the data in (c) (see text for
details). Two peaks at E,(**Cu)=3 and 5 MeV are clearly
visible in this spectrum.

duction of low-energy recoil neutrons, but with fast
forward-peaked neutrons that could indirectly scatter
from the surroundings into LENDA. The featureless
shape of this background was found to be nearly inde-
pendent of the reaction channel and was estimated by
using ?*Ni—?3Co+2n + p events, since °*Co cannot be
created in the decay of *°Cu excited to energies under
consideration. The modeled background was scaled to
match the spectra containing the CE events for unphys-
ical values for E,. The uncertainty in this subtraction
procedure was the largest source of systematic errors in
the analysis (~ 15%).

The GT strength (B(GT)) can be extracted from the
data by using the well-established proportionality be-
tween the AL = 0 cross section at 0° (car—0(0°)) and
B(GT) [26]:

UAL:()(OO) = 6’GTF(q,w)B(GT)/fGT7 (1)

where gt is the GT unit cross section and F(q,w)
represents the dependence of oar—¢ on the momentum
(¢) and energy (w) transfers. For a pure GT transi-
tion, fer = 1 and for a transition that has both GT
and Fermi (AL = 0,AS = 0) components, fer < 1.
For Fermi transitions, a proportionality similar to Eq.
(1) exists, but with a different unit cross section 6.
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FIG. 3: (color online) Extracted GT strength distribution in
% Cu and the comparison with shell-model calculations using
the KB3G and GXPF1A interactions. The indicated system-
atic error band does not include the uncertainty in the abso-
lute value of the GT unit cross section. Statistical errors are
dominated by the uncertainties in the MDA fitting and for
some data points are smaller than the markers.

The GT unit cross section was calibrated using the
55Co(%" ,g.5.)(p,n)*°Ni(Z ™ ,g.s.) excitation, for which the
measured differential cross sections are shown in Fig.
I(c). The value of fgr = 0.51 £ 0.03 for this transi-
tion was established by using the known Fermi (B(F') =
N —Z = 1) and GT (B(GT) = 0.267 [27]) strengths
and the ratio R? = UUG—T = 4.0 4+ 0.2, which was derived
from its well-established beam energy dependence [26].
The values of F(q,w) for the Fermi and GT contributions
were determined in the Distorted-Wave Impulse Approx-
imation (DWIA; see below) and differed by less than 1%.
oar—0(0°) was extracted from the data by fitting the cal-
culated differential cross sections in DWIA (also shown
in Fig. 1(c)) to the experimental cross sections. By us-
ing Eq. (1), we found that gt = 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 [26].

To apply Eq. (1) to the 55Ni(p,n) data, the forward-
peaking AL = 0 contributions to the full excitation en-
ergy spectrum must be isolated from contributions with
AL > 0, whose angular distributions do not peak at 0°.
This was done by performing a multipole decomposition
analysis (MDA) [28, 29] in which the angular distribution
for each bin in E,(°°Cu) was fitted with a linear combi-
nation of calculated angular distributions in DWIA with
AL = 0,1 and 2. The inclusion of additional components
with AL > 2 did not improve the quality of the fits. Be-
cause the resolution in FE, deteriorated with increasing
angle, the spectra at forward angles were smeared with
gaussian line shapes to avoid artificial biases in the MDA.
The DWIA calculations were performed with the code
DW81 [30], in conjunction with the effective interaction
at 140 MeV from Ref. [31] and optical potentials from
Ref. [32]. A normal-modes procedure [33] was used to
generate the transition densities, which can be regarded
as an average over all possible 1p — 1h contributions.

In Fig. 2(a-d) the results of the MDA are shown for



spectra at two scattering angles, and separately for events
associated with the detection of **Cu and 5°Ni in the
spectrograph.  Also shown in Fig. 2(e) is spectrum
at forward scattering angles, but without the smearing
applied to account for the deterioration of the resolu-
tion at larger scattering angles as described above. Two
peaks at 3 and 5 MeV can clearly be seen. The MDA
shown in Fig. 2(c,d) indicates that 95% of the yield for
1 < E,(°*Cu)< 6 MeV is due to AL = 0 GT transi-
tions. Above 6 MeV, dipole transitions dominate. Below
the proton-decay threshold [Figs. 2(a,b)], no significant
GT strength is found, and the response is dominated by
transitions with AL = 2.

Eq. (1) was then applied to the extracted values of
oAL—0, With the unit cross section determined from the
%Co data. The extracted GT strengths from the spectra
associated with ®**Cu and °Ni residuals were then com-
bined in a single strength distribution as shown in Fig.
3. Because nearly all the yield at 1 < E,(°®Cu)< 6 MeV
was due to GT transitions, the unsmeared distribution
shown in the inset of Fig. 2(e) was used in the determi-
nation of the final strength distribution, corrected for the
small contributions (~ 5%) from other multipolarities ex-
tracted in the MDA. The systematic errors (blue band)
are dominated by the uncertainties in the background
subtraction, the input parameters of the DWIA calcula-
tions and the smearing procedure. The uncertainty of
15% in g7 is not included in this band.

Also shown in Fig. 3 are shell-model calculations [34]
performed in the full pf shell, using the KB3G [10] and
GXPF1A [12] interactions, which have been smeared
with the experimental resolution. Following Ref. [35],
both strengths have been scaled by a quenching factor
(0.74)2, associated with degrees of freedom that cannot
be included in the shell-model theory. Except for a shift
of about 0.5 MeV, the calculations with the GXPF1A in-
teraction match the shape of the experimental strength
distribution quite well. In contrast, the calculation with
the KB3G interaction predicts that a large fraction of the
strength is concentrated in a single state at 3 MeV. In
both calculations, the GT strength is dominated by con-
tributions from f7,5-f5/2 1p — 1h excitations. However,
due to weaker spin-orbit and residual proton-neutron po-
tentials in case of the KB3G interaction, the average ex-
citation energy for GT transitions is lower by about 1.5
MeV compared to the GXPF1A interaction. Since the
level density rapidly increases with increasing excitation
energy, the spreading of the strength is enhanced in the
case of the GXPF1A interaction, resulting in a broaden-
ing of the strength distribution. The effect is enhanced
by the fact that the predicted level densities for 11 states
with the GXPF1A interaction were about double those
predicted with KB3G for E,(°®Cu)< 7 MeV. The inte-
grated GT strengths for E,(°°Cu) < 7 MeV predicted in
the theory [EB(GT) = 5.53(5.23) for GXPF1A (KB3G)]
are slightly higher than those extracted from the data

[EB(GT)exp = 3.5 % 0.3(stat.)£1.0(syst.)]. However,
given the additional uncertainty in égr, it is not possible
to determine whether these differences are significant.

In summary, we have developed a new method to per-
form (p,n) charge-exchange experiments at intermedi-
ate energies in inverse kinematics, which enables the
study of isovector excitations in unstable isotopes over
large excitation-energy ranges. The method was success-
fully applied to the extraction of Gamow-Teller transi-
tion strength from the astrophysically important nucleus
56Ni. Shell-model calculations with the KB3G interac-
tion, which is a slightly improved version of the interac-
tion used for creating the most comprehensive weak-rate
library available, do not reproduce the data. Calcula-
tions with the GXPF1A interactions match the data bet-
ter. The relatively weak spin-orbit and residual proton-
neutron interactions in case of the calculation with the
KB3G interaction were identified as the main cause for
the discrepancy between these calculations and the data.
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