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Abstract

Spin–isospin excitations of the medium-mass nucleus58Co were studied using the(n,p)-type (d,2 He) charge-exchang
reaction at an incident energyEd = 170 MeV and small scattering angles. The achieved energy resolution of 130 keV, full
at half maximum, allowed the extraction of Gamow–Teller strength to 13 peaks at excitation energies lower than 4.1 Me
residual nucleus58Co and is consistent with the results of a multipole-decomposition analysis. The identification of Ga
Teller transitions is possible by comparison of the measured cross sections with DWBA calculations. The results ar
discuss the relevance of the Gamow–Teller strength distribution at low excitation energy with regard to electron-capt
used in calculations for the final stage of a massive star.
 2003 Elsevier B.V.
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It was recognized by Bethe et al. [1] and by Full
Fowler and Newman (FFN) [2] that Gamow–Tell
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(GT) transitions in fp-shell nuclei play a decisive ro
in the calculation of the weak-interaction rates
processes taking place during the last few days
heavy star in its presupernova stage. In recent ye
new developments in nuclear-structure physics h
led to renewed interest in the role of the GT stren
distribution in fp-shell nuclei. The GT strength dist
bution can be determined using the(d,2 He) reaction
[3,4]. High-resolution spectra for this reaction are n
available for light nuclei [5] and this program is b
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ing extended to medium-weight nuclei. From the th
oretical side, the development of shell-model co
by Caurier et al. [6,7] and new computer hardw
made it possible to calculate relevant strength
tributions in fp-shell nuclei using about 10 millio
configurations. The results obtained in these rec
large-scale shell-model calculations indicate that
electron-capture rates are generally smaller than
assumed by FFN [8]. These conclusions have led
revision of presupernova models [9,10] resulting i
smaller mass of the iron core of the presupernova
and a larger value for the electron-to-baryon ratioYe
as compared to the models based on the work of F

Two things should be emphasized here. Firstly,
cause of phase-space considerations in the astrop
cal environment, the electron-capture rates can dep
strongly on the GT strength at low excitation energ
Secondly, the available experimental data obtained
the GT strength distribution have until recently be
hampered by a rather poor energy resolution, mak
a detailed comparison between theory and experim
difficult. Nevertheless, the unpolarized(n,p) data ob-
tained for fp-shell nuclei [11] have been used, amon
other data, as a benchmark for the recent large-s
shell-model calculations [7].

In this context, we report in this Letter on the r
sults obtained for the58Ni(d,2 He) charge-exchang
reaction at a bombarding energy of 170 MeV. T
reaction can be used to probe the GT strength
tribution in theβ+ direction and to evaluate the im
pact on electron-capture rates in the astrophysica
vironment. The unbound di-proton system is refer
to as2He, if the two protons are in a relative1S0 state.
Experimentally, an almost pure1S0 state can be se
lected by limiting the relative energy of the di-proto
system to less than 1 MeV, as in this case the c
tribution of higher-order partial waves is of the ord
of a few percent only [12]. Furthermore, the react
mechanism forces a spin–flip and isospin–flip tran
tion (∆S = ∆T = 1). Therefore, at small momentu
transfers, the(d,2 He) reaction mainly probes the G
strength.

The58Ni(d,2 He) reaction was studied at the AGO
facility at KVI using the Big-Bite Spectrometer [13
and the EuroSuperNova focal-plane detection syst
which can be used amongst other things for the p
cise detection of2He at very small scattering angle
[14]. A 170 MeV deuteron beam was used to bomb
-

a 4.7 mg/cm2 self-supporting58Ni target enriched to
99.8%. Using the dispersion-matching technique,
energy resolution of 130 keV full width at half ma
imum (fwhm) was achieved, which is at least a fa
tor of 3 better than what has been achieved in
mer (d,2 He) experiments [3,4,15]. The experime
tal method and data-reduction techniques have b
described in our paper on the GT transitions to lo
lying states in12B and24Na [5]. The extracted double
differential cross section up toEx = 10 MeV is shown
in Fig. 1(a) and compared to data from the58Ni(n,p)
reaction [11]. Further details of the present analy
together with a full description of the experimen
procedure and analysis, will be presented in a fo
coming paper [16].

For the regionEx < 4.1 MeV, experimental angula
distributions were obtained using the program FIT
[17] by fitting the spectra with peaks at 6 angular b
in the range betweenθ = 0◦ and 6.5◦. Up to Ex =
2.3 MeV, the excitation energy ofJπ = 1+ states
listed in Ref. [18] were used in the fit. Between 2.3<
Ex < 4.1 MeV, other peaks with∆L= 0 strength can
be identified based on enhanced cross sections n
scattering angle of 0◦ as compared to more backwa
scattering angles (i.e.,θc.m. = 4◦). The function used
to fit all 13 peaks is a Gaussian with at both sid
an additional exponential function used to descr
the tails of the peaks. These tails are most lik
caused by the reconstruction of the excitation ene
in 58Co from the measured momentum vectors of b
protons detected in coincidence in the focal pla
of the spectrometer. This reconstruction requires
only a determination of the energy of each pro
but also its complete scattering angle at the ob
point (i.e., target position) of the spectrometer. In
applied fitting procedure the heights and positions
the peaks were varied, keeping their relative positi
for all 6 angular bins fixed, while their widths we
fixed to the measured resolution of 130 keV (fwhm
The relative positions for peaks 1 to and including
were taken from Ref. [18]. The relative positions
the other 8 peaks were taken from the compari
between forward and backward scattering angles.
parameters of the two additional exponential functio
were chosen on basis of the fit of the peaks at
excitation energy; a detailed decomposition of th
low-lying peaks is given in Fig. 1(b). As an excepti
a peak caused by contamination of the target w
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hydrogen

only
Fig. 1. (a) The solid histogram shows the double-differential cross section for the58Ni(d,2 He) reaction integrated over the solid angle betwe
θ = 0◦ and 1◦. Numbers indicate peaks used in the data analysis (see Table 1). The peak caused by contamination of the target with
is indicated by ‘H’. The dashed histogram presents the double-differential cross section from the(n,p) reaction at a scattering angle ofθ = 0◦
measured by El-Kateb et al. [11]. (b) Fitted peaks for the(d,2 He) spectrum at low excitation energy.

Table 1
Gamow–Teller strength for peaks identified in58Co using the58Ni(d,2 He) reaction. The ratioσ∆L=0/σ tot denotes the∆L= 0 fraction of the
cross section at 0.5◦ , neglecting the smallD-state admixture in the wave function of the deuteron. The listed uncertainties are statistical

Ex in 58Co (MeV) dσ∆L=0(0.5◦)
dΩ

(mb/sr) σ∆L=0/σ tot Bexp(GT+)
1 1.050a 0.159±0.009 0.88b 0.15±0.01
2 1.435a 0.078±0.006 1.00 0.09±0.01
3 1.729a 0.148±0.014 1.00 0.16±0.02
4 1.868a 0.648±0.020 1.00 0.72±0.05c

5 2.249a 0.047±0.004 1.00 0.05±0.01
6 2.66d 0.057±0.005 0.96 0.06±0.01
7 2.86d 0.145±0.009 0.99 0.17±0.01
8 3.10d 0.126±0.008 0.99 0.15±0.01
9 3.41d 0.065±0.007 0.96 0.07±0.01

10 3.52d 0.080±0.009 0.95 0.09±0.01
11 3.63d 0.067±0.007 0.87 0.07±0.01
12 3.90d 0.062±0.006 0.97 0.07±0.01
13 4.03d 0.155±0.010 1.00 0.19±0.01

a From Ref. [18].
b Mixture ofL= 0 andL= 2; see Ref. [16].
c Normalized to Ref. [23] assuming isospin symmetry; see text.
d Estimated uncertainty is 25 keV.
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hydrogen was fitted with a Gaussian-shaped pea
variable width, because of the kinematical broaden
of this line. We estimate the uncertainty on the fitt
excitation energies of the states 6 until 13 to be ab
25 keV.

In Table 1, the identified∆L= 0 strength forEx <

4.1 is summarized; it should be emphasized that
each peak listed, its angular distribution is consist
with anL = 0 transition as calculated in DWBA ex
plained below. Although Ref. [18] lists for the regio
2.3<Ex < 4.1 MeV many states with low spin value
or even with tentativeJπ = 1+ assignments, a leve
by-level comparison with our data set is very difficu
Because of this difficulty a multipole-decompositi
analysis (MDA) has been made in addition to t
peak-fitting procedure. In the MDA no explicit a
sumptions as to the shape or position of the contri
ing peaks or structures are made. For statistical
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Fig. 2. Examples of differential cross sections observed in the58Ni(d,2 He) reaction. The contributions from∆L = 0,2 are indicated by the
dashed, and the dash-dotted lines, respectively. The full line represents the incoherent sum of the components.
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sons, the experimental excitation energy for the 6
ferent angular regions are binned into energy inter
of 1 MeV. Also no quasi-free charge-exchange ba
ground has been subtracted, following the assump
that the observed cross sections forEx < 7 MeV are
primarily originating from single-step reactions lea
ing to 1p–1h excitations (see, e.g., Refs. [19,20]). T
only input in the MDA is therefore the shape of the d
ferent angular distributions as a function of excitat
energy and scattering angle.

The angular distributions for the(d,2 He) reaction
were calculated with the computer code ACCBA [21]
in the distorted-wave Born approximation (DWBA
As an example, measured and calculated ang
distributions for the excitation of two states are sho
in Fig. 2. These calculated angular distributions a
the deduced cross sections for the 6 angular bins w
used to determine the cross section atθc.m. = 0.5◦
for the 13 peaks identified in Fig. 1; see Table
for the results. In the MDA it is assumed that t
measured differential cross sections can be wri
as an incoherent sum of the calculated cross sec
weighted with coefficientsc∆Jπ :

(1)

σexp(θc.m.,Ex)=
∑
∆Jπ

c∆Jπ × σcalc
(
∆Jπ, θc.m.,Ex

)
.

In principle, the sum should run over all allowed spi
parity transfers. However, microscopic calculatio
show that for small momentum transfers the shape
the calculated angular distributions are predomina
characterized by the orbital angular momentum tra
fer ∆L. In the MDA the following transitions were
taken into account∆L = 0, 1, and 2. Using a leas
squares minimization procedure, the∆L = 0 cross
sections at 0.5◦ have been extracted in this MDA an
will be used to compare the GT strength distribut
obtained through the peak-fitting procedure with
one based on the MDA. The measured(d,2 He) cross
sectionsσ(q,ω) for low momentum transfer∆L= 0,
Jπ = 1+ transitions can be related to the correspo
ing GT strengthB(GT+) in a similar way as describe
by Taddeucci et al. [22] for the(p,n) reaction through

(2)Bexp
(
GT+) = dσ(q = 0,ω = 0)

dΩ

[
dσ̂GT

dΩ

]−1

,

where the proportionality factor̂σGT is called the “unit
cross section”. In all cases, the cross section at
momentum transfer and zero energy transfer can
related to the experimental cross section measure
small scattering angles using an extrapolation ba
on DWBA:

dσ(q = 0,ω = 0)

dΩ

(3)= dσexp(q,ω)

dΩ
× σDWBA(q = 0,ω = 0)

σDWBA(q,ω)
.

Because we have made our measurement at small
tering angles, this correction is for excitation energ
up to 10 MeV less than 15%. The unit cross sect
σ̂GT was evaluated by comparing the strongest p
in the (d,2 He) spectrum at 1.868 MeV with its iso
baric analog transition measured in the (3He, t) reac-
tion at 450 MeV. The58Ni(3He, t) reaction revealed
Bexp(GT−) value of 0.120±0.008 for the analog pea
at 10.82 MeV in58Cu [23]. Applying isospin sym-
metry for theA = 58 system [24], the squares of th
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us-
isospin Clebsch–Gordan coefficients for the(p,n)-
type and the(n,p)-type reactions on58Ni, for which
the isospin quantum numbers of its ground state
T = Tz = 1, can be calculated to be 1/6 and 1, resp
tively. Thus, the GT+ strength of the analog transitio
in the (d,2 He) reaction to the state at 1.868 MeV
58Co can be assigned to be 0.72 ± 0.05. The unre-
solved peak to left of peak number 4 is the 1.729 M
Jπ = 1+ state listed in Ref. [18]. It should be note
that in the work of Ref. [23] aJπ = 1+ state at 10.597
MeV in 58Cu and at 10.492 MeV in58Ni was iden-
tified through the(3He, t) and (p,p′) reactions, re-
spectively. Again using isospin symmetry these sta
may very well correspond to the known 1.729 Me
state in58Co which is further supported by the valu
of theB(GT−) strength measured in the (3He, t) re-
action: B(GT−) = 0.028± 0.006 [23]. This should
correspond to 0.17± 0.04 for the(d,2 He) reaction,
in agreement with our data:Bexp(GT) = 0.16± 0.02.
Using Eq. (2), the differential unit cross section f
the transition to peak number 4 shown in Fig. 1 c
be calculated to bedσ̂GT/dΩ = 1.01± 0.06 mb/sr. In
all cases, theBexp(GT) values are given in such uni
that for theβ-decay of the free neutron,Bexp(GT)= 3.
In Table 1 the results of the analysis based on
peak-fitting procedure are summarized. Transition
known 1+ states were assumed to be pure GT+ tran-
sitions, whereas for other transitions the result of
fitting procedure was used to extract their∆L= 0 con-
tribution; see Ref. [16] for details. In Table 2, the r
sults of the MDA are listed. In both tables, the ind
cated errors for the cross sections and theBexp(GT+)
values are statistical only. We estimate the system
error on the(d,2 He) cross sections, which include
also the acceptance correction of the spectrometer
16], to be about 20%.

In Fig. 3, we compare theB(GT+) strength ob-
tained from the present experiment, with the data fr
the (n,p) reaction [11]. The dots in the upper pan
represent the results from the peak-fitting proced
the gray histogram those from the MDA. Up to an e
citation energy of 4 MeV, the integratedBexp(GT+)
strength obtained through the two different method
consistent: 2.04± 0.06 for the peak-fitting procedur
versus 1.9 ± 0.2 for the MDA. Taking into accoun
systematic errors, we find up toEx = 4 MeV an inte-
gratedB(GT+) value of 2.1± 0.4, which is in agree-
ment with the integratedB(GT+) strength of 2.7±0.3
Table 2
Gamow–Teller strength identified in58Co using MDA

Ex in 58Co (MeV) Bexp(GT+)
0.5 0.06± 0.05
1.5 0.97± 0.12
2.5 0.34± 0.06
3.5 0.53± 0.07
4.5 0.48± 0.07
5.5 0.23± 0.04
6.5 0.19± 0.04
7.5 0.17± 0.03
8.5 0.20± 0.04
9.5 0.23± 0.04

Fig. 3. Upper panel: the experimental GT strength distribution lis
per peak (dots; see Table 1) and per bin of 1 MeV (gray histogr
see Table 2). In addition, we show the results from the(n,p)

reaction [11] in GT strength per MeV. Lower panel: the results fr
the present calculations using the KB3G interaction and those
Caurier et al. [7].

deduced from the(n,p) reaction [11]. In the lowe
panel of Fig. 3, we present the results of large-sc
shell-model calculations for the GT strength distrib
tion. The open squares show the results of the calc
tions performed by Caurier et al. [7] which have be
used in the tabulation of weak-interaction rates
The results displayed as dots have been obtained
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ing the more recent KB3G effective interaction [25]
should be noted that the theoretical results have b
calculated using a quenching factor of 0.74 for
GT operator (cf. Ref. [25]). It is seen from this fig
ure, that the new calculations using the KB3G inter
tion reproduce the GT strength distribution as obtai
from the (d,2 He) reaction fairly well, especially fo
the low-lying states; this is in contrast to the resu
from the earlier calculations [7].

The experimental data will now be used to see
these new results can have an impact on the elec
capture rate in the stellar environment. The meth
to calculate electron-capture rates follows the form
ism derived by FFN [2]. As representative values
the temperature, density andYe we take the condi
tions following silicon depletion for the model la
beled LMP listed in Table 2 of Ref. [10] (T9 = 4.05
whereT9 measures temperatures in units of 109 K,
ρ = 3.18× 107 g cm−3, Ye = 0.48). This correspond
to the evolution of the core of a 25 M	 star using
the weak-interaction rates of Ref. [8]. At the fini
temperature conditions present in the star, the c
tribution of transitions starting from excited nucle
states is non-negligible. For the particular conditio
given above, the shell-model calculations predict t
the contribution of excited states of58Ni enhances by
50% the rate as calculated using only the ground-s
contribution. Therefore, we keep the contribution
excited states fixed as determined by the calculat
of Ref. [8] and recompute the ground-state contri
tion using the GT-strength distribution measured in
(n,p) and (d,2 He) reactions or computed using th
KB3G interaction. Fig. 4 displays the rate as a fu
tion of temperature and for the values of density a
Ye discussed above. The theoretical rates compute
Ref. [8] and those based on the KB3G interaction
experimental excitation energies for the first two+
states in58Co as given in Ref. [18]. It is seen from
this figure that especially at low temperatures the
tails of the GT-strength distribution has a strong i
pact on the electron-capture rate. The rates calcul
applying the results from the MDA (see Table 2) a
substantially larger as compared to the rates using
high-resolution data listed in Table 1.

Fig. 5 shows the electron-capture rates relative
the ones computed using the(d,2 He) data for the
ground-state contribution as listed in Table 1. It is se
that the rate based on the KB3G interaction and on
Fig. 4. Upper panel: electron-capture rates using GT strength
the (n,p) measurement [11], and the(d,2 He) measurement with
data as listed in Tables 1 and 2. Lower panel: obtained from
shell-model calculations using the KB3G interaction, the ear
work of FFN [2], and Caurier et al. [7].

(n,p) data agree rather well for the relevant temp
ature range (3< T9 < 4). The rate based on the ca
culations of Caurier et al. [7] shows deviations o
factor 3 and more for the lowest temperatures. Ho
ever, this effect does not seem to be systematic as
the KB3G interaction and the interaction of Ref. [
yield a similar description for the decay of56Cu [26].
For the relevant temperature range, the FFN rate
viates by at most a factor 2. It should be noted t
this FFN rate [2] does not include any quenching f
tor which, if taken into account, will cause the rat
to become smaller. It is clear from Fig. 5 that the n
high-resolution experimental information can provi
the clues to decide between otherwise rather sim
effective interactions. Moreover, in the calculatio
the location of the states at low-lying excitation e
ergy are constrained by experimental data, which i
course important at the lower temperatures. We n
here that there are many nuclei which contribute, o
more significantly than58Ni, to the electron-captur
rate in the presupernova stage. It is therefore quite
portant to check the shell-model predictions for ot
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Fig. 5. Electron-capture rates relative to the rate obtained from
(d,2 He) data; see also caption to Fig. 4.

nuclei. In particular, the noted difference between
FFN [2] and the large-scale shell-model calculati
calls for a crucial test of both calculations using t
present technique employing the(d,2 He) reaction. In
addition, the use of radioactive-ion beams to study
GT strength distribution is of importance, especia
for (N − Z)/A > 0.1, where the GT strength move
to even lower excitation energy [8]. For instance,60Co
is a key nucleus because based on the FFN mode
most important electron-capture rate is caused by
60Co(e−, ν)60Fe reaction [9] for a huge range of tem
peratures and densities during the presupernova
lution. This rate is greatly reduced in the tabulati
of Ref. [8]. Future high-resolution data could provi
an accurate determination of the electron-capture
on 60Co.
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