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Gamow-Teller unit cross sections of the ( p,n) reaction at 198 and 297 MeV on medium-heavy nuclei
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Gamow-Teller (GT) unit cross sections, σ̂GT, are obtained at 198 and 297 MeV by measuring the double
differential cross sections at 0◦ for the (p,n) reaction on 58Ni, 70Zn, 114Cd, 118Sn, and 120Sn. The mass dependence
of σ̂GT and the ratio of σ̂GT to the Fermi unit cross section, σ̂F, (R2) are also derived in the mass region of
58 � A� 120. The σ̂GT value for 90Zr at 297 MeV interpolated using the A-dependence obtained herein agrees
with that used in a previous analysis where the GT transition strength over a wide energy region up to the
continuum was discussed. However, the deduced 64Ni σ̂GT value at 198 MeV is 20% smaller than that obtained
from the analysis of a previous (n,p) measurement. The present R2 values in the mass region heavier than 42Ca
are larger than those in the region up to 42Ca and increase as a function of A.
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I. INTRODUCTION

Nuclear spin and isospin processes have attracted much
attention because their collectivities are closely related to the
properties of nuclear interactions in the spin-isospin channel
[1,2]. Among them, the Gamow-Teller (GT) transition is
the simplest because both spin and isospin transfers change
their respective quantum numbers by one unit, but the other
quantum numbers remain the same. Collective aspects of the
GT transition have been studied extensively for light to heavy
nuclei over a wide excitation-energy region including the GT
giant resonance (GTGR) [3–5]. In particular, fp-shell nuclei
[6–8] have been intensely studied due to their astrophysical
significance. Knowledge of weak processes in stellar cores,
especially the GT transition, is essential to the understanding
of stellar-core evolution, which leads to supernovae [9].

The β-decay provides the most reliable experimental source
for the GT transition strength, B(GT). Unfortunately, GT states
of interest are normally located in a high excitation-energy
region which is inaccessible by the β-decay. Thus, the (p,n)
reaction at intermediate energies (Tp � 100 MeV) is a powerful
probe to explore such relatively high excitation-energy regions.
When this reaction excites a GT state, angular momentum
is not transferred from the target nucleus to the projectile
(�L = 0), which implies that the angular distribution of the
differential cross section peaks at 0◦. The GT cross section
measured at 0◦, σGT(0◦), is expected to be related to the
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corresponding B(GT) value through the proportionality,

σGT(0◦) = σ̂GTF (q,ω)B(GT), (1)

where the proportionality factor, σ̂GT, which is called the
“GT unit cross section,” depends on the incident energy
and target mass [10]. Herein the σ̂GT values for a variety
of masses are determined. The definition of B(GT) is often
a source of confusion. Herein B(GT) ≡ |〈f ||∑k �σkt

−
k ||i〉|2/

(2Ji + 1), where |i〉 and |f 〉 are the initial and final states,
respectively,

∑
k �σkt

−
k is the so-called GT operator, the sub-

script, k, runs over all the neutron orbits of the target nucleus,
�σk is the usual Pauli spin operator, t−k is the isospin lowering
operator, and Ji is the total spin of the initial state. F (q,ω),
which gives the dependence of σGT on the momentum (q) and
energy (ω) transfers, is defined as the ratio of the cross section
at finite (q,ω) values to that at (q = ω = 0) and can be reliably
calculated by employing a distorted wave impulse approxima-
tion (DWIA). On the other hand, theoretical estimates of σ̂GT

suffer from uncertainties in the relative strength of the isovector
part of the NN interactions, the effect of distortions, etc.
Hence, to extract reliable B(GT) values, σ̂GT must be calibrated
empirically for every incident-energy and mass region.

A σ̂GT value can be determined by measuring the cross
section at 0◦ for a GT transition whose B(GT) value is
deduced from a f t-value for the corresponding β-decay.
In most cases, an accurate f t-value exists only for the
transition between the ground states. Therefore, the tran-
sition to the ground state must be separated from those
to the excited states. However, the relatively poor energy
resolution in (p,n) experiments where kinetic energies of
neutrons are determined by the time-of-flight (TOF) method

0556-2813/2009/79(2)/024602(9) 024602-1 ©2009 The American Physical Society

http://dx.doi.org/10.1103/PhysRevC.79.024602
mailto:sasano@nucl.phys.s.u-tokyo.ac.jp
http://nucl.phys.s.u-tokyo.ac.jp/sasano
http://nucl.phys.s.u-tokyo.ac.jp/sasano


M. SASANO et al. PHYSICAL REVIEW C 79, 024602 (2009)

often hampers the separation. This is a particularly serious
problem in determining σ̂GT values in medium-heavy to
heavier nuclei because the level density of low-lying states
is relatively high. In addition, for a fixed flight path, the TOF
decreases as Tp increases. Thus, for a given time resolution,
the energy resolution decreases with increasing Tp, which
makes it increasingly difficult to resolve the low-lying states.
Therefore, in the incident-energy region of Tp � 200 MeV,
only one nucleus heavier than 15N, namely 42Ca, has been
studied [10], though, for energies of Tp � 160 MeV, the σ̂GT

values have been systematically determined over a wide mass
range from 6Li to 162Dy [10]. Nevertheless, many studies of
the GT transition in medium-heavy nuclei [4–8] have been
conducted in the region of Tp = 200–300 MeV, where the
distortion is least [11] and thus, GT transitions can be cleanly
observed in the 0◦ spectrum.

In this study, we measured the double differential cross
sections for the (p,n) reaction at 0◦ for five medium-heavy
nuclei 58Ni, 70Zn, 114Cd, 118Sn, and 120Sn at 198 and 297 MeV,
and derived the σ̂GT values for the ground-state transitions with
known B(GT) values from the β-decay [12–16]. This work
presents the first systematic study of such a wide range of
masses (A = 58–120) at these incident energies. An energy
resolution of 0.3 and 0.5 MeV was achieved at 198 and
297 MeV, respectively, by employing the new neutron de-
tection system NPOL3 [17]. We also obtained the Fermi unit
cross section, σ̂F, [10] and the ratio of σ̂GT to σ̂F, the so-called
R2 value [10], which is frequently used to deduce B(GT) when
the experimental σ̂GT value is unavailable.

II. EXPERIMENT

The (p,n) experiments at 198 and 297 MeV were performed
using the neutron time-of-flight (NTOF) facility [18] at
the Research Center for Nuclear Physics, Osaka University
where a proton beam was accelerated up to 297 MeV by
an azimuthally-varying-field (AVF) cyclotron and a Ring
cyclotron. In the injection line from the AVF to the Ring
cyclotron, one out of five beam pulses was selected to reduce
wraparound events caused by slow neutrons. The effective
separation between beam pulses was about 370 and 320 ns
in the 198- and 297-MeV experiments, respectively, while the
average beam intensity was about 100 nA on a target.

Targets were enriched self-supporting metallic foils of 58Ni
(>99.5%), 70Zn (85%), 114Cd (99.2%), 118Sn (95%), and
120Sn(>99.5%), which had thicknesses of 99 ± 2 mg/cm2,
9.3 ± 0.3 mg/cm2, 11.8 ± 0.4 mg/cm2, 100 ± 2 mg/cm2, and
160 ± 3 mg/cm2, respectively. Only 58Ni and 120Sn targets
were used in the 198-MeV experiment.

In the 297-MeV experiment, neutrons were detected using
the neutron detection system NPOL3 [17] positioned at
approximately 100 m from the target. NPOL3, which was
originally designed for neutron-polarimetry measurements,
consisted of three scintillation detector planes. The first two
planes (HD1 and HD2) were the neutron polarization analyzer,
and the last plane (NC) was the catcher of doubly scattered
neutrons and recoiled protons. Each plane subtended a solid
angle of about 0.1 msr. In this study, only HD1 and HD2 were
used as the neutron detectors. HD1 and HD2 each consisted

of ten sets of plastic scintillation bars, which measured
100 × 10 × 5 cm3. The events under the condition that a
neutron was detected in HD1 and a recoiled proton from
HD1 was caught in HD2 were analyzed. This coincidence
between HD1 and HD2 effectively reduced the tail of the peak
in the TOF spectrum as well as improved the energy resolution
(see Ref. [17] for details). The scintillation light output was
calibrated using 4.4-MeV γ rays from a 241Am-9Be source
and cosmic rays (mostly µ±). Here the threshold levels for
the light output of HD1 and HD2 were set at 6 and 10 MeV
electron equivalent energy, respectively. As to the 118Sn target,
the angular distribution from θ = 0◦–12◦ was also measured
to extract the GT cross section from the observed bump
near Ex = 0 MeV in which the contributions from low-lying
multipole excitations other than �L = 0 are expected.

In the 198-MeV experiment, neutrons were detected by
a prototype of NPOL3, which consisted of two scintillation
detector planes. The first one consisted of four plastic
scintillation bars with a thickness of 5 cm and subtended a
solid angle of about 0.04 msr. The second one was NC of
NPOL3. The coincidence events between the two planes were
analyzed in a similar manner as in the 297-MeV experiment.

The neutron TOF was obtained from the timing pulses
generated from the anode signals of the PMT’s attached
to the both ends of the scintillation bars and the rf signal
from the cyclotron. The absolute TOF scale was calibrated
using the natC(p,n) spectrum at 0◦. Figure 1 shows the
TOF spectrum at 300 MeV with the two prominent peaks
associated with neutrons from the 13C(p,n)13N(3.50 MeV;
Q = −6.50 MeV) and 12C(p,n)12N(g.s.; Q = −18.12 MeV)
reactions. Examining the relative peak positions in the TOF
spectrum indicated that the mean energies of the incident
protons were 197.6 ± 0.3 and 297.4 ± 0.3 MeV for nominal
200- and 300-MeV beams, respectively. After correcting for
the effect of the energy loss in the target, the overall time
resolution determined from the full width at half maximum
(FWHM) of the 12N(g.s.) peak was 230 ps, which corresponds
to an energy resolution of approximately 0.3 and 0.5 MeV
at 198 and 297 MeV, respectively. This energy resolution
includes contributions from the intrinsic time resolution of
the detectors as well as the time spread of the beam.

FIG. 1. (Color online) TOF spectrum for the natC(p,n) reaction
at Tp = 297 MeV. Peaks due to the 13C(p,n)13N(3.502 MeV) and
12C(p,n)12N(g.s.) reactions are fitted with Gaussians.
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FIG. 2. Energy-loss spectrum for the 7Li(p,n) reaction at Tp =
297 MeV and θ = 0◦. Events between two vertical dashed lines are
due to the 7Li(p,n)7Be(g.s. + 0.43 MeV) reaction.

The neutron-detection efficiency was determined via the
7Li(p,n)7Be(g.s. + 0.43 MeV) reaction at 0◦ [19]. The target
was a self-supporting metallic foil enriched to 99.971% 7Li
with a thickness of 2.62 ± 0.08 mm. Figure 2 shows the spec-
trum at 297 MeV where the peak sandwiched between two ver-
tical dashed lines is that of the 7Li(p,n)7Be(g.s. + 0.43 MeV)
reaction at 0◦. Then using the yield and the known cross
section of 27.0 ± 0.8 mb/sr in the center of the mass frame
of the reaction [19], the obtained neutron-detection efficiency
was (1.90 ± 0.09) × 10−2 and (1.45 ± 0.07) × 10−2 at 198
and 297 MeV, respectively. The uncertainty is mainly due
to the systematic errors, which include the uncertainties in the
beam current (±2%), the target thickness (±3%), and the cross
section (±3%).

III. RESULTS AND ANALYSIS

Figures 3 and 4 show the double differential cross sections
as a function of the reaction energy loss, �E ≡ Tp − Tn, for
the (p,n) reaction at 198 and 297 MeV, respectively, on 58Ni,

TABLE II. Excitation energies and J π val-
ues on 58Cu included in the fitting of the
58Ni(p,n) spectra. Excitation energies are from
Ref. [20].

Excitation energy (kev) J π

0 1+

202.6 ± 0.3 0+
443.7 ± 0.2 (3+)
1051.0 ± 0.3 (1+)
1427.8 ± 0.3 2+

1651.6 ± 0.3 2+

70Zn, 114Cd, 118Sn, and 120Sn. The bump around Ex = 0 MeV
observed in each spectrum is dominated by the GT transition
to the ground state except for that in the 58Ni(p,n) spectra,
to which a significant amount of the Fermi transition to the
isobaric analog state (IAS) at 203 keV also contributes.

To obtain the differential cross section for the GT transition
to the ground state, which has a known B(GT) value from
β-decay, each spectrum was fitted in a low energy-loss region.
The shape of each peak was assumed to be a Gaussian. The left
panels of Figs. 5 and 6 show the excitation-energy spectra with
the fitted curves, while Table I summarizes the 0◦ differential
cross sections, σGT(0◦). Each error was the quadratic sum
of the uncertainties due to the fitting and other systematic
uncertainties in the target thicknesses (±3%), the 7Li target
thickness (±3%), the integrated current (±2%), the effect
of the 120Sn contaminant in the 118Sn target (±3%), and the
contributions from the multipole excitations (±4% for 118Sn
and 120Sn), which are explained below.

In the 58Ni(p,n) spectra, the two bumps in the energy region
of −1.0 � Ex � 1.7 MeV were fitted using the excitation-
energy data listed in Table II [20]. Because the calibration
of the energy scale is essential to decompose these two bumps
into individual peaks, the energy scale was determined to an

TABLE I. Differential cross sections, kinetic correction factors, and B(GT) values used to determine the σ̂GT values. In the 114Cd case, the
B(GT) and σ̂GT values should be updated as a more reliable f t value becomes available (see the text for details).

Nuclide Tp (MeV) Gamow-Teller Fermi R2

σGT(0◦) F (q,ω) B(GT) σ̂GT σF(0◦) F (q,ω) B(F) σ̂F

(mb/sr) (mb/sr) (mb/sr) (mb/sr)

58Ni 198 0.71 ± 0.06 1.00 0.155 ± 0.001a 4.56 ± 0.46 0.60 ± 0.08 1.00 2 0.30 ± 0.04 15 ± 3
297 0.67 ± 0.04 1.01 4.27 ± 0.26 0.46 ± 0.03 1.01 0.226 ± 0.016 19 ± 1

70Zn 297 0.97 ± 0.12 1.01 0.221 ± 0.025b 4.33 ± 0.71 1.8 ± 0.2 1.01 10 0.18 ± 0.02 25 ± 3
114Cd 297 0.80 ± 0.09 1.03 0.14 ± 0.05c 5.5 ± 2.1 1.7 ± 0.2 1.01 18 0.088 ± 0.010 63 ± 24
118Sn 297 1.03 ± 0.08 1.04 0.343 ± 0.010d 2.88 ± 0.24 2.04 ± 0.13 1.07 18 0.106 ± 0.007 27 ± 2
120Sn 198 1.01 ± 0.12 1.04 0.342 ± 0.008e 2.84 ± 0.36 3.34 ± 0.27 1.04 20 0.161 ± 0.012 18 ± 3

297 0.98 ± 0.07 1.03 2.78 ± 0.16 2.36 ± 0.14 1.07 0.110 ± 0.007 25 ± 4

aFrom Ref. [12].
bFrom Ref. [13].
cFrom Ref. [14].
dFrom Ref. [15].
eFrom Ref. [16].
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FIG. 3. Double differential cross sections for the (p,n) reaction
at 198 MeV on 58Ni and 120Sn as a function of energy loss of the
reaction.

accuracy of 2 keV from the analysis of the natC(p,n) spectrum
mentioned above.

In the 70Zn spectrum, the bump around Ex = 0 MeV was
fitted by assuming two peaks, one for the ground state and
another for an excited state. Because the peak position for the
excited state is not well known, it was adjusted to improve
the quality of the fit. In the 114Cd spectrum, the bump around
Ex = 0 MeV was fitted by assuming a single peak. Similarly,
in the 118Sn and 120Sn spectra, the bump around Ex = 0 MeV
was fitted assuming a single peak. The obtained 0◦ differential
cross sections were 1.19 ± 0.08 and 1.10 ± 0.07 mb/sr for
the 118Sb(g.s.) and 120Sb(g.s.) at 297 MeV, respectively, and
1.13 ± 0.12 mb/sr for the 120Sb(g.s.) at 198 MeV.

Figure 7 shows the angular distribution for the fitted peak
of 118Sb for the scattering angles in the center of mass system
θ between 0◦ and 12◦. The differential cross section has its
maximum at 0◦, which indicates the dominance of the GT
(�L = 0) component. However, the cross section decreases
very slowly with the scattering angle compared to that for a
pure GT state, which implies the existence of the unresolved
excited states with higher �L, e.g., Jπ = (2)−(�L = 1) : 31
keV, 3+(�L = 2) : 51 keV, (4)+(�L = 4) : 82 keV, 2+(�L =
2) : 166 keV, and 3−(�L = 3) : 270 keV [21]. Therefore the
0◦ differential cross section was corrected for the contributions
from higher �L using a multipole decomposition (MD)
analysis. The MD analysis was performed by fitting the angular
distribution with the function,

σ calc(θ ) =
4∑

�L=0

a�Lσ calc
�L (θ ), (2)

where a�L and σ calc
�L are the fitting parameter and the angular

distribution calculated by DWIA, respectively, and correspond
to the contribution from each �L component. Here χ2 is

FIG. 4. Double differential cross sections for the (p,n) reaction
at 297 MeV on 58Ni, 70Zn, 114Cd, 118Sn, and 120Sn as a function of
energy loss of the reaction.

defined as

χ2 =
7∑

i=1

(
σ exp(θi) − σ calc(θi)

δσ (θi)

)2

, (3)

where δσ (θi) is the statistical uncertainty of each data point
(∼10%).

The DWIA calculations were performed using the computer
code DW81 [22] with effective interactions at 325 MeV by
Franey and Love [23] and the optical potential by Cooper
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FIG. 5. (Color online) Excitation-energy spectra for the (p,n)
reaction at 198 MeV on 58Ni and 120Sn with fitted curves for each
individual peak for the low-lying discrete states (left windows) and
IAS (right windows). In the 58Ni(p,n) spectrum, the shaded peak at
0 MeV is the ground state (1+) and the neighboring peak at 203 keV
is IAS.

and Hama [24] (without the Coulomb interaction for the exit
channel). Herein, assuming that the 90Zr core is not excited,
the active proton-particles and neutron-holes were restricted
to the 0g 9

2 , 1d 5
2 , 0g 7

2 , 2s 1
2 , 1d 3

2 , or 0h 11
2 shells and to the

1d 5
2 , 0g 7

2 , 2s 1
2 , 1d 3

2 , or 0h 11
2 shells, respectively. Each radial

wave function was generated from the Woods-Saxon (WS)
potential [25] whose depth was adjusted to reproduce the
binding energy.

Figure 7 shows the result of the MD analysis. The extracted
�L = 0 cross section at 0◦ was 1.03 ± 0.07 ± 0.04 mb/sr.
Here the central value was defined as the value where
the χ2 value per degree of freedom becomes the smallest
(χ2

min/2 = 0.5) among all possible combinations of the 1p1h

configurations. The first uncertainty was the result of the
quadratic sum of the fitting uncertainty and other systematic
errors in the total 0◦ cross section. The second one was the
error associated with the MD analysis, which is defined below.
Each combination of the 1p1h configurations gave a different
�L = 0 cross section. Thus, the error was defined as the largest
deviation of the �L = 0 cross section from the central value
for the combinations in the range of χ2

min < χ2 < χ2
min + 1.

The obtained �L �= 0 cross section at 0◦ was about 11 ± 4% of
the cross section of the entire peak. The main contribution was
due to the �L = 2 component, which is consistent with the
result of the high energy resolution 118Sn(3He,t) measurement
[26].

In regard to the 120Sn(p,n) spectrum, an angular distribution
was not measured. Therefore, the �L �= 0 cross section at
0◦ must be deduced by means other than the MD analysis.
In this work, we assumed the contribution from the �L �= 0
cross section in 120Sb as 11 ± 4%, expecting that the nuclear

FIG. 6. (Color online) Excitation-energy spectra for the (p,n)
reaction at 297 MeV on 58Ni, 70Zn, 114Cd, 118Sn, and 120Sn with fitted
curves for each individual peak for the low-lying discrete states (left
windows) and IAS (right windows). In the 58Ni(p,n) spectrum, the
shaded peak at 0 MeV is the ground state (1+) and peak at 203 MeV
is IAS.

structure of 120Sb is similar to that of 118Sb. Thus, the deter-
mined cross sections were 1.01 ± 0.12 and 0.98 ± 0.07 mb/sr
at 198 and 297 MeV, respectively.

The differential cross sections for the Fermi transitions to
the IAS’s were obtained by fitting the spectra in the GTGR
region around the IAS peaks. The exception was the 58Ni(p,n)
spectra, because the IAS peak at 203 keV was already obtained
when the cross section to the ground state was derived. The
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FIG. 7. Angular distribution of the differential cross sections for
118Sn(p,n)118Sb(g.s.) with the results of the MD analysis. Thick curve
shows the sum of the �L = 0–4 components. Angular distributions
of each �L component are also shown.

right panels of Figs. 5 and 6 show the excitation-energy spectra
with the fitted curves when the physical background below the
IAS peak is assumed to be a linear function of the excitation
energy within the relevant energy region. Table I summarizes
the obtained cross sections, σF(0◦).

From the obtained differential cross section for a GT
transition to the ground state, the σ̂GT value was derived using
Eq. (1). Here the B(GT) value was obtained by comparing the
f t value of the corresponding β-decay with the averaged F t

value (see Ref. [27] for the definition of F t) for superallowed
Fermi transitions, F t , as

B(GT) = 2Jf + 1

2Ji + 1

C

(GA/GV)2f t
, (4)

where C ≡ B(F) × F t = 2 × (3072.7 ± 0.8) s [27] and
GA/GV = 1.2695 ± 0.0029 [28] is the ratio of axial-vector
to vector coupling constants of the neutron β decay. The Ji

and Jf values represent the total spins of the initial and final
states of the target nucleus, respectively. The F (q,ω) value
was derived by the DWIA calculations with the parameters
mentioned above.

The solid circles in Figs. 8 and 9 show the derived σ̂GT

values at 198 and 297 MeV as a function of A. Table I also
summarizes the derived values. The error bars represent the
results of the quadratic sum of the fitting and systematic errors.
The fitting error is mainly due to the statistical error. The
systematic error includes the uncertainties in the cross sections
(±6–8%), B(GT) by β-decay (±0.6%, ±11%, ±33%, ±2%,
and ±2% for 58Ni, 70Zn, 114Cd, 118Sn, and 120Sn, respectively),
and F (q,ω) (±0.3%).

The reliability of the present σ̂GT values depends on that
of the f t values used herein. In the 114Cd case, however,
it is problematic to use the f t value evaluated in Ref. [14]
because there exist two conflicting data for the branching ratio
of the transition from 114In to 114Cd. In Ref. [14], the evaluator
adopts the electron-capture branching ratio of 0.46 ± 0.15%,
which is deduced from the positron-emission branching ratio
of 0.0035 ± 0.0011% in Ref. [29] by using the theoretical ratio
of the electron-capture to position-emission intensities [30]
according to the general policy of Nuclear Data Sheets for
the evaluation of the β-decay rate probabilities. On the other
hand, in the original paper [29], the branching ratio for the
K-electron capture is deduced to be 1.9% with no error. If
one reevaluates the f t value in Ref. [14] by using the value
of 1.9%, the B(GT) value becomes larger and, consequently,
the σ̂GT value of 114Cd smaller by a factor of four, though
the uncertainties are not derived. Thus, the σ̂GT value of
114Cd should be updated as a more reliable f t value becomes
available.

The σ̂F values were derived from the Fermi cross sections
using the equation,

σ̂F = σF(0◦)/{(N − Z)F (q,ω)}. (5)

Our results, which are a function of A, are shown as solid
circles in Figs. 8 and 9, and are summarized in Table I.
The error bars are the results of the quadratic sum of the
fitting and systematic errors. Each systematic error includes
the systematic uncertainties in the cross sections (±6%) and
F (q,ω) (±0.3%).

IV. DISCUSSION

A. A-dependence of σ̂GT and σ̂F

The mass dependences of σ̂GT and σ̂F at 198 and 297 MeV
were derived by fitting the present data points. Herein we
assumed that the A-dependence can be written as a smooth
function of A,

σ̂ (A) = N exp(−xA
1
3 ), (6)

according to the parametrization in Ref. [10]. Here N repre-
sents the unit cross section at A = 0. Therefore, Eq. (6) is not
practical for medium-heavy nuclei. Hence, we chose A = 90
as the central value and rewrote Eq. (6) as

σ̂ (A) = N90 exp(−x(A
1
3 − 90

1
3 )), (7)

where N90, the unit cross section at A = 90, and x are
adjustable parameters. The error distribution of each data point
was assumed to be a Gaussian, while the standard deviation
is the quadratic sum of four uncertainties: (1) uncertainties
in the cross sections due to peak fitting, beam current, and
target thicknesses, (2) uncertainties in the B(GT) values, (3)
estimation of the contribution from the low-lying multipole
excitations to the cross sections for the 118,120Sb(g.s.), and
(4) effect of the contaminant material in the 118Sn target.
Figures 8 and 9 show the A-dependences at 198 and 297 MeV,
respectively, where the shaded areas indicate one standard de-
viation in the A-dependences due to the parameter adjustment.
If one eliminates the problematic σ̂GT datum of 114Cd in the
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FIG. 8. (Color online) Unit cross sections σ̂GT,F vs. A at 198 MeV.
Open circles are our data. Open triangles are from data by Taddeucci
et al. [10]. Open square is from the datum of the (n,p) reaction by
Williams et al. [6]. Shaded areas show the A-dependences of the unit
cross sections with 1σ uncertainty.

parameter adjustment of the σ̂GT A-dependence at 297 MeV,
the xGT and N90 values would change only by <0.1%.

Table III summarizes the obtained parameters in Eq. (7).
Taddeucci et al. have studied the energy dependence of the
slope parameter xGT by the DWIA calculations and found that
xGT decreases from 0.54 to 0.42 as the energy increases from
Tp = 120 MeV to 200 MeV [10]. The xGT value of 0.45 ± 0.14
obtained in this work at 198 MeV agrees well with their value.
In addition, the xGT value decreases further to 0.40 ± 0.05
at 297 MeV due to increasing nuclear opacity in the energy
region approaching 300 MeV [11].

The square symbol in Fig. 9 is the σ̂GT value of 3.5 ±
0.6 mb/sr for 90Zr at 297 MeV used in Ref. [5], which
discussed B(GT) in the continuum. The authors of Ref. [5]
have estimated this value by comparing the sum of the GT
cross sections up to the GTGR region of Ex < 16 MeV to the
corresponding GT transition strength deduced by systematic
(p,n) measurements at 160 MeV [3] after correcting for the
energy dependence. The present A-dependence of 297 MeV

TABLE III. Parameters for the A-dependence of σ̂GT,F at 198
and 297 MeV.

N90 (mb/sr) xGT N90 (mb/sr) xF

198 MeV 3.5 ± 0.3 0.45 ± 0.14 0.21 ± 0.02 0.6 ± 0.1
297 MeV 3.4 ± 0.2 0.40 ± 0.05 0.14 ± 0.01 0.8 ± 0.1

FIG. 9. (Color online) Unit cross sections σ̂GT,F vs. A at 297 MeV.
Filled circles are our data. Filled triangles are from data by Watson
et al. [31]. Filled square is the σ̂GT value for 90Zr used in Ref. [5].
Shaded areas show the A-dependences of the unit cross sections with
1σ uncertainty. See the text for the reliability of the σ̂GT value of
114Cd.

provides a σ̂GT value of 3.36 ± 0.17 mb/sr. Herein the error is
the quadratic sum of the uncertainty due to the determination of
the A-dependence (±3%) and other systematic uncertainties
(±4%), which are not used to derive the A-dependence. It
is interesting that the value in Ref. [5] is fairly close to the
present value. If the present σ̂GT value is used in the analysis in
Ref. [5], the quenching factor of GT spin sum rule, Q, becomes
0.92 ± 0.06 ± 0.05 instead of 0.88 ± 0.06 ± 0.16 [5]. The
error due to σ̂GT is significantly reduced from ±0.16 to ±0.05.

The open square in Fig. 8 is the σ̂GT value of 5.3 ± 0.4 mb/sr
obtained from the 64Ni(n,p)64Co reaction at 200 MeV [6].
This value has been used to normalize the B(GT) distributions
in 60,62,64Co [6], which are important for calculating the
reaction rate of electron captures in a stellar core before
super novae [7,8]. However, this value is 20% larger than
that estimated from the present A-dependence at 198 MeV,
4.3 ± 0.4 mb/sr. The difference between Ref. [6] and this work
could be due to the contribution from the 0.3-MeV GT state
in 64Co, which is observed by the β−-decay measurement
of 64Fe [32] and by the 64Ni(t,3 He)64Co measurement [33].
As discussed in Ref. [6], the (t,3 He) result suggests that
the contribution of this state is 22% of the “g.s. peak” in
Ref. [6].

B. A-dependence of R2

The R2 values obtained from the present data of σ̂GT and σ̂F

are summarized in Table I and are shown as a function of A by
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FIG. 10. (Color online) R2 vs. A. Open circles are our data at
198 MeV. Open triangles are the previous data at 200 MeV by
Taddeucci et al. [10]. Filled circles are our data (excluding 114Cd)
at 297 MeV. Filled triangles are the previous data at 300 MeV by
Alford et al. [34].

circles in Fig. 10. The error bar of each data point is the result
of the quadratic sum of the uncertainties due to the fitting and
B(GT).

Figure 10 also plots the existing R2 values for light nuclei up
to 42Ca at 200 and 300 MeV taken from Refs. [10] and [34],
respectively, as triangles. Compared with them, the present
R2 values for the heavier nuclei are found to be large. In
addition, as expected from the difference between xGT and xF

in Table III, R2 increases with the increasing of A in the mass

region heavier than 42Ca. It should be noted that R2 is almost
independent of A below 42Ca [10]. A similar trend exists for
previously reported R2 values from the (3He,t) measurements
at 140 MeV per nucleon [35].

V. SUMMARY AND CONCLUSION

We measured the (p,n) reaction on medium-heavy nuclei,
58Ni, 70Zn, 114Cd, 118Sn, and 120Sn at 0◦ at 198 and 297 MeV
to determine the GT and Fermi unit cross sections as well as
their ratios (R2). The A-dependence of the unit cross sections
was deduced, which is helpful in deducing B(GT) values from
(p,n) cross sections. It is notable that the σ̂GT value at A = 90
interpolated from the present A-dependence at 297 MeV is
almost equal to the value estimated from the data at 160 MeV,
which was used in the analysis of the 90Zr(p,n) experiment [4]
to determine the quenching of the GT spin sum rule. However,
the present σ̂GT value at A = 64 and Tp = 198 MeV is 20%
smaller than that used in the analysis of 60,62,64Ni(n,p) spectra
at 200 MeV [6]. The present R2 values in the mass region
heavier than 42Ca are larger than the known values in the
region up to 42Ca, and increase as A increases.
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