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Double differential cross-section angular distributions were measured for the S(n, p) P charge
exchange reaction in the 0' ( Ol b ( 14' angular range. All data presented here were measured
simultaneously covering incident neutron energies between 60 and 220 MeV using the white neu-
tron source at I os Alamos Meson Physics Facility —Weapons Neutron Research. The Gamow-Teller
strengths obtained from a multipole decomposition analysis of these S(n, p) P data are compared
to previously reported S(p, n) Cl results as well as to calculated Gamow-Teller strengths obtained
using the shell-model code OXBASH and random phase approximation (RPA) calculations. The re-
sultant giant dipole and giant spin-dipole cross sections obtained from this multipole decomposition
analysis are also compared with distorted-wave impulse approximations calculated with densities
obtained from a simple one-particle —one-hole shell model and also densities obtained from RPA
calculations.

PACS number(s): 25.40.Kv, 27.30.+t

I. INTRODUCTION

Notable accomplishments involving charge exchange
reactions have been made in recent years on both ex-
perimental and theoretical fronts; one such example is
found in the case of Gamow-Teller (GT) (EL = 0, AS =
1, AJ = 1+) transitions. Our present knowledge of GT
strength distributions in nuclei came primarily from nu-
cleon scattering data. Beta decay, because of kinematics,
probes the GT strength only within a narrow excitation
energy window, and therefore misses a large fraction of
the GT strength. These GT transitions have been mainly
observed with nucleon charge exchange scattering reac-
tions. In these reactions the GT transitions dominate
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the observed excitation energy spectra at small momen-
tum transfer (q) and at low energy loss (w). The em-
pirical observation of the giant Gamow-Teller resonance
(GGTR) [1—4] and the strong consistency shown between
the L = 0 zero-degree differential cross section and P-
decay strength in both (p, n) and (n, p) reactions [3—6]
have sparked a keen interest in the spin-isospin response
functions of nuclei.

The S(p, n) Cl reaction was studied by Anderson et
al. [7] using 135 MeV protons with an overall energy
resolution of about 270 keV. The deduced GT strength
distribution up to about 10 MeV excitation energy is
described well by distorted-wave impulse-approximation
(DWIA) calculations using full s dshell-model wav-e func-
tions with a normalization factor of 0.6. In Sec. III
we present a detailed comparison of these (p, n) results
and the present (n, p) analysis. With the white neutron
source at Los Alamos Meson Physics Facility —Weapons
Neutron Research (LAMPF-WNR), we carried out the
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studies of (n, p) charge exchange reactions covering the
incident neutron energies between 60 and 220 MeV si-
multaneously. Furthermore, concurrent scattering angle
measurements were produced covering 0' & 0( b & 14 .
These simultaneous measurements of the double diger-
ential cross-section angular distribution render studies of
energy dependent quantities most suitable.

For nuclei with the same number of neutrons and pro-
tons (T = 0) such as S, both (p, n) and (n, p) reac-
tions excite similar T = 1 states. Therefore (n, p) stud-
ies on the S nucleus are complementary to previous
(p, n) studies. One advantage of using the s2S(n, p)s2P
reaction over the s S(p, n) Cl reaction as an isovector
probe is that it has a lower ground state Q value of
—0.93 MeV as compared to —13.5 MeV for the latter
reaction. Consequently, (n, p) studies provide data much
closer to q near 0, a feature particularly important in
identifying GT transitions. Furthermore, the three-body
breakup threshold is at a higher excitation energy in the

P residual nucleus ( 8 MeV) than in the Cl nucleus

( 0.5 MeV). In general, this allows for (n, p) studies
to obtain excitations of giant resonances with less con-
tributions from the "continuum" due to the three-body
breakup.

In this paper we report on the GT strength observed
in the S(n, p) P reaction by mapping its distribution
both as a function of excitation energy in P and of
the incident nucleon energy. A multipole decomposition
(MD) analysis [8, 9] was done to obtain additional multi-
pole contributions that form the excitation spectra up to
35 MeV. This analysis requires DWIA calculations, which
were done with the program Dwsr [10] using a full micro-
scopic model for the S(n, p) P reaction. The extracted
GT strengths in the S(n, p) P reaction are compared
with those from the s2S(p, n) 2C1 measurements [7] and
the oxBAsH [ll] shell-model calculations. In the shell
model, the ground state of a nucleus can be represented
by filling up all single-particle states up to the Fermi level.
These single-particle states are obtained as solutions of
a mean field potential (Woods-Saxon or Hartree-Fock).
Neglecting a residual interaction between the nucleons,
the lowest excited states can be considered as simple
one-particle —one-hole (1p-1h) configurations. We get a
a glimpse of what takes place in nuclear reactions us-
ing these 1p-lh, configurations in the simple shell model.
For a more realistic description of the data, we have per-
formed random phase approximation (RPA) DWIA cal-
culations of the differential cross section to compare with
experimental data. In the RPA we take into account the
residual interaction between the nucleons. The excited
states are described as superposition of p-6 states, which
gives a more realistic description of the excited states. A
brief summary of the RPA-DWIA calculation is included
in Sec. III. For a more detailed description of RPA, see
Ref. [12].

At high excitation energy (E ) 10—15 MeV) and be-
yond the main region of giant Gamow-Teller resonance
(GGTR) region, it is diflrcult to infer possible L = 0 tran-
sitions due to the presence of strong I = 1 excitations.
Although there exists a few MeV energy separation be-
tween the centroids of the GT and the I = 1 excitations,

a good portion of the lower part of the excitation energy
region in P (E & 20 MeV) may be shared by both.
Therefore, an accurate account of the L = 1 excitation
will undoubtedly improve the quality of extracting the
empirical GT strength and vice versa.

Giant resonances may be interpreted as the collective
motion of nucleons in the nucleus in a narrow band of ex-
citation energies where most of the transition strengths
for a given set of quantum numbers is deposited. From
the nuclear structure point of view, there has been con-
siderable interest in the study of relative locations of the
giant dipole resonance (GDR) (AL = 1, AS = 0, A J
1 ) and giant spin-dipole resonance (GSDR) (AL = 1,
AS= 1, AJ =0,1,2 ) [13]. Up to E„=200 MeV,
the relative magnitude of the isospin (v ) part decreases
with increasing energy with respect to the spin-isospin
(v ) part of the isovector e8'ective interaction [14]. Thus,
the GDR should be excited more strongly at lower inci-
dent energies (E ( 100 MeV) while the GSDR should be
excited more strongly at higher energies (E ) 150 MeV).
The present data from LAMPF-WNR provide a unique
opportunity to study the energy-dependent behavior of
the nuclear force at a momentum transfer q 0.5 fm
corresponding to the peak of the L = 1 angular distri-
bution. This complements similar studies at q = 0 fm
done for GT transitions [15].

II. EXPERIMENT

The white neutron source at the Weapons Neutron
Research center at Los Alamos National Laboratory
(LAMPF-WNR) [16] was used to provide simultaneously
neutrons in the energy range between 60 and 220 MeV.
Our experimental setup was located approximately 90 m
away from the neutron production target and 15 left of
the proton beam line. With 90 m flight path, an energy
resolution ranging from 1.0 to 3.0 MeV was achieved. A
more complete description of this facility may be found in
Refs. [9, 17, 18]. We present here just a brief description
of the present setup.

The neutron beam, collimated to a size of 10 x 10
cm, entered the detector hut and passed through two
charged-particle veto chambers. Any incoming charged
particles produced in the neutron flight path were elim-
inated in software. The veto and target chambers were
single-plane multiwire proportional chambers. Targets
were positioned in a multitarget array (four combina-
tions of target and target chambers) similar to the one
described by Henderson et al. [19]. Target chambers were
used for tagging individual events to identify the origin of
these events. Targets of" Ca (200 mg/cm, 97% Ca,
12.5 x 12.5 cm ) [20], s ' Ni [each 150 mg/cm, 7.5 x
5 cm; Ni ( Ni) was placed on the top (bottom) half]
[21], " "S (200 mg/cm, 95% 2S, 12.0 x 12.0 cm2), and
CH2 (76.1 mg/cm, 12.0 x 12.0 cm ) were placed in tar-
get positions 1—4, respectively. A gas mixture of 70%
argon, 30% CO2, and 0.2% freon [17] was used to fill the
veto and target chambers, to reduce the hydrogen back-
ground contributions. The sulfur target was enclosed
by 0.0064-mm-thick Mylar windows. A CHz target was
placed in the fourth target position throughout the exper-
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iment to obtain the yield from the H(n, p) reaction for
normalization. Values for the H(n, p) cross section were
obtained &om the sM88 phase-shift solution of Amdt et
al. [22]. The trajectories and scattering angle of protons
leading to the CsI calorimetry detectors were determined
using four drift chambers that were filled with a gas mix-
ture of 65% argon and 35/0 isobutane. A dipole magnet
(0.5 T), situated between two pairs of the drift chambers,
was used to deflect the trajectories of forward-scattered
protons out of the neutron beam and into the detector
array. A large plastic AE scintillator (30.5 x 50.8 x 0.5
cm ) was positioned in front of the CsI (Tl) detectors to
determine the incident neutron energies using the time-
of-flight technique as well as to provide particle identi6-
cations. The energy of detected protons was measured
with 15 CsI crystals (each 8.9 x 8.9 x 15.2 cm ) that were
stacked up in an array of three rows and five columns.
This detection system could simultaneously measure pro-
ton scattering angles &om 0~ b

——0 to 14' with a total
solid angle of 50 msr. In the present experiment, we
have the solid angle that depends on both the target po-
sition and proton energy due to the multitarget array
and a dipole magnet, respectively. Additional informa-
tion on the present setup including detailed discussion
of the solid angle can be found in Refs. [9, 17, 18]. A
schematic drawing of the setup can be found in Refs. [9,
18, 20, 21].

Neutron fluxes incident on the target were of the or-
der of a few thousand neutrons per second per MeV [9].
Although the running time was a few weeks, we had
to increase the yield statistics by binning the data in
neutron energy intervals LE = 10 MeV for incident
neutron energies E below 100 MeV and 20 MeV in-
tervals for E above 100 MeV. In addition, a 2' angle
binning was used. For example, the notation 0~ b

——5,
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FIG. 2. Cut in the 3D plot of Fig. 1 at E = 130 MeV
and 0& b

——7'. An overall energy resolution of about 1.3 MeV
was achieved.

III. DISCUSSION

130-MeV S(n, p) P data represents the data between
120&E &140MeVand4 &0) b &6 .

A sample of the data is presented in Fig. 1 in the form
of a three-dimensional (3D) plot observed at 0~ b = 7' for
the S(n, p) P reaction. The double differential cross
section for an excitation energy region up to 30 MeV is
displayed as a function of incident neutron energy in the
60—220 MeV range. The uniqueness of the white neutron
source is very well represented in this figure. In a mono-
energetic experiment, one would measure only one of the
curves shown in this figure. It is only at WNR with the
white neutron source that the energy dependence can be
studied simultaneously. A typical spectrum, correspond-
ing to a cut in the 3D plot at E = 130 MeV, is shown
in Fig. 2. An overall proton energy resolution of about
1% of the incident neutron energy was achieved in the
present experiment.

220

30

FIG. 1. Three-dimensional plot of (E, E„, d a/dQdE)
for the S(n, p) P data at 0~ b = 7' covering neutron ener-
gies between 60 and 220 MeV. The cross section for the GSDR
in the lower part of the L = 1 dipole resonance increases with
E . The giant Gamow-Teller resonance is very prominent at
about E = 4.5 MeV.

The measured spectra at low momentum transfer and
low energy loss are rich in information about the en-
ergy dependence of giant isovector resonances, in par-
ticular the GGTR, GDR, and GSDR. The separation of
these resonances using the energy dependence is one of
the main objectives of the present experiment. The en-
ergy resolution &om this type of experiments is not good
enough to separate individual states. Thus we decided to
do a multipole decomposition (MD) analysis at several
incident neutron energies. In particular, we performed
a MD analysis at E = 130 MeV to compare with the
GT analysis reported in Ref. [7] for the S(p, n) Cl re-
action at E„= 135 MeV. In addition, we present MD
analyses done at E = 95 and 170 MeV to study the
energy dependence of both the GT strength and I = 1
transition. Similar to the MD analysis presented in Ref.
[20], the center-of-mass double differential cross-section
data were binned in 1-MeV excitation energy intervals.
The choice of 1-MeV excitation energy bins was made
to have the bin size smaller than the experimental en-
ergy resolution in order to distinguish the peaks of in-
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TABLE I. Particle-hole con6gurations used in the multi-
pole decomposition analysis for the S(n, p) P data.

0

p-6

'f»" dp/'
1fp/2ldp/~
ld3//2 ld5(2
1fli/2lds/2

p-h,

ld3)2ld~(~
1f5/21d
ld3(g ld5(2
1fp/2ld /'

terest. Calculated DWIA angular distribution shapes
for diferent LJ transfers were then fitted to the mea-
sured angular distributions. The shape of cr(0) changes
smoothly with increasing excitation energy E . There-
fore, these calculations were done at 5-MeV excitation
energy intervals. A subroutine was used to interpolate
in 1-MeV excitation energy intervals and the fitting to
the data was done using a least-squares technique [23].
Since the angular distributions were limited to 0~ b & 14,
we assume transitions characterized by just the follow-
mg A J transfers: 1+,0,1,2, 2+, 3+,3, and 4 (see
Table I). We used the shell-inodel code oxBAsH [11] to
help identify the most probable 1p- 1h, configurations as
a function of excitation energy in P [9]. Upon carrying
out DWIA calculations for each value of LJ, for the
difI'erent transition amplitudes resulting from the shell-
model calculations, it was realized that the DWIA shapes
were generally characteristic of the value of 4J . There-
fore, we used a 1p- 1h, configuration that is representative
of transition amplitudes for each value of LJ . These
are listed in Table I. Except for the 1+ transitions,
these configurations are similar to those described in the
analysis of the Ca(n, p) PK data [20]. We employed
the code Dwsl. to perform the distorted-wave impulse-
approximation calculations. The Dwsi calculations re-
quire knowledge of the nucleon-nucleus mean field, the
nucleon-nucleon (1VN) interaction, and the transition
density-matrix elements. For the nucleon-nucleus mean
field, we used optical potential parameters obtained by
Schwandt et al [24] in t.he phenomenological global
optical-model analysis of elastic scattering proton data
in the E„= 80—180 MeV range and 24 & A & 208.
For the effective interaction, the free NN t matrices
parametrized by Franey and Love [14] were used. The
transition densities were computed assuming harmonic

with parameters

Co ——300 MeV fm, fo ——1.5, go ——1.0, (2)

has been used, in order to reproduce the low energy spec-
trum in S. The effective projectile-target interaction is
described by the free NN t matrix of Franey and Love
[14]. The DWIA calculations were done using the com-
puter code DwvcK4 [32]. The incoming and outgoing dis-
torted waves are calculated using the optical-model po-
tential parameters of Schwandt et al. [24]. The spreading

oscillator single-particle wave functions with an oscilla-
tor parameter 6 = 1.88 fm [25].

The cross-section distribution for GT transitions were
calculated using the one-body density-matrix elements
(OBDME) calculated by Brown and Wildenthal [26]. We
used the shell-model code oxBAsH to generate OBDME
for 1p-1h transitions in a rather simple SDPF shell-model
space for dipole and spin-dipole final states [9]. The
shell-model space includes 1d5y2, 1d3y2, 2szy2 holes and
1f7/2 1fs/2, 2ps/2, 2pi/2 particles assuming 1hw excita-
tions. The transition densities were obtained from the
calculated wave functions using the Millener-Kurath [27]
form for the residual interaction.

We also present calculations done in the random phase
approximation (RPA) DWIA method. The nuclear struc-
ture is described in terms of the RPA. Transitions be-
tween the ground state of the S nucleus and final states
in the P are treated as a coherent sum of particle-hole
excitations. Transition densities obtained from this cal-
culation, folded with the efI'ective projectile-target in-
teraction, give form factors as a starting point for a
distorted-wave calculation. A detailed description of the
formalism can be found in Ref. [28]. The single-particle
space for the RPA is determined by a Woods-Saxon cal-
culation using the parameters of Table II which were cho-
sen to reproduce optimally the single-particle spectrum
close to the Fermi surface. The wave functions have been
expanded in terms of harmonic oscillators, and so a dis-
cretized continuum has been obtained. All states up to 50
MeV in the continuum are taken into account. Near the
Fermi surface, single-particle energies were taken from
experimental data [29, 30]. For the residual interaction a
Landau-Migdal force [31]

6„,(r, r ') = Cob (r —r ') [fo + goer cr']m

TABLE II. Optical-model potential parameters for S.

S Vp (MeV)
—61.4
—60.3

R (fm)

3.70

3.70

a (fm)

0.80

0.80

Vi.s (MeV)

9.95

9.77

RLs (fm)

3.84

3.84

ai, s (fm)

0.53

0.53

Rc (fm)

3.70

The optical potential is parameterized as

2 d d
U(r) = Ucoui(r) —Vf p(r) —iWf (r) + — Vso —fatso(r) + iWso —fatso(r) L. a. ,

with the Woods-Saxon form factor
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A. Multipole decomposition analysis

The shapes of the calculated angular distributions are
characterized by LJ transfers. However, the differ-
ences in shapes among the members of a given LL trans-
fer are not large enough to determine individual LJ
(AJ = AL + AS) contributions from the present exper-

E =130 MeV S(n, p) P
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widths I' $ due to 2p-2h damping in the continuum have
been taken into account in an approximate way by folding
in a Breit-Wigner distribution with an energy-dependent
width [33]. In the calculation all multipolarities up to
J = 5 have been summed up to ensure convergence.

imental data. Therefore, we choose to report the results
of the MD analysis by grouping all 4J transitions that
correspond to a given AL transfer. As such, we assume
4L = 0 for the LJ = 1+ transition, AL = 1 for AJ
= 0,1, and 2 transitions, LL = 2 for 4J = 2+
and 3+ transitions, and LL = 3 for LJ = 3 and 4
transitions.

In performing the MD analysis, the observed angular
distribution for each excitation energy bin was used in
the fitting routine. In the present study, cross sections
between 0' and 14' were binned in 2 steps to provide
7 angles. Ideally, one would like to deduce the strength
distribution of each 4J transitions listed above. How-
ever, y procedures limit the number of free parameters
in fitting seven independent cross-section values. There-
fore, in the present MD analysis, we used a set of five

fitting coeKcients to describe the experimental data
with the following expression:

I'do-(0) i
0 "~ )at

For each 1-MeV excitation energy interval, results of
doing a least-squares fit with different combinations of
cr&D i(0) were stored and the set of positive coeflicients
giving the minimum error was chosen. In Eq. (3)
o&D si(0) represents shapes of the DWIA calculations.
The positive coeKcients ensure that we have positive
cross sections. In Fig. 3 we show the calculated angu-
lar distributions c7& (0) at E = 5, 10, and 15 MeV
for the S(n, p)s2P reaction obtained at E = 130 MeV.
In all three cases, the sum of the weighted o&w (0)'s
from the MD analysis represented by a solid line agrees
well with the observed cross sections (solid squares). At
E = 5 MeV we observe mostly o'(0) with J = 1+
(L = 0). The angular distributions at E = 10 and 15
MeV are mainly composed of transitions with J = 1
and 2 (L = 1).

101

I '
I I

E„=30 MeV
B. Muitipoie decomposed S(n, p) P data
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FIG. 3. Individual and sum of the calculated and weighted
angular distributions o.~ cr(8)z at E = 5& 10, and 15 MeV
for the 130-MeV S(n, p) P reaction. In all three cases, the
sum of the calculated and weighted cross sections, which is
represented by a solid line, agrees well with the observed cross
sections (solid squares). The strength of each o (8) has been
determined from the MD analysis. At E = 5 MeV we observe
mostly o(8) of 1 = 1+(L = 0). The angular distribution
at E = 10 and 15 MeV are mainly composed of o(8) of
1 =1 and 2 (L=l).

In Figs. 4, 5, and 6, the multipole decomposed spectra
are shown for the 95-, 130-, and 170-MeV S(n, p) P
reaction. In these figures, we have displayed o(0)Dw
[sum of appropriate o(0)& 's weighted with n~ coef-
ficientsI and overlaid on the (n, p) data. Only the sta-
tistical uncertainties of the measured cross sections are
shown. As can be seen in these figures, the agreement
between the o (0)g t and g o (0) is excellent for
all three cases. The excitation spectra (E ( 35 MeV)
were decomposed using five o (0)&~w~ shapes to represent
L = 0, 1, 2, and 3 transfers (see Table I). The choices
of o(0)D&wsi to describe the o(0)g t were mainly based
on selecting the combination that results in the smallest
overall y2 error. For the 95- and 130-MeV s2S(n, p)s2P
data, both o (0)& for J = 1+,0,1,2, 3+ and
o.(0)D&~si for J = 1+,1,2, 3+, 3 seem to describe
the o(0)g t equally well for all possible combinations
that were tested. For the 170-MeV s2S(n, p) 2P data, we
needed to introduce the o (0) of J = 3 for L = 3
transfer in place of 0 for L = 1 transfer to match the



716 B.K. PARK et al. 48

E = 95 MeV ' S(n,p)"P E = 130 MeV S(n p) P
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FIG. 4. Multipole decomposed spectra for the 95-MeV
S(n, p) P reaction at the indicated angles. Experimentally

observed cross sections are displayed with error bars repre-
senting the statistical uncertainties. Cross sections character-
izing the L transfers 0, 1, 2, and 3 are shown.

data at higher excitation energy. The contribution of the
cr(0) for J = 0 was negligible compared to others at
this energy and this was inferred from both Dwsx calcu-
lation and the multipole decomposed spectra. We point
out that our results for the I = 0 cross section from the
multipole decomposed spectra below E = 10 MeV were
essentially independent of the choices of o.(0)J for L = 1,
2, or 3 transfers. This suggests a reasonably high accu-
racy in identifying the L = 0 (1+) cross section below
E = 10 MeV in the S(n, p) P data. In all three sets
of the multipole decomposed spectra, mostly GT tran-
sitions are seen below E = 10 MeV and the GGTR is
very prominent at E = 4.5 MeV. We will not attempt
to distinguish individual o(0) s that belong to L = 1
transfer.

C. CT strength distribution in the a~S(n, p)a2P
reaction

The GT strength distribution may be obtained from
the measured I = 0 cross sections if the unit GT cross
section o( ") is known [5]. The P(g.s.) S P decay with
a known log(ft) value of 7.90 [34] renders an extremely
small 2S(n, p) 2P(g.s.) differential cross section of 1 x
10 mb/sr, and therefore it is too weakly excited to be

FIG. 5. Same as in Fig. 4 but at E = 130 MeV at the
indicated angles. Observed excitation spectra are decomposed
using calculated cross sections of L transfers 0, 1, 2, and 3.

used as a standard reference with which we can calculate
the o(A = 32, E ) value. The s S(p, n) Cl reaction at
Ep: 135 MeV and 0~ b

——0.2' was studied by Anderson
et al. [7]. For T = 0 nuclei, we expect the same GT
strengths in both (n, p) and (p, n) channels [35]. Thus,
we present the comparison of the I = 0 cross sections
obtained from the MD analysis of the present data at
130 MeV and the analysis of the S(p, n) Cl at 135
MeV reported by Anderson et al. [7]. We also make a
comparison with the calculated GT strengths with the
RPA and the oxBAsH code.

D. Unit Garnow-Teller cross section o'~~(A. = 32, E„)

We use the integrated GT value reported by Ander-
son et al. [7] in the S(p, n) Cl reaction at 135 MeV,
to normalize the MD-analyzed I = 0 cross section ex-
tracted from the (n, p) data at 130 MeV. We do this
because the different energy resolutions in the two exper-
iments [0.3 MeV in the (p, n) and 1.4 MeV in the (n, p),
respectively] do not allow a comparison to an individual

10 MeV
transition. A value g B(GT) = 2.212 is reported
for the S(p, n) Cl reaction [7] with a sum cross-section

10 MeV
value of P o~, = 14.00 + 2.10 mb/sr. Given here

is a net uncertainty in the total 1+ "peak" strength, and
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by 2.212 GT units or a.GT (A = 32, E„= 130 MeV) =
5.2 mb/sr unit (GT). The integrated GT value reported
by Anderson et at. [7] in the 2S(p, n)s2C1 reaction at
135 MeV is used to normalize the MD-analyzed I = 0
cross section extracted in the (n, p) data at 130 MeV.

In order to calculate the values of o~~ as a function of
E, we have used a peak-fitting routine to get the cross
section of GT transitions (see inset in Fig. 7). From the
knowledge that almost all the differential cross sections
below E = 7 MeV are characterized with L = 0 trans-
fer, we have decided to use two Gaussian peaks located
below 7 MeV in excitation energy for all neutron ener-
gies. The obtained o GT versus E is shown in Fig. 7. A
smooth variation of the 0 ~T with respect to E is seen in
this figure; above E = 100 MeV almost a linear pattern
is observed. We parametrized the following empirical re-
lationship for the energy dependence of the o.GT..

(~ 32 E ) 10(0.5s5+0.001K~) (4)

0 = 7.2'

1.8-

—1 5 11 17 23 29 35

E (MeV)

c=o (~)
i=~ (1-,2-)
c=2 (s')
c=z (z-)

FIG. 6. Same as in Fig. 4 but at E = 170 MeV.

includes uncertainties in fitting of GT peaks and in do-
ing the background subtraction. The cross-section values
were extrapolated to u = 0 and q = 0 fm . Because of
the diKculties in identifying GT strengths at higher exci-
tation energy region due to smaller and more-fragmented
GT strengths and a rather large uncertainty associated
with a choice of background in this region, Anderson et
al. only considered "peaks" in the (p, n) spectrum. They
reported that about 1 6 2 mb/sr could be considered as
GT cross sections between E = 10 and 20 MeV. A rather
large uncertainty is assigned mainly due to assumptions
that they made in this estimation. In the following dis-
cussion, although we keep this in mind, we choose not to

20 MeV
use P a" = 1 + 2 mb/sr because the uncertainty
overshadows any meaningful comparisons.

The MD analysis shows that about 20% of the cross
sections observed in E & 10 MeV region is from L = 1

10 MeV
dipole excitations. The values g a."" = 9.9 mb/sr

10 MeV
and P a " = 2.3 mb/sr are obtained from the MD-
analyzed 130-MeV S(n, p)s2P spectrum at e~ b = 1'.

10 MeV
Extrapolating P a. " = 9.9 mb/sr to q = 0, we

obtain 11.4 4 2.0 mb/sr. The uncertainty is obtained
by adding in quadrature the statistical uncertainty (
2%), a modest 10% uncertainty in the MD analysis, and
overall 15% uncertainty in background subtraction and
solid angle correction in data reduction. We use a unit
GT cross section value of 11.4 mb/sr at 130 MeV divided

TABLE III. Values of P B(GT) tabulated for the
S(p, n) P data, OXBASH calculation, and S(n, p) P data

at di8'erent excitation energy intervals.

Source

135 MeV (p, n) [7]
OXBASH [37]
RPA
95 MeV (n, p)
130 MeV (n, p)
170 MeV (n, p)

B(GT)

2.21 + 0.33
2.02
2.14

2.3 + 0.4
2.2 + 0.4
2.4 + 0.4

B(GT)

2.10
2.67
2.4 + 0.4
2.7 + 0.5
3.0 + 0.6

10 MeV
B(GT) of the 130-MeV S(n, p) P data has been

E~ =0
10 MeV

normalized to P —0

[7].

where E is in MeV. Additional GT strength is seen in
the MD-analyzed (n, p) spectra between E = 10 and 20
MeV. This is true for all three cases that we gy~ gested
(see Table III, Figs. 4, 5, and 6). A value g a

12.1 mb/sr is obtained from the MD-analyzed 130-
MeV S(n, p) P spectrum at 0~ b = 1'. Extrapolat-
ing this cross section to q = 0 fm, we obtain 13.9
+ 2.3 mb/sr. In Table III we use Eq. (4) to tabulate
values for QB(GT) at 95, 130, and 170 MeV for the

S(n, p) P data along with the 135-MeV S(p, n) Cl
data and results from the oxBAsH and RPA calculations
at different excitation energy intervals. Although the
value for P B(GT) is slightly higher at 170 MeV and
lower at 95 MeV as compared to the 130-MeV (n, p)
data, all values fall within the estimated uncertainties
and the overall agreement is quite reasonable. Almost all

P B(GT) strength that has been observed in the (p, n)
study resides below E = 10 MeV. The P B(GT) from
the oxBAsH calculation is in agreement with this observa-
tion. However, additional GT strength in the E = 10 to
20 MeV region is seen in the present (n, p) data as well
as from the RPA calculations. Some of this additional
strength seen in the (n, p) data may be due in part to
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uncertainties in the assumed shapes for the I = 1 and
2 transfers in the MD analysis which have a larger inHu-
ence on weaker GT transitions in the E region above 10
MeV (see Table III.)

Additional information concerning the IT(A, E ) for
other targets studied using the present experimental

FIG. 7. Unit GT cross sections o(E ) betw'een E = 70
and 220 MeV obtained for the S(n, p) P reaction. The 85-
MeV S(n, p) P data are at I9I b = 1' shown in an inset. A
total of six Gaussian curves were used to fit the data in the
range 0 & E' & 25 MeV. The sum of the areas of the erst two

Gaussians with centroids at E = 1 and 4.5 MeV was used to
calculate the observed GT cross section.

setup can be found in Refs. [35, 36]. The angular dis-
10 MeV

tribution of P o (8) obtained from the multi-

pole decomposed spectra for the 130-MeV 82S(n, p)szP
data is shown in Fig. 8. The curve shown in this figure
is an arbitrarily normalized Dwsl calculation for cr(0)
for J = 1+ transition at E = 5 MeV. A good agree-
ment in shape is found between this curve and the sum
of the observed cross sections between E~ = 0 and 10

10 MeV
MeV (p I7 (0)). As the program DW81 gener-
ates DWIA angular distribution down to 0 = 0, the
curve had to be extrapolated to q = 0 in order to obtain
o'(q = 0). This was done by setting the Q value for the
reaction equal to zero and running the program to get
the shape of the curve from q = 0 to q(0 = 0).

In Fig. 9 we show the energy distribution of GT
strengths from the MD analysis of the present 130-MeV

S(n, p) P data, the calculated GT strengths from the
oxBAsH, the GT analysis of the 135-MeV szS(p, n)82C1
data [7], and the RPA calculation. In this figure, all GT
strengths are shown with a full width at half maximum
I' = 1 MeV to match the binning size of the decom-
posed (n, p) spectrum. We find an exceptionally good
agreement among all four spectra. When a GT transi-
tion operator that is consistent with the beta decay of
the 6.ee neutron, i.e., gg, , is used in the full s-d model
space characterized by Wildenthal's matrix elements [37],

20 MeV
a value P B(GT) = 3.942 is obtained (96.2% of
which is concentrated below E = 10 MeV). If the renor-
malized beta-decay operator of Brown and Wildenthal is

Ea = 130 MeV S(n,p) P

80 I I I I ]1I Il~ I I I I

]
I I I I

1.0 I
'

I
'

I

(a) "S(n,p)"P
I

(b) OXBASH

ig
9

m S
K

0.0

1.0 I

(c) "S(p,n)"Cl
I

(d) RPA

0.5

I I I

0 0.8 0.4 0.6
q (1/fm)

0.8
0.0—5 0 5 10 15-5 0 5 10 15

FIG. 8. Sum of GT cross sections for E' between 0 and
10 MeV from the 130-MeV S(n, p) P data as a function of
momentum transfers. The curve represents an arbitrarily nor-
malized angular distribution Ir(8) from a DWsi calculation for
J = 1+ at E = 5 MeV. The shape of the measured angular
distribution of the GT cross sections is very well described by
the curve.

FIG. 9. GT strengths from the MD-analyzed 130-
MeV S(n, p) P data, OXBASH calculation, the 135-MeV

S(p, n) Cl data [7], and RPA calculation. Both OXBASH
and RPA results have been normalized with g, @ = 0.73 (see
text). In this figure, all GT strengths are shown with a full
width at half maximum I' = 1 MeV energy resolution to match
the binning size of the decomposed (n, , p) spectrum
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in this range of uncertainty. At higher excitation energy
region (10 & E & 20 MeV), the MD analysis identifies
more GT strength with much the same uncertainty as-
signed to the GT strength below 10 MeV in excitation.
In contrast, the GT strength above 10 MeV in excitation
in the S(p, n) Cl data analysis yields much larger un-
certainty which precludes any meaningful discussion in
this excitation energy region. The calculations that we
have done to obtain the GT strength with the oxBAsH
and RPA produce very similar outputs as can be seen in
Fig. 9.

FIG. 10. 170-MeV S(n, p) Cl data at 0, . = 7.3' over-
laid on the result of the RPA-DWIA calculation.

20 MeV
used [26], i.e. , g,6 = 0.73, then a value g B(GT)
= 3.942 x (0.73)2 = 2.10 is predicted. This renorinal-
ization value has been obtained in the calculations to
reproduce the magnitudes of the beta-decay empirical
B(GT) values for 3-d shell nuclei. Only when the GT
transition operator has been renormalized to produce the
observed beta decay B(GT) in the full s-d inodel space,
we observe good agreement in the GT strengths among
the oxBAsH calculation, RPA calculation also normal-
ized with (g,~)2 = (0.73)2 = 0.53, the (n, p) data, and
the (p, n) data.

Below 10 MeV in excitation, we have learned from the
MD analysis on the S(n, p)32P data that about 85% of
the GT strength is observed when compared with the GT
strength observed in the 32S(p, n) Cl reaction at E„=
135 MeV. However, both the (p, n) and (n, p) results es-
timate roughly the same uncertainties of + 15%, and the
discrepancy found between the two measurements falls

E. Dipole strength distribution in the S(n, p) P
reaction

Negative-parity states in P, i.e., 1hu excitations,
have not been observed below Z = 3.0 MeV [34]. The
present MD analyses of the 95-, 130-, and 170-MeU

S(n, p) P data are consistent with this observation,
as can be seen in Figs. 4, 5, and 6. All 1p-lh, configura-
tions below E = 3.264 MeV give rise to positive-parity
transitions.

Results of the RPA-DWIA calculations for the 170-
MeV S(n, p) P reaction at 0, = 7.3 are shown in
Fig. 10. The calculated L = 1 cross sections are about
60% of the MD-analyzed data. The calculation included
all states up to 50 MeV in the continuum; therefore,
we cannot attribute the difference in cross sections be-
tween the calculations and observed to the presence of
the quasifree cross sections. However, it should be men-
tioned that the position of the dipole peaks in the calcu-
lations is sensitive to the single-particle energies.

In Fig. 11 we present the RPA-calculated L = 1 cross
sections overlaid on the L = 1 cross section from the
MD-analyzed S(n, p) P data at q 0.5 fm i. In this
figure, the I = 1 cross section calculated with the RPA
DULIA is shown with a solid line; a dotted line for LJ
= 0, a dot-dashed line for 4J = 1, and a dashed line

2+5

2.0

I I I I
]

I

32S( )32p

I I I
]

I I I I
i

I I I I

E„= 95 MeV

I I I

[
I I I ~

[
I I

32S( )32p

~ l
]

I I I I

[
I ~ I I

E„=170 MeV- sum

0

1.0—
~ W

0.5

0.0
10 15

E„(MeV)

20 250 5 10 15
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FIG. 11. RPA-calculated L = 1 cross sections are overlaid on the L = 1 cross section from the MD-analyzed S(n, p) P
data. The L = 1 cross section calculated with the RPA DWIA is shown with a solid line: dotted line for A J = 0, dot-dashed
line for AJ = 1, and dashed line for AJ = 2 . The RPA-DWIA L = 1 cross sections are shifted +3 MeV and multiplied
by 1.6 to match the MD-analyzed (n, p) data.
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MD —analyzed L=1 S(n,p) P

2.5
E = 95 MeV, q = 0.5 fm '

for LJ = 2 . The RPA-DWIA L = 1 cross sections are
shifted +3 MeV and multiplied by 1.6 to match the MD-
analyzed (n, p) data. The calculated 2 strength rep-
resenting the largest component of the GSDR increases
with E . This feature is very well documented empiri-
cally as shown in Fig. 1. As the neutron energy increases
above 110 MeV, we observe the GSDR to have a very
distinct peak that is well separated from the GDR. On a
relative scale, the upper excitation energy region (E )
12 MeV) is more strongly populated at the lower neutron
beam energies than the lower excitation energy region.
This also can be seen in Figs. 4 and 6 between the 95
and 170 MeV S(n, p) P spectra. Thus, the data indi-
cate good agreement with the energy dependence of the
isospin and spin isospin terms of the isovector effective
interaction [14].

The GDR is uniquely excited in the photonuclear re-
action [38], while the GSDR has been studied with the
(e, e') reaction [39]. For qualitative comparisons, we

present in Fig. 12 the arbitrarily normalized GDR~~' ~

and GSDR~" ~ spectra superimposed on our MD-
analyzed L = 1 cross sections from E = 95 and 170
MeV at Oj b ——11 and 0~ b ——9, respectively. The MD-
analyzed I = 1 cross section extracted from the 95 MeV
s S(n, p) P data look very much like the GDR(~' ) in

2.5
E =170 Mev S(n,p)' P

I

0.0
0 10 15

E (Me V)

20 30

FIG. 13. Calculated dipole excitation spectrum for the
(p, v) reaction on S [40]. The p capture is represented
using a histogram with I' = 1 MeV, and the dark circles with
error bars represent the S(n, p) P data.

the excitation energy region between 10 and 20 MeV. Al-
though small the obvious presence of excitation of some
spin-dipole states in the data should account for the dif-
ference found in the E = 5—10 MeV region. We also
observe a good agreement between the S(n, p) spec-
trum at 170 MeV and the spin-dipole spectrum from the

S(e, e') reaction at 200 MeV [39]. A fair amount of the
GDR cross section at higher excitation energy is present
at this energy. These comparisons help support the argu-
ment that a considerable portion of the dipole strength
at lower beam energies is &om the GDR, whereas the
GSDR is more prominent at higher beam energies.

One calculation with which we can compare the present
L = 1 cross-section values obtained from the MD analysis

0.0

40 a ~ ~ ~

]
r s I i

~

s ~ s ~

(
~ ~

"s(n,p)

2.5

13—

E = 170 MeV, q = 0.5 fm'

20—

RPA X 1.6

Cg
Q 10—

10 15 20 25

E (Me V)

FIG. 12. Qualitative comparison of the MD-analyzed 95
MeV (170 MeV) S(n, p) P data at q 0.5 fm and GDR
(GSDR) from (p, n) [(e, e')] data. Arbitrarily normalized

I
GDR ~' and GSDR ' spectra are superimposed on the
present (n, p) results. Both the GDR~~' and GSDR "' are
shifted by —7 MeV in E .

0 ~ ~ I

0 10 20

E„(MeV)
30

FIG. 14. Integrated sum of the L = 1 cross sections
from the multipole decomposed spectrum of the 170-MeV

S(n, p) P data and RPA-DWIA calculations shown in solid
and dashed lines, respectively.
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is the dipole calculation reported for the S(p, v) P
reaction [40]. The p capture on 2S proceeds through
the excitation of the giant spin-dipole resonance [39].
In Fig. 13 we present an arbitrarily normalized excita-
tion spectrum for p capture in S overlaid on the mul-
tipole decomposed L = 1 spectrum for the 170-MeV

S(n, p)s P data. The calculated p-capture cross section
plotted with I' = 1 MeV energy resolution resembles, in
most part, the multipole decomposed I = 1 spectrum.

In Fig. 14 we present the integrated sum of the L = 1
cross section from the RPA-DWIA calculations and the
MD-analyzed integrated sum cross section for the 170-
MeV s2S(n, p)s P data, shown in dashed and solid lines,
respectively. Magnitude of the calculated cross sections
are normalized to the MD-analyzed L = 1 cross section.
A reasonable agreement in shape is found between the
integrated L = 1 cross sections of the observed and the
RPA-DWIA calculations.

IV. CONCLUSIONS

Double differential cross-section angular distributions
were measured for the s2S(n, p) P reaction with a multi-
target array and a spallation neutron source. With a pro-
ton detection "wall" made of 15 CsI detectors, simulta-

neous measurements over the incident neutron energies
between 60 and 220 MeV covering a reaction angular
range of 0 & 0~ b C 14' were carried out.

Excellent agreement was found when the mapped GT
transitions in the S(n, p) P reaction as a function of
(E,0) were compared with those from (p, n) studies and
with RPA calculations as well as theoretical calculations
done by Brown and Wildenthal [26]. The RPA-DWIA
calculation was done to sort out the spin-Hip and non-
spin-Aip contributions to the L = 1 excitations. The
calculated L = 1 cross section is about 60% of the MD-
analyzed; however, the integrated cross section seems to
match the experimental data in shape.
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