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Measurements of the differential cross section for the **O(p,n)*®F and '*O(p,n)'®F reactions are
made at f1.p = 0°, 1°, 2°, 3°, 4°, 6°, and 8° with a bombardment energy of 494 MeV. Multipole
decomposition methods based on the measured angular distributions are used to extract AL = 0,
AL =1, and AL = 2 contributions to the cross sections. The summed Gamow-Teller strength
B(GT) is computed for the excitation energy region 0-30 MeV in '°F, and 0-12.5 MeV in '®F.
Difficulties with the decomposition methods are discussed.

PACS number(s): 25.40.Kv, 27.20.4n

I. INTRODUCTION

Models and our views on the structure of nuclei are
primarily tested in light nuclei. In particular, 10, which
in the simplest shell model is a spin saturated doubly
magic nucleus, has received a large share of theoretical
interest. At an earlier stage, Brown and Green [1] gave
a successful and important description of the low-lying
excited states using a (0 + 2 + 4)hw model space. More
recently, studies on 1*0O done by Haxton and Johnson [2]
and Warburton and Brown [3] have reaffirmed the above
description of the low-lying levels.

Charge-exchange reactions are excellent probes to
study correlations in the ground state wave function
of a given nucleus. In particular, the excitation via
the *O(p,n)!F reaction of transitions characterized as
Gamow-Teller (GT) with AJ™ = 11, AL =0, AS =1
provides a unique way to study (2 + 4)Aw admixtures in
the ground state wave function of 10, since in the simple
0%w model space, no GT transitions are allowed.

In recent years, many advances have been made in the
study of GT transitions by using the (p, n) reaction at in-
termediate energies. In the energy range 160-500 MeV,
the (p,n) reaction has been used to excite the nuclear
spin response, using the dominance of the spin-isospin
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term (o - ) in the effective nucleon-nucleon interaction.
The present measurements attempt to determine the GT
strength for '8F from angular distributions obtained in
the 60(p,n)!®F reaction at 494 MeV. Explicit calcu-
lations of the strength have been done by Arima and
Strottman [4], by Snover et al. [5], and more recently by
Haxton and Johnson [2]. The last calculation predicts a
summed GT strength of about 0.7 unit (units for which
the free neutron decay has a GT strength equal to 3) for
16F excitation energies up to 40 MeV.

Earlier measurements for GT strength in the A = 16
system were done by inelastic scattering and charge-
exchange reactions. In a %O(p,p’) study at E, = 201
MeV reported by Djalali et al. [6], three transitions are
identified to T = 1, J = 17 final states in 80 in the exci-
tation energy region between 16 and 19 MeV. The same
states have been previously reported by Kiichler et al. [7]
in back-angle inelastic electron scattering and by Snover
et al. [5] in their ®N(p,y) work. Analogs to these states
in the °F nucleus are also reported by Fazely et al. [8] in
the study of the 80(p,n)8F reaction at E, = 135 MeV.

More recent measurements of the O(n,p)'®N reac-
tion at E, = 298 MeV have been reported by Hicks
et al. [9] where, using a multipole decomposition tech-
nique, transitions characterized with an angular momen-
tum transfer L = 0 are identified to obtain the GT
strength distribution. Because of a 1.2 MeV energy res-
olution, regions of concentration of L = 0 transitions are
identified, rather than individual states.

For experimental reasons, the spectroscopy of N is
better known than that of '®F [10]. Much of the spectro-
scopic information about excited states in 16F has been
obtained from a high resolution time-of-flight measure-
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ment of the 14N(3He, n)!®F reaction reported by Bohne
et al. [11]. In particular, two excited states at 3.751
MeV and 4.646 MeV excitation energy are found to be
J™ = 1*. In addition, a state at 6.23 MeV is also identi-
fied as a 17 state in the *O(p, n)'8F work by Fazely et al.
[8]. Snover et al. [5] and Rapaport [12] have estimated the
corresponding GT strengths. Values for the GT strength
of ~ 0.006, 0.09, and 0.075, in the units indicated above,
are estimated for the corresponding transitions. A dis-
crepancy [5] between 2fiw shell-model calculations and
the above experimental B(GT) strength below 7 MeV in
16F has not yet been fully removed even in the more com-
plete calculations of Haxton and Johnson [2]. These cal-
culations are necessary to estimate the total GT strength
that may reside up to 50 MeV of excitation in 1°F.

The GT strength function for the *O(p,n)SF reac-
tion up to excitation energies of about 50 MeV has inter-
est beyond specific nuclear structure questions. A preci-
sion measurement of the Weinberg angle has been pro-
posed [13] which extracts this quantity from measure-
ments of neutrino-electron elastic scattering in a water
Cerenkov detector. In these measurements, the reaction
Ve +180 —18F 4 e~ proceeding by the GT operator is an
important background, since the electron from this reac-
tion emits Cerenkov light just as a recoil electron from
ve-e elastic scattering.

In the present study we report measurements of the dif-
ferential cross section for the 16180 (p, n)1618F reactions
at angles 6;,, between 0° and 8°. The measurements
were done at E, = 494 MeV using the LAMPF/NTOF
facilities. A multipole decomposition technique is used
to analyze the angular distributions and to obtain tran-
sitions characterized with an angular momentum trans-
fer L = 0. The L = 0 differential cross section for the
180(p,n)'8F (g.s.) transition with an empirically known
B(GT) value is used to normalize the deduced L = 0
cross section in the 180(p, n)°F reaction in B(GT) units.
The energy dependence of the resulting GT strength is
compared with theoretical calculations of Haxton and
Johnson [2].

An intrinsic advantage of the 1®0(p, n)®F reaction at
E, = 495 MeV is the fact that at zero degrees the mo-
mentum transfer ¢ for the ground state transition is 0.10
fm~! while at E, = 135 MeV it is 0.17 fm™!. At the
higher energy this provides a better sensitivity to differ-
entiate between L = 0 and L = 1 momentum transfers,
and thus to identify better weak GT transitions in regions
of strong dipole and spin-dipole excitation.
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II. EXPERIMENTAL METHODS AND DATA
ANALYSIS

A. Apparatus

1. Proton beam and swinger cave

The Neutron Time-of-Flight (NTOF) facility at the
Los Alamos Meson Physics Facility (LAMPF) was used
for the measurements. A proton beam with mean ki-
netic energy 494.0+0.5 MeV and an average current of
about 30 nA was produced in the LAMPF LINAC. The
beam was pulsed in 400 us bursts at a frequency of
10 Hz, and each burst had an internal “micropulse” pe-
riod of 2146.6 ns. To produce a nearly isochronous beam,
postacceleration longitudinal focusing (rebunching) was
performed using accelerator modules not needed for ac-
celeration [14]. In the swinger cave the proton beam
was steered by a series of magnets to strike the target
at the desired angle, as depicted schematically in Fig. 1.
Neutrons from (p,n) reactions scattered at an angle 6,
traveled along a 341.6-m outdoor flight path before reach-
ing the detector. Beam steering was necessary because
the neutron collimator, flight path, and detector lie in
a fixed direction. Protons downstream from the target
were swept by a movable dipole magnet into an electri-
cally isolated graphite beam stop connected to a current
integrator. A secondary emission monitor (SEM) located
upstream from the target was also helpful for monitoring
the beam current.

2. Target

The primary target was a disk of ice which filled a
3.81 cm diameter hole in a 0.318 cm thick copper plate
mounted perpendicular to the beam. This plate was
maintained at a temperature of —65°C with a com-
mercially available cooling system (FTS Flexi-Cool Sys-
tem FC-20-84-P2S). Aluminized Mylar windows of 7.6
pm thickness were used to prevent sublimation losses.
The ice target design is described in greater detail in
[15]. Previous ¥O(p,n)'®F measurements [8] used BeO
targets and had to deal with a large background from
°Be(p,n)°B reactions. The H,O target used in the
present experiment significantly reduced the background.
Hydrogen itself can produce neutrons only via the p+p —
n 4+ p + m reaction with a Q value of —140.8 MeV.
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FIG. 1. Schematic of the NTOF swinger
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A small amount of '8Q-enriched water was added
to the natural water used in the target, yielding a
160:170:180 ratio of 0.947:0.001:0.052 and an effective
thickness for ®O of 246 mg/cm?. The 80(p,n)!®F re-
action has a very strong GT transition to the 11t !8F
ground state, and the peak corresponding to this transi-
tion (Q = —2.44 MeV) is well separated from any neu-
tron yield from the *O(p, n) reaction (@=-16.21 MeV).
The 20(p,n)'8F ground state peak in the 0(p, n) neu-
tron spectrum served several purposes. One, it provided
a quick online check for the operation of the complete
data acquisition system. Two, it provided a normaliza-
tion peak to check for possible sublimation of the ice tar-
get during the data taking period (~ 1 week), and three,
its angular distribution provided a nearly pure L = 0 GT
transition for relative angular normalization.

An ice target made from undiluted '®O-enriched wa-
ter was also used. For this target the isotopic ratio
was 10:170:180=0.032:0.012:0.956 and the effective 20
thickness was 278 mg/cm?.

Background contributions to the (p,n) spectra from
the 180 target were obtained from the 180 target, from
a Mylar target with 50 layers of 7.6 pum thick foil, from
a target of 27.5 mil copper, and from a “hole” target
which was a replica of the copper plates used for the 10
and 80 targets but without ice or windows. Measure-
ments of (p,n) yields from the “hole” target were used
at each 6,1, setting to minimize and monitor the beam
halo striking the copper plate. The 80 target was also
used to obtain high statistics data for ¥O(p,n) angular
distributions. All these targets were mounted on a ladder
along with a "Li target of thickness 721 mg/cm? used to
obtain absolute (p,n) cross sections, as discussed below.
For a given 0y}, setting data runs on the 60 and 80 tar-
gets were interspersed with runs from the various targets
providing information on the background contributions.

3. Detector

Neutrons were detected in the NTOF polarimeter, op-
erated in the singles (nonpolarimetry) mode. As pre-
sented in Fig. 2, the detector consisted of three tanks
of BC-517S mineral-oil-based scintillator, each tank mea-
suring 10 cm X 100 cm x 107 cm, oriented perpendicular
to the beam. Each tank was subdivided into ten opti-
cally isolated cells measuring 10 cm x 10 cm x 107 cm,
and each cell was viewed by phototubes at both ends.
Flight times were determined by comparing timing sig-
nals from the phototubes with an accelerator-generated
rf synchronization signal, and the overall timing calibra-
tion was performed using gamma rays from %O(p,yz)
events, which travel from the target with velocity c¢. The
time-of-flight window for high energy neutrons was about
110 ns wide, corresponding to neutron energies between
about 415 MeV and 550 MeV. This permitted the study
of 1%O(p,n)'6F transitions up to excitation energies of
at least 60 MeV. Neutron kinetic energies were calcu-
lated from the flight times with a FWHM resolution of
1.1 MeV. Thin (0.3 cm) planes of plastic scintillator were
used to tag and reject charged particles produced by

charged particle

veto planes
e )

E/—E

neutron planes

FIG. 2. NTOF neutron detector. Phototubes have been
omitted for clarity.

charge-exchange scattering along the flight path. The
NTOF detector is described in greater detail elsewhere
[16,17]. Data acquisition employed a “Q”-based system,
described in detail in Ref. [18].

B. Data reduction
1. Normalization

The expected relationship between the observed num-
ber of neutrons Ng,s and the differential cross section is
given by

dalab(e)/dﬂ = Nobs/ [I(p:BNO/A)AQETfl] ) (2.1)
where I is the number of incident protons, pzNg/A is
the target thickness in nuclei/cm?, A{Q is the solid angle
subtended by the detector (8.6 usr), € is the intrinsic
detector efficiency for neutron singles (=20%), T is the
transmission factor along the flight path (=63% for 450-
500 MeV neutrons), and f; is the detector live fraction
(=75%).

The target-independent constants A2, &, and T are
difficult to measure independently, so we determine the
value of the product of these three constants by mea-
suring the yield from a 7Li target and using the known
zero-degree "Li(p,n)"Be (g.s.+0.43 MeV) cross section,
Oc.m.(0°)=27.0£1.0 mb/sr at 494 MeV [19].

The integrated beam current I was monitored using
the graphite beam stop attached to a current integrator.
This “Faraday cup” system was found to be nonlinear at
the 20% level with respect to beam intensity. Although
the SEM gave a better measure of beam intensity, it in-
troduced a beam halo that could be detected using the
“hole” target. It was sufficient to renormalize the “Fara-
day cup” readings to a beam intensity standard deter-
mined with the SEM.

At high data rates, when the probability of receiv-
ing more than one neutron from a given micropulse is
not negligible, the system becomes biased toward faster
(higher energy) neutrons, since the data acquisition sys-
tem will become busy on the first neutron and will not re-
spond to the later (slower) neutron. An additional source
of spectral distortion is a resolving time effect. If two



nonadjacent cells in a given plane are triggered within
~ 50 ns, this is seen as a single, invalid event, and re-
jected. This might occur if the spectrum contains a very
strong, sharp peak. Thus, at high data rates, the relative
counting loss in any sharp peak can be greater than the
counting loss in the rest of the spectrum.

Algorithms based on methods described in the liter-
ature [20,21) were derived to correct for these spectral
distortions. The study of these distortions was aided by
the fact that (p,n) data with the “Li and 80 targets had
been taken at both low and high data acquisition rates
(high and low live fractions, respectively) so that our al-
gorithms could be tested empirically. The *O(p,n) data
were taken at moderate data acquisition rates; there-
fore the corrections for spectral distortions were not large
(<4%).

The energy scale for the data was aligned from run to
run within a given setting of 6,1, (there were typically ten
data runs with the 6O target at each angle). For almost
all the data the energy shifts were found to be minimal
(<100 keV). The energy scale was also aligned from angle
to angle. Apart from recoil energy corrections, the angle-
to-angle shifts were smaller than 200 keV, except for a
900 keV shift at 3°.

2. Background contributions

The most significant background contributions to the
(p,n) spectra from the €0 ice target were 20(p, n)8F
transitions from the isotopic mixture in this target,
2C(p,n)!2N transitions from the Mylar foil target
windows and from oil condensed on these foils, and
natCy(p,n)Zn transitions from beam halo scattering on
the plate surrounding the disk of ice. These background
spectra, suitably normalized and with energy-loss cor-
rections, were subtracted from the €O ice target (p,n)
spectra. Similar procedures were carried out for the 180
ice target (p,n) spectra.

10000
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The presence of oil condensed on the Mylar foil win-
dows was inferred from the fact that a residual back-
ground was found in a region corresponding to °F ex-
citation energies between 1 and 3 MeV. There are no
known !€F states in this region [10]. This is just the
region where the strong 2C(p,n)!2N 1% ground state
transition is located (with @ = —18.13 MeV). The 12C
background contribution from the oil was obtained from
a fitting routine using Mylar (p,n) spectra and demand-
ing that the 6., = 0° (p,n) spectra from the 0 ice
target be negligible at an excitation in 1°F of ~2 MeV.
During the running period for this experiment two sets
of 180(p,n) data were obtained at 6., = 0°, taken at
the beginning and near the end of the running period,
respectively. Comparison of these two data sets gave no
evidence for contaminant increase during the running pe-
riod.

A raw neutron energy spectrum from the 160 ice target
is presented in Fig. 3, along with the contributions from
these three sources of background shown to scale. “Wrap-
around” neutrons, which are slow neutrons produced in
previous beam micropulses, were effectively eliminated
using a software threshold for phototube pulse heights;
the “wrap arounds” had a maximum kinetic energy of
only 55 MeV.

3. Cross sections

The center-of-momentum differential cross sections as
a function of angle and excitation energy are shown for
the 60(p,n)'F and for the O(p,n)®F reactions in
Fig. 4 and in Fig. 5 respectively for 0. ,,, = 0°, 1.1°, 2.2°,
3.3°, 4.4°, 6.6°, and 8.8°. In addition to the statistical
error (typically 2% for a 0.2 MeV bin), there is a 1.5%
uncertainty in the determination of integrated current I
for each angle. Normalization uncertainties include the
"Li calibration (3%) and target thickness (3%), but since
these are common to all angles there is little effect on the
multipole decomposition (MD) analyses.

T T T T T
T 8000 1%+ (b) 3
E -t
o~ 6000 : ;;— .
(=]
> 4000 12t
3 g 1 FIG. 3. (a) Raw neutron spectrum from
5 2000 1 8F the 80 ice target at O1ap = 1°; (b) “empty
5 o = . ey . frame” background due primarily to bezm
halo striking the ®**Cu target frame; (c) *O
. - — . . - . . : . background due to the isotopic mixture of the
o o target; (d)“window” background due to *?C
°f (c) 1ot (d) g in the Mylar target windows and oil which
=i 1 5L ] had condensed on the windows. All back-
g "8 grounds are shown with a scale appropriate
= 1ar E to (a).
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FIG. 4. Differential cross sections from the '°O(p,n)'*F
reaction at E, = 494 MeV.

III. RESULTS

In this section we present theoretical analyses including
the results of a multipole decomposition analysis.

A. Theoretical calculations

The differential cross sections were calculated using a
distorted-wave impulse approximation (DWIA) with the
code pws1 [22], which includes exchange. The inputs to
such calculations are (a) an effective nucleon-nucleon in-
teraction for which we have chosen the Franey and Love
[23] parametrization of the free-nucleon interaction, (b)
optical potential parameters, and (c) one-body density-
matrix elements (OBDME’s) from a nuclear structure
calculation and single-particle wave functions for the nu-
cleons involved in the transition.

Optical potential parameters are needed to calculate
the distortions in the incident and outgoing channels.
These were obtained from a microscopic optical potential
by Flanders et al. [24] which is derived using an empirical
effective interaction. This optical potential fits well the
measured 500 MeV proton elastic scattering from €0O.
Other potentials that fit equally well the elastic scatter-
ing [25] produce similar (p,n) differential cross sections.

20 F T T T T T T i

0(p,n)'®F  6,,,=8.8°]

10 E
0 N I — |

20 F B
- 6.6°

10 | 4
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excitation energy (MeV)

FIG. 5. Differential cross sections from the '*O(p,n)'*F
reaction at E,=494 MeV.

It is interesting to note that plane-wave impulse approx-
imation (PWIA) and DWIA calculations produce differ-
ential cross sections with similar shapes in the angular
range of the measured angular distribution, indicating
low sensitivity at this energy to different sets of optical
potentials.

The OBDME’s for the *O(p, n)!®F reactions were ob-
tained from the shell-model code oxBAsH [26] in the p-
shell and sd-shell (PSD) model space with the Millener-
Kurath interaction [27]. The L = 1 calculations allowed
up to two particles from each of the p3/, and p;/; orbitals
to occupy the sd shell orbitals. The positive parity OB-
DME'’s for the 80(p, n)'®F reaction were also obtained
from the shell-model code oxBAsH. In this case we used
a OAw calculation within the complete sd-shell model
space and the Brown and Wildenthal interaction [28].
The single-particle radial wave functions were assumed
to have a harmonic-oscillator (HO) shape with the size
parameter a=0.588 fm~!. Calculations were also done in
which these single-particle wave functions were generated
from a Woods-Saxon (WS) potential, the depth of which
was adjusted to reproduce the binding energies. For the
p1/2 and ps;; neutron hole wave functions, these energies
were taken as the experimental separation energies 15.669
MeV (py/2) and 21.845 MeV (p3/2), respectively. The
proton particle is always unbound and its binding energy
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was set at —0.010 MeV. No major changes in the shape
of the L = 1 calculated differential cross sections were
observed in the calculations done with HO or WS single-
particle wave functions. However, the magnitudes for the
cross sections calculated using the WS single-particle or-
bitals were larger by about 30% than those calculated
with the HO shape.

B. The *O(p, n)'®F reaction
1. Ezcitation of the quartet of low-lying states in '°F

Several authors have studied the nuclear structure
of the low-lying states in !®F [10]. The ground state
(J™ = 07) and the 0.192 MeV state (J™ = 17 ) are cal-
culated to have an almost pure (lpl_/lz,2sl /2) configura-

tion, while the 0.424 MeV state (J™ = 2]) and the 0.722
MeV state (J™ = 3]) are calculated to have an almost
pure (lp;/12,1d5 J2) configuration [3]. These wave func-
tions may be then considered well known and provide
an excellent set of states to test the DWIA calculations.
Also, from the empirical point of view, this quartet of
states is well separated from the next excited state in
16F at 3.76 MeV [10], allowing us in the present experi-
ment to obtain its yield without interference from higher
excited states. The present resolution is not sufficient
to separate individual transitions, but as seen in Fig. 6
the main contribution (about 75% of the total calculated
differential cross section) corresponds to that of the 27
state. The calculated 0] and 17 transitions contribute
in about equal amounts (approximately 12% each) to
the total differential cross section up to 8 = 4°. Ori-
hara et al. [29] have measured individual angular distri-
butions to the four members of the quartet excited in the
160 (p,n)!F reaction at E, = 35 MeV with 60 keV neu-
tron energy resolution. The reported relative yields for
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FIG. 6. Measured angular distribution for the neutron
group near the ground state in '°F excited via the *O(p,n)
reaction at 494 MeV (diamonds with 1o error bars). The
curves are DWIA calculations corresponding to transitions to
the 07,177,217, and 3] states, each multiplied by a factor of
0.7. The solid curve represents the sum of the four different
J™ contributions.
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the 0~, 17, and 2~ transitions are in general agreement
with the results of the above calculations.

The DWIA calculations in Fig. 6 have been obtained
with the optical model potential (OMP) of Flanders et
al. [24] and one-particle-one-hole OBDME'’s provided by
Millener [30]. These calculations, normalized by a factor
of 0.7, agree with data at the peak of the angular distri-
bution but disagree by almost a factor of 2 at § = 0°.
The calculations indicate that the shape of the observed
(0° < 8 < 10°) angular distribution for this set of states
is mainly due to the spin-dipole transition to the 2~
state at 0.424 MeV. This is expected because at these
intermediate energies the spin-isospin term of the effec-
tive interaction is the dominant component. This has
also been noted empirically in other charge-exchange re-
actions, such as the %O(p,n)'SF study at E,=99 and
135 MeV by Fazely et al. [8] and the O(3He,3H) re-
action at 81 MeV by Sterrenburg et al. [31]. The fact
that the calculated AJ™ = 2~ cross section is lower by
a factor of 2 than the measured differential cross section
at & = 0° has a drastic consequence in the evaluation of
L = 0 cross sections, i.e., GT strength, in a multipole
decomposition analysis. This has been pointed out by
Celler et al. [32] in the analysis of the 1N(n, p)*°C reac-
tion at 288 MeV, and by Hicks et al. [9] in the analysis

of the 60(n, p)'°N reaction at 298 MeV. In these two
cases the authors report difficulty in fitting L = 1 angu-
lar distributions at forward angles and point out that for
this reason a multipole analysis cannot yield a reliable
estimate of GT strength in the region of strong dipole
transitions. Because of practical considerations, the ac-
ceptance of the spectrometer used in the above (n,p)
measurements was broad and thus data were reported at
averaged scattering angles of 2.0°, 6.4°, and about 11°.
The present time-of-flight data in steps of A§ = 1° be-
tween 0° < 0 < 4° allow a more careful study of this
problem. As indicated in the Introduction, one of the
advantages of the study of the °0(p,n)®F reaction at
E,=494 MeV is that it allows data to be obtained at
much lower momentum transfer values ¢, and thus pro-
vides more sensitivity to angular distribution shapes near
q = 0. This is particularly important in the identification
of L = 0 transitions.

Fazely et al. [8] report *O(p,n)!®F differential cross
sections for the excitation of the 2] state in '°F. Data
were obtained both at E, = 99 and 135 MeV with neu-
tron energy resolutions of 260 and 310 keV, respectively.
We display in Fig. 7 the differential cross sections re-
ported at 135 MeV, plotted versus momentum transfer.
The reported values, multiplied by 1.5, are shown to-
gether with the present results for the group of low-lying
states in '®F. We also present the results [9] obtained in
the 'O(n,p) '°N reaction at 298 MeV for the differen-
tial cross section exciting the analog states in 16N. All
the data points seem to be in a smooth universal curve.
The solid line represents the DWIA calculation for the
2~ transition presented in Fig. 6, while the dashed curve
represents a similar calculation but with single-particle
states bound in a Woods-Saxon potential.

As indicated above, the main contribution to the dif-
ferential cross section for the first neutron group is due
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FIG. 7. Differential cross sections for the reactions

160(p,n)'°F and °O(n,p)*®N exciting the low-lying group of
states near the ground state. The (n,p) data are from Ref. [9]
at E,=298 MeV, and the (p,n) data are from our measure-
ments at E,=494 MeV as in Fig. 6. Data at 135 MeV (8]
obtained for '*O(p,n)'®F (0.4 MeV 27) and multiplied by
1.5 are also included. The solid and dashed curves are DWIA
calculations for the 27 transition assuming HO (b = 1.726)
and WS bound state wave functions, respectively.

to the 2] transition. Also, the shapes for the 07, 17,
and 2~ calculated transitions are not too different in the
0° < 01, < 3° interval. Thus we assume that the shape of
the measured cross section may be well represented with
a calculated 27 transition. To attempt to understand
why the theoretical calculations do not agree with the
observed shape of the angular distribution, in this angu-
lar interval, DWIA calculations for 2~ transitions were
done under different conditions.

The peak of the spin-dipole angular distribution occurs
at a momentum transfer ¢ ~ 0.5 fm™!; thus it is expected
that near ¢ ~ 0 the shape of the calculated angular dis-
tribution may be strongly affected by distortions.

We present in Fig. 8 DWIA results for the 27 transi-
tion assuming different optical model potential parame-
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FIG. 8. DWIA calculations for the *O(p,n)'®F (27) dif-
ferential cross section assuming different optical potentials for
the incident and outgoing waves. Data are from the neutron
group near the !°F g.s., as in Fig. 6.

ters. The solid curve is produced by the same calcula-
tion as that for Fig. 7. The dot-dashed curve represents a
calculation using a Schrodinger equivalent relativistic po-
tential empirically obtained by fitting proton elastic scat-
tering data in the 21-1040 MeV energy range [25]. The
curve represented with dots was obtained using an opti-
cal potential obtained in a full-folding nonlocal (FFNL)
analysis [33] while the dashed curve is a PWIA calcula-
tion multiplied by 0.66 to normalize to the other calcu-
lations. It is clear from this exercise that the different
optical potentials have almost no effect on the shape of
the calculated 27 angular distribution at E,=500 MeV.

The sensitivity on the different components of the
Franey-Love [23] effective interaction is presented in
Fig. 9 where central (dashed curve), spin orbit (dot-
dashed curve), tensor (squares), and the coherent sum
(solid curve) indicate their relative shape and magnitude.
From this figure we can infer that the spin-orbit con-
tribution in the effective interaction is negligible while
the shape of the 27 angular distribution for angles less
than about 7° (¢ < 0.6 fm™') is dominated by the cen-
tral interaction. For small angles the data seem to indi-
cate a preference for a stronger tensor interaction than
the one used by Franey and Love, while at larger angles
(fc.m. > 6°) a stronger tensor interaction would cause
even worse disagreement with the data.

We also studied the sensitivity of the shape of the angu-
lar distributions for angles less than 6. ,, =5° to the shape
of the single-particle wave functions. In Fig. 10 calcula-
tions assuming HO single-particle states with a range of
HO parameter values are presented. A calculation with
WS bound state single particles has been presented in
Fig. 7. In all cases we note almost no sensitivity in the
calculated angular distribution at forward angles to rea-
sonable variations in the bound state wave functions.

Finally, we studied different particle-hole (p-h) config-
urations for the 2~ transition. The calculations for five
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FIG. 9. DWIA calculations for the **O(p,n)®F (2] ) tran-
sition using the Franey-Love effective interaction. The curves
represented by dashed and squares represent the central and
tensor contributions, respectively. The spin-orbit contribu-
tion is much weaker and is represented with the dot-dashed
curve after being multiplied by 5. The solid line is the co-
herent addition of all contributions. Data are the same as in
Fig. 6.
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FIG. 11. DWIA calculations for the '*O(p,n)'*F (27)
transition calculated assuming the indicated 1p-1h configu-
ration.
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FIG. 12. DWIA calculations for the *O(p,n)'®F (27)
transition calculated assuming a Q value 8 MeV more neg-
ative. Data points obtained in the present study and the
1*0(n,p)'®N data points for the analog transitions reported
in [9] are shown.
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possible configurations are presented in Fig. 11, and all
have a similar shape in the forward angles.

In order to perform the multipole decomposition anal-
ysis, it was realized empirically that a DWIA calculation
assuming a 2~ transition with a @ value 8 MeV more neg-
ative than the corresponding @ value for the 0.4 MeV
has a shape similar to the data. Such a calculation is
presented in Fig. 12 and compared both with the present
160 (p, n)'6F data and the %0(n,p)'®N data for the ana-
log transitions reported in Ref. [9]. There is no a priori
reason why this procedure produces the right empirical
shape. However, if we assume it needs to be done for
“all” the 2~ transitions, a multipole decomposition anal-
ysis may produce more reliable results. This is presented
in the next section.

2. Multipole decomposition analysis

The shapes of the empirical angular distributions are
characterized by AJ™ transfers. However, the small dif-
ferences in shapes among the members of a given calcu-
lated AL transfer and the limited angular range of the
present set of data are not enough to determine indi-
vidual AJ™ (AJ = AL + AS) contributions. Thus we
report the results of the multipole decomposition (MD)
analysis by grouping all AJ™ transitions to the lowest
AL value. As such we assume AL = 0 for the AJ™ = 1%
transitions, AL = 1 for the AJ™ =07,17, and 2~ transi-
tions. The available data extend only up to 6., = 8.8°,
so angular distributions characterized with AL >2 are
not easily distinguishable. To identify the different AL
contributions to the measured differential cross section,
we have performed a MD analysis [34,35] using a code
developed by Park [36]. The center-of-mass double dif-
ferential cross section data, binned in 0.4 MeV excitation
energy steps, were fitted with DWIA calculated differen-
tial cross section shapes characterized by a AJ™ transfer
and also prepared in 0.4 MeV energy intervals, using a
least-squares fit technique. Although the data are avail-
able in 0.2 MeV energy intervals, the choice of 0.4 MeV
intervals (which is about 1/3 of the attained energy res-
olution) provided a smoother fit and was good enough to
distinguish the peaks of interest.

We have calculated angular distributions for AJ™
transfers with all possible 1p-1h configurations for the
following final J™ states: 1t(AL = 0);07,1”, and
27(AL = 1);2%(AL = 2); and 37 (AL = 3). Calcu-
lated shapes of the angular distributions are shown in
Fig. 13. The shapes in the angular range being consid-
ered here are not much affected by the assumption of
the 1p-1h configuration involved in a given transition.
The DWIA calculations were done in 5 MeV excitation
energy intervals between 0 and 30 MeV and an interpola-
tion routine was used to provide the necessary shapes for
the energy bins used in the MD analysis. As mentioned
in the previous subsection, DWIA calculations for all the
27 transitions were done assuming an 8 MeV more neg-
ative Q value. All other calculations were done with the
proper Q value.

For each 0.4 MeV excitation energy interval, the empir-
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ical angular distributions were least-squares fitted with
different combinations of calculated angular distributions
weighted with a fitting coefficient, and the set of positive
coefficients giving the minimum error was chosen. In
Fig. 14 we present some of the results of the decomposi-
tion analysis. It is clear that in spite of using a Q-shifted
calculation (see Fig. 12) for the 2] transition, the sev-
eral 0.4 MeV energy bins that constitute the width of
that neutron group do not have the same shape as the
sum cross section, suggesting the presence of a small ad-
mixture of L = 0 in the excitation energy region below 2
MeV. Note that a similar problem was present in the MD
analysis of the 10(n, p)!®N data reported in Ref. [9].

3. GT energy distribution

The zero-degree L = 0 spectrum obtained in the MD
analysis has been corrected to ¢ = 0 to obtain the GT en-
ergy distribution. The unit cross section value 6gT=6.6
mb/(sr GT units), obtained below in Sec. III C, has been
used to obtain the distribution presented in Fig. 15. An
estimated value Y B(GT) = 1.2 units is found up to
about 30 MeV of excitation in '6F.

It is to be noted that the shape presented in Fig. 15 is
very much dependent on the assumed shape for the 2~
transitions. Thus we agree with Celler et al. [32] that
this method does not provide a completely reliable esti-
mation of the GT strength until we have a better under-
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FIG. 14. Results of the multipole decom-
position analysis at the indicated angles.
Note that the area indicated with L = 2 in-
cludes contributions with L > 2.
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FIG. 15. Gamow-Teller strength distribution (solid his-
togram) obtained from the 0° L = 0 spectrum estimated

in the MD analysis. The region near E; = 0 is spurious
(see text), and appears dotted. The estimated theoretical
GT strength distribution [2] is indicated as a smooth dashed
curve.

standing of the discrepancy between experimental and
DWTIA calculations for spin-dipole transitions. In Fig. 15
we also present as a dashed curve the theoretical GT
energy distribution estimated by Haxton and Johnson
[2]. The predicted summed GT strength of about 0.7
unit is somewhat smaller than the present estimation of
1.2 unit. However, considering the uncertainties associ-
ated with the assumed shapes for the 2~ transitions, the
above values for the summed GT strengths and the value
reported in the %0(n,p)'®F study [9] are considered to
be in fair agreement.

4. Dipole and spin-dipole energy distribution

We present in Fig. 16 the MD analysis results for tran-
sitions characterized with angular momentum transfer
L =1 at 0.,. = 4.4° as a solid histogram. We also
have performed 1w DWIA calculations for 0~,1~ and
27 1p-1h transitions, using the OBDME obtained by Mil-
lener [30]. The locations of the contributing states are in-
dicated by dot-dashed (J™ = 07), dashed (J™ = 17), and
solid (J™ = 27) vertical lines, respectively. We also have
assumed an experimental resolution of 1.2 MeV folded in
as a Gaussian distribution, to add the calculated cross
sections. This procedure results in the dashed curve of
Fig. 16. The general features of the measured spectrum
are reproduced by the calculation, in particular the lo-
cation of the strong 2~ spin-dipole states at excitation
energies of 0.4 MeV and 7.5 MeV, respectively. It is clear
that at higher excitation energies the calculations do not
reproduce the data, probably due to admixtures in the
wave function of final states not considered in this sim-
ple 1p-1h model. In particular, the calculated strength
of the 17 transition at 12.9 MeV excitation energy is not
reproduced by the data. The model also predicts a siz-
able cross section to a J™ = 0~ state at 13.6 MeV with
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FIG. 16. Calculated spectrum of the L = 1 strength from
DWIA calculations of 6O(p,n)'*F with Millener-Kurath
wave functions for an experimental resolution of 1.2 MeV
(dashed curve) compared with multipole decomposition anal-
ysis spectrum obtained for L = 1 transitions (solid histogram)
at Oc.m. = 4.4°. Vertical lines represent locations of calculated
states with the indicated J™ value.

mainly a d3/zp; /12 p-h configuration. With just cross sec-
tion data, we are unable to distinguish this transition;
however, measurements of spin-transfer coeflicients such
as D;; may be able to distinguish this important true
pionic mode of excitation.

C. The *O(p, n)'®F reaction

To obtain a reliable GT unit cross section 6gT, we also
studied the 8O(p, n)!8F reaction measured under identi-
cal experimental conditions. The main feature of the 0°
spectrum is the strong excitation of the g.s. transition
which corresponds to a GT transition with a known beta
decay GT matrix element. The 8F positron decay is en-
tirely to the ground state of 80 and has log ft = 3.554
[37]. With a value g4/gv = 1.254, this implies that
B(GT) = 3.27 for the 80(p,n)'8F(g.s.) transition. In
our neutron energy spectrum (Fig. 5) we are unable to
separate from this g.s. transition the small contributions
due to the 3% state at 0.94 MeV, the 0% isobaric analog
state (IAS) at 1.04 MeV, a rather weak 0~ transition to
a 1.08 MeV state, the 5% state at 1.12 MeV, and the GT
transition to a 1% state at 1.70 MeV. The last of these has
an estimated B(GT)=0.195, as measured by Anderson et
al. [38] using the 80 (p,n)!8F reaction at 135 MeV.

The angular distribution for the integrated neutron
yield up to 2.0 MeV of excitation in ®F is shown in
Fig. 17. DWIA curves for the main components to the
cross section are also shown on this graph: the GT
ground state transition, the IAS Fermi transition, and
the GT transition to the 1.7 MeV state. Contribu-
tions from higher multipolarity transitions are consider-
ably smaller than those indicated, especially at 0°. The
OBDME'’s were obtained from a calculation with the shell
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FIG. 17. Angular distribution results for the neutron group
near the g.s. of '®F obtained in the *O(p,n)'®F reaction.
This group includes several unresolved states below £, = 2.0
MeV. DWIA calculations for GT transitions (0.0 and 1.7 MeV
states) and the IAS Fermi transition (1.04 MeV) are pre-
sented. Some weaker transitions are below scale. The solid
curve indicates the summed calculation.

model oxBasH. Differential cross sections calculated for
GT transitions are normalized so that the B(GT) values
used in the DWIA calculation agree with the empirical
values of 3.27 and 0.195 mentioned above. The calcula-
tion for the Fermi transition is not renormalized.

An overall good agreement with the measured yield is
noted. The DWIA calculated value for the unit cross sec-
tion is 6gT = 6.6 mb/sr with an estimated 10% uncer-
tainty. Since our data agree very well with the DWIA
sum curve at 6., = 0°, we use dgr = 6.6 mb/sr
for computing B(GT) strength estimates for both the
16Q(p,n)!8F and 80(p,n)'8F reactions. This unit value
is in agreement with the value 6gT = 7.4 mb/sr reported
by Anderson et al. [38] at 135 MeV considering the en-
ergy dependence of the GT interaction [39]. It should
be noted that an erratum to the cross section values re-
ported by Anderson has been published by Watson et al.
[40] (see Ref. 7 in that publication). Our chosen value
is also in agreement with measurements of 6gT for the
C(p,n)!*N reaction near 500 MeV: Sugarbaker et al.
[39] report 6T = 5.8 £ 0.4 mb/sr, and Alford et al. [41]
report 6gT = 7.3 £ 0.5 mb/sr.

To obtain the L = 0 contribution in the 0° spectrum,
we have performed a multipole decomposition analysis
(see Sec. III B 2). The obtained L = 0 results are shown
in Fig. 18 where the strength is expressed in units of
B(GT)/MeV. We indicate these results only up to 12.5
MeV of excitation energy. A small oil deposit on the
front and back windows of the ice target contaminated
the spectra with neutrons from the 12C(p, n)2N reaction,
making unreliable the presentation of results beyond that
excitation energy. The L = 0 results obtained in the MD
analysis were extrapolated to ¢ = 0 and multiplied by the
above unit GT cross section to obtain the GT distribution

from a MD analysis of the *O(p, n)'®F data.

shown in Fig. 18. A total ) B(GT) = 4.4 £ 0.5 sum GT
strength is obtained up to 12.5 MeV of excitation, in
good agreement with the value Y~ B(GT) = 3.97 £ 0.79
reported by Anderson et al. [38].

The code oxBASH [26] was used to obtain transition
densities and excitation energies to 1t states in 8F.

We used a 0Aw calculation within the complete sd-shell-
model space and the Brown-Wildenthal interaction [28].
This calculation predicts five states with J™ =17, T =0
up to 15 MeV of excitation with a total Y, B(GT) =
5.445 unit. About 93% of this strength is contained in
the g.s. transition, while 5.2% is predicted for the tran-
sition to a state at about 4.0 MeV of excitation. Two
other J™ = 117, T = 1 states at about 12 MeV of ex-
citation contain an additional }  B(GT) = 0.555 unit,
completing the sum rule (6.0 unit) in this model, which
assumes no excitation of the 60 core.

IV. DISCUSSION

The (0 + 2 + 4)Aw model of 0 [2] predicts the frag-
mentation of the GT strength in a broad region of ex-
citation energy. We have presented a multipole decom-
position analysis of the differential cross section for the
16Q(p,n)'F reaction to estimate the L =0 and L =1
components of the measured cross section. Using this
technique we have found a reasonable agreement with the
calculations reported by Haxton and Johnson, as well as
the empirical evaluation of the GT strength estimated
in the *O(n,p)!°N reaction and reported in Ref. [9].
However, as was the case in the latter reference, large
uncertainties are associated with this result, because of
sensitivities to the spin-dipole shapes used in the MD
analysis.

Although several attempts were made to reproduce the
observed shape of the angular distribution corresponding
to the excitation of the quartet of low-lying states in °F,
none of them was successful. As pointed out, the shape
is predominantly that of a 2~ transition. It is therefore
a pionlike excitation and as such dominated by the lon-
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gitudinal component of the (o - 7) interaction. Recent
results for the ratio of the longitudinal to transverse nu-
clear spin response, obtained from (p, n) quasifree studies
[16] at momentum transfer ¢ = 1.75 fm™!, give no evi-
dence for a predicted enhancement of the spin longitu-
dinal response over the spin transverse response. A rel-
ativistic random phase approximation calculation done
by Horowitz and Piekarewicz [42], in which the relativis-
tic dynamical reduction of the nucleon mass generates
a dynamical suppression of the TNN coupling in the
medium, reduces the enhancement of the spin longitu-
dinal response and brings the calculation in closer agree-
ment with the data. Another model proposed by Brown
and Wambach [43] includes a density-dependent vector
meson mass and nucleon effective mass to reduce signif-
icantly the isovector part of the tensor interaction. The
result is in good agreement with data for the ratio of the
spin response. The ideas presented in these two calcu-
lations at ¢ = 1.75 fm™' may also be needed at lower
momentum transfers (¢ < 0.5 fm™!) to provide better
agreement with data for calculations involving transitions
to pionlike states such as the present 2~ case. The data
presented here for the (p,n) angular distribution to the
quartet of low-lying states in 18F, measured in steps of
A@ = 1°, are an excellent scenario to test these ideas.

Future measurements of spin-transfer coefficients for
these types of transitions should also provide valuable
information about the longitudinal and transverse spin
components in the excitation of these states, and will
constrain the effective isovector tensor interaction at low
momentum transfer. Recent (p,n) D;; measurements on
carbon targets near ¢ = 0 fm ™! suggest that the exchange
tensor strength may be enhanced in certain GT reactions
44].

The multipole decomposition analysis for the
160 (p, n)1°F reaction provided information on the dipole
(J™ = 17) and spin-dipole (J™ =07,17,27) energy dis-
tributions in ®F which are compared with results from
a simple 1p-1h calculation to indicate excitation energy
regions of states with J™ =2~ and 1™.

The analysis of the GT energy distribution obtained
in the 30(p, n)'®8F reaction is in good agreement with a
previous analysis [38] indicating that up to 12.5 MeV of
excitation in ®F about 75% of the total GT strength has
been identified.
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