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The isovector 01 to 02 transition in the16O(p,n)16F ~g.s.! reaction was studied at 79 MeV. Differential
cross sections were extracted for the transitions to the low-lying complex of 02, 12, 22, and 32 states in16F
at 12 laboratory angles from 0.3° to 63° which correspond to momentum transfers from 0.21 to 2.0 fm21. An
energy resolution of 140 keV~FWHM! was achieved which was sufficient to separate the yields for each of
these four states. Distorted-wave-impulse-approximation~DWIA ! calculations were performed and compared
with the extracted cross sections for these four transitions. The DWIA calculations with the effective interac-
tion of Franey and Love provide a good description of the experimental measurements for the 02 transition at
low momentum transfer, but overestimate the data at larger momentum transfer. The experimental results for
the 12, 22, and 32 transitions are described reasonably well by the DWIA calculations.
@S0556-2813~97!02412-6#

PACS number~s!: 25.40.Ep, 27.20.1n, 25.40.Kv

I. INTRODUCTION

The excitation of isovectorJp502 transitions from a 01

ground state is of interest in nuclear physics because, in the
absence of optical distortions, such transitions are sensitive
only to the longitudinal (sW •qW ) spin response of nuclei and
not to the transverse (sW 3qW ) response. The (p,n) reaction is
a favorable probe of these transitions because it proceeds
predominantly through a one-step process and excites only
the isovector states in the final nucleus; in contrast, these
transitions are difficult to observe with the (p,p8) reaction
because the background isoscalar transitions overwhelm the
relatively weak, high-lying, isovector excitations. Electroex-
citation of a 01→02 transition is forbidden to first order
because of the transverse character of the one-photon ex-
change. Excitation of longitudinal-spin transitions is forbid-
den also by particles with zero spin such as pions and alpha
particles. Thus, charge-exchange reaction studies of isovec-
tor 02 transitions are expected to provide information that is
difficult to obtain from other sources.

The nucleon-nucleus scattering operator for the 01 to 02

transition excited via the (p,n) reaction is given by@1#

M5AsW p•qW 1BsW p•QW , ~1!

where

QW 5kW i1kW f ~2!

in the adiabatic limit (Q value5 0!, and

qW 5kW i2kW f . ~3!

Here ki (kf) is the initial ~final! relative momentum,sW p is
the Pauli spin operator of the incident proton, and the quan-
tities A and B are scalar functions of the other dynamical
variables of the system. In principle, the quantitiesA andB
can be obtained from the dependence of the differential cross
section on the momentum transferq. The functionsA andB
are the inelastic scattering counterparts to the spacelike and
timelike couplings inb decay@2#.

Much theoretical and experimental interest has been fo-
cused upon transitions with pionlike quantum numbers
(02,11,22, . . . ), largely because phenomena involving the
pion field in nuclei should be most evident in these transi-
tions. Because the isovector 01 to 02 transition is charac-
terized by these pionlike quantum numbers (DS5DT51), it
should be sensitive to the effects of the pion field in nuclei.
On general grounds, the 02 transition is expected to be more
sensitive to pionic effects than higher multipoles; however,
there have been few measurements of 02, T51 transitions.
Reaction studies of such transitions should provide unique
information on pion-exchange currents at large momentum
transfers.

The isovector 02 transition in the mass-16 system was
observed withb decay@3#, m capture@4#, and low-energy
(p,n) @5# and (p,p8) @6# experiments. Theb-decay and
m-capture measurements are less sensitive to the pionic ef-
fects because the momentum transfer (q<0.5 fm21) is rela-
tively small. The (p,n) cross sections at 35 MeV@5# covered
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a range of momentum transferq from 0.34 to 2.0 fm21; for
q>1.4 fm21, the measured cross section exceeded that cal-
culated in the distorted-wave-impulse approximation
~DWIA ! with the M3Y effective interaction@7#. This en-
hancement was attributed to pionic effects. Oriharaet al. @8#
measured the angular distributions of the 1/22 to 1/21 and
11 to 12 transitions ~with DJ50 and Dp521) in the
13C(p,n) and 14,15N(p,n) reactions at 35 MeV in order to
obtain additional information equivalent to that from the 01

to 02 transitions.
Both the isovector and isoscalar 01 to 02 transitions

were measured with the16O(pW ,p8) reaction at 65 MeV over
the momentum transfer range from 0.3 to 1.6 fm21. The
discrepancy observed between the measured cross sections
and those calculated in the DWIA with the M3Y effective
interaction for the isovector transition at 35 MeV was not
observed in the (pW ,p8) experiment at 65 MeV. The differ-
ence between the results at 35 MeV and 65 MeV indicates
that more complicated reaction mechanisms may be required
to describe these data.

Higher incident energies would provide a simpler and bet-
ter understood reaction mechanism; however, in order to re-
solve the 02 ground-state transition from the 12 transition at
190 keV in a (p,n) experiment, we determined 80 MeV to
be the highest proton energy that would permit us to resolve
this state with the neutron time-of-flight facility available at
the Indiana University Cyclotron Facility~IUCF!. Although
the 02 transition is of primary interest, we extracted also the
cross sections to the 12, 22, and 32 states which, together
with the 02 ground state, form a low-lying complex in16F.
DWIA calculations were performed and compared with the
experimental results for all four of these transitions. The
transition to the 02 state is compared also with the analog
(p,p8) transition measurements at 65 MeV.

II. EXPERIMENTAL PROCEDURE

Long flight paths (;130 m! were required to achieve the
energy resolution (<150 keV! necessary to separate the four
low-lying states in 16F. In order to eliminate the large
‘‘wraparound’’ background which would arise from the long
flight paths and typical pulse selection at the IUCF, the
‘‘stripper loop’’ @9# was used to increase the beam-pulse
spacing. Briefly, the stripper loop is a ring which stores the
beam pulses for later delivery all at once. This method of
increasing the pulse spacing reduces the loss of current as-
sociated with traditional pulse selection. For these measure-
ments, a pulse selection of 1 in 72 was employed. The re-
moval of the wraparound background increased the
importance of reducing the background from cosmic rays as
discussed below. The wraparound background arises from
slow neutrons from earlier beam bursts.

We measured neutron time-of-flight~TOF! spectra from
79-MeV protons on a Mylar~C10H 8O4)n target (;10.6
mg/cm2 thick!. Because theQ value for the 12C(p,n)12N
reaction is218.1 MeV and that for the16O(p,n)16F reaction
is 216.2 MeV, there is a 1.9 MeV region of excitation in16F
that is free of12N peaks from the (p,n) reaction on the12C
in the Mylar target. The states of interest here are in this
region.

Neutron detector arrays were installed in three stations at
0°, 24°, and 45° with respect to the undeflected proton beam
at distances of 131, 133, and 131 m, respectively, from the
target. The arrays were comprised of NE-102 plastic scintil-
lators 0.101-m thick. Three 1.02-m long by 0.51-m high de-
tectors with a combined frontal area of 1.55 m2 were located
in the 0° station; one 0.51-m high and one 1.02-m high de-
tector, both 1.02-m long, with a combined frontal area of
1.55 m2 were located in the 24° station; and two 1.52-m
long by 0.76-m high detectors with a combined frontal area
of 2.32 m2 were located in the 45° station. The performance
of the large-volume, mean-timed, neutron detectors was re-
ported previously@10#. Thin ~0.953- and 1.27-cm thick! plas-
tic NE-102 or NE-114 scintillation counters were placed
above, in front of, behind, and below the neutron detectors to
veto events arising from cosmic rays. The addition of anti-
coincidence counters behind and below the detector arrays
reduced the background from cosmic-ray events nearly four-
fold. An absorber was placed between each detector and the
rear anticoincidence counter to stop recoil protons from neu-
tron interactions in the rear of the detectors from reaching the
anticoincidence counters; the absorber was 3.8 cm of Lexan
for the 0° and 24° stations, and 15 cm of plywood for the
45° station.

In order to calculate reliably the neutron detection effi-
ciency, the pulse-height response of each neutron detector
was obtained with the 2.61-MeV gamma ray from a228Th
radioactive source. The efficiency was checked~to an accu-
racy of;10%! by verifying that the 0° cross section for the
12C(p,n)12N ~g.s.! reaction~measured with a12C target en-
riched to 99.9%! was consistent with earlier measurements
@11–13# at 62, 99, 120, 135, and 160 MeV. This measured
12N g.s. cross section served to normalize the yields from the
Mylar targets which were prone to damage from the proton
beam. The heating of the Mylar by the beam tended to re-
duce the target thickness. Also, the relative amounts of12C
and 16O in the target was altered by the boiling off of oxy-
gen. To compensate for the loss of oxygen, targets were
changed frequently; moreover, the ratio of the yields from
the ground state in12N and the 22 state in16F, measured for
short periods on new targets, was used as a normalization.

Time-of-flight spectra were recorded at twelve laboratory

FIG. 1. Time-of-flight ~TOF! spectrum at 0.3° from the
16O(p,n)16F reaction at 79 MeV. The solid curve is a fit to the
observed spectrum.
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angles in the range from 0.3° to 63°; these angles correspond
to momentum transfers from 0.21 to 2.0 fm21. Presented in
Fig. 1 is the spectrum measured at 0.3°; this spectrum shows
the four low-lying states in16F and two low-lying states in
12N. The energy resolution, measured as the FWHM of the
12N ground state, was 142 keV at a detector threshold of 25
MeV of equivalent-electron energy. The yield for each of the
four low-lying 16F states was extracted with a peak-fitting
code which utilized the peak shape from the12N ground state
and fixed the excitation energies of the peaks to their known
values. The fit to the time-of-flight spectrum at 0.3° is shown
in Fig. 1. The fitting procedure and data analysis are de-
scribed in more detail in Ref.@14#. The momentum-transfer
distribution of the differential cross section for the transitions
to the 02, 12, 22, and 32 states in this low-lying complex
are presented in Table 1 and Figs. 2–6.

III. RESULTS AND DISCUSSION

Listed in Table I are the differential cross section distri-
butions for the transitions to the 02, 12, 22, and 32 states
in 16F. In Fig. 2 we show the comparison of the
16O(p,n)16F(02, g.s.! data from this work with the analog
16O(p,p8)16O(02, 12.80 MeV! data from Hosonoet al. @6#
at 65 MeV. Shown also are DWIA calculations similar to
those presented by Hosonoet al. for comparison with the
(p,p8) data. The calculations were performed with the im-
pulse approximation codeDW81 due to Schaeffer and Raynal

FIG. 2. Comparison of the momentum-transfer distributions of
the differential cross sections measured for the transitions to the 02

ground state in16F from the16O(p,n)16F reaction at 79 MeV and to
the analog 02 state at 12.80 MeV in16O from the 16O(p,p8) reac-
tion at 65 MeV. The curve represents a DWIA calculation~see
text!.

FIG. 3. Momentum-transfer distribution of the differential cross
section measured for the transition to the 02 ground state in16F
from the 16O(p,n)16F reaction at 79 MeV. The curve represents a
DWIA calculation ~see text!.

FIG. 4. Momentum-transfer distribution of the differential cross
section measured for the transition to the 12 state at 0.19 MeV in
16F from the16O(p,n)16F reaction at 79 MeV. The curve represents
a DWIA calculation~see text!.
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as extended by Comfort@15#. The optical potentials assumed
were of the form

V~r !5VCoul2VRf ~r ;r R ,aR!2 iW f~r ;r W ,aW!

1 iWSd f~r ;r Ws,aWs!/dr

1~VLS~1/r !d f~r ;r LS ,aLS!/dr !~LW •SW !, ~4!

where

f ~r ;r 0 ,a0!5$11exp@~r 2r 0A1/3!/a0#%21. ~5!

In Eq. ~4! VCoul is the Coulomb potential for a uniformly
charged sphere of radius 1.25A1/3 fm. The quantityVR de-
notes the strength of the real central potential, whileW and
WS are the strengths of the volume and surface parts, respec-
tively, of the imaginary central potential. The quantityVLS is
the strength of the real spin-orbit potential. The Woods-
Saxon form factor is defined in Eq.~5! in terms of the radius
and diffuseness parametersr 0 anda0, respectively.

The calculations presented in Fig. 2 use an optical param-
eter set for the entrance channel at 65 MeV taken from Sak-
aguchiet al. @16# and a set for the exit channel at 52.5 MeV
from the systematic analysis by Menetet al. @17#. The pa-
rameters for these potentials are presented in Table II.
Single-particle wave functions in the form factor were calcu-
lated in a Woods-Saxon well withr 051.25 fm,a050.65 fm,
plus a Thomas-type spin-orbit potential withVSO56.0 MeV.
The initial state wave function is taken to be a closed shell
for the 16O target nucleus and the final state wave function to
be the simple (2s1/2, 1p1/2

21) particle-hole state. Although

the 2s1/2 particle state is unbound, it was assumed here to be
bound by 0.05 MeV in the Woods-Saxon potential. The
nucleon-nucleon (NN) effective interaction assumed was the
M3Y interaction of Bertschet al. @7#, which was found to
describe successfully various reactions at 40 to 65 MeV.

As seen in Fig. 2, the (p,n) and analog (p,p8) data~mul-
tiplied by a factor of 2 for isospin geometrical factors! gen-
erally agree. The (p,n) data are somewhat less forward
peaked and show a more pronounced diffraction minimum
near 0.6 fm21. The DWIA calculation generally describes
the (p,p8) data with a normalization factor of 0.12, but does
not reproduce the diffraction minimum seen in the (p,n)
data. The comparison with the (p,p8) data is similar to that
presented by Hosonoet al.

In Figs. 3–6, we show the (p,n) data from this work for
the 02, 12, 22, and 32 transitions, respectively. We com-
pare these distributions with DWIA calculations which use
unbound form factors for the final particle states and optical-
model parameters for elastic scattering on16O at the appro-
priate energies for the (p,n) data. The optical-model param-
eters were taken from the work of van Oers and Cameron
@18# for fits to elastic scattering on16O from 23 to 100 MeV
and are presented in Table II. This study included measure-
ments at 66 and 100 MeV, which were interpolated to pro-
vide parameters at 79 MeV for the entrance channel. The
66-MeV parameters were used for the exit channel. The cal-
culations assume Woods-Saxon form factors for the nuclear
structure wave functions identical to those described above
for the calculations of Fig. 2. TheNN effective interaction is
taken to be that of Franey and Love at 100 MeV@19#. The
sd-shell final-state particle wave functions were calculated

FIG. 6. Momentum-transfer distribution of the differential cross
section measured for the transition to the 32 state at 0.72 MeV in
16F from the16O(p,n)16F reaction at 79 MeV. The curve represents
a DWIA calculation~see text!.

FIG. 5. Momentum-transfer distribution of the differential cross
section measured for the transition to the 22 state at 0.42 MeV in
16F from the16O(p,n)16F reaction at 79 MeV. The curve represents
a DWIA calculation~see text!.
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by using the unbound form factor option in the codeDW81. A
closedp shell is assumed for the16O target nucleus and the
final states include all possible one-particle–one-hole excita-
tions from thep shell to thesd shell. This prescription for
the wave functions is the so-called Tamn-Dancoff approxi-
mation~TDA! and the calculation adopted here is that due to
Donnelly and Walker@20#.

We see in Fig. 3 that the DWIA calculations for the 02

transition describe the data well at low-momentum transfer
but overestimate the data at larger momentum transfer. A
normalization factor of 1.2 is required in order to make the
calculations agree with the data at low-momentum transfer.
In order to test for sensitivity to the structure calculations, we
tried different sets of wave functions for the 02 transition.
We used a shell-model calculation by Brown@21# that allows
certain two-particle–two-hole excitations in the16O ground
state and then one-particle–one-hole excitations built upon
these states for the 02 final state. These wave functions are
expected to be more realistic than the simple TDA wave
functions. We found little difference in the calculated cross
sections for these wave functions. Also we tried other wave
functions, including a calculation that uses thep-sd interac-
tion of Millener and Kurath@22#, and those of Gillet and
Vinh Mau @23#; we see no significant differences with any of
these different wave functions. In all of these shell-model
calculations, the 02 wave function is dominated by the
(2s1/2,1p1/2

21) particle-hole configuration. The higher-lying
(1d3/2,1p3/2

21) configuration mixes in very little, and the
multiparticle-multihole configurations affect the 02 wave

function only slightly. Perhaps if one were to expand the
model space to include 3\v excitations, the wave function
would be affected more.

The 12, 22, and 32 transitions are described better than
the 02 transition by DWIA calculations which have the
same ingredients as for the 02 transition. The wave func-
tions for the different final states were all obtained from the
same TDA shell-model calculation@20#. For the 12, 22, and
32 DWIA calculations, normalization factors less than unity
are required in order to make the calculations agree with the
data; this situation is customary for such calculations and is
usually ascribed to the effects of multiparticle-multihole
ground-state correlations and final-state configuration mixing
which are not included in the simple TDA calculation. The
12 transition is fit fairly well for shape over the entire range
of momentum transfers studied. The 22 calculation goes
from underestimating the data at low momentum transfer to
overestimating at higher momentum transfer. The 32 calcu-
lation describes the data well at low-momentum transfers but
overestimates the data at higher momentum transfer. We
note that the16O(p,n)02 reaction is particularly sensitive to
details of the interference between theVst and isovector
tensor interactions; furthermore, two-step excitation via in-
elastic excitation of the16O(32,T50) state followed by
charge exchange can substantially affect the energy depen-
dence of this reaction. We conclude that significant improve-
ment of the reaction model is needed to use the (p,n) reac-
tion at low to intermediate energies to deduce the one-body
spin-longitudinal matrix element for the 01 to 02 transition.

TABLE I. Differential cross sections for the transitions to the 02, 12, 22, and 32 states at 0.0, 0.19,
0.42, and 0.72 MeV, respectively, in16F with the 16O(p,n) reaction at 79.3 MeV.

uc.m. q 02 12 22 32

deg fm21 s ~mb/sr! s ~mb/sr! s ~mb/sr! s ~mb/sr!

0.3 0.21 0.072~5! 0.070~4! 0.787~10! 0.077~4!

8.6 0.33 0.095~5! 0.148~6! 1.183~13! 0.097~5!

14.0 0.47 0.085~3! 0.180~4! 1.454~07! 0.128~4!

19.4 0.62 0.055~3! 0.099~3! 1.178~07! 0.184~4!

25.8 0.80 0.076~3! 0.061~4! 0.968~08! 0.308~5!

34.3 1.04 0.035~3! 0.028~3! 0.346~06! 0.311~9!

39.6 1.19 0.021~3! 0.042~3! 0.176~04! 0.260~7!

44.9 1.34 0.009~3! 0.036~3! 0.076~03! 0.152~6!

48.1 1.43 0.013~3! 0.036~3! 0.067~03! 0.116~3!

56.5 1.65 0.010~3! 0.016~4! 0.034~06! 0.056~9!

61.7 1.79 0.009~2! 0.006~2! 0.019~02! 0.025~2!

66.9 1.92 0.013~4! 0.015~04! 0.014~4!

TABLE II. Optical-model parameters.r C51.25 fm.

E VR r R aR W rW aW WS r Ws aWs VLS r LS aLS Reference
~MeV! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm!

65 27.17 1.30 0.66 12.85 0.28 1.20 4.94 1.35 0.38 23.17 1.06 0.58 Sakaguchi@16#

52 39.62 1.16 0.75 5.92 1.37 0.32 6.30 1.37 0.32 12.08 1.06 0.78 Menet@17#

79 30.19 1.24 0.65 4.87 1.76 0.64 24.96 1.02 0.64 van Oers@18#

66 36.14 1.17 0.73 6.74 1.58 0.40 24.80 1.11 0.58 van Oers@18#
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IV. SUMMARY AND CONCLUSIONS

We observed the excitation of the 02, 12, 22, and 32

states in16F via the 16O(p,n)16F reaction at an incident en-
ergy of 79 MeV and extracted momentum-transfer distribu-
tions of the differential cross section in the range
0.21<q<2.0 fm21. The experimental results for the 02

transition were compared with DWIA calculations that de-
scribe the data reasonably well at low momentum transfer
but significantly overestimate the data at larger momentum
transfer. These results contrast to those at 35 MeV of Orihara
et al. @5# who see the experimental results at large momen-
tum transfer to be much larger than IA calculation predic-
tions, which was interpreted as a possible signature of
meson-exchange currents ~MEC’s!. For the
16O(p,n)16F(02,g.s.! reaction, the large-momentum-transfer
region is underestimated at 35 MeV and overestimated at 79
MeV. These discrepancies may be due to difficulties in the
theoretical modeling of the reaction mechanism; it is known
that IA calculations become more reliable for describing in-
elastic scattering only above about 100 MeV@24#. It is inter-
esting that the experimental results of Hosonoet al. @6# for

the analog-state16O(p,p8)16O~12.797 MeV,02,T51) reac-
tion at 65 MeV agree generally with DWIA calculations
from low to high momentum transfer. Prelimary results from
measurements of16O(p,p8)16O~12.797 MeV, 02, T51) at
200 MeV by Stephensonet al. @25# show good agreement at
all momentum transfers with DWIA calculations for the
cross sections, although analyzing powers are described
poorly.

In this work, the 12, 22, and 32 transitions are all de-
scribed better by the same DWIA calculations, based on
simple 1p-1h TDA final state wave functions. At this time,
the description of the large-momentum-transfer region in the
16O(p,n)16F(02,g.s.! reaction by impulse-approximation
calculations is inconsistent; clearly measurements at energies
above 100 MeV, where the impulse approximation is more
reliable, would be desirable.
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