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We have measured. the zero-degree cross sections for the ' C(p, n) reaction leading to the

(2.31+3.95) MeV states in ' N at energies of 200, 300, and 450 MeV. Cross sections for the

Fermi transition to the 2.31 MeV state and for the Gamow-Teller transition to the 3.95 MeV
state have been extracted using earlier measurements of the cross-section ratios. The results are
compared with calculations using 6-matrix effective interactions based on the Paris potential, and

on one of the Bonn potentials, and a t-matrix effective interaction derived from nucleon-nucleon

phase shifts. The best fit to both the present results and earlier results at lower energies is provid-

ed by calculations based on the Bonn potential.

The cross section for a nuclear reaction is, in general, a
function of the effective interaction between the incoming
or outgoing particles and the target nucleus, and of the
structure of the states involved in the reaction. At in-
cident energies greater than about 100 MeV, the impulse
approximation ' provides a reasonable reaction model, and
a comparison between measured cross sections and model
predictions may be used to investigate nuclear structure or
effective interactions.

Studies of the (p, n) reaction at intermediate energies
have shown that the cross section at small momentum
transfer is dominated by Gamow-Teller (GT) transi-
tions, with S= 1, L =0, T= 1. For a target nucleus with
spin zero, the transition to the isobaric analogue of the
target ground state proceeds via the Fermi interaction,
with S=O, L=O, T; Ty&0.

The reactions ' C(p, n) ' N (2.31 MeV) and ' C(p,
n) ' N*(3.95 MeV) have now been extensively studied to
determine the energy dependence of the Fermi and GT
effective interactions, respectively. In addition, measure-
ments between 200 and 450 MeV (Ref. 5) have provided
a determination of the ratio of the effective interaction
strengths. The present measurement extends these earlier
results to provide a determination of the magnitudes of
the Fermi and GT effective interactions separately at 200,
300, and 450 MeV.

Measurements of the (p, n) cross section were carried
out using the TRIUMF charge exchange facility. With
this system, the beam may be momentum dispersed to

control the energy spread of the beam incident on a strip
target, and hence, provide optimum resolution. Alterna-
tively, the beam may be focused to an achromatic spot
about 2 mm in diameter on the target to permit accurate
current integration. The achromatic tune was used in
these measurements, with beam currents between 250 nA
at 200 MeV and 65 nA at 450 MeV.

In principle, cross sections are determined absolutely
from a knowledge of count rate, beam current, target
thickness, and detector solid angle. In fact, for (p, n)
measurements with a recoil proton radiator, the effective
solid angle of the magnetic spectrometer is dif5cult to
determine with high precision, and the cross sections for
the ' C target were determined relative to that from a Li
target, using the previously determined value of the cross
section for the Li(p, n) Be(g.s. +0.43 MeV) reaction.
Wire counter efficiencies and system deadtime were moni-
tored during data acquisition, and corrections applied to
measured count rates. The proton beam striking the tar-
get was bent through 20 and focused to a local shielded
dump where it was measured with a charge integrator.
The ratio of corrected count rate to integrated current was
reproducible to about 3% in successive measurements.

The ' C target was the same as that used in earlier
measurements of cross-section ratios. s It was fabricated
of elemental carbon containing 89% ' C (as determined
by mass spectrometer) with the remainder ' C. This ma-
terial was contained in a can of natural nickel approxi-
mately 3x1.26x0.5 cm in dimension, with wall thickness
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F1G. 1. Neutron spectrum from the Li(p, n) Be reaction.

The small tail on the groups leading to the ground and 0.43-
MeV states arises from beam-energy spread.
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40 mg/cm . The total thickness of the carbon target ma-
terial was 170+'15 mg/cm . The lithium target was of
lithium metal containing &99.9% Li, 118 mg/cm in
thickness.

Count rates were measured at 0 at energies of 200,
300, and 450 MeV for both targets, and from these the
'"C(p, n) cross sections were determined assuming da/
dQi, b(0 ) =35+ 3 mb/sr for the Li(p, n) Be(g.s. +0.43
MeV) reaction at the three bombarding energies.

Energy resolution at 450 MeV was determined mainly
by the energy spread of the incident beam (hp/p =0.2%).
At 200 MeV, beam energy spread and target energy loss
made comparable contributions to the resolution, and al-
though the fractional resolution was worse, the neutron
groups of interest were better resolved at the lower energy.
Typical spectra are shown in Fig. 1 for the Li(p, n) reac-
tion and in Fig. 2 for the ' C(p, n) reaction. From Fig. 2 it
is seen that the neutron groups populating the 2.31 and
3s95 MeV states in ' N are resolved adequately at 200
MeV, less well at 300 MeV, and poorly at 450 MeV. In
order to extract separate cross sections for the Fermi tran-
sition to the 2.31 MeV state and the GT transition to the
3.95 MeV state, counts in both peaks were summed, and a
cross section determined for the sum. Earlier measure-
ments of the ratio of the cross section to these two states
were then used to obtain the separate cross sections. The
zero-degree cross sections are shown in Table I, along
with the results of the other work" at 200 MeV. A
separate measurement with an empty nickel container
identical to the one containing the ' C target material
showed that the nickel contributed about 0.2% to the
counts in the GT peak, and about 1% to the counts in the
Fermi peak.

The uncertainties quoted in Table I for the present re-
sults arise from counting statistics, uncertainties in beam
integration (—4%) and uncertainties in earlier measure-
ments of the cross-section ratios (Ref. 5). The last factor
is important mainly for the Fermi transition and amounts
to 4% at 200, 7% at 300, and 16% at 450 MeV in that
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TABLE I. Cross sections for GT and Fermi transitions in

"C(p,n).

EI,

200

300
450

~c.m. (0 )2.31

(mb/sr)

1.2+' 0.10'
1.O+ O.06 b

0.9 ~ 0.08 b

1.2+' 0.21 '

~c.m. (0 )3.93

(mb/sr)

21.5 + 1.9 '
18 3+ 07
19.5 ~ 1.0
20.3+ 1.2

'Reference 4.
Present results, statistical uncertainties only.

(MeV)

FIG. 2. Neutron spectra of the ' C(p, n) ' N reaction at 200,
300, and 450 MeV. The line shape is assumed to be the same as
for the 3Li(p, n) measurements.
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case. In addition, all results are subject to a systematic
uncertainty of about 7/0 in the Li(p, n) calibration cross
section, and one of about 9% in the ' C target thickness.

Calculations of the zero degree cross sections for the
Fermi and GT transitions of interest have recently been
reported by Nakayama and Love. In these calculations,
three different effective interactions were used: G-matrix
interactions based on one of the Bonn potentials' and on
the Paris potential, " and a t-matrix interaction' based
on nucleon-nucleon phase shifts. Nuclear transition den-
sities were taken from results of Cohen and Kurath, '

with that for the GT transition scaled to give the observed
GT strength 8(GT) =2.8. Optical potentials were calcu-
lated from a folding model, using the corresponding
effective interaction. In addition, for energies below 200
MeV, calculations for the Bonn potential were carried out
using phenomenological optical potentials. The results of
these calculations along with measured cross sections are
shown in Figs. 3(a) and 3(b). Results of earlier measure-
ments at energies up to 200 MeV are also shown. Errors
indicated on the data points represent statistical uncer-
tainties only. Possible systematic errors arising from un-
certainties in target thickness and in the magnitude of the
Li(p, n) calibration cross section amount to about 13%

for the data in the present measurement.
At 200 MeV, the GT cross section in this measurement

is 15% less than the earlier result from Ref. 4. Part of the
difference may be ascribed to the fact that the Li(p, n)
cross section was assumed to be 37 mb/sr in Ref. 4 rather
than the value of 35 mb/sr used in this work. Between
200 and 450 MeV the GT cross section shows little energy
dependence, in agreement with the results of all three
model calculations. This is also consistent with a mea-
surement of the energy dependence of the GT effective in-
teraction between 200 and 400 MeV in the Si(p,p') re-
action. ' The magnitude of the cross section is reproduced
best by the 6-matrix calculation using the Bonn potential
if only statistical uncertainties in the data are considered.
If possible systematic errors are included, then any of the
model calculations could provide a reasonable fit to the
data.

For the Fermi transition to the 2.31' MeV state in ' N,
the data are in reasonable agreement with calculations
based on the Bonn potential or the t-matrix model. At en-
ergies below 200 MeV, the increase in cross section is
reproduced only by the calculation using the Bonn poten-
tial, and even in this case agreement at the lowest energies
requires the use of empirical rather than self-consistent
optical potentials. There is additional uncertainty in the
calculated cross sections for the Fermi transition since the
predicted Fermi strength shows a very significant depen-
dence on the nuclear density for both the Bonn and Paris
interactions. For the calculations in Ref. 9, the local den-
sity approximation was used to estimate this dependence.
Although the strong density dependence may limit the va-
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FIG. 3. Zero-degree cross section for the ' C(p, n) ' N Fermi
(2.31 MeV) and Gamow-Teller (3.95 MeV) transitions. Calcu-
lated curves are from Ref. 15. Calculations for energies below
200 MeV with phenomenological optical potential were carried
out only for the Bonn G-matrix interaction. The &'s are results
from Ref. 4 and the 0's are the results of the present measure-
ments. For comparison with the present results data from Ref. 4
have been renormalized assuming a zero-degree cross section of
35 mb/sr for the Li(p, n)(g. s. +0.43 MeV) reaction rather than
37 mb/sr.
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lidity of this approximation, this question was not investi-
gated in the calculations. In contrast, it may be noted
that the GT strength is almost independent of density for
the energies of interest in these measurements.

In summary, the present results, along with those of
Ref. 5, provide a useful test of calculations of the nu-
cleon-nucleus effective interaction over the energy range
100-450 MeV. The G-matrix calculation using one of the
Bonn potentials provides the best overall fit to the data,
but none of the calculations is completely satisfactory.



1192 %'. P. ALFORD et ah.

Also at Physics Department, Simon Fraser University, Burna-
by, British Columbia, Canada.

Also at School of Physics, University of Melbourne, Parkville,
Victoria, Australia.

Present address: Physics Department, Ohio University,
Athens, Ohio 45701.

&Present address: Los Alamos National Laboratory, Los
Alamos, New Mexico 87545.

~A. K. Kerman, H. McManus, and R. M. Thaler, Ann. Phys.
(N. Y.) 8, 551 (1959).

2F. Petrovich, J. A. Carr, and H. McManus, Annu. Rev. Nucl.
Part. Sci. 36, 29 (1986).

3D. E. Bainum, J. Rapaport, C. D. Goodman, D. J. Horen, C. C.
Foster, M. B. Greenfield, and C. A. Goulding, Phys. Rev.
Lett. 44, 1751 (1980); C. D. Goodman, C. A. Goulding, M. B.
Greenfield, J. Rapaport, D. E. Bainum, C. C. Foster, W. G.
Love, and F. Petrovitch, Phys. Rev. Lett. 44, 1755 (1980).

4T. N. Taddeucci, C. A. Goulding, T. A. Carey, R. C. Byrd, C.
D. Goodman, C. Gaarde, J. Larsen, D. Horen, J. Rapaport,
and E. Sugarbaker, Nucl. Phys. A469, 125 (1987); T. N.
Taddeucci (private communication).

5W. P. Alford, R. L. Helmer, R. Abegg, A. Celler, O. Hausser,
K. Hicks, K. P. Jackson, C. A. Miller, S. Yen, R. E. Azuma,
D. Frekers, R. S. Henderson, H. Baer, and C. D. Zafiratos,

Phys. Lett. B 179, 20 (1986).
6R. Helmer, Can. J. Phys. 65, 588 (1987).
J. D'Auria, M. Dombsky, L. Moritz, T. Ruth, G. Sheff'er, T. E.

Ward, C. C. Foster, J. W. Watson, B. D. Anderson, and J.
Rapaport, Phys. Rev. C 30, 1999 (1984).

~J. W. Watson, W. P. Alford, R. Helmer, C. D. Zafiratos, R.
Abegg, A. Celler, S. Alkateb, D. Frekers, O. Hausser, R.
Henderson, K. Hicks, K. P. Jackson, R. Jeppesen, C. A. Mill-
er, M. Vetterli, and S. Yen, Bull. Am. Phys. Soc. 32, 1578
(1987).

9K. Nakayama and W. G. Love, Phys. Rev. C 38, 51 (1988).
' R. Machleidt, K. Holinde, and Ch. Elster, Phys. Rep. 149, 1

(1987).
''M. Lacombe, B. Loiseau, J. M. Richard, R. Vinh Mau, J.

Cote, P. Pires, and R. deTourreil, Phys. Rev. C 21, 861
(1980).

'2M. A. Franey and W. G. Love, Phys. Rev. C 31, 488 (1985).
'3S. Cohen and D. Kurath, Nucl. Phys. 73, 1 (1965).
'40. Hausser, R. Sawafta, R. G. Jeppesen, R. Abegg, W. P. Al-

ford, R. L. Helmer, R. Henderson, K. Hicks, K. P. Jackson, J.
Lisantti, C. A. Miller, M. C. Vetterli, and S. Yen, Phys. Rev.
C 37, 1119 (1988).

' W. G. Love (private communication).


