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The "C(n,p)' B reaction has been studied at 60 and 65 MeV. Cross sections for the 1+ ground
state, the 2+ first excited state at 0.95 MeV, an unresolved pair of 2 and 4 states at 4.4 MeV, and
the analogs of the giant electric dipole and spin-dipole resonances around 7.7 MeV have been ex-
tracted and compared with previous data at 56 MeV and with microscopic distorted-wave Born ap-
proximation calculations. The shapes of angular distributions out to q -2 fm ' are well reproduced
by the calculations. A comparison of (n,p), (p, n), and (p,p') cross sections near 60 MeV is made,
and a value for

~J, ~
(the volume integral of the central, spin-isospin part of the effective nucleon-

nucleon interaction) is extracted. The magnitudes of cross sections for negative-parity states can be
qualitatively understood when the loose binding of the sd-shell neutron in the final state and the
eA'ect of ground-state correlations on the dipole and spin-dipole strengths are taken into account.

I. INTRODUCTION

The (n, p) reaction is important in the study of isovec-
tor transitions where one unit of isospin is transferred to
the target. It is particularly selective for N~Z targets
since only analogs of To+1 states of the target are
reached. ' If transitions between nuclear states of definite
spin and parity are involved, components of the effective
nucleon-nucleon (NN) interaction can be isolated and
studied. Here we present differential cross sections and
analyses of the ' C(n, p)' 8 reaction at 60 and 65 MeV
and a comparison between these sets of data and earlier
(n, p) data at 56.3 MeV, and with (p, n ) and (p,p') cross
sections measured near 60 MeV. The three (n,p) data
sets were taken at the same neutron-beam facility, but us-
ing different detection systems, the latest being taken
with the new dual-target facility which allows measure-
ments down to 0'.

Aside from the 15.1-MeV 1+ state, the high excitation
(T= 1) states of ' C and their analogs in ' 8 and ' N
have received limited study. Early (e, e') studies
showed the power of back-angle electron scattering for
selecting isovector magnetic transitions. Calculations
verified that a large fraction of M1 strength was being ob-
served in light nuclei. The nucleus ' C has continued to
receive considerable theoretical attention, and studies
indicated that, besides Ml strength, strong M2, M3, and
M4 transitions should be evident to states near 19 MeV.
In particular, it is predicted' '" that the 19.5-MeV peak
contains, in addition to M2, a large concentration of M4
strength arising from the p 3/2d 5/2 particle-hole
configuration. These are of particular interest because of
the simplicity of this type of "stretched" configuration.
A recent (e,e') experiment' has confirmed that the exci-
tation strength at 19.6 MeV in ' C is largely due to a
2,4 doublet and that additional magnetic strength ex-

ists at 20.6 and 21.7 MeV, which may be due to 3+ and
2 T=1 states, respectively. The latter paper' also pro-
vides a rather complete discussion of the magnetic mul-
tipole excitations in ' C. The giant resonance region has
also been studied via inelastic electron scattering. '

Early ' C(n, p )' 8 data revealed the existence of
prominent peaks at 0.0, 4.4, and 7.7 MeV in ' B, which
were identified with the excitation of a 1+ state, a 2,4
doublet, and a dipole (L =1) resonance whose position
agreed well with that of the photonuclear giant electric
dipole resonance (GDR). The corresponding ' C excita-
tion energies are 15.1, 19.5, and 22.8 MeV. Data from
the ' C(p, n)' N reaction' at higher incident energies,
the ' C(d, He)' 8 reaction, ' ' radiative n cap-
ture, ' and the ' C(y, sr+)' 8 reaction, ' all of which
excite mainly spin-isospin degrees of freedom, provide in-
formation on the distribution of spin-flip strength. The
results are consistent with the interpretation that the ana-
log 7.7-MeV structure is approximately 50% L =1, S=0
(the GDR), and 50% spin-dipole (S=1). Theoretically,
the latter is mainly J =1,with smaller ( =25%) contri-
butions to the cross section from J =0 and 2
strength. The ' C(p, n )

' N reaction, ' the
' C( He, t)' N reaction, and the ' C(d,pn)' C reac-
tion at a variety of incident energies, as well as the
' C(n, p)' 8 reaction at 198 MeV, show spectra similar
to those measured here in the ' C(n, p )' 8 reaction.

Section II of this paper describes the new 0 detection
system and the method of data reduction used. Section
III sets out the ingredients of the structure and reaction
calculations. Calculated strength distributions B(J ) for
J =0, 1, and 2 are given, and the contribution of
different nuclear-structure elements to angular distribu-
tions are illustrated. Section IV presents the data for the
' C(n, p)' 8 reaction involving transitions to the 1+
(ground state of ' 8) and the 2+ (0.95-MeV excitation in
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' B), the 2 and 4 (4.37 and 4.52-MeV excitations in
' B), and the giant dipole resonance region (6.0—9.5-MeV
excitation). Comparison is made between the data and
microscopic distorted-wave Born approximation
(DWBA) calculations. In Sec. V the ' C(n, p)' B cross
sections for the ground and first excited states are com-
pared to the isobaric analog transitions excited in the
' C(p, n )' N and ' C(p, p')' C reactions, and a value for
~J,~, the volume integral of the central, spin-isospin part
of the effective NN interaction, is extracted from the
ground-state cross section extrapolated to q =co=0. Fi-
nally, Sec. VI contains a summary and discussion of the
results obtained in this paper.
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II. EXPERIMENTAL METHOD
AND DATA ANALYSIS

The data presented were obtained utilizing the
neutron-beam facility of the Crocker Nuclear Laboratory
76" Cyclotron. A water-cooled Li foil target is bom-
barded with a proton beam of approximately 12 pA and
neutrons are produced via the charge-exchange reaction
Li(p, n) Be. The protons which do not charge exchange

are swept out of the beam path by a clearing magnet into
a Faraday cup. The neutrons are then collimated at 0' by
a 1.55-m steel collimator giving a beam spot typically 1.8
cm wide X3.7 cm high and of intensity =10 n/s. The
neutrons travel in vacuum down the collimator and into a
scattering chamber whose center is 4 m from the Li pro-
duction target.

A. Detection system

The detection system for the measurements at 56 MeV
is described in Ref. 2. The measurements presented here
at 60 MeV (Refs. 3 and 30) and at 65 MeV (Refs. 4 and
31) have in common the use of a large-area, multiwire
chamber, AE-E, telescope system, but are otherwise in-
dependent of each other. The overall experimental ener-

gy resolution was 1.5 MeV for the 65-MeV data and 1.1
MeV for the 60-MeV data. The difference in resolution is
due mainly to the use of a NaI detector for the 60-MeV
data as opposed to a large-area plastic scintillator used in
the 65-MeV setup. The setup used for the 60-MeV data
allowed measurements over the angular range 7 —33'. A
bending magnet that allowed measurements down to 0'
was used in the 65-MeV runs. The 65-MeV setup also
included a dual-target system which permitted measure-
ments over a larger angular range (0 —60').

The detection system with the magnet is shown
schematically in Fig. 1. The wire chambers (WC1 and
WC2) allow the trajectories to be calculated, the bE and
E detectors allow particle identification, and the E1 and
E2 detectors measure the energies of the particles and
provide a timing signal relative to a beam pickoff for
time-of-Bight selection of events due only to the full-
energy neutrons from the Li(p, n ) Be reaction. The
magnet allows detection from = 15 down to 0 from tar-
get 1, and particles originating from target 2 can be
detected from = 15' to 60'. Recently, the two E detectors
have been replaced by a single 15X30-cm area NaI
detector with = 1% energy resolution.

FIG. 1. Detection system showing the wire chambers (WC1
and WC2), the plastic scintillator (AE), NaI (E2), and another
plastic scintillator (E1). Trajectories from target 1 (T1) are
shown for 65-MeV protons scattered at 0', 10', and 20. Also
shown are trajectories from target 2 at 16 and 56'.

B. Data reduction

For the 60-MeV data, data reduction is relatively
straightforward. ' At 65 MeV, however, the mAgnetic
field (Fig. 1) utilized to sweep protons out of the neutron
beam causes particles with different energies (momenta)
to have different effective solid angles. Reference 33 de-
scribes how the spectra for each 2' or 4 angle bin are
corrected so that the energy dependence in the solid an-
gle is determined. BrieAy, CHz targets are placed at T1
and T2 (Fig. 1), and n-p scattering events are measured
for the whole energy range of the neutron beam (down to
a low-energy cutoK of —20 MeV). The events from T2
are virtually undistorted by the magnet field, and via
cr „(8,E ) one can reconstruct the neutron-beam spec-
trum which consists of a full-energy peak and lower-
energy tail. For T1 events, the correction factor for each
energy bin is derived from the fact that the same neutron
spectrum must be derived for n-p events from CHz at T1
as from CH~ at T2.

Figure 2 shows spectra from 7.5 to 31' for the 60-MeV
data. Three structures or resonances can be seen. The
first resonance from the right is due to the excitation of
the ground and 0.95-MeV states where the 0.95-MeV
state can be unfolded from 11.5' to 31. The second
"4.4-MeV structure" is believed to be mainly due to the
excitation of the 4.37-MeV (2 ) and 4.57-MeV (4 )

states, and the third resonance mainly to the 1 giant
electric (S=0) dipole and 0, 1, and 2 spin-dipole
states. Also shown is a phase-space continuum, assumed
for the peak extraction to be due mainly to (n, np ) three-
body breakup. At each angle this background estimate
(folded with a Gaussian to simulate the finite-energy reso-
lution) was normalized to the data at excitation energies
above the observed peaks. Figure 3 presents double-
differential cross sections for the 65-MeV data which cov-
er the angular range from 0 to 40'. ' In this data the
0.95-MeV state is not resolved since a plastic scintillator
was used instead of the NaI detector used for the 60-MeV
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data. After the continuum is subtracted, resonances are
fit with Gaussian curves to help separate the peaks and
obtain the net counts. A systematic uncertainty of 20%
is given for states which lie above the continuum, which
would include the giant dipole resonance and the 4.37
MeV+ 4.52 MeV excitation. Finally, cross sections are
calculated via normalization to the experimentally mea-
sured n-p cross sections. The latter procedure pro-
duced here an overall uncertainty of —10%%uo.

In the following analysis the data sets at 56.3, 60, and
65 MeV are presented with the cross sections plotted as a
function of momentum transfer. When plotted this way
the cross section is approximately independent of in-
cident energy in the energy range considered, and
DWBA calculations confirm this.

III. DISTORTED-WAVE
AND STRUCTURE CALCULATIONS

A. Distorted-wave calculations

The distorted-wave calculations were made using the
program Dw81, which includes exchange. The distorted
waves were calculated using optical-model parameters
based on those of Comfort and Karp. The parameters
were interpolated to the present energies, and an asym-
metry potential of 24.0(X—Z)/3 MeV was added to the
potential for the outgoing ' B+p channel. For the in-
teraction between the incident and struck nucleons, the
M3Y G-matrix form of the effective NN interaction, as
quoted by Love (force components labeled 1, 4, 7, 8, 11,
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FIG. 2. Spectra for the ' C(n, p )' B reaction at 60 MeV. Four resonances are shown with the 0.95-MeV level being resolvable for
angles larger than 11.5'. Also shown is the background due to three-body breakup.
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14, 16, and 18 in Table 1 of Ref. 37), was used. The final
ingredients required to compute a cross section are the
one-body density-matrix elements (OBDME's) from a
nuclear-structure calculation and single-particle wave
functions for the nucleons involved in the transition.

B. Nuclear structure

The p-shell wave functions derived from the CK(POT)
interaction of Cohen and Kurath are used for the 1+
ground state and 2+ first excited state of ' B, which con-
tribute to the lowest peak in the ' C(n, p)' B spectrum;

the cross sections for higher positive-parity states are cal-
culated to be small compared to those for the lowest 1+
and 2+ states. The isovector OBDME's for the 1+ and
2+ states are given in Table I in a form appropriate for
input to the code Dw81, which uses single-particle wave
functions that are functions of the relative coordinate be-
tween the struck nucleon and core nucleus. A detailed
discussion of the relationship between the standard shell-
model OBDME's and those appropriate for a description
in terms of relative coordinates is given elsewhere. As a
consequence of the coordinate transformation involved,
there is a Os, &z~Os, &2 contribution to the 1 transition
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FIG. 3. Spectra for the ' C(n, p )' B reaction at 65 MeV in bins covering 4' in angle for the angular range 0'-40'.
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TABLE I. Isovector one-body density-matrix element for positive-parity transitions.

1
+

2+

E. (MeV)'

0
0.95

P 1/2P 1/2

—0.0634

P 1/2P 3/2

—0.7527
0.7418

P3/2P 1/2

—0.3702
—0.1234

P 3/2P 3/2

—0.0834
0.0662

S 1/2$ 1/2

0.0356

'For definitions and phase conventions, see Ref. 46.
"Theoretical excitation energies.

density which is not present in the conventional shell-
model treatment.

The shell-model calculations for the odd-parity states,
which use the Millener-Kurath interaction ' in a 1Am

space, are described by Hicks et aI. ' who discuss the
weak-coupling and LS structure of the low-lying T=1
excitations and give conventional jj-coupled OBDME s
for these states. The relative coordinate OBDME's for
0, 1,and 2 states below 10 MeV (and a 0 state at 14
MeV) are given in Table II. The p~sd OBDME's are
larger than the conventional OBDME's tabulated by
Hicks et al. ' by a simple factor ( —,", ), while the rela-
tionship between the s ~p OBDME's in the two cases is
given in the Appendix. The calculated excitation ener-
gies given in Table II differ from those given by Hicks et
al. ' who normalized their negative-parity spectrum to
the energy of the 2 level at 16.58 MeV in ' C. Our exci-
tation energies are, in effect, normalized to the 18.98-
MeV 4; T=1 level of ' O. Then the excitation energies
of states for A =12—16, which are strongly excited by
p —+d M4 transitions, are well reproduced. States with
large 1s»2 components, such as the 2, , T=1 level, are
predicted to be too high in energy, indicating a shortcom-
ing of the Millener-Kurath (MK) interaction. "'

From the OBDME s in the jj representation, it is
dificult to see which states will be strongly populated in

inelastic-scattering reactions. Gaarde et al. ' have noted
a rough proportionality between charge-exchange cross
sections and

8 ( b,J;J; T; ~Jf Tf )

( Jf Tf II( ~' o")"
1

where we use Brink and Satchler's definition of the re-
duced matrix element, 0 =1 or o for dipole or spin-
dipole excitations, and AJ=O, 1, or 2 is the total angular
momentum transfer. The reduced matrix element is, for
harmonic-oscillator wave functions, simply proportional
to the SU(3) OBDME's with (Ap) =(10), bL =1, and the
appropriate b,S. In terms of LS coupling, (kp)=(10)
represents —,

' Op~Od and —,
' Op~is by intensity. Thus

the states prominently excited in the ' C(n, p )' B reac-
tion are dominated by p ~d transitions and the energy
normalization of the theoretical spectrum discussed
above is most appropriate for a comparison between
theory and experiment.

The distribution of strength up to 20 MeV in ' 8, as
measured by 8', is shown in Fig. 4 where a strong 2
state at 4.5 MeV and a concentration of strength in the
6—9.5-MeV region are evident. A number of similar cal-
culations have been performed by other au-

TABLE II. Isovector one-body density-matrix elements in the jj representation for negative-parity transitions.

01
02

03
04
11

12

13

14

15

21

22

23

24

25

41

E (MeV)

4.85
9.29

10.16
14.49
3.51
5.38
7.56
8.34
9.08
2.75
4.51
6.52
7.27
8.48
4.52

1$1/2p1/2

—0.6454
0.1146

—0.0227
0.0698
0.1223

—0.6016
—0.0090
—0.1654
—0.0004

d 3/2P 1/2

0.0036
0.0024

—0.2216
—0.2194

0.0226
—0.0379
—0.0773
—0.1903
—0.0523
—0.2812

d 5/2P 1/2

0.0054
—0.3387

0.3907
—0.1940
—0.0751

1 $1/2p 3/2

—0.8172
—0.1079

0.1449
—0.1784
—0.3643

0.8066
—0.3661
—0.1248

0.3489
—0.0413

d 3/2P 3/2

0.0023
0.7617

—0.0550
—0.5134

0.1366
—0.0171

0.3153
0.3618

—0.4279
—0.0057
—0.1030
—0.5471
—0.4479

0.0074

d 5/2P3/2

—0.2020
—0.0743
—0.6519

0.5962
—0.0168

0.3958
0.6290
0.2230

—0.4280
—0.1365
—0.9194

P1/20$1

0.1024
—0.0846

0.3293
—0.2378
—0.0479
—0.0341
—0.0328
—0.0740

0.0063

p 3/20$ 1/2

0.0384
—0.0524

0.0841
—0.1318
—0.0148

0.0298
—0.1276

0.0236
0.0677
0.0430

'For definitions and phase conventions, see Ref. 46. These OBDME's are appropriate for use with single-particle wave functions
which are a function of the relative coordinate between the particle and A —1 core. Conventional shell-model OBDME s for some of
the states can be found in Table III of Ref. 12.
Theoretical excitation energies.
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thors. ' ' ' The sum-rule strengths for AS=1, in a
calculation identical to ours, have been given by Sagawa
and Brown who find, for harmonic-oscillator wave
functions with b =1.64 fm, +B=4.56, 12.61, and 17.48
fm for J =0, 1, and 2, respectively. For compar-
ison, the pure SU(3) OBI3ME's for p~sd excitations of
the ' 0 closed shell are unity and give

g B(i~f ) = (2Jf+1)8b3
4~

independent of AS. Aside from different values of b, the
p ~sd contributions for 3 = 12 are reduced by roughly a
factor of —', , rejecting the number of available p-shell nu-

cleons, while s~p contributions increase the sum rule,
main1y for J =0 and 1 . The 1 sum rule for AS=0
is slightly smaller than that for hS = 1 because the
Os»z~lp»2 contribution is smaller for AS=0 than for
hS = 1 (see Table VI of Ref. 46). However, it can be seen
from Table II that the s~p contributions are small for
the states below 10 MeV. These states exhaust a large
fraction of the sum-rule strength, ranging from 55% for
0 to 79% for 2 . Gaarde et al. ' show at the top of
their Fig. 5 values of B(1 ) for b,S=0 transitions which
are smaller, and thus in error, by a factor of = 3 than the
B values that we calculate. However, in Table 2 of Ref.
14, the cross sections that they calculate using the
OBDME's from their shell-model calculation appear to
be correct, and the contribution of electric dipole

strength to the 21.1-MeV state is in line with that expect-
ed from the ratio ( IJ, I /I J, I

) = 6 at 160 MeV.
The main purpose of Sagawa and Brown's calculation

was to estimate the reduction in sum-rule strengths from
2%co 2p-2h ground-state correlations, which they found to
be about 25% for the three spin-dipole modes. In the
next section we show that the use of more realistic
Woods-Saxon wave functions in place of harmonic-
oscillator wave functions leads to an additional reduction
of the DWBA cross sections by a similar factor. This
happens because the p-shell proton in the initial state is
rather deeply bound, while the sd-shell neutron in the
final nucleus is loosely bound or unbound.

C. Single-particle wave functions

Harmonic-oscillator single-particle wave functions
have commonly been used in studies of the inelastic
scattering of nucleons from ' C, with the oscillator pa-
rameter b chosen to obtain a reasonably good fit to the
shape of electron-scattering form factors. The oscilla-
tor parameters so obtained can differ considerably from
the value b =1.64 fm (the corresponding relative oscilla-
tor parameter, to be used with the OBDME's of Table I,
is 1.713 fm), required to reproduce the rms charge radius
of C.

To use Woods-Saxon wave functions, we fix the
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2 DL= I DS= I

0 .
2-
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FIG. 4. Theoretical distribution of dipole and spin-dipole
strength in "B. The square root of the quantity 8(A,;i~f },
defined in Eq. (1), is plotted as a function the theoretical excita-
tion energies of 0, 1,and 2 states in ' B.

FICx. 5. D%'BA cross sections for the ' C(n, p )' B reaction at
65 MeV for the first 1+ and 2+ T= 1 levels using the Cohen and
Kurath (Ref. 9) CK(POT) OBDME's and a variety of single-
particle wave functions. For the curves labeled "rel," the rela-
tive coordinate GBDME's of Table I were used.
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diffusivity at a =0.65 fm, set the spin-orbit potential to
zero, and follow the well-depth prescription used by Mil-
lener et al. to fit the rms charge radius of ' C and obtain
ro = 1.41 fm. Using the same value of ro for neutrons and
protons gives, as expected, similar neutron and proton ra-
dii. Since the p-shell pickup strength from ' C is concen-
trated" in the ground and first excited states of the
A = 11 core, we assume that the neutron in the final state
is bound to the 3 =11 ground state if a p3/2 proton
makes the transition and to the —,

' state at about 2 MeV
in the case of a p&/z proton. This saves us having to
make the full core-state decomposition of the one-body
density-matrix elements. Thus, for a p3/2 +p, /2 transi-
tion to the ' B ground state, the p3/2 proton is bound by
15.96 MeV and the p»2 neutron by 3.37 MeV and so on.
We take the binding energy for a Os, /2 proton to be 34
MeV, although the precise value is not important.

Cross sections at 65 MeV to the ' 8 ground state are
displayed in Fig. 5 for two different oscillator parameters
and for the Woods-Saxon (WS) case just described. The
close agreement between the 0 cross sections for WS and
harmonic-oscillator (HO) wave functions is a coincidence
due to the offsetting tendencies of increased WS tails and
lack of overlap between initial- and final-state radial wave
functions. If all single-particle states are deeply bound at
16 MeV, the 0' cross section increases slightly to match
almost exactly the HO value, while loosely binding all
states at 2 MeV gives a 9% increase. For higher-

momentum transfers, the cross section naturally falls
more rapidly for larger oscillator parameters. The cross
section for WS wave functions is actually quite similar to
that obtained when the oscillator parameter is chosen
to fit best the shape of the (e,e') transverse form factor
for the analog 1+ state in ' C. Effects due to the use of
different radial wave functions are also evident in Fig. 5
for the cross sections to the 2+ first excited state.

To aid our understanding of the cross sections present-
ed in Fig. 5 in terms of the underlying nuclear structure,
we give in Figs. 6 and 7 the cross sections for pure
b,L, b,S excitations (the unit I.S OBDME's are
transformed to jj coupling for input to Dwsl). Clearly,
for the Cohen-Kurath wave functions, the AL =0, AS = 1

amplitude dominates in the excitation of the 1+ state and
the effect of the EL=2, AS=1 amplitude is to put a
small shoulder at around 30 in the angular distribution
shown in Fig. 5. In the case of the 2+ state, the AL =2,
ES=0 and AL =2, AS = 1 amplitudes are comparable in
size for the Cohen-Kurath calculation. Empirical renor-
malizations of the Cohen-Kurath amplitudes, attributable
in the main to core-polarization effects, are necessary to
account for the measured electron-scattering form factors
of the 1+ and 2+ levels. These effects are discussed later
when we compare experiment and theory for the
' C(n, p)' B reaction.

In Fig. 8 we show cross sections at 65 MeV to 1

states for pure SU(3) excitations. Clearly, the cross sec-
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FIG. 6. Pure LS DWBA cross sections for a 1+ final state in
the ' C(n, p)' B reaction at 65 MeV. Harmonic-oscillator wave
functions with b = 1.713 fm were used.

FIG. 7. Pure LS DWBA cross sections for a 2+ final state in
the ' C(n, p )

' 8 reaction at 65 MeV. Harmonic-oscillator wave
functions with 6 = 1.713 fm were used.
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tions are largest for (Ap)=(10), which means that the
quantity 8, defined in Eq. (1), is indeed a useful measure
of both the dipole and spin-dipole cross sections. Furth-
ermore, the M3Y interaction gives almost identical
cross sections for AS =0 and 1 so that, in either case,

(18')-0.748 mb/sr,

10

10

svs ~ "c(~, )"B

where b=1.64 fm is used to evaluate 8 in Eq. (2). The
corresponding cross sections for 2 states, shown in Fig.
9, exhibit similar features. The (10) amplitude is dom-
inant with a proportionality constant of 0.68 relating the
18 cross section to B. For the 0 cross sections in Fig.
10, we show, in addition, the role played by the tensor
force. Finally, to complete our breakdown of the contri-
butions to the cross sections of negative-parity states, we
show results for 3 and 4 states in Fig. 11. To illustrate
how the information in Figs. 8—11 applies to the low-
lying negative-parity states, we give in Table III
OBDME's in the SU(3) representation for the states listed
in Table II. The OBDME's are given in the conventional
shell-model form, which is quite sufhcient for qualitative
comparisons. They can be transformed to the relative
coordinate form, and the results in Table II recovered,
using the prescription outlined in the Appendix. Further
discussion of SU(3) form factors and transition densities
can be found in Refs. 50 and 51.

To illustrate the effect of using Woods-Saxon wave
functions on the cross sections for negative-parity states,

2 10
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FIG. 9. Pure SU(3) DWBA cross sections for a 2 final state
in the ' C(n, p)' B reaction at 65 MeV. Harmonic-oscillator
wave functions with b = 1.713 fm were used.
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FIG. 8. Pure SU(3) DWBA cross sections for a 1 final state
in the ' C(n, p)' B reaction at 65 MeV. Harmonic-oscillator
wave functions with b = 1.713 fm were used.

FIG. 10. Pure SU(3) DWBA cross sections for a 0 final
state in the ' C{n, p )"B reaction at 65 MeV. Harmonic-
oscillator wave functions with b=1.713 fm were used. The
cross sections for the purely central part of the M3Y interaction
are shown as dotted curves.
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we follow Clausen, Peterson, and Lindgren and calcu-
late the cross section for an M4 excitation as a function
of the binding energy of the d»z neutron, the binding en-
ergy of the p3&z proton being fixed at 15.96 MeV. Using
Dw81, we can follow the cross section across zero bind-
ing as long as the resonant state has a small width. The
resultant peak cross sections are shown in Fig. 12 for
binding energies ranging from 4 MeV bound to —1 MeV
unbound. For the 4 state at 4.5 MeV, the d 5&& neutron
is unbound by 1.1 MeV, at which point the cross section
has fallen to -70% of the value for harmonic-oscillator
wave functions. Similar reductions of peak cross sections
also occur for the strong dipole excitations. For example,
Fig. 13 shows a very similar reduction for the second 2
level, which is almost degenerate with the 4 level at 4.5
MeV. A different behavior is apparent for the excitation
of the first 2 level where a destructive interference be-
tween pals and p —+d contributions is involved. We
cannot reliably follow the cross sections into the region of
the giant dipole resonance since the final-state neutron is
several MeV unbound. At this point a proper continuum
shell-model treatment is called for.

In summary, we have, in this section, isolated the ma-
jor contributions to the charge-exchange cross sections
and shown that the use of single-particle wave functions
more realistic than harmonic-oscillator wave functions
can lead to appreciable changes in the predicted cross

1.8
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I I I I

I
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1,4 Peak M4 cross section
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Binding energy {MeV}
FIG. 12. Peak M4 cross sections for the ' C(n, p)' B reaction

at 65 MeV as a function of the binding energy of the d&z& neu-
tron in a Woods Saxon well. The peak cross section for
harmonic-oscillator wave functions with b=1.713 fm is 1.9
mb/sr and increases with increasing b.
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FICx. 11. Pure SU(3) (same as LS) DWBA cross sections for
3 and 4 final states in the ' C(n, p)' B reaction at 65 MeV.
Harmonic-oscillator wave functions with b = 1.713 fm were
used.
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FIG. 13. Comparison of ' C(n, p)' B cross sections at 65
MeV for the two lowest 2 shell-model states using harmonic-
oscillator and Woods-Saxon wave functions.
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TABLE III. Isovector one-body density-matrix elements in the SU(3) representation for negative-parity transitions.

J Ir
n E„(MeV)

lsOd-Op(21)
AS =0 AL =hJ —1 hL =hJ AL =b J+1

lsOd -Op ( 10)
AS=0 AS=1

Op-Os(10)
AS=0 AS=1

0)
02

03
04
1)
12

13

1$

15

2]
22

23

24

25

4)

4.85
9.29

10.16
14.49
3.51
5.38
7.56
8 ~ 34
9.08
2.75
4.51
6.52
7.27
8.48
4.52

0.5460
0.3674
0.1653
0.1066
0.1989
0.2264
0.2787
0.3989

—0.1636
—0.2192

—0.7381
0.0697
0.1910

—0.1855
0.0312

—0.4536
0.3630
0.0860

—0.2181
—0.0497

0.1021
—0.0769
—0.0612
—0.4850
—0.0229

—0.5179
—0.1811

0.0015
0.2300
0.1341
0.0126
0.2184

—0.1008
—0.2188

0.0972
0.1493
0.4492
0.1086
0.1762
0.8069

0.0618
0.1146

—0.6128
0.2800
0.1952

—0.2294
0.6513

—0.0522
—0.3866
—0.2147

0.1103
0.0035
0.5566

—0.3404
—0.0835

0.6312
—0.1587
—0.3351

0.0191

0.0677
—0.0013
—0.0275
—0.0112

0.0205

0.0537
0.0374
0.3058

—0.2980
—0.0552
—0.0356

0.0215
—0.0295
—0.0651

0.0133
—0.0074
—0.0063

0.0039
0.0446

'Conventional shell-model OBDME's, which, for some of the states, can be transformed into those to be found in Table III of Ref. 12.
Theoretical excitation energies.

sections. Similar conclusions have been reached by
Ohnuma et al. in a systematic study of the factors
which inhuence DWBA cross sections for the
' C(p, n )' N reaction at 35 and 40 MeV. Since a p-shell
proton in the initial state or an sd-shell neutron in the
final state possesses a large fraction of single-particle
strength and is bound close to the energy expected for the
orbit in the average field (Hartree-Fock energy), the
Woods-Saxon wave functions obtained by the well-depth
prescription should provide a good approximation to the
required single-nucleon overlap functions. On the other
hand, for the 1+ and 2+ states, the loosely bound p-shell
neutron in the 6nal state has only a small fraction of its
parentage to the "Bground state and its separation ener-
gy is far from the Hartree-Fock energy. In this case the
single-nucleon overlap function should be larger inside
the nucleus than the Woods-Saxon wave function ob-
tained by the well-depth prescription, which will conse-
quently underestimate the overlap between the initial-
and final-state wave functions in the DWBA form factor.

IV. COMPARISON
BETWEEN EXPERIMENT AND THEORY

A. Ground and 0.95-MeV states

As outlined in Sec. III B, our starting point for describ-
ing the structure of the lowest 1+ and 2+ levels is the p-
shell model of Cohen and Kurath (CK). First, we inves-
tigate how well these wave functions describe the p decay
of ' B to the ' C ground state and the electron-scattering
form factors for the analog states in ' C. Then we show
that adjustments to the CK OBDME's can produce good
fits to the form factors up to q —1.5 fm ' and use the
resultant transition densities in DWBA calculations for
the (n,p ) reaction.

For the P decay of ' B to the ' C ground state, we have

6166
ft (4)

a =)M &9/8m( —40' g"' —i/60 'g,'"),
Q3/5~( i/5Q0)g {1) Q 2)g(1) ) (8)

where pz =fr/2m c =0.105 15 fm, gI')(free)=0. 5, and

g,'"(free)=4. 706 (the superscript refers to AT). Then
BM l(0+~1+ ) =a fm or 8na /(45pz ) W.u. The
ground-state radiative width of 38.5(8) eV implies

~
a

~

=0. 179(2 ) fm, while the CK(POT) OBDME's in
Table IV give, with the free-nucleon g factors,
a = —0. 160 [with contributions of 0.0041 and —0.1641
from the two terms in Eq. (7)]. This suggests that, as did
the p-decay data, 0 ' should be larger than the CK

In terms of the standard I.S OBDME's, O~ ~, with ' C
as the initial state,

g)/2(1+ 0+ )
—+6g01

Using logft, &2
=4.072 and g„(free) =1.26, we find

0 ' =0.234, which is close to either of the Cohen and
Kurath values listed in Table IV. However, the well-
known quenching of Gamow-Teller P-decay rates can be
roughly described by taking g„(eff)—1, which suggests
that 0 ' should be larger than the CK value.

When harmonic-oscillator wave functions are used, the
transverse form factor for the electroexcitation of the
15.11-MeV 1+, T= 1 state in ' C can be written

I T q fsNfc. m. e (a +by +cy +"y +&8~ 2 3

(6)

where y=(bq/2), f, =e~~", and fsN is the single-
nucleon form factor. Up to cubic terms in the polynomi-
al are required to fit the (e,e') data up to q —3 fm
However, in a p-shell model only a and b are nonzero
with
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TABLE IV. Isovector LS one-body density-matrix elements for ' C(g. s. )~' C(15.11 MeV).

bL AS
Interaction

CK(POT)'
CK(816)'
Fitb
MP4
MP4F'

01

0.226 21
0.235 03
0.248 70
0.288 65
0.295 00

10

—0.032 66
—0.026 02

c
—0.097 35

f

0.727 99
0.719 60

c
0.765 90

f

21

0.136 14
0.151 95
0.042 30
0.168 13
0.050 00

'Reference 9.
A fit up to q = 1.79 fm ' to FT from Ref. 55 gives, for the parameters in Eq. (6), a = —0, 1760(12) fm,

b =0.1109(13) fm, and ho=1. 822(12) fm, where bo is the oscillator parameter. Equations (7) and (8)
are used to obtain 0 ' and 0 ' after 0" (which does not enter) and 0' (which makes a small contribu-
tion to a ) are fixed at the CK(POT) values.
'Fixed at CK(POT) value.
From an empirical fit to energy-level data for A = 10—16.

'0 ' and 0 ' are adjusted to fit FT up to q —1.8 fm ' when Woods-Saxon wave functions (ro=1.41 fm)
are used. An even better fit is obtained for ro = 1.35 fm, which moves the minimum to slightly higher q.
'Fixed at MP4 value.

value, particularly since g,'"(eff) obtained from fits to Ml
data or theoretically ' is less than g,"'(free) with a
typical value of -4. The CK(POT) interaction gives
b =0.080 fm, with contributions of 0.1094 and —0.0294
from 0 ' and 0 ', respectively, in Eq. (8). As can be seen
from Fig. 14, the CK wave functions produce a minimum
at too high a momentum transfer and seriously underesti-
mate the second maximum of the M1 form factor. The
minimum can be moved in by reducing 0 ', as suggested
by core-polarization calculations, ' and a good fit to FT
can be obtained up to q —1.8 fm '. The OBDME's from
fits with HO and WS wave functions are given in Table
IV (see the footnotes for details), and the resultant form
factor for WS wave functions is shown in Fig. 14. For
the same OBDME's, HO and WS wave functions give
rather different magnitudes at the first maximum,
reflecting the lack of overlap of the WS single-particle
wave functions in the initial and final states; the single-
nucleon overlap function in the final state will, as noted
in Sec. III C, differ from either the HO or WS wave func-
tion.

The longitudinal ' and transverse ' form factors
for the 16.11-MeV 2+, T=1 level are shown in Fig. 15.
The curves are obtained using the CK OBDME's, WS
wave functions 1+5e —6e„=0.577 and g,' "=0.915g,"'( free ). We note that WS wave functions
reproduce the shape of the longitudinal form factor at
low q very well, in the sense that the BC2 value and the
magnitude of the peak of the form factor are simultane-
ously reproduced; to do the same with HO wave func-
tions requires a very large value of b and a smaller
eff'ective charge (cf. Fig. 5 of Ref. 62).

The form factors discussed above are determined main-
ly by the same OBDME's (0 ' for Ml, 02O for C2, and
0 ' for E2) which are most important for the
' C(n, p)' B cross sections (see Figs. 6 and 7). Therefore,
we use the renormalized OBDME's, which fit the (e,e')
data up to q —1.5 fm ', to compute the (n,p) cross sec-
tions.

Figure 16 shows the cross sections, plotted against

momentum transfer q, for the ground state plus 0.95-
MeV excitation (0+~1+ plus 0+~2+ transitions) for
the present data and 56.3-MeV data. Also shown are
data for the 0.95-MeV excitation at 60 MeV. Agreement
among the different data sets is generally good. DWBA

10 I f I
[

I I I 1
J

I I I I
[

I

1+;T=I 15.11 MeV

~ NBS

10 Ey

F,'

10

0
0.5 1.5 2.5

FIG. 14. Transverse (e, e') form factors for the excitation of
the 15.11-MeV 1+, T=1 level of ' C. The Mainz data are from
Ref. 55, which includes a reanalysis of the older NBS data of
Ref. 56. The University of Massachusetts data of Ref. 57 are in
good agreement with the Mainz data and extend to q =4 fm
The OBDME's are from Table III (see footnotes) and the rela-
tive oscillator parameter has the value b = 1,713 fm.
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predictions at 65 MeV for the ground state plus 0.95-
MeV excitation and for the 0.95-MeV excitation alone
are also shown. These have good overall agreement with
the data up to q =300 MeV/c ( =60' c.m. angle), which is
within the limits of reliability of the renormalized p-shell
transition densities. The lower curves for each state in-
clude the central and spin-orbit parts of the effective in-
teraction, while the upper curve includes the tensor, cen-
tral, and spin-orbit parts (the spin-orbit contribution is
negligible). The tensor part is clearly needed to repro-
duce the data. If we normalize to the 13-decay rate
(0 ' =0.234), assuming that core-polarization effects
dominate in the quenching of Gamow-Teller matrix ele-
ments, and use HO wave functions (perfect overlap),
a normalization factor or -0.65 is required. In Sec. V
we attribute the need for this renormalization factor to a
well-known deficiency of the M3Y interaction. If the set
of OBDME's labeled MP4F from Table IV are used, a
larger reduction factor of 0.44 is required because a large
value for 0 ' was used in fitting the Ml form factor (see
Fig. 14 and Table IV) to compensate for the lack of over-
lap of WS wave functions. The (n,p) cross section for
the 2+ state is not determined well enough to make any
strong statement concerning normalization factors.

B. Negative-parity states near 4.4 MeV excitation energy

The ' C(n, p )' B differential cross section data for the
4.4-MeV peak are shown in Fig. 17. There were some
difficulties with the 60-MeV data, particularly for the
4.4-MeV structure. To begin with, the data (Fig. 2) do
not have high statistical accuracy. The dipole region
cross sections at 60 MeV are on average ( =10%) below
those at the other two energies. However, the 4.4-MeV
cross sections at some angles are as much as 30%%uo below
those at the other two energies, for which the data sets
agree quite well. Although we cannot explain such large
discrepancies, we decided to exclude the 4.4-MeV cross
sections from Fig. 17. Previously, a macroscopic model
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I

I I I I
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However, (p, n ) and (p,p') data at 62 MeV (Refs. 23 and
24) and (p,p') data at 65 MeV (Ref. 64) (see Fig. 19) indi-
cate that the peak (n,p) cross section should be 0.6
mb/sr, which is slightly below the DWBA curve in Fig.
16.
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FIG. 15. Longitudinal and transverse (e,e') form factors for
the excitation of the 16.11-MeV 2+, T= 1 level of ' C. The data
are from the University of Massachusetts (Ref. 57), Darmstadt
(Ref. 62), and Mainz (Ref. 63). The curves are generated using
Woods-Saxon wave functions ( r0 = 1.41 fm), 1+6e~ —5e„
=0.577, and g,"'=4.306. The continuity equation is used in
obtaining the E2 form factor [see Eq. (15) of Ref. 41].

FIG. 16. Differential cross sections for the unresolved
ground and first excited states of ' 8 from the ' C(n, p)' B reac-
tion at 56.3, 60, and 65 MeV incident energy. A few points are
shown for the 0.95-MeV 2+ state from the 60-MeV data. Also
shown are the results of microscopic DWBA calculations at 65
MeV using the full M3Y effective interaction and p-shell transi-
tion densities adjusted to fit electron-scattering data. The lower
curves for each state show the cross sections when only the cen-
tral and spin-orbit parts of the effective N-N interaction are in-
cluded, while the upper curves include the effects of the tensor
force. The normalization factor for the 1+ state is discussed in
the text.
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was used to fit the 56-MeV data and the angular distribu-
tion was well reproduced by a superposition of L =1 and
3, in line with presence of a 2 state at 4.37 MeV and a
4 state at 4.54 MeV according to the "B(n,n) "Bdata
of Lane et al. In fact, the predominant contributor to
this peak, or the analog 19.5-MeV complex in ' C, in a
variety of reactions at low-momentum transfer is the
broad 2 level at —4.4 MeV. At high-momentum
transfer, the 4 level at 4.52 MeV is most strongly excit-
ed. The roles of the two states are clearly exhibited in the
' C(e, e')' C reaction, ' the ' C(e, e'n+)' B reaction,
and the ' C(y, m+)' B reaction, ' while the 2 state dom-
inates in the ' C(m, y)' B reaction. For the nuclear-
structure model used here (Oiiico initial state and laic@ final
state), normalization factors of -0.3 and -0.7 are typi-
cally required for the M2 and M4 cross sections if HO
wave functions are used. ' ' The DWBA cross sec-
tions shown in Fig. 17 use Woods-Saxon wave functions
(unbound at the physical separation energy of —1 MeV
for the d&&z neutron orbit) which reduce the cross sec-
tions below the HO values by roughly 30% (depending
somewhat on the choice of well parameters). Normaliza-
tion factors of 0.53 and 1.0 were used for the 2 and 4

states. For these states the effect of using Woods-Saxon
wave functions is similar for electron-scattering form fac-
tors and (n, p) cross sections. We note that the explora-
tory calculations with Woods-Saxon wave functions made
by Hicks et al. ' used sd orbits bound by 2 MeV (and
ro = 1.25 fm) and did not show dramatic difFerences from
calculations with HO wave functions. According to
Sagawa and Brown, the 2 cross section is expected to
be further reduced 25% by ground-state correlations and
a normalization factor of 0.71, which is close to the fac-
tor 0.65 for the 1+ state, would be required.

The wave functions of the low-lying negative-parity
states of ' B are rather simply expressed' in terms of an
s, &z or d»z neutron coupled to the low-lying states of
"B. In particular, the dominant component in the 2,
state at 1.67 MeV is "B(g.s. )Ssi&z with an appreciable
admixture of ''B(g. s. )d&zz and vice versa for the 2z
state. The dominant OBDME's then have AL =1 and
b,S= 1 with (Ap) equal to (21) for the first state and (10)
for the second (see Table III). Thus ' ' the form factor
for the first state' peaks at high q and that for the second
at low q. The HO form factor for the 2, , T=1, 16.58-
MeV state in ' C required normalization by a factor of
0.65 to fit the (e, e') data. ' The use of WS wave func-
tions essentially reproduces the most recent (e, e')
data ' without renormalization. We note that
random-phase-approximation (RPA) correlations are not
expected to strongly renormalize the (21) transition densi-
ty. Since the s&&z orbit lies below the d5&2 orbit in this
mass region, the strong isovector M2 excitations in
neighboring nuclei exhibit a similar behavior with respect
to form-factor shape and energy separation.

C. Giant dipole resonance region
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FIG. 17. Differential cross sections for the 4.4-MeV peak in
the ' C(n, p)' B reaction at 56.3 and 65 MeV incident energy.
The main contributions to the peak are assumed to be from the
2 and 4 states at 4.37 and 4.52 MeV excitation energy, re-
spectively. The DWBA curves are calculated for Woods-Saxon
wave functions with the d&zz neutron unbound at the physical
separation energy from the "B ground state and the s&&2 neu-
tron bound by 300 keV. A normalization factor of 0.53 has
been applied to the 2 cross section.

Figure 18 shows the measured differential cross section
as a function of momentum transfer for the region of ex-
citation energy in ' B between 6.0 and 9.5 MeV compared
to DWBA cross sections for the dipole and spin-dipole
states predicted in the energy region. As can be seen
from Fig. 4, the 13 state at 7.6 MeV is excited by a pure
dipole transition with AS=0, while the 1 states at 8.3
and 9.1 MeV are predominantly spin-dipole excitations.
The shape of the AL = 1 angular distribution obtained by
summing the cross sections for the three 1 states pro-
vides an excellent description of the data. Although the
1 states are expected to provide most of the (n,p)
strength in the 6.0—9.5-MeV energy region, 2 states pre-
dicted at 6.5 and 7.3 MeV and a 0 state at 9.3 MeV car-
ry some strength as shown in Fig. 18 where the DWBA
cross sections for all six states have been multiplied by a
common factor of 0.35 and then summed. There is some
uncertainty as to which model states should be included
in the comparison. If the 15 and 02 states predicted at
the upper end of the energy range are omitted, a normali-
zation factor of 0.46 is required. We recall that ground-
state correlations reduce both the dipole and spin-dipole
cross sections, by a factor of -0.75 in the latter case ac-
cording to Sagawa and Brown, " and thus account for
part of the reduction. Also, the states considered have
large parentages, particularly d»2 and d3/2 to the "B
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ground and low-lying excited states and consequently
have large widths since they are unbound with respect to
neutron emission by 3—6 MeV. The DWBA cross sec-
tions in Fig. 18 were obtained with the d orbits unbound
by 1 MeV and the Is orbit bound by 200 keV (as for the
states in the 4.4-MeV peak). This is far as one can
reasonably go on the basis of bound-state shell-model cal-
culations, but one might expect a further reduction in
cross section for the more unbound physical states.

The dominance of 1 excitations in the giant reso-
nance region is in agreement with the results of Sterren-
burg et a/. who studied the angular correlations of de-
cay protons following formation at 0' in the
'2C( He, t)' N reaction. In a region of excitation energy
covering the main peak of the giant dipole resonance,
their data was well fitted by 1 excitation with —10%%uo

admixture of 2 . For comparison, the ratio of 0 cross
sections for 23 +2~ to 13 + 14 is 0.16. Sterrenburg et al.
also find that 0 excitation is more important than 1

excitation at the upper end of the energy region. This is
in agreement the strength distributions shown in Fig. 4
and the DWBA results for the 15 and Oz model states
shown in Fig. 18.

It is clear from Fig. 4 [equivalently, the p ~sd(10) am-
plitudes of Table III] and the near equality of the bS =0

and 1 cross sections for (Ap) =(10) in Fig. 8 that compa-
rable contributions from spin-Aip and non-spin-Aip
strength are expected in the giant resonance region for
the ' C(n, p)' B reaction at 65 MeV. As the incident en-
ergy is increased, we would expect the AS =0 excitation
to become relatively less important on account of the
well-known behavior of the central t-matrix com-
ponents with bombarding energy (see Table V). Gaarde
et al. ' have given ratios at 0, —5' for the cross section
of the 4-MeV relative to the 7-MeV structure in the
' C(p, n)' N reaction at 120, 160, and 200 MeV. They
are listed in Table VI together with the corresponding
quantity for the ' C(n, p )' B reaction at 0, —18' (ratio
at peak for the 2 curve in Fig. 17 and the sum curve in
Fig. 18) and theoretical values at a selection of angles.
The 4-MeV peak is assumed to be due to AS=1 excita-
tion of the 2z state, with a correction made at 65 MeV
for the excitation of the 4, state (the 4 cross section at
small angles is negligible at the higher energies). In mak-
ing comparisons between theory and experiment for
quantities involving cross sections in the giant resonance
region, it should be noted that there are always uncer-
tainties associated with the subtraction of background
from the experimental data. Also, the range of excitation
energy over which the cross section is summed varies
from experiment to experiment, making it more difticult
to compare data from diferent experiments and to decide
which model states should be included in the comparison.
For the data of Gaarde et al., ' no background subtrac-
tion was made and summation range was simply de-
scribed as being over the 7-MeV peak. Accordingly, we
give several theoretical ratios in Table VI. The agree-
ment between theory and experiment in Table VI is quite
good. We note that at low energies the ratio R

&
is con-

siderably less than unity, while R &(b,S=1) is somewhat
greater than unity, consistent with ratios measured in
various photopion reactions, ' ' ' ' in which AS =1 am-
plitudes are believed to dominate. In the same vein the
4-MeV peak is relatively more prominent in the (d, He)
spectra' ' and the (d,pn ) spectrum. We conclude that
the available data are in qualitative agreement with the
prediction that there is comparable dipole and spin-
dipole strength in the giant resonance region.

10
0

o E = 65 MeV

~ E = 60MeV

x E = 56 MeV

0.5
( I I I

1.5 2

FICx. 18. Differential cross sections for the giant dipole reso-
nance region in the ' C(n, p)"B reaction at 56.3, 60, and 65
MeV incident energy. DWBA curves are shown for three 1

states, their sum, the sum of two 2 states, and a 0 state, all of
which are predicted to lie in the 6.0—9.5-MeV region of excita-
tion energy. All the calculated cross sections are multiplied by
a factor of 0.35.

Multipolarity 65
Incident energy (MeV)

120 160 200

M2
E1
C1

0.69
0.74
0.78

0.50
0.75
0.23

0.54
0.73
0.14

0.56
0.73
0.095

TABLE V. Proportionality of peak DWBA cross sections to
the quantity B of Eq. (1) for the ' C(p, n )

' N reaction as a func-
tion of incident energy. At 65 MeV the M3Y interaction is
used. At 120, 160, and 200 MeV, the 140-, 175-, and 210-MeV t
matrices of Franey and Love (Ref. 69) were used with the opti-
cal potentials of Ref. 22. The angle at which the cross section
peaks varies somewhat with multipolarity (see Figs. 8 and 9) and
decreases with incident energy from —18 for 65 MeV to a
rough average of —12' for the higher energies.
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V. (n, p ) COMPARED WITH (p, n ) AND (p,p')

Figure 19 shows a comparison of the summed cross
sections for the lowest 1+ and 2+ T=1 states in the
(n, p), (p,p'), and (p, n) reactions on ' C at 65, 65, and
62, ' respectively. The agreement between the data
sets when plotted against momentum transfer is within a
range of about 10%. The corresponding Dw81 cross sec-
tions are indistinguishable. Also shown in Fig. 19 are
data points for the 2+ state alone. The DWBA curves
are the same as those shown in Fig. 16.

The (n, p) reaction, as does the (p, n), selects the iso-
vector parts of the eA'ective NN interaction, and, for the
particular case of Gamow-Teller transition with AI. =0
and AS =1, a simple factorized expression for the cross
section at low q, and at intermediate energies, has been
derived:

b

110 I
I

I

~
'

C(p,p)' C at 65 MeV

(q, co) =K(E„,co)N
iJ, i BoT, (9)

where

E Ef kfE(E„,co)=
(~A' c )

-2
0 I I I I I I I I I I I I I I I I I I I I I I I

0 0.5 1 1.5 2 2.5

is the ratio of distorted- to plane-wave cross sections,
~J, is the volume integral (including exchange) of the
corresponding central component of the XX interaction,
and BoT('~C~' 8) is the Gamow-Teller (GT) transition
strength ' derived from the /3 decay of ' 8
[BoT(' C~' B)=0.99, from logft(' B~' C)=4.072].
For the ' C(n, p)' 8 reaction at 0 and 65 MeV, the
momentum transfer is 0.18 fm ' and the energy loss
(co=E„—Q, ) is 12.6 MeV. Recent investigations '
relate the P-decay strength to (p, n ) cross sections extra-
polated to zero energy and momentum transfer. To make
this extrapolation, to evaluate X, and to get the value of

~J, ~
for the M3Y interaction, we have run the DWBA

code, with the Q value for the reaction set to zero, for a

FIG. 19. Diff'erential cross sections for the lowest 1+ and
2+ T=1 states in the ' C(n, p)' 8 (present data), ' C(p,p')"C
(Refs. 23, 24, and 64), and ' C(p, n)' N (Refs. 23 and 24) reac-
tions. The (p,p') cross sections have been multiplied by a factor
of 2. The upper set of cross sections is the sum for the two
states, while the lower set is for the 2+ state alone. The DWBA
curves are described in the caption to Fig. 16.

pure GT transition and HO wave functions with b = 1.9
fm. Any errors inherent in this procedure are small com-
pared with the uncertainties in the experimental cross
sections. We find the distortion factor for q =co=0 to be
N =0.32 and

~J, ~

=230 MeV fm for the M3Y interac-

TABLE VI. Ratios for strengths of the 4.4- and 7.7-MeV peaks in the ' C(p, n )' N reaction at vari-
ous incident energies and angles. The ratio R, refers to the calculated cross section for the 22 model
state divided by that for 13 + 14 +23 +24 . The ratio R2 includes in the denominator the contribution
from the 15 state. If AS is specified, only the contribution of that spin transfer is included in the
denominator. The cross sections at 65 MeV were estimated using the pure SU(3) cross sections (HO
wave functions) of Figs. 8 and 9 for the ( n, p ) reaction and the appropriate (A p) = (10) amplitudes from
Table III (see also Fig. 4). Similar calculations were made for the higher incident energies (Table V can
be used for 0, —12').

Ratio

Expt.
Rl

Rq
R l(AS=1)
R l(AS=0)

5
40

6
12'
6'
12'
12'

65

0.67'
0.45
0.49
0.63'

1 18'
1.36'

Incident energy (MeV)
120

0.64
0.56
0.62
0.72
0.51
0.94
3.07

160

0.76
0.76
0.82
0.88
0.67
1.02
5.84

200

0.84
0.88
0.93
0.96
0.76
1.05
9.30

'For peak cross sections at 0, —18'.
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tion, which is known ' ' to overestimate cross sections
for our incident energies. We note that using the
prescription of Love and Franey to estimate an approxi-
mate value for

~J, ~
yields 250 MeV fm (cf. Fig. 7 of Ref.

73). The (n,p) cross section at 65 MeV for the un-
resolved 1+ and 2+ states is 4.6+0.6 mb/sr at q=0. 19
fm '. From this value we subtract 0.4 mb/sr for the con-
tribution from the 2+ state, leaving 4.2 mb/sr, which is
consistent with an extrapolation from the (p, n) data
points at low q for the ' N 1+ state (see Fig. 19). The ex-
trapolation to q =co=0 gives 5.9 mb/sr (0.59 fm /sr). To
reproduce this value we need

~J, ~

= 183 MeV fm, with a
conservative error of 20%. Recently, the (n,p ) reaction
at energies between 60 and 260 MeV has been studied at
Los Alamos for Li, ' C, and ' C targets. The values of

~J, ~
extracted from the data at 12 energies are concor-

dant for the three targets and decrease slowly from —183
to —140 MeVfm over the energy range in a manner
consistent with the values given by recently developed t-
and 6-matrix interactions.

We would like to use these new interactions, but unfor-
tunately, the exchange terms for the tensor components
exhibit pathologies at low energies, in part because the
XX data do not determine the interaction at the required
momentum transfers. The volume integral

~J, ~

con-
tains large contributions, for realistic interactions, from
both even- and odd-state central components of the force,
with the long-range one-pion-exchange (OPE) component
contributing about 120 MeV fm . The fact that the G-
matrix interactions overestimate ~J, ~

at energies near
ours has led to suggestions that the odd-state components
of the force be omitted. However, it is unphysical to
omit the OPE components. For the odd-state com-
ponents, an ambiguity associated with the addition of a 5
function (a constant in momentum space) with arbitrary
strength exists. ' This feature is well illustrated in Fig.
1 of Ref. 80, and we note that the singlet-odd component
of the 50-MeV t matrix is actually strongly attractive,
providing another illustration of the same ambiguity.

Another interaction which omits OPE in the odd-
state central components (no triplet odd, ALTSO singlet
odd ) yields a 20% reduction in the 0' cross section for
the ' B ground state with ~J,~=206 MeVfm . It is in-
teresting to note that the calculated cross section for the
2+ state is very little changed when this alternative in-
teraction is used (even the contribution from the purely
central part of the force is reduced by only 4%), thereby
improving the calculated ratio of 1+ to 2+ cross sections,
although both cross sections remain too large. For
selected negative-parity states, there are reductions by
factors of 0.87, 0.88, and 0.79 for the 2z, 13, and 14
states, respectively. Generally speaking, a reduction in
the strength of the central force would much improve the
agreement between the calculated and experimental cross
sections in Figs. 16—19; only the 2+ and 4 states receive
significant contributions to peak cross sections from the
tensor force, and these cross sections require smaller
reductions to match the data. However, the differential
sensitivity for different states to changes in the individual
components of the force, as illustrated above for the two
versions of the M3Y force, suggests caution in attempting

to make empirical adjustments to the interaction to ob-
tain a fit to the limited set of data presented in this paper.

VI. SUMMARY AND DISCUSSION

The ' C(n, p )' B reaction has been studied at 60 and 65
MeV and compared to earlier 56.3-MeV data. The exper-
imental cross sections agree well when plotted as a func-
tion of momentum transfer. The (n,p) data also agree
well with measured (p,p') and (p, n ) data at about the
same energies. Microscopic DWBA calculations, using
one-body density-matrix elements from Ohio and 1A~
shell-model calculations and the M3Y 6 matrix, have
been carried out for states contributing to the peaks at 0
MeV (1+ and 2+), 4.4 MeV (2 and 4 ), and 7.7 MeV
(mainly 1 ). Calculations for pure LS OBDME's
represent an attempt to make clear the origin of the im-
portant contributions to the cross sections at our incident
energies, for which

~J, ~
and J, ~

are comparable in
value. The angular distributions for all three peaks
(strictly the 6~9.5 MeV region rather than a 7.7-MeV
peak) are well reproduced when the shell-model
OBDME's for the most important contributing states are
used in the DWBA calculations. The calculated cross
sections are, however, too large. In part, this is because
the M3Y 6-matrix interaction overestimates cross sec-
tions by, e.g. , a factor of 1.6 for the 1+ state. In contrast,
for the 100—200-MeV range of incident energy, t-matrix
interactions do well in accounting for the 1+ cross sec-
tion once the nuclear structure input is normalized to I3
decay.

Gaarde et al. ' have made a detailed study of spin-
dipole strength in the ' C(p, n )' N reaction using a struc-
ture model which is quantitatively very similar to our full
1A~ model for moderate excitation energies. They find,
with the use of HO single-particle wave functions in their
DWBA calculations, that the calculated strength exceeds
that observed in the energy region up to 12 MeV by
roughly a factor of 2. They then suggest that the spin-
dipole strength may be pushed further up in energy than
the 1fico shell model predicts. We have considered two
eft'ects which can account for much of the discrepancy re-
ferred to above without changing the distribution of di-
pole or spin-dipole strength, for which we would expect
the shell model to be reliable.

The first eff'ect is the use of WS wave functions, which
reduces the cross sections by about 30%%uo. We have ar-
gued that this is a genuine effect for the loosely bound 1s
and Od orbitals, in agreement with a similar investigation
by Ohnuma et al. , and that the commonly used well-
depth prescription gives a reasonable approximation for
the single-particle wave functions. The magnitude of the
effect clearly depends on many details, including absorp-
tion, which varies with incident energy. Nevertheless,
comparable eff'ects occur in plane-wave Born approxima-
tion (PWBA) calculations for electron scattering. For the
positive-parity excited states, realistic single-particle radi-
al overlap functions are more difficult to calculate given
that the effects of the Pauli principle and the bound-state
effective interaction usually result in a strong fragmenta-
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tion of single-nucleon pickup strength within a major
shell.

The second effect that we include is an estimate of the
effect of ground-state correlations. This is often demon-
strated through the use of the schematic model. ' The
Tamm-Dancoff approximation (TDA), which corre-
sponds to calculations with a OAco ground state and 1k'
excited states, as in this paper and in Ref. 14, conserves
the sum-rule strength, as embodied in Eq. (1), for p-h ex-
citations. The random-phase approximation, on the oth-
er hand, conserves the energy-weighted sum rule, and the
sum-rule strength, in the case of degenerate single-
particle energies, goes as e/E times the TDA sum-rule
strength, with e the unperturbed p-h energy and E the ac-
tual energy of the vibrational state. If, for arguments
sake, we take a=16 MeV ( —1k') for ' C and E=22.7
MeV for the dipole or spin-dipole resonance (the
schematic-model arguments are valid in either case ), we
find a 30% reduction in the sum-rule strength due to
RPA correlations. This is in reasonable agreement with
Sagawa and Brown's perturbation estimate of the effect
of 2p-2h correlations in the ' C ground state, which is
probably an underestimate of the full effect of all correla-
tions. Exactly the same effects apply to the effective one-
body operators for first-forbidden P decay.

If we take the cross sections calculated using our struc-
ture model, the M3Y interaction, Woods-Saxon single-
particle wave functions, and Sagawa and Brown's correc-
tion for ground-state correlations, we find that normaliza-
tion factors of about 0.63, 0.71, and 0.61 are still required
for the g.s. and 4.4- and 7.7-MeV peaks, respectively.
This estimate assumes that the 13, 14, 23 and 24 model
states contribute to the 7.7-MeV peak. If the 15 and 02
states, predicted just above 9 MeV in excitation energy,
are also included, a normalization factor of 0.47 is need-
ed. These normalization factors are typical of those re-
quired in previous studies which use the M3Y interac-
tion. We conclude that, subject to considerable uncer-
tainties in background subtractions, the treatment of un-
bound states, and other details, the cross sections for di-
pole and spin-dipole states up to 10 MeV or so in excita-
tion energy in ' B could be reproduced with an effective
interaction for inelastic scattering that reproduces the
low-q cross sections for well-understood p-shell states.
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T, =C" '(s p)O" '(s p) (A 1)

and

T„=CI")(p sd)O,'"'(p sd),
where the C0 coefficients are basically the conventional
single-particle matrix elements of r (note that for non-
spurious shell-model wave functions, the matrix elements
of Rz are zero), and Co(p~sd)=2CO(s~p). Since
coordinate transforrnations are independent of hT and
AS, the equation

to an arbitrary origin. A Yukawa interaction, e.g. , can
then be expanded into functions of r, —R~ and r0 —R ~,
where R~ is the center of mass coordinate for the nu-
cleus. Then r0 —Rz is just the distorted-wave coordinate
and the one-body transition density is required as a func-
tion of r,&

= [ A /( A —1 ) ](r, —R z ), the relative coordi-
nate between the struck nucleon and the 2 —1 core, rath-
er than r, as in the conventional shell model. A coordi-
nate transformation from Rz „r; to Rz, r;c, which is
possible for harmonic-oscillator wave functions, must be
made. After the transformation is made, WS wave func-
tions, for which r,~ is the appropriate coordinate, can be
used as single-particle wave functions. The procedure is
described in Sec. IIIB of Ref. 40. It involves the inser-
tion of a complete set of shell-model eigenstates between
the creation and annihilation operators in the OBDME's.
Since the shell-model eigenstates represent physical states
of the core, a separation energy and a specific contribu-
tion to total transition density can be associated with
each core state.

With the restriction to Ohio and 1%co shell-model
configurations made in this paper, the result of summing
over all Okapi core states for p —+p or p ~sd transitions is
to yield relative OBDME's which are larger than the con-
ventional shell-model OBDME's by a factor
[3/(4 —1)]~, where Q=Q&+Qz is the number of
quanta for the two orbits involved in the transition. The
appropriate oscillator parameter is b, = [ 3 /( 2
—1)]' bo and the HO wave functions are functions of

The sum over 1A~ core states, which involves linear
combinations of s p" and s p" sd configurations, gives
rise to s ~s or s ~p contributions to the transition densi-
ty. The relevant OBDME's, summed over all core states,
can be obtained by equating, for the two coordinate sys-
tems, the matrix elements the identity or r —R~ in coor-
dinate space combined with the identity, 0, ~, or u w in
spin-isospin space.

For s~p OBDME's, which transform as (10) under
SU(3) with AI. =1, the contributions to the matrix ele-
ments of r are just

APPENDIX T +T
3/2 1/2

2 —1
pd

In the direct term of the DWBA integral for inelastic
nucleon scattering (Ref. 54, p. 658), the NN interaction
enters as a function of r, —r0, where r0 and r, are the
coordinates of the incident and struck nucleons referred

+0 (10)
r

1/2 3 —1
(A3)
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holds for the relative s ~p OBDME's in each case, yield-
ing

1/2

( A —1), respectively. For hJ= 1 (b,S= 1),

(A7)
0(&o)

r
1

Tsp Tpd
A

(A4)

O„(s~s)=-(oo) 3 A

2 A —1

and for AT=1,

0„' '(s ~s ) = — &T(T+ 1),1

A —1

(A5)

(A6)

from which one can check that the number of Os neutrons
and protons are 2 —(X—2)/(2 —1) and 2 —(Z —2)/

For 6J= 1, the I.S to jj transformation relates the
Os&/2 —+Op&/2 and Os, /2~0p3/2 OBDME's to those for
AS =0 and 1. Alternatively, one can work in jj coupling
and write a pair of equations similar to those above for
the matrix elements of r and r X o..

The Os ~Os OBDME's for AJ =0 vanish unless the ini-
tial and final states are identical. Then, for AT=0,

independent of 6T. As stated above, the relative
OBDME's can also be obtained from the shell-model cal-
culation by summing over intermediate states. Since the
Os hole states are deeply bound, there is little point in
breaking the sum up into contributions from individual
core states.

One could also argue that there is little point in under-
taking the coordinate transformations described in this
appendix when then the shell-model wave functions pro-
vide a relatively poor description of experimental data.
However, one frequently sees attempts to deal with
center-of-mass effects, for which there is a simple
prescription when HO wave functions are used in calcu-
lations of (e,e') form factors, by the introduction of
A /( A —1) scaling factors. Strictly, this is incorrect
since the polynomials in the polynomial-times-Gaussian
coordinate-space transition densities are generally
changed in form by coordinate transformations.
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