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Zero-degree cross sections have been measured for the "B(p,n) "C reaction at bombarding ener-

gies of E~ = 160, 200, 494, 644, and 795 MeV. In addition, spectra have been obtained at laboratory
scattering angles of 3' and 5' at 494 MeV, and the transverse spin-Aip probability at zero degrees has
been measured for E~ =160 MeV. These data are used to obtain estimates of the Gamow-Teller
transition strength to final states in "C up to an excitation energy of E, =14 MeV. The uncertainty
(1 standard deviation) in the extracted transition strengths is estimated to be in the range (2—8)%.
Measured cross sections for the first four excited states in "C have been compared to distorted-wave

impulse approximation calculations. In this comparison, no evidence is found in the cross-section
data for certain effects associated with knock-on exchange and noncentral interactions.

I. INTRODUCTION

The measured flux of electron neutrinos emitted by the
Sun is apparently much smaller than that predicted by
the standard-solar model. ' This discrepancy can be at-
tributed either to previously unobserved properties of the
neutrino or to de6ciencies in the solar model. An experi-
mental resolution of this problem will require measuring
the low-energy neutrinos from the dominant solar
neutrino-production reactions or devising measurements
that are sensitive to difl'erent neutrino flavors. '

Recently, "Bhas been proposed as a neutrino detector
material that can simultaneously provide distinguishable
sensitivity to the electron-neutrino flux and the flavor-
inclusive neutrino flux. ' The proposed technique in-
volves detecting neutral-current flavor-inclusive excita-
tions of states in "B and charged-current electron-
neutrino transitions to the corresponding mirror states in
"C. If the transition strengths for the various excitations
are known, the magnitudes, as well as the ratio of the two
(potentially different) neutrino fluxes, can be determined.

The charged-current transition rates (inverse P decay)
are determined by the so-called Gamow-Teller
(b J =1+) transition strength B(GT), for which the
relevant matrix element is (crt ). The neutral-current
transition strengths are determined by the matrix element
(ot, ) and are related to the corresponding B(GT) by a
simple numerical factor. The value of B(GT) for the
ground-state (g.s.) transition can be obtained from the
measured P-decay rate of "C. The GT transition
strengths for the excited states can be estimated from

shell-model calculations and magnetic-dipole (M 1) tran-
sition strengths derived from experiments. ' This
method is subject to large model-dependent uncertainties,
however. Both isovector and isoscalar spin and current
matrix elements contribute to the electromagnetic M1
transitions, but only the isovector spin part is relevant for
neutrino excitations. A complementary and potentially
better estimate of the GT transition strengths can be ob-
tained from analysis of "B(p,n ) cross sections.

The (p, n ) reaction at intermediate energies (E ) 100
MeV) has been shown to be a good probe of spin-
excitation strength. In particular, zero-degree (p, n ) re-
actions are dominated by GT-type transitions. A rela-
tively simple proportionality relationship can be applied
to measured zero-degree cross sections to obtain the cor-
responding transition strength B(GT).9'o

To date, the most detailed studies of the "B(p,n ) reac-
tion have been for relatively low energies. Cross-section
angular distributions have been measured for E =30 and
50 MeV by Clough et al. " and for E =16—26 MeV by
Grimes et al. ' Zero-degree polarization transfer has
been reported by Hiebert et al. ' for Ep 16 26 MeV.
Recently, zero-degree cross sections were reported by Ra-
paport et al. ' for E =492 and 590 MeV.

11In this paper we report zero-degree B(p, n ) cross-
section measurements for bombarding energies in the
range E =160—795 MeV. In addition to these zero-
degree cross sections, transverse polarization transfer at
zero degrees has been measured for E =160 MeV and
cross sections for two nonzero angles have been measured
for E =494 MeV. Preliminary results based on the
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analysis of a subset of these data have been privately
communicated and reported in Refs. 7, 12, and 14. We
present here a full analysis of the entire set of data. This
analysis provides reliable estimates for the GT transition
strengths to excited states in "C and also provides a
quantitative test of the approximations and models used
in the analysis of intermediate-energy (p, n ) reactions.

II. EXPERIMENTAL METHOD AND RESULTS

Zero-degree cross sections for the "B(p,n )"C reaction
have been measured for nominal bombarding energies of
160 and 200 MeV at the Indiana University Cyclotron
Facility (IUCF) and for bombarding energies of 494, 644,
and 795 MeV at the Clinton P. Anderson Meson Physics
Facility (LAMPF) in Los Alamos. Transverse polariza-
tion transfer was also measured with the 160-MeV beam
at IUCF. A summary of experimental parameters for
each measurement is presented in Table I.

The IUCF data were obtained with the beam-swinger
facility' and six plastic (NE102) scintillation detectors
with dimensions 15X15X102 cm . The detectors were
viewed at each end by RCA 4522 photomultipliers cou-
pled by tapered Lucite light guides. Time and pulse-
height signals derived from each phototube were digi-
tized and combined in software to yield the mean arrival
time, position, and total energy deposition of each neu-
tron event. Neutron energy was determined by time of
tlight (TOF) with respect to a phase-stabilized cyclotron
rf signal. This yields TOF modulo the beam burst period.
The overall TOF resolution, independent of target contri-
butions, was typically about 0.8 ns.

Two different detection modes were used. The 160-
MeV data were obtained with the detectors configured as
a six-element polarimeter. ' In this mode the detectors
form two parallel planes (three detectors per plane) per-
pendicular to the incident neutron flux. A neutron is re-
quired to interact once in each plane. The time and posi-
tion information from each plane is then used to kinemat-

ically select n+p events (which have analyzing power
useful for polarimetry) from n+C events. This kinemat-
ic selection also resolves the beam-burst ambiguity in the
TOF measurement and allows rejection of frame-overlap
neutrons of lower energy. The resulting spectrum is re-
markably free of background. Reconstruction of the az-
imuthal intensity distribution of the double-scattered
neutrons allows the neutron polarization to be deter-
mined.

The 200-MeV data were obtained with the same six
detectors operated in a longitudinal-singles detection
mode. In this configuration the long axis of each detector
is parallel to the incident neutron flux. All events that
trigger only a single detector and exceed a software-
selected pulse-height threshold are defined as valid. TOF
to the interaction point is corrected by the measured po-
sition of each event. This technique minimizes the con-
tribution to the resolution from the finite detector thick-
ness and maximizes the detection efficiency for high
pulse-height thresholds. Cosmic-ray events and frame-
overlap neutrons are partially rejected by careful selec-
tion of the pulse-height threshold. This technique results
in a somewhat poorer signal-to-noise ratio than the
transverse-polarimetry detection mode, but the overall
detection efficiency is much higher.

The LAMPF data were obtained with the new Neutron
Time-of-Flight (NTOF) Facility. ' The detector system
consists of three liquid (BC-517S) scintillation detectors
that can be configured as a neutron polarimeter. ' Each
detector is a stainless-steel tank that is subdivided into
ten optically isolated cells with dimensions 10X10X107
cm . Both ends of each cell are viewed by Amperex
XP2262 phototubes coupled by tapered Lucite light
guides. This detector system was operated in two
different modes: transverse coincidence and transverse
singles.

The physical configuration of the detector tanks is the
same for both the coincidence and singles modes of
operation. In singles mode, any event that triggers a sin-

TABLE I. Summary of experimental parameters for the "B(p,n )"C measurements reported in thjs
paper. Listed are the facility used for each measurement, the beam energy E~, neutron flight path L',

beam polarization ~p ~, beam-burst period Ataa, average beam intensity I~, overall energy resolution 5E,
target areal thickness p„ target isotopic fraction (%), scattering angle, and detection mode. The detec-
tion modes are transverse polarimetry (TP), transverse coincidence (TC), transverse singles (TS), and
longitudinal singles (LS).

Facility

E~ (MeV)
L'(m)

pl
4t» (ns)

I, (nA)

5EFWHM (MeV)

p, (mg/cm')
Enrichment (%)
~lab

Mode

IUCF

160
45.9
0.84

124.0
50

1.3
146.9
97.2'

00

TP

IUCF

200
132.3

0
113.8
30
0.73

110
97.2

00

LS

LAMPF

795
617.8

0
4968.9

30
1.25

185
95
0'

TC

LAMPF

644
617.8

0
4968.9

60
0.68

185
95
00

TC

LAMPF

494
617.8

0
4968.9

60
0.66

185
95
00

TC

LAMPF

494
341.8

0
2086.9

10
1.0

185
95

00 30 50

TS

'Boron (97.2% "B,2.8% ' B).
Boron (99.5%%uo "B)plus 5% CH, binder.
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gle tank and exceeds a software-selected threshold is con-
sidered valid.

The transverse-coincidence mode is similar to the po-
larimetry mode used with the IUCF detectors. The pri-
mary difference is that the azimuthal and polar
scattering-angle cuts required for polarimetry are not im-

posed on the data. The three scintillator tanks are ar-
ranged as parallel planes perpendicular to the neutron
flux. One tank serves as an analyzer plane, the remaining
two tanks are spaced closely together at an average sepa-
ration of 1.7 m from the front tank. Incident neutrons
are required to undergo either elastic (n, n) or charge-
exchange (n,p) scattering with protons in the scintillator
of the front tank. Kinematic selection of these events and
background rejection is accomplished in the same
manner as with the IUCF detectors.

Overall TOF resolution for the LAMPF detector sys-
tem, independent of target contributions, was typically
better than 0.6 ns. The overall optimized time resolution
was 0.45, 0.49, and 0.55 ns for 795, 644, and 494 MeV, re-
spectively. For the 494- and 644-MeV measurements,
beam time and momentum contributions to the resolu-
tion were minimized by a longitudinal focusing technique
that makes use of unused accelerating cavities in the
linear accelerator. ' Time spread in the beam was
minimal for the 795-MeV measurements because of de-
creased drift distance between the last accelerating cavity
and the target. For this energy, the longitudinal focusing
technique cannot be used because all accelerating cavities
are in use. Momentum spread in the beam was therefore
minimized by use of momentum-defining stripper foils lo-
cated at dispersion points in the beam line. This tech-
nique resulted in an average beam current that was some-
what lower than that obtained at the two lower energies.

In the IUCF measurements, beam current was moni-
tored with a split Faraday cup downstream of the target.
At LAMPF, relative beam intensity was measured with
secondary-emission monitors upstream of the target. Ab-
solute normalization of the data was accomplished by
comparison to Li(p, n ) yields measured under the same
conditions. ' The data presented here have been normal-
ized to an energy-independent center-of-mass (c.m. )

Li(p, n ) cross section of o (0') =27.0+0.8 mb/sr.
Zero-degree spectra of neutron yield versus excitation

energy are displayed in Figs. 1 and 2. The spectra are re-
markably similar over the entire range of bombarding en-
ergies. The dominant features are peaks representing the
g.s., 2.0, (4.32+4.80), and (8. 10+8.42) MeV levels in
"C. There is also a broad complex of strength in the re-
gion from 10 to 13.8 MeV. This region includes the un-
resolved T= —,

' analog of the "N ground state. The peak
assignments are based on the established level scheme for
11( 20

It is assumed that the zero-degree yields in the low-
excitation region (E„(14MeV) are predominantly due
to L =0 GT transitions. Figure 3 displays the spectra ob-
tained at E =494 MeV for scattering angles of 3' and 5'.
The spectra are plotted so that the large-GT peak at 4.5
MeV has an approximately constant amplitude. As the
scattering angle increases, transitions with L )0 are re-
sponsible for the relative increase in yield at large-

~ t ~ ~ l t I ~ I

Ep ——795 MeV

g
0
O

E~ = 160 MeV

20 15 10

excitation energy E„(MeV)

FIG. 1. Zero-degree neutron yield versus excitation energy
for the "B(p,n ) reaction at 160 and 795 MeV. The bin width in

each spectrum is 0.2 MeV. The full-scale counts/channel is
given in the vertical axis labels.
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FIG. 2. Zero-degree neutron yield versus excitation energy
for the "B(p,n) reaction at 200, 494, and 644 MeV. The bin
width in each spectrum is 0.1 Me V. The full-scale
counts/channel is given in the vertical axis labels.
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excitation energies (E ) 10 MeV).
Neutron yields for the distinct peaks were obtained by

two methods and checked for consistency. Yields were
obtained by summing between channels and also by peak
fitting. A symmetric Gaussian line shape was used to fit
the 160-, 200-, and 795-MeV spectra. An asymmetric
Gaussian line shape with an exponential tail was used to
fit the 494- and 644-MeV spectra. The more complicated
line shape used for these two energies is justified by
Monte Carlo simulations of the longitudinally focused
beam. A modified chi-square statistic based on the Pois-
son distribution was used as the goodness-of-fit criterion
in the fitting procedure for all energies. ' This statistic
preserves the area of the fitted peaks and gives excellent
agreement with the yield determined by summing be-
tween channels.

Four peaks were simultaneously fitted in each spec-
trum: g.s., 2.00, 4.32, and 4.80 MeV. The relative posi-
tions were fixed by the known energy separations and the
widths were constrained to be equal. The peak at
E„=8.4 MeV was fitted independently with an uncon-
strained width. The results of the fitting indicate that the
4.32- and 4.80-MeV transitions have approximately equal
strength, in good agreement with shell-model estimates
(see Sec. IV), but the present resolution does not allow a
more quantitative estimate. The combined yield for these

two transitions will be referred to as the "4.5-MeV" tran-
sition. The widths and positions obtained from fitting the
peak at 8.4 MeV indicate that his peak is almost entirely
due to the transition to the —,

' level at E =8.42 MeV in
"C. The average excitation energy was determined to be
8.47+0.08 MeV. This peak will be referred to as the
"8.4-MeV" transition.

The spectra in Figs. 1—3 represent raw yields and are
not corrected for detector efficiency or neutron attenua-
tion. Corrections for these effects have been made in the
analysis of individual peak yields. Relative efficiency and
attenuation corrections are small; for example, the
corrections required for the 200-MeV data amount to a
6%%uo increase in the yield for the 8.4-MeV transition com-
pared to the ground state. A small amount of back-
ground yield from ' C in the target is expected for the
spectra obtained at LAMPF. These background events
should be present as a narrow peak (see Fig. 3 in Ref. 14)
at an apparent excitation energy of E =15.3 MeV.
Below this excitation energy, all of the spectra should be
relatively free of background except for small contribu-
tions from the few percent of ' B in the IUCF target. An
estimate based on the 50-MeV ' '"B(p,n ) data of Clough
et al." indicates that this ' B(p, n) contaminant yield is
negligible at forward angles.

III. GAMOW- TELLER TRANSITION STRENGTH
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The (p, n) cross section cri(q, co) for low-momentum
transfer L =0 1+ transitions can be related to the corre-
sponding Gamow-Teller transition strength B(GT) ac-
cording to'

o, (q, ai) =oo,F(q, ai)B(GT),

where o oz is a proportionality factor ("unit cross sec-
tion") and F(q, co) describes the dependence on the
momentum transfer q and energy loss co. This latter fac-
tor is defined to be unity when (q, ai) =0.

The required proportionality factor for "B(p,n ) can
be obtained from the ground-state transition, for which
the P-decay rate is known. In the present analysis,
we have used a ground-state transition strength
B(GT)=0.345+0.008 obtained from the detailed study
of Raman et al. (However, see Ref. 23 and the footnote
to Table IV.) The —', ~—', ground-state (p, n ) transition
involves angular-momentum transfers J =0+, 1+,2+,
3+, so that

0 =0'
o +0 ) + CT p +0 3

Only the 1 (Gamow-Teller) and 0+ (Fermi) contribu-
tions are important at zero degrees at intermediate ener-
gies; therefore,

40 35 30 25 20 15 10 5

excitation energy E, (MeV)

0 —5

FIG. 3. Neutron yield versus excitation energy for the
"B(p,n ) reaction at 494 MeV and laboratory angles of 0, 3,
and 5'. The spectra are plotted so that the peak at E =4.5

MeV has an approximately constant amplitude.

o(0')=oo+o, . (3)

To obtain the value of trod appropriate for "B(p,n ) at
each energy, it is necessary to know the GT fraction
fGz =o

i lo of the ground-state cross section, or
equivalently, the ratio 0. , /o 0. The proportionality factor
is then given by
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0 (0')

F(qo, coo)B(GT)
TABLE III. Measured transverse spin-flip probabilities for

"B(p,n )"C at Fp 160 MeV.

R2 GT

CTF
(5)

In terms of this unit-cross section ratio, the GT fraction
1s

The GT fraction can be obtained by two independent
methods. The cross-section ratio o. , /o. o is given by the
transition strength ratio B(GT)iB(F) times the ratio R
of GT and F unit cross sections:

E„
(MeV)

0.0
2.0
4.5
8.4

10.0- 13.4

SNN(0 )

0.51+0.02
0.63+0.03
0.67+0.02
0.67+0.03
0.65+0.03

B(F)
R B(GT)

(6)

where, for the present case, B(F ) =N Z= 1—and B(GT)
is the P-decay value mentioned earlier. A systematic
study of (p, n ) cross sections for bombarding energies
below 200 MeV has shown that R is apparently a
"universal" constant with no obvious nuclide depen-
dence. ' If this universality is assumed, then the
' C(p, n ) reaction provides the best case of resolvable
pure 1+ and 0+ transitions from which to obtain experi-
mental values for R . Cross sections for the ' C(p, n ) re-
action have been measured for E =160 and 200 MeV at
IUCF (Ref. 10) and for E =494, 644, and 795 MeV at
LAMPF. Values for the ratio R obtained from these
measurements are displayed in Table II. Derived values
for fGT are also given in this table.

An independent estimate of the GT fraction is provid-
ed by the transverse spin-fiip probability S)v)v(0'). This
method relies upon the observation that 1 transitions in
the energy range 120—200 MeV have a characteristic
value for the zero-degree spin-flip probability. At 160
MeV, this empirical average GT spin-flip probability is

S1 =0.66+0.03. The spin-flip probability So for 0 tran-
sitions is identically zero. The ground-state transition
therefore has a spin-flip probability S

Scr —Socr 0+S1
o'

1
=S

1
cr

1

and

experiment

0.5

0 I I I I

I

05

"B(p,n)"C(g. s. ) at E =160 MeV, Eq. (6) gives

foT =0.75+0.01 (Table II) and Eq. (8) gives
foT=0.77+0.05. The agreement between these two in-
dependent estimates is excellent.

Proportionality factors for "B(p,n ) at each energy
have been obtained from Eq. (4) with GT fractions
defined by Eq. (6). The momentum-transfer and energy-
loss corrections have been estimated in the manner out-
lined in Ref. 10. The factor F(q, co) typically deviates
from unity by only a few percent. As an example, the
largest correction is applied to the strength in the
10.0—13.8-MeV region. For E =160 MeV, we estimate
that F(q, ~)=0.85. As the bombarding energy increases,
the momentum transfer decreases for a given excitation
energy. At E =494 MeV, the correction for this same
region is estimated to be F(q, co) =0.96.

S
S1

(8) theory (CK)

Measured spin-fiip probabilities for "B(p,n ) transitions
at 160 Me V are displayed in Table III. For

) ! I I I l I I I I

10

E„(MeV)

15

E
(MeV)

160
200
494
644
795

8.5+0.2
13.0+0.3
9.4+0.6
6.8+0.4
5.7+0.6

for
0.746+0.007
0.818+0.005
0.76+0.01
0.70+0.01
0.66+0.02

TABLE II. The ratio R'=&~T/oF obtained from ' C(p, n)
measurements (Refs. 10 and 24) and the resulting Gamow-Teller
fraction for for the "B(p,n ) "C(g.s. ) transition.

FIG. 4. Top half: Experimental Gamow-Teller transition
strengths determined by comparison to the ground-state transi-
tion at five bombarding energies. The vertical lines represent
the location of peaks identified in Figs. 1—3. Solid lines
represent single transitions, dashed lines represent the approxi-
mate location of unresolved composite transitions. The data
points for each transition are plotted with bombarding energy
increasing from left to right: 160, 200, 494, 644, and 795 MeV.
Weighted averages for each transition are listed in Table IV.
Bottom half: Theoretical transition strengths obtained from the
wave functions of Cohen and Kurath (CK) (Refs. 27, 28, and
38).
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TABLE IV. Garnow- Teller transition strengths for
"B(p,n)"C transitions. The quantity 5B„g is the uncertainty
in the weighted average of five values for each transition. The
quantity 6Bs« is the standard deviation of the five values with

respect to the average.

and 0 transition with known transition strengths. It is
also consistent with theoretical estimates discussed in
Ref. 10 and in the next section.

IV. COMPARISON TO THEORY

(MeV) B(GT) 6Bayg A. Di8'erential cross sections

0.0
2.0
4.5b

8.4'
10.0-13~ 8

0 345'
0.399
0.961
0.444
0.406

0.008
0.008
0.017
0.009
0.009

0.032
0.060
0.010
0.023

'Obtained from analysis in Ref. 22. The present value is based
upon a ratio g& /g& = —1.260+0.0008 (Ref. 23) rather than the
smaller value (

—1.237+0.008) assumed in ref. 22. Also, note
that an even smaller value for this coupling-constant ratio was

used in Ref. 12.
Unresolved doublet, E, =4.32+4. 80 MeV, approximately

equal strength.
'Unresolved doublet, E, =8.10+8.42 MeV, most strength in

the 8.42-MeV transition.

The transition strengths obtained at each energy by
comparison to the ground-state strength are plotted in
Fig. 4. The results for each transition have been aver-
aged and tabulated in Table IV. The error bars plotted in
Fig. 4 are primarily due to counting statistics. Because
the GT proportionality factor is obtained from the
ground-state transition and each spectrum is therefore
internally calibrated, overall normalization uncertainties
associated with target thickness, current integration,
detector efficiency, etc. , do not enter into the analysis.

Two uncertainties are given in Table IV for each tran-
sition. The first is the usual definition for the uncertainty
in the weighted average,

(5B„s)'=
(5B; )

The second uncertainty is the standard deviation

(5B„d) =
—,'g (B,„s B;)— (10)

where B,„ is the weighted average and the B, are the
values for each of the five bombarding energies. Energy-
dependent effects associated with the effective interaction
and L )0 contributions to the zero-degree cross sections
will limit the accuracy of the proportionality formulated
in Eq. (1). Such effects will introduce a nonstatistical
spread in the values of B(GT) obtained by the procedure
outlined above. The standard deviation defined in Eq.
(10) is therefore a better indication of the true uncertainty
in the transition strength obtained by application of a
simple proportionality relationship. Estimates of devia-
tions from proportionality will be discussed in the next
section. It is interesting to note that the standard devia-
tions in Table IV are in the range of 2—8 %. This range is
consistent with the intrinsic accuracy of about 6% that
was estimated in Ref. 10 from a systematic study of 1+

In the previous section, transition strengths were ob-
tained by applying a simple proportionality relationship
to the zero-degree cross sections. Except for a smooth
correction F(q, co) for momentum transfer and energy
loss, all of the (p, n ) cross sections at a given bombarding
energy were assumed to be related to the corresponding
P-decay transition strength by the same proportionality
factor o G~. It is possible, however, that details of nuclear
structure and the effective interaction will cause devia-
tions from proportionality that will limit the ultimate ac-
curacy of this type of analysis. In particular, contribu-
tions to the zero-degree cross sections from L & 0 ampli-
tudes must be considered. In this section we will attempt
to assess the magnitude of these various effects with
distorted-wave impulse approximation (DWIA) calcula-
tions.

Calculations have been carried out for the transitions
to the first four levels in "C: (0.00, —', ), (2.00, —,

' ),
(4.32, —', ), and (4.80, —', ). The calculations were done
for nominal bombarding energies of 160, 200, 500, 650,
and 800 MeV with the distorted-wave code Dw81. The
wave functions used are those of Cohen and Kurath
and were obtained in the form of transition density am-
plitudes from the tabulation of Lee and Kurath. The
J(LS)=1(01)amplitudes were renormalized by the fac-
tor (B,„,/B, h„)'~ to give the experimentally determined
values of B(GT) listed in Table IV. Because the 4.32-
and 4.80-MeV transitions were not resolved experimen-
tally, the 1(01) amplitudes for these transitions were nor-
malized by the same factor to give the summed B(GT) of
Table IV. Radial form factors were calculated with
harmonic-oscillator wave functions with an effective os-
cillator parameter of b = 1.50 fm '. ' Optical-potential
parameters were obtained from the ' C potentials
(DWS+MSO) of Meyer et al. for F. =160 and 200
MeV, Blanpied et al. for 800 MeV, and the 398- and
698-MeV parameters of Jones et al. ' were used for the
500- and 650-Me V calculations, respectively. The
effective interaction was obtained from the t-matrix pa-
rametrizations of Franey and Love for E =175, 210,
515, 650, and 800 MeV.

Several different normalization factors have been ap-
plied to the calculated cross sections. As discussed by
Grimes et a/. in Ref. 12, use of an oscillator parameter
obtained from fitting electron scattering data requires an
approximate correction to the cross section of the form
tr ~( A /3 —1) 0., where L =0 is used for 0+ and 1

cross sections, and L =2 is used for 2 and 3+. Grimes
et al. also applied an isovector quadrupole renormaliza-
tion factor of 0.5 to the J =2+ cross sections in their
analysis. For simplicity, we have not applied this factor
in the present analysis, and its omission does not measur-
ably affect our conclusions. Normalization factors for
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TABLE V. DWIA normalization factors for "B(p,n ) transitions. The summed cross section for
each transition is given by cr=NocTp+Nlol+N2o2+N, o3. At each bombarding energy, No for the
4.80-MeV transition is taken to be the same as for the ground state. The last column, labeled No(C),
gives the 0+ normalization factor when only the central (C) interaction is used in the calculations.

Ep
(MeV)

160
200
500
650
800

E
(MeU)

0.00
0.00
0.00
0.00
0.00
2.00
4.32
4.80

0.98
0.86
0.54
0.48
0.40

0.40

N,

a.o
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.21
1.21
1.21
1.21
1.21
1.21
1.21
1.21

1.21
1.21
1.21
1.21
1.21

1.21
1.21

0.84
0.73
0.52
0.46
0.37

the J =0+ cross sections are obtained from the ratio

(+ I +0 DWIA
1Vo

(~1«O)-,t

for ' C(p, n ) transitions to the 2.31-MeV (0+ ) and 3.95-
MeV (1+) states in ' N. These calculations were per-
formed in the same manner as outlined above, with the
1(01) amplitude for the 3.95-MeV transition normalized
to reproduce the experimental GT transition strength. '

The factor Xo can be thought of as supplying a necessary
renormalization of the V, piece of the effective interac-
tion, which is diScult to calculate because of density
dependence. All of the DWIA normalization factors
used in the present analysis are given in Table V.

Measured zero-degree cross sections for the "B(p,n )

ground-state transition are plotted in Fig. 5. The solid
line in this figure represents the calculated cross section
with all normalization factors applied. There will be
some energy dependence of this cross section due to the
energy dependence of the ratio o I/o0. This dependence
seems to be well reproduced between 160 and 200 MeV.

10 1

I
I I

"13(p,n) "C(g.s.) 500 MeV

The empirical optical potentials used here for 500—800
MeV may not be the best possible choice and were select-
ed merely for convenience; the underprediction of the
cross sections for these higher energies is therefore prob-
ably not too significant. It is important to recognize that
all information about excited-state transition strengths,
which is the main point of this paper, is derived from rel-
ative cross sections with respect to the ground state. Ad-
ditional effort toward improving the absolute agreement
between the measured and calculated cross-section mag-
nitudes is therefore not warranted in the present study.

Calculated angular distributions for 500-MeV "B(p,n )

transitions to the ground state, 2.0-Me V, and
(4.32+4.80)-MeV states in "C are displayed in Figs. 6—8.
The immediate conclusion to be drawn from these calcu-

J"= 0+

I I I I
l

I I I I
)

I I6

5

I
)

I I I I
l

I f I 1
(

I I I I
1

I I I I
J

I I I I
l

I

E

b

0.1

=3
E

"B(p,n)"C(g.s.)

0.01

0.001

(J = 2') x10

10

I I I I t I I i I I I I0
0 100 200

I i i I I I I I I I l i i I I I i I I I I t i I I I

300 400 500 600 700 BOO

E, (Mev)

FIG. 5. Zero-degree cross section versus bombarding energy
for the "B(p,n)"C(g. s. ) transition. The solid line represents
the full DWIA calculations discussed in the text.

0, (deg)

FIG. 6. Calculated angular distribution for the
"B(p,n)"C(g. s. ) reaction at E~ =500 MeV. The solid line

represents the sum of all possible angular-momentum transfers:
0+ (dotted), 1+ (dashed), 2+ (chain-dashed), and 3+ (chain-
dotted). The plotted distributions include the normalization
factors of Table V.
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10

"B(p,n)"C(2.0 MeV) 500 MeU

"B(p,n)"C(4.3+4.8 MeV) 500 MeV

0.1 0.1

E

b

0.01 0.01

(J" = 0+) x 10

0.001
10

0.001
10

0, (deg) 8, (deg)

FIG. 7. Calculated angular distribution for the
"B(p,n )"C(2.0 MeV) reaction at E~ =500 MeV. The solid line

represents the sum of all possible angular-momentum transfers:
1+ (dashed) and 2+ (chain-dashed). The plotted distributions
include the normalization factors of Table V.

FIG. 8. Calculated angular distribution for the
"B(p,n )"C(4.32+4.80 MeV) reaction at E~ =500 MeV. The
solid line represents the sum of all possible angular-momentum
transfers: 0 (dotted), 1+ (dashed), 2+ (chain-dashed), and 3
(chain-dotted). The plotted distributions include the normaliza-
tion factors of Table V.

lations is that only the J =0+, 1+ (Fermi and Gamow-
Teller) cross sections are important at zero degrees, and
the J =2+,3+ cross sections become significant only
beyond about 6' (q, =0.5 fm '). These predictions
can be tested, to a limited extent, by the non-zero-degree
data obtained for E =494 MeV.

In Fig. 9 we plot experimental and calculated cross-
section ratios as a function of scattering angle. Two ra-
tios are plotted: o(2.0)/cr(g. s. ) and o(2.0)/o(4. 5). The
measured ratio involving the ground state becomes small-
er with angle, while the measured ratio for the two excit-
ed states is essentially constant. If the J =2+,3+ cross
sections are negligible at small angles, then the experi-
mental ratios have a simple explanation. At small angles,
the cross-section distribution for an L =0 transition will
have the approximate dependence'

turn transfer than the 1+ distribution. In the ratio
o(2.0)/o(g. s. ), the value of cr(g. s. ) will therefore de-
crease less rapidly than cr(2.0) and the ratio will become
smaller as the scattering angle increases.

A more quantitative estimate of the angular depen-
dence of the cross-section ratios is provided by DWIA
calculations. In Fig. 9, calculated ratios are presented for
three different conditions. The solid lines correspond to
calculations employing the full interaction (central, spin

I
I I I

E„=00 MeV

, (r')
o (q ) =o (0)exp —

q
3

(12) E„=45 MeV

where the factor (r ) is primarily the sum of the mean-
square radius of the transition density and the effective
interaction. The 2.0- and 4.5-MeV transitions are both
1

+ transitions driven by the central V, term of the
effective interaction. The value of ( r ) will be very near-
ly the same for these transitions and therefore the cross-
section ratio as a function of momentum transfer (or
scattering angle) will be constant. The ground-state tran-
sition is a sum of Gamow-Teller and Fermi transitions.
The V interaction is of shorter range than V and has a
smaller mean-square radius. The 0 cross-section distri-+

bution will therefore decrease less rapidly with momen-

I i I I I I I ~ I I

5
0, (deg)

10

FIG. 9. Cross-section ratios versus scattering angle for
E =494 MeV. The two ratios are o.(2.0)/o. (g.s. ) (circles) andP
o.(2.0)/o. (4.5) (squares). The solid lines represent DWIA cal-
culations employing the full effective interaction and all allowed
angular-momentum transfers. The dashed lines represent calcu-
lations in which only a central interaction was used for
J"=0+,1+. The chain-dashed lines represent calculations for
J"=0+,1+ only and a central interaction only.
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orbit, tensor) and contributions from all angular-
momentum transfers (J"=0+,1+,2+, 3+). The dashed
lines correspond to calculations in which only the central
interaction is included for J =0+,1, but the full in-
teraction is used for J"=2+, 3+. The chain-dashed lines
correspond to calculations for a central interaction only
and J =0+, 1+ only.

Over the measured range, all three calculations do a
reasonable job of reproducing the ratio cr(2.0)/o(4. 5).
This supports the idea that these transitions are insensi-
tive to the noncentral interaction and L )0 amplitudes at
small angles. However, the ratio involving the ground
state is reproduced only when the noncentral interaction
terms are omitted from the calculations for J =0+, 1

Inclusion of the J =2+,3+ contributions only makes a
small improvement in the calculated ratio for angles
larger than about 5'. The o(2.0)/0(g. s. ) ratio therefore
appears to be a sensitive test for the effect of noncentral
terms in the interaction.

The ground-state transition is affected by the noncen-
tral interaction terms in two different ways. The 0+ cross
section is decreased by an interference originating with
the microscopic spin-orbit and optical-spin-orbit poten-
tials. The tensor interaction has a similar but smaller
effect. The net effect on the cross section is largest at low
energies (0.90 at 160 MeV) and becomes insignificant for
energies greater than about 450 MeV. The 1+ cross sec-
tion is affected in the opposite manner by the tensor-
exchange amplitude. In the present calculations for
E 500 MeV, the tensor interaction significantly in-
creases the 1+ g.s. cross section (1.29 at 800 MeV). A
similar but smaller (1.15 at 800 MeV) efFect is predicted
for the 4.32-MeV transition.

The measured cross-section-ratio angular distributions
do not support the predicted effects of noncentral interac-
tions on the 0+ and 1+ cross sections. Ratios of zero-

degree cross sections also show no evidence for these
effects. Experimental and calculated ratios of zero-degree
cross sections are displayed in Fig. 10. The calculated ra-
tios are full interaction, J =0+, 1+,2+, 3+ (solid line)
and central interaction only, J =0+, 1 only (dashed
line). As previously noted, the J"=2+,3+ cross sections
make a negligible contribution to the zero-degree ratios.
The sole exception to this is the J =2+ cross section for
the 4.32-MeV transition. This cross section contributes
2.7 and 3.6% of the calculated 4.32+4.80 zero-degree
cross section at 650 and 800 MeV, respectively. The
comparisons in Fig. 10 lead to the same conclusion as
those in Fig. 9: the best description of the cross-section
data is obtained when the noncentral interaction is omit-
ted from the J =0+, 1+ calculations.

B. Polarization transfer

Additional information about the noncentral interac-
tion can be obtained from spin observables. The tensor
component in particular is predicted to have a large
energy-dependent effect on polarization-transfer ob-
servables. In Fig. 11 we plot the calculated trans-
verse-polarization transfer coefficient D~z(0')
(Dzz = 1 —2S~& ) for the g.s. and 2.0-MeV 1+ transitions.
In the 160—200-MeV energy range the calculated values
for D~~(0') agree quite well with the empirical average of
—0.33+0.05 for 1+ transitions. As the bombarding en-

ergy increases, however, the calculations employing the
full interaction (C+LS+T) tend toward zero. Note
that the calculated values for the polarization transfer are
essentially the same for the two transitions. This con-
trasts strongly with the differential cross sections, which
show much different sensitivities to the tensor interaction
(Figs. 9 and 10).
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FIG. 10. Zero-degree cross-section ratios versus bombarding
energy. The two ratios are o.(2.0) /o. ( g. s. ) (circles) and
~(2.0)/cr(4. 5) (squares). The solid lines represent DWIA cal-
culations employing the full effective interaction and all allowed
angular-momentum transfers. The dashed lines represent calcu-
lations for J =0+, 1 only and a central interaction only.
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FIG. 11. Calculated values for the transverse-polarization
transfer coefficient D»(0'). The solid lines correspond to the
"B(p,n )"C(g.s. ) transition, the dashed lines correspond to the
2.0-MeV transition. Results are shown for calculations employ-
ing the central interaction (C) only, and for calculations em-

ploying the full interaction (C+LS+ T). The thick-hashed line
corresponds to an L =0 J"'=1+ planes-wave estimate based on
free NN scattering amplitudes.
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The polarization-transfer predictions contrast with the
cross sections in another way as well: there is some posi-
tive experimental evidence for the tensor-interaction
effects. This evidence comes from the Li(p, n ) reaction,
which is dominated by the 1+~0 g.s. transi-
tion at 0. The experimental value for the transverse-
polarization transfer coefficient for this reaction is
D~~(0 )= —0.33+0.02 at 200 MeV. At 800 MeV,
McNaughton, Spinka, and Shimizu find that
Dzjv (0') = —0.03+0.06, in good agreement with the
trend displayed in Fig. 11.

The energy dependence of D~z(0') can be easily under-
stood in terms of the free nucleon-nucleon (NN) ampli-
tudes. If the isovector NN scattering amplitude is
represented in the form

M(q)= A+C(tr, +oz) n+ —,'(B+E+F)o, oz

+ ,'(E —B-)S»(q)+ ,'(+ B—)S»—(p),
where

(13)

and

q=k; —kf,
n=k, - Xkf, (14)

p=nXq,

then, in the context of the plane-waves impulse approxi-
mation, it is straightforward to show that, for L =0, 1

transitions at 0' (where C=O, E=B), the transverse-
polarization transfer coefficient can be expressed as

F2

F~+2g ~
(15)

If the coefficient of the tensor operator S»(p) is zero
(F=B), then D~~= —

—,'. If this coefficient is not zero,
then D~~ will differ from —

—,'. Values for the NN ampli-
tudes in Eq. (15) have been obtained from the phase-shift
solution of Amdt and Roper. The resultant prediction
for Dz~ is plotted as the thick-hashed line in Fig. 11.
Good qualitative correspondence is observed between
this prediction based on free NN amplitudes, the DWIA
calculations, and the Li(p, n ) measurements discussed
earlier.

From the consideration of both differential cross sec-
tions and zero-degree polarization transfer, we are left
with two seemingly contradictory conclusions: the
differential cross sections are best described by omitting
the spin-orbit and tensor interactions, while
polarization-transfer measurements are best explained by
including the tensor interaction. This problem may origi-
nate in the formulation of the effective t-matrix interac-
tion: the local coordinate-space representation used by
Franey and Love has no term directly analogous to the
S&z(p) operator in the NN scattering matrix. Instead, the
knock-on exchange amplitude associated with the S&z(r)
operator plays this role. An alternate formulation for the
effective tensor interaction may be required to obtain
consistency between the cross-section and polarization-

transfer results. Additional rneasurernents of polariza-
tion transfer in the energy range 200—800 MeV would
probably be of great value in helping to define this com-
ponent of the interaction.

C. Gamow-Teller strength

In Fig. 4, the theoretical transition strengths obtained
from the Cohen and Kurath wave functions ' ' are
compared to the experimental results. The relative distri-
bution of strength for the first four levels is qualitatively
the same. The normalization factors (experiment/theory)
are 0.55, 0.47, and 0.64 for the g.s., 2.0-MeV, and
(4.32+4.80)-MeV transitions, respectively. For the
higher-lying states, the ratio of experiment to theory is
much different. The experimental strength in the 8.4-
MeV transition is 1.43 times larger than theory, and the
region from 10 to 13.8 MeV has approximately 1.58 times
as much strength as the theoretical prediction for the
10—15-MeV region. This latter factor would be even
larger if the additional experimental strength observed in
the broad "peak" near E„=15MeV could be included.
In terms of the overall distribution of strength, the Cohen
and Kurath wave functions are thus seen to put too much
strength in the lower-lying levels and not enough at
higher excitations. This incorrect distribution of strength
probably indicates the need for extending the shell-model
configuration space.

The theoretical levels depicted in Fig. 4 account for
97.2% of the total calculated P strength of
g B ( GT),&„=3.628. The total experimental strength,
summed over the region from 0 to 13.8 MeV, is
QB(GT),„,=2.56+0.07, or 71% of the theoretical
value. This percentage is consistent with that reported in
Ref. 12 by Grimes et al. As noted earlier, some addition-
al experimental GT strength is evident in the region near
E =15 MeV, presumably due to T= —', excitations. Be-
cause of concerns about ' C(p, n ) background and L )0
contributions, we have not attempted to extract GT tran-
sition strength for this region. Additional measurements
of cross-section angular distributions with higher resolu-
tion could potentially provide more quantitative informa-
tion about this region.

V. SUMMARY AND CONCLUSIONS

Zero-degree sections have been measured for the
"B(p,n) reaction at 160, 200, 494, 644, and 795 MeV.
Gamow-Teller transition strengths for transitions to ex-
cited states in "C have been obtained by comparison to
the g.s. transition, for which the P-decay rate is known.
This procedure internally calibrates each spectrum and
eliminates contributions from absolute normalization er-
rors. The main source of systematic error in the extract-
ed transition strengths comes from the decomposition of
the zero-degree ground-state cross section into its 1+ and
0+ components. The 1+ fraction of the ground-state
cross section can be inferred from measured ratios of
pure 1+ and 0 transitions in ' C(p, n ), or obtained from
the zero-degree spin-flip probability. These two indepen-
dent methods are compared for E =160 MeV and excel-
lent agreement is obtained.
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The proportionality between zero-degree (p, n ) cross
sections and GT transition strengths can be affected by
L & 0 contributions and by structure and energy-
dependent effects associated with the noncentral terms of
the effective interaction. DWIA calculations indicate
that contributions from J =2+,3+ are negligible at zero
degrees. The same calculations predict substantial devia-
tions from proportionality for the g.s. J =0+, 1+ and
4.32-MeV J =1+ transitions. However, c'omparison of
measured and calculated cross-section ratios reveals no
evidence for the predicted nonproportionality. In fact,
the best agreement between experiment and theory is ob-
tained when the noncentral terms are omitted from the
DWIA calculations.

The wide energy range spanned by the present data
provides an excellent measure of the absolute uncertainty
implicit in the assumed proportionality between (p, n)
cross sections and P-decay transition strengths. We find
that estimated transition strengths have a 1-standard-
deviation spread in values in the range of 2—S%%uo. This
spread is very consistent with the uncertainty of about

6% observed in a systematic survey of lower-energy
data. ' It is unlikely that the present uncertainties will be
reduced until a better understanding is obtained of the
role that noncentral interactions and exchange ampli-
tudes play in low-momentum-transfer transitions. It is
important to emphasize, however, that the present results
are firmly grounded in empirical systematics and are
therefore largely independent of the success or failure
that DWIA reaction models have in describing details of
the data.
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