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Gamow-Teller matrix elements from the "B(p,n)"C reaction at E~ =26 MeV
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New data are presented for the "B(p,n) "C reaction taken at 1 MeV intervals for proton bornbard-

ing energies in the Ep = 16—26 MeV range. In the experiment, final states in "C up to E =10 MeV
were clearly identified and differential cross sections were extracted for the first four levels in "C.
The Ep =26 MeV data are examined in microscopic distorted-wave approximation calculations us-

ing the wave functions of Cohen and Kurath to describe the states in "B and "C and using the 6
matrix interaction of Bertsch et al. for the effective nucleon-nucleon interaction. Gamow-Teller
matrix elements for transitions to excited states in "C are extracted on the basis of these calcula-
tions, thus extending the information on Czamow-Teller matrix elements in the mass 11 systems
beyond the ground state matrix element known from l3 decay. Throughout, the results are contrast-
ed with existing information from electromagnetic studies of "B. It is concluded that the Cohen-
Kurath model places too much Gamow-Teller strength in the low lying states of the mass 11 sys-
tems and not enough strength at higher excitation energies. In addition, this model underestimates
the net contribution to M1 matrix elements from the isoscalar spin and current and isovector
current parts of the M 1 oper'ator.

I. INTRODUCTION

The utility of the intermediate energy (p,n) reaction as a
tool for the study of Gamow-Teller (GT) strength in nu-
clei has been the subject of much recent attention, mainly
bemuse of the striking clarity with which the GT strength
in medium to heavy mass nuclei is seen in this reaction at
Ep & 100 MeV. ' This is largely due to the energy
dependence of the ratio of the isovector spin-dependent
central and spin-independent central parts of the effective
nucleon-nucleon interaction ( V /V ) which increases
signifimntly with increasing energy for E~ =0—100 MeV
and is maximal for E„=100—300 MeV. ' ' This
feature of the effective interaction can be understood from
meson exchange considerations. GT transitions in light
nuclei have been studied for some time now using the
(p, n) reaction at lower energies (Ev (50 MeV), and our
ability to interpret these lower energy experimental data
has been significantly improved by the knowledge of the
nature of the isovector parts of the effective nucleon-
nucleon interaction gained from the studies of the inter-
mediate energy (p, n) reaction discussed above.

In this paper we present new data for the population of
levels in "C up to E =10 MeV via the "B(p,n) reaction
taken in 1 MeV steps over the energy range E~ =16—26
MeV. In the experiment, differential cross sections were
extracted for the first four levels in "C. These levels haveJ,T= —, , —, (E„=O.OOO MeV); —, , —,

' (E„=2.000
MeV); —, , —, (E„=4.319 MeV); and —, , —,

' (E =4.804
MeV), all of which are connected to the J,T= —',

ground state of "8 through GT matrix elements. Addi-
tional GT strength is expected in "C for E ) 8 MeV.

The present data extend the information on GT strength
in the mass 11 systems beyond that available from P-
decay studies, which determine only the GT matrix ele-
ment for the ground state transition. Complementary in-
formation on the transitions to the "Banalogs of the "C
states of interest here is also available from electron
smttering "and Coulomb excitation studies. '

The present work -is part of a continuing study of low
energy (E„(50 MeV) nucleon scattering from light nuclei
being performed at the Lawrence Livermore National
Laboratory. In earlier work differential cross sections,
spin-flip cross sections, and deexcitation y-ray angular
distributions for the 1+, 0 (E =12.71 MeV) and 1+,1

(E„=15.11 MeV) levels in ' C have been studied' '' and
the available (p,p') and (p,n) daty for the excitation of low
lying states in the mass 6 and 7 systems have been sur-
veyed. ' Following closely this earlier work, a simultane-
ous theoretical study of the present "B(p,n) data and the
corresponding electromagnetic and /3-decay data has been
carried out. In the present study, as in Refs. 13—15, the
wave functions of Cohen and Kurath' ' are used to
describe the target states, the (p,n) reaction is treated in
the distorted wave approximation (DWA), and the realis-
tic 6 matrix interaction of Bertsch et al. ' is used for the
effective nucleon-nucleon interaction. The radial shape of
the latter has been fixed on the basis of meson exchange
ideas. Various aspects of the transition matrix elements
for the mass 11 systems are described below and estimates
of the GT matrix elements for the excited states in "C are
presented. Following closely the ideas put forth in Ref.
19, the information on the GT matrix elements and the
electromagnetic transition rates are combined to deter-
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mine the partition of the transition matrix elements for
the first four levels in mass 11 into isovector spin and iso-
vector current plus isoscalar spin and current contribu-
tions. All results are discussed on the basis of recent esti-
mates of the effects of configuration mixing outside the
model space, mesonic exchange currents, isobar currents,
and relativistic corrections for unnatural parity dipole
transitions. '

II. EXPERIMENTAL METHOD AND RESULTS

Protons were accelerated to energies between 16 and 26
MeV by the Lawrence Livermore National Laboratory cy-
clograaff. A 15 MeV H beam was extracted from the
80 cm fixed energy cyclotron and swept externally to
reduce the frequency from 25 to 5 MHz. This beam was
then injected into the EN tandem for acceleration to the
final energy. An average beam on target of about 1 pA
was obtained with a burst width of about 2.5 ns (full
width at half maximum).

The target was a colloidal suspension of "B powder
deposited on 6 pm thick Mylar. The binder material
(polystyrene) and Mylar did not produce background neu-
trons in the energy range of interest. The areal thickness
of "B (isotope purity 98.5%%uo) was 6.7 mg/cm . Ten col-
limated 10.8 m flight paths with NE 213 detectors were
employed for simultaneous data acquisition; the laborato-
ry angles were 3.5, 24, 39, 54, 69, 83, 99, 113, 129, and

144 degrees. To prevent overlap of low energy neutrons
with high energy neutrons from a later burst, neutron
detector biases of 3.5 and 5.4 MeV were employed, the
higher bias being used for proton bombarding energies
above 17 MeV. A detailed discussion of the efficiency of
the 5.1 cm diam by 5.1 cm long NE 213 scintillators is
presented in Ref. 27. Pulse-shape discrimination was used
to reduce the gamma-ray background.

Figure 1 shows a typical time-of-flight spectrum ob-
served at 24' at a bombarding energy of 22 MeV. The ar-
rows indicate the expected positions for neutron groups
leading to the ground state (np) and higher excited levels
(n& n—~~) in "C. There is excellent agreement between
the expected and observed positions of the first four levels
( n Q n 3 ) in "C. All of these are expected to contain GT
strength. Level n5 is the first —,', —,

' state in "C while

n4, n6, n7, n&o, and n&~ are positive parity states. None
of these have any GT strength and only n 5 appears to be
strongly excited in the present experiment. Levels n8 and
n9 are the "C analogs of the —,', —, (E„=8.53 MeV) and

(E„=8.93 MeV) levels observed in the electron
scattering work of Ref. 11. The corresponding neutron
groups observed in the present experiment are also expect-
ed to contain GT strength. The peak labeled y is due to
target gamma rays from a later beam burst and is greatly
suppressed because of the use of pulse shape discrimina-
tion. Below channel 400 a continuum, arising from multi-
body breakup processes, is observed. The cutoff at about
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FIG. 1. Time-of-flight sPectrum observed at t9L ——24' for a proton bombarding energy of 22 MeV. Time calibration of the system
is 0-639 ns/channel and increasing flight time is to the left. See the text for identification of peaks in the spectrum. The solid line is a
smoo th curve through the measured points. The arrow at channel 266 is the calculated cutoff for a detector bias of 5.4 Mey. The
neutron detector efficiency varies by only 12% over the region extending from no to n &~.
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channel 266 is due to the detector bias.
Angular distributions for the ground-state and first

three excited state transitions were obtained by summing
the counts in the corresponding neutron groups. Because
of the low background levels underlying these neutron
groups (see Fig. 1), background subtraction was not a ma-
jor consideration. Above 23 MeV, n2 and n3 were not
adequately -resolved and only the summed cross sections
were determined. Between 20 and 23 MeV, the counts in
n2 and n3 were determined by a graphical decomposition
of the partially resolved peaks. This is possible since the
peak position and line shapes are known. Below 20 MeV
nz and n3 were completely resolved.

The measured angular distributions for neutron groups
n 0 0 3 are displayed in Figs. 2—5 for bombarding ener-
gies between 16 and 26 MeV. The errors shown are the
larger of the statistical counting errors or +7%, the latter
error reflecting the uncertainty in the absolute detector ef-
ficiency. There is in addition a scale factor error of
+15%%uo due to the nonuniformity of the colloidal target.
The differential cross sections at 18 MeV are in agreement
with the previously published 18 MeV data taken with
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the energy dependence of the integrated cross sections
over the range 16—26 MeV.
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III. THEORETICAL RESULTS

-A. Electromagnetic and beta decay matrix elements
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FKx. 2. Angular distributions for the "B(p,no) "C reaction at
energies between 16 and 26 MeV.

There is considerable information about levels in "8
from electromagnetic studies ' and the logft value for
the P+ decay of the ground state of "C to the ground
state of "8 is known. In Tables I—III we compare the
experimental and theoretical values (based on the wave
functions of Refs. 16 and 17) of the ground state static
moments for "B, the reduced transition probabilities for
electromagnetic transitions in "8, and the GT matrix ele-
ments connecting the ground state of "B with the levels
in "C. %'e have assumed harmonic oscillator radial wave
functions throughout with the same constants for "8 and
"C. In addition, all theoretical matrix elements have been
computed assuming bare g factors as described in Ref. 15.
From the tables it is clear that the theoretical matrix ele-
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$] B(p ~ ) 11C

l T

TABLE I. Ground state static moments for "B.

'l6 MeV

22 MeV

a
Qexpt

(e fm2)
Qh'

(efm )

a
Pexpt
(nm)

Pth
(nm)

n,„p,
'

(nmfm ) (nmfm )

17 MeV

1

18 MeV

23 MeV

2.69 7.993.86 2.63 7.99

'Reference 8.
Calculated with harmonic oscillator p-shell radial wave func-

tions with b =1.65 fm deduced from fit to electric form factor
for elastic electron scattering shown in Fig. 7. The experimental
Q can be reproduced with e,tt=1.33.
'Calculated with harmonic oscillator p-shell radial wave func-
tions with b = 1.57 fm deduced from fit to magnetic form factor
for elastic electron scattering shown in Fig. 7. The experimental
value for 0 is the magnitude of the value deduced from the fit
of Fig. 7 which is just the value obtained from the wave func-
tions of Refs. 16 and 17 with b = 1.57 fm.""B(p, ~23) "'C
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FIG. 4. Same as Fig. 2 but for the "B(p,n2) "C and
"B(p,n2 3)"C reaction.

ments reproduce the experimental values to within rough-
ly 30% (60% in transition rate) provided a quadrupole ef-
fective charge of about 1.5 is introduced. There are some
differences between the distribution of electric quadrupole
and magnetic dipole strength predicted theoretically and
observed experimentally. From Table III it is also clear
that the charge exchange transitions to the first four levels
in "C are predicted to have substantial GT matrix ele-
ments. The total predicted GT strength for "B(p,n) is

g (GT ) =3.63 which exceeds 3(X—Z ) as required by
the Ikeda sum rule. '

In Fig. 7 we compare the theoretical electric and mag-
netic elastic electron scattering form factors obtained
from the wave functions of Refs. 16 and 17 with the ex-
perimental data of Refs. 9 and 10. The electric form fac-
tor contains electric monopole and quadrupole contribu-
tions and the experimental data are well described using a
harmonic oscillator constant b=1.65 fm and a quadru-
pole effective charge e,rf =1.38. The latter corresponds to
a quadrupole moment Q=3.92 e fm which is in good
agreement with the results of the hyperfine-structure mea-
surement given in Table I. The magnetic form factor

TABLE II. Reduced transition probabilities for electromagnetic transitions in "B.

Transition

3 1

2 2

3 5
2 2

3 3
2 2

E
(MeV)

2.12

4 44

5.02

B(M1T ),„p,
'

(e2 fm2)

0.007+0.002

0.012+0.001

0.016+0.002

B(M1T )th
(e2 fm2)

0.0112

0.00881

0.0146

B(E2 T )gxpt

(e fm)

2.1+0.4

21 +2

B(E2T ),h'

(e fm)

0.704

8.13

0.368

B(M3T ),h
(e 2 fm6)

0.310

1.64

'Reference 11. Additional Ml strength with an upper limit of QB{M1t)=0.020+0.03 e fm is ob-
served in the region E„=8—13 MeV.
Calculated from wave functions given in Ref. 17. Additional Ml strength with QB(M1 t)=0.0155

e fm is indicated at higher E in Ref. 16.
'Reference 11. Additional E2 strength with B(E2T)=9.4+0.2 and 3.6+0.5 is observed at E =8.57
and 13.0 MeV, respectively.
Reference 12.

'Calculated with harmonic oscillator p-shell radial wave functions with b =1.65 fm as in Table I. Ex-
perimental B(E2T ) can be reproduced with e,ff -1.61—1.73.
Calculated with harmonic oscillator p-shell radial wave functions with b=1.57 fm as in Table I.

There is no experimental information on B(M3T).
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FIG. 5. Same as Fig. 2 but for the "B(p,n3) "C reaction.

TABLE III. GT matrix elements for P decay in mass 11 sys-
terns.

Transition

3 1

2 2

3 5
2 2

(g.s.)

(e.s.)3 3

(GT),'„p,

0.386

(GT)'b

0.625

0.842

0.702

0.792

'Extracted from logf t value given in Ref. g using
(I' ) + 1.4(GT) 2=6120/ft from Ref. 29. (Ii )2 is of course 1.
Additional GT strength with g (GT) =0.667 is placed at

higher E in calculations of Ref. 16.

contains magnetic dipole and octupole contributions and
again the experimental data are reasonably well described
by the Cohen-Kurath wave function' ' with b =1.57 fm,
which is slightly smaller than obtained for the electric

form factor. The magnetic octupole contribution to the
magnetic form factor in Fig. 7 corresponds to a magnetic
octupole moment of Q =7.99 nm fm which is just the
value given by the Cohen-Kurath wave functions with
b =1.57 fm. No substantial improvement in the fit to the
experimental magnetic form factor is obtained by varying
the magnitude of the magnetic octupole contribution from
the Cohen-Kurath value. There is a slight, but definite,
deficiency in the theoretical magnetic form factor in the
intermediate q range where it underestimates the experi-
mental form factor by about 10%. One remedy for this
deficiency is to increase the I.=2 magnetic dipole transi-
tion densities by a factor of about 52. This adjustment
leads to the results for the magnetic form factor shown by
the dashed curve in Fig. 7. Even with this substantial in-
crease in magnitude the net I.=2 magnetic dipole transi-
tion density is still quite small.

Since the dipole matrix elements for the first four levels
in the mass 11 systems are receiving primary attention in
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FIG. 6. Integrated cross sections for the (p,n) reaction populating the ground state and first three excited states in "C.

this work, the isoscalar and isovector spin and current

q =0 momentum space transition densities with J= 1,
L =0 for these four transitions are listed in Table IV. We
use the notation pJI. (0) and pJL(0) for the spin and
current densities as defined in Ref. 19. In general, all four
transition densities contribute to the electromagnetic di-
pole matrix elements; however, the GT matrix elements
for p decay and the J= 1 contributions to the (p,n) cross
sections depend, strictly and to a good approximation,
respectively, only on the isovector spin densities. " From
Table IV it is clear that the J=1 transition matrix ele-
ments are dominated by the odd proton in "B since the
isoscalar and isovector transition densities tend roughly to
be equal and opposite (see Ref. 15). This means that there
are appreciable current and isoscalar spin contributions to
the electromagnetic transition matrix elements. The
current contributions are in phase with the spin contribu-
tions for the ground state matrix element and the two are
out of phase for the inelastic matrix elements connecting
the ground and first three excited states.

Note that the Cohen-Kurath wave functions give a
value for the magnetic moment of "Bthat is in agreement

with experiment (Table I), but overestimate the GT matrix
element for the ground state P-decay transition in the
mass 11 system (Table III). The latter implies that p'&0(0)
for the ground state in Table IV is overestimated (by
about 20%). From the former we conclude that the
current and isoscalar spin densities for the ground state
are correspondingly underestimated or that there are sub-
stantial exchange current contributions to the magnetic
moment that mask these effects. Corrections in this
direction are expected from the work of Refs. 1 and
20—24. Detailed calculations for s-d shell nuclei indi-
cate that configuration mixing outside the model space
has the net effect of reducing the magnitude of the spin
densities and increasing the magnitude of the current den-
sities. The coupling to isobar currents further reduces (in-
creases) the coupling to the isovector spin (current) densi-
ties. For the electromagnetic matrix elements, meson ex-
change currents enter strongly, working against the other
effects to limit the reduction (increase) in the coupling to
the isovector spin (current) densities.

B. The (p,n) reaction

Transition

3 3
2 2

3 1

2 2

3 5
2 2

(g.s.)

3 3 (e.s.)

pro(0)

0.231

—0.382

—0.156

0.246

pro(0)

—0.223

0.366

0.193

—0.251

pip(0)

0.431

0.191

p',.'(0)

—0.235

—0.232

0.078 ' —0.129

—0.124 —0.048

TABLE IV. Forward isoscalar and isovector spin and current
momentum space transition densities for J= 1, I =0 transition
matrix elements in "B. The densities are defined in Ref. 19.

Theoretical estimates of the differential cross sections
for the "B(p,n)"C reaction at Fz ——26 MeV (the highest
energy considered in the present experiment) have been
made using the microscopic folding mode1 and the dis-
torted wave approximation following closely the work of
Ref. 15. In particular, we have used the Reid singlet and
triplet even, no triplet odd and ALTSO singlet odd cen-
tral, Reid-even, Elliott-odd tensor, and Reid-odd, Elliott-
even spin-orbit version of the G-matrix interaction of Ref.
18 as in Ref. 15. The optical parameters used in the cal-
culations were taken from the ' C study of Kolata and
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1 O'

10"

tron scattering form factor (Fig. 7). It was selected be-
cause of our principal interest in the J= 1 spin dipole con-
tributions to the (p,n) cross sections. Since the above
value of b was determined from electron scattering fits
which include the usual harmonic oscillator center of
mass correction, we have also applied the corresponding
approximate coordinate space center of mass correction,

1/2

b ~ b =1.50 fm,A —1
(1)

OL ~ CTL
A —1

'IO 3

1O'

10 "

10-2

103
U

10-'

l 1 l & I ( l i I 1 l

0.8 1.6 2.4 3.2 4.0 4.8

to the (p,n) calculations. Here o.
L is the contribution to

the total differential cross section corresponding to orbital
angular momentum transfer L. For the natural parity
contributions L =J, the total angular momentum transfer.
For the unnatural parity contributions we have taken
I.=J—1, since this amplitude gives the dominant contri-
bution to the differential cross section in these cases. This
scaling of the cross sections is strictly correct only for
"stretched" spatial configurations. No attempt was made
to adjust the I.=2 magnetic dipole transition densities as
discussed above with reference to the dashed curve in Fig.
7.

From previous work' ' ' it is known that renormali-
zation of the interaction of Ref. 18 is required to achieve
consistency with experiment. For purposes of comparison
with the present data we have fixed the normalization of
the interaction from the —, ~—', (g.s.) transition in the
"B(p,n) "C reaction since we know both the Fermi and
Gamow-Teller matrix elements for this case (see Table
III) which fix the corresponding isovector, J=D matter
and J=1 spin transition densities, respectively. To be
specific 0.&„(J=0) was taken as calculated from the
Cohen-Kurath wave functions since these -give the correct
Fermi matrix element for the ground state to ground state
transition by construction. The result for 0~„(J= 1) was
multiplied by

N p„——Xp ——( GT ),„p,/( GT ),s ——0.618

q2(fm 2)

FIG. 7. The electric and magnetic form factors for elastic
electron scattering from "B. The data. are from Refs. 9 and 10.
The solid curves are theoretical results obtained using the wave
functions of Refs. 16 and 17 with the oscillator constant adjust-
ed to give the best fit to the data. An effective charge e,ff —1.38
has been used in calculating the quadrupole contribution (C2) to
the electric form factor. The dashed curves for the magnetic
form factor are the results with the L =2 part of the magnetic
dipole contribution (M1) increased by 51.9 as described in the
text.

Galonsky. ' The calculations were made with the com-
puter code DWBA 7o (Ref. 32) which allows the explicit in-
clusion of the knockout exchange amplitudes. Finally we
have used harmonic oscillator p-shell radial wave func-
tions with 6=1.57 fm in these calculations. This is the
value determined from fitting the magnetic elastic elec-

from Table III. This same factor was applied to
o~„(J=3), and o~„(J=2) was reduced by a factor of 2 to
roughly account for the isovector quadrupole renormali-
zation discussed in Sec. 4.2.2 of Ref. 15. The prescription
for renormalizing o&„(J=1) and o~„(J=3) excludes any
momentum transfer and multipole dependence of the
mechanism which reduces the isovector spin transition
densities, for example, the presence of isobar-hole com-
ponents in the nuclear wave functions. ' ' The present
results are not overly sensitive to these considerations,
largely because of the small momentum transfers probed
at the low incident proton energies in the present experi-
rnent.

With the above prescription for fixing the nuclear wave
functions for the —, ~—,

'
(g.s.) transition in the

"B(p,n)"C reaction, there are still two isovector interac-
tion strengths to be determined from a single experimental
cross section, i.e., the interaction strength in the w channel
which determines cr~„(J=O) and crz„(J=2) and that in the
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err channel which determines oz„(J=I) and o„„(J=3).
By fixing the ratio of the two interaction normalization
factors at X,/X =0.67+0. 18 from the E~=25 MeV re-
sults of Ref. 15 (mean value) and Ref. 6 (uncertainty), we
deduce X =0.95+0.10 and 2V =0.64+0. 14 from the
present data which are in the mean 56% higher (25% in
interaction strength) than the values obtained in Ref. 15.
The 25% difference in interaction strengths for the mass
6 and 7 systems and mass 11 systems is not unreasonable
given that there has been no attempt to use consistent op-
tical parameters in the two sets of calculations. The
essential results of this work depend only on the ratios of
(p,n) cross sections for a given nucleus and are not affect-
ed by such considerations. %'e also note in passing that in
the (p,n) calculations of Ref. 15 no renormalization (Nz„)
was applied to scale the model wave functions down to
the P-decay rates. In addition, contributions to the (p,n)
differential cross sections corresponding to J~ 1 were not
considered explicitly, but were estimated to increase the
theoretical cross sections by about 10%. Since these two
effects tend to be about equal and opposite, it can be as-
sumed that the calculations of Ref. 15 are consistent with
the present work even though somewhat different explicit
procedures were followed. We have repeated the calcula-
tions of Ref. 15 following the procedure of the present
work to confirm this directly. The complete theoretical
differential cross sections for the —,

' —+ —, (g.s.) transi-
tion in the "B(p,n) "C reaction are compared with the ex-
perimental data in Fig. 8.

The complete theoretical differential cross sections for
the remaining three transitions in "B(p,n)"C at Ez ——26

10"

100—

10'

1 P
—1 J

E
E

10-2

J=3
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10" l l
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40 80
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I
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FIG. 8. Theoretical and experimental differential cross sec-
tions for the 2 ~ 2 (g.s.) transition in "B(p,n) "C at E~ =26
MeV. The theoretical differential cross section is shown decom-
posed into contributions corresponding to J=0—3 total angular
momentum which have been normalized as described in the text.

FIG. 9. Theoretical differential cross sections for the
(E„=2.000 MeV), 2 2 (E =4.319 MeV), and

(E„=4.804 MeV) transitions in "B(p,n) "C at E~ =26
MeV obtained using the renormalized interaction deduced from
the ground state transition shown in Fig. 8. The decomposition
of the theoretical cross sections into contributions corresponding
to separate J is shown in all cases. The J=2 contributions have
been reduced by a factor of 2 as described in the text.

MeV are shown in Fig. 9. In these calculations the in-
teraction was renormalized in the same manner as deter-
mined above and all the cr~„(J=2) were reduced by a fac-
tor of 2 also as described above. For these three transi-
tions oz„(J=1)is dominant with crz„(J=2) and cr&„(J=3)
giving just 13—16% of the total integrated cross sections.
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For the —,
' ~—', (g.s.) transition cr~„(J=2)+o~„(J=3)

gives 48% of the integrated cross section corresponding to
o„„(J=1)+oz„(J=2)+oz„(J=3). The complete dif-
ferential cross sections for the three transitions in Fig. 9
are shown normalized to the present 26 MeV experimental
data in Fig. 10. The relative contributions of the

z ~—, and —, —+ z (e.s.) (excited state) transitions to
the unresolved E =4.5 MeV doublet were determined
from the integrated cross sections for the resolved levels
at E„=23 MeV shown in Fig. 6. This is quite reasonable
given the smooth energy dependence of the cross sections
in this energy region.

The values of the normalization factors (X~„) for the
o„„(J=1) differential cross sections shown in Figs. 8 and
10 are summarized in Table V and compared with the
normalization factors required to reproduce the squares of
the electromagnetic dipole matrix elements (Tables I and
II) and (GT) for I3 decay (Table III). The latter are
denoted by X& and X~, respectively. Also shown in
Table V are the values of ( GT ) corresponding to the
(p,n) results and the ratio Xp~~„~/Xr. The deduced values
of (GT) suggest a different distribution of the GT
strength in the first four levels than predicted by the
Cohen-Kurath wave functions (Tables III and V). In par-
ticular, the second excited state is the strongest transition
experimentally while the theoretical predictions suggest it
should be the weakest. The experimental GT strength in
these levels is, however, more reasonably correlated with
the experimental distribution of M 1 strength (see footnote
c of Table V),. More importantly, note that the experi-
mental GT strength observed in the first four levels is
only (58+15)% of the strength predicted by the Cohen-
Kurath wave functions. The wave functions place 82%
of the total theoretical GT strength in these states.

The latter results are to be contrasted with the results
for the mass 6 and 7 systems where the wave functions of
Cohen-Kurath place almost all of the theoretical GT
strength in the first two levels and about 87% of the
predicted strength is observed via I3 decay (Table 7 in Ref.
15). Theoretical estimates of the axial vector quenching
in light nuclei' and related fits to appropriate experi-
mental data' ' are available. These works suggest that

l l f l

""8 (p, n)" ~c
E =26MeV

P

100 1/2, T = 1/2
E„=2.0 MeV

10 "—

L

J3
E
E10 ~

E„=4.32+ 4.8 MeV

the GT strength observed experimentally should vary
from roughly 100% to 60% of the shell model value in
proceeding from very light nuclei through the s-d shell
nuclei. The results for the mass 6 and 7 systems quoted

10& I l I I I I I l

0 20 40 60 80 100 120 140 160 180
0 (deg)

FIG. 10. Summed theoretical differential cross sections from
Fig. 9 shown normalized to present Ep=26 MeV experimental
data. The ratio of the 2 ~ 2 (E =4.319 MeV) and

(E =4.804 MeV) contributions to the unresolved
3 3

E„=4.32—4.80 MeV doublet was determined from the ratio of
integrated cross sections at Ep 23 MeV where these two states
were resolved. The relevant values can be obtained from Fig. 6.

TABLE V. Summary of normalization parameters for the square of dipole transition matrix ele-
ments for y decay (Xz), g decay (Xp), and the (p,n) reaction (N„„). Also shown are the values of
(CxT) corresponding to the P decay and (p,n) results.

Transition

3 1

2 2
'3 5
2 2

(g.s.)

2
—+ 2 (e.s.)3 3

1.05

0.62+0. 18

1.36+0.11

1.10+0.14

0.618

Np„'

0.618"

0.33+0.07

0.97+0.21

0.47+0. 10

N p(p„) /Ny

0.589

0.52+0.26

0.72+0.22

0.43+0. 15

&G&)"

0.386

0.28+0.06

0.68+0. 15

0.37+0.08

'From Tables I and II.
From Table III.

'From Fig. 10. A clearer look at the correspondence between the (p,n) reaction and the y-decay data is
obtained by comparing Ny and N„'„=Np„/Np„, where Np„ is the average Np„. Following the order in
the table Npn 1 04& 0 55& 1 62& and 0 79' and Npn/Ny 0 99' 0 89' 1 19' and 0.72.
"Ratios required to determine (2X(0)/g ~p~o(0) )Tp as discussed in Sec. III'C.
'Values deduced from (p,n) data.
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above are consistent with estimates of Refs. 1 and 22—24;
however, the present results for mass 11 indicate either (1)
the axial vector quenching in this nucleus is fully
developed to the s-d shell values or (2) the wave functions
of Cohen-Kurath do not properly distribute the shell
model strength between the first four levels and higher ly-
ing p-shell excitations.

In connection with these points we note that the
Cohen-Kurath wave functions imply g (GT) =0.318
for the —, , —,

' and —, , —, levels of "C at E =8. 10 and
8.42 MeV (unresolved levels nz and n9 in Fig. 1). Al-
though differential cross sections were not extracted for
this group of states in the present experiment, we crudely
estimate an upper limit of g (GT) =0.60 for these lev-

els from the spectrum in Fig. 1. Furthermore, Cohen-
Kurath give QB(Mlt)=0. 00445 e fm for the transi-
tions to the analogs of these states in "Bas compared to
QB(M 1 t)=0.0116 e fm observed in the electron
scattering work of Ref. 11. Thus the Cohen-Kurath wave
functions underestimate by a factor of 2 the M 1 and GT
strength in this region. The electron scattering experi-
ment of Ref. 11 further indicates additional transverse
strength at E~ =13.0 and 15.5 MeV in "B. This is
presumably associated with T= —,

' final states. If this
strength is assumed to be completely M 1 in character, it
corresponds to QB(M1&) (0.032+0.007 e fm while
Cohen-Kurath give only +B(Mlt)=0.0106 e fm for
transitions to T= —, final states in "B. Thus we might
expect to see as much as three times the

g (GT) =0.182 predicted by Cohen-Kurath for transi-
tions to T= —,

' final states in "C. All of this tends to sup-

port contention (2) of the preceding paragraph. It would
be useful to have measurements of the "B(p,n) reaction
for Ep ——100—200 MeV to provide further information on
this matter.

S
2X(0)1+

g JpJ0(0)
(3)

where C is a constant incorporating reaction constants,

X(o)= 2 g opJo(0)+go pJo(0)+g J pJo(0» (4)

and g T, g T, and gz represent the electromagnetic spin
and current g factors and the axial vector coupling con-

C. Current and isoscalar spin densities

In Ref. 19 it was demonstrated that information on
electromagnetic transition rates and (p,n) cross sections
(equivalently P-decay matrix elements) for 0+,T=0
~1+,T=1 transitions could be used to obtain an in-
dependent estimate of the separate isovector spin and
current contributions to the transition matrix elements.
For the mass 11 mirror systems being considered here,
this procedure can be extended to separate the isovector
spin contribution from the combined isoscalar spin and
isoscalar and isovector current contributions. The argu-
ment is simply based on the fact that the ratio of the
squared electromagnetic matrix elements to the (p,n) cross
sections (also (GT) ) is

stant. Tjhe tildes over the g factors are used to indicate ef-
fective coupling constants' which can be introduced
to account for effects associated with nucleon structure,

.e.g., meson exchange currents and coupling to isobar
currents, and effects due to configuration mixing outside
the model space under the assumption that the densities
are model space rather than "true" nuclear densities. Ef-
fective coupling constants were not considered in the work
of Ref. 19. The essential idea is that if R /C is known
from the experimental data, then Eq. (3) can be used to
determine the quantity [2X(0)/g JpJo(0)], which provides
a measure of the contribution to the transition matrix ele-
ments from the coupling to current and isoscalar spin
densities relative to the coupling to the isovector spin den-
sity. From the results of the preceding two sections, in
particular Tables IV and V, we have for the positive pari-
ty dipole transitions in the mass 11 systems

2S

2 2

&],. 2X(0)
g'JP'Jo(o)

(5)

which can be combined with Eq. (3) to obtain

2X(0)

g 'Jp Jo(0) rp

X ~ 1+ 2X(0)

g JpJO(0)
(6)

where we have introduced the notation TP for true or ex-
perimental p-shell ratio and CK for Cohen-Kurath, under
the assumption that the g contain effects associated with
nucleon structure plus configuration mixing outside the p
shell. The ability of the Cohen-Kurath wave function to
explain the relative differences between the electromagnet-
ic and (p,n) data (equivalently J33 decay) is determined by
comparing [2X(0)/g JpJo(0)]CK with [2X(0)/g JpJo(0)]Tp.
The true model isovector spin density [pJo(0)]Tp may be
determined from

gg 2Jf+1
l
~T[ Jo(0)]TP

l

'
2J +1

where the factor aT converts the isospin transfer MT ——0
density p', o(0) to the Mz. ———1 density required for the
(p,n) reaction. [Equations (A21) and (A44) in Ref. 15.]
[X(0)]Tp then follows from [2X(0)/g JpJo(0)]Tp.

Table VI contains a comparison of [2X(0)/g JpJo(0)]cK
and [2X(0)/g JpJo(0)]Tp obtained from Eq. (6) using the
%z and N„„v l ae ufrsom Table V and, in the spirit of con-
tention (2) discussed at the end of the preceding section,
g~ /g~ ——0.91 which is appropriate for p-shell nuclei.
Bare electromagnetic g factors have been assumed since
these, in combination with the Cohen-Kurath wave func-
tions, give a good average description of the electromag-
netic matrix elements (Tables I and II) and g 'J/g J is ex-
pected to be greater than gz/gz on the basis of Refs. 1

and 22—24. The results in Table VI indicate that the
current and isoscalar spin contributions to the M 1 matrix
elements for the first four levels in "Bare underestimated
by the Cohen and Kurath wave function.
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TABLE VI. Comparison of the ratio [22{0)/g'&p'&0{0)]Tp ob-
tained from Eq. (6) to the corresponding ratio obtained with
model wave functions.

Transition

(g.s.)3 3

3 1

2 2

3 5
2 2

(e.s.)3 3—

[2~/g 1p10]CK

0.828

—0.050

—0.077

0.119

[2X/g ipio]rP

1.17

0.19+0.21

—0.01+0.08

0.56+0. 15

'Calculated with bare g factors and densities given in Table IV
derived from Cohen-Kurath wave functions.
Estimate from Eq. (6) based on X~ and Xpn from Table V us-

ing (g& /g~ ) =0.91 and bare electromagnetic spin and current g
factors.

IV. SUMMARY

New differential cross section data have been presented
for "B(p,n) to the first four levels in "C at E~=16—26
MeV covering the angular range 3.S—144 degrees. - The
data for E„=26 MeV were studied theoretically in the
DWA with a microscopic folding model using a realistic
nucleon-nucleon interaction and transition densities ob-
tained from Cohen-Kurath p-shell harmonic oscillator
wave functions with the size parameter fixed from trans-
verse elastic electron scattering data. A phenomenological
optical model was used to generate the distorted waves.

The theoretical calculations provide a reasonable
description of the experimental angular distributions. The
known Fermi and Gamow-Teller matrix elements for the
ground state f3 decay in mass 11 were used to fix the
overall interaction strength from the differential cross sec-
tion for the ground state (p,n) transition. Estimates of the
previously unknown (GT) matrix elements for the first
three excited state transitions in mass 11 were made by
normalizing the theoretical differential cross sections ob-
tained with the adjusted interaction to the corresponding
experimental cross sections. A simultaneous examination
of the available M 1 electromagnetic matrix elements and
the deduced (GT) was made to study the partition of
the positive parity dipole matrix elements for the first
four levels in mass 11 into isovector spin and isoscalar,
spin plus current contributions. In addition, some specu-
lation on the GT strength to higher lying levels in "C was

made on the basis of the (p,n) spectrum in Fig. 1 and the
electron scattering work of Ref. 11.

The essential results are that the Cohen-Kurath wave
functions do not accurately describe the relative distribu-
tion of GT strength in the first four levels of "C, overesti-
mate the total GT strength to these states, underestimate
the net isovector current and isoscalar spin and current
contributions to the electromagnetic matrix elements for
the corresponding levels in "8, and quite likely underesti-
mate the GT strength to levels in "C above the first four
states. Specifically, Cohen-Kurath obtain g (GT )
=3.63 for the total GT strength in "B(p,n) "C with

g ( GT ) =2.96 for the first four levels and

g (GT) =0.67 for higher lying excitations. From the
present (p,n) data and the discussion at the end of Sec.
IIIB it is estimated that g (GT),„p

——1.72 for the first
four levels in "C and g (GT),„~(1.13 for higher lying
states corresponding to a total g (GT) (2.85. The
latter is 75% of the model value and is consistent with the
estimates of the axial vector quenching for p-shell nuclei
discussed in Refs. 1 and 22—24.

Since the present manuscript was submitted for publi-
cation a 0 "B(p,n) "C measurement was made with

E~ = 160 MeV at the Indiana University Cyclotron Facili-
ty. The preliminary results from this measurement are
(GT)„p——0.37 (E„=O.O MeV), 0.45 (E„=2.0 MeV),
1.05 (E =4.3+4.8 MeV), 0.47 (E, =8. 1+8.4 MeV), 0.39
(E = 12.8 MeV), and 0.29 (E = 15.0 MeV) correspond-
ing to g (GT),„~=1.87, 1.15, and 3.02 for the first four
levels, higher excitations, and the total strength in "C,
respectively. The total GT strength observed is 83% of
the shell model strength. These results are quite con-
sistent with the findings of the present work.
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