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Differential cross sections and analyzing powers for the (p,n) reaction on carbon isotopes have been
measured for angles up to Oi,b=SO using 160 MeV protons. The angular distributions for the
stronger transitions are compared with the results of distorted-wave impulse approximation calcula-
tions which utilize transition densities from existing shell model calculations. The total observed
Gamow-Teller strength is also compared with the shell model predictions. In addition, the shapes of
these angular distributions are discussed emphasizing decomposition into longitudinal, transverse,
and non-normal-parity-transfer components. Some comparisons of the present (p, n) data with corre-
sponding (p,p') data and with other relevant (p,n) data are also made.

I. INTRODUCTION

In recent years, experimental studies of the (p, n) reac-
tion at intermediate energies have provided new informa-
tion on iso vector modes of excitation in nuclei.
Specifically, empirical proportionality factors have been
used to relate 0' (p,n) cross sections to the Fermi (F) and
Gamow-Teller (GT) strengths for the corresponding tran-
sitions. ' Subsequently, studies of nuclides throughout the
Periodic Table have established that the Gamow™Teller
strength B(GT), integrated up to about 20 MeV excita-
tion energy, is only a fraction of the strength estimated (in
this same energy region) from nuclear structure calcula-
tions for light and medium mass nuclei or from the sum
rule limit for heavy nuclei. Complementary structure
and reaction information can, in principle, be obtained
from angular distributions of the diff'erential cross section
and other observables such as the analyzing power and
polarization transfer coefficients. The motivation for ex-
amining such data in detail is becoming stronger as atten-
tion shifts from the low-momentum-transfer response so
well characterized in the 0 GT studies to the response at
larger momentum transfers.

Nuclides in the p shell, the isotopes of carbon in partic-

ular, are well suited for both GT strength distribution
studies and extension of these structure studies to higher
momentum transfers. The final states populated by GT-
type (p,n) transitions are well separated and wave func-
tions such as those of Cohen and Kurath provide a
reasonable first estimate of the transition densities needed
for the comparison between theory and experiment.
Diff'erential cross sections for intermediate-energy
(E„)100 MeV) ' ' ' C(p, n) reactions have been studied
by many investigators. ' Recently, the results of 0
spin-flip probability measurements have also been report-
ed. ' "' In this paper we present diff'erential cross sec-
tion and analyzing power data for momentum transfers
up to about 2 fm ' for 160 MeV (p,n) reactions on
' ' ' C. The goal of the present study is to emphasize
the important nuclear structure information that can be
obtained from these data and to identify characteristics of
the reactions that are not yet understood. For this reason
we limit our analysis to several of the strongest GT transi-
tions observed in these reactions.

II. EXPERIMENTAL METHOD

The experiment was performed using the beam swinger
neutron time-of-flight facility at the Indiana University
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Isotope

12C

13C

14C

Total thickness
(mg/cm )

96.5
97.6

112

Enrichment
(%%uo)

99.9
97
49 (92 mCi)

TABLE I. Carbon target compositions. analyzing power becomes significant and the differential
cross section distributions exhibit differences in shape.
These features provide additional information on the
structure of the state. In the next few paragraphs we will
present the data and theoretical results obtained for the
strongest transitions in each carbon isotope.

A. The ' C(p, n)' N reaction

Cyclotron Facility (IUCF). ' Polarized protons with an
energy of 160 MeV were focused on isotopically enriched
carbon targets. The polarization of the beam was periodi-
cally determined from measurements of simultaneous
left-right scattering in a helium polarimeter located in the
low-energy transfer beam line between the injector and
main-stage cyclotrons. Typical values for the beam polar-
ization ranged between 60% and 70%. During data ac-
quisition, the spin orientation of the beam and the active
data arrays were switched at 1 min intervals under au-
tomatic computer control. Large volume time-
compensated plastic scintillators' were located at two
neutron detector stations. One station was along the 0
beam line at 100 m flight path and the second station
along the 24' line at a distance of 40 m. (Additional de-
tails about the experimental setup may be found in Ref.
15.) Data were obtained for an angular range
0'(O~,b& 50' with typical subnanosecond time resolution,
which corresponds approximately to an energy resolution
of 600 keV for the detector at 100 m. The electronics and
data acquisition system used were similar to that de-
scribed in Ref. 17.

Absolute cross section values were obtained with a nor-
malization factor determined from neutron yields for the
Li(p, n) Be(g.s. +0.43 MeV) reaction measured under the

same experimental conditions. The method has been de-
scribed in detail in Ref. 4. A recent value' for the
Li(p, n) Be(g.s+0.43 MeV) total cross section was used

to obtain the 0' diff'erential cross section [o~,b(0 )=37
mb/sr] needed for this normalization procedure. This
new total cross section value is about 13% smaller than
the value (for E~= 160 MeV) upon which previous nor-
malizations were based, ' so these previous cross section
values ' need to be multiplied by 0.87 to be consistent
with the present measurements.

The thicknesses and enrichments of the self-supported
carbon targets are given in Table I. The ' C material was
obtained in a fine powder form and mixed with a small
amount of ' C. This mixture was pressed into a solid
disk and enclosed between thin styrene films as a safety
precaution.
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A 0' spectrum for this reaction (c.m. diff'erential cross
section versus outgoing neutron energy) is presented in
the top part of Fig. 1. The measured differential cross
section and analyzing power distributions for the 1+,
T =1 ' N(g. s.) transition are presented versus momentum
transfer in Fig. 2. In the same figure, data for the
' C(p, p')' C(1+ T =1, 15.11 MeV) reaction at Ez ——190
MeV (Ref. 19) are also shown. Isospin conservation im-
plies that the cross section for the ' C(p, n)' N(g. s.) reac-
tion should be twice as large as the cross section for the
analog ' C(p, p')' C(15.11 MeV) reaction at the same in-
cident energy. Twice the measured values for the (p,p')
cross sections are presented in Fig. 2. Because the spin-
isospin term of the effective nucleon-nucleon interaction at
energies between 120 and 200 MeV is almost energy in-
dependent and dift'erences in (p,p') and (p, n) distortion
effects are small at these energies, ' the differential
cross section and analyzing power distributions for these
two reactions are expected to be similar. By superimpos-
ing the (p,p') and (p,n) data in this manner, we make this

III. DATA AND RESULTS

Differential cross sections and analyzing powers were
measured over the entire angular range of 0'& O~,b & 50.
The forward angle cross section data were used to extra-
polate the cross section to zero momentum transfer and
make a suitable comparison with B(GT) values deter-
mined from beta-decay lifetimes. At larger angles the

120 140

E„(MeV)

v

160

FIG. 1. Excitation energy spectra for (p,n) reactions on car-
bon isotopes at E~= 160 MeV and 0=0'.
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comparison in Fig. 2. The differential cross section distri-
butions show the expected similarity; the analyzing power
distributions (which are more sensitive to small ampli-
tudes) exhibit significant differences for q & 0.7 fm

The curves shown in Fig. 2 are distorted wave impulse
approximation (DWIA) results for the ' C(p, n)' N(g. s.)

reaction at E~ = 160 MeV, carried out with the code
DWBA7o. The optical model potential (OMP) parame-
ters used in these calculations are from Ref. 25, and the

effective interaction used was the 175-MeV parametriza-
tion of Franey and Love. Spectroscopic amplitudes for
the ' C(p, n)' N(g. s.) 0+~1+ transition were obtained
from shell model calculations employing the effective 1p-
shell interaction of Cohen and Kurath (CKWF). These
wave functions are known to give a reasonable description
of the electromagnetic and beta decay rates for this transi-
tion. Harmonic oscillator radial wave functions were
used for the single-particle states. The oscillator range pa-
rameter b =1.87 fm was the same one used in previous
studies, ' ' a choice that fits the prominent maxima of the
transverse form factors obtained from (e,e') experiments
but deviates appreciably from the electron scattering data
for q & 1.3 fm '. The present theoretical (p, n) results are
likewise expected to be inadequate beyond this momen-
tum transfer. The solid curves in Fig. 2 correspond to
calculations with the full CKWF. Results are also shown
(dashed curves) with the non-normal parity [LSJ]=[111]
transition amplitudes excluded from the calculations.
This has an important effect on the analyzing power
values and the differential cross section (in the region of
the first maximum and beyond) and will be discussed fur-
ther in Secs. IV C and IV D.

B. The ' C(p, n)' N reaction

10
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FICx. 2. Differential cross section and analyzing powers for
the ' C(p, n) ' N(g. s.) transition at E„=160 MeV (circles).
Analyzing powers and twice the differential cross section values
for the ' C(p, p')' C(15.19 MeV) transition at E„=200 MeV
from Ref. 19 are also shown (triangles). The solid curves are the
theoretical result obtained with the CKWF and the dashed
curves are the results obtained with the non-normal parity
[LSJ]=[111]target density excluded. See discussion in Secs.
IVC and IVD.

Differential cross section and transverse spin-flip proba-
bility data for this reaction at 0=0' and E~=160 MeV
have been previously reported in Ref. 11. A 0 spectrum
of differential cross section versus neutron energy for the
' C(p, n)' N reaction is presented in the middle of Fig. l.
The measured differential cross section and analyzing
power distributions for the g.s. and 3.51 MeV transitions
are presented versus momentum transfer in Fig. 3.

The g.s. mirror transition ' C( —,
' )~' N( —,

'
) proceeds

via an incoherent mixture of Fermi and Gamow-Teller
amplitudes. The ' C(g. s. , —,

' )~' N(3. 51 MeV, — )

transition proceeds via an incoherent mixture of Gamow-
Teller and quadrupole amplitudes. The curves in Fig. 3
represent DWIA calculations using CKWF (Ref. 3) for
the corresponding transitions and an oscillator range pa-
rameter b = 1.82 fm. The solid curves represent the
summed differential cross sections and the individual con-
tributions to each transition are shown as labeled. The
DWIA calculations were done in the same fashion as
those described in the preceding section for the
' C(p, n)' N(g. s. ) transition. The theoretical b,J' =1+
contribution to the differential cross section for the 3.51-
MeV excitation has been scaled by a factor of 0.52 (see
Sec. IV A). The need for a large correction to results ob-
tained with the CKWF (Ref. 3) for the —,

' ~—', transi-
tion in ' C(p, n) has been noted in the spin-transfer work"
and work on the energy dependence of the J,/J, ratio.
Related considerations for the —,

' ~—,
' transition and an

anomaly in the absolute (p, n) cross sections for light odd-
3 targets have also been discussed recently. We address
the question of the normalization of the various contribu-
tions to the ' C(p, n) cross sections and the comparison
with beta decay and the even carbon isotopes in some de-
tail in Sec. IV A. Finally, we note that the shape of the
distribution for the g.s. transition, unlike that for the
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3.51-MeV state, is not very well reproduced by the calcu-
lations for momentum transfer q)0.7 fm '. The shapes
of the differential cross section distributions will be dis-
cussed in more detail in Sec. IV C.

C. The ' C(p, n)' N reaction

A 0 spectrum for this reaction is presented in the bot-
tom of Fig. 1. Differential cross section and analyzing
power distributions for transitions to the J =0+
(E„=2.31 MeV) isobaric analog (IA) state and to theJ"=1+ (E„=3.95 MeV) state are shown in Fig. 4.

The solid curves in Fig. 4 are DWIA calculations using

CKWF (Ref. 3) for the corresponding transitions. An os-
cillator parameter value of b =2.0 fm was used in these
calculations. The 5J = 1+ result for the 3.95 MeV exci-
tation has been multiplied by 0.6. This renormalization is
expected from comparison to beta decay and is discussed
further in Sec. IVA. In addition, we note that a better
description of the IA transition is obtained by using
b =2.32 fm and scaling the result by 0.8. This result is
indicated by the dashed curve in Fig. 4. The need for a
different oscillator constant for the Fermi and Gamow-
Teller transitions could easily be a reAection of true
differences in the radial transition densities for these tran-
sitions or an effect of expected density dependence in the
t, component of the effective interaction. '

IO

IP'-.

C ('P, n) N(g. s )

i02

'3C (P, n) '
N (3.5) MeV )

Ep = I60 MeV
+———5 J=l
+J

C

lA

JD
E

IP- I

b

Io'-.

Ip 2
)0-I

I03

I.Q

0
IP 2

0
I.Q

0. 6- / 0.6-

-0. 2-
v

l~
0. 2- / /

I
0

r
/

0. 2 /-
- -0.2-

-0 6- -0. 6-

I - I.0 I I

0 I 2 0 I 2

c(fm-) j

FIG. 3. Differential cross section and analyzing powers for "C(p,n)' N(g. s., and 3.51 MeV) transitions at E~=160 MeV. The
curves are DWIA results using CKWF. The separate AJ contributions are shown as dashed and dotted-dashed curves and the solid
curves represent the incoherent sum of the component cross sections. The hJ =1+ DWIA result for the 3.52 MeV excitation has
been multiplied by 0.52. See Sec. IV A.
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IV. DISCUSSION

The results in the preceding section have a number of
common features which we have chosen to discuss collec-
tively in this section.

We have four points to make. We first relate the nor-
malization of the theoretical and experimental difT'erential

cross sections to existing beta-decay data and compare
these normalizations to the large body of such values for
(p,n) reactions on other nuclei.

These normalizations are then used to obtain the 8(GT)
value for the transition to the 3.51 MeV state in ' N. In
subsection B we examine the quenching of the Gamow-

Teller strength. Next, we discuss the origin of the simi-
larities and difFerences noted in the shapes of the angular
distributions shown in Figs. 2—4. These are seen to pro-
vide information on the longitudinal spin dipole transition
density. In subsection D we extend this discussion to-in-
clude the information contained in the analyzing power
data.

A. Normalization of the dift'erential cross sections

Experimental ft values are available ' ' for allowed
beta-decay transitions in the carbon isotopes correspond-
ing to four of the five (p, n) transitions discussed in Sec.

)0

C (p, n) N (2.3I MeV)

E&= I60 MeV

C (p, n) N (3.95 MeV)

Ep = )60 MeV

)00 IQ

)
0-L )QO-.

)0 2 l0-

IQ

l.0

I 0 2

0

0.6-

0.2-

0

-0.2-

/
I

II

I
I

I

0. 6-

0.2-

-0.2-

-0.6. -0.6-

-1.0
0

- I.0
0

C (fm-I }

FIG. 4. Differential cross section and analyzing powers for the ' C(p, n)' N(2. 31 MeV and 3.95 MeV) transitions at FR=160 MeV.
The curves are DWIA calculations using CKWF. The solid curves are obtained with an oscillator range parameter b =2.0 fm '. The
AJ =1+ result for the 3.95-MeV excitation has been multiplied by 0.6. The dashed curve for the IA transition is calculated with
b =2.2 fm ' and has been multiplied by 0.8. See Sec. IV A.
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III. Beta decay transition strengths have been obtained
from these ft values using the coupling constant values
recommended by Wilkinson. An additional ft value is
available for the transition corresponding to the

, T = —,'~ —,'T =—,'' C(p, n)' N(15. 1 MeV) reaction.
These experimental transition strengths are compared
with CKWF predictions in Table II. Also included in the
table are estimated transition strengths for the
' C(p, n)' N(3.51 MeV) —,', T= —,

'~
—,', T = —,

' reaction
and for the ' N(p, n)' O(6. 18 MeV) —,', T = —,

'

, T =—,
' reaction as well as the known beta decay

strength for the mirror ' N(p, n)' O(g.s.) transition. These
transitions will be discussed below.

The ratios of the experimental beta-decay transition
strengths to those given by the CKWF for the GT transi-
tion in mass 12 and the Fermi and GT transitions in mass
14 are 0.98, 1.0, and 0.57, respectively. This roughly ac-
counts for the normalization of the theoretical results
presented in Figs. 2 and 4 and suggests that the strengths
of the t, and t, components of the t-matrix interaction of
Ref. 26 are consistent with these particular experimental
cross sections. The ratio of the experimental beta-decay
transition strengths to those of CKWF for the Fermi and
GT components of the —,

'
—,
' ground state mirror tran-

sition in mass 13 are 1.0 and 0.62, respectively. The
theoretica1 differential cross section for this transition
shown in Fig. 3 is slightly below the experimental data at
O'. If just the AJ"=1+ contribution is reduced by a fac-
tor 0.62 as the beta-decay data suggest, the resulting
summed theoretical cross section at 0=0' is 2.9 mb/sr or
about 69% of the experimental value. Essentially identi-
cal results are obtained for the T =—,'(E = 15.1 MeV) ex-
citation in the ' C(p, n)' N reaction (not shown). We
conclude that there is an unexpected difference in the ra-
tio of (p, n) cross section to beta decay transition strength
for the even and odd carbon isotopes. This difference
is not peculiar to the (p, n) reaction. Differential
cross sections have been reported for the
' C(p, p')' C(15.1 MeV, T = —,') reaction at 135 MeV by

Collins et al. , and the ' C(p, p')' C(15.1 MeV, T =1)
reaction has been studied at the same incident energy by
these authors, and by Comfort et al. at 120 MeV.
The (p, p') differential cross section (at the same momen-
tum transfer) per unit B(GT) is at least a factor of 2 larger
for ' C than for ' C. Similar discrepancies have been not-
ed for (p,n) reactions on even and odd Li targets and also
in ' N and K. These have been discussed in some detail
recently by Taddeucci et al.

One possible explanation for these anomalies might be
distortion effects associated with possible differences in
optical potentials for even and odd isotopes for which no
detailed studies have been made. As in the present study,
distortion effects in the (p,n) reaction have been estimated
using optical potentials obtained from elastic scattering
from abundant even-A isotopes. A preliminary study was
done by searching on OMP parameters with the 200 MeV
proton elastic differential cross section and analyzing
power data on ' ' C reported by Meyer et al. Spherical
OMP parameters and coupled channels potential parame-
ters were obtained. With these sets of parameters distor-
tion factors were calculated for the (p, n) reactions. How-
ever, the anomaly indicated above still persisted. Another
possibility is that there are important differences in chan-
nel coupling effects in the even and odd systems. Again,
no definitive work has been done on this problem. How-
ever, recent ' ' C(p, n) data reported for E~=800 MeV
(Ref. 13) seem to indicate that the discrepancy has van-
ished at this energy. This would point toward possible
channel effects that would become less important at
higher energies. The answers to these questions must
await future studies. The main point to be made here is
that the discrepancy between ' ' C and ' C noted above
appears to be an overalI normalization effect, i.e., con-
sistent results for the 0' cross sections for the g.s. mirror
transition and the T = —,

' excitation in mass 13 are ob-
tained by first scaling to the beta-decay data and multiply-
ing the final results by a factor of 1.5 relative to ' ' C.
This factor is the ratio of the weighted average values of

TABLE II. Structure information on transitions studied with (p,n) reactions at E„=160MeV.

Target

12C

13C

J;",T;

0+,0

1 — 1

2 72

1+, 1

1 — 1

2 '2
3 — 1

2 '2
3 — 3
2 '2

Ex
(MeV)

0.0

0.0

3.51

15.1

B (GT)
Expt.

0.90 +0.01'

0.200+0.004'

0.83 +0.03

0.23 +0.01'

CKWF

0.92

0.323

2.38

0.316

B (F)
aT

(mb/sr)

8.8

12.8

13.8

~F
(mb/sr)

1.55

14C

15N

0+, 1

1 — I

2 72

0+, 1

1+,0

1 — 1

2 72
3 — 1

2 7 2

2.31

3.95

0.0
6.18

2.76 +0.11'

0.256+0.004'

10 +0. 1b

4.84

0.333

2.667

8.4

12.4

0.92

1.41

' Values obtained from beta decay lifetimes (Refs. 30 and 31).
Estimates from 0 (p,n) cross sections. See text.

'Cross section per unit B(GT) and B(F) at momentum transfer q =0. Estimated uncertainty +10%%uo.

Value obtained considering rate asymmetry for mirror decays. (See Ref. 29 for a discussion of this point. )
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&GT for ' C to those for ' ' C (Table II). A similar factor
is obtained for the ratio of &F (Table II). This means that
the Gamow-Teller strength distributions can be obtained
with confidence for each nucleus, but a precise under-
standing of the actual cross section magnitudes is present-
ly lacking.

To quantify our results and provide a factor to convert
160 MeV C(p, n) cross sections to beta-decay transition
strengths B(GT), we use the experimental cross section
data and beta-decay strength for the transitions being dis-
cussed to arrive at the conversion factors o ~T and 8~ in
Table II. These empirical factors are the so-called "unit
cross sections" defined and discussed by Taddeucci
et a1. and represent the cross section per unit GT or F

transition strengths at q =0. In all cases the measured 0
(p,n) cross sections have been extrapolated to their corre-
sponding values at zero momentum transfer before con-
version to beta-decay transition strength. Following this
procedure we obtain B(GT ) =0 83.+0.03 for the
' C(p, n)' N transition to the 3.51 MeV state as indicated
in Table II. As mentioned earlier, this result is consistent
with our earlier work on spin transfer" and the energy
dependence of J,/J, . The ratio B(GT),„&~I
B (GT)cKwF=0. 35 multiplied by 1.5 gives the normaliza-
tion factor of 0.52 used in Fig. 3.

In Fig. 5 we present a reconstruction of Fig. 3 for the
transitions studied in mass 13 with the theoretical curves
normalized according to the above discussion. The

)0 . )02

)pO

l3 l3

)0 -.

C ((5, n) ' N(3. 51 MeV )

E&
- )60 ~~V

J )
+

———6 J=2'

C

l/J

C3
E

)
0-I

C3

b
C3

IpO

)0 )
0-I

lo 3

0
).0 I.p

0.6- 06-

P.2.

-0 2-

0.2-

-0.2-

t
/ s~t' )~

( % ~/
/

-0.6. -0 6-

-).0
0

- I.0
0

(: (fm-' j

FICx. 5. Experimental results for the ' C(p, n)' N reaction compared to DWIA curves that have been renormalized as indicated in

Sec. IV A.
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hJ"=0+ contribution to the g.s. differential cross section
shown in Fig. 5 has been calculated with an oscillator pa-
rameter b =2.32 fm and multiplied by 0.8; these values
are suggested by the comparison to the ' C IAS (isobaric
analog state) transition shown by the dashed curve in Fig.
4. The relative AJ"=1+ and hJ =0+ contributions to
the cross section for the g.s. mirror transition at 0=0 are
different in Figs. 3 and 5. The ratio of these contributions
is approximately 3/1 in Fig. 3 and is reduced to
2.9/1.5=1.9 in Fig. 5. The ratio of these cross sections
predicted from the empirical value of J,/J, reported in
Refs. 28 and 29 is 1.9 and in excellent agreement with the
values of Fig. 5. There is also very good agreement with
the spin-transfer results of Ref. 11. The theoretical results
presented in Fig. 3 do not show this same level of con-
sistency.

Overall, the shape of the theoretical cross section distri-
bution for the —,

' ~—,
' g.s. transition is only slightly im-

proved relative to the data by the different treatment of
the normalization and the Fermi amplitude. The only
difference in the results of Figs. 3 and 5 for the 3.51-MeV
excitation is in the magnitude of the AJ =2+ contribu-
tion to the differential cross section. The results in Fig. 5,
in the context of the stated normalization procedure, indi-
cate the b J =2+ contribution at the full CKWF value.
The results in Fig. 3 show the AJ =2+ contribution re-
duced by a factor of 1.5 relative to the AJ =1+ contribu-
tion.

C. Shapes of the differential
cross section distributions
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The overall shapes of the AJ =1+ contributions to the
' ' ' C(p, n) diff'erential cross section distributions, except
for the forward peaking, are not sharply characterized by
the angular momentum transfer, unlike the situation fa-
miliar from many inelastic nucleon scattering studies on
natural parity excitations. The most striking example of
this in the present work is the difference in the shape of

B. Total Gamow-Teller strength

Excitation energies and transition strengths for all the
GT transitions are available from the CKWF. These
predictions are compared with the empirical GT strength
distributions from the present work in Fig. 6. The experi-
mental strengths were obtained with the empirical conver-
sion factors given in Table II. The calculated excitation
energies of the GT transitions are in general agreement
with the empirical GT distribution for all three carbon
isotopes. As indicated above, there is good agreement be-
tween calculated and experimental GT strength for the
' C(p, n)' N(g. s. ) transition (Table II). In the case of ' C
the calculated GT strengths are larger than experimental-
ly determined values, particularly for the
' C(p, n)' N(3. 51 MeV) transition where the CKWF give
a value almost 3 times larger than the empirical value. "
The total measured strength (up to 16 MeV excitation en-

ergy in ' N) is g B (GT) = 1.8, while the summed CKWF
strength, up to roughly the same excitation energy, is
3.95. Defining a GT quenching factor QoT to be the ratio
between experimental and calculated GT strength, the
value QoT=0. 46 is obtained for the ' C(p, n)' N reaction.
This is rather low, but is similar to the value obtained for
the ' N(p, n)' 0 reaction. " For ' C the observed total
strength is about 60% of the CKWF value of 6.0. The
value QoT =0.6 obtained for ' C(p, n)' N is closer to glo-
bal values reported for many other nuclei. The
difficulties with the overall distribution of strength is an
indicator that the simple truncation of the model space as-
sumed by the CKWF (Ref. 3) is not a good approxima-
tion for 1p-shell nuclei near the end of the shell.
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FIG. 6. Experimental and calculated (CKWF) GT strength
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the cross-section distributions for the first two excitations
in ' C(p, n)' N shown in Figs. 3 and 5. The absence of a
sharply characteristic shape for AJ =1+ differential cross
section distributions is a general feature of unnatural-
parity transitions in contrast to natural parity transitions.
To illustrate this we note, specializing to the cases of
b,J"=0+ and b.J =1+ transitions in the (p, n) reaction,
that the plane wave differential cross sections at zero ener-

gy transfer are given to a good approximation by

P11

si
P11=

1/2J+1
»+1

J
2J+1

1/2
s1

P12 .

wise easily expressed in terms of the more usual L =0
and 2 isovector spin dipole transition densities p1o and p12..

1/2 1/2J+1
P1o+ 2J 1

P12 ~

do
dA,

dc'
dA

p=8~
27762

2

2

p 2Jf+ 1

2m' » +1

t ' (q, k, }po~(q)
~

We also have the following connections between the tran-
sition densities and beta-decay matrix elements:

B (F)=2~
i
poi(0)

i

2Jf+ 1
B (GT) = 277

~ p /0(0)
~

l +
X [t ~ll q~k~ m )phyll~(q

+
~
t,' (q, k, )p;, (q)

~

'], (2)

t '
(q, k, )=t, (q, k, ),

t,'ll(q, k, )=t,(q, k, ,„)=2t, (q, k, ),
t 'j(q k, )=t,(q k, )+t, (q k, ),

where

t c(q, k, )=tcD(q)+tc~(k, ),
t T(q, k, )=trD(q) ,'tr~(k, }, ——.

(3)

(5)

(7)

with D and E referring to direct and exchange and k,
representing the incident nucleon momentum in the
nucleon-nucleus center of mass. The isovector longitudi-
nal and transverse spin dipole transition densities are like-

where t ', t,'~~, and t,'z are isovector "interaction" com-
ponents that represent the coupling of the scattered nu-
cleons to the isovector spherical mass transition density
pg (b.J =0+) and the isovector longitudinal and trans-
verse spin dipole transition densities p 1~1~ and p'11
(b,J = 1+ ) of the target nucleus, respectively. It is
sufficient to consider plane wave results for the present
purpose because distortion effects mainly reduce the plane
wave cross sections by an overall factor of about 2 for
light targets at the incident energies of interest. In writ-
ing Eqs. (1) and (2) we have assumed a static local
nucleon-nucleon effective interaction with central and ten-
sor components as in the convention of Franey and
Love. (The isovector spin-orbit interaction is known to
play only a small role in AJ =0+ and 1+ transitions at
the incident energies of interest here. ) In addition, we
have made an approximation in treating the exchange in-
tegrals that excludes any coupling to current and spin-
current distributions in either the projectile or target
space. The [LSJ]=[111]non-normal parity transition
densities referred to in Sec. III A are one particular class
of these spin-current distributions.

The t-matrix "interaction" components in Eqs. (1) and
(2) are easily expressed in terms of the more familiar cen-
tral (C) and tensor ( T) components of the effective
nucleon-nucleon interaction

The main point to be made about these relations is that
the 6J"=0+ natural parity cross section depends on a
single interaction component and a single transition densi-
ty while the AJ =1+ unnatural parity cross section de-
pends on two interaction components and two transition
densities. It is well known and has been discussed in de-
tail elsewhere ' ' that t,'~~ and t,'q are driven by the ~-
and p-exchange mechanisms in the nucleon-nucleon in-
teraction and consequently exhibit quite different q depen-
dence. The shapes of the AJ"=1+ differential cross sec-
tion distributions thus depend sensitively on the relative
values of p11 and p11 for a particular transition. The
latter, in turn, are sensitive to the shell-model structure of
the state. This argument could also be made in terms of
the central and tensor interaction components and the
L =0,2 spin densities. The resulting cross section expres-
sions contain interference terms, however, and one loses
the direct connection to m and p exchange.

To be more explicit, we present in Fig. 7 approximate
plane wave results based on Eq. (2) for the b,J =1+ con-
tributions corresponding to the C(p, n) differential cross
sections shown in Figs. 2—5. Also included in the figure
are AJ"= 1+ results for the two transitions in ' N(p, n) in-
troduced in Table II. In each case the AJ =1+ cross
section is decomposed into its transverse and longitudinal
components. The interaction and nuclear structure input
for the C(p, n) calculations of Fig. 7 are the same as for
the calculations presented in Figs. 2—5. For the ' N(p, n)
calculations we have used CKWF (Ref. 3) with an oscilla-
tor size parameter b =1.82 fm. No normalization factors
have been applied to the results in Fig. 7. We have also
made plane wave calculations with an exact treatment of
the exchange integrals following the approach of Ref. 38.
Equivalently, these results could have been obtained with
the code DwBA70. We find that the results of the ap-
proximate and exact plane wave calculations are in agree-
ment to a few percent, except for contributions associated
with non-normal parity [LSJ]= [111] target densities
which enter particularly strongly only in the case of ' C.
These [LSJ] contributions to the plane wave cross sec-
tions are shown separately in Fig. 7. These contributions
have not been included in the total 6J = 1+ curves
shown. The [111]contributions for ' C(p, n) are essential-
ly zero.

The strengths of the longitudinal and transverse in-
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dotted curves. These are not included in the solid curves.

teractions are almost the same at q =0 in the energy re-
gion near Ez-160 MeV. This may be seen in Figs. 4 and
6 of Ref. 37. The longitudinal interaction drops off rapid-
ly with increasing q, passing through zero at q =0.7 fm
This rapid variation in q is characteristic of the long range
~-exchange process. The transverse interaction decreases
only slowly with increasing q, characteristic of the short
range p-exchange process, and does not reach a minimum
until q=2. 6 fm '. The strength of the longitudinal in-
teraction becomes comparable in magnitude to the trans-
verse interaction at q =1.5 fm ' and exceeds the latter for
q beyond this value. The dominance of the longitudinal
interaction component for q ) 1.5 fm ' explains the con-

nection between past interest in the behavior of 6J"=1+
nucleon scattering cross sections in this momentum
transfer region and the question of precursors to pion con-
densation. These features of the transverse and longitu-
dinal interaction components are quite clear in the cross
section results of Fig. 7. In particular, the longitudinal
cross section is always small in the region 0.4&q & 1.2
fm

—'.
A complete understanding of the AJ =1+ differential

cross sections in Fig. 7 requires consideration of the tran-
sition densities as well as the interaction components. In
the p shell there are two distinct extremes. One is that
the L =0,2 transition densities have the same sign at low

q with magnitudes such that the longitudinal transition
density [sum of L =0 and 2, Eq. (8)] has a minimum at
large q and the transverse density [difference of L =0 and
2, Eq. (9)] has a minimum at low q. This is the situation
for the —,

' ~—,
' g.s. transitions in masses 13 and 15. The

differential cross sections in these cases have minima at
q=0. 8 fm ' because both t,'~~ and p~~

have minima in this
region. The other extreme is that L =0 and 2 start out
with opposite signs at low q with magnitudes leading to
the reverse situation of transverse and longitudinal transi-
tion densities having minima at high and low q, respec-
tively. This is the circumstance for the —,

' ~—,
' transi-

tions in mass 13 and 15 and the 0+ ~1+ transition in ' C
which is dominated by the p 3/2 ~p &/z single particle ma-
trix element. The differential cross sections for these tran-
sitions have minima at q =1.3 fm '. These cross section
minima are not associated with minima in the transition
densities or interaction components. Instead, they reflect
the crossover of the dominance of the transverse cross sec-
tion to the dominance of the longitudinal cross section.
The cross section for ' C represents a situation intermedi-
ate to these extremes.

The cross section results for C(p, n) reactions at
Ez ——160 MeV based on the CKWF (Ref. 3) presented in
Figs. 2 —5 and Fig. 7 give a reasonable qualitative descrip-
tion of the experimental data, particularly in the large
differences in the shapes of the cross section distributions
dominated by p~/2~p~/2 or p~/2~p3/p single particle
matrix elements. The theoretical results do not give the
details of the experimental cross sections for q ) 1.2 fm
In the ' C case there is no evidence for the presence of the
large contribution from [LSJ]=[111]non-normal parity
target densities which peak at q =1.2 fm '. Small admix-
tures of 2fico (or greater) core excitations will appreciably
affect the results in this momentum transfer region. This
is just the effect considered in the pion condensation pre-
cursor studies.

With (p,n) angular distributions covering the range of
momentum transfer presented here, there is the likely pos-
sibility that one can obtain reasonable quantitative esti-
mates of both the longitudinal and transverse dipole spin
transition densities through simultaneous studies of (p,n),
(p,p'), and (e,e') data. The (e,e') cross sections are in-

dependent of p». ' The recent work on the IA and CxT
transition in the (p, n) (Refs. 1, 2, 11, 28, 29, and 37) reac-
tion and on stretched states in (p, n) and (p, p') (Refs. 37,
39, and 41) have pinned down the properties of the isovec-
tor components of the nucleon-nucleon interaction with
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some confidence. A study of this type is in progress and
will be reported at a later date.

Before leaving this section we make two final comments
on the cross sections being considered. First, we note that
the nuclei ' C and ' N are similar within the simple shell
model. Each has one active particle in the p~/2 subshell
and the g.s. mirror transitions are mainly p]/2~p ~/2 tran-
sitions, consisting of an incoherent sum of F and GT
strength. The ' C(p, n)' N(3. 51 MeV, —,') and the
' N(p, n)' O(6. 18 MeV, —', ) transitions are mainly

p f /2 ~p 3/2 transitions and carry a large fraction of that
single particle strength. We compare experimental data
for these transitions in Fig. 8. The present data for ' C at
160 MeV are shown in conjunction with a curve indicat-
ing the trend of the ' N(p, n)' 0 data reported by Watson
et aI. at Ep: 135 MeV. The two curves for ' N are
multiplied by a factor of 0.77 to compensate for the
different GT strength values as indicated in Table II. The
p]/2~p3/2 transitions for ' C and ' N in Fig. 8 are al-
most identical, which is consistent with the theoretical re-
sults in Fig. 7. The two p]/q~p~/2 mirror transitions
differ considerably in the region 1.0 5 q 5 1.5 fm.
Specifically, the ' N cross section is about a factor of 1.6
higher than the ' C cross section in this region. Part of
this diff'erence is due to the b.J =0+ (F) components,
which are different at the two bombarding energies,

Ep=135 and 160 MeV. However, this effect is not that
large. The theoretical results in Fig. 7 suggest that there
should be a factor of 1.5 difference in the ' N and ' C
cross sections at q=1.2 fm ', so the CKWF provide a
good description of the relative magnitudes at large q
despite problems with the absolute cross sections. We
emphasize that these details are presently not as impor-
tant as the large qualitative differences between the shapes
of the mirror and p~/2~p3/2 transitions.

D. Analyzing power

In the simple shell model picture, ' C fills the 1p3/2
subshell, while ' C and ' C have one and two additional
neutrons in the 1p&/2 subshell, respectively. This simple
model predicts B (GT) =2.67 for the ' C(p, n)' N(g. s.)

transition (i.e. , p3/2~p]/p); however, the ground state oc-
cupation probabilities are altered by the effective 1p-shell
interaction [(8-16)POT] used to construct the CKWF
(Ref. 3) that leads to a much reduced value,
B(CrT)=0.92. This CKWF value compares quite well
with the empirical beta-decay value as shown in Table II.
Correspondingly, it was shown in Fig. 2 that the magni-
tude and shape of the parameter-free DWIA cross section
agrees quite well with the (p, n) data up to q —1.0 fm
On the other hand, the calculated analyzing power has lit-
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tie resemblance to the data at all momentum transfers.
This has been observed previously in the
' C(p, p )' C(15.19 MeV) transition studied by Comfort
et al. ' at E„=200 MeV. It was pointed out in Ref. 19
that the calculated analyzing power distribution improved
considerably up to q —1.5 fm ' if the spectroscopic am-
plitudes are adjusted to exclude the [LSJ]=[111]non-
normal parity transition densities. These densities con-
tribute because nonlocalities inherent in knock-on ex-
change and the associated contribution to the nucleon
scattering amplitudes are driven primarily by the tensor-
exchange interaction. The present calculations for the
' C(p, n)' N(g. s.) transition exhibit the same effects (see
dashed curve, Fig. 2). Even though the [111]densities are
the largest given by CKWF (Ref. 3) for this transition,
these contributions to the results for the (p, p') and (p, n)
differential cross section are minimal at low q. These den-
sities do not contribute to electromagnetic processes, such
as (e,e') reactions, but there are some experiments that
provide some measure of these densities (see Refs. 27—30
and discussion in Ref. 19). These densities are likely to be

significantly affected by clearly needed core-excitation ad-
mixtures in the wave function. An example of this effect
for another transition is given in Ref. 38. The particular
results presented here depend sensitively on the exchange
component of the tensor interaction. Angular distribu-
tions of differential cross section and analyzing power ex-
tending to large momentum transfer over a range of in-
cident energies provide the database necessary to study
these questions.

The analyzing power for the g.s. mirror transition in
' C seems to be dominated by the Fermi amplitude (Fig.
3), the shape of which is qualitatively consistent with the
calculations for the ' C IAS transition (Fig. 4). The
analyzing power for the 3.51-MeV excitation in ' C(p, n) is
also qualitatively consistent with the calculations up to
q & l. 5 fm '. It is interesting that the [111]densities are
not important here. The data for the CiT transition to the
3.95-MeV state in ' N (Fig. 4) show at q —1.0 fm ' an
analyzing power larger than that obtained from calcula-
tions with the CKWF. This resembles the situation dis-
cussed above for mass 12. However, the [111] densities
are not as large for this transition in mass 14 (Fig. 7). A
DWIA calculation with these densities removed improves
the result only slightly. The structure of the cross section
minimum in the ' C(p, n)' N(3. 95 MeV) reaction is
different from that for ' C(p, n)' N(g. s.), which is clear
from Fig. 7. Since this structure is not perfectly repro-
duced by the calculations in either case, the analyzing
power is subject to related difficulties.

V. SUMMARY

Differential cross section and analyzing power data
have been presented for the strongest transitions observed
in the (p,n) reaction on carbon isotopes at Ez ——160 MeV.
DWIA calculations performed using Cohen and Kurath
wave functions (CKWF) and the free nucleon-nucleon in-

teraction as parametrized by Franey and Love at F.„=175
MeV are compared with data. The shapes of the calculat-
ed differential cross section distributions are in reasonable
quantitative agreement with the data for q (1.2 fm ' and
the qualitative differences in the distributions are well de-
scribed even at higher q. The forward-angle cross sections
for transitions with known B(GT) scale with the beta de-

cay transition strengths, permitting the experimental
determination of B(GT) for levels whose beta decay is en-

ergetically forbidden. The scale factor required for ' C is
different from that for ' ' C. This effect has been noted
in studies of other even and odd isotopes. This indicates a
lack of complete understanding of the (p, n) reaction mech-
anism, but does not affect the empirical extraction of
B (GT).

The total observed B (GT) for ' C is in agreement with
the predictions of CKWF. For ' C and ' C we obtain the
GT quenching factors QoT =0.46 and 0.60, respectively,
when comparing with CKWF. These results are con-
sistent with global values of QGT presented elsewhere.

The qualitative differences in the shapes of the
differential cross section distributions for transitions dom-
inated by p I ~2 ~p I ~z and p I ~2 ~p 3/p single particle ma-
trix elements have been discussed in terms of the longitu-
dinal and transverse components of the cross sections.
The results based on the CKWF give a qualitative
description of the observed phenomena, but fail to give a
detailed description of the experimental cross sections and
analyzing powers for q ) 1.2 fm '. The cross section and
analyzing power are clearly sensitive to additional core ex-
citation components in the target wave functions in this
region of larger momentum transfer. This is an indication
of the additional information that can be gained by ob-
taining angular distributions extending to large momen-
tum transfer for the (p, n) reaction for E~ & 100 MeV.
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