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Using the Livermore variable-energy cyclotron time-of-flight facility, the angular distribution of the
neutrons from the (g, #) reaction on 170, 180, and Al has been measured in 15° steps from 0° to 135° for
13 proton energies between 7 and 13.5 MeV. The persistence of a rather large ¥0(p, #n)®F ground-state
reaction (AT=1, AJ=1) over the entire energy region studied clearly indicates the operation of a spin-
flip mechanism in the effective two-body force. The B0 and YO(p, n) isobaric cross sections (AT=0,
AJ=0) are experimentally observed to be roughly equal, while optical-model calculations (including the
isospin potential) predict 280 cross sections to be twice as large as those for 0. This disagreement can
be qualitatively explained by the presence of a large spin-flip term in the effective two-body force. The
10 (p, m)VF* (J,=%*, J;=3%%) and the BO(p, n)BF* (AT=0, J;=0%, J;=2%) cross sections indicate
a sizeable value for the quadrupole term in the multipole expansion of the effective two-body force. These
data and other light-nucleus data are analyzed using the distorted-wave Born approximation to yield an
estimate of the effective central two-body interaction. For an assumed Yukawa force with a range of 1.4 fm,
this analysis yields V,~9 MeV and V, =26 MeV. A comparison is made between these force constants
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and those obtained from other sources.

I. INTRODUCTION

HE possibility of obtaining information about the

effective residual two-body force in nuclear matter
from studying nuclear reactions is well known.'=® The
(p, n) reaction is a sensitive probe of the part of the
two-body force involving the charge-exchange operator
P45 Recently, we reported some preliminary results
on the direct (p, #) reaction in the cases of YO and
180), These results show that the charge-exchange part
of the effective two-body interaction consisted of
roughly equal parts (1:2) of spin-dependent and spin-
independent amplitudes.® Although one can qualita-
tively draw conclusions from an inspection of cross-
section measurements alone,® quantitative analysis of
the data requires the use of a model. In the present
analysis, use is made of the distorted-wave Born ap-
proximation (DWBA) with a finite-range, central, two-
body force neglecting space exchange.” These DWBA
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calculations are applicable to both analog and other
transitions.

The target nucleus YO was selected to complement
previous (p, #) measurements on N. This choice pro-
vides nuclei which could be described as a core-nucleon
(or hole), but with different nucleon configurations so
as to determine the sensitivity of the results to the shell-
model configuration of the target. As will be shown, the
shape of the angular distribution for the low-energy
direct (p, n) reaction (<25 MeV) is relatively insensi-
tive to target structure except for size effects. How-
ever, the total cross section can be expressed as the
incoherent sum of two parts, one due to pure charge
exchange and the other due to simultaneous charge
and spin exchange. In analog transitions between states
of nonzero spin, the spin-independent part is insensi-
tive to details of the wave function, whereas the spin-
dependent part is sensitive to the j value of the single-
particle orbit.? The B0 study was not only required
for background measurements (since 0O is a contam-
inant in the 70 measurements), but also provides direct
evidence, from the J7 0+—1% transitions, for the exist-
ence of the spin-flip reaction.

An assumption which is implicit in the present anal-
ysis is that the (p, #) reaction is indeed proceeding via
a direct-reaction mechanism. To establish the reaction
mechanism, angular distributions were measured for
proton bombarding energies of 7-14 MeV. Having in-
vestigated the energy dependence of the cross sections,
we found that only the highest-energy data were suf-

8 This is analogous to the wave-function dependence of Fermi
and Gamow-Teller matrix elements in 8 decay.
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ficiently free of fluctuations to justify the use of the
direct-reaction model.

We assume that the charge-exchange part of the ef-
fective two-body force is represented by

Voi=o* % Vor (800 6:) + V.1 f(70:), (1)

where f(70;) is the Yukawa form factor with a range of
1.4 fm and the subscripts 0 and ¢ refer to the incident
and struck nucleons, respectively. The selected data
are then analyzed to yield absolute values for V,, and
V.. By using the formal connection between 8 decay
and our microscopic description of the (g, #) reaction,?
it follows that our 0 results are essentially predictable
from the B-decay probability of ¥F,

The relative importance of the multipole moments
corresponding to the angular-momentum transfer is
discussed and, in particular, the existence of enhanced
quadrupole transitions (AL=2) is pointed out. Since
a considerable amount of work has been done on the
(p, ) isobaric reaction using the macroscopic approach
originally suggested by Lane,!® a comparison is made
between the predictions of the macroscopic and micro-
scopic theories (with each other and with experimental
data) and the similarities and differences in these ap-
proaches are noted.

The experimental methods and results are discussed
in Secs. IT and III. Section IV reviews the microscopic
direct-reaction theory for charge exchange. Section V
gives a qualitative description of some results of the
theory and its application to several important features
of the data. Section VI contains the detailed application
of the theory in the analysis of data, including a tabula-
tion of relevant parameters. In Sec. VII we discuss the
results of the analysis and compare the force constants
with information on the effective two-body force ob-
tained from other sources.

II. EXPERIMENTAL METHOD

A. Geometry and Electronics

The basic electronic system and experimental ge-
ometry have been described in detail elsewhere®? and
are only briefly summarized here. For angular-distribu-
tion measurements, the Livermore time-of-flight facility
has available 10-m flight paths from 0° (3°) to 135° in
15° steps. The 10-m flight paths are collimated so that
the detectors directly view only a few inches around
the target area, thus reducing the background from the
“beam-catcher’” and sweeping slits. Because of the
multiple Coulomb scattering from the entrance and
exit foils of the gas targets, an additional section of

®C. Wong, J. D. Anderson, J. W. McClure, B. Pohl, V. A.
Madsen, and F. Schmittroth, Phys. Rev. 160, 769 (1967).

10 A. M. Lane, Phys. Rev. Letters 8, 171 (1962) ; Nucl. Phys.
35, 676 (1962).

1B, D. Walker, J. D. Anderson, J. W. McClure, and C. Wong,
Nucl. Instr. Methods 29, 333 (1964).
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lead-lined beam catcher was extended into the target

chamber to ensure accurate charge collection.
B. Targets

The oxygen targets were ~150 keV thick to 10-MeV
protons (10-cm length at a pressure of 380 mm Hg).
The gas was contained in a low-mass cell with a
0.00025-in. tantalum entrance-and-exit window. The
mass analyses for the oxygen gas targets are as follows:
70 target—350.1% YO, 40.3%, 0, and 9.6%, ¥O;
80 target—53.39, ¥0, 45.3%, 0, and 1.49, 0. The
aluminum target was 100 keV thick to 10-MeV protons
(3 mg/cm?) and was obtained commercially as a foil.

III. EXPERIMENTAL RESULTS

The 15° time-of-flight spectrum resulting from 8.4-
MeV proton bombardment of 0 is shown in Fig. 1.
The neutron groups marked with asterisks in that
figure correspond to unresolved levels in ®F. The ex-
citation energies'>! for the various neutron groups are
also shown. The angular-distribution data—3°, 15°,
30°, 45°, 60°, 75°, 90°, 105°, 120°, and 135°—were ob-
tained simultaneously in 100-channel subgroups of an
800-channel pulse-height analyzer and 128-channel
subgroups of a parallel 256-channel analyzer. Typical
dead-time corrections were 109,. The neutron-attenu-
ation correction for the gas-target cells was 109. An
additional 209, absorption correction was necessary
on all 15° data because of the beam-catcher insert.

The correction to the YO(p, #y) 'F cross section due
to the 80 impurity in the O target varied as a function
of bombarding energy from 5 to 15%,. Because of the
difficulty in obtaining an unambiguous mass analysis
(mass 34 can be obtained from both ¥Q, and %0 0
molecules), a direct measurement of the 0 content in
the O target was made using the ¥0(p, 7)"F re-
action. For 7-8-MeV protons, where the ground-state
cross section was sufficiently large to obtain an ac-
curate comparison, the results confirmed the mass
spectrographic analysis.

A. 70(p, n)"F

The "O(p, n)"F angular distributions, corrected
for absorption and transformed to the c.m. system, are
shown in Fig. 2. Above 12.5-MeV proton energy, the
neutron group () corresponding to the first excited
state (Eex=0.5 MeV) could not be resolved from the
ground-state neutrons (7). The inclusion of some of
these neutrons in the ground-state group does not seri-
ously alter the #, results, since the intensity of the 7,

-group is only 209, of .

The ground-state neutron angular distributions show
considerable fluctuation in shape. A strong forward
peaking is observed for proton energies of 9-10 and
(11916%) W. Olness and E. K. Warburton, Phys. Rev. 151, 792

18 A. R. Poletti, Phys. Rev. 153, 1108 (1966).
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F1c. 1. 15° time-of-flight spectrum of neutrons resulting from bombardment of 20 with 8.4-MeV protons. The neutron groups cor-
responding to final states in 18F are indicated by the arrows at top right-hand side of the figure.

above 12 MeV, while the 0° cross section is generally a
minimum for proton energies of 7-9 and 10.5-12 MeV.
The YO(p, 7)) VF* angular distribution has a relatively
constant shape over the energy region measured with
a maximum in the cross section at about 50° and a
minimum at 0°.

In Fig. 3 the integrated cross sections are shown as
a function of proton bombarding energy. The energy
dependence of the #y and #; cross sections are quite
similar and the ratio of #y to #; is approximately 5, in-
dependent of bombarding energy. For the ground-state
cross section (#), there is a correlation between the
inverted shape of the angular distributions (minima
at 0°) and the maxima in the energy dependence of
the integrated cross section. This is most evident at
10.8-MeV bombarding energy.

B. 80(p, n)F

In the following discussion we shall refer to the
neutron group #; as corresponding to the isobaric state
(T'=1), although it contains contributions from other
close-lying levels (see Fig. 1). Similarly, we"shall refer
to 7 as corresponding to the J=2+, T'=1 state in ¥F
at 3.06-MeV excitation energy. The contribution of
the unresolved levels to these cross sections will be dis-
cussed elsewhere. Above 10-MeV bombarding energy,
neutron groups #., 73, and #4 are not individually re-
solved. Above 12 MeV there may be some small ad-
ditional uncertainty in the #; group due to the contribu-
tion of .

The ®O(p, #)®F ground-state (#,) and isobaric-
state (#;) angular distributions are shown in Fig. 4.
Over most of the energy region studied the 7, and 7,
angular distributions are quite similar, the notable
exceptions being between 7- and 9-MeV bombarding
energies. The integrated cross sections are shown as
a function of bombarding energy in Fig. 5. The ratio
of #; to n is strongly energy-dependent, varying from
3 at 7 MeV to 8 at 12 MeV.

In Fig. 6, angular distributions are shown for neutron
groups #g, #3, 74, and ns. The angular distributions for
12, 13, and n, are somewhat similar but bear little re-
semblance to the ground-state group #,. The angular
distribution for #;, particularly at higher energies, shows
a minimum cross section at 0° and a maximum around
50°, which is quite similar to the O(p, #y) "F* angular
distribution.

The integrated cross section for neutron group s
(see Fig. 5) is about half the isobaric cross section 7;
independent of bombarding energy. Groups 7., #;, and
ny have cross sections roughly comparable to the
ground-state cross section 7, and have the same energy
dependence over the rather limited range of the meas-
urements. From the integrated cross sections one notes
that the isobaric (AT'=0) cross section (#;) and the
isobaric 2%+ cross section (#;) have the same energy
dependence. The isospin-flip (AT=1) cross sections
(#0, #3, 13, and 7s) have roughly the same energy de-
pendence among themselves but are different than those
for AT=0.
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F1c. 2. Angular distributions for 0 (p, #)V'F for ground-state (#,) and first-excited-state (»1) neutron groups.
E, is the laboratory energy.

C. 7Al(p, n)7Si

The #Al(p, n)¥Si angular distributions are shown
in Fig. 7. Whenever the detector efficiency (due to the
neutron energy change as a function of angle) was
large enough to cause appreciable uncertainties in the

angular-distribution data (>209%), the data were
omitted—thus the smaller angular range of data for
the lowest proton bombarding energies. For the ground-
state reaction (#), the angular distribution below
9-MeV bombarding energy is rather isotropic; around
9 MeV, the 0° cross section is a minimum, with the
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F1c. 3. Integrated cross sections for 7O (p, #)'F for ground-state (7o) and first-excited-state (n;) neutron groups. (Solid lines are for
guidance only; note different scales on ordinates.)

maximum cross section at 60°; and above 10 MeV, the
angular distribution is forward-peaked.

Although neutron group #, is resolved from #, at only
a few energies, the », angular distribution is similar
to the YO(p, n)F cross section, having a minimum
at 0° and a maximum at about 60°. The angular
distributions for the sum of groups #; and #», fluctuate
in shape but are generally forward-peaked.

The integrated cross sections are shown in Fig. 8.
The #, data below 7 MeV were taken by Hansen ef al.14
with a “long counter.” Over the energy region where
the neutron groups #; and %, are resolved, the neutron
group #3 is roughly twice as large as #;. The ratio of
g to my is approximately 4.

IV. THEORY

Recently, several treatments of direct inelastic scat-
tering have appeared.'*~" Here, we summarize the main

‘ML, F, Hansen, M. L. Stelts, and J. J. Wesolowski, Phys. Rev.
143, 800 (1966).

15V, A. Madsen, Nucl. Phys. 80, 177 (1966).

16 G, R. Satchler, Nucl. Phys. 77, 481 (1966).

17 N. K. Glendenning and M. Vénéroni, Phys. Letters 14, 228
(1965) ; N. K. Glendenning, Phys. Rev. 144, 829 (1966).

results of Ref. 15 applied to the (p, #) reaction. The
differential cross section is given by

do/dQ= (2m/4xh?)? (ks/ki) [2(2T 4 1) T
X 2 (2I+1)(21'+1)

LM

X | 25 Dyjy(II'L) Fragh#(0) (2L+1)712 2, (2)

aje

where
Djyjy(IT'L) =4(251+ 1) || Y1 || )
anz h
X 72 3 L )| SUJA; TT1;57)
I I' L

X C(T;Tfl; Pz_Pfl) (6I'1V01+6I’0V7) . (3)

In Eq. (2), Fru®® is the distorted-wave matrix ele-
ment® for single-particle transition jr—7,, given by

Frui#(0) = (/O | g2V M | x:P), (4)

18 W, Tobocman, Theory of Direct Nuclear Reactions (Oxford
University Press, New York, 1961).
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with the form factor parameters in the interaction
e [ Ry R s V(0, 3) =0 % Vit Vordo- 6:1f (0:),
12 = . .
gz / sa(r)ra(, 1) Ry (r) &r, %) and S(JJ I: T:iTA1: j17,) is the spectroscopic ampli-

tude. The spin-dependent part of the interaction,
where vy is the radial harmonic of the interaction- Eq. (1), contributes only to those terms in Eq. (2)
potential form factor f(r:), V, and V,, are strength for which the spin transfer I’=1, while the spin-in-
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F1c. 5. Integrated cross sections
for 0 (p, n)BF for various final
states (see Iig. 1).

dependent term contributes terms for which I'=0.
The 9—; coefficient and the spectroscopic amplitude
in Eq. (3) give the following restrictions on the various
quantum numbers:

| Jp—J: |<ILST ATy, (6)

| jo— i1 | LT <jit-5o, (7

0<r«i, (8)

| lb—1 |<LLh+, 9)

| L—T' |<I<L+T, (10)
and

| Ty— T | <r LT+ Ty, (11)

while the reduced matrix elements in Eq. (3) and con-
servation of parity in the nuclear states give the parity

restriction
mpmy= (—1)tHe=(—1)L,

The cross section, Eq. (2), consists of an incoherent
sum of contributions from the angular-momentum
transfers I/, L, and T—each of which consists of a co-
herent sum of angle-dependent single-particle am-
plitudes weighted with the coefficients Djy;,. These co-
efficients contain the information about single-particle
couplings and about the details of the nuclear wave
function in the spectroscopic amplitude factor.

V. QUALITATIVE DISCUSSION

In this section we present some special cases of the
theory, in order to make qualitative statements about
the implications of the experimental results.

If we apply Eq. (2) to analog transitions in even
nuclei, the vector inequalities (6), (10), and (12) re-

(12)
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and I’ =0, respectively. In this case, Eq. (2) reduces to
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This expression also applies to odd nuclei for the I=0
part of the cross section, which would be dominant if
the spin-flip strength V,. were small. It is usually true
that, for the important j subshells within a major shell,
the single-particle amplitude is roughly independent
of j. Let us then take Foy"RFg, where Fy is an average
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Fic. 7. Angular distributions for 27Al(p, #) #'Si for the following neutron groups: (a) no, ground state (§%); (b) i, first excited state
(3+, 0.782 MeV); (c) m,q, first and second excited states unresolved (2nd=3%%, 0.958 MeV); (d) 2, second excited state; and (e) ns,
third excited state (1*+, 2.165 MeV). Assignments are taken from M. B. Lewis, N. R. Roberson, and D. R. Tilley, Phys. Rev. 163,
1238 (1967) ; B. H. Wildenthal and E. Newman, ibid. 167, 1027 (1968).

amplitude. The j sum in Eq. (13) can be evaluated to ticularly good for the 1ps2 and 1py2 shells. In this ap-
give proximation, the (N—Z) dependence of the Lane

= 22 N2 _ 2 model® is exhibited explicitly.
do /4= (2m/4at?) (ks RV /W) (N=2) | Fo .~ (14) Let us next consider the relationship of this result

The approximation made in obtaining Eq. (14) is par- to the Lane' macroscopic model. The solution of the
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Lane coupled equations reduces in the weak-coupling
limit to the DWBA. The cross section is given by

do /dQ= (2m/4xh®)* (k;/k:) [(N—Z) /44*] | F |7,

where

(15)

F={x;| Vi(r) | xsP)

is the distorted-wave matrix element of the space part
of the optical-model isospin potential Vi(r)T-t/A.
Comparison of this result with the particle-model
cross section, Eq. (14), shows that the microscopic
and macroscopic pictures are equivalent in the j-in-
dependent—-amplitude approximation if the macroscopic
form factor Vi(r) is replaced with (4/x) V,g(r). The
mass-number dependence of Eq. (15) is contained im-
plicitly in go?/ in the normalization of the bound-state
wave functions in Eq. (5) ; that is, R;(r) is roughly pro-
portional to (7,A13) =32 =y;3124-12, Thus (A/7) V.g(r)
is roughly independent of nuclear size.

As has been shown previously in the comparison of
DWBA results with the solution of the Lane equations,
the charge-exchange interaction strength is sufficiently
weak for the weak-coupling limit to be valid.’® We shall

¥ 7. J. Wesolowski, E. H. Scharcz, P. G. Roos, and C. A. Lude-
mann, Phys. Rev. 169, 878 (1968).

(16)

take advantage of the equivalence of the macroscopic
and microscopic pictures to examine the effects of
spin-orbit distortions (not used in the DRC code?) by
using L= 0 microscopic form factors in the Lok1 coupled-
channel code,® which does include a spin-orbit optical
potential.

Finally, in an attempt to understand the main
features of the spin-flip interaction, let us consider
the special case of analog transitions for seniority-one
states of odd nuclei, where the neutron excess is con-
tained in a single j configuration. Including only the
dominant (L=0) term, Eq. (2) is reduced to

do/dQ=X,(0) V2A(N—2Z)
x[1+<V")2 1 {<f+1>/j, ;Zﬁ}]
(17

V. /) (N=2)* j/(j+1),
for j = I2£3.2 The first term in Eq. (17) is the single-
configuration case of Eq. (13). It can be seen that
s states are most strongly affected by spin flip. The
coefficients of the spin-flip factor ( j41) /7 or j/(j+1)

» E. H. Scharcz, Phys. Rev. 149, 752 (1966).
1V, A. Madsen and M. J. Stomp (unpublished).
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are 3 for si/2, & for pajs, 3 for pijs, % for dss2, and £ for dyy.
It is clear from these results that the importance of the
spin-flip mechanism varies widely from configuration
to configuration and, for all cases, is less than the sy
result.® Unless the spin-flip strength is somewhat
larger than the spin-independent strength, the spin-
flip mechanism will not be very important for *¥C and
N analog transitions. In general, if the neutron excess
is large, the spin-flip term will be small.? Thus only
in the lighter nuclei should one expect to see a significant
departure from the N—Z dependence of the Lane
model for analog transitions due to spin flip.

Let us next consider the qualitative features of the
data. As in previous studies,®>* the total cross-section
data show strong fluctuations as a function of energy.
We believe that these fluctuations are due to doorway-
type resonances for which the direct-reaction mecha-
nism does not apply. For this reason we restrict our-
selves to the highest energies, where the fluctuations
are starting to smooth out.

One of the most striking results is the near equality
of the O and O analog cross sections. The Lane
model predicts o4(®0)/04(YO)~2, the ratio of the
neutron excess. The *O #; group contains, in addition
to the analog transition, contributions from several
unresolved states. One would therefore expect that, in
the absence of the spin-flip mechanism, the ratio of the
71 group in BO(p, n) to the "O(p, ) analog transition
would be even greater than the predicted ratio of 2.
By comparison with Eq. (17), we see that a spin-flip
strength V,, comparable to the spin-independent term
V. is required to give equal 7O and O cross sections.

VI. THEORETICAL ANALYSIS

The Y0, 180, and #Al(p, ) and other (p, #) angular
distributions were calculated using the formalism pre-
sented in Sec. IV. The values of the optical parameters
used in the calculations are listed in Table I, and the
theoretical angular distributions are shown, together
with measurements, in Figs. 9-15. The values of V.,
and V,, are obtained by normalizing the calculations
to the total measured (p, #) cross sections, and are
given in Tables IT and III. ¥, can be determined in-
dependently from the 0*—0% analog transitions, while
V. can be determined from the 0+—1* transitions as
well as from the 33— N(p, #) transition, since the
latter is believed to be pure spin flip. These determina-
tions have indicated that V,, is slightly weaker than
V. (Vo=~2V.). Analog transitions between states of
nonzero spin involve both V, and V,,. For these latter
transitions, we have assumed that V,,=%V,. Also in-
cluded are three pure AL=2 transitions which involve
both V., and V,,. These are ¥Al(p, n) (§+—>3%),
17Q(p, n)(§+—1it), and BO(p, n) (0+—2+) (see Fig. 15).
In all calculations, the range of the Yukawa two-body
force was @=0.715 fm. This value of range parameter

22 C, Wong, J. D. Anderson, J. W. McClure, and B. Pohl, Phys.
Rev. 156, 1266 (1967).
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was chosen rather arbitrarily. If =1 has been used, it
would affect mainly the relative contributions of AL=
2 to AL=0 transitions, increasing the ratio by a factor
of about 1.5. The values of V, and V,, are mainly sen-

13¢ (p,n) 3N 5(1 -

'2“8 L (p,n) ( p%) (lpig) i
ok Ep=13.3 MeV; ', — Y, 7
40

20

1.0
o8

06

”C(p,n )I4N
Ep=13.7 MeV;0™+=0%2.31)
¥z

LR

T\

4.0

i3

20

10
o8

0.6

04

Y T

4.0 .]

“C(pﬁ)"N
Ep=13.3 MeV;0—=I*(GS)

20

g—%hm).mb/sr

o6

1007]
“c(p,n)"N
80

1

Ep=13.3 MeV,0%>1%(3.95)

"

| S TN (R NN UG SN SO N
10O 08 06 04 02 00 -0.2 -04 -06 -08 -1.0
cos 8 c.m.

F16. 9. Theoretical (solid line) and experimental (dots with
error bars) angular distributions for 8C(p, ) 8N and “C(p, #) “N.
(Theoretical curves are normalized to experimental total cross
sections and are based on the configurations shown, except for
1C, for which Visscher-Ferrell wave functions were used for the
theoretical analysis.)
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sitive to the value of the imaginary potential used in
the optical model to distort the incoming and outgoing
waves. We have made an exhaustive study and believe
that the values of the parameters in Table I represent
the best estimates based on measurements and/or
extrapolations from existing measurements. Under

3 5N(p,n)'%0 i(1py, Y= (1py,)"!
7

100 |- Ep=I3.6 MeV; Yoty

1

agc.m)mb/sr

do

ol . . -
T_: (Ipy,) (Y (lps/z)' {

2.0 -F; 3 Ep=18.8 MeV; 4% J

08 I

06

0.2 -

| 1 ] ! i 1 1 1 1
10 08 06 0.4 02 0.0-02 -04-06-08 ~10
Ccos Gc.m_

6. 10. Theoretical and experimental angular distributions
for BN (p, #)10.

n) REACTION ON

170, 130, AND 27Al 1427

0(p,n)'TF;(1dg,) —>(idsy,)
Ep=125 Mev; %%

200 - a

100
80 I
6.0

4.0

20

200 -~

aq cm),mb/sr

do

Ep=I135 MeV; %%

10.0
8.0

6.0

4.0

20

o 1 1 1 1 S 1 1 I
1.0 08 06 04 02 0.0-0.2 -0.4-0.6 -08 -1.0

cos Bc.m

Fi1G. 11. Theoretical and experimental{angular distributions
for O (p, n)V'F.

“Comments” in Table I we describe briefly how the
wave functions and the values of the parameters were
determined.®#~3 The optical model was assumed to
have a Woods-Saxon form for the real potential and
a derivative Woods-Saxon for the imaginary potential,
ie.,

Vopticar=—V (er+1)1—4iW (d/dx’) (e#'+1)7,
where

x=(r—1,4'3) /a, x'=(r—r/AY) /d'.

2 W. M. Visscher and R. A. Ferrell, Phys. Rev. 107, 781 (1957).
(lgé%)Stevens, H. F. Lutz, and S. F. Eccles, Nucl. Phys. 76, 129

% R. W. Bauer, J. D. Anderson, H. F. Lutz, C. Wong, J. W.
McClure, and B. A. Pohl, Nucl. Phys. A93, 673 (1967).

% J. D. Anderson, C. Wong, J. W. McClure, and B. D. Walker,
Phys. Rev. 136, B118 (1964).

2T, S. Kuo and G. E. Brown, Nucl. Phys. 85, 40 (1966).

% F. G. Perey, Phys. Rev. 131, 745 (1963).

¥ F. Bjorklund and S. Fernbach, Phys. Rev. 109, 1295 (1958).

% C. D. Goodman, J. D. Anderson, and C. Wong, Phys. Rev.
156, 1249 (1967).

%'W. S. Gray, R. A. Kenefick, J. J. Kraushaar, and G. R.
Stachler, Phys. Rev. 142, 735 (1966).

#J. D. Anderson and C. Wong (private communication).
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%0 (p,n)'°F(1dgy,)? —{ids, )2

— —

Ep=I1.9 MeV,0%0'(1.043)

200

10.0
8.0

6.0

4.0

20

Ep=135 MeV, 0%0" (1.043)
100 |~

8.0 |
6.0

40

g—g(c‘m.)mb/sr

20

0.1 1 [ i 1 1 I 1 1 1
10 08 06 04 02 00 -02-04-06-08 -1.0

cos G‘C.m'

FiG. 12. Theoretical and experimental angular distributions for
180 (p, n)BF. [The dashed curve for the 0¥—0% reaction at 13.5
MeV was calculated using the optical code Lok 2A to illustrate
the effect of spin-orbit coupling in reducing the structure in the
angular distribution. The dashed curve for the 0*—1* (ground-
state) reaction was calculated using Kuo-Brown wave functions.
It is clear that in changing from the (1ds2)? configuration (solid
curve) to Kuo-Brown wave functions, the effect on the shape of
the angular distribution is minimal; however, the value of the
total cross section is sensitively affected (see Sec. VIII).]

In Table I the incoming-proton channel parameters
are denoted by the subscript p, while the outgoing-
neutron channel parameters are denoted by the sub-
script #. The geometrical parameters, also listed in

ANDERSON, BLOOM, WONG, HORNYAK, AND MADSEN

177

Table I, vary from nucleus to nucleus and are taken
directly from the various references. No attempt has
been made to correct the values of ¥ and W to a com-
mon set of geometrical parameters. With the exception
of the O0+—1* transitions in “C and 0, the respective
initial- and final-state wave functions were assumed to
be pure single-particle configurations.

In Sec. V the equivalence of the macroscopic and
microscopic descriptions was shown for the weak-
coupling limit. We now compare the Lane-model
coupled-channel calculations of the differential cross
section with those obtained from DWBA. In Fig. 16(a)
the radial dependence of g for 0 is displayed, along
with two optical form factors which reasonably ap-
proximate the microscopic form factor. The cross
sections calculated from DWBA and coupled-channel
optical model are shown in Fig. 17(a). From the close
agreement, it is clear that we are in the weak-coupling
limit, and thus the DWBA is applicable. It also points
up the sensitivity of the 0° (p, #) cross section to the

2TAl (p,n) 27Si;(idg, ) ' —»(ids, )™

60

Ep=12.2 MeV; %% -

6.0 [~

pelhel

cm), mb/sr

Mev; %o%

1 | 1 1 | 1 1 | |
10 0.8 06 04 02 0.0 -02 -0.4-0.6 -0.8 -1.0

Ccos ecm

F1c. 13. Theoretical and experimental angular distributions for
the Al (p, #)¥'Si analog (ground-state) reaction.
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TasrE II. Analog and pure spin-flip transitions.

E, Target

(MeV) nucleus Transition V. Veor

13.3 1BC Analog 12.0 8.0

13.7 uc Analog 9.0

13.3 uc 0t—>1t 7.3
(3.95 MeV)

13.6 BN Analog 10.3 6.8

18.8 BN Analog 9.6 6.4

18.8 BN s A a 6.2
(6.15 MeV)

13.5 0 Analog 11.3 7.5

12.5 70 Analog 9.1 6.0

13.2 180 Ot—1t 4.6°
(GS)

13.2 30 Ot—1* 3.6
(GS)

11.9 10 Analog 14.2

13.5 30 Analog 12.5

12.2 2A] Analog 89 6.0

13.8 ZAl Analog 8.7 5.8

15.25 4T Analog 9.3

18.5 N0Zr Analog 8.3

8 Insensitive to the value of V,, since V, contribution requires AL =2,
which is small compared to AL =0 contribution from V7.

b Pure (dss2)1,02 wave functions.

¢ Kuo-Brown wave functions.

form factor at large radius. The form factor which falls
off faster at large radius gives less scattering at 0°. We
now use these results to investigate the importance of
the spin-orbit potential which has been neglected in
our DWBA calculations (prc). The results are shown
in Fig. 17(b). Although the magnitude of the cross
sections is essentially unchanged, the shapes are quite
different and in much better agreement with the ex-
perimental data [Fig. 12(b)]. Note that these results
apply equally well to the YO calculations, since the
form factors are essentially the same, i.e., ds; single-
particle form factors. The results for p-shell nuclei are
quite different, in that the inclusion of the spin-orbit
term makes much smaller changes in the angular shape.
This is gratifying, since the DRC calculations for p-shell
nuclei had given a reasonable description of the angular
distribution.

It is clear that spin-orbit distortions are important
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for (p, n) reaction studies, and that their inclusion
improves the fit to the data. It is also true that, in
calculating effective-interaction constants as in Table T,
the inclusion of spin-orbit distortions makes very little
difference, since they change the angular distribution
without affecting substantially the total cross section.
For example, the total cross section in ¥O changes by
less than 29, when the spin-orbit term is included.
Without actually calculating the effects of spin-orbit
coupling on the angular distribution, one does not have
confidence in the applicability of the reaction model.
The fact that the LOKI runs are in reasonable agree-
ment with the experimental data leads us to believe
that the direct-reaction model applies and that the
effective two-body interaction strengths obtained are
meaningful.

In Fig. 16(b) we compare the radial form factor ob-
tained from the microscopic description with the
phenomenological form factors usually employed in
a macroscopic description. As one might expect, in a
light nucleus, where only a single orbit may contribute,
the macroscopic description (which implicitly contains
an average over many orbits) differs markedly from
the microscopic description. It is also gratifying to
note that the microscopic calculations, with the in-
clusion of the spin-orbit distortion, are in better agree-
ment with the experimental data than are the macro-
scopic calculations [see Fig. 17(c)].

Although the shapes of the angular distributions are
somewhat sensitive to optical parameters, the general
features are preserved with reasonable variations in
the geometrical parameters. If one uses, for example,
the parameters of Rosen® rather than the parameters
pertinent for oxygen, one obtains the results shown

Tasie ITI. Mainly AL=2 transitions,

E, Target

(MeV) nucleus Transition V. Ver

13.3 uc 0t—>1+ 20.02
(GS)

10.2 E(0] o3t 19.4 12.9
(0.5 MeV)

10.8 0 St 22.4 15.0
(0.5 MeV)

13.2 180 0t—2+ 27.8 18.5
(3.06 MeV)

10.6 Z1A1 Sto1t 13.8 9.2

2 2
(0.78 MeV)

8 Visscher-Ferrell wave function.

1. Rosen, J. G. Berry, A. S. Goldhaber, and E. H, Auerbach,
Ann. Phys, (N.Y.) 34, 96 (1965).
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in Fig. 17(b). The difference in magnitude of the cross
sections is due to the difference in the depth of the imag-
inary potential. As in all calculations of this type, it
should be emphasized again that our estimates of V.
and V,. depend strongly on the imaginary potential
assumed for the distorting potential. For our calcula-
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Fi6. 14. Theoretical and experimental angular distributions for
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F16. 15. Theoretical and experimental angular distributions for
L=2 (p, n) reactions on YO [1dsp—2sy (0.500 MeV)], #Al
%/}d%/;)—]ﬂsm (0.782 MeV) ], and 10 [(ldajz)z—’(ldslz)z (3.058

eV)].

tions, the relationship is approximated by
Ve W.W,,
as was also found by Satchler ef al.t

VII. CONCLUSIONS

All the values of V, as deduced from analog transi-
tions for a number of odd and even nuclei, assuming
that V,=3%V,., are listed in Table II. Except for 0,
these strengths are reasonably close. Of all cases, the
MC data are the most reliable because the final analog
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(a)

Fi1c. 16. prc and 1ox1 2A form factors,
(a) The solid curve is the prc form
factor go52%/2(7) for the 1ds., radial wave
function of 30 [see Sec. IV, Eq. (5)].
[The dotted curve is a combined surface
and volume isospin potential V;(r) used
in the optical code Lok 2A, which mocks

up the prc form factor. The dot-dash
curve is a pure volume isospin potential,
also used in LoxI 2A to mock up the prC
form factor.] (b) The solid curve is the
same DRC form factor as in (a). The
rectangles () are for a “standard”
volume isospin potential and the tri-
angles (A) are for a “standard” surface-
centered isospin potential, both used in
the Lokt 2A optical code.

r (fm)

state is well separated from neighboring states. The
case is also a very reliable transition for obtaining V,
from the standpoint of theory, because, being an =0
transition, it is nearly wave-function-independent. The
analog state in the 0 transition cannot be resolved
from neighboring states. Contamination from these
states is probably responsible for the higher value of
V., deduced from 0.

Calculations based on the parameters of Table I
should also be capable of explaining other than analog
transitions. Tables 1T and IIT list the strengths for four
pure spin-flip transitions. The “C(p, »)“N ground-
state transition would normally be dominated by
L=0, were it not for the cancellation in matrix elements
which makes the 8 decay rate very nearly zero. The
L=0 is similarly retarded in the (p, #) reaction.?
Although the transitions to the 3.95-MeV state of “N
and the 6.18-MeV state of 0O give values for V,, in

reasonable agreement with those determined from
analog transitions, the transitions to the ground states
of “C and ®F are clearly out of line—and in the op-
posite direction. It is unlikely that inaccuracy in the
wave functions is responsible for the difficulty with
the “N ground-state transition, because the Visscher-
Ferrell wave functions used in Ref. 9 give a good ac-
count of 8 and electromagnetic transitions. For the
transition to the ground state of ¥F we have used pure
(1dsj2)* wave functions, which are certainly not very
accurate. However, the Kuo-Brown -configuration-
mixed wave functions” worsen the agreement by in-
creasing the calculated transition rate to well above
the (1ds2)? result, as they also do for 3 decay. In fact,
the success of the (1ds2)? configuration in producing
approximately the right 8 decay rate leads us to regard
it as more reliable than the wave functions of Ref. 27
for the (p, ») reaction.
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These arguments lead us to believe that we are seeing
a breakdown of the central-interaction no-exchange
approximation. Studies of the effects of a possible tensor
component to the effective interaction and the effects
of particle exchange are underway. One preliminary
result of the latter calculations® is relevant here—
higher L values are enhanced more than lower ones by
inclusion of the knockout-exchange amplitudes. This
effect would tend to raise the calculated cross section
for the ground state of “N relative to the other tran-
sitions. It is unlikely that the exchange will explain
entirely the transition to the ¥C(p, #)“N ground state,
however, since knockout exchange does not change

# A. J. Atkinson and V. A. Madsen, Bull. Am. Phys. Soc. Ser.
11, 13, 630 (1968).

qualitatively the angular distributions. The central
L=2 angular distributions of Ref. 9 failed badly to fit
the experiment.

Another interesting pair of nonanalog transitions
are the ones to the 3+ 0.5-MeV state of F and the
2+ 3.06-MeV state of ¥F. Both are pure L=2 transi-
tions. Calculations based on V., of Table II are smaller
than the experimental cross section by a factor of 3
for ¥F and 5 for ¥F. The inclusion of knockout exchange
will improve the calculations somewhat, but they will
probably still be less than the measured value. This
is apparently due to collective enhancement, which,
although well established experimentally for transi-
tions in Mg, Mg, and *Fe, has not been satisfactorily
explained.?
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Collective enhancement is well known for inelastic
scattering and is understood to be due to core vibra-
tion, which interferes constructively with the contri-
bution from extra-core nucleons.® The difficulty with
this explanation for charge exchange is that the low-
lying core-vibrational states, coupled to the extra-core
nucleons to form the complete nuclear wave function,
are expected to be primarily 7'=0 vibrations. Since
the charge exchange must transfer one unit of isospin,
it is incapable of exciting such core vibrations. The
collective deformed-isospin model used by Satchler*
essentially treats only these extra-core nucleons (the
neutron excess). Two-step processes suggested by
Austern and Blair® are of the same order as the direct
process considered by Satchler and are undoubtedly
important. Calculations®” using the Austern-Blair
model* have shown enhancements of a factor of 4 due to
inclusion of the two-step processes. However, the cal-
culated angular distribution for #Ti(*He, f) was some-
what poorer than that due to one-step processes alone.®
Coupled-channel calculations are obviously needed to
clarify the role of this mechanism. Another possibility
is that there are mixtures of 7'=1 vibrations of the
core, brought about by interaction with the extra-core
nucleons. These could be excited directly in a one-step
process.

The microscopic model of the direct-charge-exchange
process is also appropriate for the (*He, #) reaction.
The formalism, developed in Ref. 15, has been applied
to Ti(®*He, {) by Wesolowski e al.®® for 25-MeV *He
particles, to YO and ®O(°He, ) by Hansen et al.® at
18 MeV, and to N and “C(*He, ¢) by Ball and Cerny®
at 40 MeV. The strengths obtained in the -0 experi-
ment are about 209, higher than those we have ob-
tained for (V,,/a?) and about 109, higher for (V,/da?).
The Ti(®*He, ¢) reaction yielded a value of V,, in good
agreement with the 180 result. Also, the values ob-
tained from the “C, N experiment are in close agree-
ment with the strengths that we have obtained.

A difficulty in the calculation of the effective-inter-
action strengths is in our knowledge of optical param-
eters, particularly the imaginary potential. For each
nucleus we have tried to use the best parameters avail-
able from optical-model analysis of scattering from the
target nucleus or from a neighboring nucleus. How-
ever, such scattering data are scarce, and consequently
there has been no available systematic study of optical
potentials for light nuclei. This is fairly serious for
(p, m) reactions, because a symmetry term can result

% W. G. Love and G. R. Satchler, Nucl. Phys. A101, 424 (1967).

% N, Austern and J. S. Blair, Ann. Phys. (N.Y.) 33, 15 (1965).

V. A. Madsen, Bull. Am. Phys. Soc. Ser. IT, 12, 907 (1967);
W. E. Frahn and G. Weichers, Phys. Letters 26B, 5 (1967).

8V, A. Madsen (private communication).

3 Luisa F. Hansen, Marion L. Stelts, Jose G. Vidal, J. J. Weso-
lowski, and V. A. Madsen, Phys. Rev. 174, 1155 (1968).

40 (8;') C. Ball and J. Cerny, Bull. Am. Phys. Soc. Ser. IT, 13, 632
(1968).
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in substantially different neutron and proton potentials.
The interaction-strength determinations using DWBA
turn out to be fairly sensitive to the imaginary part
of the optical potential. Thus a knowledge of the sym-
metry dependence of the imaginary potential would
be of great value in the interpretation of the (p, »)
data. The meaningfulness of our results is probably not
critically dependent on exchange, since most of our
parameters have been obtained for L=0 transitions.
Preliminary work# done at Lawrence Radiation Labo-
ratory, Livermore, Calif., along with the results of
Une ef al®? indicate that exchange amplitudes are
fairly small for L=0 transitions but are by no means
negligible.

In spite of these difficulties, the microscopic model
with purely central forces is reasonably successful for the
analog-state transitions when the spin-flip contribution
is included. Comparison of the strengths so obtained
with effective interactions obtained in other ways is
also of interest. Satchler! has calculated the parameter
V. both by comparing (p, ) with (», »’) data and
by fitting Ti, Zr(p, #) data.! His analysis yields V,=
20-24 MeV with a Yukawa inverse range parameter
a=1.0 fm~L This is equivalent to V,=7-8 MeV with
our value of @=0.7 fm™. The (p, p") spin-flip transi-
tions are weak, and Satchler was unable to determine
values for V, and V,,, but concluded that the over-all
spin-flip strength V,+V,, and p,$’ was probably some-
what smaller than 10 MeV for a=1.0 fm™. This would
correspond to a strength of 3 MeV and is inconsistent
with our results, unless V, and V,, have opposite signs
and cancel in the (p,’) reaction.

Also, it is probably worthwhile to compare our pa-
rameters with effective forces determined from nuclear-
structure calculations using a shell model with purely
central interactions. For some time, such a model has
had reasonable success in explaining nuclear spectra,
and the effective forces arise from the same effects as in
the scattering problem. In fact, the success of the shell
model for bound states gives us some justification for
the use of DWBA with central forces for treating the
scattering problem.

In a study of particle-hole states in 0, Gillet and
Vinh Mau® have determined an effective strength of
V,=—11.5 MeV and V,,=—35.5 MeV for a Gaussian
of range u=1.7 fm. For our Yukawa form with a=0.7
fm™! this result is equivalent in volume to V,=—17.3
MeV and V,,= — 7.4 MeV. The near-Rosenfeld mixture
used by Elliott and Flowers* for a study of nuclei of
masses 18 and 19 has V,~—4 MeV and V,,~—11 MeV
for an inverse range a=0.7 fm~%. These pairs of pa-

4 A, J. Atkinson and V. A. Madsen, Phys. Rev. Letters 21,
295 (1968).

2T, Une, S. Yamazi, and H. Yoshida, Progr. Theoret. Phys.
(Kyoto) 35, 1010 (1966).

#V, Gillet and N. Vinh Mau, Nucl. Phys. 54, 321 (1964).

« 7. P, Elliott and B. H. Flowers, Proc. Roy. Soc. (London)
A229, 536 (1955).
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rameters are about the same magnitude as those that
we have found, but are not in close agreement, either
with our scattering data or with each other.

It is not known whether the comparison between
effective nuclear forces from the bound-state problem
with those in the scattering problem is really mean-
ingful. Certainly, they arise from similar effects. It is
bothersome that the charge-spin-independent term
in both the Gillet-Vinh Mau and the Elliott-Flowers
interactions is zero or near-zero, since the spin-charge-
independent term found by Satchler is much stronger
than the charge-exchange force.

n) REACTION ON

170, 80, AND 27A1 1435

We have concentrated on the direct-reaction mecha-
nism as an explanation of the data because it is a reason-
ably well developed and reliable theory. In doing so,
we have not given adequate consideration to the lower-
energy data, which show strong fluctuations as a func-
tion of energy. Much information about reaction mecha-
nism and nuclear structure is contained in the lower-
energy data and could be obtained by analysis with an
adequate resonance model. A promising attempt in

this direction has been made by Hanna and Nagarajan.®

%J.S. Hanna and M. A. Nagarajan (unpublished).
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The nucleon-nucleon interaction is described over the laboratory scattering energy range 0-350 MeV by
a potential used in conjunction with the Schrodinger equation. In momentum space the potential is a
superposition of Born terms obtained from single exchanges of w, p, , 1, g, and oy mesons, where the g
and o, are hypothetical scalar mesons with isotopic spin 0 and 1, respectively. Rather than taking the usual
static limit, all terms of order $2/M? are retained. The inclusion of S waves requires the introduction of a
cutoff factor. The meson coupling constants, the masses of the o and o1, and a cutoff parameter are adjusted
to fit the experimentally determined phase parameters. A comparison with experimental phase-shift analysis

shows a good qualitative fit, on the average.

I. INTRODUCTION

HIS is the third in a series of articles whose
purpose is to represent the nucleon-nucleon inter-
action from 0 to 350 MeV in terms of a sum of pole
contributions of the w, p, 7, 9, 0o, and o1 mesons in the
cross channel. The requirements of unitarity are satis-
fied by using the Fourier transform of these pole, or
Born, terms as a potential in the nonrelativistic
Schrodinger equation. The resulting phase parameters
can be compared with experimentally derived phases or
used to compute the quantities (cross section, polariza-
tion, etc.) which can be directly compared with experi-
ment. The parameters of the theory which are adjusted
to fit the data are the coupling constants of all the
mesons and the masses of the hypothetical oo(7’, J*=0,

* Much of this work was done at the University of Southern
California with the partial support of the U. S. Atomic Energy
Commission. This work was also supported in part by the Air
Force Office of Scientific Research, Office of Aerospace Research,
U. S. Air Force, under Grant No. 918-67.

1 Ronald A. Bryan and Bruce L. Scott, Phys. Rev. 135, B434
(1964); 164, 1215 (1967), hereafter referred to as I and II,
respectively.

0%) and the ¢1(1,0%) scalar mesons. We will return to
the question of these scalar mesons later in the paper.

In I, a satisfactory fit to the phase parameters was
obtained for states with relative orbital angular mo-
menta /> 1. In that work two important approximations
were made. When one transforms the pole terms from
momentum to configuration space, the resulting poten-
tial is not local (static). An expansion in powers of
p?/M?, with M the nucleon mass and p any nucleon
momentum, can be made. In I, all terms save one of
order p?/M?* were kept and the others neglected in
order to obtain a local potential. The second important
approximation was the introduction of a zero cutoff in
configuration space to eliminate the 1/73 divergence in
the potential which would have otherwise occurred.
The presence of this cutoff restricted the application
of the model to P waves and higher.

In II, the aforementioned neglected p?/M? term was
now included in the potential, thanks to Green’s method?
for dealing with the resulting Vi (r)+¢(r)V? term in
configuration space. The inclusion of this P’/M? term

2 A. M. Green, Nucl. Phys. 33, 218 (1962).



