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The differential analyzing power has been measured in the quasielastic (p, n) reaction on **Ti, **Fe, *Ni, "°Zn,
*Zr, *Zr, '"Sn, '“Ho, and 2*Pb at 22.8 MeV. Fits to the experimental data in a macroscopic Lane-model
analysis were improved by adding a spin-orbit term V() in the isospin-dependent part of the optical potential.
The sign of V() agrees with that given by a simple model and its value does not depend very much on the
target nucleus. However, the average value of V() depends on the geometry used for the spin-orbit optical
potential, an ambiguity which corresponds to a nearly constant product of the depth and of the diffuseness. A
microscopic distorted-wave Born-approximation analysis was made, but due to several ambiguities in the
calculation, it has not been possible to determine the isovector spin-orbit partwv g, of the nucleon-nucleon

effective interaction.

NUCLEAR REACTIONS Quasielastic (5,7) reactions on Ti, 5¢Fe, ®Ni, "Zn,

0zr, %¥zr, 17sn, 1%Ho, and X8Pb; E=22.8 MeV; measured differential analyz-

ing power A (6); macroscopic Lane-model analysis with an isospin-dependent
spin-orbit term in the optical potential; microscopic DWBA analysis.

I. INTRODUCTION

Quasielastic (QE) (p,n) reactions, i.e. (p,n) re-
actions leaving the residual nucleus in the analog
of the target ground state, have proved to be a
very powerful tool to study the isospin dependence
of the nucleon-nucleus optical potential* within the
framework of the Lane model.? Recent measure-
ments of the differential cross section for these
reactions have refined our knowledge of the iso-
spin-dependent part U, of the optical potential.3-¢
They also provided quantitative information about
the isospin-dependent component v, of the nucle-
on-nucleon effective force by comparison with
microscopic distorted-wave Born-approximation
(DWBA) calculations.”®

In general nuclear reaction cross sections are
not very sensitive to spin effects. In the case of
QE (p,n) reactions, measurements of cross sec-
tion alone are not sufficient to determine any spin
dependence of U, and v,. On the other hand, mea-
surements of the polarization of the outgoing par-
ticles or of the analyzing power for reactions in-
duced by polarized projectiles are a natural way of
studying such spin effects. As a matter of fact,
the first measurements of the analyzing power of
QE (p,n) reactions® gave an indication in favor of
a spin dependence of the isospin-dependent part
U, of the optical potential, in terms of a spin-orbit
component V{!’. However, due to ambiguities in
the optical model, more precise data are required
in order to draw quantitative conclusions about the

magnitude of V. In a similar way the differential

cross section for the QE (p,n) reactions deter-
mines the central part v, of the isospin-dependent
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component of the nucleon-nucleon effective
force,”® and we can hope that measurements of the
analyzing power give information about the spin-
orbit part v, ¢, of the isospin-dependent effective
force. Furthermore, the two interpretations,
macroscopic with U, and microscopic with v,, are
closely related since, using the reformulated op-
tical model of Greenlees et al.,'° U, simply results
from a folding between v, and the neutron excess
density distribution.

In order to obtain significant information about
vsr and the spin dependence of U, we have per-
formed extensive measurements of the differential
analyzing power of QE (p,n) reactions induced by
22.8 MeV polarized protons on the nine targets
49Ti, SGFe, 64Ni, 7OZn’ QOZr’ QGZr, 117Sn, ISSHO,
and %®Pb. The angular range was 15-100°, re-
duced to forward angles in the case of ®*Ho and
208pph, In this paper we give first some details
about the experimental techniques used for this
measurement. Then we analyze our data from both
macroscopic and microscopic points of view. The
macroscopic analysis leads to an evaluation of the
spin-orbit component ng,’ of the isospin-dependent
part U, of the optical potential. However, consid-
erable ambiguities remain in the microscopic anal-
ysis, which prevent us from drawing quantitative
conclusions about the spin-orbit component v,
of the isospin-dependent nucleon-nucleon effective
interaction.

II. EXPERIMENT

Our measurements of the analyzing power in
QE (p,n) reactions were performed at the Saclay
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variable energy cyclotron using the polarized pro-
ton beam extracted from the cyclotron after ex-
ternal ionization and trochoidal injection.!' The
beam polarization is switched from up to down five
times per second. The analyzing power, defined
in accordance with the Madison convention, is
equal to A=(1/P)(N,-N.)/(N,+N.). Here P is the
polarization of the incident beam (around 80%);
N,(N.) is the number of events recorded when the
beam is polarized with spin up (down) 1 the_’up di-
rection for the polarization refers to k, Xk  ,
where Eu (Em) stands for the momentum of the in-
cident (outgoing) particles.

The new time-of-flight (TOF) neutron spectrom-
eter setup for this experiment allowed an overall
resolution less than 2 ns [full width at half maxi-
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mum (FWHM)], corresponding to an energy reso-
lution of 400 keV for 11 MeV neutrons and a 5 m
flight path. The time structure of the beam (5 ns
FWHM) was improved to 1-1.5 ns by slightly de-
tuning the cyclotron from the peak of resonance.
The beam intensity on target was then from 1 to
10 nA.

A. Beam line

The experimental area is shown schematically
in Fig. 1. After extraction from the cyclotron, the
beam is brought to focus in the scattering chamber
by two pairs of magnetic quadrupoles and is then
stopped by a thick graphite plate used as a Faraday
cup. In order to reduce the background, the beam

FIG. 1. Schematic layout of the experimental area.
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pipe has a big (15 cm) diameter after the second
pair of quadrupoles and the scattering chamber is
surrounded by concrete walls, at least 60 cm
thick, except in the horizontal reaction plane where
the shielding is made with 1 m of steel at 1 m from
the target. In this shielding there are ports every
5° from 15 to 155°, through which the reaction
products reach the detector. During a run these
ports, except those located at the two counting
angles are walled up with paraffin cast in light

steel containers. The Faraday cup is shielded
with 20 cm of lead and 60 cm of concrete.

The scattering chamber is simply a hollow Lucite
cylinder, 30 cm in diameter, with 2.6 cm thick
walls reduced to a thickness of 2 mm in the reac-
tion plane on the side of the neutron detection
area. A monitor detector located outside the cham-
ber just behind a Mylar window gives the time of
arrival of the protons elastically scattered by the
target, and therefore, the time structure of the
beam. The monitor is made of a plastic scintilla-
tor, 1 cm thick and 0.5 cm in diameter, coupled
to a 56 DVP photomultiplier mounted on an Ortec
269 base.

Two polarimeters are shown in Fig. 1. The first

L. ESCUDIE 14
one, placed in front of the target, consists of an
aluminum degrader, a thick graphite target (61
mg/cm?), and two silicon solid-state detectors at
55° on each side of the beam. This polarimeter
measured the absolute polarization of the incident
beam after degrading it to a mean energy of 15
MeV where the analyzing power of the 2C(p,p) re-
action is known to be equal to —0.75 at 55° in the
laboratory.’? Measuring the polarization with this
polarimeter could only be intermittent since it
requires a degradation of the beam energy. Due to
the length of our measurements (1 to 10 h) we also
needed a continuous polarization monitoring which
was achieved by the second polarimeter. This
polarimeter was located between the target and the
Faraday cup and consisted of a polythene target,
200 pm thick and 5 mm wide, viewed by two sili-
con solid-state detectors at a variable angle
(45-90°). Because of the multiple scattering along
the beam pipe from the scattering chamber to the
second polarimeter and of the absence of any slit
to define the beam in the polarimeter, its efficien-
cy depended upon the nature and thickness of the
target used in the experiment. This efficiency was
easily calibrated before each target change by
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FIG. 2. The electronics setup used in the present experiment.
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comparing the measurements obtained with both
polarimeters.

B. Neutron detectors

The small intensity of the beam was compensated
by the use of eight large detectors, piled up four
by four on two wagons, which made it possible to
measure the analyzing power at two angles simul-
taneously. The wagons mounted on wheels, can be
moved easily in the neutron detection area, where
the angles from 15 to 155° and the distances be-
tween 5 and 10 m are marked. Each detector con-
sists of a 5 cm thick and 20 cm diam container of
NE 213 liquid scintillator. It is coupled by a Lucite
cone to the photocathode (10 ¢cm useful diameter) of
a 58 DVP photomultiplier mounted on an Ortec
269 base. The scintillator container is metallic
and is electrically connected to the photocathode by
a metallic cone surrounding the light funnel. This
connection insures that there cannot be any large
potential gradient at the surface of the photomulti-
plier. A layer of PVC electrical tape insulates
the entire detector and provides a light tight wrap-
ping. An outer layer of aluminum foil, grounded
at the tube base, provides rf shielding and pro-
tects personnel from the high voltage. Finally,
magnetic shielding against the earth’s field is pro-
vided by three layers of Co-Netic foil wrapped
around the detector package.

C. Electronics and data acquisition

The electronics setup used for our analyzing
power measurements is shown in Fig. 2. Because
of the small intensity of the beam, the counting
rate was sufficiently small that it was reasonable
to use a single electronics system for the eight
neutron detectors. The signals given by the eight
detectors are mixed after the charge preampli-
fiers for the dynode signals and after the leading-
edge discriminators for the anode signals. But
the discriminators output signals feed a routing
unit which codes the number of the detector in
which each event occurs. The electronics system
provides three kinds of data for each event: the
time of flight, the recoil energy, and the identifi-
cation, using the excellent pulse-shape-discrimina-
tion (PSD) properties of NE 213 ! and the standard
zero-crossing technique.'* These data, together
with the output of the routing unit and the polariza-
tion state of the incident beam, are recorded by
an on-line CAE 90-10 computer. With thresholds
on the recoil energy and identification spectra de-
pending upon the number of the detector, the
treatment of the data becomes equivalent to having
one complete system for each detector. The
quality of the »n-7y discrimination, very important

for this kind of experiment is thus preserved. We
finally get for each detector one recoil energy
spectrum, one identification spectrum, one y TOF
spectrum, and two neutron TOF spectra corre-
sponding to both polarization states of the incident
beam. These spectra are stored in an additional
Honeywell ICM-40 memory (16 000 16-bit loca-
tions). The y rays from the target are used to
center the TOF spectra and to add them four by
four at each angle.

The neutron detectors were calibrated by using
the ®Co y-ray Compton edge together with pub-
lished NE 213 response curves,'® in order to de-
termine for each experiment the threshold on the
recoil proton energy. Since we were only inter-
ested in the analog-state neutron group, this
threshold was always set high enough to prevent
TOF overlap, due to the periodicity of the cyclo-
tron beam, between this analog-state neutron group
and lower energy neutrons. This solution to the
TOF overlap problem was preferred to the usual
one that consists of increasing the period of the
beam to a convenient value, a procedure which de-
creases the beam intensity.

The time structure of the beam, measured with
the monitor detector, is provided by the same time-to-
amplitude convector (TAC) as the neutron TOF. It
is also recorded by the computer and the neutron
detectors TOF spectra are automatically corrected
for possible drifts of the beam time structure.
Moreover, the acquisition code periodically cal-
culates its FWHM and stops the run when this
FWHM becomes too large compared with a thresh-
old value chosen at the beginning of the experiment.
In this case a better time structure of the beam
must be looked for by adjusting some shim coils
of the cyclotron to insure that data cannot be taken
with poor time structure.

Finally, events occurring in the polarimeter de-
tectors are also recorded by the computer in order
to monitor continuously the beam polarization. In
the same way as for the monitor detector, the ac-
quisition code periodically calculates the instan-
taneous polarization of the incident beam and stops
the run when this polarization becomes too small
compared with a threshold value fixed at the be-
ginning of the experiment. This is very important
since, if the beam polarization is divided by two,
the counting time must be multiplied by four to ob-
tain a given statistical error on the analyzing
power. Usually the polarization of the incident
beam was around 0.8 and the threshold was fixed
at 0.75.

D. Results

Since we were primarily interested in the ana-
lyzing power, the energy and the targets were
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TABLE I. List of the targets used in the present experiment.

[ E,b Thickness Thickness Enrichment
Isotopes z N T JT MeV) (MeV) (mg/cm? (keV) %)
497§ 22 27 2 I -1.75 5.36 5.0 90 75.7
S6Fe 26 30 2 o* —8.87 3.51 8.5 148 91.7
N 28 36 4 o+ -9.16 6.70 10.0 166 97.9
0Zn 30 40 5 0* ~9.56 8.12 10.0 161 cee
%0zr 40 50 5 0* -11.92 5.03 9.9 147 97.6
%Zy 40 56 8 0* ~11.64 11.07 9.7 140 72.5
tign 50 67 g $° 1378 11.18 8.0 109 78.8
1656 67 98 Y " 1664 15.49 ~25 303 100
208pp 82 126 22 o+ —-18.98 15.33 10.4 114 99.1
2 Quasielastic (p,n) reaction @ value, calculated with the formula (Ref. 17): @ =—1.444 (Z + 0.5)/A1/3 + 1,13,

b Excitation energy of the analog state in the residual nucleus.

chosen in such a way that absolute cross section
measurements are available,'® except in the case
of °Zn. For this case we used the Boulder cross
section data'® obtained for ®Zn and multiplied, ac-
cording to the predictions of the Lane model® for
an isotope series, by the ratio of the neutron ex-
cesses, here equal to 2.5. To extract only relative
cross sections we did not need to measure the ef-
ficiency of our neutron detectors.

56F‘e(p,r‘x)%Co 15°
250 flight pcrhﬂ = 836m

lle— analog state

200 [

1501
2.4ns=400 keV

counts per channel

A

A

1 1

1
0 50 100 150

channel number

Another criterion for the choice of the targets
was the high excitation energy of the analog states
in the residual nucleus, so that the analog state
appears over an unpolarized continuum of (7, - 1)
states instead of being located among a small num-
ber of levels. This criterion, in general, corre-
sponds to choosing the higher mass isotopes,
which is also interesting because the cross section
is predicted by the Lane model® to be proportional

117Sn(p,n)1175b 30°
20 flight path =5 m
andlog state
o l
o
g 1501
5 24ns=370 keV
C D
&
2 000 é
g L
501
1 1 I 1y
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FIG. 3. Typical neutron time-of-flight spectra for the reactions 56Fe(p,n)3¢Co and '"Sn(p,»)!17Sb at 22.8 MeV inci-
dent proton energy. The peak at the left of each spectrum is inherent to the working of the time-to-amplitude convert-

er.
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to the neutron excess. Moreover, because of the
small intensity of the beam, we used relatively
thick (around 10 mg/cm?) targets, listed in Table
I.

Typical neutron TOF spectra, shown in Fig. 3,
have been obtained with *®Fe and ''’Sn targets. The
overall resolution, around 2 ns, is sufficient to
resolve the analog state. In the case of !'’Sn, which
is more typical than *®Fe, the analog state appears
over a continuum of (T, — 1) states. The back-
ground subtraction is quite easy by interpolation
between both sides of the analog peak. This back-
ground was found to be unpolarized on both sides
of the peak and was consequently supposed un-
polarized under the analog peak. In the case of
6Fe, the excitation energy of the analog state in
%Co is only 3.5 MeV. Instead of appearing over a
continuum of (T, — 1) states, the analog peak is
located between unresolved (T, - 1) states (A) and
the 2* excited analog state (B). The latter is too
small to be analyzed. The analog peak is much
stronger than the others and can be resolved.

The agreement between our relative cross sec-
tion measurements and the Boulder absolute mea-
surements'® is quite satisfactory, except at three
forward angles for *®Zr. Unless otherwise indi-
cated, we shall use for comparison with theoreti-
cal calculations the Boulder cross section data,'®
together with our data at the three forward angles
for °®Zr, and our analyzing power data, which are
available upon request. Errors indicated in our
analyzing power data include only the statistical
error. A systematic error due to the uncertainty
about the background estimation must be added. It
is negligible with respect to the statistical error
when the background or the analyzing power is
small. However, it becomes comparable with the
statistical error when the background and the
analyzing power are significantly large. This is
clear from the formula AA=A(AF/F) F/N, where
A and AA are the analyzing power and its syste-
matic error, F is the number of counts in the
background and A F its estimated uncertainty, and
N is the number of counts in the peak. Neither
the statistical (negligible) nor the systematic
(around 5%) error in the determination of the inci-
dent beam polarization is included.

III. MACROSCOPIC LANE-MODEL ANALYSIS

The nucleon-nucleus optical potential can be
decomposed, according to the Lane model,? into
isoscalar and isovector parts:

U=U,+4UI-T/A, 1)

where t and T are, respectively, the isospin op-
erators of the nucleon and the nucleus and A is the

mass of the nucleus. The diagonal elements lead
to a dependence of the proton and neutron optical
potentials with respect to the nuclear asymmetry
(N-Z)/A. This dependence is well accounted for by
global analyses of proton and neutron elastic scat-
tering. The off-diagonal part ¢, T_ of the potential
induces QE transitions between the target ground
state | T,T,) and its analog |T,T, - 1) in the resi-
dual nucleus. This leads to coupled Schrdodinger
equations for the p-target and n-analog channels.
However, since the coupling terms are small, the
distorted-wave Born approximation (DWBA) may
be used to calculate the transition amplitude of the
QE (p,n) reactions.'®!® The equations used are

(K+U,=2T,U,/A+Up = E,p)X,r=0, (2a)
[K+Uy+2(T,~ 1)U,/A+ Ao = Ep)X,0 =0, (2b)
T = Xpa | -2V2T U, /A | X 1) » (2¢)
(K+Uy+2T U, /A ~ E,p)Xpr=0, (2d)

where T,=3(N - Z) is the target isospin, K is the
kinetic energy operator, U, is the Coulomb poten-
tial, A is the Coulomb displacement energy, T,
is the transition amplitude for the QE (p,n) reac-
tion, and X,r, X.4s Xnr are the distorted waves de-
scribing the p-target, n-analog, and n-target chan-
nels respectively.

Therefore the Lane model® implies some rela-
tions between the p-target, n-analog, n-target,
isoscalar, and isovector optical potentials, name-
ly:

U,r=U,-2T,U,/A, (3a)
U,a=U,+2(T,- 1)U,/A, (3b)
U,p=U,+2T,U,/A, (3¢)
Up=3(Upp+ Upp) =[(Ty = DU+ TU, W)/ (2T, - 1),
(3d)
U,=(Upp = Upp)A/AT, = (U,y = U,p)A/(AT, - 2)
(3e)

with the same U, and U, in the first three equa-
tions.

Our DWBA calculations were performed with the
program DWUCK.?® Concerning the inclusion of
nonlocality corrections in a DWBA calculation for
a QE (p,n) reaction, there was recently some con-
troversy between Satchler?' and Woods.?? We fol-
lowed Satchler’s point of view and never used such
nonlocality corrections. However, it has been
found that, unlike the cross section, the analyzing
power is rather insensitive to these corrections.

The optical potentials used in our DWBA calcula-
tions are of the form
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FIG. 4. Differential cross section (Ref. 15) and analyzing power (this work) in QE (p,n) reactions at £,=22.8 MeV,
compared with DWBA predictions using the Becchetti-Greenlees (BG) best-fit optical parameters (Ref. 23), together
with the form factor U, derived from them, without spin-orbit component V&) (solid curves). Dashed (respectively
dot-dashed) curves show the contribution of the real volume (respectively imaginary surface) part of the form factor.
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FIG. 4. (Continued)

U(r)= = Vg fa(r) = i[W, - 4a,W,(d/dv)] f(»)
+ V50 1, 2(1/7)d/dr) £ oo(7)
with Woods-Saxon radial shapes
fir)={1+exp[(¥ - »;A*?)/a,]}™

for i=R,1,so. The various kinds of optical po-
tentials used are p target, » analog, » target, iso-
scalar, and isovector. These potentials will be
denoted as subscripts forthe total potential U and
as superscripts for each part of the potential: real,
imaginary, and spin-orbit. The depths are in MeV
and the geometrical parameters (radius and dif-
fuseness) in fm.

(4)

(5)

A. Comparison with predictions based on the Becchetti-Green-
lees optical potentials

The Becchetti and Greenlees (BG) “best-fit” op-
tical-model parameters® are not entirely consis-
tent within the Lane model,? since the proton and
neutron optical potentials do not satisfy Egs. (3a)
and (3c¢) with the same U,. However they suggest
an isovector part U, of the optical potential given
by:

viV=_24, yy=1.17, ay=0.75;
(6)
wiP=-12, »,=1.29, a,=0.51+0.72T,-1).

The geometrical parameters for the surface
imaginary part are the average of the correspond-
ing proton and neutron parameters.

These parameters, i.e. the BG best-fit parame-
ters for the p-target and n-analog distorted waves
together with the potential U, of Egs. (6) for the
form factor, were used as a starting point in our
macroscopic analysis. In Fig. 4 the experimental
data are compared with DWBA calculations using
these parameters and with individual contributions
from the volume real and surface imaginary parts
V) and WY of the form factor. In agreement with
other calculations,®™ the cross section is shown to
have the right order of magnitude. But the calcu-
lated cross sections present less structure than the
experimental ones. This structure is especially
given by the surface imaginary part W{}’ of the
form factor and the agreement can be improved by
increasing the ratio W’ /v{).%s

As for the analyzing power, the agreement be-
tween calculations and experimental data is not
very good. The sign of the first extremum at 20°
is reproduced, positive for medium mass nuclei
(**Ti, °Fe, ®Ni, and ™Zn) and negative for heavier
nuclei (*°Zr, °®Zr, ''"Sn, and '®*Ho). For 2°®Pb the
positive sign of this extremum is not given by the
calculations, but the experimental points are not
very precise and the energy of the exit neutrons is
too weak (3.8 MeV) to neglect the compound-nu-
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cleus contribution to the transition amplitude.
Thus, results obtained for the QE (p,n) reaction
on 2°®Pb will not be considered further. Even if the
sign of the first extremum is obtained, its calcu-
lated amplitude is never large enough. Moreover,
beyond this extremum, the calculated analyzing
power is usually less negative than the experimen-
tal one.

B. Sensitivity to the addition of a spin-orbit form factor V (1)

Equations (3) derived from the Lane model® must
hold in principle for each part of the potential:
real, imaginary, and spin-orbit. Optical-model
global analyses of nucleon-nucleus elastic scatter-
ing?®® as well as Lane-model analyses of QE (p,n)
reaction cross sections have used these equations
for the real and imaginary parts of the potential.

Previous measurements of the analyzing power
in QE (p,n) reactions® favored a spin-orbit part
v in the isovector component V, of the nucleon-
nucleus optical potential. A nonvanishing V {!’
means, according to Egs. (3) applied to the spin-
orbit part of the optical potential, that V {27 and
Vgg“ are not equal, as they are supposed to be in
most of the global analyses of nucleon-nucleus
elastic scattering.

Such an isovector spin-orbit part V{!’ in the op-
tical potential may be evaluated in a simple way.
According to the reformulated optical model of
Greenlees et al.,'° let us assume equal shapes for
proton and neutron densities in the nucleus, and
also for the isoscalar and isovector components of

LN R S [N AN A BN A S B S m

e (p,n)56Co analog
Ep=22.8 MeV

ANALYZING POWER

3060 90 i20 150
Bc.m.

the effective nucleon-nucleon force. The ratio of
the isovector and isoscalar components of the op-
tical potential is then equal to the ratio of the iso-
vector and isoscalar components of the effective
nucleon-nucleon force. This holds as well for the
central parts for the spin-orbit part, leading to

V;i)/vgg)=ULsr/vLs (7

if the effective nucleon-nucleon spin-orbit interac-
tion is written as

(vps+ ULST.;I':F2)gLS(Tl2)
x[(F, = T5) X (B, - D)+ (T, + 5,)] . (8)

The v;¢ and v,g, components of the effective nu-

cleon-nucleon spin-orbit interaction are related to

its components in the triplet-even and triplet-odd

states by the following equations:
v.s=1(30T0+0TIE) 9)
vis:= A0 ER - 0TD).

It is well known from free nucleon-nucleon scat-
tering that the spin-orbit force acts primarily in
the triplet-odd state.?* If we neglect the triplet-
even spin-orbit force, Egs. (7) and (9) lead to:

VeV =3, (10)

which gives V{!’=2 MeV with the usual 6 MeV val-
ue for V{3’ obtained from optical-model elastic
scattering analyses. It should be noted that the
sign of the ratio V’/V? is positive, which
means according to Egs. (3a) and (3c), that the
neutron spin-orbit optical potential V"7’ is greater
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FIG. 5. Effect, on the analyzing power of QE (p,n) reactions, of adding a spin-orbit component V¢ to the usual
central form factor. The curves correspond to V&' =0 (solid), V’=-2 MeV (dashed), and v8)=2 MeV (dot-dashed).
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than the proton one v$™’. This result is opposite
to that for the volume real central potential Vy.

In order to study the influence of this isovector
spin-orbit part v} on the QE (p,n) reaction ana-
lyzing power, a spin-orbit form factor was in-
cluded in the program DWUCK.? In this macro-
scopic Lane-model analysis the transferred angu-
lar momenta, spin s, orbital /, and total j, of a
QE (p,n) reaction are equal to zero, so that the
radial matrix elements I 3%/, 1, 4, defined by Satch-
ler®® are diagonal in the orbital (L,=L,=L) and
total (J,=J, =J) angular momenta of the partial
waves in the entrance and exit channels. The
radial matrix elements

I,;= XN R, )| UL(r) | XN Ry, 7)) (11)

have to be evaluated with a form factor U, given
by Eq. (4) and including a spin-orbit part V‘”. In
this evaluation &+1 depends on L and J and is equal
to L or —(L +1) according as J takes the respec-
tive values L+3 or L — 3.

In Fig. 5 is shown the influence of a spin-orbit
form factor V¢’ on the QE (p,n) reaction analyzing
power for 56Fe and ''’Sn targets. The optical pa-
rameters are the same as in the previous calcula-
tion, i.e. the BG best-fit parameters for the dis-
torted waves and the potential U, of Eqgs. (6) for the
form factor, to which has been added a spin-orbit
form factor given by

V=42, 7,=1.01, a,©=0.175.

The 2 MeV value for the depth is the simple pre-
diction of Eq. (10) and the geometrical parameters
come from the BG best-fit spin-orbit potential.
The effect of V! on the cross section is negligible
and not shown. Its effect on the analyzing power is
an overall displacement towards negative or posi-
tive values according to whether the sign of V¢!
is positive or negative, respectively, and the
greatest displacement takes place at 90°. The
agreement with the experimental data is somewhat
improved by the addition of a positive V!’ predicted
by Eq. (10). Moreover it has been found, by using
other geometrical parameters for V)’ (v, =0.91
and 1.11 with a4, =0.75; a5, =0.65 and 0.85 with

5o =1.01), that the analyzing power is rather in-
sensitive to the particular choice of geometrical
parameters for V).

This influence of V¢’ on the QE (p,n) reaction
analyzing power may be understood in the following
way. In this macroscopic Lane model, QE (p,n)
reactions are /=s=35=0 transitions. If we further
assume a zero spin target nucleus, there only re-
main two amplitudes X and Y corresponding re-
spectively to the conservation and the inversion of
the spin projection of the projectile. The analyzing
power A is related to these amplitudes X and Y by

A=2Im(YX*)/(|X|2+|Y|?). (12)

In the same way as in elastic scattering, X and
Y may be expressed in a partial wave expansion:

X=Y [(L+1I++LI,.|P(cosh),
L=0

(13)

Y= Z(IL+—IL-)P (cosb);
L=1

but instead of being phase shifts, the I+ and I ,-
are the radial matrix elements of Egs. (11). The
plus and minus signs stand for the two possible
values of J for a given L. If the total form factor
U, includes a spin-orbit part V{2, the I,,’s may be
separated into I'C; and 159 mtegrals respective-
ly, with the central and spm orbit parts of U,, so
that:

I _I(C)+L1(so)
and (14)
1= — (L+I .

In order to isolate the effect of V¢!’ on the ana-
lyzing power, we may assume that there is no
spin-orbit distortion in the entrance and exit chan-
nels, so that the radial matrix elements do not
depend on J. Then the X and Y amplitudes be-
come:

X= L+ 1) P (cosh)

L=0

and (15)

Y= (2L + DIV P (cosh)

L=1

If we neglect the |Y|? contribution to the denomi-
nator in Eq. (12) with respect to the | X|? one, the
analyzing power becomes linear in I}. Therefore
it must depend approximately linearly on the depth
of V.

C. Sensitivity to the distorted-wave spin-orbit potentials

A priori the analyzing power is also determined
to a great extent by the spin-orbit potentials V{7
and V{4 used for the entrance and exit channels.
In particular, when VT’ and V{#4’ are equal to
zero, V) is also equal to zero [Eq. (3e)], and the
analyzing power is zero.

In their global optical-model analysis of nucleon-
nucleus elastic scattering,?® Becchetti and Green-
lees found a parameter set which differs from their
best-fit parameters only in the spin-orbit poten-
tials. More precisely these spin-orbit potentials
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are given by:
V‘£T)=5.9, r%=1.17, a,=0.60;

(16)
v =64, » =117, a,=0.58.

This parameter set, which we denote as BG
Set 2, gives nearly as good agreement as the best-
fit parameters to the elastic scattering polariza-
tion data. It should be noted that the spin-orbit
potential is greater for neutrons than for protons,
in agreement with the sign of V{’ obtained with the
simple model of Sec. III B.

In Fig. 6 are compared with experimental data for
4Ti, %¢Fe, *Zr, and *Zr, the results of two
DWBA calculations using the same form factor U,
derived from BG best-fit parameters [see Eq.

(6)], but the BG best-fit and the BG Set 2 parame-
ters for the distorting potentials. The effect on

the cross section of such a change in the spin-orbit
potentials is very small and restricted to backward
angles; it is not shown. As for the analyzing
power, the first extremum at 20° is enhanced by
using the BG Set 2 parameters, which improves
agreement with experimental data, but beyond this
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FIG. 6. Differential analyzing power in QE (p,#) reactions at E,=22.8 MeV, compared to DWBA predictions using
optical parameters differing only in the distorted-wave spin-orbit potentials. The solid (respectively dashed) curves
correspond to BG best-fit (respectively BG Set 2) optical parameters defined in the text. The dot-dashed curves show
the effect of adding a spin-orbit form factor V¢) consistent with BG Set 2 parameters.
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extremum the analyzing power is displaced towards
positive values in disagreement with experimental
data.

Since the spin-orbit potentials of BG Set 2 are
not equal for proton and neutron channels, they are
consistent with a spin-orbit term V{’ in the form
factor that can be calculated from Egs. (3):

Vi=A/(8T,-4), 7,=1.17, a,=0.59,

where the diffuseness a,, is the average of the
proton and neutron diffuseness parameters. The
results of a DWBA calculation using BG Set 2 pa-
rameters and including this consistent V!’ form
factor are also shown in Fig. 6. In the same way
as in Sec. III B, the inclusion of the V!’ form
factor displaces the analyzing power towards neg-
ative values, which now improves the fit to ex-
perimental data if compared with the calculation
using BG Set 2 parameters without V..

Moreover, it has been found that the difference
in calculations using BG best-fit and BG Set 2 pa-
rameters is primarily due to the difference in the
geometrical parameters 7, and a,,. The analyzing
power is rather insensitive to small changes in the
depths of the proton and neutron spin-orbit poten-
tials.

D. Attempt to evaluate the isovector spin-orbit optical
potential ¥ (!)

In this section we take advantage of the sensitivi-
ty of the QE (p,n) reaction analyzing power to the
spin-orbit form factor V¢! in order to determine
V). However, as the analyzing power has been
found to be very sensitive to the geometrical pa-
rameters of the distorted-wave spin-orbit poten-
tials these parameters will be kept fixed in a first
step and the geometrical ambiguities will be dis-
cussed later on.

On the other hand DWBA calculations in Secs.
IO B and C showed that the differential cross sec-
tion for the QE (p,n) reactions is rather insensi-
tive to both the spin-orbit form factor V¢’ and
variations in the distorted-wave spin-orbit poten-
tials which maintain the fit to elastic scattering
polarization data. To the contrary the cross sec-
tion depends very much on the relative amount of
volume real V'’ and surface imaginary W’ form
factors (see Sec. III A) and can be used to deter-
mine it. In order to determine V¢’ by fitting our
analyzing power data, we needed optical parame-
ters fitting both elastic scattering data and QE
(p,n) reaction cross sections® better than the BG
best-fit parameters used in Sec. IIIA. Therefore
we have used, as a starting point, the energy-de-
pendent, Lane-model consistent, nucleon-nucleus
optical potential of Patterson et al.® determined by

fitting QE (p,n) reaction cross sections between
25 and 45 MeV while maintaining the fit obtained
Becchetti and Greenlees?® to proton elastic scat-
tering data. Patterson et al. obtained two equiva-
lent parameter sets, according to the number of
parameters in the search. These sets are labeled
A and B, and are listed in Table II.

Values for V!’ have been determined by using a
least-squares search program to fit our analyzing
power data. The function subroutine was not the
DWBA program DWUCK?° itself, but its subroutine
XSECT somewhat modified in order to calculate
cross section and analyzing power after adding
with various weights amplitudes already com-
puted by the program DWUCK and stored on a mag-
netic disk. These amplitudes correspond to cal-
culations involving only the central part of the iso-
vector potential U, or its spin-orbit part V).
This procedure is not entirely consistent within the
Lane model since, according to Eq. (3), V{4 must
be varied if V' is varied while keeping V27 at
a fixed value. However, it may be iterated by cal-
culating new transition amplitudes with the vV {4?
obtained by Eq. (3d) from the V¢!’ results of the
search and from V {7°, which is kept fixed in or-
der to maintain the fit to the proton elastic scat-
tering polarization data, then by using these am-
plitudes in a new search for V{!’, and so on. This
iteration procedure converges very rapidly, as
could be expected from the results of Sec. IIIC
which showed that the analyzing power is rather
insensitive to small changes in the depths of V{7
and V{4, In fact the first iteration was in gen-
eral accurate enough and only the results of this
first iteration will be subsequently shown.

Fitted values of V!, obtained with the parame-
ter Sets A and B of Patterson et al.,® are listed in
Table III as a function of the target nucleus. This
result is rather satisfactory since the V¢ values
are concentrated around the mean value of 4.3 MeV

TABLE II. The energy-dependent, Lane-model con-
sistent, nucleon-nucleus optical potential of Patterson
et al . (Ref. 6) used as a starting point to determine V1)
The form of the potential is given by Eqgs. (1) and (4). E
is given by: Eyp=(E, =V¢), Epa=(Ey —A¢), Epp=E,,
and E,, =3(Eyp +E,,4) With V0 =0.84Z/AV3. All parame-
ters not listed are the same as the V-, =0.84 proton pa-
rameters of Ref. 23.

Vr Wt
Set A U, 56.4—-0.34 E 9.2-0.20 E
Uy -12.2-0.25 E -22.1+0.51 E
Set B U, 55.8-0.32 E 9.6 -022E
U, -177 ~18.1+0.31 E
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TABLE III. Fitted values of V(}g , as a function of the target nucleus and of the parameter set used in the search.

Target 9ri ®re 84N 0Zn N7y ®zr g 6540 28 pp Mean
Parameter value

A 4.7 5.0 3.6 3.0
B 4.6 4.8 3.6 3.0
A2 6.7 6.4 5.3 4.9
B2 6.4 6.1 5.3 5.3

3.9 6.2 3.2 5.0 4.4
3.5 5.8 2.8 6.5 4.3
6.2 7.9 3.7 5.3 5.8
6.0 8.2 4.2 7.3 e 6.1

which is not inconsistent with the 2 MeV value pre-
dicted by the simple model of Sec. IIIB. Moreover,
this mean value is nearly the same for both Sets
A and B. Remembering the possible ambiguity due
to the geometrical parameters used for the dis-
torted-wave spin-orbit potentials, we have made a
search with other parameter sets labeled A2 and
B2. These two sets differ from the Sets A and B
only in the geometry used for the spin-orbit poten-
tial, in a similar way as BG best fit and BG Set 2
differed in Sec. I C, namely: 7, =1.17, a,=0.60,
V7 =5.9 for the Sets A2 and B2, instead of 7
=1.01, a,=0.75, v%£7’=6.2 for the Sets A and B.
Fitted values of V{2’ obtained with the parameter
Sets A2 and B2 are also listed in Table III. The
result is again satisfactory, since the v values
are still concentrated around a mean value, now
equal to 6 MeV, which is nearly the same for both
Sets A2 and B2. This ambiguity in the V{2’ aver-
age values corresponds approximately to a constant
product of the depth and the diffuseness, which is
reasonable for a surface peaked potential.

To better visualize the improvement due to the
spin-orbit form factor V{’, the variation of the
x2 per degree of freedom (x2/N) obtained for the
analyzing power with the parameter Set B2 is
plotted in Fig. 7 against the V< value for each
target nucleus. The minimum is very well pro-
nounced, except for the two heavier nuclei ***Ho
and 2°®Pb. Finally experimental cross section and
analyzing power angular distrioutions are com-
pared in Fig. 8 with two DWBA calculations, the
first one using the parameter Set A without a spin-
orbit form factor V{’, the second one using the
same parameter Set A to which has been added the
4.3 MeV mean value of V¥ resulting from the
least-squares search. The addition of the spin-
orbit form factor V¢ hardly changes the cross
section but results in an overall improvement of
the fit to the analyzing power data. However, too
many qualitative discrepancies remain between
theory and experiment. In particular one can see
in Fig. 8 that for the medium mass isotopes (*°Ti,
%¢Fe, %Ni, and °Zn), the first extremum of the
analyzing power keeps the right sign, positive, but
is not enhanced towards experimental values. For

these isotopes the improvement is obtained beyond
this first extremum, especially for ®Ni and "°Zn,
but if the average amplitude of the analyzing power
is there reproduced, its phase is not, and for **Fe
there is even a phase opposition between experi-
ment and theory. For *°Zn and %Zr the improve-
ment of the fit is clearer. For the three heavier
nuclei (*!’Sn, '®Ho, and 2°®Pb) the predictions do
not differ enough to provide discrimination between
V) equal to and different from zero. This can
also be seen on the /N curves (Fig. 7) which are
rather flat for these isotopes. At this point should
be recalled the remark about the possible com-
pound nucleus contribution for **®Pb (see Sec.
IIIA). For !%°Ho the analyzing power data are also
rather poor and the Lane-model analysis with a
spherical potential is not very well suited for this
deformed nucleus.

One possible reason for these discrepancies
could be the momentum mismatch due to the large
@ value of the QE (p,n) reactions compared to the
22.8 MeV incident energy, in contrast to inelastic
scattering to low lying excited states. On the other

Fe x
pd FOTi
~>\< e PARAMETER SET B2
0 Zn

9.
Zr

1175[_\

165Ho

PR
{
10\/51))

FIG. 7. Variation of the X* per degree of freedom ob-
tained for the analyzing power with the parameter Set
B2, plotted against the depth of the spin-orbit form fac-
tor V%) for each target nucleus.
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hand, it should be noted that the 4.3 MeV value for
V) is only a mean value, and the agreement would
be somewhat better if the best-fit value of V¢’
were used for each target nucleus. With the pa-
rameter Set B instead of Set A, the results look
very much the same. With the parameter Set A2
and B2, the ¥? is a little smaller than with Sets

A and B but the qualitative discrepancies already
obtained with Set A (or B) are rather bigger, in
that the first extremum becomes negative for ®Ni
and °Zn, and the oscillations of the analyzing
power are even larger than with Set A (or B).

IV. MICROSCOPIC DWBA ANALYSIS

In the distorted-wave theory of direct nuclear
reactions,? the transition amplitude for the QE
(p,n) reaction can be written:

J

14
S 0 e
L ]
ps
E
i
=
2
[}
z
N
>
g
z
<
TplkysK,) = f XXk, T )nA | V] pTHxsy
x(k,, ¥)dF AT, , (17)

where V is the interaction responsible for the
transition. In the macroscopic Lane-model anal-
ysis (nA|V|pT) was the isovector part of the one-
body nucleon-nucleus optical potential, which led

to the amplitude (2¢). The microscopic ap-
proach®27 lies in calculating the nuclear matrix
element (nA|V|pT) in terms of the effective inter-
action between individual nucleons. The target-T
and analog-A wave functions are put into individual
nucleon wave functions and related by spectroscopic
amplitudes. The interaction V is the sum, V

=Eiv,. »» Of the effective interactions between the
free projectile and the individual bound nucleons

in the target. The effective interaction v;, is usual-
ly decomposed as

> > - > > -
Vip= [UO(V“,) + U, (Tlp) T Tp] + [Ua(yit’)+ Ucr(rip)Ti' Tp].&i' Ep + [ULs('V,'p) + VLST(yip)Ti. Tp]L' S

+ [vT(rip) + 'UTT(’Vip):Fi * ;p]Slz

including spin-orbit (£'§) and tensor (S,,) interac-
tions. If the exchange term due to the antisymme-
trization between the projectile nucleon and the
bound nucleons in the target is not taken into ac-

(18)

f

count, only the :Fi.-;p terms in v;, can contribute
to the QE (p,n) reaction amplitude [Eq. (17)].
Moreover, if the target is an even-even spherical
nucleus, the G;*5, and S, terms do not contribute.
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Only v, and v,¢, remain and can give a contribu-
tion to the amplitude. In the case of QE (p,n) re-
actions the spectroscopic amplitudes are simply
related, within the shell model, to the neutron ex-
cess numbers in each shell. This neutron excess
is rather well known, so that QE (p,n) reactions
are expected to give quantitative information about
the v, and V4, components of the nucleon-nucleon
effective force. Cross sections for the QE (p,n)
reactions have already been used to get the v,
component, the more recent work being Ref. 8; on
the other hand analyzing power data, a priori much
more sensitive to spin effects than the cross sec-
tion, should give information about the v, com-
ponent. Of course a microscopic calculation has
to include antisymmetrization effects but we could
expect that the effect of v, g, yet remains predomi-
nant on the analyzing power.

The antisymmetrized DWBA calculations have
been performed with the program DWBA 70 (Ref.
27) which uses the helicity representation.?® The
analysis has been restricted to four 0* target nu-
clei, namely %°Fe, %Ni, *°Zr, and °*Zr. The *Ni
ground state has been represented by a wave func-
tion based on average occupation probabilities de-
rived from a BCS model of %*Ni and ®°Ni (Ref. 29).
Elementary shell-model configurations have been
assumed for the other targets, namely
(1f7/2)2(2P3/2)2, 0-3(1gg/2)1°+0-6(1g9/2)8(21>1/2)2, and
(1g4/,)*%(2d;,,)° for the excess neutrons in *°Fe,
°Zr, and °Zr, respectively. The single-particle
wave functions have been calculated in a potential
of the form (4) without an imaginary part and with
1:8=j(i+1) = U1+1) = s(s+1); rp=7,=1.25; ag
=a,, =0.65; V,=6; I, s, and j are the orbital, spin,
and total angular momentum quantum numbers,
respectively, of the bound nucleon, and Vg has
been adjusted to reproduce its binding energy.

The neutron binding energies have been calculated
from the empirical formula in Ref. 30. The dif-
ferences between the binding energies of neutrons
and protons in “analog” orbits have been taken to
be QE (p,n) reaction @ values (see Table I). The
unbound protons are treated by DWBA 70 as bound
by 0.01 MeV.

Experimental cross sections and analyzing powers
are compared in Fig. 9 (solid curves) to antisym-
metrized DWBA calculations using the parameter
Set B (see Table II) for the entrance and exit chan-
nel distorting potentials, together with a realistic
force,* derived from the G-matrix elements of
the Reid potential®! in an oscillator basis (central
and tensor-even interactions), and from the effec-
tive oscillator G-matrix elements given by Elliot
et al.®® (tensor-odd and spin-orbit interaction).
This realistic force is expressed, for compatibili-
ty with DWBA 70, as a superposition of Yukawa po-

tentials listed in Table IV. Only the even terms
have been retained in the central force, since the
central interaction in odd states appears to be
much weaker.*® The v, component of this realistic
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FIG. 9. Differential cross section (Ref. 15) and analyz-
ing power (this work) in QE (p,n) reactions at E,=22.8
MeV, compared to microscopic antisymmetrized DWBA
calculations using the optical parameter Set B (see Ta-
ble II) for the distorted-wave and the realistic nucleon-
nucleon effective interaction of Ref. 30 (see also Table
IV). The solid curves are for the entire interaction
and the dashed curves for the interaction without its
spin-orbit part.
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TABLE IV. Nucleon-nucleon effective interaction (Ref. 30) used for calculations shown in
Fig. 9. Each component (single-even central...) is a superposition of Yukawa potentials, the
depths and ranges of which are listed in this table.

Depth (MeV)
Central Tensor Spin-orbit
Range Singlet Triplet

(fm) even even Even Odd Even Odd
0.2 5294.5 12040.9 -28717.7 3884.4 -2033.4 —26 803.7
0.4 3007.8 2776.3 537.0 —245.6 —643.4 -195.6
0.5 —-2419.2 -3012.9 —421.4 210.5 103.8 38.9
0.7 —28.3

force is comparable with the value of v, deter-
mined by fitting QE (p,n) reaction cross sections.?
The right order of magnitude is obtained for the
cross section, as it has been shown by Doering

et al.,® but the experimental cross section presents
more structure than the calculated one, especially
for *®Fe and ®*Ni where the first minimum is com-
pletely missed by the calculation. As for the anal-
yzing power, there is no quantitative agreement
between theory and experiment. The first extre-
mum is not obtained by the theory, except for
%7r, but the phase of the oscillations is approxi-
mately reproduced, except for *°Fe.

In Fig. 9 the spin-orbit part of the nucleon-nu-
cleon interaction is switched on and off. In this
procedure the calculated cross sections are hardly
changed by the spin-orbit term. The **Fe and *Ni
analyzing powers are slightly shifted towards neg-
ative values, an effect which is similar to that of
vV in the macroscopic analysis. For *Zr and
97 r the spin-orbit term has a very small effect on
the calculated analyzing power. It looks then un-
realistic to draw quantitative conclusions about the
spin-orbit effective interaction from QE (p,n) re-
action analyzing power data.

The situation is even worse for the v, compo-
nent. As a matter of fact, in order to unravel the
effect of v,4,, it was switched off alone. The ef-
fect is so small that it would be undistinguishable
in the figure. Therefore the v;¢ component which
acts through the exchange term, turns out to be

much more important than v,g,. Actually this re-
sult is in agreement with Eq. (9) since we use
(Table IV) a nearly purely odd spin-orbit force
and in that case v,g, ~ 3V .

Since the two-step (p, d)(d,n) process has proven
to be important with respect to the direct charge
exchange mechanism,” we have done calculations
which include this process by using the coupled
channels program CHUCK.3** The fit to the shape
of the cross section is then improved and the anal-
yzing power is considerably modified. However,
this procedure adds too many parameters to the
microscopic calculations to allow any conclusion.

Anyway, even if very good fits were achieved
with a good knowledge of the reaction mechanism
and of the optical potentials, no information on
v,¢r Would be provided from our QE (p,n) analyz-
ing power data since the inclusion of v g4, produces
very little effect on the calculated analyzing
powers, an effect of smaller magnitude than the
experimental error bars.
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