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The (p,n) reaction excitation functions for eleven nuclei from 4 = 45 to 80 measured at proton energies
below ~ 5 MeV have been analyzed utilizing the optical model. The real potential parameters used in the
present work have been obtained by suitably combining the proton -optical model parameters determined
between 3 and 60 MeV. Large energy dependence of the real potential at energies below 5 MeV has been
observed. The imaginary potential depths determined in the present analysis exhibit an anomalous behavior
when plotted as a function of mass number 4. By utilizing the low and intermediate energy proton data, an
attempt has been made to obtain a “global” set of optical parameters in the proton energy range between 4

and 180 MeV, for medium weight nuclei.

NUCLEAR REACTIONS %sc, ca, ®'v, ¥Cr, *Mn, %Co, ®INi, %Cu, "Ga,
"As, 8Se; E below ~5 MeV, analyzed g,,,, optical model parameters.

I. INTRODUCTION

The optical model has played a very useful role
in systematizing a large amount of experimental
data covering various target nuclides and a large
range of projectile energies. There have been
various attempts in literature’ to determine a set
of nucleon-nucleus optical model parameters for
a large number of nuclides—“the global parame-
ters.” For protons, by analyzing the proton-
nucleus scattering, reaction and polarization data,
global optical model parameters have been deter-
mined covering the energy range ~10 to 60 MeV
(Refs. 2—4) with reasonable success. However,
there has been very little work® extending this
type of analysis to lower proton energies. This
becomes all the more interesting in view of the
recent interesting findings of Johnson et al.® in,
their optical model analysis of (p,n) data for A
~90-130 at sub Coulomb energies. In the present
work we give the results of optical model analysis
covering several medium weight targets (A =45-
80) and for proton energies from ~2 to 5 MeV. In
doing so, care has been taken to maintain con-
sistency with the high energy data in extrapolation
of relevant parameters to lower energies. The
conventional method of finding optical model
parameters through elastic scattering differential
cross section measurement is not suitable at these
low proton energies, as the elastic scattering at
forward angles will be dominated by the Coulomb
scattering, and at backward angles the contribu-
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tion from compound elastic scattering may be
comparable to the potential scattering. This being
the case, the analysis has been performed in the
present work by utilizing the 0, , cross sections
with the assumption 0, , =total reaction cross
section. This is a valid approach® to a large ex-
tent, as the (p,n) channel is the dominant reac-
tion channel at these proton energies. The anal-
ysis has yielded global optical model parameters
for the proton energies below ~5 MeV.

II. ANALYSIS
A. General background

The usual procedure followed by optical model
analysts is to fit the scattering/reaction data of a
target measured for a given projectile energy
(energies) by varying the optical parameters
suitably. This type of analysis extended to cover
a large number of nuclides and performed for a
range of projectile energies—the so-called global
analysis—will yield meaningful parameters and

_Systematics only if a few relevant parameters are

varied to fit the data. For protons, Becchetti

and Greenlees® have determined the global optical
parameters by their systematic analysis of elas-
tic differential cross sections and polarization
data for A >40 and for E<50 MeV. Their param-
eters appear to give fairly good fits down to 10
MeV. Menet! et al., utilizing the reaction data,
extended this type of analysis to cover the proton
energy range 30 to 60 MeV. Perey® has given an-
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other set of parameters used exclusively at lower
energies (~10 to 20 MeV) for medium weight nu-
clei 30<A <100. However, there is very little
work for lower proton energies. In an attempt to
extend the optical model analysis to these low
proton energies, we fitted the total (p,n) cross
section data on a large number of nuclides (most
of these measured at the Van de Graaff laboratory,
Bombay, India) and determined parameters of in-
terest in the proton energy range ~2 to 5 MeV,
with the assumption 0, ,~ 0. For this analysis
we made use of the (p,n) cross section data for
the nuclides *®Ca, **Sc, *'V, **Cr, **Mn, *Co,
8%Se (our measurement’) and *'Ni, %°Cu, Ga, and
75As [Data from ORNL-2910 (Ref. 8)] measured
up to ~5 MeV proton energy. All the data are
either with thick targets or with thin targets
suitably averaged to smooth over the compound
nucleus fine structures. As o, , (=0g) is expected
to be the most sensitive to the imaginary poten-
tial, it was decided to fix up the real potential
parameters and vary only the imaginary potential
parameters to fit the data. By restricting the
number of parameters to be varied, it was hoped
some useful systematic behavior would emerge
from the analysis. The computer code OMGLOB?
which has a provision to search for parameters to
fit the data for a large number of nuclides and
range of energies simultaneously, has been used
throughout the analysis. An absolute experimental
error of ~15% (20% for “®Ca) has been used for all
the data points. It should be pointed out that
Johnson’s group from Oak Ridge has also contri-
buted significantly in this type of (p,n) reaction
measurements and analysis®8:'%!! and the ap-
proach we follow here is similar to theirs in - many
respects.

The optical model used was a conventional sum
of Woods-Saxon real potential and derivative
Woods-Saxon imaginary potential and the Coulomb
potential. The spin-orbit potential was not in-
cluded as the reaction data were expected to be in-
sensitive to this component of the potential. The
optical potential employed is given by '

V(r)= - Vgf(r,Rz,ag) +i4aan'g; fr,Rp,ap)
+Vel(Ro), (1)

where
fr,R,a,)={1 +expl(r -R)/a,]} ",
R =R2A1/3 R

Vz(E) = Vg(0) - VgrE,
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Ve(R o) =potential for a uniformly charged
sphere,
N zZ

. -Z
VR(0)= V0+ VsymT +0.4:&1—/§ B

B. Real potential parameters

Energy coefficient Vpp. To start with, the ener-
gy coefficient Vzg was fixed for these low proton
energies by extrapolation of Vg values determined
at higher energies. In Fig. 1, the Vgy values
found for the E ranges 30-60 MeV,* 10-50 MeV,*
9-22 MeV,? and 3-5 MeV (Ref. 10) are plotted
(semilog paper) at the respective mean proton
energies. The points seem to lie on a straight
line and could be very well fitted by a function of
the form Vgg=0.963 exp(~0.0343E) (E is in MeV).
Using this expression an average value of ~0.85
has been obtained for the proton energy range
considered in the present work (average‘E"4
MeV). This value of Vgg has been used through-
out the analysis. This large increase of Vgg at
these sub-Coulomb energies is not unexpected.!:!?
Eck and Thompson,*? in their analysis of Pb and
Bi proton scattering data at sub-Coulomb ener-
gies, find a value of Vggz=21. In Sec. III, we
further discuss the behavior of Vgg.

‘Real potential depth, V z(0). As Vg, is not
sensitive to energy variation (its values are 27,
24, 26.4) (Refs. 2—4), it was decided to keep it
fixed at 24 MeV as given in Ref. 3. The geometry
parameters Ry and ag were also fixed at the val-
ues given in Ref. 3 to avoid variation of too many
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FIG. 1(a) Variation of real potential energy coefficient
Vg with proton energy, E. ®: Johnson and Kernell
(Ref. 10); ¢: Perey (Ref. 2); m: Becchetti and Greenlees
(Ref. 3); A: Menet et al. (Ref. 4). The line is from the
least square fit. (b) Variation of volume integral (Ji/A)
with E. The points are from Refs. 2—4 for %°Co. The
line is from the least square fit.
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parameters. Having fixed Vgg, Vym, Br, az,
the parameter V, was determined as follows:
Taking a nucleus say, 5°Co which fell in the global
range of nuclides used in Refs. 2—-4, the volume
integral per nucleon was determined for the vari-
ous proton energy ranges and using the respective
optical model parameters. These volume integrals
plotted as a function of E, (corresponding to mean
proton energies for the various ranges) exhibited
a straight line behavior (Fig. 1). The least
square fitted straight line extended to lower pro-
ton energies-gave the volume integrals at the en-
ergies of interest to us (average E~4 MeV).
Using this volume integral and the parameters
Vym =24, Rg=1.17, ax=0.75, Ver=0.85, the
central depth Vg was determined from the ex-
pression for volume integral

mag’

JR=;-1I‘R3VR(1 +—-I—22—') (2)

This gave a value of V,=59.2. It should be men-
tioned that *°Co is only a representative of the
various nuclides considered in the global analysis
and as such, one could get similar V, values
starting from any other nucleus from the global
set.

C.. Imaginary potential parameters

Having determined the real potential parameters
as mentioned above, we proceeded to find out the
sensitive imaginary potential parameters. Again
to limit the number of parameters searched to the

VARIATION OF IMAGINARY POTENTIAL WITH A
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FIG. 2. The imaginary potential depth W, as a func-
tion of A. The continuous line is drawn visually. The
dots correspond to the values determined in the present
work. Prediction A is based on number of open neutron
channels; prediction B is based on deformation of target
nuclei.
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FIG. 3. Excitation functions for 5S¢, %Ca, 5y, %Cr,
and %Mn and the optical model fits. '

minimum, the geometry parameters R, and ap
were kept fixed at 1.32 and 0.58, respectively.
The (p,n) reaction excitation function for each of
the nuclides mentioned above was fitted (using the
program OMGLOB’) by searching for best values
of Wp. The Wp values determined for the various
nuclides are plotted as a function of A (Fig. 2).
The fits to (p,n) data are shown in Figs. 3 and 4.
The fits in general are good. The X* (per point)
values for the various cases were found to be less
than 4. However, they were higher for Ga and As
(~14 for Ga, ~10 for As). We believe that the W,
values determined in the present work would have
a variation of +20% around the mean values quoted
in the present work. In.order to see the sensitivi-
ty of W, on ap, the form of a, of Ref. 3 [0.51
+0.7(N-Z)/A] was also tried and W, was found to
be affected a little in magnitude, but the basic
features with respect to variation with A remained
unaltered. As the proton energy range scanned
was small, it was decided not to introduce the
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" FIG. 4. Excitation function for %Co, ®!Ni, %Cu, "Ga,
"As, and 89Se and the optical medel fits.
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energy variation for Wp. )
The interesting feature to be noted is the anoma-

lous variation of W, as a function of A (Fig. 2).
(The curve drawn is just to guide the eye.) John-
son et al.® have also observed a similar behavior
in their analysis of (p,n) data for 89 <A <130 at
sub-Coulomb proton energies. It is interesting to
explore why Wp does not have monotonic depen-
dence.on N, Z, and A, unlike other potential pa-
"rameters. This point is further discussed in

Sec. III.

D. Strength function analysis

In order to show the goodness of the fitting
procedure followed here as well as to bring out
any possible nuclear size effects, strength func-
tions (for an average energy of 4 MeV) have been
calculated for all the cases. The procedure fol-
lowed in the present work is the same as that de-
scribed in Refs. 10 and 11. The proton strength
function (SFN) at energy E, is defined as

[ ‘

= ——
S9=Spm 4k~ 21 +1)P,

where P; is the Coulomb penetration factor for
protons calculated at R =1.454/3 fm. The average
SFN’s for the various nuclei obtained from their
respective excitation functions are plotted in Fig.
5 as a function of A. The error bars in Fig. 5
correspond to the variation of SFN over the ener-
gy range over which the excitation function has
been measured. As can be seen from the figure,
the agreement of experimental SFN with the cor-
responding theoretical estimate (obtained from
optical model fits) is good for most of the cases.
However, there is a marked deviation for Ga and
As cases. This is because of the poor fits for

0, , obtained for these nuclei. The above plot goes
through a maximum for A =~51. This might cor-

VARIATION OF STRENGTH FUNCTION WITH A

o8l { i [}

041

STRENGTH FUNCTION

"
45 50 55 60 65 70 75 80

FIG. 5. Variation of proton strength function with A.

respond to the D wave size resonance predicted a
long time ago by Schiffer et al."®* According to
them, the S wave resonance is expected to be
around A ~68. We do not have enough data in this
mass region to bring out this fact, but there is an
indication for a rise in SFN for %*Cu and a de-
pression in SFN for "Ga. The observed variation
of SFN with A is similar to that seen for W and
this brings out the close connection between SFN
and W.

III. DISCUSSION
A. Real potential

The energy coefficient Vgg found in the present
work is +0.85 and indicates that |Vgg|increases
with a decrease of proton energy. To understand
this behavior much better we have carried out an
analysis similar to the one performed by Eck and
Thompson.'? Following Ref. 12 we define yg
=—Vgr/Vg. The vy values for the various proton
energy ranges considered above have been deter-
mined from literature quoted Vgg and V, val-
ues.?®* These yg values along with the one found
in the present work are plotted in Fig. 6(a) as a
function of E. We have also calculated the non-
locality parameter d following the approach of
Ref. 12, Using the expressions™

VARIATION OF |y |
AND m* WITH E,
m
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FIG. 6(a). The plot of | x| with E (| vgl=Vge/Vg).
(b) The ratio of the effective mass m* and the nucleon
mass m plotted as a function of E. The continuous line
is drawn to guide the eye.
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Zé* ’ Ve
E=" - 4a
" ry liexpl(r-R)/ag] (a)
and
. -— -1 ‘
Y= Ve + 572 E~B. (4b)
1+exp(r,—R) md*
ag
and
-1 .
YR—VR+2he/md2 ] IE—BC'>>O (5)

(in the above expressions, B, is the Coulomb
barrier height) and the yx values determined for
the various proton energy ranges mentioned
above, we have obtained an average value of
1+0.3 for the nonlocality parameter d. In Fig.
6(a) we have shown the yg values calculated using
expressions (4) and (5) for d=0.7 and 1.3 fm. It
was found that vz extracted from phenomenological
analyses lie between these predictions. The value
of d=1+0.3 obtained from the present analysis is
in’'good agreement with the standard values? 0.85
or 1.39 fm, normally quoted for d. This analysis
shows that the large variation of Vzy with E at
low energies is a consequence of using a local
potential to approximate a nonlocal potential and
not in disagreement with the values determined

at higher energies. )

We define, following Ref. 12, the\ratio of the
effective mass m* and the nucleon mass as m*/m
=1/(1+ Vggr). We have computed m*/m for the
various Vgg, E combinations discussed above,
and plotted in Fig. 6(b) the variation of m*/m with
E. It was found that m*/m changes by 40-50% in
going from 4 to 50 MeV. This behavior was simi-
lar to what had been observed in Ref. 12.

B. Imaginary potential

As pointed out earlier, the variation of W with
A has come out to be anomalous. Earlier Johnson
et al.® had also found a similar behavior of W
with A in their analysis of (p,n) data for 89 <A
5130. If we combine their findings with that of
ours, we find that W goes through maxima for A
values ~52, 67, and 103, and minima for A ~42,
61, 84, and 120. A plot of A'/® (=R) versus maxi-
ma (minima) number, Fig. 7, appears to follow a
straight line and this indicates the presence of
some systematics perhaps related to some size
effects. The minima around A ~42, 61, 84, and
120 could be due to proton shell (subshell) closures
for Z=20, 28, 40, and 50. The present conclu-
sions are tentative.

We have also observed some interesting corre-
lations between the W values determined for the
various AJ and the level densities of the corre-

\

MINIMA

1 _ Il 1
5

FIG. 7. The positions (or the number) of maxima
(minima) of W as a function of A1/3 (=R). The straight
lines are drawn for visual guidance.

sponding residual nuclei, A%¥;! (the number of -
open neutron channels™ for E,~4 MeV). By nor-
malizing the level density sum for all the A con-
sidered here with that of the W sum, we have de-
termined equivalent W values for the various nu-
clei from their respective level densities. These
predictions (prediction A) are plotted in Fig. 2 and
there appears to be a good correspondence be-
tween the W values and level densities.

In analyzing deuteron scattering data, Hjorth et
‘al.’® have obtained the following linear relation
connecting J;/A and [B(E20* - 2%]*/2/A for the
various nuclei: J,/A =x+9y[ B(E2)]'/?/A, x and ¥
are constants. This is an interesting result as it
shows the absorption per unit size (J,/A) is pro-
portional to the softness of the core [B(E2)/A] and
hence brings the connection between the imaginary
potential and nuclear structure of target nucleus.

. Following Ref. 15 we plotted the B(E2)/A vs J;/A

curve by considering the nuclides in the present
work. The B(E2) values were obtained by con-
sidering the transition between the first excited
state and the ground state from Ref. 14. We found
that but for Cu, Ga, and As—the anomalously be-
having nuclides—the above mentioned linear re-
lationship between B(E2)/A and J,/A was good for
the nuclides considered here. We have also cal-
culated the W values for the various cases starting
from this linear relation and plotted these predic-
tions (prediction B) in Fig. 2. Once again we find
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parts of the optical potential obtained from phenomeno-
logical analysis compared with the microscopic predic-
tions. The dashed line is drawn visually.

that the predicted W values (except for Cu, Ga,
and As) are in good accord with the values ob-
tained from phenomenological analysis.

We have tried to explain the observed behavior
of W with A in terms of shell effects, neutron
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level densities, and deformation effects, with
limited success. Though the overall variation of
W with A is explainable in terms of the above
mentioned quantities, the anomalous behavior of
W with A is still not fully understood. '

C. Comparison with microscopic approach

As a further check on the potentials determined
in the present work, the volume integrals for both
the real and imaginary potentials have been calcu-
lated and compared with the same quantities com-
puted from the microscopic optical model poten-
tials of Jeukenne et al.’® In Fig. 8 we have plotted
the volume integrals as a function of A. It is
found that the volume integrals for the real poten-
tial agreed within 1-3 % with that of microscopic
predictions. However, imaginary potentials devi-
ate considerably from that of the microscopic cal-
culation. As in Fig. 2, they exhibit a resonance-
like behavior when plotted as a function of A (the
dashes in Fig. 8 are just to guide the eye).

D. Global optical parameters

Recently, Nadasen ef al.'” have obtained proton
optical model parameters in the E, range between
80 and 180 MeV by analyzing the scattering data
on Si, Ca, Zr, and Pb targets. We have made an
attempt to combine the present work with that of
Ref. 17 to.generate global optical model parame-
ters for the E, range between 4 and 180 MeV. In
Fig. 9 we have plotted the typical Jg/A and J;/A

A
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J/A | ] N7
i g ]

— =509 Exp.(~0.006E)
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FIG. 9. Energy dependence of the volume integrals for the real and imaginary potentials.
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values obtained from the present work, Refs. 2,
3, 4, and 17 and fitted them with the expressions

% =509 exp(-0.006E)

and

% =102[1 - exp(~0.21E)].

The observed variation of Jg/A and J;/A with E,
is in good agreement with the theoretical calcula-
tions of Ref. 18. From the above analysis, we
propose the following set of optical model param-
eters in the proton energy range between 4 and 180
MeV, for medium weight nuclei (40 >A <80):

%’1 =509 exp(~0.006E) MeV fm?
Re=1.17, ag=0.75, Vym=24 MeV,
Jy

3 102[1 - exp(~0.21E)] MeV fm?®,

R,=1.32, a,=0.58.

IV. CONCLUSION

The proton optical model parameters at energies
below 5 MeV have been obtained by analyzing the
(p,n) cross section data on a large number of nu-
clides between A =45 and 80. These parameters,
besides their inherent interest in revealing the
general behavior of optical model at these low en-
ergies, are expected to play a useful role in the
microscopic determination of nucleus-nucleus po-
tentials where one requires as input nucleon-
nucleus potentials from a very low to high ener-
gies. The interesting feature of the present work
is the curious behavior of W with A. The present
data combined with that of Ref. 6 seem to indicate
the presence of a size effect as a possible cause
for the anomalous behavior of W. Interesting cor-
relations have been obtained between the W values,
the number of open neutron channels of residual

. nuclei, and deformation of target nuclei. It is en-

couraging that energy dependent expressions for
Jr/A and J;/A can be obtained in the E, range be-
tween 4 and 180 MeV, which fit well the phenomen-
ological estimates.
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