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Real-well depth of the optical potential
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An examination of the results of the optical-model analyses of the experimental data ob-
tained by the scattering of protons with energies varying from 9.8 to 61.4 MeV from. target
nuclei in the mass range from 40 to 208 is carried out to look for the linear dependence of
of the real potential-well depth on the target mass number A which had been unexpectedly
revealed in the analysis of 11-MeV proton scattering from nuclei having a mass between 45
and 70. It is found that such an A dependence cannot be extrapolated as such to heavier nu-
clei at any energy. An assumed linear variation over the whole mass region yields a coeffi-
cient which is an order of magnitude smaller than that deduced for the restricted mass region
and which has a much wider scatter from linear dependence. Such a behavior could possibly
be simulated in part by the isospin-dependent potential, the Coulomb correction term in the
potential, and the closed-shell effects.

NUCI EAR REACTIONS Proton elastic scattering, optical-model analyses, well
depth search, studied A. dependence for E& = 9.8-61.4 MeV; target &=40-208.

The characterization of the optical-model poten-
tial has been usually' attempted through multipa-
rameter search procedures for fitting the angular
distributions and the polarization data obtained
from the nucleon-nucleus elastic scattering exper-
iments. The number of parameters is generally
restricted by adopting an average geometry, the
search being then made for the various well depths,
and systematic variations of these well depths are
then investigated to extract their dependence onspe-
eific factors. One of the earliest and most exhaus-
tive investigations of proton scattering data under-
taken by Percy' ten years ago resulted in a poten-
tial whose real-mell depth V, specifically includes
a Coulomb correction term arising from the veloc-
ity dependence of the interaction, a linear depen-
dence on incident projectile energy, and a symme-
try dependence similar to that deduced for the
shell-model potential earlier" and interpreted'
as the consequence of the isospin dependence of
the potential directly verified through quasielastic
(P, n) reactions. ' The last mentioned dependence
has since been firmly established, at least for the
proton potential, on the basis of a very large num-
ber of studies. ~7 However, in the optical-model
analysis of 1.1-MeV proton scattering data Percy
et al. ' concluded that for nuclei within the mass
range A =45 to 7O the real-mell depths fail to follow
the expected isospin dependence but instead exhibit
very smooth variation as a function of mass num-
ber A. This study raised the following interest-
ing questions about the deduced A. dependence
which, somehow, have remained unanswered so
far: (a) its adequacy outside the range of nuclei

considered and at other energies; (h) the feature
said to "also appear with the 14.5-MeV data" and
"though not firmly established, similar effects
may have been seen with 18.6-MeV polarization
data"; (c) while "ruling out our geometry as the
cause for this effect" they could not offer any phys-
ical explanation for it.

Our present study is directed to find an answer
to these questions. In such a task one faces cer-
tain insurmountable difficulties if an attempt is to
be made to find a quantitative measure of some of
these hyperfine characteristics of the optical poten-
tial. Even if all the analyses at each energy were
carried out using the same geometrical parame-
ters of the real potential, certain inherent ambi-
guities exist due to interrelationships of the real,
imaginary, and spin-orbit potential terms, and due
to various types of errors associated with the ex-
perimental uncertainties. ' In our case, fortunate-
ly, no quantitative evaluation is being sought as an
answer to the three questions mentioned above.
Accordingly we use the real-well depths obtained
through search procedures by various i.nvestiga-
tors' "at different energies within the range 9.8
to 61.4 MeV for a fixed geometry in each case.
The results of these investigations" are discussed
below.

In order to determine the validity of A depen-
dence found in the mass range 45 to 7O for 11-MeV
protons outside the range of the nuclei considered
and at other energies, we examine the results of
optical-model analyses at various energies, listed
in Table I, wherein the real-well depths V, have
been determined by a search procedure. These
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TABLE I. A dependence of the optical-model potential.

Energy
(MeV) Reference

No. of
nuclei

Mas s
range

Real well
Radius Diffuseness
r (fm) a (fm)

vs
(MeV)

9.8
14.5
14.5
18.6

30

40
50
61.4

Greenlees et aL. (Ref. 10)
Rosen et aL. (Ref. 11)
Lind et aL. (Ref. 12)
Kossanyi-

Demay et aL. (Ref. 13)
Greenlees and

Pyle (Ref. 14)
Fricke et aL. (Ref. 15)
G. S. Mani et aL. (Ref. 16)
Fulmer et aL. (Ref. 17)

7
28
21
10

9
19
6

54—120
45—120
54—120
48—92

40—208

40—208
42-208
40—208

1.21
1.25
1.25
1.24

1.20

1.16
1.17
1.16

0.72
0.65
0.65
0.65

0.70

0.75
0.75
0.75

50.32 + 0.059(1+0.170)A
44.54+0.056(1+0.170)A
45.45 + 0.060(1+ 0.183)A
47.44 + 0.047(l + 0.276)A

44.65 + 0.045(1 + 0.156)A

42.53 + 0.051(1+ 0.255)A
41.13+ 0.040(1 + 0.375)A
37.84 + 0.048(1 + 0.417)A

well depths have been plotted as a function of the
mass number A in Figs. 1(a) and 1(b). Assuming
a linear A. dependence through the relation V,
= V, +nA we have made a least-squares fit to the
data at each energy to determine V, and e, which

are listed in the last column in Table I. This
straight-line fit in each case is shown in Fig. 1

which also includes the dashed line for n =0.13
deduced by Percy et al. ' from 11-MeV data. It is
seen that the extrapolation with their n to heavier
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FIG. 1. The real-well depths V~ plotted as a function of the mass number A. for different energies. The dashed
straight lines correspond to the A dependence deduced by Percy pt al. (Ref. 8) and the full lines show the A dependence
obtained in each case (see Table I) by a least-squares fit over the whole mass region investigated.



D. C. AGBA WAL AND P. C. HOOD

mass region is not at all satisfactory for any ener-
gy. In the whole mass region and over the whole
energy range the coefficient n is found to have the
value 0.05+0.01 with rather large uncertainty at
each energy.

Another way to demonstrate this feature dis-
cussed by Percy et a/. ' was to examine the plot
of V, as a function of the symmetry parameter
(&-Z)/A shown in our Fig. 2(a). It was said' that
"the analysis of the 18.6-MeV polarization data of
Kossanyi-Demay et al. '9 seems to suggest that sim-
ilar effects are seen up to that energy; however,
this cannot be firmly established"; on the other
hand, analysis of 14.5-MeV data-'" ~ for T~ =2 and
3 with two different geometries was said to give
similar results. We have examined the revised
results of 18.6-MeV analysis" and also the well
depths obtained by Rosen et al."obtained by search
of V, only from 14.5-MeV data analysis, The re-
sults at these two energies are shown in Figs. 2(b)
and 2(c) in comparison with those at ll MeV. It is
evident that T~ dependence observed for 11 MeV is
not appearing at the other energies and, if at all
discernible, is of opposite sign to that deduced for
11 MeV. One cannot possibly ascribe this reversed
characteristic appearing for the 14.5-MeV data to
the fact that it includes only the polarization data,
since Percy et al. ' have concluded that "the analy-
sis of polarization data only will most likely yield

a real-well depth within 0.5 MeV of that which
would be obtained if both differential cross sec-
tion and polarization data were available. " Thus
we fail to verify the claim of such a Tz dependence
appearing at 14.5 and 18.6 MeV.

Percy et al. ' did not offer any physical explana-
tion of the deduced A dependence. Greenlees,
Pyle, and Tang 0 attempted to explain this feature
on the basis that the volume integral per particle
of the potential, rather than the potential well
depth, is the more physically significant quantity,
and concluded that the observed variation of V,
with A may "be simply interpreted as proper-
ties of the particular parametrization chosen. "
However, Percy et al.' and Satchler' do not find
this explanation acceptable. We proceed to offer
some physical arguments for this feature as elu-
cidated by the points established in our above dis-
cussion.

In view of the well-establisheda'' [(N-Z)/A]-
dependent term of the proton potentials with its
coefficient' V, =25 + 10 MeV obtained by assuming
a Coulomb correction term of 0.4(Z/A'I'), one may
examine what possible A dependence such a term

l

would simulate. For nuclei along the line of P sta-
bility the semiempirical mass formula yields the
relation

Z/A = (2+ 0.015A*")-'

eff
Vs

J!

(0)
PERKY

E (INeV) —i t
P

(b)

ROSEN KOSSANYI - DEMAY

ssMn

l

0

I

Q V

5/2 5/2

0.06 0.08
I

0.)0 0,06

(x-z)~w
I I

0.08
I

O.IO 0.07 0.08

FIG. 2. Plot of the real-well depth (corrected for the Coulomb term) as a hction of the symmetry parameter
(N-Z)/A for three separate energies. The data points with the same value of Tz= (N-Z)/2 have been joined in each
case.
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such that we get

V, tN —Z)
(

2Z)
(

0.015V,
)~

and
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46-

FUL
6 I.4

0.4Z 0.4
A" 2 A"' + 0.015A

Thus for A around 55 these two terms combined
would yield an approximately linear dependence
with coefficient of about 0.1. Over the whole mass
region the coefficient may average around 0.06
with appreciable scatter around this value. These
conclusions are quite consistent with the above
mentioned points.

In order to examine this explanation in a specific
case we take the results of the analysis of 61.4-
MeV data by Fulmer et al." shown in Fig. 3. It is
seen that over the restricted mass region 40-70
a linear dependence with coefficient 0.14 is ob-
served whereas for A & 68 the coefficient obtained
is 0.035 ~ If we correct the well depths V, with the
Coulomb correction term PV, and the symmetry
term V, the A dependence disappears for A & 40.

Although at other energies or for other analyses
such a clear demonstration is not likely, there is
no denying the fact that the symmetry term and the
Coulomb correction term can give a simulated lin-
ear A dependence very similar to the one deduced
in our Table I ~

One other physical consideration of interest is
the shell effects. Correlations of the plots of the
optical-potential real-well depths as a function of
A with the approximate positions where neutron
and proton shell closures take place provide the
indication that a somewhat deeper well is needed
for magic nuclei. Thus restricting ourselves to
the vicinity of such regions a steep increase in
depth with A may be expected in specific mass re-
gions. To confirm such a conclusion much more
data are needed than are presently available. How-
ever, such an effect is indicated, and is physically
plausible as well as consistent with the observed
characteristics.

Thus one may say that a linear A dependence of
the real-well depths of the proton optical potentials
as depicted in Fig. 1 and given in Table I may be
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FIG. 3. Results obtained by Fulmer et al. (Ref. 17)
from the analysis of 61.4-MeV proton scattering data.
Open circles represent the real-well depth V~ obtained
from the search procedure while the dots represent the
well depths obtained after the Coulomb correction term
(= 0.4Z/A. '

) and the symmetry term [=24(N-Z)l~l
have been subtracted.

simulated because of the isospin-dependent poten-
tial, the Coulomb correction term, and possibly
the shell effects.
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