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shed more light on the structure of "Ne.
We wish to thank Dr. R. Dreizler for fruitful

discussions.
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Five excitation functions from 50 to 90' {c.m. system) for 0 -0 elastic scattering
can be accounted for by a nuclear molecular potential. The parameters of this poten-
tial are estimated from the two-nucleon potential in a model of the transient nuclear
matter state.

The classical optical model applied to Q'e-Q'e

scattering has proven to be deficient in several
respects. ' These calculations fail to reproduce
the extremely low cross sections seen in the val-
leys of the excitation function. The calculated
peak-to-valley ratios of the cross section are
much too small at energies above the Coulomb
threshold. The optical model also fails to pro-
duce the first peak seen at about 17 MeV. In par-
ticular, the deep valleys and the large peak-to-
valley ratios motivated an attempt to describe
the scattering in terms of an average nonmono-
tonic potential containing a short-range repul-

sion, which is the lowest approximation to the
general .1.'nlocal potential originating from the
Pauli principle. Applying the model of Kerlee,
Blair, and Farwell, the large peak-to-valley ra-
tios of the 90' excitation function could be repro-
duced in the energy range 20-26 MeV. '

In this note, we shall present an effective non-
monotonic potential describing the excitation
functions at 49.3', 60', 69.8', 80.3', and 90'
(c.m. ) in the energy range 10-22 MeV (c.m. ),
thus demonstrating that the low-energy data are
compatible with the concept of a "core." Further,
we develop a model to estimate important quan-
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FIG. 1. Comparison of theoreti. cal excitation func-
tions with the experimental ones at various center-of-
mass system angles. The data points are shown by
dots. The dashed curve is the potential W. The solid
curve is ~ with R = 6.83 F instead of 7.00 F.

tities in this potential.
Figure 1 shows the experimental points of

Siemssen et al. ,
' Maher, 3 and Bromley, Kuehner,

and Almqvist, along with our preliminary fit.
The potential used is

Re W = 100exp( —0.6r) -27(1+exp[(r -R)/aj )
Im W= -1.613(1+0.02E+ 0.012E )

x exp(-r'/4. 2),

with A =2(O" radius) =7.0 F (dashed curve in

Fig. 1), and a = 0.53 F. In addition the usual Cou-
lomb potential is added. (See Ref. 5 for a figure
of the net real potential. )

The real part of the potentiaI is very similar to
the one used for fitting the higher energy data. '

without an extensive search and with an energy-
independent real part these preliminary results
can produce the absolute cross section as well as
important structural features. In particular, as
regards the 90' data, the little dip and the peak
around 17 MeV, followed by the deep valley
around 19 MeV, are reproduced. The first dip
and peak in other excitation functions are also
accounted for. The first dip is extremely sensi-
tive to the actual choice of the parameters, e.g. ,
by changing R to 6.63 F (solid curve, Fig. 1) we

obtain a better fit to the initial dip and valley in
the 90' and the 80.3'excitation functions without
disturbing the remainder of the fit at other ener-
gies and angles. This dip is also sensitive to the

diffuseness parameter, e.g. , using a =0.49 F
nearly washes out the 17-MeV dip. In fact, if
this dip is overlooked, one can obtain a consider-
ably improved fit of the 19-MeV dip and 20.5

MeV peak for the 90' excitation functions. The
core radius 8 is also a critical parameter. The
analysis indicates that many types of potentials
with or without a core can fit the excitation func-
tions between 10 and 13 MeV, provided they in-
clude a reasonable imaginary component. How-
ever, most of them cannot reproduce the first
dip. The important point of our fit is that over a
large energy region —about 12 MeV —one has a
decent fit not only in terms of absolute magni-
tude, but also in terms of major features like
deep valleys using energy-independent parame-
ters for the real potential. It should be noted
that at higher energies the shape of the imagi-
nary potential near the ion-ion radius R will be
important in giving the large experimental peak-
to-valley ratios.

The 17-MeV dip in the 90' excitation function
has an L = 4 resonance interfering destructively
with other partial waves, in particular with L =8.
As the energy increases the L=4 resonance un-
dergoes a phase change so as to interfere con-
structively to reproduce the 17.5-MeV peak. The
dip at- 19.0 MeV and the peak at 20. 5 MeV are,
respectively, destructive interferences and con-
structive interferences among a few partial
waves; although partial waves up to L = 14 contri-
bute and interfere, primarily L = 2 is out of phase
with L=4 and L=8 at this dip, and L=2 and L
=14 are in phase at the 20.5-MeV peak. These
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interferences result in oscillatory angular distri-
bution. '

In principle, the potential obtained empirically
could be calculated within the framework of the
Feshbach reaction theory' ' or the resonating-
group method. " These reaction theories dictate
that the ion-ion interaction should be composed
of a nonlocal potential in the elastic channel with

couplings to real and virtual excited channels.
The empirical repulsive core is a rough manifes-
tation of the nonlocalities originating from
(a) the Pauli principle and (b) the nonlocality of
the basic two-nucleon potential. The gross struc-
ture results from scattering by an average static
potential which is the actual nonlocal potential
suitably averaged over the energy. The fine
structure is related to the excitation of various
kinds of intermediate states. An optical-model
potential, in this context, can be derived, if the
effects of the coupling to inelastic channels are
included in an average way in the elastic channel.
However, the large number of particles involved
in the heavy-ion collisions makes such an ap-
proach very difficult. On the other hand, for a
system consisting of a large number of nucleons,
a nuclear-matter approach can yield a rough es-
timate of the important parameters and consider-
able insight into the overall physical process.
We take this approach, recognizing that a system
of 32 nucleons is only a crude approximation to
infinite nuclear matter.

In this spirit, let us visualize that at a particu-
lar instant, two 0'~ ions are in a configuration
shown in Fig. 2. Nucleons near the surface inter-
act first forming a "neck. " The potential inter-
acting between the centers of mass of two nuclei
is generated by these nucleons at the neck.

For our purpose the density of this overlapping
region is the important factor. Since the radius
of the effective potential is twice the 0" radius,
the average density of this blown-up S" must be
low. Moreover, the overlapping region involves
the surface densities of the two 0' 's and this
density is considerably lower than that of the 0'
interior. Thus two points distinguish this situa-
tion from the state of usual nuclear matter:
(a) The intermediate state configuration is far
from that corresponding to equilibrium, i.e., far
from the nuclear saturation for 32 nucleons, and
(b) the average density is lower than that corre-
sponding to equilibrium for nuclear matter.

The low density p of this "transient nuclear
fluid state" (TNFS) (or the nuclear matter in the
neck region) implies a lower Fermi momentum
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The Fermi momentum kFT of the TNFS there-
fore lies between

0.7 F-' &k &k =1.43 F-'
FT F

For the purpose of a concrete estimate, we may
take kFT -1 F ' which corresponds to a tran-
sient configuration of uniform density having
exactly twice the radius of 0'6.

Since the two-nucleon potential contains a
strong short-range repulsion, the simple Har-
tree-Fock expression of the average potential
seen by nucleons in state k,

antisymmetrized'k'-k

is to be replaced by

W(k)

, (4)antisymmetrized'k' - kFT

where G is the reaction matrix related to v by

G = v-v(Q/'e)G,

FIG. 2. Schematic diagram of the idealized configu-
ration at the time of the reaction and the computed
depth of the real part of the potential as a function of
the kFT. The curves S and BCD are calculated from
D. W. L. Sprung [in Proceedings of the Third Interna-
tional Conference on Atomic Masses and Related Con-
stants, Winnipeg, Canada, 1967, edited by R. C. Bar-
ber (University of Manitoba Press, Winnipeg, Canada,
1968)] and K. A. Brueckner, S. Coon, and J. Dabrow-
ski (to be published), respectively.
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where Q and e are, respectively, the Pauli pro-
jection operator and the appropriate energy de-
nominator.

A less arbitrary evaluation of the average po-
tential seen by nucleons near the Fermi surface
can be obtained also from the binding energy per
nucleon using the Hugenholtz-Van Hove" theo-
rem:

li'(&FT) = [-T(p)-E(p)+w'Eldpjp = p~, (6)

where T, E, and pFT are, respectively, the ki-
netic energy, the binding energy per nucleon and
the density in the TNFS. At saturation, the last
term in (6) vanishes.

We have evaluated W(AFT) using (6) and the re-
sults of the nuclear-matter calculations of Sprung"
and Brueckner, Coon, and Dabrowski. " The
former authors used the Reid soft-core poten-
tial" and obtained a saturation energy of -8.6
MeV/nucleon which is almost 7 MeV/nucleon
less than the experimental one. The latter au-
thors obtained -15.2 MeV/nucleon, using the old-
er Brueckner -Gammel- Thaler potential. Figure
2 indicates that the depth of the potential seen by
nucleons near the Fermi sea is very close to the
phenomenological one. The potential. is indeed a
sha, liow one which has an upper limit of the poten-
tial seen by nucleons near the top of the Fermi
sea in nuclear matter.

In principle it is difficult to separate the con-
tribution of the nonlocality originating from the
Pauli principle from the nonlocality of the nucle-
onic potential. However, we can make a very
rough estimate of the effect of the Pauli principle
on the energy shift if we look into the contribu-
tion to the energy shift originating from the Pauli
operator in (5). According to Bhargava and
Sprung, "this latter generates a positive energy
shift of from 5 to 7 Me V for the density of our in-
terest. The strength of the exponential repulsive
core which has been used in our potential model
to mock up this Pauli repulsion can be estimated
roughly in the adiabatic approximation via

AE =f p (r)A
R

x exp(-Br)r'dr [f p (r)r'dr] '. (7)o FT

For constant density, AE= 6 MeV, and B=0.6
F ', we find A. = 74 MeV —for hE = 7 Me V, we ob-
tain instead A = 85 Me V—both of which compare
favorably with the value of 100 MeV used. In
fact, for the exponential case, (7) implies A
~DE(RB) ansd changing B to 0.67 F ', yields A

= 100 Me V. This simple but rough estimate
tends to show that our empirical core strength is
reasonable.

To estimate the strength of the imaginary po-
tential in the context of this model, the "frivo-
lous model" of Goldberger" may be used. In this
model

whe~e ~Av(i) and(o;) are, respectively, the aver-
age velocity and collision cross section of the ith
colliding nucleon with those of the target using
the outgoing boundary condition with due regard
to the Pauli principle. As yet no calculation of
(o;) using the Reid potential has been carried out,
although we are in the process of doing so. An
evaluation of (o;) involves the average kinetic en-
ergy T of the incident nucleon. This is a sum of
the Fermi kinetic energy TFT of the nucleon in
the neck, its binding energy in TNFS, and aver-
age external kinetic energy per nucleon, which
for the 0"-0"collision at 16 MeV (c.m. ) is
about 1 MeV. Thus T in the TFNS is somewhat
lower than in the case of a 1-MeV nucleon inci-
dent on a chunk of nuclear matter. For the pur-
pose of this crude estimate, we may overlook
this difference and take the value of (o;) from the
calculation of Gomes. " Noting that the density in
the TNFS is about one-fourth that of nuclear mat-
ter, the velocity corresponding to the above T is
about three quarters of that in nuclear matter
and the summation i runs over 16 incident nucle-
ons involved in a simultaneous collision. We ob-
tain that Im%'= -6 MeV, which compares favor-
ably with the magnitude of our imaginary poten-
tial.

Since the TFNS is a nonequilibrium state, the
compressibility modulus E is given by

&= [2paE/ap+ p's'Elsp''jp = pFT,

where E is the energy per nucleon at density p.
Sprung's computation indicates O'E/ap' to be a
sensitive function of kFT between 0.7 F ' and
1.1 F '. For kFT=1.0 F ', K obtained from his
calculation is about one-sixth that of nuclear
matter at equilibrium.

The nonformation of S" in its ground state, in
spite of 17 MeV energy being available, may be
attributed to the short collision time in compari-
son to the relaxation time. The former is about
10 "sec, and the latter is of the order of the
time taken by a nucleon to traverse a nucleus a
few times, i.e. , -10 "sec. This characteristic
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ratio w prevents the formation of a nonequilibri-
um state.

This model is an inverse of the fission process.
7 is the most critical parameter for reaching su-
perheavy elements by an inverse fission process.

Qbviously, for the Q"-Q" case our model is
only a rough approximation. For heavier ele-
ments and higher bombarding energies the model
should become better. The following general
conclusions of this model hold for all heavy ion
reactions: (i) The attractive part of the real po-
tential is shallow. At higher bombarding ener-
gies its depth should increase somewhat because
of larger penetration. (ii) The depth of the imag-
inary potential is also shallow, and (iii) the

strength of the repulsive core is of the order of
100 MeV.
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The proton polarization and the vector analyzing power for the reaction 5 Cr(d,
p)"Cr(g.s.) were measured. From an analysis of the Cr(d, d) Cr and Cr(p, p)'3Cr
elastic scattering cross sections and polarizations, potentials were obtained which,
when used in a distorted-wave Born-approximation calculation, provided a good fit to
the proton polarization and the deuteron analyzing power.

Stripping and pickup reactions have for some
time been important tools in nuclear spectrosco-
py. In deuteron stripping reactions, A(d, p)B, a
neutron is transferred from the incoming deuter-
on to the target nucleus A to form the final nucle-
us 8 in the ground state or in one of its excited
states. The angular distribution of the outgoing

protons depends primarily upon the orbital angu-
lar momentum / of the captured neutron. ' The
value of l is generally determined by a compari-
son between the angular distribution of the outgo-
ing protons and cross sections ca,lculated from
distorted-wave Born approximation (DWBA). The
DWBA has been very successful in reproducing
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