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The scission configuration is described by two interacting fragments in a single-particle
model with pairing correlations and studied as function of two parameters. One parameter
is the distance between the fragment centers of mass and the other parameter is the mass
ratio of the two fragments. The scission-point region can be conveniently studied in this
molecular model, particularly because extensive knowledge about the fragment structure is
incorporated. Level schemes, equilibrium deformations of the fragments, total energies,
and charge distributions are studied for the compound systems 249Pu and *2Pu. The scis~
sion configurations are characterized by an approximate cancellation of the attractive nu-
clear force and the repulsive Ceculomb force between the fragment. The proton numbers of
the fragments turn out to be a rather good quantum number at scission. The results support
the existence of a potential barrier at the scission point (scission barrier). It is shown that
the calculated energies of the scission configurations can account for the asymmetry in the
fragment-mass yield with its maximum at the heavy-fragment mass Ay~ 140. The decrease
of the total energy for A;~ 140 is due to single-particle states which have a small angular
momentum component along the symmetry axis and —because of their prolate density distri-
bution —give large contributions to the binding energy between the fragments. The 50-pro-
ton shell closure has its greatest influence on the scission configuration around A,=130,
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whereas the 82-neutron shell closure is most effective around A;=135.

I. INTRODUCTION

The fission process involves large changes of
the nuclear shape. Starting from a nearly spheri-
cal shape the compound nucleus strongly deforms
and finally splits into two fragments with compar -
able masses. This process of deformation seems
to be rather well understood up to the saddle point.
Great progress was obtained in the last few years
by the discovery of fission isomers and interme-
diate resonances which can be explained with the
existence of a second minimum in the potential
energy of the compound nucleus as function of de-
formation.! But the fission dynamics between the
saddle and the scission point remains unknown.
On the other hand, it is rather likely that several
fission phenomena (at least for those compound
nuclei which are heavier than Ra) are not deter-
mined at the saddle point but at the later stages
of the fission process near the scission point.

Several models have been introduced for the dis-
cussion and calculation of fission phenomena.
Among these the adiabatic model seems to be best
suited to serve as a basis for understanding the
fission process.? The adiabatic model is charac-
terized by the assumption that the single-particle
motion follows the collective motion adiabatically
without the excitation of single-particle degrees
of freedom. In order to make this assumption
strictly valid, the collective motion needs to be
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sufficiently slow as compared to the single-parti-
cle motion.? From liquid-drop-model calcula-
tions*® one obtains 107! to 1072° sec for the time
which the compound system needs to get from the
saddle to the scission point in the fission process.
Critical investigations® ¢ of the adiabatic assump-
tion cast some doubts on the general validity of
the adiabatic model: Nonadiabatic transitions
may be especially important near the scission
point.

The following qualitative pictuve of the fission
process between the saddle and the scission point
is assumed: The ordered fission motion, which
is described by one of the deformation parame-
ters, is expected to be strongly damped by the
coupling to other collective degrees of freedom.
Additional damping may be due to the coupling to
noncollective degrees of freedom. Experiments
on the angular distribution of fission fragments’
have shown that the coupling is limited to states
with the same K quantum number as postulated by
Bohr.®? K measures the component of the total an-
gular momentum along the symmetry axis of the
compound system. According to the strong cou-
pling of the ordered fission motion to other pre-
sumably collective degrees of freedom, the com-
pound system is expected to fission through rather
complicated scission configurations.

In this paper these scission configurations will
be studied in some detail. The model is described
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in Sec. II. In Sec. III the results of the numerical
calculations are presented and discussed. Some
concluding remarks are made in Sec. IV.

II. STATIONARY MOLECULAR
SINGLE-PARTICLE MODEL

Scission-point configurations are successfully
described by two interacting fragments. Such a
configuration strongly resembles a diatomic mole-
cule, where the atoms are replaced by the frag-
ments. This molecular model of fission has been
frequently used in the framework of the liquid-
drop model.® In these calculations the nuclear in-
teraction between the fragments is neglected. The
scission-point configuration is defined by the two
adjacent fragments with axial symmetric deforma-
tion. The analysis of the experimental kinetic en-
ergies and excitation energies of the fragments
within such molecular models has demonstrated
the influence of the fragment shell structure on
the scission-point configuration. Shell effects
have been explicitly studied by Ignatyuk!® in the
framework of the Nilsson model and by Dickmann
and Dietrich!! with additional Strutinsky renormal-
ization of the total binding energy.

In this paper a single-particle model of the mol-
ecular configuration is used where the nuclear in-
teraction between the two partly overlapping frag-
ments is taken into account. This model had been
used earlier to calculate the charge distribution'?
and the moments of inertia!® at scission. A sim-
ilar model has been studied recently by Mosel and
Scharnweber.*
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FIG. 1. The shapes of the interacting fragments and
the local part of the nuclear potential V, on the sym-
metry axis z.

The compound nucleus (mass number A, proton
number Z, neutron number N) is described by two
interacting fragments (A,, Z,) and (4,, Z,) sepa-
rated by the distance p between the fragment cen-
ters of mass as shown in Fig. 1. This model has
been formulated within the Hartree-Fock-Bogol-
iubov (HFB) theory!? where one starts from an ef-
fective Hamiltonian 3C with two-body interactions
(i, j) and describes the ground state by a BCS
wave function

| 6} =TT (uy+v,atad) | 0) . s (1)

Here |0) and a;, a, denote the vacuum state and
the Fermi creation and annihilation operator of
the single-particle state |a), respectively. v,
and u, = (1 —v,%)'/2 are real probability amplitudes
for the pair of states |a), |@) to be occupied or
unoccupied. |a&) denotes the time-reversed state
with respect to |a). The single-particle functions
|a) are expanded in terms of a finite set of the
eigenfunctions |p) of the unperturbed spherical
fragments,

,a> =§;Caplp>~ (2)

Variations of the total energy (¢ |3¢| $) with re-
spect to ¢, , and v, yield a coupled set of equa-
tions which is simplified by replacing the self-
consistent field by the sum V, +V, of the effective
single-particle potentials of the fragments and by
approximating the pairing interaction in the form

<aa‘l'vlﬁﬁ>—<aalv|ﬁs>=-§cpwgwg 3)

with the fragment pairing constants
Gp=29A;"! MeV for neutrons
=32A;"! MeV for protons. (4)

w? is the probability that a nucleon in the state
| @) belongs to the fragment F. This probability is
defined somewhat arbitrarily by

wk = %,Z 8p( 2, 7(CXpCuq (Pl @) +conj. compl.),
o
(5)

where F(p) is 1 or 2 according to whether |p) is
centered in the fragment 1 or 2. Expression (5)
is a natural generalization of the corresponding
expression

“’g:; [ €as*Oris),r (6)

for nonoverlapping fragments. The definition (5)
includes one half of the overlap in w} and the oth-
er half in w2, resulting in w! +w2 =1. Equation
(3) takes account of the fact that the pairing inter -
action has to vanish if the functions | &) and |8



2022 W. NORENBERG 5

are located in different nonoverlapping fragments.
With these approximations the set of HFB equa-
tions becomes?

DLPIHI @ +(=Y® 05y, pay - =16 2| D]E0q =0,

a

(7)
Uo?=1=po?=3{1 = (Mg = (e =11,V +8,%] 7%},

(8)
Aet =wé¢ tAl +w§t tAz ’ (9)
t 1 ® F X 2, A 2]-1/2
Ap=3Gr Yy wh Ay [(ny = +A2]712, (10)
o

for neutrons (¢=n) and protons (¢=p), respective-
ly. The Lagrange multipliers u_ and u, have to
be determined according to the constraints of con-
stant fragment-mass difference A, —-A, and con-
stant total number of neutrons N and protons Z.

N, are the level enevgies of the single-particle
states. ‘Aj can be interpreted as the gap parame-
ter of the fragment F. The index ¢ in Eq. (10) in-
dicates that the sum is taken over neutron states
(t=mn) or proton states (£=p), only. The single-
particle Hamiltonian H is the sum of the kinetic
energy T and the two fragment potentials V, and
V,. These potentials V are functions of the mass
Ap, charge Z,, and two deformation parameters
F5, and 6, which describe the axial-symmetric
quadrupole and octupole deformations of the frag-
ments.!? The fragment mass Ap and chavge Zg
are functions of c,, .and v,:

AF=Eva2w§’ (11)
o

®»
Zp=Y, viwg . (12)
ol

The set of HFB Eqs. (7)-(10) is solved self-con-
sistently in A, and Z, by iteration. More details
of the model(e.g. the volume -conservation condi-
tion) are presented in Ref. 12. But several im-
provements over these early calculations have to
be mentioned.

The fragment potential V consists of a Coulomb
‘part and a nuclear part. The local part of the lat-
ter is taken to be of the Woods-Saxon form as in-
dicated in Fig. 1. In Ref. 12 the matrix elements
{p|Ve+|g) with F(p)=F(q)#F’ have been calculated
by approximating the nuclear as well as the Cou-
lomb part by two appropriate Gaussians. Where-
as this approximation is good for the Coulomb po-
tential in the region of interest, it is rather bad
for the nuclear potential because of the large sur-
face thickness of the Gaussian. The calculation
of the nuclear matrix elements has been improved
by approximating the deformed Woods-Saxon po-

tential [potential depth 50 MeV, diffuseness param-
eter 0.7 fm, half-density radius R(5,, 6) as de-
fined in Eq. (A5) of Ref. 12] by a Gaussian multi-
plied with a sixth-order polynomial which repro-
duces the Woods-Saxon potential in the region of
overlap within 5% of the central value.

The total energy is calculated according to the
following expression:

E=(9 5| 9}~ T vXa | H =5V + V) | @) +E pasy
(13)

where the pairing energy is given by
’ (1)

2 t 2 .
A
Epii==2, 2 [—,g;#GFZ vJ(wS)Z] ey
o

F=1 t=p,n

The minimum of the total energy with respect to
variations of the deformation parameters 6,, '8,
25,, and 25, determines the equilibvium state of
the compound system for given values of the dis-
tance p between the fragment centers of mass and
of the fragment masses A, and A,=A - A,. Itis
assumed that reasonable values for the energy dif-
ferences for constant A, can be obtained by this
method. Around the scission point these energy
differences are produced by the rather small per-
turbations of the fragments due to their mutual in-
teraction. Only those single-particle states which
are near to the Fermi energy, essentially contri-
bute to these energy differences. The low-lying
single-particle states give contributions to the
Coulomb part of the energy differences, only.

Useful quantities in the discussion of scission
configurations are defined by

I
Z"l

{3
=Eva2(1—lwéc —wgl)’ (15)

where the sum goes over neutron and proton
states, respectively. For well-separated frag-
ments with no degeneracy of levels in different
fragments these quantities vanish. N, and Z,
measure to some extent the number of neutrons
and protons belonging to both fragments simulta-
neously. Therefore they are called neck neutvons
and neck protons although these quantities are not
observables and differ considerably from the clas-
sical picture.

III. RESULTS OF THE NUMERICAL
CALCULATIONS AND DISCUSSION

In the numerical calculations for 24°Pu and 24?Pu
the expansion, Eq. (2), is limited to states |p)
which have energies (including the first-order per-
turbation correction due to the other fragment)
less than 5 MeV above the Fermi energy. In ad-
dition, the expansion is simplified by assuming
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Cyp= 0y, for states lying more than 5 MeV below gion of fragment distances (p = 14 fm) which cor-
the Fermi energy. Thus mixing is allowed only respond to the scission configurations. A two-pa-
between states which lie within a region of about rameter study has been performed for various
10 MeV around the Fermi energy. It has been quantities of the scission configurations. The pa-
shown?!? that this limitation of the configuration rameters are the center-to-center distance p be-
space has practically no influence on the collec- tween the two fragments and the mass A, of one of
tive features of the total wave functions in the re- the fragments which fixes the mass ratio A,/A,,
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FIG. 2. 2Y%Pu: Neutron (upper half of the diagram) and proton (lower half) levels 5, as functions of p for the three
fragment pairs (4;, 4,) =(122, 118), (132, 108), and (140, 100). Each level is labeled by the component m of the angular
momentum along the symmetry axis. Also given are the symptotic quantum numbers of the separated fragments where
the number in parentheses indicates the fragment (F =1 or 2).
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since A,=A — A,. Apart from Fig. 6 all the re-
sults are reported for the compound nucleus ?*°Pu
only, because there are no qualitative and only
minor quantitative differences between the results
for 242Pu and 2‘°Pu.

A. Quantities. as Functions of p

Figure 2 shows the energy levels 1, as functions
of p in the vicinity of the chemical potentials
and u, (i.e., essentially in the vicinity of the
Fermi energy) for three pairs of fragment masses.
To make the graphs as transparent as possible,
fluctuations in the curves which are usually less
than 0.1 MeV have been suppressed. The diagrams
clearly display the mixing and perturbation of the
single-particle. statés caused by the interaction be-
tween the fragments. Levels with the same com -
ponent 7 of the angular momentum along the sym-
metry axis do not cross. In the region 14.2 fm<p
<14.8 fm the influence of the nuclear interaction
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FIG. 3. %'Pu: gap parameters "A, and A, for neu-
trons and protons, respectively; total energy E,; de-
formation parameters £8, and Fé,; relative number of
neck neutrons N, /N, and neck protons Z, /Z,; and
charge deviation D (p, A,) from the unchanged charge
density (UCD) distribution as function of p for the three
fragment pairs (4, 4,) =(122, 118), (132, 108), and
(140, 100). '

on the level structure is approximately compen-
sated by the Coulomb interaction. Because of this
direct Coulomb interaction between the fragments
the cancellation of nuclear and Coulomb intevac-
tion occurs at somewhat smaller values of p for
protons than for neutrons. An interesting feature
of the level schemes is connected with the skell
structure of the heavy fragment. The shell struc-
ture gap is between the g, and the d;,, level group
for the 50-proton shell closure and between the
hy,,, and the f,, level group for the 82-neutron
shell closure. At first sight, the influence of both
magic shell closures is expected to be strongest
for the heavy-fragment mass A,=132. But as is
seen from the diagrams, the chemical potentials
w, and p, lie rather close to the %,,,, levels for
the neutrons and also rather close to the d;,, lev-
els for the protons. The most pronounced shell ef-
fects are expected to occur when the chemical po-
tential is in the middle of the gap. Therefore, the
neutron and proton shell structure cannot fully de-
velop at the same fragment mass: The proton
(neutron) shell structure should have greatest in-
fluence on fission phenomena for heavy-fragment
masses somewhat lighter (heavier) than 132. Be-
cause of the direct Coulomb repulsion ke proton
shells are less disturbed by the nuclear interac-
tion between the fragments. In addition, the ener-
gy distance to the next shell is larger for the pro-
tons than for the neutrons. Therefore the 50-pro-
ton shell closure should have a more significant
effect on the scission configuration than the 82-
neutron shell closure. Another interesting point
is connected with the level density near the chem-
ical potentials. This level density turns out to be
much larger for the symmetric mass splits

(A, A,)=(122, 118) than for the asymmetric mass
splits (132, 108) and (140, 100).

Figure 3 gives a compilation of several collec~
tive quantities as functions of p for three different
fragment pairs:

(a) The gap parvameters of protons *A,, *A, and
neutrons "A,"A, as defined in Egs. (9) and (10) do
not significantly depend on p. Due to the mixing
between the single-particle states of different
fragments, the pairing gaps "A, and *A, of the
near-magic fragment with A, =132 do not drop to
zero for p <15 fm.

(b) The total energy E, minimized with respect to
the deformations exhibits a scission barrier near
p=13.8 fm for all three pairs of fragments. At
the maximum of this scission barrier the attrac-
tive nuclear force between the fragments is com-
pensated by the repulsive Coulomb force. This
cancellation occurs at distances of the fragment
centers of mass where only the tails of the density
distribution of the two fragments overlap. Figure
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1 is a realistic picture of this configuration: If
one would describe the fragments by liquid drops
with equivalent deformations, the distance a be-
tween the sharp surfaces is #1.2 fm. Only at

p <13.4 fm the liquid-drop surfaces of the frag-
ments come into contact as indicated by two touch-
ing spheres in Fig. 3. Therefore the reason for
the scission barrier to occur seems to be entirely
due to the diffuseness of the fragment surfaces
and to the finite range of the nuclear interaction.
Results on this scission barrier have been pub-
lished earlier.® In order to use the model to
some extent also for p <13.4 fm, the saturation
property of nuclear matter was approximately tak-
en into account by imposing a constraint on the de-
formation parameters:

p=R1(16X; 9=0) +Rz(26)\’ 9:7]’), (16)

with the half-density radius Rx(¥6,, 6) used in the
definition of the Woods-Saxon potential which is
discussed in Sec. II, between Eqs. (12) and (13).
This constraint prevents the total nuclear potential
from exceeding the saturation value. The barrier
maximum may be used to define the scission point
unambiguously. The energy curves have been nor -
malized to the Coulomb energy-of two point charges
at p=15 fm. Normalized in this way, the energy
of the scission-barrier top should be equal to the
experimental value of the total kinetic energy of
the fragments. Thereby it is assumed that the ki-
netic energy at the barrier top is close to zero
and that during the separation process past this
point the fragments are not excited. This energy
is approximately 30 MeV too high as compared to
the experimental value.’®* The dipole polarization
energy of the individual fragments which is not in-
cluded would bring the energy of the barrier clos-
er to the experimental kinetic energy. In addition
a more realistic value for the nuclear radii of the
fragments (1.254 '/ fm instead of 1.204,'/% fm
which has been used here’?), and the actual exci-
tation of the fragments along the way down from
the top of the barrier would also reduce the final
kinetic energy of the fragments. It is expected
that the scission barrier is 10 to 20 MeV below
the saddle point. No indication for the experimen-
tal dip in the kinetic energy at symmetric mass
division is observed.

(¢) The diagrams of the next row in Fig. 3 dis-
play a strong dependence of the deformation pa-
rameters 16,, 16, 25,, and 26, on the center-to-
center distance p of the fragments. With increas-
ing p the fragment deformations change from pro-
late (=¥ 6,>0) to oblate (~¥5,< 0) shapes. As is
seen from the middle diagram, the near magic

fragment (A, =132) becomes almost spherical for
a rather small value of p, namely ~14.0 fm. Itis
interesting to note that for the near symmetric
mass division (4, =122, A, =118) the lighter frag-
ment prefers oblate shapes for p>14.2 fm, where-
as the heavier fragment remains prolate up to
p=15 fm. This indicates a strong coupling of the
mass-asymmetry vibration with the distortion-
asymmetry vibration (notation according to Nix*)
for near symmetric mass splits. For p<13.4 fm
the constraint on the deformation parameters dis-
cussed above becomes obvious.

(d) The number of neck nucleons as defined by Eq.
(15) also depends rather strongly on p. In Fig. 3
the ratio of the neck nucleons (Z,, N, ) to valence
nucleons (Z,, N, ) is shown, the valence nucleons
being defined by the total number of protons and
neutrons, respectively, occupying the fragment
functions |p) within 10 MeV around the Fermi en-
ergy. The number of the valence nucleons are
Z,=38, 26, 34 and N, =46, 56, 42 for the fragment
pairs (A,, 4,)=(122, 118), (132, 108), and (140, 100),
respectively. The most striking feature of these
graphs is the small number of neck protons as
compared to the number of neck neutrons. Such
an effect is expected from the direct Coulomb re-
pulsion which shifts the protons somewhat to the
outer edges of the fragments (dipole polarization
of the fragments). The ratio Z,/Z, of the protons
reaches a value of 0.1 near p=14.0 fm, whereas
the ratio N,/N, reaches this value only near p
=14.5 fm. From this it may be concluded that the
numbev Zgp of protons in the fragments is at the
scission point a vather good quantum number and
at least much better than the number N of neu-
trons or the total number A =Ny +Z, of nucleons.
(e) To characterize the fragment charge Zy as de-
fined by Eq. (12), the deviation

D(p,Al)EZ1(p’A1)_Alz/A=_D(pyA2)’ (17)

from the unchanged chavge density (UCD) distvibu-
tion is plotted as a function of p. For the fragment
pairs (A,,A,)=(122, 118) and (140, 100) the charge
distribution is constant as function of p. For

(A, A,)=(132, 108) a skell effect on the charge
distribution is seen to develop around p=13.8 fm,
which is the scission point as defined by the top of
the scission barrier. As indicated by the relative -
ly small number of neck protons and by the level
diagrams of Fig. 2, the proton shell structure is
expected to be more effective than the neutron
shell structure. Therefore a larger effect on the
charge distribution is expected from the 50-pro-
ton shell than from the 82-neutron shell, which is
demonstrated below in Figs. 5 and 6.
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B. Quantities as Functions of 4, energy curves in Fig. 3, the barrier top, which is
suited to serve as a definition of the scission point,
There are several experiments where fission occurs at p=~ 13.8 fm. Therefore, p is set equal
phenomena are studied as functions of the frag- to 13.8 fm in the following study of some quantities
ment masses, e.g., the heavy-fragment mass. It as functions of A,.
is therefore interesting to examine some features In Fig. 4 the levels, which have been shown in
of the scission configuration also as functions of Fig. 2 as functions of p, are drawn as functions of
the heavy-fragment mass A,. Asis seen from the A, for p=13.8 fm. As in the corresponding dia-
A2
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FIG. 4. 24Pu: neutron (upper half of the diagram) and proton (lower half) levels 1 as functions of 4, for p =13.8 fm.
Each level is labeled by the component m of the angular momentum along the symmetry axis.
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grams of Fig. 2, fluctuations of the order of 0.1
MeV in the curves have been suppressed. These
level diagrams exhibit some interesting features:
In the symmetric mass region A, < A, <128 states
with a large angular momentum component m
along the symmetry axis dominate near the chem-
ical potentials u, and u,. Because of their oblate
spatial density distribution, these states with
large m have almost no overlap with the density
distribution of the other fragment and therefore
give no essential contribution to the binding ener-
gy of the compound system. On the other hand,
several_states with small m values are populated
for A,~ 140 which give a large contribution to the
binding energy according to their prolate density
distribution. That there is more binding energy
with the fragment paiv (140, 100) is evident in the
total energy curve of Fig. 3. In particular the can-
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FIG. 5. *%Pu: deformation parameters Fo, and Fo,,
gap parameters 'iAF and ?Ap for neutrons and protons,
respectively, and charge deviation D (4,) from the UCD
distribution as functions of 4,. The range of experi-
mental data (Ref. 17) of the charge distribution has been
indicated by the broken lines.

cellation of nuclear attraction and Coulomb repul-
sion is at 14.0 fm, whereas for the other fragment
pairs this point occurs at 13.8 fm.

In Fig. 5 are presented the deformation parame-
ters, the gap parameters, and the charge distribu-
tion as functions of A, for p=13.8 fm:

(a) The quadrupole deformation parameter 76,
displays strong variations between 0.04 and 0.14.
A shell effect is realized around mass A,=132 in
the quadrupole deformation !6,. The octupole de-
formation parameter 75, is rather constant (~0.05)
aside from small fluctuations. The fragments are
always pear-shaped pointing with their sharper
tips to each other as indicated in Fig. 1. It should
be stressed that these deformation parameters be-
long to the top of the scission barrier (see Fig. 3).
Because of the partial cancellation of nuclear at-
traction and Coulomb repulsion between the frag-
ments, the deformations ave rather small at this
point. This supports the usefulness of the model
for studying the scission configuration. The de-
formations of the scission point given in Fig. 5
cannot be compared with those calculated by Dick-
mann and Dietrich'* who have chosen the touching
spheroid configuration as the scission point. Be-
cause of our limitation of the configuration space,
the deformations are expected to be too small by
a factor of 1.5 or 2 at this touching point (see
Fig. 3).

(b) The gap parameters clearly display shell ef-
fects for the heavy fragments near A, =132. As
has already been expected from the level diagrams
of Fig. 2, the proton shell effect is largest for
heavy-fragment masses somewhat lighter than 132,
namely 130; whereas for the neutrons it is for
somewhat heavier fragments, namely 134 and 136.

(c) The calculated charge distvibution is given
by the points connected by a line. For A,=122,
132, and 140 the variance of the calculated values,
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taken from Fig. 3, is indicated. Again the 50-p7ro-
ton shell is more effective than the 82-neutvon
shell. Apart from the discrepancy of 0.2 to 0.3
charge units around A, =132 good agreement with
the experimental charge distribution'” is obtained.
Figure 6 presents the charge-distribution curve
for 22 py. Apart from some quantitative differ-
ences to the corresponding diagram of Fig. 5, the
charge distribution is the same as for 2¢°Pu.

IV. CONCLUSIONS

A rather simple model of two interacting frag-
ments, which is described in a single-particle
theory with residual pairing interaction, has been
used to study some features of the scission con-
figuration. Level schemes, equilibrium deforma-
tions of the fragments, total energies, and the
charge distribution have been studied as functions
of two parameters, namely as functions of the
fragment masses A, A, and of the center-to-cen-
ter distance p of the fragments. This molecular
model is convenient for studying the scission-
point region, particularly because extensive knowl-
edge about the fragment structure is incorporated.
For smaller values of p the configuration space in
the expansion (2) has to be enlarged considerably
and special care has to be taken of saturation prob-
lems. Higher multipole deformations of the indi-
vidual fragments should be used. In studying these
regions of smaller p values, two-center poten-
tials'® should be used and the total energy should
be renormalized according to Strutinsky’s meth-
0d!® to account for the saturation of nuclear mat-
ter. On the other hand one has to be careful when
using the renormalization with liquid-drop ener-
gies for fragment distances p in the region of the
scission barrier. Large errors are introduced
there, since the nuclear interaction energy be-
tween the fragments is “renormalized” to zero ac-
cording to the fact that the corresponding liquid
drops are well separated (see Figs. 1 and 3).

As a main result of the calculations the scission
configurations are characterized by an approxi-
mate cancellation of the attvactive nuclear force
and the repulsive Coulomb force between the two
fragments. Results of this interplay of the nucle-
ar and Coulomb interaction are the scission bar-
rier and the vather small deformations near the
barrier top. Because of the direct Coulomb repul-
sion the protons are shifted somewhat to the outer
edges of the fragments. Thus the number Z, of
protons in the fragments seems to be a much bet-
tev quantum number than the neutron number Np
or the mass number Ay =Np +Z;. From this it
seems desirable to study the fission phenomena
as functions of Z, instead of Ar. In addition Zg.

is not altered by the subsequent neutron and y
emission and changes only by the very slow B de-
cay of the fragment. Experiments of this kind
have been started.?’ In addition the 50-proton
shell has a much greater influence on some fea-
tures of the scission configuration than the 82-
neutron shell. ,

The great disadvantage, which is common to all
stationary models of fission, is the fact that the
fission dynamics between the saddle and the scis-
sion configuration is not consideved explicitly.

As mentioned in the Introduction, the compound
system probably fissions through rather compli-
cated scission configurations. It is expected that
these complicated scission configurations can be
built up approximately from the ground-state scis-
sion configuration by particle-hole or quasiparti-
cle excitations. It is reasonable that some collec-
tive features of the ground-state scission config-
uration are the same, at least on the average, for
these complicated scission configurations. But
there remains another objection with these calcu-
lations: Since almost nothing is known about the
dynamical path, it is possible that the compound
system cannot reach all equilibrium states of the
scission configurations. Therefore also other
scission configurations which are rather different
in deformation and structure may be effective.

On the other hand, it is a very difficult problem

to give a realistic solution to the fission dynamics.
Even if one assumes the validity of the adiabatic
model, a solution seems to be almost impossible,
since one has to use a rather large number of es-
sential degrees of freedom (10 to 15 at least)
which are expected to couple strongly to the or-
dered fission motion. There are serious doubts,
if dynamical calculations with 2 or 3 degrees of
freedom®5 can give a reasonable answer to this
problem.

An interesting result of the calculations is the
existence of a scission barvier. Such a barrier
has been proposed in connection with several dis-
cussions on fission phenomena.?’"2% This barrier
occurs at distances where only the fails of the den-
sity distvibution of the two fragments overlap.
Consequences of such a barrier on fission dynam-
ics and on the existence of fission isomers in the
scission valley inside the barrier have been dis-
cussed elsewhere.!® The relative heights of the
barriers can be renormalized by using a mass
formula. From the mass table given by Garvey
et al.?* the values 3, -1, and 0 MeV for the bar-
rier heights of the fragment pairs (4,,4,) =(122,
118), (132, 108), and (140, 100) are obtained. For
the valleys the corresponding values are 8.5, 4.5,
and 0 MeV. In the thermodynamic molecular mod-
el®® 5 g gtatistical equilibrium of collective states
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is expected in the scission valley. According to
this model the probability of finding a specific
fragment pair is determined by the Boltzmann
factor, "~

P, (AF)Nexp[ -E, (AF)/(ch)]r (18)

where E,(Ay) is the energy of the valley as func-
tion of Ap, T, is the collective temperature of the
statistical equilibrium, and % is the Boltzmann
constant. In order that a special fragment pair
can fission, the energy in the fission degree has
to be at least equal to the barrier height E,(Ag).
The probability of finding this energy in the fis-
sion degree is

Py (Ap) ~exp[-E, (Ap)/(RT.)], (19)

and therefore the fission probability
P;~P,P,~exp{~[E,(Ap) +E, (Ap)/RT,}. (20)

For the reasonable value 2.3 MeV for kT,,?*2° the
relative fission probabilities are

P4(140): P;(132): P;(122)=1:0.2:(7X1073),
(2

which is in rather good agreement with the exper-
imental values®®1:0.6:(7%x1073). No quantitative
agreement can be expected, since the relative en-
ergies are expected to be at least uncertain by 2
MeV. But these numbers clearly demonstrate
that the energies of the scission configuration can
account for the mass distvibution and that no tun-
neling process is necessary for explaining the
phenomenon of asymmetric fission. Pashkevich?®
has calculated the potential surface with the help
of Strutinsky’s method. At scission he gets a val-
ley depth of about 5 MeV for the most probable
mass division which compares rather well with
the corresponding value of 8.5 MeV obtained here.

No scission barrier is obtained by Pashkevich be-
cause of the reasons discussed above at the begin-
ning of this section.

There remains the puzzling dip in the kinetic en-
ergy of the fragments’® around the symmetric
mass split. In the total energy, given in Fig. 3,
no indication of such a deficiency for (A4,,A,)
=(122, 118) is seen. If one takes the presented
model study as complete, one has to introduce an
excitation mechanism of the fragments after the
scission barrier top is passed. Such a mechanism
may be connected with the high density of nearly
degenerated levels from different nuclei around
the Fermi energy. On the other hand, it may be
possible that by our limitation of the configuration
space a more deformed scission configuvation has
been missed. This more deformed state can ten-
tatively be connected with the binding states of
small m quantum numbers which probably are re-
sponsible for the energy minimum of the scission
valley around A = 140.

Finally a remark should be made in connection
with the charge distribution given in Fig. 5. The
experimental values for A~ 136 indicate a more
pronounced effect from the 82-neutron shell than
is displayed by the charge distribution at p=13.8
fm. This effect suggests a redistribution of neu-
trons beyond the scission-barrier top and may be
connected with a small Josephson junction®® be-
tween the fragments.
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Spin assignments have been made for 47 neutron resonances in the target nuclei Nd!** and
Ndl4® by two independent methods: measurement of coincidences between cascade capture
vy rays, and measurement of the ratio of low-energy y-ray intensities. A new method for
analyzing data of this type is introduced which enables us to assign a probability of correct-
ness to each spin measurement, The use of an energy window rather than an integral bias
level for the coincidence experiment improves the separation of the two spin groups. The
s-wave strength function does not appear to be spin-dependent. The distribution of the spin
values is consistent with a 2J +1 level-density dependence.

I. INTRODUCTION

In recent years, several techniques have been
developed for the determination of the spin states
of s-wave neutron resonances from studies of the
capture y rays associated with the resonances.
Most. of these methods depend upon the assump-
tion that the compound -nucleus state decays in a
statistical manner via dipole transitions. Exper-
iments of this type are much simpler to perform

than experiments using polarized targets and/or
polarized neutrons, - or methods based upon neu-
tron scattering measurements. Spin assignments
for many resonances in the same isotope are need-
ed to determine the possible spin dependence of
the s-wave strength function, the level density,
the radiative capture width, and the influence of
doorway and intermediate states. .

The experiments based on the use of capture y
rays can be classified as follows: (1) Observation



