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High energy p rays from 5 Cf spontaneous fission
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The spontaneous fission decay of Cf has been analyzed in a statistical model with emphasis on
describing recently reported high energy p-ray spectra. An enhanced p emission in the range from
3 to 10 MeV which is observed for nearly symmetric mass splits is readily understood as a result of
the difFerent fragment excitation energies. The model includes a viscous motion to the scission point
with the possibility of prescission p emission. It was found that even with saddle-to-scission times
of r„&66 x 10 s, the maximum consistent with prescission neutron multiplicities, prescission p
rays are overwhelmed by fragment p rays. Thus, the recently reported strong angular anisotropy of
p rays in the range E~ = 8—12 MeV is unexplained within the present understanding of the fission
process.

PACS number(s): 25.85.Ca, 27.90.+b

I. INTRODUCTION

Recent measurements have reported high energy p-ray
spectra emitted in the spontaneous fission of Cf which
show several surprising features. Van der Ploeg et al
[1] observe p rays up to about 15 MeV and an enhanced
emission of p rays with energies around 10 MeV in the
direction of the fission axis. Glassel et al. [2] and then
Wiswesser et aL [3] report the Cf p spectrum up to
about 10 MeV as a function of fission mass asymmetry,
showing a significant enhancement in the region from 3
to 8 MeV for symmetric Gssion events.

In spontaneous fission, high energy p rays are emitted
by the excited fission fragments, but possibly also by the
fissioning nucleus on its path from the saddle to the scis-
sion point. Recent measurements of high-energy p rays
from the decay of hot (T ~ 2.0 MeV) thorium nuclei [4,
5] have found that high-energy p rays are indeed emit-
ted both before and after traversing the saddle point,
and that these provide information about the dynamics
of the fission process. Specifically, it was concluded from
the strong presence of prescission p rays that the fission
mass motion was strongly overdamped, with a normal-
ized nuclear friction coefficient of p=10, corresponding to
a fission time scale ~ 10 is s. Here, p = P/2ao, where P
is the reduced friction coefficient and wo is a characteris-
tic potential or barrier curvature.

In this paper we analyze the spontaneous fission-p data
of Refs. [1, 3] using the same formalism as in the anal-
ysis of the hot Th fission, with the aim to see if any of
the interesting results cited above may be related to p
rays emitted from the fissioning system on its way from
the saddle to the scission point. Calculations by Nix and
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Sierk [6] of the kinetic energy of fission fragments result-
ing from 252Cf at a temperature T = 2.0 MeV have shown
that the amount of damping in the saddle-to-scission
mass motion results in scission time scales which vary
from 2 x 10 21 s fpr np djssipatjpn tp 30 x 10 s fpr full
one-body dissipation (corresponding to the wall-window
formula). This time is long enough to allow the emission
of giant dipole resonance (GDR) p rays.

II. ANALYSIS OF FRAGMENT DECAY

To calculate the p spectrum and the p yield per fission
event, as well as the p-Gssion angular correlation we use
a modified version of the statistical code CASCADE [7]
which includes the fission process with friction and GDR
p emission on the path from saddle to scission [4], as well
as from the fission fragments [8]. In order to constrain
the parameters of the model as much as possible we re-
quire that the calculations reproduce the wealth of data
that are available on 252Cf. The most prominent feature
of spontaneous fission of ~52Cf is the strongly asymmet-
ric mass distribution caused by the shell structure of the
nascent fragments near the scission point [9]. The present
calculations use the experimental data for the mass dis-
tribution, as well as the mean and variance of the kinetic
energy distribution measured as a function of fragment
mass [10, ll]. The total excitation energy available for
statistical decay of the fragments is given by the energy
balance

(Afrag) = Q(Afrsg) EK(AfrrLg)

where the total excitation energy E', the fission Q value
Q, and the total kinetic energy E~ depend on the mass
Ar, ~g of one of the fragments.

For each fragment mass Af, g a charge number is
needed to look up the experimental fission Q value
Q(Af, ~g). These were assumed to follow the uniform
charge distribution [14, 15], i.e. , Zr, ~g = Af,~g98/252.
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This is identical, within one-half charge unit, to the
charge division expected from the liquid drop model for
a fixed mass division between two touching fragments.

The excitation energy in the fragments after scission
originates from two sources: (1) the excitation energy of
the system at scission and (2) the deformation energy
of each fragment at or near the scission point which is
converted to excitation energy shortly after separation.
Assuming a uniform temperature at scission, the exci-
tation energy at that point is divided according to the
fragment mass. Thus, the (average) excitation energy of
a fragment is given by

(Q Q~ g Q )A&+ A2

where Ei' and E2' are the fragment deformation ener-
gies at the scission point, and the rotational energy, Ej ~,

is calculated for an average fragment angular momentum
J = Gh [16]. The fragment scission point deformations,
P(Af @g), were taken from Ref. [9], and the corresponding
deformation potentials were calculated from the liquid-
drop model by including the Coulomb and surface en-
ergy terms [17]. The excitation energy of the comple-
mentary fragment with mass Aq is obtained analogously.
The measured total kinetic energy shows an experimental
variance which translates directly into a variance of the
total excitation energy F*, i.e. , cr&. (Af g) —(j@ (Af @g),
since the fission Q value has a negligible variance or ex-
perimental uncertainty. There is very little experimental
evidence on how o.E. is split between the two fragments,
but it can be argued that the covariance of the two en-
ergy distributions is negligible [18], as we will assume
here. Even with this constraint it is necessary to make
an assumption about the distribution of the excitation
energy variance, and we assume that the variance in each
fragment scales directly with its excitation energy, i.e. ,

Ei Eg Eg Ei+
Because of the zero covariance we can perform indepen-
dent calculations for each fragment and then add the con-
tributions.

The level density parameter as a function of fragment
mass, G(Af, s), was taken from the measurements of
Ref. [11],where a was extracted directly from the slope
of the mass-gated neutron energy spectra. The energy
offset 4 in the level density was set equal to zero since
a was measured independently of the fragment charges,
thus including and averaging over the pairing energy ef-
fects.

The CAscADE results for neutrons emitted by the fis-
sion fragments which were obtained with this input are
compared to the corresponding measured quantities in
Fig. 1. The striking mass dependence of the average neu-
tron multiplicity (top panel) is well reproduced by the
calculation, The observed sawtooth behavior is related
to the shell structure of the nascent fragments at the scis-
sion point. The average neutron energy (center panel) is
also well described. Finally, the neutron temperatures
are compared with the data in the bottom panel. The fit
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FIG. 1. Comparisons of CASCADE calculations (solid
curves) to experimental data (solid triangles [11],open circles
[12], open squares [13]) for neutron emission in Cf sponta-
neous fission. (a) The neutron multiplicity, (b) average neu-

tron energy, (E ), and (c) the nuclear temperature extracted
from both the calculated and measured neutron spectra are
shown. The overprediction of the temperature for heavy frag-
ments [see (c)] is possibly caused by a nonexponential charac-
ter of the calculated spectra. Note the offset scale in (b) and
(c). The dashed curve represents a fit assuming a reduced
initial excitation energy (see text).

is very good for light and symmetric masses, but poorer
for heavy masses. This could not be improved within
our model, without destroying the quality of the fits in
panels (a) and (b). The poor fit may result from the
fact that the calculated neutron spectra are not strictly
exponentials. However, on the whole, these fits give con-
fidence that the present prescription for the excitation
energy of the fission fragments provides a realistic basis
for calculating the emission probability of high energy p
rays.

The calculation of the high energy p-ray spectrum as-
sumes the usual GDR dominance with a strength func-
tion

r E4
(Q2 @& )2+ (1' E )z'

Here S is the overall strength in units of the classical
sum rule, EGDR is the energy, and I'GDR the width of the
giant dipole resonance. For the fragments, we take from
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experiments in the Sn region [19] that S = 1, EGD& =
79A ~, and I'GDR = 4.8+ 0.0026(E& )i s

Figure 2 shows the corresponding calculated p energy
spectra emitted by the fragments together with the ex-
perimental results of van der Ploeg ef aL [1] and earlier
measurements [20—22]. The overall p spectrum shape and
yield are well reproduced; however, the p yield above 10
MeV is strongly overpredicted. These p rays come from
the first decay steps of the fragments and the discrep-
ancy could be decreased by lowering the initia/ fragment
excitation energy. Within the tight experimental con-
straints, this might be explained if the relaxation time of
the various collective vibrational modes excited during
the scission process is of the same order as the emission
time of the first neutron (a questionable assumption).
We have explored this possibility by (arbitrarily) scaling
down the excitation energies by about 40%%up (& 7 MeV)
of the deformation energy in the first decay step for each
fragment. This calculation is represented by the dashed
curves in Figs. 1 and 2. We observe that this modifica-
tion improves the fit in the high energy region of the p
spectrum (see Fig. 2). However, the agreement with the
neutron data is generally reduced as seen in Fig. l.

The lower part of Fig. 2 shows the measured p-fission
anisotropy and a calculation of the anisotropy produced

by the Doppler shift of the fission-fragment p rays. Here,
it is assumed that the fragments are fully accelerated and
the p-ray yield is isotropic in the fragment rest frame.
Then the Doppler anisotropy is simply given by

W (0 E ) 1~ "'(E,) + ~'"' (E )

Wy (90', E~) 2 of (E~)

where 0' points along the fi.ssion axis, 90 is perpendicu-
lar to this axis, and cry(E~) is the total calculated fission-

fragment p energy spectrum. The fragment velocities as a
function of fragment mass, v(Af ), were obtained from the

measured fission fragment kinetic energies [10]. o f
are the summed fragment p yields from fragments going
towards (+) and away (—) from the p-ray detector. Ob-

viously, the Doppler shift related anisotropy is both too
small and centered at too low an energy to explain the
measurement.

We now address the observed strong dependence of the
fission p-ray spectrum on the mass of the fragments [2, 3].
The experiments show a pronounced enhancement in the

p energy region from 3 to 10 MeV when mass-symmetric
fission fragments are selected. Dietrich and Bondorf [23]
have speculated that this enhancement results from large
amplitude vibrations excited in the nascent fission frag-
ments during the scission process. However, Fig. 3 shows
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PIG. 2. Top panel: Comparison of the calculated p spec-

tra (solid curve) to experimental data (filled circles [1], solid

squares [20], solid triangles [21], and open triangles [22]).
Bottom panel: The calculated anisotropy (solid curve) aris-

ing from Doppler shifts is compared to experimental data [1]
(filled circles). The dashed curve represents a fit assuming a
reduced initial excitation energy (see text).

FIG. 3. The calculated (solid curve) gamma-ray spectra

for symmetric (bottom panel) and asymmetric (top panel)

fission of Cf are compared to experimental data [3] (solid

squares). The normalization constant for both calculated

spectra was determined from fitting the asymmetric-Gssion

p spectrum to the E~ = 1 MeV data point. The dotted line

represents the exponential background used in Ref. [3].
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that our calculation is able to qualitatively reproduce this
mass-selective enhancement without introducing any new
effect. (A quantitative comparison would require the use
of the detector response function of Ref. [3].) The ef-
fect arises from the strong mass dependence of the frag-
ment excitation energies and level densities. The aver-
age total excitation energy of nearly symmetric fragments
(120 ( Af, g & 132) is 39.4 MeV with the heavier frag-
ments receiving & 25% of this energy, whereas the more
asymmetric fragments have total average excitation ener-
gies of 31.2 MeV divided about evenly between both frag-
ment pairs. Therefore the shoulder at E~ 9—10 MeV
and corresponding enhanced p-ray yield for E~ = 3—10
MeV is obtained straightforwardly: It is associated with
the threshold for second-chance p emission following ini-
tial emission of a neutron for the heavier mass fragments
(127 & Af sg & 132) which have reduced excitation ener-
gies and lower level densities. Thus it appears that the
fragment excitation energy and level density, reflecting
the shell structure of nascent fragments at scission, is
adequate to explain all observed effects.

III. ANALYSIS OF PRESCISSION DECAY

We now come to the main point of this study: Is there,
or can one expect, any evidence for GDR p rays emitted
by the Cf nucleus on its descent from the saddle to the
scission point? Our calculation follows the prescription
of Ref. [4]. The maximum excitation energy available at
scission was obtained from
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point is described by an overdamped motion down a lin-
ear slope, so that the excitation energy increases linearly
with time. The descent was then broken up into steps of
constant energy gain AU = 2 MeV from U = 0 to U =
U„, each energy interval being held for a time interval
At. This time scales with the energy dissipation of the
system according to 6t = 2pAto, where p is the normal-
ized friction coefficient and Ate = 4/U„(sym) x 10 s.
For each interval AU, the particle and p ray decay was
calculated and the results added up. This was done for
each fission-fragment mass split, and the result weighted
with the probability of the respective mass split. Pre-
and post-scission spectra were then added together.

The results are summarized in Fig. 4 which shows the
prescission p spectra and the total calculated p-ray en-
ergy spectra obtained for three different scission times,
superimposed on the data of Ref. [1]. We also list the
calculated prescission neutron multiplicities. The avail-
able data [29—32] indicate an upper limit of vsc ( 0.4.

Using a time interval w„= 30 x 10 s to reach
the scission point (corresponding to full one-body dis-
sipation) results in a prescission neutron multiplicity of
v„= 0, and a prescission p yield which is completely
masked by the fission-fragment p rays. Increasing the
scission time scale by more than two orders of magnitude

Usc(Afrag) = Q(AErag) ER'(Afrag) E (Afrag).

For example, U„= 10 MeV for the average mass split
of 108/144 using a measured total kinetic energy of 187
MeV [10] and estimating the total fragment deformation
E ' = E&~e +Eze~ = 22 MeV [9, 17,24]. The average de-
formation for the system during its descent to the scission
point (which determines the splitting of the giant dipole
energies) was estimated as P = 1.0. This corresponds
to an axis ratio for an axially symmetric prolate system
with B;„/R a„= 1/2.4 consistent with the saddle-point
shape calculated for a nonrotating charged liquid drop
[25] as well as with the average shape obtained from the
dynamical calculations of Nix and Sierk [6 . The average
giant dipole p energy for Cf was calcu ated from the
droplet model [26] as EGDR = 10.5 MeV. With a prolate
deformation P = 1.0 the GDR components have energies
and strengths of Eq=5.7 MeV, Sq=l/3, E2=12.9 MeV,
Sq=2/3. The GDR widths were taken as I'q ——2.2 MeV
and I'2 ——4.6 MeV, which corresponds to the experimental
widths of the two GDR components built on the ground
states of ss' ssU [27]. The level density parameters used
for the prescission decay were calculated by CASCADE
from the Dilg formula [28] which yields a = 34.85 MeV
and 4 = —0.26 MeV for Cf. These values were used
for the entire excitation energy range (( 26 MeV). (The
CASCADE code's method of interpolating between low en-
ergy and high energy level density parameters produces
incorrect decay rates for these low excitation energies. ) It
was furthermore assumed that the descent to the scission
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FIG. 4. The contribution from prescission y emission
(dashed curves) is calculated for saddle-to-scission periods of
7 = 30x 10 s, w„= 3300x 10 s, and ~„=6600x 10
s, which results in a predicted prescission neutron multiplicity
of v„= 0.002, v„= 0.20, and v, = 0.4, respectively. The
full drawn curve and the solid points represent the Bssion-
fragment p spectrum and the experimental data [1], respec-
tively.
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produces a prescission neutron multiplicity at the exper-
imental limit of v„& 0.4, but still yields no appreciable
prescission p contribution. Accordingly, even when the
prescission spectrum is included, the angular correlation
displays only the fission-fragment Doppler effects.

IV. SUMMARY

Within the constraints set by the prescission neu-
tron multiplicity and theoretically reasonable saddle-to-
scission time scales, the model predicts that prescission
p rays should be unobservable in the presence of fission-
fragment p rays. Thus, the strong p-fission angular cor-
relation reported for E~ 8 to 12 MeV remains unex-
plained.

We find that statistical model calculations which are
constrained by the detailed data on neutron emission in
fission are able to describe the enhanced emission of 3 to
10 MeV p rays which has been observed for the nearly
symmetric fission component. Thus it appears that the
recently proposed mechanism of coherent radiation from
the shape vibrations of the nascent fragments is not re-
quired.
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