VOLUME 71, NUMBER 26

PHYSICAL REVIEW LETTERS

27 DECEMBER 1993

Threshold for Dissipative Fission

M. Thoennessen! and G. F. Bertsch?
! National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy,
Michigan State University, East Lansing, Michigan 48824
2 Department of Physics, FM-15, University of Washington, Seattle, Washington 98105
(Received 22 September 1993)

We examine the empirical domain of validity of statistical theory, as applied to fission data on
prefission neutron, charged particle, and ~-ray multiplicities. Systematics are found of the threshold
excitation energy for the appearance of nonstatistical fission. From the data on systems with not
too high fissility, the relevant phenomenological parameter is the ratio of the threshold tempera-
ture Tihresh to the (temperature dependent) fission barrier height Evar(T). The statistical model
reproduces the data for Tinresh/Ebar(T") < 0.26 & 0.05 but underpredicts the multiplicities at higher

Tihresh/Ebar (T') independent of mass and fissility of the systems.

PACS numbers: 24.75.4+1i, 24.60.Dr, 25.70.Jj

It is well established that the fission process of hot
nuclear systems cannot be described within the Bohr-
Wheeler statistical theory, equivalent to the transition
state theory of unimolecular reactions. At high excita-
tion energies the prefission neutron, charged particle, and
giant dipole resonance (GDR) v-ray multiplicities exceed
the predictions of the statistical model calculations, al-
though the model works well at low excitation energy.
Many systems have been studied extensively [1], but this
apparent hindrance or delayed onset of fission is still not
well understood. Phenomenologically, the fission hin-
drance can be described in the framework of Kramer’s
model [2] as a consequence of either very large or very
small dissipation of the collective motion. Thus, this data
presents to the theorist the problem of understanding the
dissipation and how it depends on excitation energy.

In this work we search for systematic trends of the va-
lidity of the statistical model by assembling data over a
wide range of masses and fissilities. In particular, we shall
tabulate the threshold energy Eihresh marking the upper
limit of energies where the statistical theory applies. Al-
though a large set of excitation functions covering the
relevant energy range exists already for quite some time,
no detailed analysis of these data have been performed.
In the present paper we extract and analyze the threshold
energy from a variety of different measurements. We find
a rather simple correlation, which we do not understand,
however.

Table I lists the analyzed fissioning systems following
fusion evaporation reactions. Prefission neutron, charged
particle, and GDR ~-ray multiplicity measurements are
included. The first entries in the table are the reaction

TABLE I. Reactions, compound nuclei (CN), fissilities (Zfss), threshold energies (Eihresh),
threshold temperatures (Tinresh), mean fission barriers Epar, temperature dependent mean fission
barriers Euar(T"), for the analyzed reactions. The last two columns list the experiment type and
the references. All energies and temperatures are given in MeV.

Reaction CN Thss FEthresh Tinresh Fhpar Eya:(T) Reference
%0+M2Nd  8Er  0.60 80+10  1.83+0.11  11.242.0 8.1+20 = 4]
8041%09m  1%8yhL  0.60  85%5 1.85+£0.05  10.4+24  7.3+2.1 5]
19p 1597 W 0.64 80+£10  1.81£0.10  10.3+2.3  7.4+23 [6]
YE4+1°Tm  88pt 0.67  80+5 1.774£0.05  7.1%+1.2 4.8+1.1 [6]
288i+170Fr 198ph 070 6045 1.53+£0.05  7.1%1.1 5.3%+1.1 [5]
19F 4181y 200py 070 6545 1.63+0.05  8.6%£1.0 6.4£1.0 5]
804 170Ey 200p,  0.70  55+5 1.434+0.06  7.0+0.9 5.540.9 [5]
180+1920s 20pg 071 60%5 1.534£0.05  8.0+0.8 6.1+0.8 5]
80+4+197Au  8Fr  0.74 455 1.33+£0.07  6.2+0.6 4.8+0.6 (7]
1604208py  224Th 076 30+5 1.08+£0.08  5.5+0.5 4.7+0.5 1]
19p4282Th BlEs 0.83 20+£10  0.854+0.25  1.840.2 1.540.2 6]

p+2%*U 2Np 078  20+2  0.86+0.05 4.3+01  3.940.1 n (8]
283i+164Er 192py,  0.72 5845 1.52+0.06  5.9+0.9 43+08 p [9]
28Gi4-154Er 192pp 072 53+5 1.4740.06  6.7£0.9 5.1£09 « [9]
YF418lTa  299Pp 070 68-84  1.66-1.82  8.4-6.5 6.1-4.1 v (10]
s4i%4w  218Th 078 7285  1.65-1.77  2.6-1.7 1.4-0.7 [11]
1°0+4+2%pp  24Th 076 3040  1.09-1.22  55-46 3.7-4.8 [12]
’25+2®°Pb  *°Cf 084 67-80  1.52-1.68  0.7-0.4 0.2-0.1 (13]
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TABLE II. Decaying nucleus, fissilities (zges), threshold
energies (Fihresh ), threshold temperatures (Tinresh), mean fis-
sion barriers Eb,r, temperature dependent mean fission bar-
riers Epar(T'), for the peripheral reaction 40Ar + 282Th from
Ref. [14]. All energies and temperatures are given in MeV.

Nucleus Tfiss FElthresh Tihresh FEypar Ebar(T)
225Fy 0.73 4744  1.29+0.08 6.0+0.6 4.84+0.6
228Ra,  0.74 3442  1.07+£0.07 5.3+0.5 4.6+0.5
0.74  46+6  1.29+0.10 5.9+0.3 4.8+04
0.74 66+7  1.59+0.10 7.0+0.2 5.1+04
230A¢ 0.75 18+2  0.76+0.12 4.74+0.4 4.34+0.5
0.75 21+3  0.82+0.10 5.2+0.3 4.8+04
0.75  32+4  1.09+0.09 6.24+0.2 5.4+0.3

partners and the compound nucleus they form. Follow-
ing this is the fissility of the compound system, defined
in the liquid drop model as zges = (Z2/50.8834){1 —
1.7826[(N — Z)/A]?}~1. The next entry is the threshold
energy, determined as follows. For data on the neutron
and charged particle multiplicities, the threshold was ex-
tracted from excitation function plots of the multiplicities
which compared experimental data with statistical model
calculations [3]. Ejnresh is defined as the compound nu-
cleus excitation energy where the model starts to devi-
ate from the data. Uncertainties were estimated from
the graphs. One measurement calls for special comment,
namely, the reaction 1°F + 232Th — 25'Es. Here Einresh
is the estimate quoted in the experimental paper, Ref.
[6], but since that energy is far below the fusion barrier
it should be taken with caution. The bottom entries in
the table are measurements of GDR « rays, which do not
yet provide detailed excitation. functions. The threshold
energy is only quoted as a range, where the lower value
corresponds to the highest measured excitation energy
where the statistical model still could describe the data.
The upper value was chosen to be in the middle between
the lower energy and the first excitation energy where
dissipation had to be included in order to fit the v-ray
spectrum.

In addition to the particle/y-ray multiplicity data of
fusion reactions we also analyzed the data from sequential
fission of the peripheral collision of 4°Ar + 232Th at 30
MeV/A (Table II). The threshold energy was deduced
from Fig. 2 of Ref. [14]. The crossover energies where
the calculated fission probabilities reach the measured
fission probabilities were attributed to the onset of fission
hindrance. It should be emphasized that Eipresn in this
case is not a directly measured quantity, but was derived
from a model calculation.

The extracted values of Eipresh 0f Tables I and II are
summarized in Fig. 1 and shown as a function of the
mass number of the fissioning system. The different sym-
bols correspond to the following experimental methods:
Neutron multiplicities following heavy-ion fusion (o) and
proton induced fusion (M ), charged particle multiplicities
(e), GDR #-ray multiplicities (x), and peripheral reac-
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FIG. 1. The extracted threshold energy Eihresn, where dis-
sipation effects start to influence the fission process in hot
nuclei as a function of mass. The different symbols corre-
spond to neutron multiplicities following heavy-ion fusion (o)
and proton induced fusion (B ), charged particle multiplicities
(), GDR ~v-ray multiplicities (x), and peripheral reactions
(A). The data were taken from references listed in Tables I
and II.

tions (A). At low masses, Eihresh is large (~ 80 MeV)
and it seems to drop to lower values for heavier systems.
However, the data are spread over a wide range and no
clear trends can be observed.

Figure 2 shows the same data as a function of the fis-
sility of the system. Here it is obvious that Ejyresy, drops
dramatically from 80 MeV down to 20 MeV within a
rather narrow range of fissilities around 0.72. Only two
data points do not follow this general trend. The GDR
v-ray multiplicity measurements of the two 328 induced
reactions show a very large threshold energy even at very
large fissilities. It is difficult to see how the large Eipresh
obtained in the GDR analysis can be reconciled with the
smaller Einresh Obtained in particle multiplicity studies
for nuclei with similar fissilities. This discrepancy can-
not be attributed to the different methods applied, since
two other data points deduced from GDR measurements
(20°Pb and 224Th) follow the general trend rather nicely.
However, it might be useful to repeat the measurements
for the same systems studied by the other technique, in
order to try to resolve this disagreement.
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FIG. 2. The extracted threshold energy FEjgnresh, as a func-
tion of the fissility. Symbols as in Fig. 1.
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FIG. 3. The ratio of the threshold temperature Tinresn Over
the temperature dependent fission barrier Ey,:(7T") as a func-
tion of mass. Symbols as in Fig. 1.

In the following we try to find a parametrization of
Eihresh which is independent of the size of the system
or the fissility. Obviously the temperature is an impor-
tant parameter, and we present in Table I the threshold
temperature Typresh corresponding to the energy thresh-
old Einresh- To compute this, the rotational energy Fio¢
must be subtracted from the excitation energy. As a
function of angular momentum [, we assume Tipresh () =
V/[Etnresh — Erot(1)]/a, with the level-density parameter
a = A/9. We then average over angular momenta con-
tributing to the fission reaction as

%Z}‘)" Tthresh (l)o'ﬁss (l)

Imax

1=0 Ofiss (l )

Tihresh = (1)
Tihresh is therefore the mean temperature for the systems
leading to fission.

We extract the fission barrier in a similar way, using

the Sierk’s angular momentum dependent fission barriers
(18],

By — 2128 Boar(onss ()
E?:E)x Ofiss (l)

The fission barrier may also depend on the tem-
perature, so for completeness we also calculated
the temperature-dependent barrier FEbar(T') using the
parametrization of Ref. [16]. The values for Tihresh; Ebars
and Ey,,(T) are listed in Tables I and II.

Figure 3 shows the ratio of the threshold temperature
Tinresh over the temperature dependent fission barrier
Eyor(T) as a function of mass. With the exception of
the two 328 induced reactions, this quantity seems to be
independent of the mass and therefore also independent
of the fissility of the system. This is also the case for the
Sierk barrier without any temperature dependence.

There also exists no discrepancy between the differ-
ent probes that were used to measure the threshold en-
ergy. The majority of the data points were extracted
from neutron multiplicity measurements and they agree
very well with experiments of charged particle and GDR
v-ray multiplicities. Also the proton induced reaction
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1.0 . T r T r
0.80 | ]
% 0.60 .
Eoa0 | % .
0.20 t— 3 - 1
0.0 : : . : :

140 160 180 200 220 240 260
A

FIG. 4. Linear presentation of the ratio of the threshold
temperature Tinresh Over the temperature dependent fission
barrier Epar(T) as a function of mass. Symbols as in Fig. 1.

and the peripheral data are in agreement.

If we ignore the two 32S induced reactions, we
can plot the remaining data points on a linear scale
(Fig. 4) and extract a mean value (excluding 2°'Es) of
Tihresh/Ebar(T) = 0.26 £ 0.05, and a somewhat smaller
value 0.20£0.05 using the Sierk barrier without any tem-
perature dependence.

The significance and interpretation of this empirical
relation is not obvious. The parameter Tthresh/Ebar €n-
ters into a number of considerations. It must be small
in order for a compound system to be formed, but this
criterion is met for much larger values than we found for
the threshold. The parameter explicitly enters into the
prefactor of the decay formula in the limit of small dis-
sipation and underdamped collective motion [Eq. (28)
of Ref. [2]]. If the friction coefficient were constant, the
fission rate would decrease below the statistical decay
rate at higher temperature consistent with the experi-
ments. However, it is established that the high temper-
ature region is overdamped, which is supported by some
microscopic calculations [17,18] and also by experimental
observations [1,19]. Thus, Kramer’s underdamped solu-
tion does not apply and cannot be the explanation for
the extracted relation.

Although it is obvious that nuclear dissipation is tem-
perature dependent, the origin of this dependence is still
not understood. As Kramers pointed out in his origi-
nal paper [2], it is far from clear whether the common
assumption of a linear friction is justified [20]. Only
very recently have calculations attempted to reproduce
the excitation dependence of prefission evaporation mul-
tiplicities as well as fission probabilities [21]. The present
observation of a systematic behavior in a wide range of
measurements and the existence of a numerical param-
eter for the onset of dissipation effects is valuable for
future theoretical calculations and has to be understood
within the models.

This work was supported by the U.S. National Sci-
ence Foundation under Grant No. PHY-92-14992 and
the Department of Energy under Grant No. DE-FGO06-
90ER40561.
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