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Prescission (v;„) and postscission (est) neutron multiplicities have been measured for the reac-
tions p+"' ' ' "U at several projectile energies between 12.7 and 25.6 MeV in coincidence with

binary fragments. Separation of v;„ from v~ t was achieved under the assumption of isotropic emis-

sion in the respective source frames. Both multiplicities increase with initial excitation energy Ec„
with comparable rates EECN/hv=17+3 MeV. v;„(E~N) extends existing data of heavy-ion in-

duced fusion-fission with ECN 50 MeV; for EcN ~20 MeV it is incompatible with the transition-

state model and cannot be reproduced without a delay time for the fission competition in the order
of 3X10 -10 ' s. The fragment mass dependence v~„(m) shows a clear sawtooth structure for
all three targets at E~ = 12.6 MeV that is gradually washed out with increasing E~ or decreasing to-
tal kinetic energy TKE, because the heavier fragment receives most of the additional excitation en-

ergy. The nuclear temperatures of the heavy fragments exceed those of the light ones, but seem to
approach each other with increasing fragment excitation.

I. INTRODUCTION

The measurement of fusion-fission coincident neutrons
provides access to the time scale on which the emission of
light particles precedes or competes with a fragmentation
of the reaction system. '

The onset of the reaction is characterized by preequili-
brium emission. It is followed by a cascade of neutrons
evaporated from an equilibrated composite system. Both
categories are referred to as prescission neutrons with the
multiplicities v;„. When the system approaches the scis-
sion point, a third generation of neutrons is contributed
from the nascent, accelerating or fully accelerated frag-
ments. The multiplicity v „,of these postscission neu-
trons is a measure of the excitation energy remaining in
the fragments.

Recently, Hilscher et al. ' studied the fission dynam-
ics of hot nuclei with composite systems AcN 150 and

ECN ~ 50 MeV predominantly stemming from heavy-ion
induced reactions; they reached the conclusion that in
fusion-fission reactions with ECN ) 50 MeV, the prescis-
sion neutron emission is so fast compared to the over-
damped motion in the scission direction that it cools this
composite system down to ECN =40—60 MeV before the
scission point is reached. As a consequence v „, is ex-
pected to stay roughly constant independent of the en-
trance channel energy and momentum.

In this paper we want to extend the study of preneut-
ron versus postneutron scission multiplicity to lower
(ECN 31 MeV) excitation energies for highly (x =0.75)
fissile systems p+235'236'2 8U partially already treated in
the classical papers of Bishop et al. ' on this subject at
lower excitation. A study of heavy-ion induced fusion-
fission concluded that v;„shows a remarkably consistent
and smooth trend in its dependence on ECN and x; there-
fore, we intend to link our work to the result that with

increasing x & 0.7, statistical-model calculations underes-
timate v;„considerably for EcN as low as 60-100 MeV.
The application of proton projectiles will exclude fast
fission due to a substantial reduction of the fission barrier
by angular momentum effects in the entrance channel.

Emphasis is put on an extension of the projectile ener-

gy range 12.7 MeV ~E &25.5 MeV, a neutron time-of-
flight spectroscopy with n-y discrimination and on im-
proved energy resolution, spectroscopy of the fragments
with time-of-flight (TOF) techniques —giving better ac-
cess ' to the fragment masses m;* prior to neutron
emission —as well as by energy in order to allow for a
complete mapping of the energy flow as a function of
mass split and neutron multiplicity.

With these data we are then also able to study the vp t

as a function of both fragment mass and excitation ener-

gy in the fragments, and thus the persistence or disap-
pearance of the famous "sawtooth" v», (m) with the to-
tal kinetic energy (TKE}. This quantity is of particular
interest, because the random neck rupture model of Bro-
sa et al. " predicts the structure to persist with growing
ECN (but shifted upward in absolute number}, whereas
the statistical scission point model' does not.

At present, there are three classes of theoretical ap-
proaches to the fission process in discussion. The statisti-
cal model of Wilkins et al. ' assumes a quasistability at
the scission point. It can be applied to all kinds of nu-
clear fission, in particular those with high mass asym-
metry and those which are strongly influenced by shell
effects, but it has its problems' with the widths of the
fragment mass distributions. The liquid drop model is
essentially restricted to symmetric fission' and therefore
not very appropriate for the reaction systems under dis-
cussion. Recently, Brosa et al. ' introduced a model
based on a random neck rupture that naturally leads to
the experimentally observed widths of mass distributions
and predicts the sawtooth v„„,(m) as a consequence of
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the asymmetric prescission shape whose origin is seen'
as an effect of inertia and minimization of surface energy.
Experimental data both in support of' and in conflict'
with the resulting energy sharing as a function of mass
split have been published.

Our paper is organized as follows. In Sec. II we
present the experimental arrangement with emphasis on
details not yet published. Section III is devoted to the ex-
perimental results and a qualitative discussion of the gen-
eral trends visible in the inclusive fragment and neutron
data in comparison to those of Ferguson et al. ' and of
Bishop et al. ' The discussion of the results in terms of
the questions already raised —in particular, (i) prescission
neutron multiplicities as a function of primary excitation
energy EcN (ii) postscission neutron multiplicity as a
function of fragment mass and TKE of the fragments-
and in comparison to calculations performed in the sta-
tistical model of nuclear reactions is presented in Sec. IV.
Section V summarizes our results and conclusions.

II. EXPERIMENTAL ARRANGEMENT

A. General setup

Two different setups have been applied. The first one,
hereafter called EXSC, used scintillator foils for fragment
spectroscopy by TOF. These foils are resistant against ir-
radiation and can stand high count rates so that the three
systems p+ ' ' U could be studied at several projec-
tile energies F. between 12.7 and 25.5 MeV to provide a
survey of neutron-fission coincidence data, however,
without good fragment energy information. In the
second one (EXSB) fragments were spectroscopied both
in TOF (mass) and pulse height (energy) with large-area
surface-barrier detectors; the enhanced requirements on
counting statistics allowed to measure neutron-fission
coincident only for E =20.4 MeV and only for p+ U.
In addition, single runs for fission fragments were per-
formed for p+ ' ' U and E =15.2, 20.4, and 25.7
MeV with this setup. A summary of projectile energies
and targets used is given in Table I. What both setups
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FIG. 1. Geometry of the EXSB setup.

B. Fragment and neutron spectroscopy in EXSBgeometry

The four detectors F1-F4 consisted of fully depleted
material of specific resistance p = 1200 Qcm, were of areal

have in common is that all neutron and fission fragment
detectors and the target are positioned in a plane perpen-
dicular to the proton beam.

The geometry of the EXSB arrangement is schemati-
cally shown in Fig. 1. Two fragment detectors F1, F2
define the horizontal fission axis. Neutrons are measured
by means of the two independent, fixed TOF detectors
N1 and N2 under the correlation angle 6,=0' with
respect to this axis. The 8,=90' correlation was mea-
sured in the EXSC experiment by rotating F1 and F2
with the whole reaction chamber carrying F1 and F2
around the beam axis by 90' into the position F3,F4. In
the EXSB geometry, F3 and F4 were realized by a
second pair of surface-barrier detectors. For fission coin-
cident prefission neutrons the two correlations 8,=0'
and 8,=90' are equivalent, whereas the postfission neu-
tron yield varies considerably with 8c. The EXSC setup
and the quality of data obtained with it has been present-
ed in two earlier papers the reader is referred to 9 ~ we
mention here only that the scintillator foils representing
detectors Fl and F2 were placed at TOF distances of
21.4 and 15.2 cm and subtended solid angles of 104 and
228 msr, respectively.

TABLE I. Summary of experiments.

Projectile
energy E~

(MeV)'
Experimental

setup 235U
Targets

236U 238U FM

Types of
measurement'

NM FME NME

12.7
15.2

18.3
20.3

22.3
25.6

EXSC
EXSB
EXSC
EXSC
EXSB
EXSB
EXSC
EXSB
EXSC

X
X
X

X
X
X
X
X

X
X

X
X
X
X

X
X
X
X

X
X

X
X

X
X

'hE~ =+0.1 MeV.
"UF4, thickness 100—150 pg/cm2, on 40 pg/cm carbon; ' U308, thickness 110-150pg/cm2, on

40-60 pg/cm carbon.
'FM: Fragment-fragment coincidences (mass determination); NM: Neutron-fragment coincidences
(mass determination); FME and NME: As before, but including fragment energy measurement, too.
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size 7.0 cm, thickness 170 pm, and capacitance 400 pF.
For operation, the detectors were cooled to —20'C; they
then showed a time resolution for fission fragments from

Cf as well as pulses from an IR laser (intrinsic width:
67 ps) of 250 ps full width at half maximum (FWHM)
with the aperture being fully open. ' The TOF path
lengths to F1 and F3 were 20.3 and 17.6 cm; apertures in
front of them defined the effective solid angles of 10.1 and
14.3 msr, respectively. The associated detectors F2,F4
(TOF paths: 20.3 and 17.6 cm; solid angles 17.2 and 22.8
msr) were out of the 180' correlation by b,e„b=1.3' to
account for the linear momentum transferred from the
projectile to the composite system ' ' Np. The
broadening of the angular correlation by neutron emis-
sion from the fully accelerated fragments was accounted
for by the solid angles of F2 and F4, respectively.

The targets were inclined by 45' with respect to the
fission axis F,F2 as well as F&F4. They were held on
+20 kV potential to prevent secondary electrons from
reaching the detectors. The whole setup was housed in a
thin-walled aluminum reaction chamber with neutron
windows of 1.5 mm thickness.

Neutrons were detected with two NE213 scintillator
cells of 25.4 cm t() X5. 1 cm (in EXSC geometry: 10.2 cm
PX5. 1 cm) coupled to XP2041 photomultipliers. The
detectors were operated with n-y discrimination, ' with
pulse-height thresholds of typically E„'"=0.65 MeV and
time resolutions of 2. 1 ns (1.2 ns}. The neutron TOF
spectroscopy with Right paths of 1.8 m results in an
overall energy resolution b,E„(FWHM) of 45 keV (55
keV) and 0.83 MeV (1.18 MeV) for E„=1 and 10 MeV,
respectively. The neutron detectors were heavily shielded
with lead and paraffin against background and time un-

correlated radiation. Shadow bars of 0.7 m length made
of polyethylene that obscured the solid angles of the
detectors and provided an attenuation )99% for E„~20
MeV were used in background runs with the target being
in position. The two neutron detectors were run indepen-
dently to double statistics and to get an uncertainty esti-
mate. The neutron TOF was measured with respect to
th cyclotron RF.

III. MEASUREMENTS AND RESULTS

For each target and projectile energy, runs were per-
formed for the correlation angles e, =0' and 90' simul-

taneously (EXSB) or sequentially (EXSC). Each run was
supplemented by a neutron background run. Beam inten-
sity was typically 30—50 nA, with burst widths At vary-

ing between 0.7 ns (E =25 MeV} and 1.4 ns (E =12.7
MeV). Measurements were extended until =10 (6X 10 )

true events were recorded for a e, =0' (8, =90') correla-
tion, requiring about 10 fission-fission coincidences. In
regular intervals, pulse-height calibrations of F1-F4 were
performed with two Cf sources replacing the target.

For each neutron-fission event, the neutron TOF T(N)
is stored together with the pulse heights from the pair of
active fission fragment detectors F, and F, and the TOF
informations T(F, ) and T(F; F, }. The—RF phase was
monitored continuously such that phase shifts could be
corrected for off line. Dead time and time calibration
were monitored with the IR laser pulser that was optical-
ly coupled to all four surface-barrier detectors. Off-line
data analysis was performed event wise on a PDP 11/40.
Spectra representative for the coincident neutron or
fission detection are shown in Fig. 2.
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FIG. 2. Raw data of p+ ' U neutron-fission coincidences at E~ =20.3 MeV. Left: Neutron TOF spectra; e8ect (I) and back-
ground (II) run, correlation 6,=0 (III) and 90' (IV). Data is normalized to the same fission rate. Right: Fission events observed
with SB detectors: TOF spectrum (a), TOF difference spectrum (b), and pulse-height spectrum (c). LP indicates the light pulser peak.
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A. Fragment mass and energy determination

Fragment masses m,-' prior to neutron emission follow
from

m', =M(1+v*, /vz )

a
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FIG. 3. Normalized fragment mass yields for the TKE win-

dows indicated.

for different excitation energies of the composite system
at the scission point (Fig. 3).

This observation reflects a competition of two channels
leading to fission, with relative contributions that vary
with EcN. With increasing E, the channel that deals
with the higher barrier' or energy for neck rupture
gains relative weight. This is for Np the super long
channel leading to symmetric fission. It competes
favorably with the standard channel for asymmetric
fragmentation and with a TKE that is higher than that
for the super long channel; gating on the TKE isolates
the two channels more effectively than variation of E&N.

(ii) The average TKE as a function of mass split de-
creases with increasing ECN in the region of the heavy
fragment (mH =132 u), whereas for symmetric fragmen-
tation this trend is reversed and persists for energies E
up to 25 MeV (Fig. 4).

As the TKE reflects the repulsion energy of the nas-
cent fragments from the scission point on, its decrease in
the mass range mH = 132 u with increasing E indicates'
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B. Fission fragment properties

Here, M denotes the mass of the fissioning system, i.e.,
the compound nucleus mass with a small correction for
emission of scission and prefission neutron emission that
has been neglected here; the velocities v, due to the iso-
tropic emission of unobserved neutrons in the restframe
of fragment i, can be approximated by the laboratory ve-

locities v, accessible via the flight times T(F, ). The accu-
racy of mass determination with scintillator foils (EXSC
geometry) has been discussed in Ref. 19. The TOF spec-
troscopy with solid-state detectors (EXSB geometry) has
to cope with two corrections, namely the velocity loss of
the fragments in the target material, which has been
treated as a function of fragment mass and final velocity
on the basis of known energy-loss data, and the plasma
delays. They have been taken care of with the general
task to establish an absolute TOF time scale. For this
purpose the symmetry point (minimum) in the T(F; F~)—
spectrum (cf. Fig. 2) is associated with symmetric fission.
The pulse heights of the individual events of symmetric
fission provide the knowledge of their velocities such that
the time-zero point can be deduced for T(F; ) as well as
for T(F~ ), i.e., on a.ll TOF paths. For nonsymmetric
fragmentations the plasma delay difference has been mea-
sured previously with our detectors. '

The resulting fragment mass resolution depends on the
burst width b, tz and is cr(m)=1. 5 —2. 5 u for the EXSC
geometry, ' whereas with the surface-barrier detectors
the value o(m)=1 u was achieved in the mass range
80 A 160and ht ~0.9 ns.

Fragment energies were determined following the
prescription of Schmitt with the calibration constants
obtained in the Cf runs and the coefficients replaced by
those from Ref. 26; these coefficients yield total kinetic
energies that are typically AE„,=2.5 MeV lower and
that show consistency with the TOF measurement. '

Ferguson et al. ' have studied the fission fragment
pairs from p+ ' ' U for protons with energies E
between 7 and 13 MeV or initial excitations ECN from 11
to 19 MeV. The main trends observed in those' data as
a function of Ep or EcN, the TKE or the fragment mass

m; shall be compared to our findings for E =12.7—25.6
MeV.

(i) The mass distributions show yields for symmetric
scission increasing with E . The peak yields decrease and
their locations shift slightly to lower heavy-fragment
masses. This trend continues for E =12—25 MeV [cf.
Fig. 9 in Ref. 19]; it is more pronounced if the mass dis-
tributions are considered as a function of the TKE, i.e.,

p+
160—

I—
C)

160—

150—
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

110 120 130 140 150 160
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FIG. 4. Average total fragment kinetic energies as a function
of the heavy fragment mass for "'" ~"U(p,f) and E~ = 15 and
25 MeV.
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Target

233U

235U

236U

238U

Ep
(MeV)

9.5
14
20
15.2
20.3
25.6
15.2
25.6
11.5
18
22
15.2
20.3
25.6

TKE
(MeV)

169.8+3
169.3+3
166.8+3
171.7%2
170.4+2
170.3%2
171.0+2
169.622
178.3+3
177.2+3
176.7+3
172.2+2
170.9+2
171.0+2

TKE (MeV)
(Ref. 29)

174.2

173.7

173.4

173.0

Ref.

5

5

5

This work
This work
This work
This work
This work

5

5

5

This work
This work
This work

the relaxation of the reaction system with ECN towards
higher deformation. As a consequence, these fragments
are expected to show higher intrinsic excitation stemming
from the deformation converted into heat after snapping
back. This argument is compatible with the random neck
rupture model as well. In contrast, for symmetric mass
splits the system relaxes with increasing EcN towards
smaller deformations' because they are favored by the
Strutinsky shell correction. The broad mass distributions
are, however, at variance with this explanation.

(iii) The values for TKE corrected for fragment mass
reduction by neutron emission are given in Table II; they
continue to decrease with increasing E for all isotopes.
The absolute values of TKE show no significant depen-
dence on the target mass.

The negative slopes of hTKE/hE were also observed

TABLE II. Average total kinetic energies TKE of fragments
prior to neutron emission. Also given is the value calculated
from the systematic of Ref. 29.

in Ref. 5 for p+ ' U (cf. Table II); they result from
the increase (decrease) of the yield for symmetric (asym-
metric) fission in combination with the trend of TKE(m)
visible in Fig. 4. The absolute TKE values of Ref. 5 for
p+ U are at variance with our data; the discrepancy
would be approximately 2.5 MeV smaller ' if the pulse-
height conversion coefficients of Ref. 26 instead of those
from Ref. 25 could have been applied.

(iv) The root-mean-square widths o E(mH/mL) of the
TKE distributions as a function of fragmentation showed
for 7 MeV ~ E ~ 13 MeV a slight increase with E and a
maximum at mH = 126—129 u with absolute values of
13-14 MeV and no significant target mass dependence.
Our data confirms these findings quantitatively for
F. ~25 MeV (Fig. 5).

The observed width oz(m;) for a given fragmentation
mH/mL results from the superposition of widths for the
two competing fragmentation channels. In the mass re-
gion mH =130 u, the standard channel dominates. Here,
the variance cr is largest, because (a) the absolute TKE
values are highest and (b) the average distances of the
nascent fragments scatter most due to the competing de-
formed shell corrections. ' The quantitative calculation
in the framework of the random rupture model leads to
values slightly lower than those in Fig. 5.

Altogether it can be stated that the trends observed in
Ref. 18 continue with increasing E although the fraction
of second or higher chance fission certainly ' ' increases.
This agreement also represents an additional
confirmation of absolute values for fragment energies and
masses obtained in this work and applied in the further
analysis.

C. Separation of prescission and postscission neutrons

In principle, each spectrum contains contributions em-
itted (i) from the composite system (CN), (ii) during the
transition of the CN through the saddle-point
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FIG. 5. Variance cr'z of TKE as a function of the mass split ratio mH /mL for ~""'U(p,f) and E~ =20.3 MeV.



41 PRESCISSION AND POSTSCISSION NEUTRONS FROM THE. . . 2177

configuration towards the scission point, (iii) during the
neck rupture, (iv) from the accelerating fragments and (v)
after completion of their acceleration. The contributions
(i) —(iii) are experimentally not distinguishable and are
therefore subsummarized as prescission neutrons; the
contribution (ii) is expected to be contributed during a
time of about 20X10 ' s for the saddle-to-scission tran-
sition. The scission neutron multiplicity (iii) can be es-
timated from the isotropic fission neutron yield of Cf
(Ref. 6) and p+ Ra (Ref. 32) to be v„=0.3. The con-
tributions from (iv) and (v) are classified as postscission
neutrons, where the contribution (iv) is expected ' to be
small.

The decomposition into prescission and postscission
neutron energy spectra in the center-of-mass (c.m. } frame
of the CN or the fully accelerated fragment, respectively,
was performed under the assumption of isotropic emis-
sion in the source system. The iterative procedure is
similar to that of Fraenkel et al.

For given bins of neutron velocity v„, fragment mass

m, and velocity u, (j=1,2), the quantity Ap may denote
the experimental neutron yield obtained under 6,=0'
with reference to fragment 1; similarly 390 gives the lab-
oratory yield for e, =90'. Contributions to these yields
come from the isotropic component x and the postscis-
sion yields yj(8) of fragment j under the angle 8:

l0

103

~ Ao

+ 2T (04

x 7 (04

o A9o
904) Ao

1804) Ao

A representative result for one neutron detector is
shown in Fig. 6. The dashed line in the upper part
separates the contribution of the fragment Qying in the
opposite (8, =180') direction. For further analysis, the
spectra of both neutron detectors for a given reaction sys-
tem were combined to give the total multiplicities
v „(E„)and v;~(E„) per fission euent and neutron ener-

gy bin, and postscission multiplicities v „,(m) per fission
fragment of mass m.

In Fig. 7 we present the resulting multiplicities. A first
glance shows Maxwellian spectral shapes with no
significant differences between the three uranium iso-
topes. It is, however, interesting to note that with in-
creasing primary excitation energy ECN postscission and
prescission multiplicities increase with comparable rates.
In order to perform this comparison more quantitatively,
the data v, (E„) must be supplemented for the fraction
the experiment missed due to the neutron threshold
E„'"=0.65 MeV, cf. Fig. 6. We will show that this
correction is in the order of 20%. For the postscission

Ap y, (0)+y2(n. )+x

A 9p
=x +y, ( tr /2 ) +y 2 ( tr /2 )

As a first approximation we take

y)(0)= Ap,

X 390

(2)

(3)

(4)

102

)01

+ ~ ~g
~ ~

+~~Q ~

0
0

Q o
0

o o

with Eq. (3) leading to y via

y =T(O~c.m. )y &(0) .

Here, the transformations T(B~c.m. ), and similarly

T2(8& 82)= T(c.m. Bz)X T(8& c.m. ),

(5)

make use of the known source velocities. The isotropic
yields x,y in the respective center-of-mass systems are ob-
tained by iterating Eqs. (3)—(5). For the first iteration,
Eqs. (3) and (4) are inserted into Eqs. (1) and (2), yielding
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y, (0)= Ap —T (0~m)Ap —[A9p —2XT (O~n. /2) Ap]

(7)
i0—

X Q
x
Q X

ox
and subsequent construction of y with Eq. (5). We found
that further iterations do not improve the results. For y,
Eq. (3) is already a good approximation and the correc-
tion introduced by Eq. (7) is small. For x, the approxima-
tion in Eq. (4) is a factor of about 3 too small, because the
three terms in Eq. (2} are of comparable size; therefore
Eq. (6) represents the essential correction. Here applica-
tion of improved values for y &,y2 modify the results only
within the statistical uncertainties. The procedure was
actually applied eventwise.

x

20
I t I I I I I

2 &0

NEUTRON ENERGY E~ (MeY)

FIG. 6. Decomposition of neutron energy spectra for
p+ ' U at E~ =25.6 MeV. Upper part; Experimental laborato-
ry results Ao and 390 and intermediate results entering into
Eqs. (6) and (7). Lower part; Resulting postscission component
in the lab system for e, =0 (~ ) and the fragment cms system
(o ), and the prescission component (x). The arrow indicates
the high-energy limit of prescission neutrons for Bf=6.2 MeV.
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FIG. 7. Neutron multiplicities v;„(E„) (X) and v~„(E„) (~ ) for all reaction systems studied in EXSB and one (
' Np at

EzN =30.7 MeV) in EXSC geometry. The EXSC results not shown are of similar quality.

component, no such correction is required. It is, howev-
er, necessary to condense the information of Fig. 7 into a
few parameters. This will be done in the next section.
Before, a few comments on the systematic errors in the
separation into prescission and postscission multiplicities
are in order.

The postscission component is assumed to stem from
isotropically emitting, fully accelerated fragments. Neu-
trons emitted during the acceleration of the fragments
tend to lower the resulting values v „,', the effect is, how-
ever, negligibly ( ~2%) small. In order to estimate the
maximum impact of nonisotropic neutron emission we in-
troduced a distribution

co(8, i= 1+@cos 8,

with @~0.1 in the separation procedure. It results in a
reduction of v~„, by 7%, but does not influence E„p t
nor the fragment mass dependence v~„I(m). However, as
a consequence of neutron multiplicity conservation, the
values for v;„ increase by 0.10—0.17 neutrons per fission,
i.e., 10—20%. This increase is in first order the same for
all projectile energies E and is therefore equivalent of a
global increase of v„,' it does not influence the depen-
dence of v;„on E~ or ECN.

1. Paratnetrization ofprescission and postscission
neutron spectra

The results in Fig. 7 indicate prescission multiplicities
of no more than about one neutron/fission. Therefore,
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TABLE III. Average values of neutron multiplicities v~„and v, per fission event, neutron energies E„p„,and En;„, and nuclear

temperatures T and TcN obtained directly from the experimental data and from a neutron source fit, respectively.

Compound
nucleus

ECN
[Mev] +post +post

Postscission
Experiment

En, post

neutrons
Fit, Eq. (9)

En, post

Isotropic component
Experiment Fit, Eq. (8)

tso En, iso fatso En, iso TCN

239N 17.9
18.04
20.5
23.5
25.6
27.5
30.7

4.26
4.32
4.54
4.84
4.82
4.89
5.20

1.48
1.51
1.47
1.60
1.88
1.61
1.66

4.22
4.30
4.54
4.70
4.79
4.86
5.14

1.40
1.44
1.42
1.50
1.73
1.53
1.54

0.93
0.96
0.94
1.00
1.15
1.02
1.02

0.63
0.71
0.84
0.90
1.04
1.22
1.23

2.31
2.17
1.92
2.28
2.27
2.22
2.59

0.75
0.87
0.92
1.29
1.38
1.37
1.48

1.82
1.79
1.51
1.66
1.77
1.62
1.83

0.91
0.89
0.75
0.83
0.89
0.87
0.91

237Np 17.5
17.64
20.1

23.1

27.1

4.11
4.31
4.30
4.53
4.85

1.48
1.49
1.54
1.59
1.61

4.10
4.28
4.28
4.50
4.S2

1.39
1.41
1.45
1 ~ 50
1.52

0.93
0.94
0.97
1.00
1.02

0.55
0.77
0.82
0.92
1.21

2.38
2.18
2.00
2.22
2.23

0.64
0.93
0.96
1.12
1.33

1.95
1.81
1.60
1.60
1.64

0.98
0.90
0.80
0.80
O.S2

236Np 17.4
17.54
20.0

4.12
4.21
4.30

1.51
1.54
1.54

4.08
4.30
4.30

1.42
1.46
1.46

0.94
0.97
0.97

0.59
0.63
1.00

1.98
2.04
2.08

0.71
0.80
1.04

1.92
1.71
1.71

0.96
0.83
0.85

Uncertainty +0.15 +0.04 +0.10 +0.03 %0.02 +0.15 +0.18 +0.16 +0.12 +0.06

the evaporation spectrum can be described in the CN
frame of reference as

dN visp
E„expdE„TCN TCN

with the parameters v;„and TcN. The average neutron
energy E„;„is then 2 TcN.

For the postscission component we have v „,& 1 and
therefore sequential neutron emission, which is approxi-
mated in the fragment system by

dN 2 vppst En

dE„v'~ Z'~~ " T
(9)

which leads to E„~„=1.5 T. The temperature parame-
ter T is a factor —,", smaller than the initial fragment tem-

perature To. We have applied Eqs. (8) and (9) to fit the
data presented in Fig. 7 in the energy range E„&7 MeV,
and two representative results are shown in Fig. 8. A
summary of all 6t parameters is given in Table III. For
the postscission component, the experimental and the 6t
results for v „,and E„„,agree satisfactorily. The sys-
tematic di8'erences between both sets of results for the
isotropic component are due to neutrons with laboratory
energies E„&E„'"missing in the experimental data; after
correction, the multiplicities are consistent within 5%.
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2. Dependence on EzN

The data in Table III show that the multiplicities vp t
as well as the fragment temperatures T increase for all
three reaction systems with the initial excitation energy
EcN. The result EEcN/'hvppst=15. 2+1.5 MeV/n of a
least squares fit (Fig. 9) is about a factor of 2 higher than

0.8—
I I I I I I I I I

15 20 25
PRIMARY EXCITATION ENERGY Ec

30
(MeV)

FIG. 9. Postscission neutron multiplicities v „and fragment
nuclear temperatures as a function of the primary excitation en-

ergy EcN of the reaction systems p+"' ' "U.
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one would estimate from the average neutron kinetic
(E„„,) and separation (S„)energy. The lower panel in
Fig. 9 shows that indeed less than 50% of the additional
initial excitation energy EEcN is transferred to the frag-
ments; the fragment nuclear temperature T rises consid-
erably slower than anticipated for an equilibrated Fermi
gas with Ef„g=aT: Putting Ef g EcN + Af g/A
and a = A /8 MeV ' yields

dEc~N A cN
2 af g

T=2 acN T=60 .
frag

(10a)

I—

CL

I-

X

II
=17+3 MeVin~ ~&SO

As the TKE is nearly independent from E, a substan-
tial deexcitation must already occur prior to scission.
Figure 10 does indeed show, that v;„ increases with EcN
at a rate comparable to that for v „,. In order to correct
the estimate Eq. 10(a) for prescission neutron emission,
EcN has to be replaced by

EcN[1 v;„(E—cN )(E„;„+S„)/EcN]

From Fig. 10 we read for p+ U: hv; =EEcN/19

MeV/n and obtain with S„( Pu) =6.2 MeV and
E„;„=1.7 MeV (Table III) a reduction of EcN at the
scission point by a factor 0.6. The effective slope in Fig.
9(b) is therefore

AEcN

AT
=(160+30)X0.6=96+18 . ( lob)

This value still exceeds the estimate [Eq. 10(a)] beyond
the uncertainty stated.

We conclude from these qualitative results that already
for excitation energies ECN in ' ' Np as low as
17-30 MeV neutron emission competes favorably with
fission on a nuclear time scale. '

TKE(m&, m2)+E&" (m~)+E2 (m2)=Q, ff+S~, (11)

where S is the separation energy of the projectile proton
from the compound system of mass m cN, and

IV. DISCUSSION

So far, emphasis was put on the experimental results of
either fragment or fission neutron measurement. In Sec.
IV A we shall put these two pieces of information togeth-
er to discuss vp t as a function of both, fragmentation
and TKE. For this purpose it is important to check be-
forehand that the TKE of the fragments and their excita-
tion energies —as measured via postscission neutron
emission —are mutually consistent.

The sum of the total energy released in fission as TKE
and fragment excitation energies E~ (m~ ), E2 (m2) can
be written as

CLo
CL

o
V)

0.5—

1.5—

235U

~ p+ U
236

I I

18 20
I

238
~ p+

= 19+3 MeV ln
ISO

I I I I I

22 24 26 28 30 32
I I I I I I

Qeff Q(rncN, m &, mz )+Ez —v;„(S„+E„; ) . (12)

As an example we shall consider the system p+ U at
Ez =20.5 MeV (where v;»=0. 92 and E„;„=1.51 MeV,
cf. Table III) for two fragmentations, namely (i) sym-
metric scission and (ii) the more probable fragmentation
m, =104 u, m =134 u.

The data to these fragmentations have been grouped
into ATKE = 5 MeV bins, and for each of these classes of
events the total excitation energy has been derived from
the postscission neutron multiplicities v „,(m;, TKE) as

CL

I—

X

1.0
~ III

lI
ee~

x

x~X~

E'=E'(m, )+E*(mz)

= g [v~„,(m;, TKE)(S„+E„„,)+E~;] . (13)

(3
CL
C)

I—
(3
Vl

0.5— I BA =5.85 MeV, TRIAXIAL SADDLE

II 5 85 MeV, AXIAL SADDLE

III 615 MeV. AXIAL SADDLE

IV CN - FI SSION DELAYED
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18 20 22 24, 26 28 30 32
PRIMARY EX|.ITATION ENERGY ECN (MeV)

FIG. 10. Isotropic neutron multiplicity v„, for p+ " ' '"'U
as a function of ECN. The straight lines denote the linear fits
with the indicated slopes. The curves labeled I—III and IV
denote statistical model calculations without and with a phe-
nomenological delay for the fission competition, respectively.
See Sec. IV A for details.

The y emission contributes with E to the deexcitation;
as the y channel has not been observed in our experi-
ment, we took the approaches E =0.7 S„(Ref. 38) and
E =1.1Xv „,(m, TKE)+1.75 MeV (Ref. 39), respec-
tively.

Figure 11 shows the excitation energy E* of Eq. (13) as
a function of the TKE prior to ' neutron emission. For
TKE) 155 MeV the experimental results scatter within
AE ~ 5 MeV around the solid line representing the right-
hand side of Eq. (11) with Q(mcN, m&, m2) being calcu-
lated from ' for both fragmentations under consideration
(the values happen to be the same). Systematic deviations
occur only for TKE(155 MeV, in particular for the
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asymmetric fragmentation. The surplus of excitation en-

ergy may —according to Eq. (13)—be due to too high
postscission multiplicities. If the v~„,(m;, TKE) were sys-

tematically too high by 7% as a consequence of noniso-
tropic emission (cf. Sec. III C and Ref. 35), the resulting
E* would be lowered by 6 MeV (3 MeV) for TKE=145
MeV (175 MeV) that would improve the agreement. Al-
together, however, Fig. 11 demonstrates that neutron, y,
and fragment emission essentially exhaust the available
energy.

A. Prescission multiplicity and the fusion-Sssion timescale

As shown in Fig. 10, v; rises linearly for ECN 30
MeV with

bECN/bv&»=19+3(17+3) MeV/n

for p+ U (p+ ' U). The slope as well as the abso-
lute values v;„are in quantitative agreement with the re-
sults for v „(EzN ) found for heavy-ion induced fusion-

fission reactions forming composite systems with
Z =92—96 and ECN =50—140 MeV [Fig. 3(b} in Ref. 2].
Such a monotonic rise is known from heavy-ion induced
fusion-fission for the broader range x =0.60—0.85 of
fissilities; it is the less compatible with the static transi-
tion state picture the higher the excitation energy and/or
fissility is. Consistency within a statistical-model calcula-
tion could only be obtained by delaying the onset of
fission (by 70X10 ' s} or slowing the saddle-to-scission
transition (30X10 ' s), or both (each 20X10 ' s).
Similarly, a minimum fusion-fission time scale of
30X 10 ' s was deduced in Ref. 3.

We want to show here with a detailed statistical-model
calculation, that the equilibration in all degrees of
freedom —in particular those of neutron emission and
fission —is even not obtained in p+ U for excitation
energies ECN 20 MeV. Herefore we used the code
GivAB (Refs. 42 and 43) that considers competing deexci-
tation by sequential neutron and y emission and by
fission. It is based on nuclear potential surfaces
represented by parabolic double humped barriers as a

—90
O

E 80—

UJ
+ + U = F1+ F2+ vn

70—
LU

0-

~ 60—
UJ

lU

o[
t .8 s

I

0
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- 20.3 MeV

X 40—
UJ

C) 30—

140
I

160
I

190
I

170150 180
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FIG. 11. Total excitation energy E*(m
&
)+E*(m2) released in n and y emission vs TKE prior to neutron emission. The symbols

refer to symmetric ( A, 6 ) and asymmetric (~, o ) fragmentation with a contribution E~ =0.7 S„(solid symbols) and

E» =1.1Xv~„,(m, TKE)+1.75 MeV (open symbols), respectively. The solid line gives the result of Eq. (11) with Q,s+S~ =215.5+1
MeV for both fragmentations.



2182 M. STRECKER, R. WIEN, P. PLISCHKE, AND W. SCOBEL 41

+J
X g exp

K= —J

K J(J+1) E-
2o'„(E) 2tr', (E)

(14)

function of one deformation coordinate; their parameters
(three heights, three curvatures) were taken or extrapolat-
ed from fission studies with direct reactions. The excit-
ed nuclei involved are assumed to have transient ex-
istence in either of the two minima. For the entrance
channel, compound nucleus formation was calculated
from optical-model transmission coeScients. The par-
tial widths of the decay modes from and to both wells
were calculated with the following input.

(i) Transmission coefiicients for neutrons were calculat-
ed with an optical-model routine and standard parameter
sets; for the transmission across the parabolic barriers,
the closed Hill-Wheeler expression was used. For y emis-
sion, only electric dipole transitions were considered and,
based on experimental y widths, reduced by a factor 50
below the Weisskopf pure single-particle estimate
reflecting the retardation of dipole transitions in the de-
formed nuclei near A =240.

(ii) The intrinsic quasiparticle state densities co(E), spin
cutoff parameters crt(E) and pairing energies were de-
rived from the theoretical single-particle level spectra
for ~~Pu (Ref.46} at the respective nuclear deformations.
The spin cutoff parameter o ~(E} related to the momen-
tum of inertia perpendicular to the nuclear symmetry
axis was given the value 5 45fi 3. The. final level densities
are obtained by application of collective enhancement
factors for low-lying rotational bands on the intrinsic
states. As in Ref. 46 we have assumed axially sym-
metric shapes for the first and second well,

pi(E, J)= ~(E)
8mo ii(E)

denotes the total fission cross section. For comparison
with the experimental values of v;„, the multiplicity
v =0.3 of the scission neutrons has to be added:

v;„(E )=v„+v „(E ) . (18)

E'(m, )+E'(mz) =60 MeV .

The curve labeled I in Fig. 10 represents the result. It
underestimates the experimental values and predicts for
ECN ~ 20 MeV essentially a constant isotropic multiplici-

ty in contrast to the slope observed. Britt et al. pointed
out that the shape at the inner saddle might undergo a
transition to axial symmetry with increasing excitation,
because the shell e8'ects responsible for the asymmetry
wash out. This increase in symmetry would lower the
level density and therefore the fission probability. If this
occurs —and there are indications in support of this
speculation —curve II should be considered instead. It
does indeed show an enhanced isotropic component, but
again fails to reproduce the dependence on ECN. This
discrepancy remains if the height 8& of the inner barrier
is increased by 300 keV which is the quoted uncertainty
(curve III}. The observed monotonic rise of v;„with ECN
is from -20—25 MeV in an obvious contrast with the
predictions of a statistical model.

In passing we mention that this discrepancy cannot be
due to preequilibrium (PE} decay modes, because the ex-
periment with its neutron detectors at ei,&=90' is not
sensitive to PE neutrons and the PE depletion of the
cross section for compound nucleus formation cancels in
Eq. (17).

For our system Np at the highest excitation energy
ECN=30. 7 MeV the multiplicity vp„, =5.20 and the
fragment temperature T=1.02 MeV correspond via Eq.
(13) to an excitation energy

+J
X g exp

K= —J

J(

2o f(E)
J(J+1) E—

2~~~~(E)

(15)

and axial symmetry without mass symmetry for the outer
barrier,

p3(E,J)=2p, (E,J} . (16)

The calculations were performed for several projectile
energies E yielding the cross sections cr;(E ) for i'"
chance fission of the composite system; the prescission
neutron multiplicity is then obtained as

o;(E~ )
vp„(Ep ) = g (i —1)X

oF(E )
(17)

where

o F(Ep) =Ter;(E~)

triaxial shapes, i.e., no symmetry at all, for the inner bar-
rier,

pz(E, J)=co(E)

This is close to the values found for symmetric scission of
the much hotter systems S+ ' ' Sm (Ref. 4) or

S+' Au (Ref. 50) for E„&( S)=838 MeV and full
linear momentum transfer. From the low value of vp f

for the latter and other reactions in the range Z =85—91
and 77—78 it has been concluded, that most of the excita-
tion energy of the highly excited system is removed by
the evaporation of light particles prior to scission. '

Statistical-model calculations are therefore only cap-
able of reproducing the number v„„ofneutrons observed
for excitation energies EcN EcN, h, . Analysis of a
variety of heavy-ion induced fusion-fission reactions with
Z =85—91 yielded' that the minimum time required for
neutron emission is 10 ' s for ECN 50 MeV, if a lev-
el density ratio af /a„=1.02 is adopted. Only in this re-
gime of low excitation the time is suSciently large com-
pared to times for saddle-to-scission transition or the de-
lay at the saddle point configuration' to allow a statisti-
cal interpretation. However, in contrast to the dynamic
time scales, the threshold value EcN, &, depends on the
fissility. It descends ' from -40 MeV for ' Fr to -20
MeV for 'Es and should therefore be for Np close to
25 —30 MeV. This is confirmed with our results for
p+ U in Fig. 10.
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Accordingly, the delay in fission competition has to be
taken care of at least in an approximate way. The
diffusion model of Grange et al. on fission dynamics as-
sumes that the nuclear single-particle degrees of freedom
equilibrate in times that are short in comparison with
those (r) of the fission variables. This delay is described
in terms of a friction coefficient P= 1/~ that causes an ex-
ponential damping.

This overdamped motion on the path towards scission
as a consequence of strong nuclear dissipation may be im-
plemented into a statistical-model description by adding a
phenomenological delay time for fission competition as
was done in Ref. 7 with an analytical expression similar
to that of Ref. 52 for the relaxation time for coupling the
fission degrees of freedom to the nuclear thermostat. For
the same purpose, the time necessary to open the fission
channel may be delayed by an amount A. Westmeier
et al. derived it from a comparison of the width for
single-particle emission with the energy of a nuclear P-
quadrupole vibration and scaled it accordingly with exci-
tation energy and compound nuclear mass. The absolute
value has been fixed with a fit for ' C+' W.

This extension was added to the code wEot (Refs. 53
and 54), which was here applied with the standard pa-
rameter values and 5X10 times the Weisskopf value
for the y width of dipole and quadrupole transitions, re-
spectively. The calculations reproduce the known '

fission cross sections 0 z(E~ ) satisfactorily. The isotropic
multiplicities v; (E ) resulting from Eqs. (17) and (18)
are shown as curve IV in Fig. 10. The improvement ob-
tained by introducing the phenomenological delay 6 is
obvious; in particular, the increase of v;„with EcN is
now reproduced within this phenomenologically modified
statistical model. It indicates that a statistical model
alone most probably is not capable to yield agreement for
EcN 20 MeV, because actually 5 is a mockup of
dynamical effects in the order of 3X10 —10 ' s on
the nuclear timescale.

B. Postscission multiplicity dependence
on fragment masses and TEE

A selection of results obtained for v~„(m ) is shown in

Fig. 12. In the upper part we compare data for
p+ ' U at initial excitation energies EcN of 17.4 and
17.9 MeV, respectively. The data exhibit the sawtooth
structure well known from spontaneous and slow neutron
induced fission. For U they are in good agreement
with the results of Bishop et al. Our data for U+p
show great resemblance with those for U, whereas in
Ref. 5 the p+ U data in contrast showed a sawtooth
much less pronounced even for E as low as 9.5 MeV.
We relate this difference to the fact that Np' and

Np' undergo to a considerable fraction higher chance
fission, whereas for U+p the first chance fission dom-
inates; ' the low v;„values for p+ U (Refs. 6 and 20)
compared to p+ ' U point in the same direction. Ac-
cordingly the fragments of p+ U are equipped with
more excitation energy and show a less pronounced
sawtooth.

The structure is interpreted in the scission point mod-

-I I l I I

U+12.7 MeV p

3- ~ V+12.7 MeV p
lA
C0

QJ 2
C

0
b000

) ~ g8

08
~ 0

Q 0 ~

0C0
N 1
N

0
0 0 (I)

0

00

3eU+25. 5 geV p
U +12.7 MeV p ~

CL ~ ~ ~
$0

0 ~ 0
0

~ b
~ ~ ~

0 0
0

~ p 0

p 0

0

~ ~

~ ~

Oo

el' in terms of shell effects in the nascent fragments and
should therefore disappear with higher excitation ener-
gies. The random neck rupture model" traces the
sawtooth back to the fluctuating position of minimum
neck diameter where rupture starts and therefore to a
variety of deformations of the nascent fragments that
convert into a broad range of excitation energies of the
accelerated fragments. As a consequence, the postscis-
sion neutron sawtooth is predicted to persist —although
shifted upward —at excitation energies EcN of more than
30 MeV.

We therefore look into the dependence of vz», (m) on
fragment excitation energy. The lower panel of Fig. 12
shows that the heavier fragment benefits much more from
the additional projectile energy than does the light one.
A more quantitative measure is the average gradient
dv „(m)ldE obtained from a linear regression (Fig.
13). If the fragments were in a quasistationary equilibri-
um at the scission point, we could expect

b E'(rn ) —m bECN . (19a)

The total kinetic energies being almost independent of
E~ (cf. Table II) we may approximate bECN by b.E „,,
and Eq. 19(a) converts into

b E ( m ) b'vpost™
~EcN p«j

(19b)

whereas the data in Fig. 13 show quite a different trend.
In order to further test this behavior we have chosen a

more direct way to vary the initial excitation of the frag-
ments, namely by selecting fission events by masses m;
and total kinetic energy TKE. The results are shown in
Fig. 14. For TKE& 182 MeV the sawtooth, though lack-

1 I I I I I I I

80 90 100 110 120 130 1&0 150 (Uj

Fission fragment mass
FIG. 12. Postscission neutron multiplicities versus fragment

mass for different reaction systems of this work.
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FIG. 13. Variation dv~„(m)/dE of postscission multiplici-

ty with projectile energy for p+i 8U. The line is to guide the
eye.

ing in accuracy due to the reduced neutron statistics, is
very pronounced, whereas vz„,(m} approaches the pro-
portionality of Eq. 19(b) for TKE& 157 MeV with little
sawtooth-like structure remaining. This result shows
great resemblance with that for p+ U at E =155
MeV; it would not change qualitatively, if the cut for a
constant TKE were replaced by TKE values varying as
point-charge Coulomb energies with fragmentation, ad-
justed to the measured value for a symmetric mass split,
because this smooth correction b,TKE(A) amounts to
less than 4 MeV for 90~ A &145. Also, a slight
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FIG. 14. Postscission neutron multiplicity per fragment for
p+ U at E~ =20.3 MeV as a function of fragment mass for
different ranges of the TKE.

FIG. 15. Postscission neutron multiplicity per fragment as a
function of TKE for different fragment mass ranges. The solid
line connects the curve for all masses and has an average slope
dTKE/d v~„, of 6.9 MeV/n for 140 MeV TKE ~ 185 MeV.

dependence v „(TKE)should not have an influence on it.
This result is—as were those' for ' F+ 3 Th at

Ei,b=105 and 120 MeV —at variance with the predic-
tions stated in the random neck rupture model; it fits well
into the systematic for the difference hn between the
yield of v~st(m} at the peak and the minimum in the
sawtooth given in Fig. 6 of Ref. 17 indicating that the
sawtooth is washed out for initial excitation energies ECN
in excess of 30—40 MeV. It might indicate, too, that the
random neck rupture model in this respect becomes less
correct with increasing excitation energy because, e.g.,
the extent of deformation changes or charged particle
emission becomes more important. Statistical-model cal-
culations show that the proton multiplicities show a
pronounced sawtooth structure that, with decreasing
suppression by Coulomb effects, may reduce the effect in
the neutron channels.

The overall slope b,TKE/b, v~„amounts (Fig. 15) to
6.9 MeV/n and varies with fragmentation only to the ex-
tent the average neutron separation energy does (21
MeV/n). The average postscission multiplicity per frag-
ment for events with TKE&157 MeV (Fig. 14) is 3.6.
These values represent a striking agreement with those
for p+ U at E =155 MeV (Ref. 33}, namely 7.6
MeV/n and (for TKE&154 MeV) 3.4 neutrons. They
reflect, as stated before, that the fragments only receive
an increasingly less share of the additional excitation
energy —in this case of about 130 MeV —due to the
minimum fusion-fission timescale of approximately
3X10 s.

C. Fragment temperatures

The increase with E~ of intrinsic excitation energy in
the composite system Np being accessible to the nas-
cent fragments has been estimated with Eq. 10(b). From
this result we may expect a corresponding variation of
the fragment nuclear temperature T with the TKE for a
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giuen E . In addition, this dependence is anticipated in

view of the results presented in Figs. 14 and 15. Indeed,
Fig. 16(a) shows a linear dependence T(TKE) derived
with fits of Eq. (9) to neutron energy spectra for TKE
bins of approximately 10 MeV and all fragmentations in-
cluded. The slope is —b,TKE/b, T= 105 in good
confirmation of Eq. 10(b).

However, the slopes obtained in Fig. 16(a) for neutron
energy spectra of the light (L) and heavy (H) fragments,
respectively, differ such that ( —b,TKE/b, T )H
& (

—hTKE/b T )I . In addition, the light fragments
have systematically lower temperatures than the heavy
ones, and Fig. 15 and 16(b) show that this difference is
substantial. For an explanation the total excitation ener-

gy EF of a fragment may be divided into the intrinsic
part reAecting the statistical equilibrium up to the scis-
sion point, apTp and a contribution XF resulting from
the deformation of the nascent fragments,

deformation (pi +pH) of both fragments which is con-
centrated on pH. Similarly, for a given ECN it leads to
the additional excitation energy of the heavy fragment
visible in Fig. 16(a) as TH —TI &0, because the nascent
fragments snap back into a more spherical shape releas-

ing the deformation energy for additional excitation.
With increasing internal excitation in the nascent frag-

ments this effect, as being of shell structure origin, washes
out. Accordingly the different slopes ( —b,TKE/b, T)H
& (

—bTKE/b, T)z, asymptotically lead to equal temper-
atures in the fragments and a more linear dependence
v „,-m (cf. Fig. 14). In addition, the temperature To in

Eq. (20) will differ by more than a factor —,", from the fit

parameter T in case of nonnegligible contributions of
charged particle emission at the beginning of the eva-
poration cascade.

V. SUMMARY

EF aF To+&r . (20)

Whereas the first term is in proportion to the fragment
mass, the second one can be oversized in this respect for
the heavy fragment. According to Ref. 33, this may be
an outcome of the higher deformability of this fragment.
In the scission point model, a spherical configuration for
one fragment can only be achieved on the expense of
liquid drop energy and partial compensation by a large
deformation of the complementary fragment. A similar
argument holds for the random rupture model. " It is
shown in Ref. 12 for U, that for the most probable
mass split —,",, the heavy fragment is highly deformed, the
light one, however, less [Fig. 5 in Ref. 12] due to the neu-
tron shell closure for N = 88 and PH =0.65.

The decrease of the TKE for asymmetric mass splits
with AH=130 —140 for p+ U with increasing initial
excitation EcN (cf. Fig. 4} reflects (Ref. 12) an increasing

Multiplicities, energies, and fragment correlations of
fission coincident neutrons have been measured for bom-
bardment of ' ' U with 12.7—25.6 MeV protons.
The fragments have been detected with scintillator foils
or surface barrier detectors for fragment mass and (in the
latter case) also energy spectroscopy.

The fragments show mass and energy distributions
consistent with earlier results for the lower projectile en-

ergy range E =7—13 MeV; in particular the average
TKE continues to have opposite slopes hTKE/hE for
symmetric and asymmetric mass splits.

The neutron spectra were unfolded into prescission and
postscission contributions under the assumption of iso-
tropic emission in the rest frames of the respective
sources. The resulting multiplicities v;„(ECN ) and

v~„,(ECN } increase with initial excitation ECN with com-
parable rates; the fusion-fission process observed is there-
fore slow enough to allow for this increase of v;„and at
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the same time fast enough to have some of the additional
excitation energy transferred into the fragments. For
p+ U at E =20 MeV it is found that the fragment
TKE and their excitation energies as measured via vp
(and a correction for y emission) exhausts the total ener-

gy available.
The prescission multiplicities v;„(EcN ) are incompati-

ble with the transition-state model for energies ECN & 20
MeV as shown with a detailed statistical-model calcula-
tion. Beyond this excitation, the calculated time for equi-
librium emission of the observed number of neutrons is
~ 10 ' s and thus comparable with times that are attri-
buted to a delay at the saddle-point configuration or the
transition from saddle-to-scission point in heavy-ion-
induced reactions with ECN 50 meV and fissilities
x ~0.70. It is demonstrated that the inclusion of those
dynamical effects in a phenomenological way does indeed
improve the agreement with the experimental data. Our
prescission results confirm the existing systematics in the
fissility region x =0.75 down to excitation energies
ECN =20 MeV and the dynamic timescales deduced.

The dependence of v „,(m) on fragment mass follows a
sawtooth shape for p+ U as well as for U that
washes out with increasing E, but is still clearly visible

for E =25.6 MeV. It is shown that the heavier frag-
ments receive for increasing E much more of the addi-
tional excitation energy than the light ones do. Postscis-
sion multiplicities as a function of TKE supplement these
findings: The sawtooth is very much reduced for events
with TKE&157 MeV. The average fragment tempera-
tures deduced from the moving source fits are higher for
the heavier fragments than for the lighter ones; they in-
crease with decreasing TKE with their relative difference
becoming smaller.
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