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Neutrons in coincidence with fission of238U induced by stopped antiprotons
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KFA Jülich, D-52425 Ju¨lich, Germany

J. Eades and S. Neumaier
CERN, 1211-Geneva 21, Switzerland

~Received 23 December 1996!

Neutron multiplicities after antiproton-induced fission have been determined as a function of the total mass

of the fission fragments. Pre- and postscission neutron multiplicities of the reactionp̄1238U have been
deduced using the moving-source parametrization of the neutron energy spectra by Maxwellian distributions.
A postscission multiplicity of 6.3~6! neutrons out of 20.0~10! in total emitted neutrons in fission indicates that
fission is a rather slow process. The increase of the evaporative prescission neutron multiplicity is about 80%
of the total increase of evaporative neutrons as a measure of excitation energy. The postscission multiplicity
gets only 20% of the total increase, thus indicating that the nucleus has only a moderate excitation energy at the
moment of scission. The results are compared with standard cascade-evaporation calculations predicting a
much lower number of evaporated prescission neutrons as the experiment shows. This is a strong indication of
the importance of dissipative effects in the fission process. Application of dissipative effects like a saddle-to-
scission delay time and nuclear viscosity in the model calculation describes the experimental results much
better.@S0556-2813~97!04806-1#

PACS number~s!: 25.43.1t, 25.70.Gh, 25.85.Ge
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I. INTRODUCTION

Nuclear reactions induced by stopped antiprotons des
special interest because of their unique mechanism of
ducing hot nuclei with excitation energies up to 800 Me
and at the same time transferring only moderate angular
mentum to the nucleus. Compared to high-energy heavy
reactions only slight compression of the nuclear matter
curs. In the case of nuclear fission two of the interest
questions are the descent from saddle to scission and
fission is influenced by dissipative effects. Even after m
than 50 years research in fission the saddle to scission
sition of a nucleus is not completely understood. Especi
the measurement of pre- and postscission particles, ma
neutrons, gives insight into the competition between part
emission and fission and valuable information of the dyna
ics of fission. Defining a time scale by neutron evaporat
gives a possibility to answer the following question: ‘‘Ho
fast is fission?’’

II. EXPERIMENTAL METHOD

The experiment was carried out at the LEAR storage r
of CERN. The experimental arrangement consisting

*Permanent address: Physics Department, Florida State Un
sity, Tallahassee, FL 32306.
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fission-fragment and neutron counters is depicted in Fig. 1
low-energy antiproton-beam (p̄) with a momentum of 200
MeV/c entered the fission chamber through thin~thickness
100mm! Beryllium and Mylar~thickness 36mm! windows,
went through a plastic scintillation counter telesco

er-

FIG. 1. Horizontal section through the setup of the experim
at LEAR. A1–A6 are pin-diode arrays,N1–N4 neutron counters,
CP veto counters for charged particles,S1,S2 the antiproton scin-
tillator telescope,M1,M2 variable degraders,T the target, and
MCP a microchannel plate.
2965 © 1997 The American Physical Society
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2966 55W. SCHMID et al.
(S1,S2) and was brought to rest in the uranium target (T) by
means of plastic degraders (M1,M2). The target was a self
supporting foil of uranium of natural isotope compositio
with a thickness of 2.3 mg/cm2 and a diameter of 15 mm.

The walls of the fission chamber were of steel with
thickness of 4 mm in order to be transparent for neutro
Six pin-diode arrays~A1–A6! were used as fission-fragme
detectors, each consisting of 63 12 single counters with an
area of 1 cm2. They measured energy, time-of-flight~TOF!,
direction and angular correlation of the fission fragmen
The direction measurement is possible by the coincidenc
one of the 12 time signals from the rows of the array w
one of the 6 energy signals coming from a column of
pin-diode arrays. Details about the pin-diode array detec
and their properties as fission-fragment detectors are
scribed by Kimet al. @1#. The start signal for the TOF mea
surement is given by a microchannel-plate detector~MCP!
counting the electrons ejected by the fission fragme
emerging from the target. The electrons were deflected
90° into the micro-channel-plate by an electrostatical mirr
thus making it possible to detect strongly ionizing particl
like fission fragments, producing many delta electrons. T
neutrons were registered at four angles~0°, 30°, 60°, and
90°) with respect to the fission axis by NE213 liquid scint
lation counters (N1–N4). The detectors measured TOF, e
ergy ~pulse-height! and a pulse-shape signal in order to d
criminate g rays from neutrons. In addition plastic
scintillator veto counters~CP! ~thickness 3 mm! in front of
the neutron counters (N1–N4) were used to reject charge
particles. Neutrons or, to be more precise, recoil prot
from the neutrons were selected by the time-of-flight vs
ergy relation~Fig. 2! and the pulse-shape vs energy plot~Fig.
3!. The discrimination of neutrons fromg ’s in Fig. 3 exploits
the different decay times of radiative states in the scinti
tion material NE213 corresponding to different ionizatio
densities of recoil protons and electrons corresponding tg
rays. The pulse-shape parameter in Fig. 3 is the differe

FIG. 2. Selection of neutrons (n) andg rays (g) in the energy
~pulse-height! vs TOF scatterplot. The energy on the ordinate
derived from the pulse-height signal; the energy on the abscis
calculated from TOF. The upper part shows the energy deri
from the PM-Dynode 11 signal used to increase the maximum
tectable energy to about 100 MeV; for the lower part the sig
from dynode 14 was used, resulting an energy interval from
threshold energy~see Table I! of about 1 MeV up to 10 MeV. The
boot-shaped region (n) marks the neutron events.
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between two integrations over the scintillation light pul
with a short and a long integration time@2#. The efficiency of
the neutron counters was calculated with the help of
Monte Carlo program of Cecilet al. @3# which also takes into
account all the inelastic reaction channels with the carb
nuclei of the organic scintillator liquid. The properties of th
neutron detectors are listed in Table I. As one can see f
the setup of Fig. 1, there were 12 possibilities for the em
sion angle of neutrons to be combined from four neutr
counters and three pairs of fission counters. Due to the s
metry of the setup each angle occured three times for dif
ent neutron detectors. This reduces systematic errors ca
by detector-specific thresholds and efficiencies in neutron
tection remarkably.

For the energy and time-of-flight measurements of
fission fragments with the pin-diode detectors corrections
the pulse-height defect~PHD! and the plasma-delay effects
respectively, were taken into account. These correctio
however, depend both already on the mass of the meas
particle one just wants to determine. For the pulse-hei
defect a correction formula by Schmittet al. @4# was used;
the plasma delay was corrected following an express
given by Neidelet al. @5#. Some of the parameters in th
formulas of Schmitt and Neidel are specific for the type
the detector and were determined in previous test meas
ments @1# with fission fragments from 252Cf(s f) and
235U(nth , f ). An iterative procedure was applied to determi
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d
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FIG. 3. Selection of neutrons (n) andg rays (g) in the pulse
shape vs energy~pulse height! plot. Note that the energy on th
abscissa is the energy derived from the pulse-height signal~ordinate
from Fig. 2!. The pulse-shape parameter is explained in the t
The right part was obtained using the signal from dynode 11. T
regions denoted with (g) contain the discardedg events.

TABLE I. Some properties of the neutron counters. The thre
old energy for neutrons was determined by the Compton edg
22Na. The time resolution was 1.2 ns~FWHM!.

Threshold Target distance Diameter Thicknes
Detector MeV cm cm cm

N1 0.96 95.2 12.3 10.2
N2 0.94 82.4 10.2 10.2
N3 0.96 92.0 12.3 10.2
N4 0.78 99.5 12.3 10.2
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55 2967NEUTRONS IN COINCIDENCE WITH FISSION OF . . .
the corrections for time-of-flight and energy simultaneous
Some complications for the pulse-height-defect correct
with the Schmitt formula come from the wide range
fission-fragment energies caused by different emiss
angles and energy losses in the target. Especially in the
energy region the PHD corrections became too high an
method which reduces the correction smoothly for low fra
ment energies was developed@6,7#.

As a third correction the energy loss of the fission fra
ments in the target was calculated with stopping-power v
ues taken from the heavy-ion range-energy tables of No
cliffe and Schilling@8#. The emission angle of the fragmen
with respect to the target plane was taken into account
first order the sum of the path lengths of the fragments wit
the target does not depend on the depth where fission t
place, but only on the emission angle. The energy loss
crossing half the target thickness varied from 12 MeV
22 MeV for emission angles with the target surface vary
between 90° and 30°. Therefore the energy-loss correc
for the total kinetic energy~TKE! of both fragments can be
made more precise as it is the case for the kinetic energ
a single fragment, where the path length and energy los
the target material is unknown.

The trigger condition MT for the readout of the electro
ics was

MT5S1*S2* ~A11•••1A6!. ~1!

HereS1*S2 denotes the signal from ap̄ passing through the
scintillator S2 without hitting the ring-counterS1, and
(A11•••1A6) means at least one pin-diode signal fro
any of the pin-diode arraysA1–A6. TOF, energy and the
other parameters of the four neutron counters and the en
information of the pin diodes were then read out. A mo
elaborate fission trigger for the neutron detectors was m
off line by software cuts in the TOF-energy relation of t
pin-diode measurements. Two different triggers were app
in the software analysis, one by demanding only one fiss
fragment for inclusive neutron spectra, and a more restric
one demanding both fragments in coincidence for a pre
definition of the fission axis for the exclusive neutron sp
tra. The fission fragments~FF! were identified by their time-
of-flight vs energy relation which is depicted in Fig. 4. Pa
ticles with masses from 60 to 160 u and energies from 12
160 MeV were associated with fission fragments.

III. DATA TREATMENT

Though the angular and energy dependence of the neu
emission gives the information about pre- and post sciss
particles it is also interesting to study in addition the inc
sive energy spectrum of neutrons from fission. In the cas
isotropic emission the inclusive measurement means no
of information. The use of a less restrictive trigger conditi
for fission leads to an increase of the statistics, which
important for the high-energy region. In particular this tri
ger condition was the registration of only one fission fra
ment. The inclusive energy spectrum of the fissio
coincident neutrons is shown in Fig. 5. This spectrum w
fitted by a sum of three distributions@9#:
.
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Mi andTi are the multiplicities and temperature paramet
for sourcei . E is the energy of the neutrons. The ener
range of the fit extended from 3 MeV to 150 MeV. Th
results of the fit varying all theMi and Ti is compiled in
Table II. The statistical error was determined by a 10
change of the reducedx2, as it was done by the authors o
@13#. The errors given in all the following tables are th
statistical and the systematic error. For multiplicities a s
tematic error of 8% resulting from the accuracy of the Mon
Carlo efficiency calculation was assumed.

Looking at Fig. 5 one can easily identify two componen
in the spectrum, a high-energy part which can be ascribe
the emission of neutrons during the intranuclear casc
~INC! and a low-energy component resulting from t
evaporation of both the compound nucleus~CN! and the fis-
sion fragments~FF!. For properly describing the data it wa

FIG. 4. TOF vs energy plot for fission fragments~FF! and
charged particles~CP!. The solid lines are isobars for differen
masses. The pulse-height defect was corrected only form.45 u.

FIG. 5. Inclusive energy spectrum of neutrons inp-induced fis-
sion of 238U. All events with at least one fission fragment in coi
cidence were collected. The curves~dotted! are the components o
the fit. INC means intranuclear cascade, PE preequilibrium, and
evaporation. The sum of the components is drawn as a solid li
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2968 55W. SCHMID et al.
necessary to introduce a third source which can be in
preted as the preequilibrium emission~PE! after the fast cas-
cade has finished and before the nucleus has attained the
equilibrium. Attempts to fit with only two sources resulted
a considerably worse value ofx2. Also it cannot be expected
that after the emission of the highly energetic cascade n
trons the emission continues with the low-energy evapo
tion neutrons.

The principle of the measurement of pre- and postsciss
neutrons was invented by Harding and Farley@10#. It relies
on the fact that the emission of neutrons from the mov
fission fragments is strongly enhanced in the direction of
fission axis while perpendicular to the fission axis the co
rate is lower. Moreover, the energy spectrum of the fiss
neutrons is changed depending on the direction in which
neutrons are registered. The emission of neutrons be
scission from the compound nucleus is isotropic if the co
pound nucleus is at rest in the laboratory frame. As the
tiproton annihilation of stopped antiprotons occurs via f
mation of an antiprotonic atom the only means
transferring momentum to the compound nucleus is by
pions produced in the annihilation. Measurements of t
momentum transfer inp̄ on 238U have shown that it is smal
compared to the velocity of the fission fragments, justifyi
the assumption of a compound nucleus at rest; the meas
mean momentum of the fragments is 722610 MeV/c @11#
which converts to an energy per nucleon of only
31023MeV/nucleon. This is two order of magnitude
smaller than the mean energy per nucleon in the fragme
For the fission fragments a mean energy per nucleon
0.698 MeV/nucleon was assumed and taken as a fixed i
parameter for the fit. It was derived from the TKE value
152.2 MeV and the total mass of 211.6 u measured by H
mannet al. @11# for thep-induced fission of238U. This mass,

TABLE II. Multiplicities M and temperaturesT from a three

source fit to the neutron spectra of238U( p̄ , f ). The error given in
brackets is the quadratic sum of the statistical and the system
errors.

M INC 3.33~30! Neutrons
MPE 3.95~32! Neutrons
MEV 13.2~11! Neutrons
TINC 40.1~34! MeV
TPE 7.54~45! MeV
TEV 2.55~16! MeV

TABLE III. Neutron multiplicitiesM and temperaturesT as a
result of a moving source fit according to Eq.~3! to the energy
spectra.TINC andTPE were held fixed at the values of Table II.

M INC 3.3~3! Neutrons
MPE 4.1~4! Neutrons
MCN 6.2~6! Neutrons
MFF1,2 3.2~3! Neutrons
TCN 2.58~21! MeV
TFF1,2 1.90~18! MeV
TINC 40.1 ~fixed! MeV
TPE 7.54 ~fixed! MeV
r-

mal

u-
-

n

g
e
t
n
e
re
-
n-
-
f
e
is

red

ts.
of
ut
f
f-

of course, is measured after emission of the postscission
trons and charged particles. Adding as a rough estimate
number of 6.3 postscission neutrons, one gets 218 u for
mass of the scissioning nucleus, resulting in a mean ene
of 0.698 MeV/nucleon.

To decompose the neutron spectra into the pre-
postscission multiplicities a moving-source parametrizat

FIG. 6. Neutron energy spectra for238U( p̄ , f ) for emission
angles of 0°, 30°, 60°, and 90° with respect to the fission axis.
curves~dotted, dashed, and dash-dotted! are the components of th
moving source fit functions. The solid line is the sum of the co
ponents.

FIG. 7. The curves are the fitted distributions and their s
given by Eq.~3! and the results in Table IV. Only the statistic
errors are displayed. The fission axis is in the direction 0° a
180°. The pictures show the emission characteristics for neut
with energies of 5 MeV~left! and 40 MeV~right!. Emission char-
acteristics from the compound-nucleus evaporation~CN!, from the
fission fragment neutrons~FF!, the preequilibrium emission~PE!,
and from the intranuclear cascade~INC! are indicated.
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55 2969NEUTRONS IN COINCIDENCE WITH FISSION OF . . .
was applied. The neutron spectra were fitted by Maxwell
spectra@9# with isotropic emission in the emitter frame. I
the laboratory system the emission is then explicitly given

d2M

dEdV
5(

i51

5
MiAE

2~pTi !
3/2expS 2

E22A« iEcosC i1« i
Ti

D .
~3!

HereMi andTi denote the multiplicity and temperature p
rameters for sourcei , respectively,« i is the mean energy pe
nucleon of sourcei , C i the angle between the direction o
movement of the sourcei and the detector viewing the emi
ted neutrons. The spectra were fitted in an energy reg
ranging from 3 MeV to 150 MeV. The temperature para
etersTINC andTPE were held fixed at the values obtained
the inclusive fit. The other parametersTi andMi were var-
ied. The results are given in Table III. The functions fitt
according to Eq.~3! are depicted, together with the measur
energy spectra, in Fig. 6. The measured and calculated a
lar distributions~cf. Fig. 7! clearly show that the assumptio
of isotropically emitted neutrons is fulfilled during the intr
nuclear cascade~see Table IV!. The multiplicities for the
INC and PE components agree well with the inclusive da
The total multiplicity of 20.0~10! neutrons is equal within the
error bars to 20.4~12! neutrons from the inclusive measur
ment.

The excitation energy of the thermalized hot nuclei can
estimated from the measured mass of both coincident fis
fragments. The mass loss which is roughly proportiona
the excitation energy is given by the difference of the tar
mass and the mass of both fragments. The fission-coinci
neutrons were sorted according to four regions of the t

TABLE IV. Anisotropy of neutron emission given by the rati
of count ratesW(0°)/W(90°) for selected neutron energie
W(0°) andW(90°) are also displayed in Fig. 7.

Energy W(0°)/W(90°)
MeV Experiment Fit acc. to Eq.~3!

5 1.84~3! 1.76
40 1.02~7! 1.00
1.5–150 1.386~11! 1.384
n
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fragment mass or mass loss. The resulting neutron spe
are described for each mass-loss region given in Tabl
with the moving-source parametrization defined by Eq.~3!.
The temperature parameters for the intranuclear cascade
preequilibrium component were fixed at the values of Ta
III.

The prescission multiplicity of neutronsMpre is defined as
the sum of the multiplicitiesM INC , MPE, andMCN:

Mpre5M INC1MPE1MCN. ~4!

The postscission multiplicity is simply the sum of the tw
neutron numbersMFF1 andMFF2 evaporated by the fission
fragments:

Mpost5MFF11MFF252MFF1,2. ~5!

Table V shows the result for the different windows. Th
number of postscission neutrons depends only slightly on
mass loss, whereas the number of prescission neutron
creases strongly with increasing mass loss. Due to the p
mass resolution of the setup~29 u FWHM! a correction had
to be applied on the pre- and postscission multiplicities
Table V. From the mass resolution a correlation matrix
the four mass loss windows was calculated. The correla
matrix @7# describes the probability of a certain mass value
be found in the wrong mass window. Of course, the m
sured values in Table V have statistical fluctuations as t
are experimental data. The unfolding of the measured va
with the correlation matrix leads to an increase in these
rors. For this reason a linearization of the measured value
Table V was applied before the unfolding procedure w
performed. A consequence of this treatment is a linear
pendence of the resulting multiplicity values from the ma
loss or mass as they are shown in Table VI or open d
points as in Fig. 8. We observe that about half of the m
sured mass loss is due to neutron emission while the
must be due to charged particles which we did not meas
in this experiment.

IV. COMPARISON WITH OTHER EXPERIMENTS
AND METHODS

Comparing the present exclusive results with the inclus
experiment of Polsteret al. @14# ~see Table VII! one finds
TABLE V. Compilation of neutron multiplicitiesM and temperature parametersT for different mass loss
windows. The last column shows the values averaged over all masses. The numberMpre of prescission
neutrons is the sum of the neutron numbersM INC , MPE, andMCN . The numberMpost of postscission
neutrons is defined as 2*MFF1,2.

Mass loss@u# .45 30–45 15–30 ,15 All masses

M INC 4.1~6! 3.7~4! 2.5~5! 2.5~4! 3.2
MPE 4.8~7! 4.4~5! 3.5~4! 2.1~4! 3.7
MCN 8.2~10! 6.3~7! 6.1~7! 5.6~7! 6.6
MFF1,2 3.1~4! 3.5~4! 3.0~4! 2.9~3! 3.1
M pre 17.1~14! 14.4~10! 12.2~10! 10.2~9! 13,5
M post 6.3~6! 7.0~8! 6.0~7! 5.8~7! 6.3
MS 23.4~15! 21.4~13! 18.2~12! 16.0~11! 19.8
TFF1,2 @MeV# 2.0~3! 2.0~3! 1.8~2! 1.6~2! 1.9
TCN @MeV# 3.0~3! 2.6~3! 2.3~2! 3.1~3! 2.8
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2970 55W. SCHMID et al.
good agreement for the multiplicity and mean energy of
INC and CN components. In these data, too, there is a c
ponent describing the pre-equilibrium emission with simi
mean energy but with a remarkably lower multiplicity
only 1.15 neutrons. Looking at the total multiplicity on
finds 18.1~14! neutrons in the experiment of Polsteret al.
and 16.3~9! in the measurement of Chenet al. @15# compared
to the 20.4~12! neutrons from our experiment.

A reason for Chen’s and Polster’s lower total multiplici
is that these data were normalized to the annihilations.
binski et al. @16# found that in antiproton annihilation with
238U 11.4% of the residual nuclei have mass numb
(A-1!. Hence at least 11.4% of the annihilations result n
ther in fission nor in nucleon emission from the residu
nuclei. Therefore the results of Polster and Chen have to
multiplied by a factor of 100/(100211.4)51.13 to be com-
pared with ours, strongly improving the agreement for
total neutron multiplicity.

A. Other methods in p̄-induced fission

Measuring precisely the mass loss gives another poss
ity to directly determine the number of nucleons lost duri

FIG. 8. Distribution of the sum of the two fragment mass

mFF11mFF2 for the reaction238U( p̄ , f ). The three vertical lines
separate the four mass-loss windows set on the mass distribu
The filled data points show the pre- and postscission multiplicity
a function of total mass and without correction for mass resolut
The open data points show the respective multiplicitiesM corrected
for mass resolution. Due to the averaging properties of the m
resolution correction the open data points are on straight lines~in-
dicated by dashed lines!.

TABLE VI. Neutron multiplicitiesM as a function of mass loss
The same as Table V, but corrected for the mass resolution in
fission-fragment measurement.

Mass loss@u# .45 30–45 15–30 ,15

M INC 4.6~6! 3.6~5! 2.8~5! 1.8~4!

MPE 5.8~7! 4.4~5! 3.1~4! 1.6~3!

MCN 8.4~10! 7.1~7! 6.0~7! 4.7~7!

MFF1,2 3.4~4! 3.2~4! 3.1~4! 2.9~3!

Mpre 18.8~14! 15.1~10! 11.9~10! 8.1~9!

Mpost 6.8~6! 6.4~8! 6.2~7! 5.8~7!

MS 25.6~15! 21.5~13! 18.1~12! 13.9~11!
e
-

r

-

r
i-
l
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e

il-

a high-energy fission reaction. Moreover, the strong corre
tion between the mass of a fissioning nucleus and the TKE
this nucleus allows to estimate the number of pre- a
postscission nucleons. The correlation between TKE
mass in fission is due to the fact that the TKE determin
Coulomb energy of the fragments depends mainly on
radius of the fragments. Violaet al. @17# give an empirical
formula describing this behavior.

The idea to deduce pre- and postscission multiplicity
TKE mass correlations was first worked out by Chestn
et al. @18# for 1 GeV-proton induced fission. Kim@19# used
this method to estimate the number of pre- and postscis
nucleons inp̄-induced fission of238U. Their result strongly
favors a quick transition to the scission point; more po
scission nucleons„15(1)… are emitted than prescission nucl
ons 10~1! ~see Table VIII!. On the contrary, we found a
much higher number of prescission neutrons than posts
sion neutrons. Emission of protons and complex charged
ticles would increase preferably our prescission value
even increase the discrepancy.

Chen et al. @15# measured already earlier pre- an
postscission neutron multiplicities ofp̄-induced fission of
238U, but they give only total multiplicities per annihilatio

n.
s
.

s-

he
TABLE VII. Results of inclusive experiments onp annihilation

at 238U. The neutron multiplicitiesM in the first two rows are
normalized to the number of the annihilations. Multiplying the mu
tiplicities in columns 2 and 3 by a factor of 1.13 yields numbers p
fission. The multiplicities in the last column~this experiment! are
normalized to the number of fission events.

Ref. @15# @14# This experiment

M INC 4.49~75! 3.16~31! 3.33~30!
MPE 3.40~35! 1.15~21! 3.95~36!
MEV 8.42~25! 13.8~13! 13.2~11!
MS 16.3~9! 18.1~14! 20.4~12!
TINC 99.6~111! 37.7~25! 40.1~34! MeV
TPE 18.9~20! 5.78~79! 7.54~45! MeV
TEV 2.18~20! 2.67~20! 2.55~16! MeV

TABLE VIII. Comparison of measured pre- and postscissi
multiplicities for nucleons and neutrons. In the first row the fi
number in a column gives the number of nucleons with error;
number behind the error gives the estimated number of neutr
The first number in each column of the second row~with error!
gives the number of neutrons per annihilation. The second num
~behind the error! gives the value per fission after applying a co
rection factor of 1.13.

Method Mpre Mpost Ref.

Spectroscopy of
fragment masses:
mtot-TKE correlation 10~1! 8.0 15~1! 14.5 @19#
Neutron counting:
three-source-fit 7.89~83! 8.9 8.42~25! 9.5 @15#
Neutron counting:
Moving-source
parametrization 13.6~8! 6.3~6!
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and not per fission event. Like their total multiplicity value
Sec. IV we corrected their pre- and postscission multiplic
by a factor of 1.13. Then we get 8.9 and 9.5 for the pre- a
postscission neutron number, respectively. Chenet al. did
not use the pulse-shape discrimination technique for se
ing neutrons againstg ’s, their high value for the T param
eters of 99.6 MeV and 18.9 MeV and the total absence
evaporation from the compound nucleus indicates that
large value of postscission neutrons includes a part of
compound-nucleus evaporation. Physically it cannot be
pected that the emission of neutrons switches suddenly f
the high-energy prescission emission to the emission
moderate-energy neutrons from the fragments.

B. Heavy ion and stoppedp̄-induced fission

For fission induced by heavy ions a large set of data ex
in the excitation-energy region of 100–500 MeV. The ma
result of the heavy-ion induced fission experiments is
nearly constant number of postscission neutrons as a f
tion of excitation energy while the evaporative presciss
multiplicity increases strongly with excitation energy. Th
same behavior was found for the neutron multiplicities af
p̄-induced fission. The gain in the total neutron multiplici
appears to 80% in the increase of the number of prescis
neutrons and only to 20% in the rise of the postsciss
neutron number. This is shown by the lines in Fig. 9, follo
ing a systematic approach given by Hilscher and Ross
@20# together with the experimental results of heavy-ion a
p̄-induced fission experiments~see Table IX!. The lines in
the picture represent the following formulas for the evapo
tive prescission and the postscission neutron multiplic
Mpre

evapandMpost, respectively,

Mpre
evap50.8*~M tot

evap2M0!,

~6!

Mpost5M010.2*~M tot
evap2M0!.

FIG. 9. Systematics ofMpre
evap and Mpost: Evaporative pre-

Mpre
evapand postscissionMpost neutron multiplicities as a function o

the total number of evaporated neutronsM tot
evap. The dashed lines

are according to the empirical formulas of Hilscheret al. @20#. The
dotted lines follow a linear dependence with the same slope
with a different offset parameter ofM054.5 ~dashed lines:
M053.0). The references for the heavy-ion experiments are g
in Table IX.
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M tot
evap denotes the total evaporative neutron multiplicit

M0 is an offset parameter and is set to 3.0 for the das
lines and to 4.5 for the dotted lines in Fig. 9 in a Z region of
the compound nuclei of 86–91. Equations~6! describe the
data better forM054.5. Note that the slope of the lines is n
changed. Furthermore the correction for the mass resolu
does not change the ratio between the pre- and postscis
multiplicities.

Despite the difference in angular momentum of the co

pound nuclei formed in heavy-ion and in stopped-p̄ induced
fission, reactions with comparable excitation energies,
pre- and postscission neutron numbers for both reactions
veal a picture of slow fission compared with neutron a
light charged particle emission. In both cases the increas
excitation energy goes mainly into cascade emission
nucleons and prescission evaporation. Regardless of the
tial excitation energy the nucleus is relatively cold at t
moment of scission and cannot benefit from the high ene
initially transferred.

C. Fission induced by energetic protons

Considering the low angular-momentum transfer the hi
energy proton-induced fission has more similarities with
p̄-induced fission than the heavy-ion reactions. Unfor
nately experimental data in a comparable excitation-ene
region are scarce. With 1-GeV protons on238U, Chestnov
et al. @18# undertook a measurement of the fission-fragm
masses and derived, by exploiting the correlation betw
TKE and total fragment mass, the pre- and postsciss
nucleon number. Their results of 80% postscission emiss
of all emitted nucleons are in contradiction with ours a
with those from heavy-ion experiments. The measuremen
Kim @19# with a very similar technique tend to a hig
postscission nucleon number, too. The difference is proba
connected to the method, because most of the heavy-ion
are the result of neutron anisotropy measurements.

Fraenkelet al. @22# measured the pre- and postscissi
neutrons from 475 MeV proton-induced fission of238U with
the neutron counting technique and determined multiplicit
by an iteration method. They got a number of 8.4~17!
prescission and 8.6~17! postscission neutrons, not far from
our results.

ut

n

TABLE IX. Preequilibrium (MPE), evaporative prescission
(Mpre

evap) and postscission (Mpost) neutron multiplicities from
p-induced fission compared with heavy-ion induced fission. T
thermal excitation energyE* was taken from the references; fo
this experiment it is derived from the energy balance of Sec. V

Reaction
E*
MeV MPE Mpre

evap Mpost Ref.

20Ne1209Bi 120 0.55 5.12~40! 6.44~50! @21#
16O1208Pb 187 0.87~15! 6.9~3! 6.8~3! @12#
32S1197Au 201 3.0~3! 7.7~18! 7.2~20! @13#

p1238U 160 4.1~4! 6.2~6! 6.3~6!
32S1197Au 311 4.4~6! 10.7~25! 7.4~27! @13#
32S1197Au 431 4.1~5! 13.3~19! 6.7~18! @13#
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V. DISCUSSION

A. The statistical model and dissipative effects

The formation of highly excited nuclei can be describ
by the intranuclear-cascade model. In the case of antipro
induced reactions this approach is very successful and
led to a thorough understanding@23,24# of the antiproton
nucleus interaction. This is not true for the deexcitation o
heavy nucleus, especially in the competition between fiss
and particle evaporation. The measurement of pre-
postscission neutron multiplicities is a good way to test t
competition and is closely related to the dynamics of
fission process.

The standard method of describing high-energy fissio
@25#, following an idea of Bohr and Wheeler, the statistic
model. They were able to derive a formula for the part
decay widthsGn for neutron emission andG f for fission,
respectively,

G f

Gn
5
K0an„2Aan~E*2Bf!21…

4a2/3af~E*2Bn!
exp„2Aaf~E*2Bf !

22Aan~E*2Bn!…, ~7!

whereBn andBf are the binding energy of a neutron and t
fission-barrier height, respectively,an and af the level-
density parameter for neutron emission and fission,K0 and
a are constants, andE* is the excitation energy. It is a well
known fact@26–28# that the statistical model underestimat
the ratio of pre- to postscission neutrons remarkably. He
our model includes two effects influencing the dynamics
fission:~i! the prolonged transition timetSSC from saddle to

TABLE X. Comparison of the measured neutron multipliciti
M with those calculated according to the statistical model with
and with dynamical effects. The dynamical effects were taken
account in two ways: the third column~SSC! includes a finite
saddle-to-scission transition time of 10220 s. The last column is
calculated following the approach of Kramers@31#, introducing a
viscosity of nuclear matter (g50.7).

Theory Theory
Experiment No effects SSC with viscosity

M INC 3.3~3! 3.13 2.90 3.06
MCN 6.2~6! 1.74 6.84 7.00
MFF 3.2~3! 7.11 3.57 3.75
n-
as

a
n
d
s
e

is
l
l

e
f

scission point, and~ii ! the viscosityg of nuclear matter
which delays the formation of the fissioning nucleus, a
leads to an increase inG f : G f

vis5G f(A11g22g).
The importance of these effects were already pointed

by Grange´ and Weidenmu¨ller @29#. The general features o
the cascade evaporation model we used are described in
@11#. The level-density parametersaf andan were obtained
by fitting a large set of experimental data@30# at excitation
energies up to about 100 MeV.

We tried three versions of the statistical-model calculat
to be compared with the experimental results. The stand
statistical model without any dynamical effects undere
mates, especially for higher excitation energy~mass loss!,
the prescission neutron number~dashed line in Fig. 10, left
side!. This corresponds to a strongly increased number
post-scission neutronsMpost, as is shown by the dashed line
in Fig. 10 ~right side!. Taking into account either the viscos
ity of nuclear matter at the saddle point or the increase in
saddle-to-scission transient time in our calculation we h
good agreement with the experimental results. This is de
onstrated in Tables X and XI.

FIG. 10. Comparison of calculated pre- and postscission neu
multiplicities ~curves! with the measured multiplicities~data points!
as a function of mass loss. The dashed curve is calculated with
statistical model without dynamical effects. The dashed-dot
curve stands for a calculation taking into account the viscosity
lowing the approach by Kramers@31# (g50.7!. The solid curve is
calculated with the assumption of a finite saddle-to-scission tr
sient time tSSC510220 s. For all calculationsaf /an51.02 for
A.220. ForA,220 the ratioaf /an51.08 for the dashed-dotted
line, and 1.02 for the standard calculation and the calculation w
saddle-to-scission effects.

t
o

he
TABLE XI. Neutron multiplicitiesM calculated with the statistical model with dynamical effects. T
mass-loss-corrected measured neutron multiplicities of Table VI are given in square brackets.MPE for the
calculation is included inM INC .

Mass loss@u# .45 30–45 15–30 ,15

M INC 5.4 @4.6# 3.9 @3.6# 2.7 @2.8# 1.3 @1.8#
MPE – @5.8# – @4.4# – @3.1# – @1.6#
MCN 11.2 @8.4# 8.7 @7.1# 6.3 @6.0# 3.4 @4.7#
MFF1,2 4.1 @3.4# 4.1 @3.2# 4.3 @3.1# 2.7 @2.9#
Mpre 16.6 @18.8# 12.6 @15.1# 9.0 @11.9# 4.6 @8.1#
Mpost 8.2 @6.8# 8.3 @6.4# 8.5 @6.2# 5.5 @5.8#
MS 24.8 @25.6# 20.9 @21.5# 17.5 @18.1# 10.1 @13.9#
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B. Energy-balance considerations

Combining the charged-particle multiplicities and me
energies from earlier experiments@14,32,33# with our neu-
tron multiplicities one can determine the excitation ene
during the different stages of deexcitation. The total ene
E which is required to emit different kinds of particlesj with
a mean energŷEj& and a multiplicityM j is given by

E5 (
j5n,p,d

M j~^Ej&1Bj !5 (
j5n,p,d

M j~
3
2Tj1Bj !, ~8!

whereBj is the separation energy of the emitted particle. T
mean energy can be calculated from the fitted tempera
parameters and is for the distributions given
^Ej&53/2Tj . The separation energy is about 8 MeV for ne
trons and protons. For the deuteron separation energy
took the sum of the nucleon separation energies. The e
sion of t, 4He, and complex particles was not taken in
account because of their low multiplicities@32,33#. The pro-
ton multiplicity of 1.04 measured by Polsteret al. @14#,
which was determined by extrapolation from proton energ
above 30 MeV to energies up to the Coulomb barrier in
cates that only protons with energies higher than the C
lomb barrier of uranium~15.3 MeV! could be emitted. Mark-
iel et al. @32# found that 0.3 protons are emitted wit
energies below 12 MeV, which is only possible as evapo
tion from the fragments with a Coulomb barrier of about
MeV. The emission ofg ’s was measured by Armstron
et al. @34#. They found on the average twog ’s with an en-
ergy of 6 MeV per fission event.

The uncertainty of the energies estimated in such a wa
about 10% following from the errors of multiplicities an
T parameters. Applying Eq.~8! yields the energy balance

DEINC
n 5 3.3(3240.118!5 225 MeV

DEINC
p 5 1.04(3237.718!5 67 MeV

DEINC
d 5 0.14(3222.6116!5 7 MeV

DEINC5 299 MeV
DEPE

n 5 4.1(327.5418!5 78 MeV
DECN

n 5 6.2(322.5818!5 73 MeV
DEFF

n 5 6.3(321.918!5 68 MeV
DEFF

p 5 0.3~1218!5 6 MeV
DEg5 2365 12 MeV

DEtotal5 536 MeV

The derived total transferred energyDEtotal of about
540(50) MeV is somewhat larger than the value of 490 M
derived by Polsteret al. @14#. This comes mainly from our
higher pre-equilibrium multiplicity. Anyhow one shoul
keep in mind that the fission events following annihilati
are a special subset of the annihilation events.

The mass of the fissioning nucleus itself can be estima
by the mass and charged particle loss during the intranuc
cascade. The mean mass loss amounts to 4–5 mass unit
mean charge loss to 1–2 charge units. Thus the nu
233Th or 233Pa are a good estimate for the average fission
nucleus.
y
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The thermal excitation energy follows from this ener
balance as the sum of the energies of compound-nucleus
fission-fragment evaporation particles and amounts to ab
160(16)MeV (DECN

n 1DEFF
n 1DEFF

p 1DEg), as derived
from the energy balance. For the initial excitation energy
the fissioning nucleus (233Pa, 233Th! we have to subtract the
effective fissionQ valueQeff5Qfis2TKE;20 MeV result-
ing in 140 MeV excitation energy. Similarly the thermal e
citation energy of the fragments is 86(9)MeV
(DEFF

n 1DEFF
p 1DEg). This confirms that the nucleus is rela

tively cold at the moment of scission and more than 2/3
the transferred energy is lost before the nucleus attains t
modynamic equilibrium. The thermal excitation energies c
be also estimated with a simple formula from the statisti
model and the knowledge of the mean temperatureT of the
nucleus

E*5a* T2. ~9!

Here a is the level-density parameter, which can be calc
lated from the mass numberA of the nucleus:a5A/10
@1/MeV#. T is the temperature parameter. From this appro
an excitation energy of the fragments of 76(14) MeV can
derived. For the compound nucleus this energy is 140(
MeV according to Eq.~9!. The somewhat lower compound
nucleus excitation energy which agrees within the err
with the value given above is an indication of dissipati
effects during saddle to scission transition setting free ad
tional excitation energy which appears in the multiplicity a
mean energy based on an estimate of energy of 160(
MeV above.

VI. CONCLUSIONS

Antiproton induced fission at high excitation energies
unique in the sense that during formation of the compou
nucleus little rotation, compression and collective distorti
is introduced to the fissioning nucleus. Such distortions co
have drastic effects on the dynamics of fission. Conseque
it is important to verify whether nuclei produced in this wa
exhibit a similar slow fission dynamics as found for a lar
variety of heavy-ion induced reactions, that is with a co
pletely different formation dynamics. This was particular
needed since previous measurements@19,35# had indicated
by an indirect method that antiproton induced fission mig
be considerably faster than heavy-ion induced fission.
exploiting the number of neutrons emitted prior and post
scission we have shown that antiproton induced fission p
fectly complements and corroborates the findings with he
ions: most of the excitation energy is emitted prior to sci
ion indicative for a long prescission time.
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