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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 rea?ﬂo%?au have been
deduced using the moving-source parametrization of the neutron energy spectra by Maxwellian distributions.
A postscission multiplicity of 6.@) neutrons out of 20(Q0) 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.[S0556-28187)04806-1

PACS numbgs): 25.43+t, 25.70.Gh, 25.85.Ge

I. INTRODUCTION fission-fragment and neutron counters is depicted in Fig. 1. A

. . . low-energy antiproton-beamp( with a momentum of 200
Nl_JcIe_ar reactions induced by_ stop_ped antiprotons deserVI@IeV/c entered the fission chamber through tiiihickness
special interest because of their unique mechanism of pro:

ducing hot nuclei with excitation energies up to 800 MeV 100 »m) Beryllium and I\./Iylar(Fhlpkn.ess 36um) windows,
and at the same time transferring only moderate angular mgYent through a plastic scintillation counter  telescope
mentum to the nucleus. Compared to high-energy heavy-ion
reactions only slight compression of the nuclear matter oc-
curs. In the case of nuclear fission two of the interesting
guestions are the descent from saddle to scission and how
fission is influenced by dissipative effects. Even after more
than 50 years research in fission the saddle to scission tran-
sition of a nucleus is not completely understood. Especially
the measurement of pre- and postscission particles, mainly
neutrons, gives insight into the competition between particle
emission and fission and valuable information of the dynam-
ics of fission. Defining a time scale by neutron evaporation
gives a possibility to answer the following question: “How
fast is fission?”

Il. EXPERIMENTAL METHOD

The experiment was carried out at the LEAR storage ring
of CERN. The experimental arrangement consisting of FiG. 1. Horizontal section through the setup of the experiment
at LEAR. A1-A6 are pin-diode array$\1-N4 neutron counters,
CP veto counters for charged particl&4,S2 the antiproton scin-
*Permanent address: Physics Department, Florida State Univetiflator telescope,M1,M2 variable degradersT the target, and
sity, Tallahassee, FL 32306. MCP a microchannel plate.
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FIG. 2.’ Selection of neutronsif andy rays (y) in the energy - FIG. 3. Selection of neutronsf and vy rays (y) in the pulse
(pu!se-helgm vs TOF sca_tterplc_)t. The energy on the ordlnaf[e ISshape vs energypulse height plot. Note that the energy on the
derived from the pulse-height signal; the energy on the absms_sa scissa is the energy derived from the pulse-height signdinate
calculated from TOF. Th? upper part §hows the energy derive rom Fig. 2. The pulse-shape parameter is explained in the text.
from the PM-Dynode 11 signal used to increase the maximum Ole"I'he right part was obtained using the signal from dynode 11. The

tectable energy to about 100 Me\_/; for the Iower part the S'gnalregions denoted withy) contain the discardeg events.
from dynode 14 was used, resulting an energy interval from the

threshold energysee Table)l of about 1 MeV up to 10 MeV. The

boot-shaped regiomj marks the neutron events. between two integrations over the scintillation light pulse

with a short and a long integration tii2]. The efficiency of

the neutron counters was calculated with the help of the

Monte Carlo program of Cecdt al.[3] which also takes into

account all the inelastic reaction channels with the carbon

with a thickness of 2.3 mg/cfnand a diameter of 15 mm. nuclei of the organic scintillator liquid. The properties of the
neutron detectors are listed in Table I. As one can see from

The walls of the fission chamber were of steel with a h ¢ Fig. 1. th 12 ibilities for th )
thickness of 4 mm in order to be transparent for neutronstn€ Setup of Fig. 1, there were possibilities for the emis-

Six pin-diode array$A1—-A6) were used as fission-fragment SIOn angle of neutrons to be combined from four neutron
detectors, each consisting of>6 12 single counters with an counters and three pairs of fission counters. D_ue to the sym-
area of 1,cn% They measured energy, time-of-fligitOF) metry of the setup each angle occured three times for differ-
direction and angular correlation of {he fission fragm’entsem neutron detectors. This reduces systematic errors caused

The direction measurement is possible by the coincidence A}y detector-specific thresholds and efficiencies in neutron de-

one of the 12 time signals from the rows of the array Withtecgon trr?markably. d i fflight ts of th
one of the 6 energy signals coming from a column of the_ or the energy and time-ot-tiight measurements ot he

pin-diode arrays. Details about the pin-diode array detector%fSion fragments with the pin-diode detectors corrections for

and their properties as fission-fragment detectors are adhe pulse-he|ght defe¢PHl)_) and the plasma-delay effeclts,
scribed by Kimet al. [1]. The start signal for the TOF mea- respectively, were taken into account. These corrections,
surement is given by a microchannel-plate dete¢i6EP) however, depend both already on .the mass of the mea;ured
counting the electrons ejected by the fission fragment?artICIe one just wants to determme_. For the pulse-he?|ght
emerging from the target. The electrons were deflected b efect a correction formula by Schmilt aI_. [4] was used; .
90° into the micro-channel-plate by an electrostatical mirror, he plasma .delay was_corrected following an expression
thus making it possible to detect strongly ionizing particles,g'ven by Neidelet al. [5]. Some of the parameters in the
like fission fragments, producing many delta electrons. Th%
neutrons were registered at four ang(@s, 30°, 60°, and
90°) with respect to the fission axis by NE213 liquid scintil-
lation counters I1—N4). The detectors measured TOF, en-
ergy (pulse-heightand a pulse-shape signal in order to dis-
criminate y rays from neutrons. In addition plastic-
scintillator veto counter$CP) (thickness 3 mmin front of
the neutron counterdN(L-N4) were used to reject charged
particles. Neutrons or, to be more precise, recoil protons

from the neutrons were selected by the time-of-flight vs eNpetector

(S1,S2) and was brought to rest in the uranium target by
means of plastic degraders1(L,M2). The target was a self-
supporting foil of uranium of natural isotope composition

ormulas of Schmitt and Neidel are specific for the type of
he detector and were determined in previous test measure-
ments [1] with fission fragments from?°’Cf(sf) and
2Y(ny,,f). An iterative procedure was applied to determine

TABLE I. Some properties of the neutron counters. The thresh-
old energy for neutrons was determined by the Compton edge of
2?Na. The time resolution was 1.2 (BWHM).

Threshold Target distance Diameter Thickness

ergy relation(Fig. 2) and the pulse-shape vs energy feig. Mev cm em cm
3). The discrimination of neutrons fromi's in Fig. 3 exploits N1 0.96 95.2 12.3 10.2
the different decay times of radiative states in the scintilla-N2 0.94 82.4 10.2 10.2
tion material NE213 corresponding to different ionization- N3 0.96 92.0 12.3 10.2
densities of recoil protons and electrons corresponding to N4 0.78 99.5 12.3 10.2

rays. The pulse-shape parameter in Fig. 3 is the difference
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the corrections for time-of-flight and energy simultaneously.
Some complications for the pulse-height-defect correction
with the Schmitt formula come from the wide range of
fission-fragment energies caused by different emission
angles and energy losses in the target. Especially in the low-
energy region the PHD corrections became too high and a

[\
(=]

—
W

method which reduces the correction smoothly for low frag- g2k

ment energies was developEgi7]. Z10F 60
As a third correction the energy loss of the fission frag- é" =

ments in the target was calculated with stopping-power val- % E 4400

ues taken from the heavy-ion range-energy tables of North- gs =

cliffe and Schilling[8]. The emission angle of the fragments [ E_CP . 200

with respect to the target plane was taken into account. In il | | | |
first order the sum of the path lengths of the fragments within e 20" 60 80 100 120
the target does not depend on the depth where fission takes Energy [MeV]

place, but only on the emission angle. The energy loss for

crossing half the target thickness varied from 12 MeV to

22 MeV for emission angles with the target surface varying g 4. TOF vs energy plot for fission fragmentSF) and
between 90° and 30°. Therefore the energy-loss correctiopharged particleCP). The solid lines are isobars for different

for the total kinetic energyTKE) of both fragments can be masses. The pulse-height defect was corrected onlynfer5 u.
made more precise as it is the case for the kinetic energy of

a single fragment, where the path length and energy loss in _

the target material is unknown. d_M: > %ex E) )
The trigger condition MT for the readout of the electron- d <1 7o, T

ics was

M; andT; are the multiplicities and temperature parameters
(1) for sourcei. E is the energy of the neutrons. The energy

range of the fit extended from 3 MeV to 150 MeV. The
o o results of the fit varying all theM; and T; is compiled in
HereS1*S2 denotes the signal fromm@ passing through the Table Il. The statistical error was determined by a 10%
scintillator S2 without hitting the ring-counterS1, and change of the reduceg?, as it was done by the authors of
(Al+.--+A6) means at least one pin-diode signal from[13]. The errors given in all the following tables are the
any of the pin-diode array81-A6. TOF, energy and the statistical and the systematic error. For multiplicities a sys-
other parameters of the four neutron counters and the enerdgmatic error of 8% resulting from the accuracy of the Monte
information of the pin diodes were then read out. A moreCarlo efficiency calculation was assumed.
elaborate fission trigger for the neutron detectors was made Looking at Fig. 5 one can easily identify two components
off line by software cuts in the TOF-energy relation of the in the spectrum, a high-energy part which can be ascribed to
pin-diode measurements. Two different triggers were appliethe emission of neutrons during the intranuclear cascade
in the software analysis, one by demanding only one fissiofINC) and a low-energy component resulting from the
fragment for inclusive neutron spectra, and a more restrictivevaporation of both the compound nuclé@N) and the fis-
one demanding both fragments in coincidence for a preciseion fragmentgFF). For properly describing the data it was
definition of the fission axis for the exclusive neutron spec-
tra. The fission fragmeni$F) were identified by their time-

MT=S1*S2*(Al+ - --+AB).

of-flight vs energy relation which is depicted in Fig. 4. Par- 10
ticles with masses from 60 to 160 u and energies from 12 to ~.:
160 MeV were associated with fission fragments. 21
k= INC —oeen
5o -l PE _._...
Ill. DATA TREATMENT §10 EV
Though the angular and energy dependence of the neutron & 2|
emission gives the information about pre- and post scission 210 E
particles it is also interesting to study in addition the inclu- = F .
sive energy spectrum of neutrons from fission. In the case of 1o - Lo v b b Lo g

isotropic emission the inclusive measurement means no loss 0 20 40 60 80 100 120 140

. . - . o Energy [MeV]
of information. The use of a less restrictive trigger condition
for fission leads to an increase of the statistics, which is
important for the high-energy region. In particular this trig-  FIG. 5. Inclusive energy spectrum of neutronspiinduced fis-
ger condition was the registration of only one fission frag-sion of 23%U. All events with at least one fission fragment in coin-
ment. The inclusive energy spectrum of the fission-cidence were collected. The curveotted are the components of
coincident neutrons is shown in Fig. 5. This spectrum washe fit. INC means intranuclear cascade, PE preequilibrium, and EV
fitted by a sum of three distributior}9]: evaporation. The sum of the components is drawn as a solid line.
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TABLE II. Multiplicities M and temperature¥ from a three
source fit to the neutron spectra 8¥U(p,f). The error given in

brackets is the quadratic sum of the statistical and the systematic 10 RO .
errors.
2

M ine 3.3330) Neutrons ~_10
Mpg 3.9532) Neutrons B Lk
Mey 13.21)) Neutrons §10 E
Tine 40.13%) MeV é : i \ SN
Tee 7.5445) MeV 'T>10-4]|§||]\|||| S BN YR SRR e
Tey 2.5516) MeV g

= -l

%10
necessary to introduce a third source which can be inter- % 2
preted as the preequilibrium emissi@®E) after the fast cas- NE'IO
cade has finished and before the nucleus has attained thermal ™ 3
equilibrium. Attempts to fit with only two sources resulted in 10
a considerably worse value gf. Also it cannot be expected AN oA

that after the emission of the highly energetic cascade neu- 10 I T ST SN N T O SN RNy
trons the emission continues with the low-energy evapora- 50 100 150 50 100 150
tion neutrons. Energy [MeV]

The principle of the measurement of pre- and postscission
neutrons was invented by Harding and Farl&g]. It relies
on the fact that the emission of neutrons from the movingan
ﬁss?on fra_gmer_lts Is strong_ly enhanced i_n t_he dir(_action of th%urves(dotted, dashed, and dash-dojtede the components of the
fISSIQﬂ axis while perpendicular to the fission axis the _COl_m oving source fit functions. The solid line is the sum of the com-
rate is Iov_ver. Moreover, the_energy spectrum of the flSSIOfbonents_
neutrons is changed depending on the direction in which the
neutrons are registered. The emission of neutrons before ) o o
scission from the compound nucleus is isotropic if the comOf course, is measured after emission of the postscission neu-
pound nucleus is at rest in the laboratory frame. As the ant/ons and charged particles. Adding as a rough estimate the
tiproton annihilation of stopped antiprotons occurs via for-number of 6.3 postscission neutrons, one gets 218 u for the
mation of an antiprotonic atom the only means ofmass of the scissioning nucleus, resulting in a mean energy
transferring momentum to the compound nucleus is by thef 0.698 MeV/nucleon.
pions produced in the annihilation. Measurements of this To decompose the neutron spectra into the pre- and

momentum transfer irpTon 238 have shown that it is small Postscission multiplicities a moving-source parametrization

compared to the velocity of the fission fragments, justifying
the assumption of a compound nucleus at rest; the measure~

FIG. 6. Neutron energy spectra fé?%U(p,f) for emission
gles of 0°, 30°, 60°, and 90° with respect to the fission axis. The

mean momentum of the fragments is 7220 MeV/c [11] 0.2, Angle [deg] ,;4 Angle [deg)
which converts to an energy per nucleon of only 6 £ 0155 Y

X 10" 3MeV/nucleon. This is two order of magnitudes - e [

smaller than the mean energy per nucleon in the fragments 2 0.1 § 2 60
For the fission fragments a mean energy per nucleon of © g

0.698 MeV/nucleon was assumed and taken as a fixed inpu 005 S 1

parameter for the fit. It was derived from the TKE value of
152.2 MeV and the total mass of 211.6 u measured by Hof- PE—

mannet al.[11] for the p-induced fission of*¥U. This mass, / PE
A N 120 120
TABLE Ill. Neutron multiplicities M and temperature$ as a FF
result of a moving source fit according to E@) to the energy INC——
spectra.T,yc and Tpg were held fixed at the values of Table II. Sum Sum
180 E = 5MeV 180 E = 40MeV
M inc 3.33) Neutrons
Mee 4.1(4) Neutrons FIG. 7. The curves are the fitted distributions and their sum
Men 6.26) Neutrons given by Eq.(3) and the results in Table IV. Only the statistical
Mee12 3.23) Neutrons errors are displayed. The fission axis is in the direction 0° and
Ten 2.5821) MeV 180°. The pictures show the emission characteristics for neutrons
Trr12 1.9018) MeV with energies of 5 MeMleft) and 40 MeV(right). Emission char-
Tine 40.1 (fixed) MeV acteristics from the compound-nucleus evaporat©N), from the
Tee 7.54 (fixed) MeV fission fragment neutron@=F), the preequilibrium emissiofPE),

and from the intranuclear cascadblC) are indicated.
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TABLE IV. Anisotropy of neutron emission given by the ratio fragment mass or mass loss. The resulting neutron spectra
of count ratesW(0°)/W(90°) for selected neutron energies. are described for each mass-loss region given in Table V

W(0°) andW(90°) are also displayed in Fig. 7. with the moving-source parametrization defined by B).

- . The temperature parameters for the intranuclear cascade and
Energy W(0°)/W(90°) preequilibrium component were fixed at the values of Table
MeV Experiment Fit acc. to Eq3) M.
5 1.843) 1.76 ) The prefscri]ssionIr_nLIJ_Iti_p_Iicity of neutroﬂh!lp(;e is dgfined as
40 1.027) 1.00 the sum of the multiplicitieV yc, Mpg, andMcy:
1.5-150 1.3861) 1.384 Mpre=Minct MpetMey - (4)

The postscission multiplicity is simply the sum of the two

was applied. The neutron spectra were fitted by Maxwelliarheytron numbers -, and M ¢, evaporated by the fission
spectra[9] with isotropic emission in the emitter frame. In fragments:

the laboratory system the emission is then explicitly given by

d2m M;\E p( E—2\eEcosV +¢,

. M post= MEr1t MEpo=2M gy 5. )
dEolQ:iZ1 2(7T)) T,

Table V shows the result for the different windows. The

number of postscission neutrons depends only slightly on the
©) mass loss, whereas the number of prescission neutrons in-
o creases strongly with increasing mass loss. Due to the poor
HereM; andT; denote the multiplicity and temperature pa- mass resolution of the sety@9 u FWHM) a correction had
rameters for sourck respectivelyg; is the mean energy per 4 pe applied on the pre- and postscission multiplicities of
nucleon of source, ¥; the angle between the direction of Tapje . From the mass resolution a correlation matrix for
movement of the sourdeand the detector viewing the emit- the four mass loss windows was calculated. The correlation
ted neutrons. The spectra were fitted in an energy regiopatrix[7] describes the probability of a certain mass value to
ranging from 3 MeV to 150 MeV. The temperature param-pe found in the wrong mass window. Of course, the mea-
etersTyc and Tpe were held fixed at the values obtained in greq values in Table V have statistical fluctuations as they
the inclusive fit. The other parameteFs and M; were var-  gre experimental data. The unfolding of the measured values
ied. The results are given in Table IIl. The functions fitted ith the correlation matrix leads to an increase in these er-
according to Eq(3) are depicted, together with the measuredyors, For this reason a linearization of the measured values in
energy spectra, in Fig. 6. The measured and calculated angtzple v was applied before the unfolding procedure was
lar distributions(cf. Fig. 7) clearly show that the assumption performed. A consequence of this treatment is a linear de-
of isotropically emitted neutrons is fulfilled during the intra- pendence of the resulting multiplicity values from the mass
nuclear cascadésee Table IV. The multiplicities for the |oss or mass as they are shown in Table VI or open data
INC and PE components agree well with the inclusive datapoints as in Fig. 8. We observe that about half of the mea-
error bars to 2042) neutrons from the inclusive measure- yyst be due to charged particles which we did not measure

ment. o _ _ in this experiment.
The excitation energy of the thermalized hot nuclei can be

estimated from the measured mass of both coincident fission
fragments. The mass loss which is roughly proportional to

the excitation energy is given by the difference of the target

mass and the mass of both fragments. The fission-coincident Comparing the present exclusive results with the inclusive
neutrons were sorted according to four regions of the totaéxperiment of Polsteet al. [14] (see Table VIl one finds

IV. COMPARISON WITH OTHER EXPERIMENTS
AND METHODS

TABLE V. Compilation of neutron multiplicitie$/ and temperature parametdrdor different mass loss
windows. The last column shows the values averaged over all masses. The ridmper prescission
neutrons is the sum of the neutron numbdtg,c, Mpg, and Mcy. The numberM . of postscission
neutrons is defined as Bffeg, ,.

Mass losqu] >45 30-45 15-30 <15 All masses
M nc 4.1(6) 3.74) 2.5(5) 2.5(4) 3.2
Mpe 4.8(7) 4.45) 3.54) 2.1(4) 3.7
My 8.2(10) 6.37) 6.17) 5.6(7) 6.6
Merso 3.1(4) 3.54) 3.0(4) 2.93) 31
Mpre 17.1(14) 14.410) 12.210) 10.29) 13,5
M post 6.36) 7.008) 6.07) 5.87) 6.3
Ms 23.415) 21.413) 18.212) 16.011) 19.8
Terr2[MeV] 2.003) 2.003) 1.82) 1.6(2) 1.9

Ten [MeV] 3.003) 2.603) 2.32) 3.1(3) 2.8
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TABLE VI. Neutron multiplicitiesM as a function of mass loss. TABLE VII. Results of inclusive experiments qnannihilation
The same as Table V, but corrected for the mass resolution in thet 2°3J. The neutron multiplicitiesM in the first two rows are
fission-fragment measurement. normalized to the number of the annihilations. Multiplying the mul-

tiplicities in columns 2 and 3 by a factor of 1.13 yields numbers per
Mass losqu] >45 30-45 15-30 <15 fission. The multiplicities in the last columithis experimentare
Minc 4.66) 3.605) 2.85) 1.84) normalized to the number of fission events.
Mpe 5.87) 4.45) 3.1(4) 163 Ref. [15] [14] This experiment
My 8.4(10) 7.47) 6.0(7) 4.7(7)
Mg 3.4(4) 3.2(4) 3.1(4) 2.903) Minc 44975  3.1631 3.3330)
M pre 18.914 15.1(10) 11.910) 8.1(9) Mpe 3.4035) 1.1521) 3.9536)
M post 6.86) 6.4(8) 6.2(7) 5.87) Mev 84225  13.813 13.211)
My 25.615 21.513 18112  13.911) My 16.39) 18.1(14) 20.412)
Tine 99.6111) 37.7125 40.1(34) MeV
Tre 18.920)  5.7879) 7.5445) MeV
good agreement for the multiplicity and mean energy of ther, 2.1820) 2.67(20) 2.5516) MeV

INC and CN components. In these data, too, there is a com
ponent describing the pre-equilibrium emission with similar
mean energy but with a remarkably lower multiplicity of a high-energy fission reaction. Moreover, the strong correla-
only 1.15 neutrons. Looking at the total multiplicity one tion between the mass of a fissioning nucleus and the TKE of
finds 18.114) neutrons in the experiment of Polsteral.  this nucleus allows to estimate the number of pre- and
and 16.39) in the measurement of Chent al.[15] compared  postscission nucleons. The correlation between TKE and
to the 20.412) neutrons from our experiment. mass in fission is due to the fact that the TKE determining
A reason for Chen’s and Polster’s lower total multiplicity Coulomb energy of the fragments depends mainly on the
is that these data were normalized to the annihilations. Luradius of the fragments. Violat al. [17] give an empirical
binski et al. [16] found that in antiproton annihilation with formula describing this behavior.
238 11.4% of the residual nuclei have mass number The idea to deduce pre- and postscission multiplicity by
(A-1). Hence at least 11.4% of the annihilations result nei-TKE mass correlations was first worked out by Chestnov
ther in fission nor in nucleon emission from the residualet al.[18] for 1 GeV-proton induced fission. Kifl9] used
nuclei. Therefore the results of Polster and Chen have to bihis method to estimate the number of pre- and postscission
multiplied by a factor of 100/(10611.4)=1.13 to be com-  nycleons inp-induced fission 038U, Their result strongly
pared with ours, strongly improving the agreement for thefayors a quick transition to the scission point; more post-

total neutron multiplicity. scission nucleonél5(1)) are emitted than prescission nucle-
ons 1@1) (see Table VIIJ. On the contrary, we found a
A. Other methods in p-induced fission much higher number of prescission neutrons than postscis-

ion neutrons. Emission of protons and complex charged par-
cles would increase preferably our prescission value and
ven increase the discrepancy.

Chen et al. [15] measured already earlier pre- and

Measuring precisely the mass loss gives another possibiE
ity to directly determine the number of nucleons lost duringe

:_. [T ’i( T T T " ;:Z)gstscission neutron multiplicities gf-induced fission of

E ek I 1 5 U, but they give only total multiplicities per annihilation

F pre-scission | 1.2

i¢¢ ] ISg TABLE VIIl. Comparison of measured pre- and postscission
—F post-scission 7 ; multiplicities for nucleons and neutrons. In the first row the first
é - 108 number in a column gives the number of nucleons with error; the
Sr 1 & number behind the error gives the estimated number of neutrons.
-g — 7] {_T The first number in each column of the second rawith erron
“F —45 < gives the number of neutrons per annihilation. The second number
§ E_ - (behind the errgrgives the value per fission after applying a cor-
@mE, | Lol b Ld o 1oy rection factor of 1.13.

160 180 200 220 240
Total mass [u] Method Mre M post Ref.

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

Mees+ Mep, for the reaction?3U(p,f). The three vertical lines fragment Masses.

separate the four mass-loss windows set on the mass distributioor TKE corre.latlon 101) 8.0 191) 14.5 [19]
The filled data points show the pre- and postscission multiplicity ag\eutron counting:

a function of total mass and without correction for mass resolutionthree-source-fit 7.883 89 8422595 [19]
The open data points show the respective multipliciiiesorrected ~ Neutron counting:

for mass resolution. Due to the averaging properties of the massvioving-source

resolution correction the open data points are on straight lines  parametrization 13(8) 6.3(6)

dicated by dashed lings
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—— I TABLE IX. Preequilibrium , evaporative prescission
14 :* p+238U: 14 _4- p+238U: Meva d q H NPE) p | H I p f
T Mass-loss windowd /1 C " Mass-loss windows (I pre”) and postscission M) neutron multiplicities from
12 ;E]fme' Mean A1 12 5[3§+238U: Mean p-induced fission compared with heavy-ion induced fission. The
E A2 2097, - /,' CA2 2095 thermal excitation energf* was taken from the references; for
O PNe+*Bi ’, O “Ne+™Bi ¢ ’ . :
10 '_A 160y, 208 //',»‘ 10 ‘_A 166, 208pp this experiment it is derived from the energy balance of Sec. V B.
% 8L g 19754 /,’% % 8 F4 25497Ay =
= - L
S 6F 1;3 % 6 ,H‘rf/ Reaction MeV  Mpe M &vaP Mpost  Ref.
g r / K= =
g 4F L0 wAdET - 20Ne+ 299Bj 120 0.55 5.1240) 6.4450) [21]
52 a2 =5 ;7 28.2 E - - 160+ 2%%pp 187  0.87L5 6.9(3) 6.8(3) [12]
- ’I/ | l | - | | | | 3254 1970y 201 3.43) 7718  7.2200 [13]
Dbttt 0’_1|II HEEENENEEE NN _+238U 160 4.14) 62(6) 63(6)
% 5 10 15 20 % 5 10 15 20 55 Y
M [neutrons] MY [neutrons] S+'Au 311 4.46) 10.125  7.427 [13]
tot tot 32 197,
S+'Au 431 4.15) 13.319 6.718  [13]

FIG. 9. Systematics oM e and M. Evaporative pre-
MprePand postscissioM .5 neutron multiplicities as a function of
the total number of evaporated neutravig**. The dashed lines evap _ o
are according to the empirical formulas of Hilscle¢ral. [20]. The ~ Myt~ denotes the total evaporative neutron multiplicity.
dotted lines follow a linear dependence with the same slope buMg is an offset parameter and is set to 3.0 for the dashed
with a different offset parameter oM,=4.5 (dashed lines: lines and to 4.5 for the dotted lines in Fig.®a Z region of
M,=3.0). The references for the heavy-ion experiments are givethe compound nuclei of 86—91. Equatio(® describe the
in Table IX. data better foM ,=4.5. Note that the slope of the lines is not

changed. Furthermore the correction for the mass resolution
and not per fission event. Like their total multiplicity value in goes not change the ratio between the pre- and postscission
Sec. IV we corrected their pre- and postscission mUItip“Citymultiplicities.

by a factor of 1.13. Then we get 8.9 and 9.5 for the pre- and Despite the difference in angular momentum of the com-

tscissi t ber, tively. Cleeal. did . . . . —
POSISCISSION NEULron NUMYeT, respecively . d pound nuclei formed in heavy-ion and in stoppednaduced

not use the pulse-shape discrimination technique for select:~~. ) ) L X
ing neutrons againsy’s, their high value for the T param- fission, reactions with comparable excitation energies, the

eters of 99.6 MeV and 18.9 MeV and the total absence oP'€- and postscission neutron numbers for both reactions re-
evaporation from the compound nucleus indicates that th¥e@l @ picture of slow fission compared with neutron and

large value of postscission neutrons includes a part of thd9ht charged particle emission. In both cases the increase in
compound-nucleus evaporation. Physically it cannot be exexcitation energy goes mainly into cascade emission of
pected that the emission of neutrons switches suddenly frofjucleons and prescission evaporation. Regardless of the ini-

the high-energy prescission emission to the emission oiial excitation.er)ergy the nucleus is_relatively cc_)ld at the
moderate-energy neutrons from the fragments. moment of scission and cannot benefit from the high energy

initially transferred.

B. Heavy ion and stoppedﬁinduced fission

For fission induced by heavy ions a large set of data exists C. Fission induced by energetic protons
in the excitation-energy region of 100—~500 MeV. The main ¢ gnsidering the low angular-momentum transfer the high-

result of the heavy-ion induced fission experiments iS gnergy proton-induced fission has more similarities with the
nearly constant number of postscission neutrons as a fune—

tion of excitation energy while the evaporative prescissionp'[[n?uced f|_$S|ont ;[h;rl[ the heavy-ion brleactlo_rt'1st._ Unfortu-
multiplicity increases strongly with excitation energy. The nately experimental dala in a comparabie excitation-energy

same behavior was found for the neutron multiplicities aftef €9'0N are scarce. With 1-GeV protons 6@' (_Zhestnov
— o o .. _etal.[18] undertook a measurement of the fission-fragment
p-induced fission. The gain in the total neutron multiplicity

o . -~ masses and derived, by exploiting the correlation between
appears to 80% in the increase of the number of PrescissiofE and total fragment mass, the pre- and postscission

heutrons ancti) onlyh_to_ 20:]/0 In tt)he h“sl‘? of .the.pOStSfC'”SS'O'T]ucleon number. Their results of 80% postscission emission
neutron number. This is shown by the lines in Fig. 9, follow- ¢ o emitted nucleons are in contradiction with ours and

ing a systematic approach given by Hilscher and RosSN€fiih those from heavy-ion experiments. The measurement of
[20] together with the experimental results of heavy-ion and;, [19] with a very similar technique tend to a high
p-induced fission experimentsee Table IX. The lines in  postscission nucleon number, too. The difference is probably
the picture represent the following formulas for the evaporaconnected to the method, because most of the heavy-ion data
tive prescission and the postscission neutron multiplicityare the result of neutron anisotropy measurements.

Mg\r’?pand'\/'posn respectively, Fraenkelet al. [22] measured the pre- and postscission
neutrons from 475 MeV proton-induced fission OfU with
Mevapzo 8*(Mevap_ M ) . . 3 .
pre : tot 0/ the neutron counting technique and determined multiplicities

(6) by an iteration method. They got a number of (84

evap prescission and 8(67) postscission neutrons, not far from
M post= Mo+ 0.2*(M "= Mp). our results.
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TABLE X. Comparison of the measured neutron multiplicities
M with those calculated according to the statistical model without
and with dynamical effects. The dynamical effects were taken into
account in two ways: the third colum(SQ includes a finite
saddle-to-scission transition time of 139 s. The last column is
calculated following the approach of Kramdi&l], introducing a
viscosity of nuclear mattery=0.7).

Theory Theory
Experiment  No effects SSC with viscosity
Minc 3.33) 3.13 2.90 3.06
Men 6.2(6) 1.74 6.84 7.00
Mee 3.2(3) 7.11 3.57 3.75

V. DISCUSSION
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FIG. 10. Comparison of calculated pre- and postscission neutron

multiplicities (curves with the measured multiplicitiegata points

as a function of mass loss. The dashed curve is calculated with the

A. The statistical model and dissipative effects

statistical model without dynamical effects. The dashed-dotted

The formation of highly excited nuclei can be describedcurve stands for a calculation taking into account the viscosity fol-
by the intranuclear-cascade model. In the case of antiprotoowing the approach by Kramef81] (y=0.7). The solid curve is
|nduced reactlons thls approach |S Very Successful and h&@.lculated with the assumption of a finite saddle-to-scission tran-

led to a thorough understandifg3,24] of the antiproton

sient time 7gs=10"2° s. For all calculationsas/a,=1.02 for

nucleus interaction. This is not true for the deexcitation of g*>220. ForA<220 the ratioa;/a,=1.08 for the dashed-dotted

heavy nucleus, especially in the competition between fissio
and particle evaporation. The measurement of pre- an

postscission neutron multiplicities is a good way to test this . ) N
competition and is closely related to the dynamics of theSCiSsion point, andii)

fission process.

The standard method of describing high-energy fission i48@ds to an increase i :

[25], following an idea of Bohr and Wheeler, the statistical
model. They were able to derive a formula for the partial
decay widthsI',, for neutron emission and'; for fission,
respectively,

Ty Koan(2\a,(E* —Bp)—1) exp(2\/as(E* —By)

I,  4a®®a(E*-B,)

—2a,(E* —B,)), (7)

Hne, and 1.02 for the standard calculation and the calculation with
aaddle-to-scission effects.

the viscosity y of nuclear matter
which delays the formation of the fissioning nucleus, and
{o=Ti(V1+92— ).

The importance of these effects were already pointed out
by Grangeand Weidenmiler [29]. The general features of
the cascade evaporation model we used are described in Ref.
[11]. The level-density parametess and a,, were obtained
by fitting a large set of experimental ddt20] at excitation
energies up to about 100 MeV.

We tried three versions of the statistical-model calculation
to be compared with the experimental results. The standard
statistical model without any dynamical effects underesti-
mates, especially for higher excitation energyass loss

whereB, andB; are the binding energy of a neutron and thethe prescission neutron numbg@lashed line in Fig. 10, left

fission-barrier height, respectivelyg, and a; the level-
density parameter for neutron emission and fisskog.and
a are constants, ang* is the excitation energy. It is a well-

side). This corresponds to a strongly increased number of
post-scission neutrornd s, as is shown by the dashed lines
in Fig. 10(right side. Taking into account either the viscos-

known fact[26—28 that the statistical model underestimatesity of nuclear matter at the saddle point or the increase in the
the ratio of pre- to postscission neutrons remarkably. Henceaddle-to-scission transient time in our calculation we have
our model includes two effects influencing the dynamics ofgood agreement with the experimental results. This is dem-

fission: (i) the prolonged transition timess: from saddle to

onstrated in Tables X and XI.

TABLE XI. Neutron multiplicitiesM calculated with the statistical model with dynamical effects. The
mass-loss-corrected measured neutron multiplicities of Table VI are given in square britkefsr the
calculation is included iM ¢ .

Mass losqu] >45 30-45 15-30 <15
Mine 5.4[4.6] 3.9[3.6] 2.7[2.8] 1.3[1.8]
M pe - [5.8] —[4.4 —-[3.] —[1.6]
Men 11.2[8.4] 8.7[7.1] 6.3[6.0] 3.4[4.7]
M e o 4.1[3.4] 4.1[3.2] 4.3[3.1] 2.7[2.9]
pre 16.6[18.§] 12.6[15.1] 9.0[11.9 4.6[8.1]
post 8.2[6.8] 8.3[6.4] 8.5[6.2] 5.5[5.8]
s 24.8[25.6] 20.9[21.5 17.5[18.1] 10.1[13.9]
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B. Energy-balance considerations The thermal excitation energy follows from this energy
balance as the sum of the energies of compound-nucleus and

energies from earlier experimerits4,32,33 with our neu- fission-fragment evaporation particles and amounts to about

n n p :
tron multiplicities one can determine the excitation energy160(16)'vIev @Ecy+AEg+AER+AE,), as derived

; . oo the energy balance. For the initial excitation energy of
during the different stages of deexcitation. The total energ)?om. o 23
E which is required to emit different kinds of particlgsvith he fissioning nucleus’t¥a, **Th) we have to subtract the

AN oo effective fissionQ value Q4= Qsis— TKE~20 MeV result-
a mean energyE;) and a multiplicityM; is given by ing in 140 MeV excitation energy. Similarly the thermal ex-

s citation energy of the fragments is @MeV
E= X M(E)+B)= >  MIGT+B), (8 (AER+AER-+AE,). This confirms that the nucleus is rela-

J=npd = tively cold at the moment of scission and more than 2/3 of

) ) . . the transferred energy is lost before the nucleus attains ther-
whereB; is the separation energy of the emitted particle. Themodynamic equilibrium. The thermal excitation energies can
mean energy can be calculated from the fitted temperatunge also estimated with a simple formula from the statistical
parameters and is for the distributions given bymodel and the knowledge of the mean temperalua# the
(E;)=3/2T;. The separation energy is about 8 MeV for neu-nucleus

trons and protons. For the deuteron separation energy we
took the sum of the nucleon separation energies. The emis-
sion of t, “He, and complex particles was not taken into Herea is the level-density parameter, which can be calcu-
account because of their low multipliciti€32,33. The pro- lated from the mass numbek of the nucleus:a=A/10
ton multiplicity of 1.04 measured by Polstet al. [14], [1/MeV]. T is the temperature parameter. From this approach
which was determined by extrapolation from proton energiesn excitation energy of the fragments of 76(14) MeV can be
above 30 MeV to energies up to the Coulomb barrier indi-derived. For the compound nucleus this energy is 140(23)
cates that only protons with energies higher than the CouMeV according to Eq(9). The somewhat lower compound-
lomb barrier of uraniung15.3 MeV) could be emitted. Mark- nucleus excitation energy which agrees within the errors
iel etal. [32] found that 0.3 protons are emitted with with the value given above is an indication of dissipative
energies below 12 MeV, which is only possible as evaporaeffects during saddle to scission transition setting free addi-
tion from the fragments with a Coulomb barrier of about 10tional excitation energy which appears in the multiplicity and
MeV. The emission ofy’s was measured by Armstrong mean energy based on an estimate of energy of 160(16)
et al. [34]. They found on the average twgs with an en- MeV above.
ergy of 6 MeV per fission event.

The uncertainty of the energies estimated in such a way is VI. CONCLUSIONS
about 10% following from the errors of multiplicities and
T parameters. Applying Ed8) yields the energy balance

Combining the charged-particle multiplicities and mean

E*=a*T2. 9

Antiproton induced fission at high excitation energies is
unigue in the sense that during formation of the compound
nucleus little rotation, compression and collective distortion

AE{Nc= 3.3(340.1+8)= 225 MeV s introduced to the fissioning nucleus. Such distortions could
AEjnc= 1.04(337.7+8)= 67 MeV  have drastic effects on the dynamics of fission. Consequently
AE{Nc= 0.14(322.6+16)= 7 MeV it is important to verify whether nuclei produced in this way
exhibit a similar slow fission dynamics as found for a large
AE|NC= 299 Mev  variety of heavy-ion induced reactions, that is with a com-
AEPE= 4.1(37.54+8)= 78 MeV pletely d|fferent for_mat|0n dynamics. This was _pamcularly
AERN= 6.2(32.58+8)= 73 MeV needeq since previous measu_reme{ﬂ&@ﬂ had !nd_lcateq
h 2 by an indirect method that antiproton induced fission might
AEpF= 6.3(;1.9+8)= 68 MeV be considerably faster than heavy-ion induced fission. By
AEREF= 0.312+8)= 6 MeV exploiting the number of neutrons emitted prior and post to
AE,= 2X6= 12 MeV scission we have shown that antiproton induced fission per-
fectly complements and corroborates the findings with heavy
AEiota= 536 MeV ions: most of the excitation energy is emitted prior to sciss-

ion indicative for a long prescission time.

The derived total transferred energyE;, of about
540(50) MeV is somewhat larger than the value of 490 MeV
derived by Polsteet al. [14]. This comes mainly from our We wish to thank the LEAR and PS staffs at CERN for
higher pre-equilibrium multiplicity. Anyhow one should providing an excellent antiproton beam, and K. Nacke and
keep in mind that the fission events following annihilation Dr. Maier-Komor for the target. For technical and electronics
are a special subset of the annihilation events. support we thank H. Hagn. For help during the experiment

The mass of the fissioning nucleus itself can be estimatedie thank A. Grabowska, J. Jastrzebski, W. Kurcewicz, P.
by the mass and charged particle loss during the intranucle&ubinski, and A. Trzcinska. Two of ugH.M. and H.S.P.
cascade. The mean mass loss amounts to 4—-5 mass units, Huknowledge support by a NATO Office of Scientific Affairs
mean charge loss to 1-2 charge units. Thus the nuclebrant. We express our gratitude to the team of experiment
233Th or 23%a are a good estimate for the average fissioning?S205 at LEAR for the possibility to use the data-acquisition
nucleus. system EXP.
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