PHYSICAL REVIEW C VOLUME 59, NUMBER 2 FEBRUARY 1999
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Proton-induced fission at 190 MeV &fW, °7Au, "Pb, 2°%Pb, and?*?Th is studied by means of an
innovative method based on activation analysis. The fission-product mass distribution is reconstructed from the
fission-product yields, which are obtained from off-line obseryedhy spectra. Fof®Ww,%Au,?%%Ph, and
naph the fission process results in a symmetric mass distribution. In the c&8&lofthe mass yield curve is
decomposed into a mixed symmetric-asymmetric contribution originating from fissioning nuclides in the
neighborhood of the target mass and a purely symmetric contribution from very neutron-deficient nuclides. The
fission cross sections are extracted by integrating over the reconstructed mass distribution. The width of the
mass distribution is determined as a function of target mass. The results for the fission cross sections are
compared with other experimental data as well as with theoretical model calculations usingeheand the
ALICE-91 codes[S0556-28189)07102-7

PACS numbds): 25.85.Ge, 24.75:i, 29.30.Kv

[. INTRODUCTION incident energies below 100 MeV; see, el@+6]. Only a
few data exist in the energy range around 200 MeV; see, e.g.,
Since the discovery of fission and the first theoretical de{7,8]. In most of these experiments, no mass distribution but
scription of the mechanism, much has been learned about tlanly a very small number of independent isotope yields has
fission process and its observables. Both fundamental arlieen observed in view of charge-dispersion studies. The
applied interests have driven a thorough study of fission ohumber of fission experiments in the subactinide region is
actinides induced by low-energy neutrons. To a lesser extentather limited. For fission in Pb some experimental results
also fission reactions induced by neutrons and charged paexist for the fission cross section between 70 and 200 MeV
ticles at higher incident energies, above, say, 20 MeV, havg9] and for a modest number of independent and cumulative
been investigated. At these higher excitation energies fissioisotope yields around 500-600 MeV10,11. At the
of subactinide nuclei becomes possible. Furthermore, theESOLDE facility at CERN, mass and charge distributions of
properties of the actinide fission process—Ilike the probabilifission fragments have been measured for Pb at 600 MeV
ties of the different fission modes—change and multichancgl2]. Measurements of residual nuclei produced at the Lab-
fission becomes more important. This leads, for instance ioratoire National Saturne and at The Svedberg Laboratory in
the case of the actinides, to fragment mass distributions exa large range of projectile energies are described in Refs.
hibiting a stronger symmetric contribution at higher excita-[8,13]. However, these experiments have not specifically
tion energies; see, e.d1]. been designed for fission studies and the number of fission
Research in the field of high-energy fission is stimulatedragments found for incident energies around 200 MeV is
by the worldwide interest in accelerator-driven systemgather limited. The same is true for residual nuclei produc-
(ADS’s) for transmutation of nuclear waste, energy produc-tion in W and Au around 200 MeV8,14]. It is clear that
tion, or other purposes. Whereas in most conventionathere is a lack of data on light-particle-induced fission at
nuclear applications incident particle energies are limited t@nergies above 100 MeV, especially concerning the fission
several MeV, in these ADS concepts energies up to the Ge¥fagment properties.
region play an important role. Feasibility studies of such In order to calculate the fission-product yield data, reli-
concepts require knowledge of all the underlying nuclear reable fission models, which cover a large range of energies
actions. Fission of actinides as well as subactinides is a praand target masses, are needed. Since fission is a relatively
cess which is not very well understood at these energieslow process, involving a collective deformation of the entire
Compared to spallation and evaporation cross sections th@mposite nucleus, it is likely to be preceded by a fast, di-
subactinide fission cross section may be small. This contrirectlike mechanism at high incident energies. After the emis-
bution should, however, be taken into account for a propesion of a few fast particles, the residual nucleus attains an
computational analysis of the target and its direct environequilibrated state, in which fission may compete with particle
ment, where undesired radioactive isotopes may be prceevaporation. This immediately illustrates the complexity of
duced. the process: a large number of intermediate nuclides, each
Throughout the years several proton-induced fission exwith its own fission characteristics, are formed in the neigh-
periments have been carried out at energies above 20 MeWorhood of the target mass. Small deviations in the first
Most of them concern fission of actinides, i.e., Th and U.stages of the reaction calculation may lead to a very different
Many of the measurements on Th have been performed qiopulation of these intermediate nuclides, which contributes
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differently to the fission-fragment distribution. This entails Il. Section Ill describes the simulations, which have been
that the prediction of high-energy fission yields does not onlycarried out to determine the efficiency of this catcher system.
depend strongly on the fission models, but also on the quality he results of the experiments are presented in Sec. IV. The
of the models for the direct and preequilibrium part of thedependence of the fission process as a function of the target
reaction that precedes fission and the compound decay thatass has been examined. Moreover, the role of multichance
competes with fission. fission has been studied in the case?#iTh. In Sec. V, we

For the incident energy considered in this paper, the methcompare the results of our measurements With calculations
ods to analyze the fast part of the process can be divided iy LAHET and in Sec. VI with thewiCe-91 code. Finally, we
two groups[15]: direct plus preequilibrium models and in- 91V& & summary and conclusions in Sec. VII.
tranuclear cascade models. Direct and preequilibrium models
were originally developed for calculations up to 50 MeV and Il. EXPERIMENTAL SETUP
were later on extended to higher energies. At energies around
200 MeV, secondary and tertiary preequilibrium reactions The stacked foil technique is employed to simultaneously
(emission of two or three fast particles from the compositdoombard #32Th, 2%%p, "Ppp197Au, and "W targets with
nucleug are significant and these mechanisms need to b&90 MeV protons at 10 nA. Two irradiations, one of 5 min
included to avoid an erroneous prediction of the intermediat@nd one of 2 h, make it possible to measure both short-lived
residual nuclide population. If a significant amount of energyand long-lived isotopes, with half-lives varying from 5 min
is carried away by a second or third fast particle, the evapoup to several years. The identification of the fission products
ration chain will stop earlier than when all the intermediateand the determination of their yields is carried out by means
excitation energy is available for compound nucleus decagf off-line y-ray spectroscopy with four heavily shielded Ge
only. At present, the preequilibrium computer programs givedetectors at KVI and an additional number of counters at
a prediction of the fission cross section but they are not yeECN. The nuclear data of thg rays are taken from Ref.
able to predict fission-fragment yields. [18]. The employedy-ray energy range of the Ge detectors is

The alternative approach is provided by the intranuclea60—3000 keV. The on-average weak samples are placed at
cascade model. The classical trajectories of the particles irsmall distance to the detectors, which makes a correction of
side the nucleus are followed in coordinate space by mearthe y-ray intensities for coincident summing necessary. Flux
of Monte Carlo methods. When incident nucleon wave-monitoring is done in two independent ways. A Faraday cup
lengths are short relative to internucleon distan@es, en- is installed to measure directly the accumulated charge of the
ergies in excess of 100 Me\the collisions of the nucleons beam. The alternative method consists of adding several alu-
can be treated as quasifree scattering processes. In the firstnum foils to the stack. The average proton flux is calcu-
stage of the reaction, which is an entirely direct process, théated using the well-known cross section of the
incident particle will cause the knockout of a few 27Al( p,3p3n)?Na reactior{19]. Both methods give consis-
intermediate-energy nucleons and other hadrons. This intrdent results. All the uncertainties in our results include a sys-
nuclear cascade stage ends when a residual nucleus with samatical error of 10% due to the uncertainty in the proton
excitation energy of a few tens of MeV is left, after which flux.
the compound stage starts. Some of the intranuclear cascade The main task is to separate the desired information in the
codes have a preequilibrium model incorporated to describg-ray spectra from the background. If the fission cross sec-
the transition from the intranuclear cascade stage to the findlon has a value much smaller than the total nonelastic cross
evaporation stage, in which competition with fission can ocsection, the fission fragments will be drowned in the enor-
cur. The fission models give the fission cross section as wethous background caused by contributions of the evaporation
as the fission isotope yields. However, these models hawesidues. This is the case for all the subactinide targets used
been tuned to actinide fission and usually do not perform sin this experiment. In order to reduce this background, we
well in the case of subactinide fission. Whether to use thdave made a catcher system which separates the fission frag-
preequilibrium approach or the intranuclear cascade apments and evaporation residues from each other. Different
proach, and for which energies, is still under debate. Theetups are used for the 5 min ane th h irradiation.
transition regime of validity probably lies somewhere be-
tween 100 and 200 MeV. Therefore, we present an analysis
by the preequilibrium codeLiCE-91 [16] and the intranuclear
cascade codeaHET [17]. For the measurements aiming at the observation of

The absence of a satisfactory theoretical description tdonger-lived fission isotopes, each individual target foil is
predict isotope yields as well as the need for experimentasandwiched between first a thin-0.3 mg/cnf) and then a
fragment mass and charge distributions forms the motivatiothicker (~3 mg/cnt) Mylar foil. The thin foil acts as a
for this work, in which we have performed activation experi- filter which captures the relatively less energetic evaporation
ments for fission studies. A 190 MeV proton beam of theresidues, but which transmits most of the fission fragments
recently built AGOR cyclotron at the KVI, Groningen, has with their additional energy of-70 MeV gained from Cou-
been used to irradiate samples of several target nuclei. Byymb repulsion experienced by the two fragme(fgy. 1).
off-line y-ray spectroscopy the fission products in the irradi-The thick Mylar foils trap all fragments which pass the thin
ated samples have been measured. The use of an advanaetks. After activation they are taken from the stacks and
catcher system for the fission products, which allows theused for further analysis as samples free from evaporation
investigation of the fission process even for lofetarget  products. We use rather thin targets§ mg/cnt) to enable
materials with a small fission cross section, is treated in Sea large fraction of the produced fission fragments to escape

A. Long-lived fission products: Catcher foil
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FIG. 1. One target unit with target T sandwiched between fil-
tering foils F,, andF; in backward and forward positions, respec-
tively. Fission fragments fp are capturedMy, andM; . Energetic
evaporation residues ep cannot pass the filter foils.

FIG. 3. One target unit with in forward and backward directions
a cylindrical catcher for fission fragments, denoteddyyandC; .

for 232Th and 2%Pb. Because of space limitations in the
irradiation chamber, it is not possible to use catcher cylinders

them. A disadvantage of this technique is the small absolutfeOr all our targets.

yield of the fission fragments per individual target layer, es-
pecially for target materials like W, Au, and Pb, which have
a fission cross section smaller than 100 mb. In order to im- |n order to extract isotope production cross sections from
prove statistics, a stack of several target units as describafle data, the efficiencies of the catcher foils and cylinders in
above is used. In the present investigation we take around Idollecting the fission fragments must be determined. Simula-
of these units for each target eleméhig. 2). After irradia-  tions with the Monte Carlo codsriM96 [20] are performed
tion the stacks are disassembled, so that correspondirig obtain the efficiencies of the catcher foils. This ion-
catcher foils can be taken together for subsequemay  transport code is based on a fully quantum mechanical treat-
spectroscopy. The energy loss of the protons in the totament of ion-atom collisions. The moving ion undergoes
stack has been estimated to be 2.5 MeV. screened Coulomb collisions with the target atoms, which

The setup as described above cannot be used to meastglude exchange and correlation interactions between the
the short-lived fission products. The reason is that the catch&erlapping electron shells. Furthermore, the ion has long-
foils are placed in the beam themselves, which causes tH&"9€ interactions, thereby creating electron excitations and
protons to interact with the carbon and oxygen in the Mylar,plasmons within the target.

producing overwhelming amounts of the positron-emitting _For each target, the ca;ch_er efﬁmency_has_ to be deter-
¢, which has a half-life of 20 min. The intense annihilation mined as a function of the fission-product kinetic energy and

radiation from these positrons limits severel spec- mass. The kinetic energy of the fragments is taken from the
. P R4 H.'an P Viola systematic$21]. Calculations withsrIM96 show that a
troscopy during the first hours after the activation. The reac

spread of 0% and of 20% in the kinetic energy distribution
tions with C and O furthermore produc¢®e (half-life of 52 P y > o

) ) ; has no detectable effect on the total number of fission frag-
days, which emits a gamma of 478 keV, with, fortunately, ments stopped in the catcher foils. Since the catcher effi-

Ill. SIMULATIONS

less detrimental effects on theray spectroscopy. ciency is merely given by the ratio of collected to produced
fission fragments, no spread in the kinetic energy of the frag-
B. Short-lived fission products: Catcher cylinder ments is taken into account in tlsRIM96 simulations. Fur-

To obtain access to shorter-lived isotopes it is necessar, di q ith th s of Bveh
to prevent the proton beam from interacting with the catche S assumed, In accordance wi € measurements of bychen-

foils. To achieve this, we have constructed a catcher cylin- ov et al.[22]. In Fig. 4 the results of the simulations for the

der, made of polyethylene, as sketched in Fig. 3. A Cylinde|;;atcher efficiency of a Mylar foil are plotted for&Th and

allows the protons to pass without hitting the catcher itself& **’Au target. For each target a line is fitted to the simulated

The catcher cylinder wall-4 mg/cn?) has full stopping data points which is used for interpolation. The overall effi-

power for all the fission fragments. In this way, we are ableciency is found to be in the order of 30% for a catcher foil.

to observe fission products with half-lives as short as 5 minTh_iS_ means that egch fission fragment iS.Cal.Jght with a total
efficiency of 60% in one of the Mylar foils in forward or
backward direction with respect to the beam.
SincesRIM96 can only handle flat layers of different ma-
terials, another Monte Carlo cod&ANT [23] is employed
for the more complicated geometry of the catcher cylinder
used in the short irradiation SetupEANT is not specialized
in heavy ion transport in matter and not suitable to calculate
the transport of the fragments in the target. Thereforayvioe
M, F, TEMM_ n times is taken to compute the number of fission fragments cpming
out of the target. SubsequentlyzANT performs the tracking
FIG. 2. Stack of target unit¢see Fig. 1 with an additional from the target to the catcher cylinder, which takes place in
Mylar foil M, to assure separation of individual units. Two Al foils air. We are only interested in the total number of fission
serve for beam-monitoring purposes. products caught in the cylinder. Because the wall of the

,tl/wermore, an isotropic angular distribution for the fragments
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0.40 . - daughter, which can be extracted from the data by correcting
for the contribution of the mother to the activity of the
035 | daughter, is then also independent.
- Fission fragments going in backward or forward direction
% 0.30 | with respect to the proton beam are collected on separate
S foils or cylinders. Therefore, distinct production cross sec-
D 025 | tions of fission fragments in the backward and forward di-
E ™ ATU rection are obtained. The yields turn out to be independent of
% 020 | 1 the direction within the experimental uncertainties, which
O A‘{# w Gatcher Cylinder confirms the assumption made in the simulations that the
0.15 | *\_%::f‘&\ﬂ\\\é\ ] angular distributiop o_f the fragmer)ts is isotr_opic.
) B In Table | the fission-product yields obtained for all tar-
010 P , ‘ LT gets and observed with half-lives covered by our two meth-
30 60 90 120 150 ods are given. An indekin the brackets denotes an indepen-
A dent or a nearly independent yield. In the casér, for

FIG. 4. Catcher efficiency as function of fission-fragment massexample, th_e measured ground-state yl_eld corresponds to the
A. Circles and squares correspond to the resultsrufios simula- UM Of the independent ground-state yield and of the almost
tions for the catcher efficiencies of the Mylar foflsng iradiation ~ COmMplete independent isomeric yield. These nearly indepen-
for a thorium and a gold target, respectively. Triangles and starg?m_ yields reﬂect the Completg md_ependent_ Isotope yield
represent the simulated efficiencies of the catcher cylingghert ~ Within the experimental uncertainty limits. An indexindi-
irradiation) for a thorium and a lead target, respectively. Lines arecates cumulative production cross sections. For several iso-
fitted to the results of the simulations and are used for interpolationtopes found, the measured yields are neither independent nor
cumulative, because they correspond to only part of the cu-

catcher cylinder is thick enough to stop all the fragments, ifnulative yield in the mass chain up to that isotope. Some
suffices to determine the number of fission fragments that hiYi€lds given in Table | belong exclusively to the ground state
the catcher wall withGEANT. The results for3%Th and2%%pp  OF to the isomeric state of the isotope.

can also be found in Fig. 4. The average efficiency for a

catcher Cy”nder is Computed to be 15%. B. Subactinide fission: Mass distributions
and fission cross sections

For each subactinide target the mass distribution is ex-
tracted from the measured cumulative and independent iso-
A. Isotope vyields tope yields(marked withc andi, respectively, in Table)lby

At the incident energy considered in this paper, fiSSionf|tt|ng simultaneously the mass and charge distribution. The

fragments are produced in the vicinity of or even in the val-l'Ssion process is assumed to be symmetric for the subac-

ley of stability. This is not surprising, because we envisagxi'n'de targets. The mass and charge distributions are, there-

the fission event to be preceded by preequilibrium emissio ore, both described with a single Gaussian in the fit. More-

and evaporation. For the heavy targets studied here, thltver, y(\j/tehanSltJr:ne tr?at thed.mto%t [t)_r%bable_chzlr_,gas \lNe" Etirs1
emission will mainly involve neutrons. Consequently, the € width of the charge distributionz varies finearly wi

neutron-rich fission products linked with low-energy fissionthe mass of the fission fragment. In this way, we arrive at the

of actinides will be less prominent here. Instead, a high yieIJoIIOWIng parametrlzatlpn of the production cross section

of stable or extremely long-lived isotopes among the fissio(rj.fpfo.d (AZ) as "f‘ function of the mass and charge of the

products is expected. These nuclei escape our detecti fpsion fragment:

method—just like nuclei that do not emit detectakpleays— 1

leading to incomplete measured yields in many mass bins.Upmd(A,Z):)\A o (A-MpZTE_— > e—(Z—i—Zp)eril

But the on-average longer half-lives of the less neutron-rich 7wl i

fission products also give rise to an advantage. Part of the (D)

primary fission products, which remain after post-fission

neutron evaporation by the fragments, occurs with longer

and easier to observe half-lives. They can now be measuresith Z,=u,+ u,A andI'z=y;+ y,A. The first Gaussian

directly, instead of only through their beta decay products. represents the symmetric mass distribution defined by a
The detected yield of a fission product is called “cumu- heightk,, a meanM,, and a widthI',. The rest of the

lated” if it encompasses the yield of unobserygdiecaying formula reflects the charge distribution. In the case of an

parents, so that it corresponds to a summation of the yields iindependent yield, only one term in the sum of the normal-

the beta decay chain with the observed nuclide as end poinized Gaussian charge distributidine., i=0) contributes. A

A yield is “independent” if it represents in essence the pri- cumulative yield is described by summing the contributions

mary yield of a fission product. There are two situations inof neighboring isobars. The indexs equal to Q1. . . . ,5 for

which independent yields can be determined: first, if an isoheutron-rich cumulative yields and equal to-Q, ...,—5

tope is found to be sandwiched in the isobaric chain betweefor neutron-poor cumulative yields. The number of six terms

two stable or very long-lived nuclides and, second, if both an the summation for cumulative yields is rather arbitrary,

mother and a daughter nuclide are found. The yield of théut in our investigations it has turned out to be sufficient. For

IV. EXPERIMENTAL RESULTS
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TABLE |. Fission-product isotope yields resulting from 190 MeV proton-induced reactions as measured for the"tget€’Au,
20%pp, "aPph, and?3?Th. The half-lives and the production cross sections are given.i Bl c in parentheses denote independent and

cumulative yields, respectively, of the isotope, its ground state, or its isomer as given.

naW 197Au 208Pb nath 232-|-h
Isotope Half-life [mb] [mb] [mb] [mb] [mb]
5Fe (0) 45.1d 0.0530.008 - - - -
5Cu (0) 61.9 h 0.075:0.008 0.25-0.03 0.28-0.04 0.36-0.04 0.61-0.07
6mzn (i) 13.8h 0.036:0.005 0.17%+0.019 0.270.04 0.18-0.03 0.20-0.03
mzn 0 39h - 0.122-0.013 - 0.152-0.017 -
?7n (0) 465 h 0.0169:0.0019 0.1180.013 0.26:0.03 0.27-0.03 10.28-0.14
’Ga (i) 14.1 h 0.064-0.013 0.14-0.05 0.29-0.06 0.16-0.04 0.24-0.07
“Ga (0) 4.86 h 0.046:-0.004 0.33:0.03 0.50-0.07 0.36-0.03 -
“Ga (© 8.1 min - - 0.43-0.11 - -
"ps 0) 17.8d 0.046:0.006 0.167%0.025 - 0.10%0.012 -
5se (0) 120 d - 0.084:0.011 - 0.036:0.007 -
"®As ) 26.4 h 0.085:0.012 0.38:0.04 0.36-0.06 0.46-0.07 -
Ge 11.3h - - 0.230.03 0.236:0.023 1.35:0.11
Br (© 57.0 h 0.0330.007 0.098:0.018 - - -
®Ge (© 88.0 min - - 0.22-0.04 - 5.9-1.3
8As (ch) 1.5h - 0.32:0.03 (¢) 0.61+0.24 (i) 0.39+0.12 (i) -
8imge 57.3 min - 0.2%0.05 0.92:0.14 - -
82Br (i) 353 h 0.08%:0.014 0.7%0.14 1.26:0.15 1.67:0.14 -
83Rb (0) 86.2 d 0.07%0.010 0.29:0.03 - 0.206:0.022 0.078:0.008
84Br 31.8 min - - - - 133
8Rb ) 32.8d 0.085:0.010 0.56-0.06 - 0.57-0.06 0.28-0.03
85gr 64.9d 0.068 0.009 0.2730.029 - 0.18%0.020 -
86Rb (i) 18.7 d 0.19-0.03 1.08-0.12 - 2.210.23 1.56-0.14
879.s.y 80.3 h 0.008:0.006 - 0.126:0.021 0.1230.013 -
87my 13.0 h 0.02%-0.004 0.149-0.021 - 0.0810.015 -
87Kr (© 76.3 min - - - - 571.3
88y (0) 106.6 d 0.0830.013 0.580.06 - 0.510.05 0.252:0.026
8Rb (© 15.2 min - - 1.4-0.3 - 25+5
897r (c) 78.4 h 0.029-0.003 0.1230.013 - 0.069:0.008 0.099:0.010
somy 0) 3.19h 0.112:0.018 0.66-0.05 1.5-0.3 0.99-0.16 2.7:00.6
915y (0) 9.5h - 0.48-0.08 2.06:0.22 1.10:0.12 13.6:1.4
9lmy 0 49.7 min - - 2.30.5 - 7.1+15
92gr (0) 2.71h - 0.169-0.021 1.710.24 0.53-0.05 388
92y 0 3.54 h - 0.76:0.3 1.6-0.8 1.17:0.20 -
92N b (i) 10.2 d - - 0.09-0.02 - -
By (0) 10.2 h - - 1.66:0.26 0.99-0.10 14.1-1.6
S4y (© 18.7 min - - 1.8-0.4 - 27+ 6
957y (0) 64.0 d 0.056:0.008 0.7%0.06 3.3:0.3 3.32:0.25 23.71.7
%Nb ) 35.0d 0.0930.025 0.98:0.25 1.6-0.3 1.68+0.25 -
%Nb 0) 23.4h - 0.96-0.15 1.6-0.3 1.68-0.12 3.200.3
%Tc 0 43d 0.0166-0.0018 - - - 0.930.10
97y (0) 16.8 h - 0.1630.021 1.21#+0.17 1.210.18 36+-8
9"Nb 0 74.0 min - 0.4%0.15 2.4-0.8 1.26-0.14 14+5
S8\ b 0 51.0 min - 0.27-0.03 - 0.670.07 147
Mo (0) 66.0 h 0.072:0.012 0.9320.17 3.70.5 3.2:0.3 24.4-1.8
9MTe (i) 6.0 h 0.008:0.003 0.14-0.04 0.25-0.08 0.0570.010 -
01Mmo (© 14.6 min - - 2204 - 62r11
011¢ 0) 14.2 min - - 2.81.0 - -
102nTc 0 4.3 min - - 0.78-0.27 - -
0Ru (© 39.4d 0.08%0.010 1.2%0.19 4.5-0.5 4.9-0.4 29+3
1041¢ (© 18.2 min - - 1.24-0.22 - 315
1Ry (© 4.40 h - 0.45-0.04 2.5-0.3 1.28-0.09 59+13
10Rh (ch) 355h 0.07%0.015 (c) 0.75+0.12 (i) 2.0x0.5 (i) 1.8+0.6 (i) 10=3 (i)
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TABLE I. (Continued).
naW 197Au 208Pb nath 232-|-h

Isotope Half-life [mb] [mb] [mb] [mb] [mb]
108Ry () 368 d - - - 0.86:0.10 19.9-2.2
106nRp 0) 2.2 h - 0.270.03 0.40-0.07 0.510.05 -
107Rh () 21.7 min - - 2.5-0.5 - 58+9
108MR K 0 5.9 min - - 0.60-0.21 - -
109mpq 0 4.69 min - - 0.58-0.21 - -
Hnpg 0) 250 d - 0.39-0.04 - 1.09-0.10 2.10:0.16
impq 55h - - 0.58:0.08 0.37:0.03 6.2£0.9
Mg 7.45d - 0.51-0.06 2.3-0.5 2.0:0.3 70+16
Hincd 49.0 min - - 0.26:0.03 0.34-0.04 -
g () 3.12 h - 0.330.04 2.70.4 1.01£0.09 -
37g 0) 5.37h - - 1.3-0.4 0.73:0.17 21.825
1ann 0 495d - 0.2180.025 - 0.62-0.07 1.53:0.16
Mg 0) 20.0 min - - - - 235
5%¢d 53.4 h - 0.04%0.003 - 0.49-0.04 18.1-1.4
116m) 54.0 min - - 0.430.07 0.45-0.06 103
7ed 2.42 h - - - - 133
111951 43.1 min - - 0.51-0.10 - 144
g 136d - - 0.4%0.07 0.55-0.07 1.520.17
1amgp 0 5.0h - - 0.53:0.16 - -
12imgp 0) 5.76 d - 0.05&0.024 0.5-0.08 0.57-0.08 2.80-0.26
12imTe 0) 154 d - 0.078:0.009 - 0.168:0.018 0.44-0.05
1225 0 2.70 d - - 0.66:0.10 0.22-0.03 5.4-0.6
12angp 40.1 min - - - - 8.61.7
12anTe 120d - - - - 3.6:0.3
124gp 0 60.3 d - - - 0.206:0.021 7.31.1
124 0 4.15d - 0.025:0.005 0.34:0.10 0.17:0.02 2.6:0.3
12551 9.64d - - - - 4604
1255h (© 277y - - - - 6.2:1.2
1265 12.4d - - - - 4.60.3
12 0 13.0d - - - 0.23%:0.026 2.5-0.3
1215h (© 3.85d - - - - 5.8-0.6
12851 9.0h - - - - 1.220.11
12anTe 336d - - - - 5.80.6
12%cs () 32.1h - - 0.26-0.06 0.22:£0.03 0.75:-0.09
130 0 12.4 h - - - - 3.4-04
1395 Te 25.0 min - - - - 4.%0.9
BInTe 30.0 h - - - - 5412
1321e () 76.3 h - - - - 3.2:0.3
BZcs 0 6.47 d - - - 0.116:0.012 -
133 ) 20.8 h - - - - 5.1-0.5
3B, (© 105y - - - - 0.98-0.14
Bics 0) 2.06y . - - - 3.0-0.3
138mcg @) 53.0 min - - - - 10.5-2.2
B&cs 0 13.2d - - - - 3.3:0.3
B3mMce 34.4h - - - - 3.404
3%Ba () 83.1 min - - - - 14r 3
3%ce () 138d - - - - 1.22-0.13
14%Ba (© 12.8d - - - - 6.5-0.6
149 a 0 40.3 h - - - - 2.6-0.9
Hlce () 325d - - - - 9.2:1.0
1ce (c) 33.0h - - - - 3.5:0.4
H4ce () 284.8d - - - - 5.20.5
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TABLE Il. Fit parameter values obtained for a single Gaussian for the different tdiget$1)]. The
mass distribution is described by a Gaussian with the parameteics the heightM 4 for the mean, andl' 5
for the width. The charge distribution is also given by a Gaussian, with the width givEp-ag, + y,A and
the most probable charge Zg= u;+ u,A. Fission cross sections are compared with values obtained from
the fit of Eismontet al. [25]. The uncertainties in the fit parameters denote the sensitivity of the fit. The
uncertainties in the fission cross sections include a 10% systematical error.

naw 197Au natpb ZOSPb
\a 0.2323+-0.0022 2.0850.011 5.880.26 5.0:0.7
Mp 87.1+0.2 92.2£0.1 99.5:0.4 100.70.8
| 22.1+0.3 17.70.1 18.1-0.3 19.8:0.6
Y1 0.801+0.010 0.856:0.005 0.740.10 0.5:0.3
Vo 0.0051=0.0004 0.0039%0.00022 0.00460.0014 0.008:0.004
M1 1.619+0.007 1.642-0.005 1.180.08 0.970.18
Mo 0.4147#0.0002 0.411930.00010 0.413%0.0009 0.4130.002
U &Pt [mp] 45+0.5 32.8:3.3 94+ 9 88+ 8
oESMOM [mb) 3.7 - 88 74

a more elaborate description of the functional form we refefTherefore, the final mass distribution has been obtained after
to the work of Hageb@nd Lund[12]. fitting to the measured yields which represent at least 50% of
The values of the fit parameters obtained for all subacthe complete mass yield. In Fig. 6 the complete mass yields
tinide targets are tabulated in Table Il. The mean value agre plotted together with the mass distribution obtained in the
well as the height of the mass distribution clearly increasesit for "2\, 197au, "@Pb, and?°®Pb. The results confirm our
with increasing target mass, as expected. From the mean gksumption of a symmetric mass and charge distribution.
the mass distributions it can be concluded that on the average |ntegrating over the Gaussian and multiplying with a fac-
nine mass units are emitted before and after fission. Theg,, L
relative widthI" , /A of the mass distribution is shown in Fig.
5 as a function of the fissility paramet&f/A. This quantity

because of the two fission fragments in each fission
event, gives an estimate for the fission cross section. The
) ) . ) > A values for the fission cross sections determined in this wa

increases in going froM®Pb to "®W. The wider distribution are also given in Table II. Eismowt al. [25] have made a y

of "W is in agreement with the observation by Becchetti o - ) .
et al. [24] and others that the relative widths of the fission-.data compilation for the fission cross section as a function of

S e . . incident proton energy for some of these target materials.
fragment mass distribution increase with decreasing targ ; . .
mass he values from the fit of Eismorst al. are also shown in

With the charge distribution known from the fit of expres- T{:\ble Il for comparison and are in falr_ly 9090' agreement
sion (1), it is straightforward to determine the fractional With our results. In the case GFPb the fissioning systems
chain yield represented by each of the observed independefit€ On g;e average farther away from the double magic
or cumulative isotope yields in their mass chains. Subseducleus ?*Pb, which should give rise to a higher fission
quently, the measured yields are divided by their fractionafross section fof*Pb. According to the calculations made
chain yield to derive the experimental mass yields. In thewith the ALICE-91 code in Sec. VI, this effect is of the order
case of"Pb the spread in the corrected yields is rather largeof 10%, which corresponds to the experimental uncertainty.

From our results it is, therefore, impossible to draw a con-
0.13 : : : clusion concerning a difference betweBtPb and?°%Pb.

Contributions of asymmetric and symmetric fission
in 2%2Th
0.11 - 1

When we fit the expressiofl) to the measured yields of
232Th, we arrive at the mass yields and the mass distribution
§ as pictured in Fig. 7. The result is not a Gaussian with the
0.09 - == 1 data falling nicely on top of it, as is the case for the subac-
tinide targets. Furthermore, we obtain a fission cross section
of 63060 mb, which is much lower than the value of Eis-
montet al. of 1236 mb. The values of the fit parameters can

‘ - : be found in Table IIl. Looking carefully at thé*>Th mass
290 300 2321/;2 820 330 yields, one notices a dip in the yields around fragment mass
125. We therefore suggest that the fragment mass distribu-

FIG. 5. Relative Gaussian width, defined Hs/A, of the tion for 22Th cannot be properly described by a single
fission-product mass distributions as a function of the fissility pa-Gaussian, but is instead a superposition of a wide flattened
rameterZ?/A. distribution and a narrower Gaussian. This more complicated

T,/A

0.07
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o 1107 .
. . ] ‘ FIG. 6. Fission-product mass yields from 190
40 80 120 160 40 160 MeV proton-induced fission of?W (a), 1*’Au
—— , I R (b), "Pb(c), and?°%b(d). The lines indicate the
10" | © p +"Pb | fitted Gaussian mass distributions; the triangles

correspond to the experimental mass yields.

Gproduction [mb]
80

160

form of the mass distribution can stem from contributions bycritical value as a function of nuclide charge:

different fissioning mechanisms in the many fissioning inter-

mediate nuclides. (Z%A)c=35.5+0.4Z— 90). )
Because of the particle evaporation process that takes

place before fission, there exists a set of various fissioningleasurements of proton-induced fission%3fTh between 8

nuclides. Each of them has its own fission characteristics andnd 22 MeV have been performed by Kuebal. [28]. Ac-

excitation energy and angular momentum distributionscording to the assumption made by Chung and Hogan the

Chung and Hogaf26,27] have collected data on the mass

yield curves for fissioning nuclei with atomic numbers rang-  TABLE IIl. Fit parameter values for thé®Th mass vyield

ing from Z=80 to Z=105. They propose that nuclides with curves. The first two columns contain the values of the fit param-

a fissility parameterZ?/A greater than a critical value eters for the single-Gaussian mass and charge distributigrefit

(Z?/A)c are situated in the region of symmetrical fission, ferred to as symmetricin the third and fourth columns the param-

while nuclides withZz2/A smaller than that value fission only eter values that describe the decomposition of the mass distribution

asymmetrically. Their approach is based on the observatiogan be found(referred to as decomposedrhe meaning of the

that the symmetric component increases with excitation enparameters is explained in the text. The fission cross sections as

ergy. A higher excitation energy is coupled to an increase opPtained from the fit parameters are given as well as the value of

neutron evaporation, resulting in a larger contribution of theFisSmontet al. The uncertainties in the fit parameters denote the

neutron-deficient nuclides with higher fissility parameter.?ens't'v'ty of the fit. The.uncertamtles in the fission cross sections

From the data they have extracted an expression for thigclude a 10% systematical error.

Symmetric Decomposed
' fit parameters Value fit parameters value
10° ¢ p +*Th
Aa 30.7£0.5 sl 52+4
Ma 111.5-0.2 s2 107.3-0.4
LA 23.15-0.14 s3 14.7£0.6
g - - m1 5.3:1.0
=10+ . - - m2 110.0-0.3
g - - m3 30.2£2.2
g - - m4 11.20.7
© - - m5 27.7+0.3
, - - mé 6.5£0.4
10 ¢ % ] v 0.820+0.012 v 0.345+0.012
‘ w . w Vo 0.00786+0.00013 Vs 0.0129+0.0002
60 80 100 A 120 140 160 s 1.92+0.02 1 2.07+0.02
Lo 0.3910+ 0.0002 Lo 0.38953- 0.0004
FIG. 7. Same as Fig. 6, but f6f2Th. Experimental mass yields o """ [mb] 630+ 60 U Pt [mp] 950+ 95
obtained from the parametrization of E@) are not described in a gFsm™o [ mp] 1236 o £SO [mb] 1236

satisfactory way by the Gaussian.
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mass distributions in their experiment should be purelypurely symmetric fission This idea arises also from the ob-
asymmetric, since all the fissioning systems contributingservation that the narrower Gaussian in the experimental
have aZ?/A smaller than the critical value. But the mass mass distribution seems to be shifted to lower masses in
distribution in their experiment turns out to have a symmetriccomparison to the wide and flattened part of the mass distri-
contribution as well. Therefore, we assume that fissionindution. An experiment by Schmidit al. [29] on fission of
nuclides like?%?Th and adjacent isotopes are responsible fomeutron-deficient actinides shows indeed a transition of a
a mass Yield curve which is wide and to some extent flatimixed to a symmetrical charge distribution with decreasing
tened, due to the mixed contributions from asymmetric andheutron number.

symmetric fission modegeferred to as mixed fissignFur- It is possible to decompose the mass yield curve observed
thermore, we assume that the very neutron-deficient lightefor 232Th on basis of the assumptions described above by
isotopes of Th and of the neighboring low2relements pro- splitting the dependence on the fission-fragment mass of the
duce a reasonably narrow Gaussian mass distribution, bgroduction cross section in a part for purely symmetric and
longing to a symmetric fission mode onlyeferred to as in a part for mixed fission:

_(A=sp)? _(A—";z)z) __(A—(m22—m5))2 _(A—(ma+ms))?
2
Oprod(A, Z) =] s1e 5 +mpe ™ tmye i +mg € i ]
symmetric mized
(Z—i—2p)?
e

I e ,
ﬁrz p (3

with A andZ being the fragment mass and chargie,  sthe  single-Gaussian fit of Eq1). The purely symmetric Gauss-
fit parameters of the purely symmetric fission contribution,ian has a smaller mean value than the Gaussian that repre-
andm,;  gthe fit parameters of the mixed fission contribu- sents the symmetric component of mixed fission. This is in
tion. The mixed fission parametrization consists of threeagreement with the idea that the purely symmetric Gaussian
Gaussians, the first Gaussian describing the symmetric armbmes from the fissioning nuclides that have lost more pre-
the other two describing the asymmetric fission contributionfission neutrons. The four Gaussians give only a schematic
Although we assume the fission process to be a sum of syntescription of reality, but it enables us to estimate the part of
metric and mixed contributions, we take the charge depenthe fission cross section originating from purely symmetric
dence the same as in expressidi An attempt to take a and from mixed fission. A disentanglement of the contribu-
more general form of the charge distribution into accounttions of the different fission modes in all the fissioning nu-
consisting of a sum two Gaussians, failed because the expentides is far more complicated. From this decomposition we
mental data are not sufficient to reconstruct a more compli-
cated form. The values of the fit parameters can be found in
Table Il 10° | p+°Th
The result for the mass distribution is given in Fig. 8. The
triangles denote the experimental values that are corrected
using the fractional chain yields determined with the charge
distribution from the fit. The observed points that correspond
to less than 10% of the complete mass yields are left out in
the final fit. The spread in the complete mass yields may be
due to the use of the simplified parametrization of the charge
distribution. Adding the mixed and the purely symmetric
contributions results in a mass yield curve that resembles the

0-procluction [m b]
=X

measured form of the mass distribution better than the 10 | , 1
TABLE IV. Purely symmetric and the mixed fission cross sec- 60 80 100 120 140 160
tions in proton-induced reactions dfi?Th at 190 MeV as deter- A
mined from the experimental data and from thAeET andALICE-91
calculations. FIG. 8. Decomposition of thé%’Th mass yield curve into one
Gaussian(dotted ling, coming from purely symmetric fission of
gymmetric [ i) oMed [ mp] lighter nuclides, and three Gaussians representing the mixed sym-
metric (dot-dashed line and asymmetric(dashed ling fission
Experimental 68670 27127 modes of heavier nuclides. The solid line indicates the sum of the
LAHET 687 372 symmetric and the mixed contributions. Triangles represent the ex-
ALICE-91 796 361 perimental mass yields resulting from dividing the measured yields

by the fractional yields obtained with E¢B).




PRC 59 PROTON-INDUCED FISSION AT 190 MeV OFa\y, . .. 785

1 .
12 L p #2Th 10 ) p +*Pb
ﬁ@ § e T4
£ £ - T e :
E 1o FURE
S 3
g 2
OQ‘ bo' , p +nalW
107 ¢
10° | ] W
P N Ww ]
60 80 100 120 140 160 50 70 90 110 130 150
A A

FIG. 9. Experimental mass yields for 190 MeV proton-induced  FIG. 10. Same as Fig. 9 fd?*®b (triangles and dotted curye
fission of 222Th (circles. The curve for complete fission yields has and "*W (squares and solid curie
been calculated withAHET.

V. LAHET CALCULATIONS

estimate a cross section of 6800 mb for purely symmet- We calculate fission-fragment mass distributions with the
ric and 27127 mb for mixed fission. The new total fission \jonte Carlo high-energy transport codeHeT [17]. In LA-

cross section thus becomes 95000 mb, which is in better et 5 nuclear interaction is treated in the following steps. It

agreement with the value of Eismoettal. of 1236 mb than  starts with an intranuclear cascade, for which the Bertini
the value originating from the single-Gaussian fit. We con-model is utilized. Subsequently, a multistage exciton model
clude, therefore, that a decomposition of tA&Th fission  is employed to compute the preequilibrium part of the reac-
fragment mass distribution into a mixed fission and a purelytion. Finally, the compound stage is calculated with an
symmetric fission component gives a better description ovaporation model. During this last step of the calculation
the data than a single Gaussian. A comparison of the synfission can be included. We use the Rutherford Appleton
metric fission cross section and the mixed fission cross sed-aboratory(RAL) model by Atchison[33] to describe the
tion with theoretical calculations is presented in Secs. V andission process, because it allows for fission of elements with
VI. atomic number as low ag=71. In fact the RAL model
The previously mentioned experiment by Schmadtal.  consists of two models, one for actinide and another for sub-
[29] supports our assumptions on the mixed and purely symactinide fission. The actinide fission model is semiphenom-
metric fission components. Other experimental evidence foenological and is based on the observation that the fission
the form of the fission-product mass distribution can beprobability above a certain excitation energy of the nucleus
found in the work by Pappas and Hagelaf] and by Lee becomes more or less constant. In the case of subactinide
et al. [31]. Pappas and Hagéhbarrived at similar findings fission the widths for neutron evaporation and fission are
when inducing fission of*8U with 170 MeV protons. They obtained from the statistical model for fission. An empirical
have proposed a decomposition of the mass yield curve inttelation is used to determine, subsequently, the mass distri-
a symmetric contribution caused by high-deposition-energypution. For a more detailed treatment we refer to R&8].
events, and two asymmetric contributions connected to low- In Fig. 9 and Fig. 10 the results of theHET calculations
and high-deposition-energy events. Leeal. have studied are shown together with the experimental complete mass
fission in the bombardment 3f%U with 240 MeV'’C ions.  yields for "W (squares 2°%b (triangles, and 2%2Th
They have interpreted the mass distribution as a superposieircles. The fluctuations in the calculated mass yields are
tion of three components: asymmetric low-energy fissioncaused by poor statistics. Although<L0° events are taken
symmetric high-energy fissioia combination of fusion- for 2*2Th and ?°®Pb and even 1R 1CP events for"®W, the
fission and fast fission and symmetric sequential fission resulting statistics for the fission results is low due to the
(i.e., fission preceded by multiple nucleon emisgiotvhat  small cross sections.
these two approaches have in common with our work is the With LAHET we arrive at a description of the proton-
symmetric component linked with the more neutron-deficieninduced fission of>*2Th resulting in a broad distribution
fissioning systems. However, the interpretation concerningvhich is rather flat. This is the expected result of the mixed
the contributions of the less neutron-poor nuclides is differsymmetric and asymmetric fission. However, the purely
ent. We assume that both symmetric and asymmetric fissiosymmetric component of the very neutron-deficient nuclides
modes play a role in this region of nuclides close to thedoes not show up in the mass distribution. The fission cross
valley of stability, while Pappas and Hagebmit the sym-  section for?*2Th as calculated byaHET is 1059 mb, which
metric fission contribution completely and Leeal. neglect agrees with our value of 950100 mb. This means that the
the asymmetric fission contribution for excitation energieswidths for fission and neutron evaporation—determining the
above 35 MeV(although, according to theoretical calcula- moment of fission in the evaporation chain—used fTh
tions, the shell effects responsible for asymmetric fissiorgive a result consistent with the experiment, whereas the
have not yet vanished at these energies; see,[8%]), subsequent calculation of the fission fragment properties
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fission saddle point. Angular-momentum-dependent fission
10° L ] barriers and ground-state energies are supplied by the rotat-
ing finite-range mode{RFRM) of Sierk[34]. This model is
10° based on calculations that include finite-range effects in the
nuclear surface energy and finite surface-diffuseness effects
g 10' in the Coulomb energy and in the rotational moments of
= inertia. If the angular momentum is larger than a critical
g value, the fission barrier is taken to be zero. For comparison,
o 10 the calculations are repeated with fission barriers and
1 ground-state energies provided by the rotating-liquid-drop
10 model (RLDM).
, The fission cross section computed withCcE-91 is, apart
10 8.0 300 350 4.0 6.0 from depending on the model, also dependent on the choice

ZA for as/a,, being the ratio of saddle-point to ground-state
level densities. Because of tligtrongey deformation at the
FIG. 11. Fission cross sections as a function of fissility param-saddle point, this ratio is expected to be slightly larger than
eter calculated byice-o1 with the rotating finite range model 1 00. The results for calculations of the fission cross section
(RFRM) O(f Sierk for ?/an:l.oo (solid line), 1.01 (dotted lind, \yith the RFRM fora, /a,=1.00, 1.01, and 1.02 are drawn in
and 1.02(dashed ling and with the rotating liquid drop model . . s il
(RLDM) for a, /a, = 1.00 (long-dashed lingand 1.01(dot-dashed Fig. 11 as a function of the f|§S|I|ty paramefé?r/A. Re_s.ults
line). The computational results are compared with the experimen‘rjlre also shown of computations with RLDM qu.an'tmes for
tal values obtained in the present work. the yaluesaf/an: 1.00 and 1.0.1. Thel mef':\sured fission cross
sections are denoted by the circles in Fig. 11.

does not yield the experimental form of the mass distribu- _The subactinide fiss_ion cross sections are best reproduced
tion. It is possible to extract the contribution to the fissionWith the RFRM by Sierk. A well-known property of the
cross section per fissioning nucleustisHET. All fissioning ~ RLDM is the overestimation of the fission barriers for nuclei
nuclides are divided into a purely symmetric group and avith mass number less than about 200, resulting in an under-
mixed fission group according to the condition given in Eq.prediction of the fission cross sections. This problem can be
(2) and their respective contributions to the fission cross secsolved either by using an extra scaling factor to reduce the
tion are added. The results obtained in this manner are showigsion barrier or by increasing;/a, to enhance the fission
in Table IV. The values deduced from the experimental dat@rocess at the expense of the evaporation process. We find
are given in this table as well for comparison. The calculatedhat a best description in the subactinide range&Z oA is
mixed fission cross section is somewhat higher than our exeffered bya;/a,=1.01 and 1.02 with the RFRM. Our value
perimental value. But when one bears in mind the schematief a;/a, is considerably smaller than the value of 1.05 as
cal nature of the decomposition we make for the thoriumused inALICE-91 calculations of proton-induced fission cross
mass Yield distribution, the agreement with the experimentasections at 190 MeV with RLDM barriers by Becchedtial.
values from Sec. IV is surprisingly good. [24], as we expect from the argument given above. In their
Figure 10 reveals a large discrepancy between the predicalculations as well as in ours, it seems that a better fit with
tions for subactinide fission byaHET and the experimental the data is obtained with a lower value &f/a,, for heavier
data. The fission cross sections are 32 mb and 0.26 mb fdarget elementsa;/a,~1.01, in our caseand with a some-
208ph and™\W, respectively. This implies a large underesti- what higher value for the lighter target elements /@,

mation of the experimental values: 88 mb for 2%Pb and ~1.02, in our case
4.5+0.5 mb for "¥\W. Furthermore, the widths of the mass  In the actinide region we only have one point, namely, for
distributions are too large. 232Th, For this isotope we find that the RLDM gives the best
agreement with the experimentally found fission cross sec-
. 23 . . .
VI. ALICE.91 CALCULATIONS tion for 2%2Th. As can be seen in Fig. 11, deeper in the

actinide region the discrepancies in the predictions of both
We also perform fission cross-section calculations withmodels and of the different values af/a,, disappear.

the precompound plus compound nucleus decay saoteE- A small modification inALICE-91 enables us to extract the
91 developed by Blanpl6]. The geometry-dependent hybrid contribution to the fission cross section from each evapora-
(GDH) model is employed in the preequilibrium part of the tion residue in the calculation far*2Th. Applying the crite-
reaction. In this model the diffuseness of the nuclear surfacgon of Eq.(2) we can again determine the decomposition of
is taken into account. This leads to an enhancement of pdhe calculated total fission cross section into a purely sym-
ripheral collisions undergoing precompound decay, therebynetric and a mixed contribution. The calculation is per-
depleting the higher angular momenta more than in the corformed with the RLDM fora; /a,=1.00, since this gives the
ventional hybrid model. Reduction of angular momentum bybest description of the experimental fission cross section of
particle evaporation is also taken into account. The com#3?Th. The values for the calculated purely symmetric and
pound part of the reaction is computed using Weisskopfthe mixed fission cross section are added to Table IV and
Ewing evaporation with fission competition via the Bohr- very close to the AHET results. The experimental mixed fis-
Wheeler approach, in which the fission process is describesion cross section is lower than the calculated values, of both
by a passage probability of the nucleus over the classicalAHET and ALICE-91, by approximately 30%.
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VIl. SUMMARY AND CONCLUSIONS yield curve into a single Gaussian belonging to the purely
We h d ind dent and lative fissi symmetric fission mode and a contribution of three Gauss-

de za_V(ladmea}s_lJre_ |nf epencent an cumu_a:jve 'dss'oriéns, together describing mixed fission. The fission cross sec-
product yields originating ronggo MeV proton-induced re-ion resulting from this decomposition is slightly smaller
actions on"W, ¥Au, "Pb, 2%%Pb, and?3?Th. With the  han the value of Eismorgt al.
experimental setups for the short irradiati@atcher cylin- Fission cross sections and mass yield curves are calcu-
den and the long irradiatior{catcher foi) it is possible t0  |ated with the intranuclear cascade cadeieT employing
observe both short-lived and long-lived fission products. Wgne RAL model by Atchison for fission. The mass yield
are ab_le to distinguish between flssu_)n products Iea_vmg theyrve for 232Th lacks the purely symmetric contribution, but
target in forward and backward direction, but do not find anyine fission cross section agrees very well with our value from
indication for the existence of an anisotropy in the angulagye decomposition of th&*2Th mass distribution.AHET un-
distribution of the flssg%\/fragr?nents. 208 derpredicts the fission cross section for the subactinifés

The mass yields of*W, ““'Au, and “*Pb are well de- 5,208, severely and overestimates in general the width of
scribed by a single Gaussian both for the mass and thge mass distribution.
charge distribution. The mass yields 8fPb agree within a Fission cross sections are also computed withathee-91
factor of 2 with the single-Gaussian fit of the mass and.yqe. The rotating finite-range model by Sierk gives a better
charge distribution. The relative widths of the mass distribuegiction of the experimental data for the subactinides than
tions are decreasing while going to higher fissility param-he rotating-liquid-drop model. A somewhat larger value for
eters. Fission cross sections extracted from the singlene ratio of the fission saddle-point to the ground-state level
Gaussian fits are comparable with the values obtained frofensities is needed to obtain agreement for the lighter targets
the fits of Eismonetal. _ _ in comparison to the heavier targets. Fissiorf8fh is best

The fission cross section resulting from the single-yagcribed by the rotating-liquid-drop model.
Gaussian description fof*2Th underestimates the value of LAHET and ALICE-91 calculations reproduce the experi-
Elsmontetzsl. by a factor of 2. Looking carefully at the mass menta| values of the purely symmetric and the mixed fission
yields for ?*2Th, it is obvious that the mass yield curve has across section of*?Th surprisingly well, despite the rathad
more complicated form than that of a single Gaussian. Theyqc assumption of four Gaussians describing the mass distri-
dip in the mass yield curve around mass 125 must represef,sion and only one Gaussian representing the charge distri-
a real feature of the true mass yield curve. We believe tha},iion. The mixed fission cross section is in both calcula-
the origin of this particular form of the mass distribution can 15 3094 higher than the experimentally determined value,
be found in the process of multichance fission. Particleypjle the experimental and calculated cross section for
evaporation prior to fission results in a wide variety of fis-  rely symmetric fission agree within uncertainty limits with
sioning nuclides, each contributing to the mass distributiony,ch other. This is very encouraging for our assumption that
with its own fission characteristics. In our view the observed, jistinction between mixed and symmetric fissioning nu-

strong symmetric component in tHéTh mass distribution,  cjides can be made, based od-@ependent criterion on the
at the high excitation energies encountered in this eXperifissility parameter.

ment, is only partly caused by an enhanced crossing of the

symmetric fission barrier in the fissioning nuclides, which  This work has been supported by the “Stichting voor
possess both symmetric and asymmetric fission modes. THaundamenteel Onderzoek der Materi@OM) with finan-
largest contribution comes from purely symmetric fission incial support from the “Nederlandse Organisatie voor Weten-
the neutron-poor region. We decompose the measured masshappelijk Onderzoek(NWO).
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