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Measurements of neutron-induced fission cross section&¥b, 2°%Bi, and 2% have been performed in
the 70-160 MeV energy region at the neutron beam facility at the The Svedberg Laboratory in Uppsala using
the “Li( p,n) reaction as neutron source. The fission fragments were detected by thin-film breakdown counters.
The neutron flux was measured relative to thp scattering cross section with a proton-recoil spectrometer.
The results are compared with calculations and with earlier reported experimental [88556-
281396)03506-9

PACS numbd(s): 25.85.Ec, 24.75i

[. INTRODUCTION sible to obtain the neutron flux relative to thep scattering
cross section by the use of a proton-recoil spectrometer

Data on neutron-induced fission cross sections are of inf14,15. Then-p scattering data were normalized to the pre-
terest in fundamental nuclear physissudies of competition dictions of the phase-shift analyses solution VV446,17).
between different decay modes of excited nuclei; testing of An overview of then-p facility is shown in Fig. 1. The
theoretical nuclear modglsaas well as for applied nuclear spectrometer consists of a dipole magnet with four drift
researchtransmutation of long-lived nuclear waste; neutronchambers, and four plastic scintillators. Two of the drift
cross section standapdd —3]. Until recently there are only a chambers are located in front of the magnet and two behind.
few experimental studies of neutron-induced fission crosThe drift chambers are used to determine the emission angle
sections in the energy region above 20 MEA-9]. In par-  and momentum of the recoiling protons from a thin CH
ticular, very few measurements have been made for nuclgample by ray-tracing techniques. The four scintillators are
lighter than the actinides. used for triggering, particle identification, and neutron time

An experimental facility, intended for measurements ofof flight (TOF).
neutron and charged-particle induced fission cross sections, The neutron spectrum consists predominantly of an unre-
was designed using thin-film breakdown count@EBC'’s) solved doublet, dominated by the ground state transition with
for fission fragment detectiofl0,11]. Preliminary results of an admixture of the transition to the first excited state at 0.43
209Bj(n,f) and 2%&J(n,f) cross section measurements at 135
and 162 MeV were published recenfli2].

In the present work, experimental data are given on the
208pp(n, ), 29Bi(n,f) and 2%U(n,f) cross sections in the
70-160 MeV energy region. The results are compared with
calculations using theaHET code[13] as well as with data
from measurements reported by other groups.

The TSL Neutron Beam Facility
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The measurements were performed at the neutron beam | verecine
facility, using the Gustaf Werner Cyclotron, at the The Sved- HANER
berg Laboratory, Uppsald4]. The neutrons were produced
by the “Li( p,n) reaction in 200—400 mg/cfrthick discs of
enriched ’Li. The intensity of the collimated neutron beam o 12 3
varied in the 16 — 10° neutrons/s range within a solid angle
of 60 usr. Most of the runs were performed in connection
with experiments om-p scattering 15] and thus it was pos-

PROTON
BEAM DUMP

“Corresponding author. Fax number46 18 183833. Electronic
address: klas.elmgren@tsl.uu.se FIG. 1. Overview of the Uppsala neutron beam facility.
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FIG. 3. A schematic drawing of the fission chambers and the
electronics. 1 and 3 corresponds to tH&Bi samples, 2 and 4 to
239, 5 to 29%pDb, 6 to the large area TFBC's and 7 to the mosaic

FIG. 2. The neutron spectrum from tAki( p,n) reaction at 0°: arrangement of TEBC's.

reconstructed from the-p experimenisolid line) and measured by
Byrd et al.[18] for 160 MeV incident proton energigashed ling
The latter spectrum has been shifted by 2 MeV. The spectra were Two fission chambers in an open nonvacuum arrange-
normalized using the area under the high energy peak. ment, containing fissile samples and TFBC's in a close ge-
ometry, were placed perpendicular to the neutron beam di-
MeV. In addition, it has a low energy tail, related to highly rection behind the-p spectromete(Fig. 1). A layout of the
excited states in the product nucleus. The width of the peakission chambers is shown in the left of Fig. 3.
is mainly given by the thickness of the lithium target. The  The first chamber containetd®Bi and 23U samples with
energy resolution of ther-p spectrometer, including the large area TFBC’s mounted close together like a sandwich to
sample, is about 3.0 MeV for 162 MeV neutrons, mainly dueprovide maximum solid angle for the fission fragment detec-
to the energy resolution of the proton-recoil spectrometer. tion. The timing properties of these large area TFBC'’s did
An example of a neutron spectrum reconstructed fromot allow TOF selection of the fission events. The diameter
n-p scattering data is given in Fig. 2 for the 162 MeV run of the samples and the TFBC's was about 70 mm, so it was
(here and below the neutron energy corresponds to the highossible to place them within the uniform neutron flux den-
energy peak value in the neutron energy spectrkrgood  sity area.
agreement was found between this spectrum and the one in- The second chamber was intended for TOF measure-
dependently measured by Byetlal.[18] at nearly the same ments. This chamber contained three independent “mosaic”
proton energy. This shows that neutron scattering in the neuarrangements, each one consisting of 26 sandwiches. Each
tron beam collimator system does not create any significargandwich consisted of a fissile sampaéther 2°%b, 2°%Bi, or
distortion of the neutron spectrum. 233) and a TFBC with an area of about 1 émThe time
The time structure of the beafmicropulses about 2—4 ns resolution of one TFBC of this size is about 300 ps and about
long with a repetition period of about 50-70)r@d a flight- 2 ns for the mosaic detector as a whole.
path length of 12 m made it possible to distinguish high and Figure 4 shows the dependence of the TFBC detection
low energy neutrons using TOF techniques. efficiency on the applied voltage fdP“Cf spontaneous fis-
The neutron beam profiles are reconstructed fromnthe sion fragments from a remote sour@leng distance geom-
p scattering data. The neutron flux density is uniform withinetry) and from a source placed close to a TFB@&ndwich
a circular area with a diameter of about 7 cm at the,CH geometry. It can be seen that contrary to the case of a re-
sample position which correponds to a uniform beam with anote source, there is no plateau in the TFBC efficiency curve
diameter of 9—10 cm in the fission chamber position. in the sandwich geometry. Thus, it was necessary to make a

B. The fission fragment detectors and the fission chambers

The fission reaction rates were measured with thin-film
breakdown counter§TFBC’s) [10,11] developed at the
Khlopin Radium Institute. The TFBC's have low inherent
background and they are not sensitive to background from
spallation reaction residues which are induced in competition
with fission. Good timing properties of the TFBC'’s allowed :
the use of TOF techniques to distinguish fissions induced by s B
neutrons in the high energy peak from those in the low en- 0 S B
ergy tail of the neutron energy spectrum. The small thickness Applied voltage (V)
of a TFBC (0.3 mm S} made it possible to place several
TFBC's in a close geometry following each other in the neu- FIG. 4. The TFBC detection efficiency as a function of the
tron beam without any significant influence on the beamapplied voltage for a?°Cf spontaneuos fission fragment source
characteristics. placed at two different positions relative to the TFBC.

A 0.1 mm distance
B 30 mm distance (*10)

Detection efficiency (% in 27)
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careful calibration of the efficiency of the TFBC’s in this the cyclotron rf signal as stop. Each mosaic detector signal
geometry using a sample containing an amount®tf giv-  was recorded in an additional scaler, and this information
ing a well-known number of spontaneous fissions per timevas used in the analysis to separate the TOF spectra from the

(see Sec. Il @© different target nuclei.
The data were stored in a computer on an event-by-event
C. The fissile samples basis and could be inspected on line. The data acquisition

it f les f librati ngstem involved a beam current signal from the proton beam
Different groups of samples for calibration purposes andy,my for monitoring purposes. The fission measurement and

for thde digerent JOF and non-TOF measurements were preg, n-p scattering runs were synchronized. Special attention
pared and tested. was given to the long-term stability of the TOF-peak posi-

(1%_526 large-area sampl¢80 mm lnddt;ameterfor the  ion. Possible peak shifts due to cyclotron rf system adjust-
non- measurements were prepared by vacuum evaporgia s were automatically corrected for by the data acquisi-
tion onto 0.2 mm thick stainless steel backings using plang,, system

etary rotation during evaporation to obtain a uniform thick-
ness of the fissile layer. The sample thickness was about 1.6
mg/cn? for 2°°Bi and 100,.g/cm? for 238U, The weight of

the fissile material was determined with an accuracy of about The neutron-induced fission fragment count rate is
2%. The variation in thickness over the layer area was less
than 2%.

(2) The small-area?®Bi samples intended for the TOF
measurements with the mosaic detector had fairly thick lay-
ers, about 4 mg/ci to obtain an acceptable count rate of wheree is the detection efficiency in2 units, p(A) is the
fission events. The TOF measurements f8Bi aimed at number of nuclei per cfh with mass numberA in the
determining the relative number of fissions induced by highsample N,, is the number of neutrons hitting the sample per
energy neutrons to that by low energy background neutronsecondW(E) is the incident neutron spectrum normalized to
For that reason, it was not necessary to have a high unifomunity, o+(E) is the neutron-induced fission cross section, and
mity of the layers or to know the sample weight with high E is the incident neutron energy.
accuracy. The detection efficiency obtained from the calibration

(3) The layer thicknesses of the small-aré¥Pb and measurement is
238 samples intended for the TOF measurements with the
mosaic detectors were about 2.4 mgfcand 1.2 mg/cr, Ny
respectively. Being without a large-aréd®b sample, the ®” aySrrac’
20%h(n, f)/2%8U(n,f) cross section ratio was measured us-
ing the mosaic detectors only. The weights of 8%Pb and  WhereNy; is the 2°°Cf fission fragment count ratey is the
234y layers in this arrangement were determined with 2%spontaneous fission activity of the calibration sample per unit
accuracy. The?®®Pb samples were 98.7% isotopically pure area, andSregc is the sensitive area of the TFBC.
with an admixture of 19¢°Pb and 0.3%°%Pb. In order to obtain the fission cross section at the energy

A possible contamination of natural uranium or thorium Eo. corresponding to the peak in the neutron energy spec-
in the 2°%Pb and?°Bi samples was checked by direct alpha- trum, it is necessary to separate the fissions induced by peak
spectroscopy measurements as well as by irradiation with 18eutrons from those induced by low energy neutrons. For
MeV neutrons to register fission events which, at this energythis purpose, all the TOF spectra were decomposed into the
only can occur in uranium or thorium. The relative abun-two components mentioned above by means of a simple em-
dance of uranium or thorium atoms in the Samp|es did nopifiC&' algorithm. In case of the non-TOF measurements with
exceed 10°5. the large?°Bi and 2*% samples, a correction was applied

(4) The samples used in the efficiency calibration of thefor the low energy neutron contribution calculated from the
large- and small-area TFBC’s were made of a mixture ofl OF spectrum for the same nuclides.

Ill. THE DATA PROCESSING

Emax
anZSD(A)anE - W(E)o(E)dE ()

@)

natural uranium and several picograms %fCf, uniformly The correction is

spread throughout the sample, giving a well-determined E 4 AE

number of spontaneous fissions per second. The layer thick- Uf(EO)ng—AEW(E)dE

nesses of the calibration samples were chosen to simulate the Kiow™ fEmaW(E)o_ (E)dE ' ()
fission fragment energy losses in the layers of the samples Emin f

for the different nuclide$10]. The energy spectra of those

calibration fission fragments were checked by silicon detec?/n€reo+(Eq) is the average fission cross section within the

neutron energy intervet,+ AE.

tors. i . . S
The final expression for the fission cross section is
D. The electronics and the data acquisition system N, Kiowdst
A schematic view of the electronics is shown in Fig. 3. 7t Ngp(A)], anis LMT’ )

The signal from each large-area TFBC passed through a

pulse shaper to a scaler. The signals from the mosaic awherej, is the the high energy peak neutron flux density in
rangements were added in a summation fast pulse shapé¢he uniform beam are&,;sandk yt are corrections for the
and the output started a time-to-digital conve(fEDC) with ~ fission fragment angular anisotropy and the linear momen-
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23(n,f), 2°Bi(n,f) and 2Pb(n,f) fission events ob-

T T T T T T T T T
12007 (a) 238U(n f) ] tained at 162 MeV are shown in Figgab-(c), respectively.
’ The total time resolution was about 4-5 (BNVHM) with
9007 experiment i the main contributions coming from the cyclotron pulse
------- calc. of the peak contribution width and the inherent time resolution of the mosaic arrange-
600 - -~ calc. of the tail contribution . ment.
o It is seen that thé®Bi(n,f) and 2°Pb(n,f) TOF spectra
+ 300+ 7 [Figs. b) and(c)] drop rapidly towards lower incident neu-
< . tron energies due to high fission barriers of the nuclei in this
z 0+ | T mass region. On the contrary, tf8U(n,f) TOF spectrum
o 200~ (®) 209Bi(n f [Fig. 5@] has a long uniform low energy tail, partly due to
. ’ a relatively low fission barrier and a fairly weak energy de-
. 1507 ] pendence of the fission cross section above 30 MeV. Further-
o 100 ] more, when unfolding théU(n, f) TOF spectrum, the con-
] tribution of fissions induced by low energy neutrons from
N = previous beam pulse@he so-called “wraparound effec}”
o 1 L has to be taken into account.
o 53_ (C)' L T In addition to the empirical decomposition algorithm
£ | 208Pb(n,ﬂ mentioned above, thé&*®U(n,f) TOF spectrum at 162 MeV
. was calculated independendly using of tf8U(n, f) excita-
> 304 i tion function shape measured by Lisowskial. [6] and the
1 neutron spectrum for théLi(p,n) reaction measured by
20 ] Byrd et al.[18], taking into account a small difference of the
10 H - incident proton energy between the work by Bytdal. and
0] e the present work. A reasonable agreement was obtained be-
0 70 8 90 100 110 tween the calculated and experimentally observed TOF spec-

FIG. 5. The TOF spectra of fission events at a neutron energy

Time of flight (ns)

162 MeV. (a) 228 (with decompositioh (b) 2°°Bi, (c) 2°%Pb.

tum transferred by incident neutrons to the fissioning
nucleus. Because experimental data on fission anisotropy a
linear momentum transfer do not exist for neutrons, the cor-=l
rections were estimated using proton-induced fission data fcﬁi'f

the nuclides under study9-22.

IV. EXPERIMENTAL RESULTS

r-

trum. Thus, the data presented here are consistent with the
data of Lisowskiet al. and Byrd et al. Because the full-
energy peak is well separated from the low energy tail in the

0§pectrum measured by Bydl al. (Fig. 2), it was possible to

analytically decompose the calculated TOF spectra into the
components mentioned above. The result of the analytical

Iffi(?composition is shown by the dashed line in Fig)5The

Kiow Values obtained for thé®U(n,f) spectrum by the two
ferent algorithms are in good mutual agreement.

The results of the measurements are given in Table | and
are shown in Fig. 6 together with previously reported data.
The main contributions to the uncertainties of the relative
cross sections were due to the uncertainty in the TOF spec-

The measurements were made at neutron energies 73, 96Jm decomposition procedure. This uncertainty was esti-
135, and 162 MeV. As an example, the TOF spectra of thenated to be 5% for thé*8(n,f) reaction, 5-6 % for the

TABLE |. The relative and absolute neutron-induced fission cross section&ddr 2°°Bi, and 2°%Ph

(mby).

Target Neutron energgMeV)

nucleus 73 96 135 162

209/ 238y 0.0097-0.0009 0.0180.002 0.028:0.003 0.04@-0.004

208pp 238y 0.0026+0.0004 0.0053 0.0006 0.016+0.002

23y — — 1440+ 160 1316120

1532 1430 1340 1320

209B;j 15+1.5° 25+ 2° 40+5 53+5
38+11°

20%pp 3.9:0.5° 7.5+0.9F — 21+3
21+0.¢

o TOF measurements were made at 135 MeV.

®Data measured by Lisowski al. [6].

The absolute value is obtained with tR&U(n,f) cross section measured by Lisowskial.[6] as standard.
9Data measured by Goldansd al.[4] at a neutron energy of 12040 MeV.

®Data measured by Reat al. [5] with a natural lead target at a neutron energy of £20 MeV.
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1800 from differentialn-p scattering cross section measurements
22U (n 1) made with a magnetic proton recoil spectrometer placed up-
stream of the fission chambers in the same neutron beam.
The errors of the absolute-p differential scattering cross
______ sections were estimated to be about 5%. Due to uncertainties
»»»»»»»» B atte,, aiinaed in the efficiency of then-p facility (4—5 9% and of the hy-
- drogen content of the CiHsample(4-5 %), the total neutron
Em s Fra e o e flux uncertainty was estimated to be about 8%. Together
o e b b e b with the uncertainties of the relative fission cross sections
|

T

~7 1800
S

1400

T

1200

1000 —
I 4 Exp. Goldanski et al. [4]

80 [ m Date from this experiment - B1(Nn,T) P described above, it gives an absolute cross section uncer-
: = (b) tainty of 9-13 %.

o *B (b) Because the neutron flux data based on differential

40 [ n-p scattering cross section measurements were not avail-
" Tl 25 able at 73 and 96 MeV, the absolud&U(n, ) cross section

measured by Lisowsket al. [6] was used as a secondary
standard to obtain th8°Bi(n,f) and 2°%Pb(n,f) cross sec-

S ———— tions at those neutron energies. TR&U(n,f) data by

o T Y T L i T
40 [ ¥ Exp Reut et al. [5] (™Pb) 208pb

E = Data from this experiment (n.f) 9 Lisowski et al. were fitted by a polynomial to obtain data at
0 b e the proper energies. The uncertainties in tA&J(n,f) cross

F 4 section reference data by Lisowsi al. are not included in
20 %{' B the uncertainties of the fission cross sections given in Table

.
f
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) ;:;::z::”:“:"' V. THEORETICAL CALCULATIONS
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The 2%U(n,f) and ?°Bi(n,f) cross sections were calcu-
lated with theLAHET code[13,23 using different options
and parameters. Results of the calculations were partly given
in our previous wor24]. LAHET is a Monte Carlo code for
transport and interaction calculations for nucleons and other

reaction stages, i.e., intranuclear cascade and multistep preequiligght partlcle§ in complex geometries. It mlght also be u;ed
rium emission(MPM). Line A corresponds to “MPM turned off” without pqrtlcle transport. to calculate particle production
(default option, line B to “pure MPM,” line C to “hybrid MPM,” cross secthns._The qode |r_1cludes the Bef@®i] andISABEL
and lineD to “normal MPM.” Error bars near the lines show [26:27 (which itself is derived from the/EGAs INC [28])
statistical uncertainties of the Monte Carlo calculations. The solidntranuclear cascadéNC) models, the multistage multistep
lines in (b) and (c) show the evaluation by Fukahori and Pearlstein Preequilibrium excito(MPM) model and several options of
[39] included in the High Energy File of the US Nuclear Data the level-density parametrization. Two models are included
Library (ENDF/B—VI,HE). Note the suppressed zero (@. for fission induced by high energy interactions, the ORNL
[29] model and the Rutherford Appelton LaboratdR/AL)

2090 0 . [30] model. For the fission models, the evaporation model of
Bi(n,f) and 6.5-9 % for the?*®b(n,f) reactions. The Dresner[31] is employed.

larger uncertainties for the two latter reactions were due to The LAHET code calculations were done as follows. The

missing information on the excitation functions. The statisti-gertinj INC model and the RAL fission model options have
cal errors were typically 2-2.5% fof*Bi, 5-10% for  peen used in all calculations. The subsequent deexcitation of
b, and less than 2% fof*U. The contribution to the  the residual nucleus following the INC interaction may op-
systematical errors from the detector calibration wasijonally employ a MPM model. If the preequilibrium model
1-3.5 %, from target thickness 1-3.5 %, from the corrections ysed three optional modes can follow. The MPM contin-
for the anisotropy of fission fragments 2%, and from theyes from the final state of the IN@ormal MPM or the INC
estimate of the linear momentum transfer of the incident neus ysed only to determine that an interaction has occurred
tron to the fissioning nucleus 1-2 %. It resulted in a total(pure MPM or a random selection is made of one of the first
uncertainty of 12-14 96 for thé%Pb/?*% ratio and 9% for  modes at each collision with a certain given probability func-
the 9°Bi/ > ratio. . _ tion (hybrid MPM). Furthermore, three different options are
Because the TOF techniques were not yet implemented gjailable for the choice of level-density parameter. Those are
the 135 MeV measurement, the correction for low energythe |evel-density model by Gilbert-Cameron-Cook-Ignatyuk
neutrons was estimated from an interpolation based on thgs2_35 (default option used in the present calculatiotise
TOF spectrum data obtained in the measurements at thgiginal HETC level-density formulation and the lith mass-

neighboring neutron energies. It resulted in an uncertainty 0fiependent parametrizati@6] of the level density.
12% for the 2°°Bi/ 238 fission cross section ratio at 135

FIG. 6. Neutron-induced fission cross sectiote: 233U, (b)
209, and (c) 2°%b. The dashed lines representET code calcu-
lations with different options of using one or two nonequilibrium

MeV. The 2%%Pb samples were not present in this experi- VI. DISCUSSION
ment. he 23 i
The absolute fission cross sections were obtained by two A. The (n.f) cross section
different methods. The experimental data obtained at two different neutron

(a) The neutron flux at 135 and 162 MeV was calculatedenergies, 135 and 162 MeV, for tié%U(n,f) cross section
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are given in Table | and shown in Fig(ed. They agree with  cluded in the High Energy File, version 6, of the US Evalu-
recent experimental results by Lisowsdtial.[6]. Arthur and  ated Nuclear Data FilEENDF/B-VI) [40]. The evaluation is
Young [37] calculated the?®8U(n,f) cross section for neu- 20-50 % higher than the experimental data obtained in the
tron energies up to 100 MeV using the preequilibrium statispresent work. The?*Bi(n,f) evaluation was based on an
tical model codesNASH. The results were 25-30 % higher evaluation of the?*Bi(p,f) cross section which also was
near 100 MeV than the experimental data by Lisowetkdl. = made by Fukahori and Pearlstdig9] with the assumption

The 2%8U(n,f) cross sections calculated with theHET  that the 2°Bi(p,)/2%Bi(n,f) cross section ratio does not
code are shown in Fig.(é by dashed lines. Liné& corre- depend on the incident particle energy, and is equal to 2.
sponds to “MPM turned off,” lineB to “pure MPM,” line  This assumption is not confirmed by the present experimen-
C to “hybrid MPM,” and line D to “normal MPM.” It is tal data. On the contrary, the present experimental data, in
seen that the calculated fission cross sections vary withioombination with a recent evaluation of tR&Bi(p,f) cross
about 10% for different parameter sets. The calculations arsection[41], show a decrease of the,f)/(n,f) ratio from
in a good agreement with available experimental data foB.6 to 2.6 with the neutron energy increasing from 73 to 162
incident neutron energies above about 100 MeV. As pointedileV. The (p,f)/(n,f) ratio calculated with theAHET code
out by Prael[38], the discrepancy at lower energies mayat 100 and 160 MeV incident energies is between 3 and 5 for
largely be due to the fact that the nonelastic cross sectiondifferent options concerning the onset of the preequilibrium
calculated with the AHET code do not describe the experi- modes[24].
mental data well.

C. The 2®%b(n,f) cross section

209n; :
B. The *Bi(n,f) cross section The present experimental data on tA®Pb(n,f) cross

The present experimental data on th¥Bi(n,f) cross section are shown in Fig.(6). No published experimental
section are shown in Fig.(6). data are known on neutron-induced fission cross sections for

The only earlier experimental work on th&Bi(n,f) separated lead isotopes in the intermediate energy region.
cross section in the intermediate energy region was perFhe only previous measurements on natural lead samples,
formed by Goldansket al.[4]. Their data have large system- made by Reuet al. [5], have large systematic errors similar
atic errors due to a very wide and poorly known spectrum oto those of the work of Goldanski al.[4] mentioned above.
incident neutrons, uncertainties in the beam monitoring, etdNevertheless, a qualitative agreement is seen between those
Nevertheless, a qualitative agreement is seen between thoged the present data.
and the present daf&ig. 6(b)]. A recent measurement of th@%Pb(n,f) cross section in

Recently the?®®Bi(n,f) cross section was measured by the energy region from about 50 to 500 MeV was performed
Staples[9] in the energy region 30—500 MeV at the white by Vonachet al. [8] at the white neutron source at LANL
neutron source at LANL using an ionization chamber as fisusing an ionization chamber as fission detector. The prelimi-
sion detector. The preliminary results agree well with thenary results are about a factor of 2—3 larger than the corre-
ones of the present work. sponding cross section data of the present experiment. The

The 2°Bi(n,f) cross sections calculated witHET are  discrepancy tends to increase with the incident neutron en-
shown in Fig. 6b) by dashed lines with the same numberingergy. The reason for the discrepancy is not yet clear. The
as in Fig. &a). Error bars near the lines show statistical un-(p,f)/(n,f) cross section ratio calculated from the data by
certainties of the Monte Carlo calculations. It is seen that th&/onachet al. in combination with the?®®b(p,f) cross sec-
experimental data can be reproduced within a factor of abouion evaluation by Fukahori and Pearlst¢89,40 decreases
2 by choosing an option in thesHET code using only one of from about 1.5 at 100 MeV down to 0.6—-0.7 at 500 MeV.
two nonegquilibrium reaction stages, i.e., either intranucleaifhe fact that therf,f) cross section was found to be larger
cascade(“MPM turned off”) or preequilibrium emission than the ,f) cross section in the energy region of a few
(“pure MPM™). On the other hand, using both nonequilib- hundred MeV is contradictory with results from empirical
rium processes, with either the “hybrid MPM” or the “nor- studies by Perfiloy42] and Eismontt al.[43] in which the
mal MPM” option, leads to an underprediction of t8€Bi  fission probability in the saturation region was investigated
(n,f) cross section. Thus, an unexpectedly strong sensitivitgs a function of the parametgf/A of the fissioning system.
of the calculated?®Bi(n,f) cross section was found to the ~ Staples [9] recently made a measurement of the
choice of optional modes controlling the use of the preequi-"*Pb(n,f) cross section in the energy region 30—-500 MeV,
librium exiton model in the. AHET code. This large variation also at the white neutron source at LANL. The preliminary
is surprising becauseaHeT reproduces double differential "*Pb(n,f) cross section data of Staples are about 1.5 times
secondary-particle production cross sections fairly well andarger than the?®®Pb(n,f) data reported in the present work.
with a moderate parameter dependef®®8. However, one This relation seems to be reasonable because the lighter lead
should keep in mind that th€®Bi(n,f) cross section isotopes {°Pb and?°’Pb) are expected to have larger fission
amounts to only 2—3 % of the total reaction cross section atross sections thaf?®b in the neutron energy region of the
these energies. On the other hand, as pointed out above, jmesent work. A similar isotopic effect was found in the work
the case of?®®U, where fission plays a dominant role, the by Bychenkovet al. [20] for proton-induced fission of lead
LAHET code does not show a large sensitivity on the optionalsotopes.
modes. The 2%%Pb(n,f) cross section calculated with theHET

The solid line in Fig. €b) represents an evaluation of the code are shown in Fig.(6) by dashed lines with the same
209Bi(n,f) cross section by Fukahori and Pearlst88] in-  numbering as in Figs. (8) and (b). The calculation with
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“MPM turned off,” “hybrid MPM,” and “normal MPM” ENDF/B-VI High Energy File evaluation of thé®®b(p,f)
gave the same results as the ones given in a recent work lryoss sectior{39,40 decreases from 4.3 to 3.1 when the
Prael[38]. Similar to the?°°Bi case, a strong sensitivity of incident particle energy increases from 73 to 162 MeV.
the calculated?®®b(n,f) cross section was found to the

choice of optional modes controlling the use of the preequi- VII. CONCLUSIONS
librium exiton model in theLAHET code. The calculation ) ) )
with “MPM turned off” (default option gives the best fit to The present work gives fairly accurate experimental data

the experimental data. It reproduces the present experiment@l the neutron-induced fission cross sections for nuclei
data within about 40% for energies above about 100 MeVlighter than the actinides. The data are obtained by a nontra-
where the intranuclear cascade model is expected to give tifitional experimental technique whose applicability is con-

most reliable results. As in th&%Bi case, calculations using firmed by the overall agreement with other recent measure-

both nonequilibrium processé&hybrid MPM” and “nor-  ments of the?*U neutron-induced fission cross section.
mal MPM”) gave an underprediction of tH8%Pb(n, f) cross A significant difference is observed between proton- and
section. neutron-induced fission cross sections both f81Bi and

Prael[38] has madaAHET 2%Pb(n, f) cross section cal- 2%pb. The fission probability depends strongly on the charge
culations using a more extensive parameter search. One c&hthe fissioning nucleus in Pb-Bi-Po region and the increase
conclude from that work that theaseL INC model gives a  Of the mean charge of the fissioning nuclei caused by the
slightly worse agreement with the present experimental datipcident prot_on_results in a fission probability which is higher
than the use of the Bertini INC model. The use of tfiichu  than for an incident neutron.
level density instead of the defaukGilbert-Cameron-  Measurements over a wider energy range would be of
Ignatyuk-Cook level density results in a strong drop of the Interest. In particular, the energy range below 70 MeV is the

fission cross section in discrepancy with the experimentaln0St suitable for extracting information on fission-neutron
data of the present work. competition. Data at higher energi¢sp to 1.5 GeV are

The solid line in Fig. ) represents an evaluation of the réquested for the research on accelerator-driven transmuta-

20%h(n, f) cross section by Fukahori and Pearlstdg] in-  tion conceptg?2].
cluded in the High Energy File of the US Evaluated Nuclear

Data File(ENDF/B-VI) [40]. Similar to the?°®Bi case, the

evaluation is 30—60 % higher than the experimental data ob-

tained in the present work. Th&Pb(n,f) evaluation was The authors are grateful to the staff of The Svedberg
based on an evaluation of t#8%Pb(p,f) cross section which Laboratory for good cooperation. The targets were provided
was also made by Fukahori and Pearls{&fi] and the as- by the group of Dr. S. Solovjev, Khlopin Radium Institute.
sumption that the?®®Pb(p, f)/2°%b(n,f) cross section ratio We wish to thank Dr. R. Prael for providing us with the

is equal to 2 and does not depend on the incident particleAHET code and Dr. Staples and Prof. Vonach for providing
energy. This assumption is not confirmed by the present exas with their unpublished data and for helpful remarks on the
perimental data. On the contrary, the,{)/(n,f) ratio ob-  present paper. The Swedish Natural Science Research Coun-
tained from the experimental data in combination with thecil have financed a part of the travel costs for this project.
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