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Neutron-induced fission cross-section rafltBb/2°%Bi, 2°%b2%%Bi, 197Au/20%Bi, "W /20%Bi, 181Ta/20%;,
and?°*Bi/ 238 have been measured in the 30—180 MeV energy range using the neutron beam facility at The
Svedberg Laboratory in Uppsala. Thei(p,n) reaction was employed as a neutron source. The fission frag-
ments were detected by thin-film breakdown counters. Cross sections at specific energies were determined
using unfolding techniques with respect to the excitation function and the neutron spectra, the latter obtained
from recent measurements and an evaluation. The absolute fission cross sections were obtained using the
standard®8U(n, f) cross section. ThHEW(n, ) and*®*Ta(n, ) cross sections have been measured for the first
time. The results fof°Bi(n, ), "¥Ph(n, f), 2%PK(n, ), and **’Au(n, f) cross sections have been compared
with available literature data. A universal easy-to-use parametrization has been suggested for all measured
cross sections. The common features of subactinide neutron-induced fission cross sections are found to be
similar to those of the proton-induced fission data.
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[. INTRODUCTION and periodically updated by Konirgt al. [2]
. . The recent high priority list includes requests for nucleon-
Cpncepts of qccelera‘gor-dr'lven syste(dS) for incin- induced fission grogs-segtion data for a fgw nuclides consid-
eration of long-lived radioactive waste and energy producyreq as prospective spallation target materials. The fission
tion (see, e.g.[1]) suggest irradiation of a massive target opanne| contributes to the radioactivity produced in the spal-
made of heavy elements by a high-intensity charged partiClgyion, target, as well as to the chemical and radiological tox-
beam. As a result of nuclear interactions in the target, .causqgity of the reaction products. For example, fission products
by the primary beam and secondary particles, an intensg, 3 ead target irradiated by 1.6-GeV protons will contribute
spallation neutron source is created with an energy distribu1g_15 o4 to the overall residual activity after one year of

tion extending up to the incident particle energy. This SOUrC&njing[3]. On the other hand, the predictive power of avail-
is intended to feed a subcritical reactor that surrounds they e nuclear reaction models and codesy., LAHET [4]

neutron production target and contains the nuclides to b%EMQS[

transmuted. n _ , process is not sufficiently good at presésee, e.g., the stud-
One of the prerequisites for computational modeling Ofieg of prae(4), Prokofievet al. [5], Duijvestijn et al. [6], and

ADS is the availability of evaluated nuclear data for the mosty recent comparison of codes for activation yield calculation

important reactions involved. This motivates the choice 037]). For example, th&W(p, f) cross section predicted by

5]) with respect to the description of the fission

r)uclidgs and r_eactions included in the high pri_ority requUeSkya | AHET code was found to be about 20 times lower than
list of intermediate-energy nuclear data, which is formulate he experimental result of Ref6]. Further progress in

nuclear reaction modeling, especially with respect to fission,
may therefore lead to significant improvements in ADS per-

*Electronic address: Smirnov@atom.nw.ru formance calculations.
"Electronic address: jan.blomgren@tsl.uu.se Data on intermediate energy fission cross sections are im-
*Electronic address: Alexander.Prokofiev@tsl.uu.se portant also for nuclear theory, e.g., in connection with stud-
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ies of the dynamic effects of the nuclear fission process, Earlier analyses and preliminary experimental data have
which reflect the connection between collective and singlebeen published elsewhef21-2§. In the present study, the
particle degrees of freedom in nucleiee, e.9.[8]). results of further measurements have been added, and the
Proton-induced fission cross sections have been studiedhta from our earlier studies have been reanalyzed using new
extensively (see, e.g., a recent revief@] and references neutron spectrum daf@1] and new calculations of energy-
therein. On the other hand, neutron-induced fission experi-dependent detection efficiency correctig®,33.
ments above 20 MeV are sparse, mainly because of the lack
of suitable neutron sources. In addition, a truly monoener-
getic neutron source is not available in this energy domain.
Neutron data measurement and processing techniques areThe measurements were performed at the TSL neutron
therefore unavoidably more complicated than in the case dfeam facility in Uppsala, using the Gustaf Werner cyclotron
charged particle beams. to produce neutrons through tfiei (p,n) reaction. The neu-
The (n,f) cross-section database is especially poor fotron beam facility and the positioning of the experimental
subactinide nuclei. The early experiments of Kelly and Wie-chambers in the beam are described in Sec. Il A.
gand [10], Goldanskiyet al. [11], Reutet al. [12], and Because of the low beam intensity, inherent for secondary
Dzhelepovet al. [13] are rather of a qualitative character. peams, the irradiation position for the most measurements of
The studies of Vorotnikov and Lariondt4] and Vorotnikov  the present experiment was chosen to be at a short distance
[15] are of a high methodological quality, but cover only afrom the neutron production target. The incident neutron
narrow energy region near the fission barrier, where the Crosspectrum is not monoenergetic, but consists of a high-energy
sections are extremely small, and therefore only upper limitpeak accompanied by a low-energy tail, which also contrib-
for cross sections could be obtained in many cases. utes to the fission reaction rate. To determine(thg) cross
During the last decades, a new generation of intermediatgection at the energy of the peak, one needs to know the
energy neutron sources has become available. At a few gfaction of fission events due to that peak. This fraction can
them, (n,f) cross-section measurements, in particular, fome determined using the time-of-flighffOF) technique.
subactinide nuclei have been included in the experimentaHowever, in most cases it was not possible to implement the
programs. TOF techniques because of the short flight path in combina-
The measurements at the LANSCE neutron facility at Losion with the limited time resolution, dominated by duration
Alamos National Laboratory were performed by Vonagh of the proton beam pulse. Therefore, the fraction of peak
al. [16] and Staplet al.[17,18 in the early 1990s using a fission events was obtained in an iterative unfolding proce-
parallel-plate ionization chamber. None of these studies hagure, taking into account relative fission reaction rates at as
resulted in a final publication. A similar technique was em-many incident neutron energies as possible, together with
ployed in the work of Shcherbakaet al. [19] performed at  corresponding information on the neutron spectra. The deter-
the neutron facility GNEIS at Petersburg Nuclear Physicsmination of the latter is discussed in Sec. Il B.
Institute in Gatchina, and in the work of Nol& al. [20] A severey-radiation background was present at the irra-
performed at neutron facilities in Louvain-la-Neuve anddiation position chosen for most of the studied reactions.
Cape Town. A complication in interpreting data of this type This hampered the use of traditional fission fragment detec-
is the need to separate subactinide fission events from backon techniques and justified the choice of TFBCs, which are
ground of nonfission products, which contribute significantlysensitive only to particles with specific ionization losses ex-
to the pulse height spectra. ceeding the detection threshold. The TFBCs and the experi-
The (n,f) cross-section measurements at the neutron famental chambers are described in Sec. Il C.
cility in The Svedberg LaboratorgTSL) in Uppsala are part The preparation and characterization of the samples are
of an experimental program performed in the framework ofdiscussed in Sec. Il D. Finally, an outline of the electronics
collaboration between V.G. Khlopin Radium Institute, St. Pe-and the data acquisition system is given in Sec. Il E.
tersburg, and Uppsala University. Measurements for subac- Most of the studied cross sections were measured relative
tinide nuclei have been performed using two different tech+to the2*Bi(n, f) one. The latter has already been studied in
niques for fission fragment detection, thin-film breakdownearlier experimentgsee, e.g.[21,22) and has been adopted
counters(TFBC) [21-26, and a Frisch-gridded ionization by IAEA/NDS as a secondary neutron standgdd]. How-
chamber[24,27-29. ever, further measurements of tA¥Bi(n,f) cross section

This paper presents fingn,f) cross-section data for and a new analysis of the earlier results have led to some
29%Bi, "Phb,*%Ph,**"Au, "W, and'®'Ta, obtained with the  changes that are discussed in Sec. IV B.

TFBC technique. The measurements for natural lead, tung-
sten, and tantalum are important because these elements are
either considered as candidates to the neutron production tar-
get material in concepts of future ADS or are already used in An overview of the neutron beam facility is presented in
existing spallation neutron sources. The doubly magidrig. 1. A comprehensive description of the facility can be
nucleus®®®Pb is included because of its importance for im-found in[35,36, and therefore only the features essential for
provements in the theoretical modeling of the fission procesghe present experiment are discussed below.

In addition, the'®’Au(n, f) cross section was studied in view  The proton beam from the Gustaf Werner cyclotron im-
of its recent application in neutron monitorifig0]. pinged on a 4-15-mm-thick target of lithium, enriched to

Il. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Neutron beam facility
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NEUTRON PRODUCTION FACILITY and?°Bi were installed in Irradiation position 2. In addition

to count-rate determination, the chamber witfU was em-
ployed as a neutron spectrum sengme Sec. |l B

Table | shows thicknesses of thki targets and various
energy parameters of the primary proton and secondary neu-
tron beams employed in the different irradiations. In most of
the runs, the energy of the protons irradiating the lithium
target was measured by time-of-flight techniques with an un-
certainty as given in Table I. From this information, the peak
neutron energy was calculated using the readflaralue and
the energy loss in the lithium target, estimated usingstie
code[37].

The proton beam current at the production target was typi-
cally 4—6pA in the 30-100 MeV energy range and 0.3-0.6
pA at the higher energies. The resulting flux density of high-
energy peak neutrons at Irradiation position 1 amounted to
(3x10H—(3x 10°) stcm?, which is a factor of 30-40
more than in Irradiation position 2. This gain was acquired at
Irradiation the price of a limited access to the setup in the course of the
position 2 experiment and harder requirements on the stability of the
detectors with respect to radiation.

The Irradiation position 1 was situated close to the facility
for neutron activation studigg86,3§. In Ref.[38], the rela-
tive proton(and/or H atom) contamination in the neutron
field was estimated to be as much ag #0°3. However, in
that case most of the protons were produced inside the acti-
vation target stack itself. Since the thickness of the stack was
much larger than the total amount of material between the
99.98% in’Li. Downstream of the target, the proton beam neutron production target and any sample in the present ex-
was deflected by two magnets into an 8-m-long tunnelperiment, the estimate given above can be considered as an
where it was focused onto a water-cooled graphite beartipper limit for the proton or Aiatom contamination of the
dump. The neutrons produced within a 60-msr cone aroundieutron beam that encounters the fission samples.
0° passed through a collimating system before reaching the
experimental hall at a distance of ab@& m from the pro- B. Neutron spectrum
duction target. The respective area is marked as Irradiation
position 2 in Fig. 1. This position was employed in our ear-
lier studies[21,22 and kept in the present work for the
209/ 238y ratio measurements above 50 MeV, due to a
rather large magnitude of the studied cross sections. On th<=T
contrary, it was found impractical to measure cross section
of nuclei lighter than Bi and thé®Bi(n,f) cross section

Cyclotron|| Switch
beam magnet

production||position 1
target

{ Neutron Irradiation

Beam Corridor

Blue Hall

MEDLEY

g
¥l scaNDAL

FIG. 1. An overview of the neutron beam facility.

As was mentioned, an unfolding procedure is needed to
obtain fission cross sections from the measured reaction

TABLE I. Thicknesses of théLi targets and energy parameters
the primary proton and secondary neutron beams.

. o - . , E Li E, average E
_ p p npeak
b_elow 50 MeV in Irrad|a_t|on position 2 because _of insuffi primary target thickness  in the target  average
cient neutron flux density and small cross-section values.
(MeV) (mm) (MeV) (MeV)

Therefore, in these cases the experimental setup had to be
positioned closer to the production target. On the other hand, 37 96+0.07 4 36.4 345
the neutron field in the irradiation position has to be clean 495,01

from contamination by primary or scattered protons. In ad- o' " j 22'2 22'2
dition, locations close to the 0° direction are preferable, be- e ' '

cause the production of high-energy neutrons is strongly 76.4x0.2 4 758 739
forward-peaked. The given conditions were satisfied by plac- 92-10.3 4 914 89.6
ing the experimental setup between the proton bending mag- 96.8+0.3 4 96.3 94%

net and the first neutron collimator, at a distance of about 2 m 8 95.6 93.8

from the production targedtrradiation position 1, see Fig)1 114.2+2.0 8 113.1 111.3
To facilitate simultaneous experiments at the neutron beam 135 741 0 15 134.7 132.9
line, the setup was placed outside the vacuum tube at an 148.4+0.6 15 146.4 144.6
angle of about 4° to the beam axis. 177.3+1.0 15 175.2 173.3

Thus, the TFBC-based chambers with samples of
239y, 2098j, "app 20%pp 197Ay, "\ and ®Ta were in-  he peak neutron energy averaged over the two production modes
stalled in Irradiation position 1, and the chambers With) s 94.1 MeV.
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rates. Information on the neutron spectrum at the irradiation  10°
position for the various incident neutron energies is therefore
required.

A complete set of characterization measurements is no 10"
available for the TSL neutron beam. Moreover, the intense
background radiation around the production target would
hamper the use of most instruments for neutron beam char 442
acterization. The present study therefore relies on the follow-
ing assumptions about the neutron spectrum:

(i) The neutron spectrum at the Irradiation position 1 is a 3
sum of two components. One of them originates directly 8
from the 'Li target. The other is a background arising from &
interactions of primary protons with the beam transport sys-u—s_ o'k
tem, the beam dump, the walls, and other material in theg
surroundings, with subsequent propagation and slowing-
down of secondary neutrons. Q ,

(i) The background component dominates in the low-o 10°F
energy end of the spectrum and vanishes at neutron energie®
of about 10 MeV[38]. This component could hamper cross- &
section measurements for reactions with a threshold at lowe @
energy, e.9.2%(n,f) or 2U(n,f). For subactinide nuclei,
with the fission reaction threshold of about 20 MeV or more,
the influence of the low-energy background is negligible. 10"

(iii) The energy and angular distribution of neutrons in
the first component is defined only by the double-differential
cross sectioDDX) of the ’Li(p,n) reaction. The basis of 10*
this assumption is that no significant amounts of material
were present between the neutron production target and th

e

10°

fission samples. 10° - - - - - ; - ra
Support for the last assumption is given by the fact that 0 20 40 %0 8 100 120 40 160

the neutron spectra measured at TSL agree with data fron Neutron Energy [MeV]

other sources. Figure 2 shows neutron spectra obtained in the

course of earlien-p scattering studies at TSI35,39 at 0° FIG. 2. Neutron spectra from tH&i(p,n) reaction at 0° for the

for the peak neutron energies 98, 133, and 160 Nghown  Peak energy of 98, 133, and 160 MeV. The fi!led cir(‘:Ie.s represent
by filled circleg. For comparison, neutron spectra from otherMeasurements at the TSL neutron faci[i8p,39 in Irradiation po-
facilities are shown as open symbols. The shown spectrﬁt'c_’n 2. Th_e open symbols repre_sgnt data from other fa_cmtles: the
were obtained by Byrd and Sailg40] (triangleg and by Indlan_a University Cyc_lotron Facility40,47 (s_r_lown as triangles
Stameret al. [41] (diamonds at the Indiana University Cy- 2nd diamonds, respectivlgnd the RIKEN facility[42] (shown as
clotron Facility, and by Nakaet al. [42] at the RIKEN fa- square}s_ The lines represent the neutron _spectrum calculations dis-
. . . cussed in the text. All spectra are normalized so that the area under
cility (squareypat peak neutron energies close to the ones e high-energy peak is unity.
the TSL data. For readability of Fig. 2, the spectra from Refs. '
[40-42 are shifted by a few MeV in order to match the calculations employed semiempirical systematics developed
position of the high-energy peaks. The solid curves represeri [31], which is based on a phase-space distribufi¢8]
the neutron spectrum calculations discussed further in theorresponding to the three-body breakup process
text. "Li(p,n®He)*He for description of the continuum part of
As seen in Fig. 2, the neutron spectrum consists of a highreutron spectra and an empirical correction factor taking into
energy peak and a low-energy tail. The high-energy pealaccount experimentally observed peculiarities of the high-
corresponds to théLi(p,n) reactions that leave thé8e  energy part of the continuum spectra.
nucleus in the ground state or in the first excited state at 0.43 As has been mentioned, the experimental setup in Irradia-
MeV. The low-energy tail is related to excitation of higher tion position 1 was placed at an angle of 4° with respect to
states in'Be and to break-up reactions. the primary proton beam direction. As soon as the production
The neutron spectrum calculations were performed in twaf high-energy neutrons is strongly forward-peaked, the dif-
different ways depending on the peak neutron energy. Fdierence between the neutron spectra at 0° and 4° has to be
peak energies below 45 MeV, interpolated and smoothed exaken into account.
perimental data of Byrd and Sailp40], Babaet al. [43], and A correction taking into account the decrease in high-
Schuhmacheet al. [44] were used. In cases when the mea-energy peak neutron production at 4° relative to 0° was ob-
sured spectra do not cover a sufficiently wide range of sectained by least-squares fitting to experimentally measured
ondary neutron energies, we used a constant extrapolation smgular distributions from the literatufé7-51], with subse-
lower energies, which was found to be a reasonable approxguent fitting with respect to incident proton energy. The cor-
mation, according to Noltet al. [45]. Above 45 MeV, the rection increases from 4% at 38 MeV to 24% at 177 MeV.
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For continuum neutron production, similar correctionsTFBC is based on the phenomenon of electric breakdown in
were calculated, which depend on the incident proton energg MOS structure caused by an ion passing through a thin
and the secondary neutron energy. The calculations ensilicone dioxide layer. The breakdowns are nonshorting,
ployed angular distribution data for continuum neutrons fromsince they lead to vaporization of a small part of the elec-
the7Li(p,n) reaction included in the LA150 librars2]. The trode area and leave no conducting path between the e_Iec-
latter were obtained with theNAsH code [53], which, in Frodes. '_rhe fe{:lfcu.res of. the TFBCs are lthreshold behavior,
turn, employs the Kalbach representation of the angular dis:€- the insensitivity to light charged particles, neutrons and
tribution [54]. At the 150-175 MeV region, where the v-radiation, 'real-tlme operation anc_i good timing properties,
LA150 data are not available, an extrapolation was made ofaSY Operationo high voltage required, no gases, large out-
the basis of the correction obtained at lower energies. put signals, which makes preamplifiers unnecegsaiym-

Validation of the calculations was carried out by means off@ct design, and long-term stability under heavy radiation
folding of the calculated spectra with the stand&ft) neu- conditions. The Iagt feature was of primary importance for
tron fission cross sectiof34], followed by conversion to the the present experiment, because of the severadiation
TOF scale and folding with a function that takes into accounf?@ckground in the Irradiation position 1. _
the time resolution of the measurement system. Modeled in The choice of detection system design is governed first by
this way, time distributions of*8U neutron-induced fission the low beam intensity, which necessitates the use of sand-
events were compared with experimental data obtained botich geometry, i.e., the detector has to be situated as close as

at 0° at Irradiation position 2 and at 4° at Irradiation positionP0SSible to the fission sample. The sample-detector sandwich
1 simultaneously in the same neutron beam. and its mechanical housing constitute an experimental cham-

In Fig. 3, we show the calculated relative neutron spectraP€’, Which is placed in the neutron beam. The amount of
fluence at 0° and 4° for several incident proton energies usegpaterial ina chamber along the beam_ direction is dominated
in the present experiment, and corresponding calculated ary the thickness of the TFB(®.3 mm S). Consequently, the
experimental time distributions of fission event€ifU. The ~ Probability of interaction of an incident neutron with the
spectra at 4° are the sum of the two components mentiongghamber is small, and it is possible to stack several chambers
above. The background component is described by, 1/ after each other in the neutron beam without any significant
distribution. The relative intensity of the background compo-infliénce on the beam characteristics. In this way, relative
nent was fitted to reproduce the experimental distributions ofSSION Cross sections can be measured using detectors sand-
the 228U(n, f) events obtained at Irradiation position 1. wiched with samples of different nuclides and being irradi-

As seen in Fig. 3, the experimental time distributions ofated by the same neutron beam' .
the 23%(n, f) events can be successfully reproduced by the The detection system design is further governed by a

model. This ensures adequacy of the chosen representatigl"i‘de'c’ﬁ between count rate and time resol_utlon. The latter
of the neutron spectra. can be as good as several hundreds of picoseconds for a

single TFBC of 1 crf sensitive area. However, to get suffi-
cient statistics, a larger area is required. This can only be
achieved at the price of a worsening of the time resolution,

The fission fragments were detected by thin-film break-because of the unavoidable spread in propagation time of
down countergTFBC). A detailed description of the TFBC signals originating from different parts of the sensitive area.
technique can be found [®5] and references therein; only a To achieve both good timing and sufficient count rate, mo-
brief description is given here. The operation principle of thesaic TFBC arrangements were employed.

C. Fission fragment detectors and experimental chambers
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= TABLE Il. Characteristics of the fission samples.

caver
Average sample

Chemical Deposition thickness
Target composition technique (mg/cn?)
28y 238,04 multiple smearing 0.1-1.1
209 209 vacuum evaporation 1.1-3.1
napp napp vacuum evaporation 1.1-2.4
2081, 208, vacuum evaporation 1324
WAy 97au vacuum evaporation 2.8
: nay WO, vacuum evaporation 2
.y ' TFBC 1843 1844 magnetron evaporation 0.5-1.2
N mosaic
housing 98.7% and 99.999%, correspondingly, while the other
samples contained either monoisotopic  elements
FIG. 4. The design of an experimental chamber. (zogBi,]-g?Au ’181Ta) or natural isotopic Compositions
("D "),

The design of a single experimental chamber is shown in  The thickness of the samples was determined by Ruther-
Fig. 4. The chamber consists of a mosaic arrangement dbrd backscattering spectroscopin the case of the subac-
detectors, a similar arrangement of samples, and a thin meinide targets, by directa-spectroscopyin the case of*%),
chanical housing. Each chamber contains six TFBCs with and/or by direct weighing of the sample backing before and
diameter of about 1 cm, placed symmetrically in the planeafter deposition of the material.
perpendicular to the neutron beam direction. Six samples of Since the expected fission cross sections of the studied
the same nuclide were placed face-to-face to the detectors sabactinide nuclei were a few orders of magnitude smaller
that the sensitive area of each detector received fission fraghan those of actinide nuclei, the actinide contamination of
ments emitted by the corresponding sample in the forwarghe samples was checked using the following techniques:
hemisphere. The distance between the sample and the detec-(i) Direct a-spectroscopy measurements using semicon-
tor sensitive aregnot more than 0.5 mircould be passed by ductor detectors.
fission fragments in air without any significant energy loss. (ii) a-activity measurements using low-background
Therefore, evacuation of the chamber was not necessary. Upuclear track detectorf&6].
stream and downstream of the sample-detector sandwiches, (iii) Irradiation by a 21-MeV neutron beam. Because of
the incident neutron beam passed through the entrance amige very low fission cross sections of the studied nuclei at
exit windows, respectively, which were made of 0.2-mm-this energy, virtually all detected fission events could be at-
thick aluminum foils. tributed to actinide contaminants.

The entire experimental setup consisted of six to nine In addition, an upper limit of the contamination could be
chambers described above, depending on the specific irradideduced from the TOF spectra of fission events accumulated
tion. The chambers were stacked along the neutron beaduring the irradiations. The results obtained with the listed
direction, so that each set of sample-detector sandwiches waschniques were mutually compatible. The obtained upper
exposed to virtually the same neutron fluence. Each chambéimit for the relative abundance of actinide nuclei in the sub-
was equipped either with samples of one of the studied nuactinide samples amounted to %010 depending on the
clides (?°Bi, "Pb, 2%pb, 1%Au, "W, and 8Ta) or with  studied nuclide.
the monitor sample€3%U or 2°%Bi).

All detectors have common bias voltage and a common
signal output. Typically, the mosaic arrangement provides an o ) o
output pulse height of about 1-2 V and a time resolution of A Schematic view of the electronics and the data acquisi-
about 2 ngfull width at half maximun). tion system is shown in Fig. 5. Since the S|gn<'_;1Is from the
TFBCs are largésee Sec. Il §; they could be fed into a fast
multichannel leading-edge discriminator without any preced-
ing amplification. The discrimination level could always be

The samples were prepared by deposition on circular 0.1set so that virtually all detector pulses were accepted. The
mm-thick aluminum backings of 1 charea. In all cases, the logical signals from the discriminator were summed and fed
area of the sample exceeded the sensitive area of the respéato the start input of a TDC. A pulse, phase-locked to the
tive TFBC. Therefore, the latter defined the effective area otyclotron RF, served as the stop signal for the TDC. In ad-
the sandwich. dition, the discriminated signal from each fission chamber

The employed deposition techniques, the chemical comwas recorded by a scaler, and this information was used in
position, and the thickness of the samples are listed in Tablthe analysis to separate the TOF spectra of fission events
Il. The samples of%Pb and?*3U had an isotopic purity of from the different chambers. The TOF spectra and the count-

E. Electronics and data acquisition system

D. Fission samples
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The efficiency, as defined above, accounts for the aniso-
CAMAC . . . .
CRATE K———">{ COMPUTER tropy of the fragment angular distribution in the laboratory
CONTROLLER frame, as well as for loss of fragments due to a possible
ﬁ mismatch between the area of the sample and the sensitive

area of the TFBCSyrge. Since each TFBC was exposed to a
< CAMAC HIGHWAY > calibration sample of 1 cfrarea containing®“Cf, the differ-
ﬁ ﬁ ence betwee&,;mpeand individualSregc was automatically
taken into account, and the detection efficiency for fragments

»| Start . . .
MULTICHANNEL DELAY i of neutron-induced fission can be expressed as
> PULSE LINE TDC
SCALER { Pl &(E) =k (E)e”, (2)
Cf —

MULTICHANNEL J Lo J FAST J & = Ngflagy, (3
_ PULS’SE > F,?S,ﬁ DISC;JU}}&EATOR whereng; is the count rate of fragments from spontaneous

DISCRIMINATOR fission, ags is the spontaneous fission activity of tRe&fCf

sample, and
BIAS [ X( )
VOLTAGE CYCLOTRON RF e E
X —
SUPPLY k2 (E) = acT, (4)
Sac
COUNTING cf X ) )
ROOM whereg,; and e, are the calculated absolute detection effi-
NEUTRON ciencies of the TFBC and a sample of unit area for the frag-
B e PRODUCTION ments of >>°Cf spontaneous fission and induced fission of
HALL nuclide X, respectively.
NEUTRON WHHHHHHW Combining Egs(1) and(2) gives
BEAM
MULTICHANNEL n«(E) = <P8Cf>k()9<(E) en(E)ot(E), (5
PASSIVE
SHAPER where(pe®) is the product of the valugs and " averaged
TIYVYVVEY over all sandwiches for the corresponding fission chamber.
FIG. 5. A schematic view of the electronics and the data acqui-lmegr""tIOn over the entire lnqldgnt neutron spectrum gives
sition system. the total number of detected fissions,

Emax

rate data were stored in a computer on an event-by-event Nf:<P80f>f k() n(E) oy (E)IE. (6)
basis and could be inspected on-line. 0

As discussed above, in most cases it was not possible the number of fissions induced by the high-energy peak neu-
fully separate the high-energy peak fissions from those of therons in the quasimonoenergetic spectrum can be obtained by
low-energy tail using TOF techniques. Nevertheless, TORntegration over the peak only. Since the relative efficiency
techniques were useful for rejection of intrinsic detectorand the fission cross section vary slowly with energy, they
background events, as well as of those from spontaneousan be replaced by the values corresponding to the peak en-
fission of contaminating nuclides. In addition, inspection ofergy E,, i.e., k.o=K (Ey) and otg=0¢(Eo). Thus,
the low-energy part in the TOF spectra allowed us to check o
that no significant actinide contamination was present in the Nipeak= (P& )K:0010Pno, (7)

subactinide fission samples. where®,, is the fluence of the high-energy peak neutrons.

The fraction of detected fissions due to the pekig.

[1l. DATA ANALYSIS =Nipead Nt, can be deduced from Eq®) and(7),
A. Fission cross-section ratio _ oioK0Pno
L oo I(peak_ Emax ' (8)
The r]umber of detected fIS§I0n even_ts per unit mmdgnt J k,(E)¢(E)o(E)E
energy, induced by neutrons with an arbitrary spectrum, is 0
Ni(E) = pSsampén(E)o(E)e(E), (1) ;:(;)r?wbining Eqgs(6) and(8) gives the peak fission cross sec-

whereE is the incident neutron energy,is the number of NKoeai
nuclei in the sample per unit areBy,mpeis the sample area O10= o — (9)

. ! . 0 ek oPro
(1 cn? in our casg, ¢,(E) is the spectral density of the neu- p €00

tron fluenceg(E) is the fission cross section, antE) isthe  Finally, the fission cross-section ratio measured with a pair of
detection efficiency, defined as the ratio of the number okandwich arrangemenkandY, stacked one after the other
detected fragments to the number of fissions in the samplein the neutron beam, is
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Trox) Nf(X)<p8Cf>(Y)kpeaKX)s)a(c(EO)R(ZX) gitudinal Iinear momentum transferred to fissioning nuclei,
= K v , (10 from systematics developed [26].
aroy)  Niw{pe)xoKpeaknac EdRiy) The code was verified using experimental results for

] ] ] TFBC detection efficiency for spontaneous fissioR%8€f as
whereRiis the distance betm;een the production target and thge|| as for proton- and neutron-induced fission of different
chamber. The quantitie@e“), R, andN; were obtained in  nclides[32,33. The estimated error of the calculated effi-
direct measurements for the respective chambers. The lattgfency is not more than 5% for the whole range of the pro-
quantity was corrected for intrinsic detector background orjectile energies.
the basis of the obtained TOF spectra of fission events. The The calculated absolute efficiency is plotted in Fig. 6 ver-
determination of the remaining parameters in E#§0), sus incident neutron energy for the samples of
eadE) andKyeq is discussed in Secs. Il B and 11l C, respec- 238,04, 2°%Bi, "Pb,2%%Pp, %7Au, WO, and ¥¥Ta
tively. samples employed in the present study. The values given in
the graphs represent the sample thickness, averaged over the
corresponding mosaic arrangement. As can be seen, the effi-
ciency for a given sample material and neutron energy de-

The detection efficiency of a TFBC in sandwich geometrycreases with the sample thickness, which reflects the increase
cannot be directly measured for a particle source with unin the fraction of fragments escaping detection due to the
known intensity and arbitrary angular-energy distribution,energy loss in the sample. The results for different sample
since the counting characteristificiency versus bias volt- materials show a decrease in efficiency from the heaviest
age does not have a plateau corresponding to detection of afionsidered nuclides;®U and **Bi, to the lightest,'*'Ta,
fragments that reach the sensitive area. Instead, a model cathich is mainly governed by a decrease in the average frag-
culation has to be employed, and the parameters of the mod@lent kinetic energy. A special case is the samples of tungsten
have to be determined in dedicated measurements for eadfioxide. The presence of oxygen atoms in the sample mate-
specific detectoror for a group of detectors with similar rial increases its stopping power and, therefore, diminishes
propertie$, operated at a given bias voltage. the detection efficiency. This effect is not so pronounced for

A model and a computer code for calculation of the TFBC
detection efficiency have been described in our earlier repor

B. Determination of the detection efficiency

0.1 mg/cm2

[32]. A thorough description is going to be published else- 033} —m——— | 1.1 mg/em® |
where [33]. A brief outlook of the model and the code is — /\
given below. 0.30+ 1.1 mg/em® ]

The model and the code are based on semiempirical de /\
pendences of the detection threshold voltage on specific en  0.27} . > T
ergy losses of fission fragments in Si@nd on the incident 3.1 mg/em
angle of fission fragments to the sensitive surface of the de-  0.24f| 28| (U,0,) H209B;

tector[57]. The code makes use of Monte Carlo techniques —— p—
to model the process of detection for fission fragments from& 0.33} 1.1 mg/om? [

either spontaneous or nucleon-induced fission. The mode& /\ " Au
takes into account angular anisotropy of fission and trans2 3ol

ferred longitudinal momentum that define angular distribu- W /_\
tions of fission fragments. A change in fission fragment ki- &

netic energy due to the transferred momentum is taken intcg ,
2.8 mg/cm

account, as well as the energy losses of fission fragments irg /-—\
the sample material and their dependence on the fragme 0.241| 20%pp, ™ipy, i 1
angular distribution.

0.27} 2.4 mg/em® |

e

Absolute D

The input data of the code include the following. 0.33f; i T

(i) Charge, mass, and kinetic energy distributions of fis-2 | "W (WO,) [ 0.5 mg/om® |
sion fragments, taking into account the emission of prefission '
neutrons. In the case of tf&%U(n, f) reaction, experimental 0071 I /\2 ]
data of Zoller[58] were employed. At present, data of this 1.1 mg/cm
type for neutron-induced fission of subactinide nuclei remain 0.24r 1.9 mg/em® | 1
unmeasured. Therefore, we used symmetric Gaussian-shapt T
charge and mass distributions that are typical for similar fis- 0217 /_\2 "' Ta
sioning systems formed in reactions of charged particles with 5 gl 2.1mg/cm -
subactinide nuclef59,6qQ. 40 80 120 160 40 80 120 160

(i) The total kinetic energy of fission fragments from the Incident Neutron Energy [MeV]
systematics of Violaet al. [61].

(i) Energy-range datg62] for fission fragments in FIG. 6. The calculated fission fragment detection efficiency for
sample materials and SjO the TFBC and a sample of the unit area, versus incident neutron

(iv) Energy-dependent data on fission anisotropy and lonenergy.
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T d T d T T T d T N r T T T i T r T
01p g o ; E,=173.3 MeV, 0°
o w 012 e experiment |
0.05 B |:| E 1 ;
o o 3 % \ — — — - calculation
T 5 5 [ |
% 0.01F ‘iﬁ‘ 4 é’ 0.08 - § t d
o I 2094, 238, ¢ | | 3
£ 0.005 ¢ Bi/ “°U 5 ¢
o o]
(7p) 05 1 T T T T T T T T -CE) 0.04
[} - S
9] ’ m] pd
©o 04t * L $
G o
- 03j P ) 0.00
o 55 65 75 85 95
8 02¢ . Relative Neutron TOF [ns]
T
- [5: 208Pb/ ZOQBi FIG. 8. The TOF spectrum of*®U neutron-induced fission
8 $ events induced by neutrons from the {k,in) reaction with the
> 0.1¢ ; — — — — peak neutron energy of 173.3 MeV and its decomposition. The sym-
o .
c 03¢} 4 bols represent experimental data of the present work. The dashed
= curve represents calculated TOF distribution of fission events in-
ie; + [P duced by the continuum part of the neutron spectrum. The light-
o 0.2} gray area represents fission events induced by high energy peak
o :}. neutrons. The events in the dark-gray area originate from high en-
+ ergy continuum neutrons with energy above about 60 MeV. The
+ 197 209 black area corresponds to fission events induced by "wrap-around”
+ Au/ Bi neutrons with energy lower than 60 MeV, which are produced by
01F previous proton beam micropulses.

1 4 1 4 1 4 I i I
40 80 120 160 200 o . .
1. Determination of the factor k., using TOF techniques
Proton Energy [MeV]
Distributions of?*% fission events on the relative neutron

FIG. 7. Energy dependences of #88i/°U, *Pb/*Bi,and  TOF were measured using an experimental chamber placed
*9%Au/>Bi proton-induced fission cross-section ratios. The filled ot 4 flight path of about 10 m at 0°. An exemplary distribu-
symbols represent the results of the present work. The open symion shown in Fig. 8, was obtained in irradiation by neutrons
bolg represent results extracted from a compilation of literature eXith the peak energy of 173.3 MeV. The light-gray area in
perimental dat4o]. the spectrum corresponds to fission events induced by the

high-energy peak neutrons. Thus, the sought factor is a ratio
the *U,05 samples because of their relatively small thick- between the light-gray area and the total area under the spec-
ness. trum.

The same model and code were employed in processing Fission events in the dark-gray area in Fig. 8 originate
of experimental data on proton-induced fission cross sectionBom high-energy continuum neutrons with energy above
[32], obtained at the broad proton beam facility at TBB]  about 60 MeV. The black area corresponds to fission events
with the same detector arrangement as in the present studyiduced by “wrap-around” neutrons with energy lower than
The relative(p, f) cross-section results are presented in Fig60 MeV, which are produced by previous proton beam mi-
7 together with data of other authors from a revig@}. As  cropulses. In order to estimate and subtract the last two com-
seen in Fig. 7, the data of our wofl82] agree with the ponents, the studied TOF distribution was modeled. Input
literature data within the uncertainty limits. This provides andata for the model calculations included the standard
additional check of the developed model and code for detec®3U(n, f) cross sectiofid34] and the incident neutron spectra.
tion efficiency calculations. The latter were either calculated according to the systematics
[31] or interpolated or extrapolated from the experimentally
measured spectf85,39—-44. The resulting values of the fac-

To determine the fraction of peak fission evertg,,,  tor K,eacare given in Table Il1.

C. Determination of the fraction of peak fission events

defined in Eq(8), two different methods were employed. Similar TOF spectra were obtained fdrBi fission events
(i) For the®8U(n,f) reaction, we used TOF techniques at the same flight path of about 10 m. However, the statistics
supplemented by model calculatiofsee Sec. Il C L was not sufficient for the spectrum decomposition procedure.
(i) For the other studied reactions, an iterative unfoldingThe decomposition was not possible either for the nuclides
procedure was use@dee Sec. lll C 2 lighter than Bi, because those measurements were performed
Uncertainties in determination of the facty.,care dis-  only at a short flight path. Therefore, for all subactinide nu-
cussed in Sec. Il C 3. clei, we had to skip the TOF information and to employ an
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TABLE IIl. Correction factor kpeq for the *U(n,f) and  calculated neutron spectra at 4° were used. The fagigk
29%Bi(n, f) reactions for neutron spectra at 0°. for the monitor?®Bi(n, f) reaction was calculated using the
» . parametrization of the experimental cross section obtained in
Enpeak Kpeal**V) Kpeal**%BI) the present worksee Sec. IV I In all cases, the result was
(MeV) found to be independent of the initially assumed cross sec-
tion.
345 0.55+0.02 0.98+0.02
34.5 0-43i0-0§ 0-9710-02 3. Uncertainties in the factor Keax
345 0.35+0.0 0.96+0.0 o
The uncertainties in the factdt,., amounted to 2—-3 %
46.3 0.44+0.01 0.95+0.03 peak Ny

depending on the neutron energy and the studied reaction. In

66.6 0.37+0.01 0.82+0.01 the case of thé>®U(n,f) reaction, the uncertainties reflect
73.9 0.36+0.01 0.81+0.01 statistical errors in the TOF spectra, as well as uncertainties
89.6 0.37+0.01 0.73+0.02 in the input data of the model calculations and ambiguities in
94.1 0.37+0.01 0.71+0.02 the spectrum decomposition procedure. For the other reac-
111.3 0.37+0.01 0.67+0.02 tions, the uncertainties reflect the ones in the neutron spec-
132.9 0.39+0.01 0.64+0.01 trum data, which served as input in the unfolding procedure.
144.6 0.35+0.01 0.61+0.01 Th.e studied excitation functlons of the subactmldg f|§S|on
173.3 0.42+0.01 0.63+0.01 reactions have rather similar shapes, and therefore it is pos-

sible to further suppress the contribution that comes from the
Correction factor at the position of the facility for activation stud- determination of the factor to the total uncertainty in the
ies [36,39 at about 1°. relative cross-section measurement. For this purpose, we
PCorrection factor at the irradiation position 1 at about 4°. studied sensitivity of the ratigye,(X)/ kpeak(zogBi) (whereX
denotes the studied target nuclide the neutron spectrum
iterative unfolding procedure discussed in the subsequertata used as input in the unfolding procedure. Using different
subsection. experimental[42,43 and calculatedi31] neutron spectra, we
estimated that the variation in the ratigeayX)/Kpead **Bi)
did not exceed 1% for any studied nuclide.

2. Determination of the factor ke, Using the iterative
unfolding procedure

The unfolding procedure in the present work is similar to
the one that was implemented in an analysis of neutron-
induced single-event upsets performed by Johans$aa. A. The 2°Bi(n,f) cross section
[64]. However, the present study makes use of a more ad- The 2°%Bi/
vanced description of the incident neutron spectfaee Sec.
Il B). The procedure is described below for tHBi(n,f)
reaction.

To get a first estimate of the factd,e,, we con-

IV. EXPERIMENTAL RESULTS

234 ratios measured in the present work were
converted into absolute values using the standtd(n, f)
cross section taken from the work of Carlsetral. [34]. The
209ij(n,f) cross sections obtained in our earlier studies
[21,22 have been revised using the new approach to the

structed a trial input cross  section o¢(**Bi) fiesi . >
T o3 2090 - 23 238 1 ission fragment detection efficiency and the fadtqy,, and
= o(*UN{(BI) INi(**U), whereoy(**) is the standard a6 peen taken into account in processing of the results of

U, f) cross sectioiid4], andN; denotes the fission count he present work. The results are presented in Table IV.
rate for a given nuclide, integrated over the whole corre-
sponding TOF spectrum. The trial cross section, fitted by a
smooth curve, together with the experimeri@t,39-44 or
calculated[31] neutron spectra at 0° and the relative detec-
tion efficiency, were used to calculate the factgg, for

TABLE IV. Neutron-induced fission cross section 3fBi.

Enpeak 209 (n, f)/?%U(n, ) 20%j(n, f) cross section

each beam energy employed in the study. Then, the MéY) cross-section ratio (mb)
?0Bi/**%V fission cross-section ratios were calculated ac- 345 (1.90£0.20 X 107 0.311+0.034
cordmg to Eq(10), using the factorkpezas,( Bi) ok:.)tamed.as 463 (1.05+0.10x 10°3 1714017
described _above and the_ fact_d{&ak( ) obtal_ned with . _ 0.0054+0 0005 8.42+081
TOF techniques as described in Sec. Il C 1. Finally, multi-
plication of the obtained®®Bi/#® ratios and the standard 3.9 0.0082+0.0007 126x12
233(n,f) cross sectiorf34], with subsequent smoothing of 896 0.0133+0.0012 19.2+1.9
the energy dependence, resulted in the new #®i(n, f) 94.1 0.0157+0.0014 22.4%2.2
cross section. The procedure was repeated until convergencelll.3 0.0247+0.0027 33.5£3.9
was reached. Usually, two iterations were sufficient. The cor- 132.9 0.0307+0.0027 40.5+4.1
rection in the last iteration did not exceed 0.5%. The result- 144.6 0.0335+0.0031 44.2+4.7
ing values ofkye(**Bi) are presented in Table III. 160.0 0.0415+0.0038 54.645.7
A similar procedure was employed for the studied reac- 1733 0.0417+0.0040 54.9+5.9

tions with the nuclei lighter than Bi. In this case, only the
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FIG. 9. Absolute neutron-induced fission cross sectiorfS%ei. D
The scale of the vertical axis is logarithmic and linear in the upper R i ]
and lower panels, respectively, in order to show the behavior of the 107 F = s 3
cross section in the different energy regions. - u ]
[ - ]
The uncertainties in the absolute fission cross sections i ) ]
given in Table IV include the uncertainty in the standard 10°F 131Ta/209Bi 3
38U(n,f) cross sectior{34], which amounts to 2-5 % de- F + 3

| v ) v ) ! ) ! |
60 90 120 150 180
Neutron Energy [MeV]

pending on the neutron energy. The uncertainties in the rela
tive measurements are discussed in Sec. IV B for all studiec
reactions together.
Our data on thezogBi(n,f) Cross sections are shown in 10. Neutron-induced fission cross-section ratios

Fig. 9 together with earlier data of Vorotnikat al. [14], as natpblzo'gBi 268Pb/2098i 1970 4,/29%Bi "\ /2%%Bi and 84Ta/2%%Bi

well as with recent data Of. Noliet aI_. [2(.)] and Shcherbakov versus incident energy. The results of the present study are shown as
et al. [19]. In order to avoid complicating the figure, we do filled squares. The open squares and circles show data deduced
not show data of Staplet al. [17,18, because they are Very fom the results of Shcherbakost al. [19] and Stapleset al.

w
o

close to the results of Shcherbaketal. [19]. [17,18, respectively.
As seen in Fig. 9, our data agree within the uncertainties
with the data of Shcherbakost al. [19] in the neutron en- The?%%Bi(n, f) cross section has been adopted as standard

ergy range above about 95 MeV. However, there is a systemn 1996 [34], and the corresponding parametrization is
atic deviation at lower energies. The latter data systematishown in Fig. 9 as a dashed line. However, in the recommen-
cally exceed our data in the energy range from 30 to about 98ations of the IAEA[34], it was noted that the available
MeV. The deviation is most clearly seen in the energy regiorexperimental database was not sufficient, and new experi-
below about 50 MeV. This could possibly be explained by amental results were needed in order to make a more accurate
well-known problem of nonfission background in ionization parametrization. Such new parametrization is suggested in
chambers discussed frequently in the literat(see, e.g., the present worksee Sec. IV D and shown in Fig. 9 as a
[29]). The data of Nolteet al. [20] are in good agreement solid line. A comparison of the recent parametrization with
with our data in the entire neutron-energy range of their meathe standard on¢34] shows considerable differences. The
surements. standard fit lies about 40% lower than the new one in the
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TABLE V. Relative neutron-induced fission cross sections for the nuclei lighter than Bi.
Fission cross-section ratios
Enpeak naph 2OBi 20%ph 2OBi YAu/?Bi na\y /29%B;] T2 /2B
(MeV)
34.5 0.15+0.07 0.028+0.006 <0.012
46.3 0.197+0.019 0.084+0.007 0.060+0.011 <0.0023
66.6 0.306+0.023 0.208+0.016 0.096+0.011 0.0023+0.0011 (7.2£2.8104
73.9 0.336+0.026 0.230+0.018 0.096+0.010 0.0033+0.0006 0.0016+0.0004
89.6 0.252+0.020
94.1 0.383+0.028 0.297+0.023 0.126+0.013 0.0063+0.0007 0.0028+0.0003
111.3 0.301+0.026
132.9 0.414+0.031 0.310£0.024 0.151+0.017 0.0132+0.0015 0.0059+0.0007
144.6 0.452+0.034 0.39+0.03 0.184+0.021 0.0127+0.0014 0.0066+0.0008
173.3 0.50+0.04 0.36+0.03 0.187+0.023 0.019+0.002 0.0076+0.0009

20-45 MeV energy range, and about 20% higher between 50 (iii) Calculation of relative detection efficien¢$%).
and 90 MeV. For energies above 90 MeV, the standard fit lies (iv) Variations of neutron beam intensity, sample thick-
not more than 10% higher than the new one. The mentionedess, and detection efficiency from one sandwich to another

differences, however, are within the declared uncertaintie#) @ mosaic arrangeme0.3% in most cases, 0.6% in the

for the standard parametrizatig®4].

B. Relative cross sections for the nuclei lighter than Bi

worst casg

(v) In-beam counting statistics and subtraction of back-
ground(0.5-50 % depending on neutron energy and specific
detector-sample arrangemgnt

(vi) Determination of the fraction of peak fission events

The fis_s?on cross—sec_:tion rgtios.obtained in this work forkpeak($4% for the20%Bi/ 238 ratio and=<1% for the other
the nuclei lighter than Bi are given in Table V and are showngiios see Sec. Il C)3

in Fig. 10 together with data deduced from the previously = The total uncertainties of the obtained cross-section ratios

reported results of Stapleset al. [17,1§ for

2098/ 238y, "apph 23y, and9’Au/Z™U fission cross-section
ratios and Shcherbakoet al. [19] for 2°Bi/?U and

naipp 23y,

given in Tables IV and V amount typically to 10-15 %,

depending on the studied reaction and neutron energy. At the
lowest energy points, the total uncertainties are dominated by
statistical errors and amount to 20-50 % depending on the

The following uncertainties for the relative fission crossstudied reaction.

sections were considered.

(i) Sample thickness determinati¢®-7 % depending on
specific sample arrangement

(i) Counting statistics in th&Cf calibration(1-2 % de-
pending on specific detector arrangement

A number of other possible error sources were considered.
The direct measurements of the irradiation geometry gave
uncertainty contributions of not more than 0.1%. The influ-
ence on the results caused by protand/or H atom) con-
tamination in the neutron field was estimated using(fhe)

TABLE VI. Absolute neutron-induced fission cross sections.

Fission cross section

Enpeak napp 208y 1970 nay 184

(MeV) (mb) (mb) (mb) (mb) (mb)

345 0.047+0.021 0.0087+0.0021 <0.0038

46.3 0.336+0.044 0.143+0.018 0.103+0.019 <0.004

66.6 2.58+0.30 1.75%£0.21 0.81+0.12 0.020+0.010 0.0061+0.0024
73.9 4.24+0.47 2.90+0.33 1.20+0.17 0.041+0.008 0.020+0.005
89.6 4.8+0.5

94.1 8.6x£1.0 6.6+£0.8 2.81+£0.39 0.141+0.020 0.063+£0.009
111.3 10.1+£1.3

132.9 16.8+1.7 12.6+1.3 6.1+0.9 0.53+0.08 0.24x0.04
144.6 20.0+2.3 17.3+2.0 8.1+1.2 0.56+0.08 0.29+0.05
173.3 27.5+3.7 19.9+2.7 10.3£1.6 1.04£0.15 0.42+0.07
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systematicg9] and was found to be negligible. The attenu- g - r—rr—r-r I 3 3
ation of the neutron beam along the stack of the experimenta 10" F i
chambers in Irradiation position 1 was measured directly r .
with a pair of chambers with°Bi samples placed upstream 10" | :
and downstream of the other chambers in the stack, and n r =
significant effect was found. No correction was necessary for 45 | nat &
neutron-induced and spontaneous fission of contaminating r Pbi
heavier nuclides in the subactinide samples. The calibration: E 3
with a 2°Cf sample were performed before and after each L L
experimental period, in order to reveal possible changes ir 10" [ .
the detector efficiency and sensitive area. In addition, pos- o F 3
sible drifts of the detector parameters during the beam expo 10 E X 3
sure were checked by monitoring the respective count-rate 1g* | .
ratios. In all cases, no effect was found outside the statistica N 208Pb E
uncertainties. 10°F E
In many cases, the presented data were determined wit g ——¥71—
samples of different thicknesses and obtained during differ-é 10k 3
ent experimental periods. In all cases, the results agreer E 3
within the uncertainties, and therefore the respective© ,E
weighted average values were adopted as final. B0 L
The presented upper limits of the cross sections were ob$ , 3
tained using the prescriptions of Schmiet al. [65] for w10
analysis of data with small counting statistics. g -
O
C. Absolute cross sections for the nuclei lighter than Bi 8 10° __
The relative fission cross sections for the nuclei Iighter'g ¥
than Bi were converted into absolute ones using the reviseqy 10" F
set of the experimentaPBi(n, f) cross-section data given in 10° C
Table IV. The resulted absolute cross sections are given ir
Table VI and shown in Fig. 11 together with our earlier data  10® F :
for 20%b [21,22, as well as with earlier data of Reat al. F
for 1%Au and "@Pb [12], Dzhelepovet al. for "W [13], F 3
Vorotnikov et al. [14], Shcherbakoet al. [19], and Nolteet a0 I
al. [20] for "Pb, Vorotnikov[15], and Staplest al.[17,18 107 F 3
for ’Au. The given uncertainties of our results include - ]
those of the new data set for tABi(n, f) cross sectiorisee 102 F 181 I3
Table IV). The absolute data of Staples al. shown in Fig. F Tal3
11 were deduced by multiplying thé>’Au/ZU ratios L0 :
[17,18 with the standard®U(n, ) cross sectiori34]. 7
0 30 60 90 120 150 180

D. Cross-section parametrizations Neutron Energy [MeV]

Parametrizations of the absoluge, f) cross sections of ) o )
subactinide nuclei suggested in the present work are base FIG. 11. Absolute neutron-induced fission cross sections of

20 197, 181
on our data presented in Tables IV and VI, together with the F 2 b, ’Au, "W, and **'Ta. The results of the present

data of Nolteet al. [20] for 2098i and "@Ph. The following study are shown as filled squares. Crosses represent our earlier data

universal parametrization of the cross sectigrversus neu- for 8':,’5 [21,22. Filled triangles represent recent data of Nate
. ) al. for "@Ppb[20]. Open squares, circles, and triangles represent data
tron energyk, is suggested:

of Shcherbakoet al. [19], Stapleset al.[17,18, and Vorotnikovet
o¢(E,) = Pyexd - (P,/E,) ™3], (11) al. [14,19, respectively. Rgsults of Rest al. (12] and Dzhelepov
et al. [13] are shown as diamonds, with horizontal error bars that
where Py, P,, and P; are fitting parameters that depend on represent the energy spread of the neutron beam. The lines represent
the target nuclide. The values of the parameters, obtained kyarametrizations of the present waiee the text
the least-squares method, are given in Table VII. The param;,

etrizations are shown as solid lines in Figs. 9 and 11. °Phin,f) reaction has been studied by our group earlier
[21,22, and those results, shown as crosses in Fig. 11, are in
V. DISCUSSION reasonable agreement with the present ones. The only exclu-

sion is the datum at 45 MeV, which is believed to be errone-
The first published measurement results are presented fous in our early study, due to a poor signal-to-background
the "Pb, %Au, "W, and '8Ta(n,f) cross sections. The ratio in that particular measurement. The present results are
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TABLE VII. Parameters of thén, ) cross-section parametriza- "3pp [19] obtained at the “white” neutron source at the
tions in Eq.(11). GNEIS facility in Gatchina. Their data are similar to the data
of Stapleset al. at neutron energies above about 45 MeV,

Energy region although at lower energies they are somewhat closer to our
Target P, P, Ps ¥2lv  of applicability results. The disagreement with our data amounts to a factor
nuclide (mb)  (MeV) (MeV) of about 3 at about 35 MeV.
Early measurements by Reet al. [12] for "Pb and

*Bi 1092 1315 132 133 30-180 197Au and by Dzhelepoet al. [13] for "W were made using

napp 70.4 1719 127 053 30-180 neutrons from the Qul,n) reaction with a broad spectrum,

208pp 454 1503 1.47 064 30-180 as indicated by the horizontal error bars in Fig. 11. The re-

W7y 35.0 207.2 1.18 0.09 45-180 sults agree qualitatively with the more recent and precise

My 61 2025 117 047 60-180 data. o .

18% e data presented in Fig. 11 allow some conclusions on
Ta 129 1860 161 0.32 60-180 The data presented in Fig. 11 all !

common features of subactinide neutron fission cross sec-

tions. The cross section increases with neutron energy and

obtained with better counting statistics and more sophistiWVith the atomic number of the target nucleus. The slope of

cated data processing techniques. the_cross section versus energy is steepest in thg near-parner
Earlier measurements fdf’Au and "Pb in the energy '€9i0N (20-25 MeV), and bgqor_ne_s flatter W|th'|ncreasmg

region 18-23 MeV were performed by Vorotnikp¥s] and ~ ENEray- The ;Iope ata spe_cmc mmden; energy is steeper for

Vorotnikov and Larionoy14], respectively, using €-T neu- lighter nuc_lel_. The properties summarized abgsee also

tron source and solid-state nuclear track detectors. Their rd24]) are similar to those of thép, f) data(see, e.g.[9]).

sults for"®Pb are compatible with the present data, while the

results for'®’Au seem to be too high. VI. CONCLUSIONS

A measurement fof*Pb and*%Au was performed by Experimental(n, f) cross sections for subactinide nuclei
Stap_lesefc al.[17,18 using a parallel-plate ionization ch_am' in the intermediate energy region have been measured. Most
ber irradiated by neutrons from the LANSCE facility with @ f the data are obtained for the first time. Progress in data
“white” spectrum. Only preliminary data are available. The rocessing has been achieved due to good control of the
data for'*’Au are in reasonable agreement with the presenincident neutron spectrum and the detection efficiency cor-
ones, while the data fé#Pb lie systematically higher. Inthe rections, In most cases, the results are compatible with

energy range below about 50 MeV, the data of Staptesl.  scarcely available earlier data, but a large discrepancy is ob-

for "@Pb are distinctly larger. The disagreement increasegearyed with respect to the recent data of Staptes. [17,18
with decreasing incident energy and amounts to about ong, 4 shcherbakogt al. [19] for the 2°%Bi(n, f) and"*Ph(n, f)
order of magnitude at 35 MeV. Furthermore, tH®b/*Bi (o< sections at energies below 50 VeV, ’

ratios deduced from the data of Stapkdsal. (see Fig. 10
show an unexpected energy dependence. As the neutron en-
ergy decreases to below 50 MeV, the smooth decrease of the
ratio turns into a sharp rise, which is difficult to understand, The authors are thankful to the staff of The Svedberg
having in mind that the fission barrier for lead isotopes isLaboratory where the experimental part of the study was
higher than that for bismutf66]. This leads to the sugges- performed. The samples were partly provided and/or charac-
tion that some background contribution may not have beeterized by Dr. S.M. Soloviev, Dr. Yu.G. Pokrovskiy, and Dr.
fully taken into account in the LANSCE measurements. AA.V. Gromov at V.G. Khlopin Radium Institute. The present
similar feature is seen in the dataset of Shcherbata@l.for ~ work was supported in part by ISTC.
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