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Total cross sections for proton induced fission of "*Pb, 2*Bi, 232Th, 233U, 2¥U, 2*U, 2*’Np, and 2**Pu nuclei
were measured in the range 200-1000 MeV with an energy step of 100 MeV. The experiment was carried out
at 1 GeV in a PNPI synchrocyclotron. Complementary fragments of the binary fission from a thin target were
detected in coincidence by two parallel plate avalanche counters (PPAC) located close to the target. An assembly
of the two PPACs and with the target in between them was placed directly into the beam, which provided a large
solid angle acceptance. The beam monitoring system employed a scintillation counter telescope that was used
for direct proton counting as well as for registration of the elastic pp-scattering events from the auxiliary (CH,),
target. The measured energy dependence of the total fission cross sections is presented. The results are compared
with other available experimental data as well as with calculations in the frame of the cascade-evaporation model.
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I. INTRODUCTION

The need for data on the fission of heavy nuclei has existed
for a long time and is still topical. The interest in the data
stems from both fundamental and applied applications of
nuclear physics. However, despite considerable experimental
and theoretical efforts aimed at the understanding of the
fission process, many details of the proces’s mechanism are
still unclear. One should note that after many years since the
discovery of binary fission there exists no theory adequate to
describe the characteristics of the fission process for a broad
range of fissioning nuclei within a wide range of projectile
energy. Measurement of the energy dependence of total fission
cross sections for heavy nuclei would give new insights into
both the fission process and the mechanism of the nucleon
interaction with the nucleus. In addition, it could provide
information on the properties of highly excited nuclei, such
as the temperature dependence of the level density and of the
fission barriers.

The most important applied problems are energy production
techniques based on accelerator driven systems, nuclear waste
transmutation technologies, and radiation shield designs for
accelerators and cosmic devices [1]. All these problems require
the total fission cross sections to be known with high accuracy
and reliability in a wide proton energy range.

At low proton energies (from the threshold to ~150 MeV)
a considerable amount of experimental data demonstrates
unambiguously the sharp rise of the fission cross sections for
actinide nuclei up to the maximum at several tens of MeV,
followed by a decrease. However, for higher proton energies
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the data are quite fragmentary and contradictory; for 2>Pu and
233U nuclei data are practically absent. As for the pre-actinide
nuclei "*Pb and 2*Bi, in the energy range in question data are
very scarce and are absent in the range from 600 to 1000 MeV.

Measurement of total fission cross sections is not simple.
The main difficulty here is to reliably detect the fission
process against the background of other nuclear reactions
that accompany the fission. The majority of the available
data on fission cross sections was obtained in experiments
that employed various methods of detection of the fission
fragments. In most of experiments the threshold technique
was used to detect only one of the fission fragments, which
did not allow reliable detection of the fission process from
other nuclear reactions. For this reason the available data
for energies >200 MeV vary considerably, differing from
each other far beyond the errors presented, and do not allow
unambiguous estimation of the energy dependence of fission
cross sections [2,3]. The reliable and accurate measurement of
fission cross sections is possible only with up-to-date high
aperture electronic techniques, providing detection of both
fission fragments in coincidence as well as measurement of
their kinetic energies [4]. Only such methods with amplitude
analysis of the detection signal can provide a reliable selection
of the fission events and minimize possible measurement
errors. In the present experiment method of detection of
two fission fragments in coincidence by two parallel plate
avalanche counters (PPAC) was used. Insensitivity of the PPAC
to light charged particles allowed us to locate the assembly
with the two PPACs with the target in between them directly
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into the proton beam, which provided a large solid angle for
the fragment detection. A special monitoring procedure was
used based on direct proton counting by a telescope of thin
scintillation counters. The method used allowed us to measure
the total proton induced fission cross sections for "Pb, 20985,
232Th, 233U, 25U, 28U, 2 Np, and 2*°Pu nuclei in the energy
range of 200 to 1000 MeV with an energy step of 100 MeV at
a rather low proton beam intensity of 10° to 107 s~!.

II. EXPERIMENT

The experiment was performed at 1 GeV in the syn-
chrocyclotron at the Petersburg Nuclear Physics Institute.
Thin targets of the mentioned isotopes were irradiated by
protons and the binary fission fragments were detected in
coincidence by the two PPACs. The proton flux at the target
was measured by direct counting of protons with a scintillation
counter telescope, as well as with the help of a secondary
monitor, and by counting the elastic pp-scattering events from
a polyethylene target. Knowing the number of binary fission
events, the number of protons that passed through the target,
the solid angle for the fragment detection, and the number of
nuclei in the target, one can obtain the total cross section by

27'L'Yf
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where Y is the number of the fission events, N, is the number
of protons, Q4 is the solid angle of the detection (steradian),
and T is the target thickness (atoms/cm?).

A. Proton beams

Because the external proton beam of the PNPI synchrocy-
clotron has a fixed energy of 1 GeV, to obtain proton beams
with energies in the range of 900 to 200 MeV a method of
decreasing energy by beam absorption in a copper degrader
was applied [5]. The absorption processes in the degrader
were first analyzed with a GEANT-3 simulation code [6]. The
calculations showed that even at the proton energy of 200 MeV
one could obtain a beam intensity at the degrader outlet of up
to4 - 107 s~!, which was sufficient for the experiment planned.

The system of beam transport from the degrader outlet to
the fragment detection chamber was designed on the basis of
beam optics calculations and is shown in Fig. 1. The system
comprised two quadrupole doublets (ML1, ML2), a bending
magnet (BM), and collimators C1-C3. The collimators CI
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FIG. 1. System of beam transport. D, copper degrader; BM,
bending magnet; C1, C2, C3, A collimators; ML1, ML2, quadrupole
doublets.
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and C2, located after the degrader (D), served to narrow the
secondary beam dimensions and angular divergency before
the magneto-optical system. After the first doublet, ML1,
the proton beam was rotated by 18° with the BM and then
went through the C3 collimator, which was 3 m in length
and 100 mm in diameter, located in the shielding wall. The
second doublet, ML2, was placed just before the experimental
setup and served to focus the beam onto the target. In fact
the system for beam transport and formation was a kind of
magnetic spectrometer with a high resolution of Ap/p =
0.008 (FWHM). The beam characteristics were determined
from a series of measurements and agreed with the Monte-
Carlo calculations [5]. The intensity measurements showed
that even for 200-MeV protons one could achieve an intensity
of 107 s™! at the 2x2 cm? area, which was quite enough for
the experiment.

Proton energy was measured by the time-of-flight (TOF)
method. Proton energy after the degrader was found to
have normal distribution; its relative width (FWHM/E) was
maximal at beam energies of 200 and 300 MeV and did not
exceed 7%. The TOF spectra analysis showed that the 7+
mesons were practically absent.

The beam diameter at the target chamber location for all
proton energies did not exceed 40 mm. The beam profile
was measured by a thin scintillation counter that scanned the
beam in two orthogonal directions. The beam divergency was
determined by measuring the beam profile at the chamber’s
inlet, outlet, and center, at each proton energy variation. The
beam intensity distribution at the target was a bidimensional
normal distribution with the FWHM not larger than ~
18 mm.

B. Layout of the device used for fission event detection

One particular characteristic of fission fragment detection
is connected with high specific energy losses of the fragments.
This means that the target must be thin enough, which makes
the experiment rather time consuming, especially for pre-
actinide nuclei and for measurements in a distant geometry,
when fission fragment detectors are located beyond the beam
of the projectiles. Therefore, it is quite reasonable to employ
the large solid-angle technique for fragment detection, which
allows one to locate the detectors together with the target
directly into the beam. Among such methods one could
mention a nuclear emulsion method, a radiochemical method,
and a “sandwich” method, in which solid-state detectors and
thin film breakdown counters are used [7]. The majority of
these methods do not provide, however, a sufficient number of
selection criteria to reliably isolate the fission events from the
bulk of background events, induced by the projectiles in the
target and in the detector material. In the present experiment
gas PPACs were used as fragment detectors because they
have high efficiency for fragment detection and good time
characteristics (better than 300-ps time resolution for fission
fragments). The latter property, together with their insensitivity
to neutrons, photons, and light charged particles with minimal
energy loss in the matter, makes PPACs an extremely favorable
tool for accelerator experiments because they can be placed in
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FIG. 2. Schematic drawing of the method of fission fragment
registration. 1, target; 2, backing; 3, target support; 4, PPAC; HV,
high voltage; FP, fast amplifier; D, discriminator; AND, coincidence
unit; CDC, charge-to-digital converter.

the direct proton beam, which provides the large solid angle
necessary for fragment registration [8].

In the present experiment the fission fragment detector
comprised an assembly of two identical PPACs with the target
to be studied located between the two PPACs in Fig. 2. The
working gap between the PPAC electrodes was 1 mm. The
electrodes were made of 2-yum-thick aluminized Mylar and
were 84 mm in diameter. To eliminate edge effects, a collimator
of 80 mm in diameter was placed just before each PPAC.
Heptane vapor at 610 Torr was used as the working gas.

The PPAC pulse amplitude is determined by both the
specific energy losses of the detected particles in heptane and
the gas amplification value. The latter depends on the voltage
value between the anode and the cathode; therefore, detection
efficiency can be controlled by voltage choice. The dependence
of fragment detection efficiency on the voltage was previously
measured for each PPAC using the source of spontaneously
fissioning 2>>Cf isotope.

The counting rate for one of the PPACs is shown in
Fig. 3 as a function of the cathode voltage. Two plateaus
are clearly seen. The first one, above 450 V, corresponds to
the full-scale efficiency (100%) for fission fragment detection.
The second one, which begins at 615 V, corresponds to the
full-scale detection efficiency for both fission fragments and
o particles. Such a characteristic allows one to introduce a
threshold selection criterion that is especially important when
detecting the fission fragments from the nuclei with high levels
of « activity, such as 23U, 2’Np, and 2*°Pu.

Nevertheless, it is not sufficient to employ only the
threshold selection criterion when using the PPACs directly
in the proton beam. In fact, the amplitude spectrum of the
detected particles contains, together with the fission fragments,
a considerable contribution of low-amplitude background
events. These events are caused by various proton induced
nuclear reactions in the matter along the beam line. Such a low-
energy component is strongly suppressed after a coincidence
criterion is switched on. In the real experiment its contribution
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FIG. 3. Registration efficiency of the PPAC for fission fragments
of 252Cf versus the anode-cathode potential.

did not exceed 2-3%. Moreover, the analysis of amplitude
correlations of the coinciding fragments allowed us to exclude
all background events almost thoroughly. This is clearly seen
in Fig. 4, where the bidimensional amplitude distribution of
the coinciding events is shown for the 233U target and 1-GeV
proton beam. The distribution over the sum of the amplitudes
is also shown.

Thus, in our experiment we used three criteria to select the
binary fission events: threshold criterion, coincidences, and the
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FIG. 4. (a) Amplitude scatter plot of fission events for the uranium
target. (b) Distribution over the sum of the amplitudes.
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FIG. 5. Experimental setup. 1, chamber filled by heptane; 2,
entrance window; 3, PPACs; 4, target; S1, S2, S3, S4, S5, and S6
scintillation counters.

criterion of the total kinetic energy of the detected coincident
particles (the amplitude correlations).

The PPAC is so thin that it does not harm practically the
beam characteristics when located in the beam. For this reason
several assemblies with various targets could be readily placed
in the beam. This allowed us to diminish considerably the
measurement time. In the real experiment up to six assemblies
were used at a time. To exclude thoroughly the possibility of
registration of the particles coming from neighboring «-active
targets, all assemblies were separated by 20-um Mylar films.
The layout of the setup including the reaction chamber with
the fission event detectors and the proton monitoring system
is shown in Fig. 5. The scheme of the electronics is shown in
Fig. 6.

The main part of the setup is a hermetic chamber with
six detector assemblies. Each assembly comprises the two
PPACs and a target placed in between them. After it was
vacuum pumped out, the chamber was filled with n-heptane
vapor. Before entering the reaction chamber the proton beam
passed three scintillation counters (S1&S2&S3), combined
via the coincidence scheme, and direct proton counting was
performed. The scintillators of the S1 and S2 counters were
80 mm in diameter, whereas the S3 scintillator, placed just
in front of the reaction chamber, was 40 mm in diameter,
which provided the total overlap of the proton beam. The
proton beam then entered the reaction chamber through
80-pm-thick Capton windows. Just downstream of the reaction
chamber the polyethylene target (CH;), was placed. The
protons elastically scattered from this target were detected by
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a two-arm scintillation telescope (S4&S5&S6), which served
as a secondary beam monitor.

The signals from each PPAC were amplified by fast
preamplifiers (FP) and then sent on to the inlet of pulse shapers
(D). The analog signals from the linear outlets (A) of the pulse
shapers after additional amplification (FA) and corresponding
delay were then sent on to the inlet channels of the charge-code
converter (CDC). At the same time, logical signals (L) from
the shapers corresponding to each PPAC assembly entered
in pairs the corresponding coincidence units “AND.” Signals
from each coincidence unit entered the input register, which
fixed the number of the assembly fired, as well as the “OR”
unit, whose outlet signal started the gate generator. The latter
produced a signal to launch the CDC as well as a stop signal for
the time-to-digit converter (TDC), which served to measure the
time distribution of the fission events with respect to the start
signal, corresponding to the beginning of the proton beam
extraction. The event registration system was started by a
pulse from the gate generator, coming at the input register,
which, in turn, produced the “look at me” (LAM) signal.
The LAM signal caused the data processing code to read
out the amplitude PPAC signals (from the CDC), the number of
the assembly fired (input register), the time of event with
respect to the start moment of the proton beam extraction
(TDC), and the information from all the scalers, which detected
the number of protons (S1&S2&S3), the number of the elastic
pp-scattering events (S4&S5&S6), and the counting loads of
all the PPACs and scintillation counters.

C. Proton beam monitoring

Direct counting of the incident protons with a scintillation
counter telescope was used for beam monitoring. This method
provides good monitoring accuracy only for low-intensity
beams, up to ~10° s~!, because of the beam time structure.
This structure is determined by the extraction system of the
1-GeV proton beam and represents a sequence of macropulses
with a frequency of ~45-50 Hz and a duration of ~8—10us.
Each macropulse, in turn, comprises microbunches of ~10 ns
in duration going with the period of ~74 ns. For such a short
microbunch it is not possible to detect more than one proton
in a microbunch. It is clear that the reliability of monitoring
is connected with the probability of the appearance of more
than one proton in a microbunch, which depends strongly
on the proton beam intensity. It can be shown [9] that for
intensity <10° s~! such a probability does not exceed 1.1%.
This value determines, in fact, the correction value for the
intensity, measured by the beam monitor. Experimentally the
correction for the false counts, caused by the appearance
of more than one proton in a microbunch, was measured
by counting the delayed coincidences, i.e., the number of
monitor counts caused by coincidences of protons from the
two neighboring microbunches. It was found that direct proton
counting is a good monitoring method (with a false count
correction <3%) only for beam intensities not higher than
3-10° s~!' [9]. To obtain the efficiency of the proton detection
by the telescope (S1&S2&S3) we registered the coincidence
of the fission event in one of the targets with the proton
signal from the telescope, corresponding to the proton that
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FIG. 6. Electronic scheme.

caused the fission. Taking into account almost 100% efficiency
of the fission fragment detection by the PPAC, the efficiency
of the telescope was determined by the ratio of the number of
fission events accompanied by the telescope signal to the total
number of fission events. The measured correction value for
the telescope efficiency did not exceed 5%—7%.

The data taking rate for the uranium target of 179ug/cm?
at a proton beam intensity of 10°> s~! amounted to ~10 events
per minute. Such a rate allowed us to provide the necessary
statistical accuracy for the actinide nuclei within a reasonable
amount of time. However, for pre-actinide bismuth and lead
nuclei with fissility about an order of magnitude lower, one
needs much higher intensity. For this reason the measurements

were performed at two intensity values of the proton beam:
~10° s~ and 10°~107 s~!. In the latter high-intensity case the
beam monitoring was done by two methods: (i) by detection of
the fission events from the calibration target of *®U, residing
in the reaction chamber, and (ii) by detecting the events of
the pp-scattering on the auxiliary (CH,), target with the two-
arm scintillation telescope (S4&S5&S6). Both methods were
previously calibrated at low intensity (<2 - 10° s~!) with the
direct monitoring telescope (S1&S2&S3). The comparison of
both methods at high intensity showed the agreement of the
results within ~3% at all energies from 200 to 1000 MeV. The
calibration procedure for secondary monitoring is described in
detail in Ref. [9].
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D. Targets

The target to be investigated was a thin layer of material
laid by vacuum evaporation on a thin (50 mm in diameter)
backing foil made of alumina (Al,O3). The target diameter
was 40 mm. Fluorides and oxides of the isotopes were used to
prepare actinide targets. The lead target contained the natural
mixture of isotopes. The thickness of actinide targets, their
composition, and the uniformity of the evaporated layer were
determined by measuring the « activity and the energy spectra
of the o particles, the «-particle detection being performed
with the PPAC and the surface-barrier Si(Au) detector. The
energy resolution of the spectrometric channel amounted to
~50 keV, which allowed us to determine reliably the isotope
contents of the target. The uniformity of the target thickness
was determined by measuring the « activity at several points
on the target, fixed by collimators, and turned out to be not
worse than 96%.

For the lead and bismuth targets the thickness of the
backings and targets was determined by measuring energy
losses of o particles when passing through the target; the
range-energy tables of Refs. [10,11] were used. As for
the target composition, the maximum admixture value for
the actinide targets (except >*Pu) did not exceed 0.01%.
For the *Pu target the main admixture was the spontaneously
fissioning 2**Pu isotope, whose admixture amounted to ~4%.
The characteristics of the targets and backings are presented
in Table I.

III. RESULTS

Using the methods of detection of binary fission events
and beam monitoring described in the previous sections,
we measured the fission cross sections for each target at
nine proton energies. At each energy the measurement was
performed for two intensity levels of the proton beam, low
(~10° s7") and high (~10%-107 s~1).

At low intensity the beam profile at the target was measured
and normalization of the secondary beam monitors [i.e., fission
event counting from the calibration 23%U target and elastic
pp-scattering event registration from the (CH,), target] upon
the fixed number of protons passed through the chamber was
performed. The measurement time period was determined by
the number of detected fission events from the calibration 233U

TABLE I. Target characteristics.

Target Thickness Nonhomogeneity ~ Backing thickness
(ngfem?) (%) (ngfem?)
"pPh 465+ 19 <1.2 69 +2
209B4 228 +13 <4 47+4
22Th 93+3 <l.5 82+2
22Th 72+3 <15 80+£2
3y 77+4 <1.7 7242
By 110+6 <3.7 60+4
=y 179+6 <1.7 85+2
ZTNp 144+6 <1.5 94 +4
Z9py 106 £ 6 <15 75+4
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target, which provided the statistical accuracy of <2%. At the
same time the number of pp-scattering events was not less than
3-10*. Then at high intensity the data taking run was carried
out to obtain the resulting statistical accuracy of not worse than
1%—2% for each target.

The cross section calculation procedure comprised the
following steps.

(i) Background subtraction after analysis of the bidimen-
sional amplitude distribution of the detected events.
The number of background events amounted to 2%—
3% of the total number of the detected events.

(i) Determination of the solid angle for fission event
detection for each assembly. The calculation was
carried out using a Monte-Carlo simulation that
took into account the following: the proton beam
profile at the target, the detection geometry for
the fission fragments and their mass and energy
distributions, and the anisotropy of fragment an-
gular distribution in the laboratory system due to
the longitudinal momentum component of the fis-
sioning nucleus. The mass and energy distribu-
tions were taken from the experimental data for
uranium and bismuth nuclei at proton energies of
156 MeV [12] and 1 GeV [13]. The distribution
in the longitudinal component of the momentum
transfer was obtained from experimental angular cor-
relations for uranium and bismuth nuclei at energies
of 156 MeV [14,15] and 1 GeV [16], as well as for
232Th nuclei in the energy range 140—-1000 MeV [17].
The statistical accuracy of the solid angle calculations
amounted to 0.1%.

(iii) Estimation of the undetectable portion of the fission
events, caused by the energy loss of the fission
fragment in the target and its backing and in the
PPAC electrodes. The energy losses were calculated
for the whole spectrum of coinciding fission frag-
ments, which was obtained using the Monte-Carlo
calculations with the help of the SRIM code [10]. The
undetectable part of the events depended on the target
nucleus and thickness and amounted to 3%—8%.

(iv) Determination of the integral proton flux through the
target, with the account of the scintillation telescope
efficiency and the probability of the appearance of
more than one proton in a microbunch at low in-
tensity. Determination of the normalizing coefficients
to calculate the proton flux at high intensity via the
counting rate of the pp-scattering monitor and the
fission counting rate from the calibration target.

The measured fission cross sections for 2°Pu, 237Np,
233.235.238)y 232, 209Bj, and "'Pb nuclei are shown in Table II.
For most of the nuclei the data presented are the average of the
results of several measurements, the errors being determined
mainly by the monitoring errors and the uncertainty in the
target thickness. The energy dependence of the fission cross
sections obtained in the present experiment for the mentioned
nuclei is shown in Figs. 7-14.

The results of the previous experiments, compiled in Refs.
[2,3], are also given. In Figs. 7—14 the data from compilations
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TABLE 1II. Fission cross sections (mbarn).

Energy 239Pu 237Np 238U 235U
(MeV)
207 1260+126  1187+81 1352468 1464 £83
302 1339+ 134 1438+98 147068 1562 +94
404 1585+ 158 1624+£88 1527+104 1626 + 138
505 1613+161 160798 1491478 1592 +102
612 1628+ 163  1647+£100 1499+72 1610+ 124
702 1700170 1674+£102 1518+76 1620+ 131
802 1672+167 1629+88 1503 63 1571 £90
899 1688+ 168 1673+ 114 1490+ 63 1592 +96
1000 1592 +£159 1568+96 1489+64 1591 +113
EIlCI‘gy 233U 232Th 209Bi (nal)Pb
(MeV)
207 1625+162 1144+£90 136 =13 60.5+3.5
302 1651£115 1200+91 178 £ 17 84+4.5
404 1767+ 124 1236+91 207 £21 110+6
505 1818+123 1239+61 227423 118.5+6
612 1763 £123 1268 £80 233+£23 127+6.5
702 1798 £ 126  1285+81 235423 132.5+9.5
802 1778 £124 1247 +54 229423 131 +8.5
899 1779 +£122 1252 £58 239+24 133.5+7.5
1000 1745+£122  1245+£85 235423 129+8.5

[2,3] were supplemented by the data on the fission of 2>’Np,
2352381, 232Th, and > Bi nuclei induced by 1000-MeV protons
[18].

In Ref. [2], a parametrization of all the world fission cross
section data was proposed after the critical analysis and data
selection for the actinide and pre-actinide nuclei for proton
energies up to 10-30 GeV. The results of this cross section
estimation based on all the world experimental data are also
shown in Figs. 7-14 by dashed lines.

As seen from Figs. 7-12 the energy dependence of the
fission cross sections for all actinide nuclei is characterized
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FIG. 7. Energy dependence of fission cross sections for 2**Pu.
Solid circles, our data; open circles, data of previous experiments;
dashed line, parametrization from Ref. [2]; solid line, the results of
calculations in the framework of the cascade-evaporation model.
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FIG. 8. Energy dependence of fission cross sections for 2*’Np.
Solid circles, our data; open circles, data from Refs. [2,3]; dashed line,
a parametrization from Ref. [2]; solid line, theoretical calculation.

by common regularities, demonstrating the rise of the cross
sections in the energy range 200 to 400 MeV with a subsequent
plateau up to 1000 MeV. Such behavior is not consistent with
estimations of Ref. [2] (dashed lines), which predict smooth
decreases of the cross sections with energy in the range 200—
1000 MeV.

Only for 237Np, 28y, 235U, and 2Th nuclei one can
compare our results with the data of previous experiments,
because for 2*Pu (Fig. 7) and ?**U (Fig. 11) the data in the
range 200—-1000 MeV are absent.

For the 2’ Np target our data (Fig. 8) are in a good agreement
with the results of previous experiments in the range 300—
1000 MeV, though at 200 MeV our cross section value lies
somewhat lower.

For 23U, 2% U, and 2*2Th (Figs.9, 10, and 12) the situation is
different. For 23U and 2**U the agreement is satisfactory only
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FIG. 9. Energy dependence of the fission cross sections for 2**U.
Solid circles, our data; open circles, data from Refs. [2,3]; dashed line,
a parametrization from Ref. [2]; solid line, theoretical calculation.
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FIG. 10. Energy dependence of fission cross sections for 2*U.
Solid circles, our data; open circles, data from Refs. [2,3]; dashed line,
a parametrization from Ref. [2]; solid line, theoretical calculation.

at 200 MeV, while for higher energies there is only occasional
agreement with some of the experiments. The exception is the
data for the 238U nucleus, where our data at 1000 MeV are in a
good agreement with the data of Refs. [19-21] as well as with
the experimental data [22] obtained in the inverse kinematics
in the reaction 2*U(14 GeV)+p.

As for the 232Th target, our data demonstrate the approx-
imate constancy of the cross sections for energies above
300 MeV, in agreement with the data of Ref. [17], where the
fission fragments were detected in coincidence in the distant
geometry which allowed accurate measurement of the angular
correlations of the fragments. At the same time the majority of
the previous data give much lower values for the fission cross
sections in the energy range 100-700 MeV. One should note,
however, that these data were obtained with the detection of a
single fission fragment.

Our experimental results for actinide nuclei together with
the previously available data at low energies (below 200—
300 MeV) form a certain picture of the energy behavior of
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Proton energy (MeV)

FIG. 11. Energy dependence of fission cross sections for 233U.
Solid circles, our data; open circles, data from Refs. [2,3]; dashed line,
a parametrization from Ref. [2]; solid line, theoretical calculation.
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FIG. 12. Energy dependence of fission cross sections for 2*2Th.
Solid circles, our data; open circles, data from Refs. [2,3]; dashed line,
a parametrization from Ref. [2]; solid line, theoretical calculation.

the fission cross sections in the whole energy range from the
threshold up to 1000 MeV. In fact, a large body of the data
indicate (at least for 2’Np, 2*U, 23U, and 2*’Th nuclei)
the presence of the maximum in energy dependence near
several tens of MeV, followed by the cross section decrease
up to ~200 MeV. Then after the indistinct minimum near
200-300 MeV the cross sections rise again up to ~400 MeV,
reaching a plateau which continues up to the maximum energy
of 1000 MeV. The change in the energy behavior of the
fission cross sections near 200 MeV resembles a characteristic
minimum of the total inelastic cross section of the proton—
nucleus interaction in the same energy region [23,24].

The energy behavior of the cross sections for pre-actinide
nuclei *®Bi and "Pb (Figs. 13-14) demonstrates a sharp
increase in the range 200400 MeV, changing gradually to
plateau at higher energy, at about 500 MeV for 2*Bi and
~700 MeV for "Pb. Our data for 2*Bi nuclei are in a
good agreement with those of previous experiments in the
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O U s
0 200 400 600 800

Proton energy (MeV)

1000

FIG. 13. Energy dependence of fission cross sections for >*Bi.
Solid circles, our data; open circles, data from Refs. [2,3]; dashed line,
a parametrization from Ref. [2]; solid line, theoretical calculation.

034605-8



ENERGY DEPENDENCE OF PROTON INDUCED FISSION . . .

150 +

100 +

50 1

Fission cross section (mbarn)

o

0 200 400 600 800 1000

Proton energy (MeV)

FIG. 14. Energy dependence of fission cross sections for "Pb.
Solid circles, our data; open circles, data from Refs. [2,3]; dashed line,
a parametrization from Ref. [2]; solid line, theoretical calculation.

energy range 200-600 MeV, while for "™Pb our data in the
range 200400 MeV lie somewhat lower than the previous
experimental results.

For 2?Bi the calculations of the cross sections with the help
of parametrization [2], which took into account all the previous
experimental data, give cross sections below those measured
in the experiment for energies above 400 MeV. At the same
time, for "™Pb the calculations [2] agree with our results except
for some difference in the energy region 200400 MeV.

Theoretically the heavy nuclei fission induced by nucleons
of intermediate and high energy is traditionally analyzed in the
framework of the two-step cascade evaporation model [25-27].
At the first stage of the reaction, when the mean range of the
incident proton in the nucleus is comparable with or greater
than the nucleus diameter, the interaction of the nucleon with
the nucleus may be considered as a cascade of binary collisions
of the incident nucleon with separate nucleons of the initial
nucleus. During this fast stage (t~107%2 s) some part of the
fast nucleons leaves the nucleus, taking away a considerable
amount of energy. The rest of the energy is transformed into
the excitation energy of the residual nucleus, whose nucleon
composition differs from that of the initial nucleus. So, after
the cascade stage of the reaction a residual nucleus appears
with wide spectra of nucleon compositions and excitation
energies, which depend on the incident nucleon energy. At
the second (slow) stage of the reaction (t~10710-10717 s)
the highly excited nucleus either emits nucleons or undergoes
fission. The calculation of the cascade stage of the interaction
was carried out by us with the help of the modified version
of the model of the internuclear cascade [28], in which a
Fermi-gas model of the nucleus was used taking into account
the nucleon density spread at the border of the nucleus. This
version of the cascade-evaporation model was successfully
used earlier to analyze the reactions of deep disintegration
[29,30] and fission [4] induced by 1-GeV protons. At the
stage of decay of the highly excited nucleus the fission
cross section is determined mainly by the ratio of the fission
probability to the probability of the neutron emission [31].

PHYSICAL REVIEW C 74, 034605 (2006)

The probability of the neutron emission was calculated in
the frame of the statistical theory of Weisskopf [32], neutron
emission probability being considered in the Bohr-Wheeler
approach [33]. When calculating the fission cross sections,
one needs, as a rule, to vary the nuclear level density at the
equilibrium deformation a, and at the saddle point of the
fissioning nucleus ay, as well as at the fission barrier value
By. It was supposed that at high excitation energy nuclear
shell effects in the fission barriers may be neglected, the ratio
of the level density parameters ay/a, being supposed to be
independent of the excitation energy of the decaying nucleus.
In our calculations the level density parameter a, was taken
tobe A/10 MeV~! for all actinide nuclei. For the pre-actinide
nuclei of Bi and Pb it was necessary to take into account the
shell effects for calculation of the density parameter because
these nuclei are in the vicinity of nucleon magic numbers.
By taking these corrections into account, a value of the level
density parameter for pre-actinide nuclei is A/16. The ratio
of the level density parameters ay/a, being equal to 1.1 for
pre-actinide and actinide nuclei. The fission barriers calculated
in the liquid drop model [34] were used for B . The results of
the calculations are presented by solid lines in Figs. 7—14. It is
seen that the calculations reproduce qualitatively the general
behavior of the cross sections in the range 50-1000 MeV, with
a minimum near 200-300 MeV and a plateau above 400 MeV
for actinide nuclei. However, our experimental data for 2>’Np
and *Pu (Figs. 7 and 8) at 200 and 300 MeV and for "*Pb
at 700-1000 MeV (Fig. 14) lie considerably lower than the
calculated cross sections.

The dependence of the total fission cross sections on the
parameter Z2/ A of the target nucleus is shown in Fig. 15 for the
cross sections from the saturation region (at a proton energy of
1000 MeV). It is seen that the total fission cross section is an in-
creasing function of the Z?/ A parameter only up to **U, while
for 2’Np and 2*°Pu the cross sections are equal, but lower than
that for 223U. In addition, the fission cross sections for uranium
isotopes in the whole energy range demonstrate systematically
(despite considerable experimental uncertainties) the rise of
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FIG. 15. Dependence of total fission cross sections on the
parameter Z2/ A of the target nucleus.
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the cross section when coming from 2*8U to lighter isotopes.
The isotope dependence of the fission cross sections for ura-
nium was observed earlier in experiments on fission induced by
neutrons [35,36] and y photons [37] of intermediate energies.
The cross section values for uranium fission induced by neu-
trons of 100-300 MeV are in a good agreement with our data
in the corresponding energy region. However, the existence of
isotope dependence of uranium fission cross sections for higher
energies looks unexpected and strange from the viewpoint
of the cascade-evaporation model for two reasons. First, as
was previously stated, the result of the cascade stage of the
proton—nucleus interaction is the formation of the wide isotope
spectrum of the residual excited nuclei, which should lead to
“loss of the memory” about the nucleon composition in the in-
put channel of the reaction (nucleon composition of the initial
nucleus). Second, the fission barriers B s for the uranium nuclei
calculated in the liquid drop model amount to less than 10 MeV
[34], the difference in the B values for a series of residual
nuclei not exceeding several MeV. Therefore the version of
the cascade-evaporation model we used cannot reproduce the
isotopic dependence of the fission cross sections for uranium
nuclei.

IV. CONCLUSIONS

For the first time in the single experimental technique the
cross sections of proton induced fission for "'Pb, 2098 2327,
283y, 35U, 28U, 2"Np, and **’Pu nuclei have been measured
in the wide energy range from 200 to 1000 MeV. Analysis of
the results and comparison with previous experimental data
allow one to come to the following conclusions.

PHYSICAL REVIEW C 74, 034605 (2006)

(i) The cross sections for all actinide nuclei have similar
energy dependencies, characterized by the rise of the
cross sections in the range from 200 to ~400 MeV,
followed by a plateau, that continues up to at least
1000 MeV.

(i1) For pre-actinide nuclei Bi and Pb the increase of the

cross sections for energies above 200 MeV is faster.
The rise then changes to a plateau, which begins at

~500 MeV for 2”Bi and ~600 MeV for "Pb and
continues upto 1000 MeV.

(iii) The calculations of the fission cross sections in the
framework of the cascade-evaporation model allow
one to reproduce qualitatively the cross section be-
havior.

(iv) The data for uranium isotopes in the whole energy
range demonstrate the systematic rise (despite consid-
erable experimental uncertainties) of the cross section
when coming from 2*¥U to lighter isotopes.

(v) The total fission cross section in the saturation region
(at a proton energy of 1000 MeV) is an increasing
function of the Z?/A parameter only up to 23°U,
while the cross section values for *’Np and ?*°Pu
are approximately equal to the cross section values
for 23U,
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