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High-precision measurement of total fission cross sections in spallation reactions of 2**Pb and 2*U
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Total cross sections for proton- and deuteron-induced-fission of 2°*Pb and 23U have been determined in
the energy range between 500 MeV and 1 GeV. The experiment has been performed in inverse kinematics at
GSI Darmstadt, facilitating the counting of the projectiles and the identification of the reaction products. High
precision between 5% and 7% has been achieved by individually counting the beam particles and by registering
both fission fragments in coincidence with high efficiency and full Z resolution. Fission was clearly distinguished
from other reaction channels. The results were found to deviate by up to 30% from Prokofiev’s systematics on
total fission cross sections. There is good agreement with an elaborate experiment performed in direct kinematics.
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I. INTRODUCTION

Because the accelerator-driven system (ADS) is considered
as an option for the incineration of radioactive waste [1-3],
intense effort has been made in providing experimental data
on interactions of intermediate-energy (E ~ 100 to 1000 MeV)
protons and neutrons with the neutron-production target,
with construction material, and with materials that undergo
transmutation in the ADS. Because of the variety of target
nuclei and the wide range of energy of the beam particles,
as well as the large number of open reaction channels, it
is impossible to measure all needed data. Thus, theoretical
models and nuclear-reaction codes, based on the models,
are needed. In 1997, the systematic intercomparison [4] of
codes for calculation of radioisotope production observed in
the irradiation of different target material by intermediate-
energy protons showed that the predictive power of the codes
available at that time was not better than =+ 50%, while there
were cases of disagreements of orders of magnitude between
the calculated and measured data. In the mean time, the
situation has improved considerably [5,6], mainly owing to
the experimental and theoretical work, started by a European
initiative and performed in the frame of the HINDAS [7]
and the n_TOF [8] projects and later in NUDATRA [9].
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In particular, the experimental knowledge on the production
of individual nuclides in charged-particle-induced spallation
reactions has improved substantially thanks to the results of an
experimental campaign executed in inverse kinematics at GSI
Darmstadt [10] with a high-resolution magnetic spectrometer.
Also, improved codes, e.g., those in Refs. [11,12], have been
developed on the basis of this new generation of experimental
results.

The situation has not so much improved, however, con-
cerning total fission cross sections. Experimental uncertainties
are often rather large, and the results of different experi-
ments severely contradict each other in many cases as being
documented in a systematic overview by Prokofiev [13].
Previous experiments performed at GSI using the fragment
separator FRS (see below) did not reach the high precision for
spallation-fission products which they reached for spallation-
evaporation residues, owing to the low transmission of the
used spectrometer for the large-emittance fission-fragment
beams. Fission reactions may have a significant effect on the
performance of the spallation target of the ADS, in particular
on the production of radioactive and/or chemically hazardous
materials in the target. Precise knowledge on total fission cross
sections is even more important because both (p, f) and (n, f)
cross-sections are used as standards for flux measurements in
the energy region above 20 MeV, which are important for ADS
applications.

In the present work, we report on the first results of a new
generation of high-precision measurements of total fission
cross sections in spallation reactions of 2%Pb and 23%U at
energies between 500 and 1000 A MeV. The experiments
were performed with a novel experimental approach in inverse
kinematics using a full-acceptance detection system. This
technique has decisive advantages and copes with several
problems of most conventional direct-kinematics experiments
performed up to now.
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II. EXPERIMENTAL METHODS

A. Experiments in direct kinematics

Conventional experiments on total fission cross sections
are performed in direct kinematics. Heavy target materials
are bombarded with protons or neutrons of the energy of
interest, and the fission products are registered with appropriate
detectors. A variety of experimental techniques have been
applied to detect the fission fragments and to obtain total fission
cross sections; see [14] for a detailed discussion.

The radiochemical method [15] was among the first ones
to be applied in fission detection. Nowadays, high-resolution
y detectors are used to identify the radioactive species after
irradiation. The complex time evolution of the activity owing
to radioactive decay and the lack of radiation from stable
isotopes leads to incomplete coverage of the full nuclide
production and, thus, to large uncertainties for the total fission
cross section. Nuclear photoemulsions [16] also belong to
the first generation of detection techniques. Restricted choice
of target material, background problems, and tedious track
counting lead to limited application in cross-section mea-
surements. Solid-state nuclear-track detectors [17] eventually
mounted on both sides of a thin target allow detecting
of correlated fragments. Again, tedious track counting is
required. lonization chambers [18,19] characterize fission
quite well, because they measure energy and emission angle
of both fragments. However, owing to their sensitivity to
protons, the application is mostly limited to (n, f) reactions.
The parallel-plate avalanche counter (PPAC) [20] can be
advantageous owing to its excellent timing. Semiconductor
detectors [21] provide fragment energy combined with a
good timing. However, the sensitivity to radiation damages
limits their application. Thin-film breakdown counters [22],
metal-oxide silicon capacitors, are quite promising owing to
their threshold properties and good timing.

Even with the variety of detection techniques available,
the optimum features—Ilarge solid angle, good timing, coin-
cident detection of both fragments and information on the
multiplicity, low background, high resolution in energy and/or
mass—are difficult to reach simultaneously. In addition, it is
problematic that the beam dose is measured independently
from the detection of the fission fragments. Also, the short
range of the fission fragments in the target material and their
emission in the full solid angle make it difficult to achieve
high-precision results and to avoid systematic uncertainties.

The present experimental knowledge on total fission cross
sections is well documented by Prokofiev [13]. Although there
are many data published with relatively small uncertainties,
some of those are in severe contradiction. For many targets
and in wide energy ranges, the typical uncertainties are still
rather large, up to a factor of two or more.

B. Innovative experimental setup in inverse kinematics

Acquiring high precision in these experiments relies on an
accurate determination of the beam dose and an unambiguous
identification and counting of fission products. Also the
discrimination of residues formed in other kinds of nuclear
reactions and the precise knowledge of the efficiency of
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FIG. 1. (Color online) Side view of the fission setup mounted be-
hind the FRS at GSI Darmstadt. Two ionization chambers (MUSIC1
and MUSIC2) with the target mounted between form an active target.
A double ionization chamber (TWIN) and a TOF wall detect the two
fission fragments. Sizes are not to scale.

the fission detectors are critical issues. The use of inverse
kinematics offers advantages in reaching these goals.

The inverse-kinematics method is based on the bombard-
ment of a hydrogen or other light target with relativistic
heavy projectiles. The reaction products are identified in flight.
Their multiplicities, emission angles, and velocities provide
information on the reaction kinematics.

The fission setup developed at the GSI experimental facility
and situated behind the FRS [23] is shown in Fig. 1. It consists
of scintillation detectors [24], characterized by fast time
response and high time resolution, and ionization chambers
[25], which provide high-resolution information on the energy
loss and give information on the trajectory of the ions. The
first scintillator (20 x 10 cm?) is used as the trigger of the data
acquisition and as the start detector for the time of flight (TOF)
to the TOF wall. The target is surrounded by two multiple
sampling ionization chambers MUSICs (40 cm long, 20.4 cm
wide each), which altogether serve as an active target. This
active target is able to select nuclear reactions occurring in the
target and eliminate those occurring in air or originating from
any other layer of matter situated upstream the target. The
double ionization chamber TWIN (80 cm long, 40 cm high,
and 60 cm wide) and the TOF wall (100 x 100 cm?) measure
the nuclear charges of the fission fragments and their velocity
vectors in space. Additionally, the two ionization chambers
situated before (MUSIC1) and after the target (MUSIC2) can
give information on the horizontal (x) position and angle
of the passing ions, while the TWIN chamber can give the
information on the horizontal (x) and vertical (y) position and
angle of the reaction products. As is detailed below, the setup
provides a detection efficiency for fission products of more
than 90%. The losses are attributable to the vertical emittance
of the primary beam and an eventual shift of the TWIN cathode
with respect to the mean vertical position of the beam, which
would give a small probability that both fission fragments pass
through the same half of the TWIN chamber. Additionally,
fission fragments moving very close to the cathode could have
less active volume to ionize, causing some additional losses.
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For the target, two options can be considered: (a) a liquid-
hydrogen (respectively deuterium) target or (b) a plastic target.
The cross section in hydrogen or deuterium must be deduced
from a differential measurement. In case (a) an additional
background measurement is performed with an empty target
container, and in case (b) two additional measurements with
a carbon target and no target are necessary. The use of the
liquid-hydrogen (respectively deuterium) target gives certainly
a more reliable result both on the total fission cross section and
on the nuclear charge distribution of the fission fragments.

The present experimental approach has several essential
advantages: The most important feature is that, owing to
the inverse kinematics, all fission fragments leave the target
with high energy in a narrow cone in the forward direction.
In addition, the individual projectiles are registered and
identified with the same detectors which also register the
fission fragments. The angular range where fission fragments
are emitted is fully covered. Further on, both fission fragments
are registered and identified simultaneously, and their velocity
vectors are determined. Finally, the multiplicity of the reaction
products is accessible. All these features are crucial for
obtaining total fission cross section with high precision.

III. DATA ANALYSIS

A. Selection of the primary beam

In the present experiment two different beams, 2*Pb and
287, at energies between 500 and 1000 A MeV have been
used. The primary-beam intensities have been kept rather low
(1-2 kHz) to avoid pileup in different detectors and keep the
dead time of the data acquisition system below 30%.

For evaluating the fission cross section, the first task of the
analysis consisted of determining the number of projectiles im-
pinging on the target. In the present experiment, the projectiles
were registered one by one by the ionization chamber MUSIC1
placed in front of the target. This was needed, because the
projectiles delivered by the SIS18 accelerator might undergo
a nuclear reaction in some layer of matter or in air before
reaching the reaction target. In addition, it has to be assured
that the projectiles hit the active area of the target. In each event,
the ionization chamber MUSIC1 has recorded the energy
loss of the passing ions. Events in which the primary beam
has undergone nuclear reactions leading to a loss of protons
before reaching the target could be discarded according to
the energy-loss signal. Unfortunately, some reaction channels
where only neutrons are removed cannot be distinguished
from the noninteracting primary beam. Nevertheless, as these
residues differ only by a few neutrons from the projectile, they
have rather similar fissilities as the projectile, and their small
contribution (less than 1%) does not noticeably influence the
result of the experiment. Figure 2 shows, in case of the reaction
208pb (500 A MeV) + 'H, the energy-loss spectrum recorded
in the MUSIC1 chamber.

Only the ions, which produce an energy-loss signal inside
the indicated window, denoted by the two vertical lines,
are considered. The two peaks directly below the selected
one consist of projectile fragments with Z = 81 and 80,
respectively, and, to a great part, of incompletely stripped lead
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FIG. 2. (Color online) Energy-loss spectrum of the ions recorded
with the ionization chamber MUSIC1 placed directly in front of the
target. Only the ions, which produce an energy-loss signal between
the two red vertical lines, are counted as projectiles. The spectrum
refers to the reaction 2Pb (500 A MeV) + 'H.

projectiles. The contribution of ions with Z # 82 to the events
selected by the condition is estimated to be less than 0.3%.
Most of the lower energy-loss signals are produced by lighter
elements, coming from nuclear reactions in some layer before
the target. The shoulder above the selected peak is attributable
to nuclear-charge-pickup reactions occurring before the
projectiles reach the target. In Sec. III, detailed information
is given for the experiment 2Pb (500 A MeV) + 'H as an
example. The analysis procedure applied was very similar in
the other cases; important deviations are mentioned explicitly.
Because the diameter of the liquid target used in the present
experiment was only 30 mm, an additional scintillation veto
detector with a hole of 15 mm diameter was mounted in front of
the target to detect projectiles which do not hit the target. About
25% of the incoming projectiles have produced signals in the
veto detector. In the analysis, only those projectiles (~75% of
incoming particles) were considered, which did not produce
any signal in the veto detector. Reactions in the air section
between the target and the TWIN ionization chamber were
recognized by considering the energy-loss signal in the second
ionization chamber MUSIC2 located directly behind the target.
Reactions induced by the projectile particles in the target are
situated inside the polygon lines drawn in Fig. 3 on the two-
dimensional energy-loss spectrum, while ions which reacted
behind the target still delivered the full energy-loss signal in
the second ionization chamber. In the following, only events
situated inside the condition shown in Fig. 3 are considered.

B. Identification of fission products

The TWIN ionization chamber and the scintillator wall
have the task of identifying the fission products and providing
information on their nuclear charge and angle. The TWIN
ionization chamber registers the two fission products in most of
the cases in the two separate gas volumes above and below the
common cathode. A two-dimensional spectrum of the signals
registered in the two parts of the TWIN chamber is shown in
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FIG. 3. (Color online) Two-dimensional representation of the
energy-loss signals in the ionization chambers MUSIC1 directly in
front of the target (horizontal axis) and MUSIC2 directly behind
the target (vertical axis). The polygon line selects reaction residues
produced in the target. The spectrum refers to the reaction 2°*Pb
(500 A MeV) + 'H.

Fig. 4. This spectrum is collected under the condition defined
by the polygon window in Fig. 3, i.e., after selecting events
originating from reactions of the projectiles inside the target.
Events selected by the polygon window in Fig. 4 correspond to
fission events, while the fragments produced in fragmentation
reactions and central collisions populate the edges of the
spectrum. It is clear from the figure that the region populated
by fission fragments is well separated from other reactions.
Please note that the detection probability of the setup does not
fully reach 100% and thus not all fission events are contained
inside the polygon window of Fig. 4; as it will be shown later,
this can be easily corrected for.
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FIG. 4. (Color online) Two-dimensional spectrum of the energy-
loss signals of nuclear-reaction products recorded by the TWIN
ionization chamber. Signals of fission fragments lie inside the polygon
window. The spectrum refers to the reaction 2Pb (500 A MeV) +
'H.
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FIG. 5. (Color online) Two-dimensional spectrum of the nuclear
charges of the two fission fragments recorded simultaneously by the
TWIN ionization chamber. The spectrum refers to the reaction 2°*Pb
(500 A MeV) + 'H.

The pulse heights of the 16 separate anodes of the TWIN
ionization chamber have been calibrated by connecting spe-
cially designed stripes at the anode plates to a pulse generator
in a way that all calibrated pulse heights correspond to the same
initial number of charge carriers. Considering that the ioniza-
tion signal is proportional to the square of the nuclear charge
of the fission fragments, the two-dimensional energy-loss
spectrum (Fig. 4) was converted into a Z spectrum; see Fig. 5.

The absolute calibrations of the two sections of the
TWIN ionization chamber used for Fig. 4 was performed
by determining the common scaling factor using the sum
spectrum Z; + Z, of nuclear charges of the two fission
fragments; see Fig. 6. The Z calibration was based on a
comparison with calculations using nuclear-reaction codes
ABRABLAO7 [12,26] and INCL4.6 + ABLAO7 [11,12]. Both
calculations yield the highest cross section for Z; 4+ Z, = 81,
while the neighbors (Z; + Z, =80and Z; + Z, = 82) have
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FIG. 6. (Color online) Sum spectrum Z; + Z, of the nuclear
charges of the two fission fragments. The different integer values of
the charge sum are clearly visible. The spectrum refers to the reaction
2%8pb (500 A MeV) + 'H.
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comparable cross sections. Thus, we assumed that the peak
with the highest intensity in Fig. 6 corresponds to Z; +
Z, = 81. The calibrated two-dimensional spectrum of the
nuclear charges of the two fission fragments (Fig. 5) shows
a clear accumulation in the Z range expected for fission
fragments produced in symmetric fission.

C. Detection efficiency of fission events

Owing to the finite width of the primary beam in position
and angle, fission products emitted close to the cathode plane
may pass through the same part of the TWIN chamber.
These events are not recognized as fission fragments but they
are rather misidentified as fragmentation residues and are the
reason that the detection probability of the setup does not
fully reach 100%. To be able to evaluate the losses, we first
determined the angles of the trajectories of the ions. The TWIN
chamber gives an absolute horizontal position, because the
anodes have a triangular shape, and the calibration is directly
given by the geometry of the anodes [27]. The vertical position
can be inferred from the measured drift time, but a calibration
is needed, because the drift velocity depends on several
parameters such as the purity of the gas and the temperature.
This calibration can easily be deduced from a correlation with
the paddle of the scintillator wall which is finally hit by the
ion. Because the neighboring paddles of the scintillator wall,
having a width of 10 cm, overlap with 1/3 of their width,
conditions on coincidences and anticoincidences of the signals
from different paddles characterize the vertical position of
the ion in cells of 1/3 of the paddle width. Figure 7 shows
a spectrum of angles, deduced from drift-time differences,
registered in the first and the last anodes of the two parts of
the TWIN chamber in coincidence with different cells of the
scintillator wall. Spectra corresponding to neighboring cells
are drawn in different colors. One can easily deduce the borders

-40 -20 0 20 40
Vertical angle [arbitrary units]

FIG. 7. (Color online) Vertical angles as deduced from drift-time
difference of the last and the first anode of the TWIN detector,
divided in sections according to the coincidences with different cells
of the scintillator wall. Events corresponding to neighboring cells are
drawn in different colors. Negative angles were measured in the lower
part; positive angles were measured in the upper part of the TWIN
detector. The dip in the center is caused by the efficiency losses in
the vicinity of the cathode. The figure refers to the reaction 2°*Pb
(500 A MeV) + 'H.
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FIG. 8. (Color online) Vertical positions of the borders of the
cells of the scintillator wall (horizontal axis) and their projections on
the drift-time differences in the TWIN detector (vertical axis) after
calibration. The drift-time differences in the two sections of the TWIN
detector were shifted by a constant value each to obtain a consistent
calibration.

of the different cells, projected on the drift times in the TWIN
chamber. In fact, this spectrum has been accumulated after
applying the calibration, which is described in the following.
In addition, the spectrum has been accumulated under the
condition that exactly two cells of the scintillator wall were
hit. This way, the borders of the different cells appear clearer
in the spectrum. However, this induced a slight loss of fission
fragments, which are undoubtedly identified in the TWIN
correlation plot of Fig. 4. Already the width of the dip in
the center of the spectrum allows estimating the losses in the
vicinity of the cathode to less than 10%.

The correlation of the borders of the cells of the scintillator
wall and their projections on the drift-time differences are
shown in Fig. 8. The raw drift-time differences of the upper
and the lower part of the TWIN detector were shifted by an
additional constant each to obtain a consistent calibration.

After this calibration, a two-dimensional distribution of the
angles perpendicular to the beam direction was accumulated
for fission fragments. Figure 9 shows that this spectrum has
the shape of a diffuse ring, as expected owing to a Coulomb
repulsion between two complementary fission fragments.

The losses in the vicinity of the cathode of the TWIN
detector are responsible for a slight reduction of counts for
small vertical angles. The angles, indicated in arbitrary units,
correspond approximately to mrad. There is a slight shift
between the deduced horizontal positions in the two parts of
the TWIN chamber, which might be a hint that the electrical
field inside the chamber is not exactly vertical. This, of course,
does not have any influence on the cross-section determination.

An effort was made to accurately determine the detection
efficiency of the TWIN chamber for fission fragments in the
present experiment. For this purpose, the calibrated vertical
angles of fission fragments were accumulated in a spectrum;
see Fig. 10. Figure 10 is equivalent to a projection of Fig. 9
on the vertical axis. The fission fragments were selected
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FIG. 9. (Color online) Distribution of the angles in the plane
perpendicular to the beam direction, gated on fission events. The
figure refers to the reaction 2**Pb (500 A MeV) + 'H.

by the two-dimensional energy-loss spectrum of Fig. 4. If
one neglects the fluctuations of the velocities of the fission
fragments in the frame of the emitting source, the spectrum
of Fig. 10 should have the shape of a rectangular function.
Obviously, the shape of the measured spectrum is similar
to the one obtained by convoluting this rectangular function
with a Gaussian distribution caused by the fluctuations in
the velocities of the fission fragments, which are mostly
attributable to the different mass splits. The fit with such a
function is able to reproduce the measured spectrum rather
well, except two features: The dip in the central region and a
small asymmetry. As mentioned above, the dip results from

120 + RI R2 .
100 - i .

80

60 -

counts

40 +

20

I.I|.-“-JI |
PAPLl it B Y N T S TN Y NSO B

-50 -40 -30 -20 -10 O 10 20 30 40 50
Vertical angle [arbitrary units]

o

FIG. 10. (Color online) Spectrum of vertical angles of fission
fragments (black full-line histogram). The angles registered in the
lower (red dashed histogram) and in the upper half (blue dashed
histogram) of the TWIN chamber are shown separately. The full line
shows the result of a fit with a theoretical function, defined as the con-
volution of a rectangular function with a Gaussian (the full red vertical
lines define windows used in the fit procedure). The spectrum refers
to the reaction 2%Pb (500 A MeV) + 'H. For more details, see text.
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the efficiency loss of the TWIN detector close to the cathode
that we want to determine. The asymmetry of the measured
spectrum has another origin. The separate spectra of the angles
recorded in the upper and in the lower part of the TWIN
detector reveal a malfunction of the upper part: The signals of
some of the ions passing through the upper half of the TWIN
detector very close to the cathode are not properly recorded by
the corresponding time-to-amplitude converter, which results
in wrong, partly negative angles.! Using this information, we
state that the correct spectrum is symmetric, being slightly
lower at negative angles and slightly higher than the recorded
one (full-line histogram in Fig. 10) at positive angles. Thus, the
true spectrum is rather well represented by the fit curve. Having
traced back the asymmetry of the spectrum to a wrong tracking
information of some trajectories in the TWIN detector, the
detection efficiency can safely be estimated by the magnitude
of the dip near the center to be (94 + 3)%.

As mentioned above, all results shown in Figs. 2 to 10 refer
to the reaction 2Pb (500 A MeV) + 'H. The same analysis
was performed for all beam/target combinations. If necessary,
the calibrations were repeated to cope with time-dependent
detector responses, the different energy-loss values in the
different target thicknesses, and different angular distributions
of the fragments.

A different method was used to determine the detection
efficiency of the TWIN detector in the experiment with the
233U beam. This method proved to be more precise in this case
than the one described above owing to the larger fissility of
this nucleus. As mentioned before, the coincidence spectrum
recorded with the TWIN detector, Fig. 4, does not allow recog-
nizing all fission events. The missing events are characterized
by trajectories close to the horizontal plane in which two
fragments are passing through the same part of the TWIN
chamber. In contrast, the second ionization chamber MUSIC2
placed behind the target registers all reaction products without
any losses, although it does not measure the multiplicity of
the event. Most fission products, which are not recognized
by the TWIN chamber, are emitted with sizeable horizontal
angles with respect to the beam axis. As the four anodes of the
MUSIC?2 ionization chamber are positioned on the side of the
detector, it was possible to obtain the information on horizontal
angle from a multiple measurement of the drift times. Owing
to the selective sensitivity of the electronics to the first signal
arriving, only the fission fragment with the trajectory closest
to the anode of the second ionization chamber is registered.
In Fig. 11, the energy loss recorded in MUSIC2 is shown as
a function of the raw drift-time differences between the first
and the fourth anode of MUSCI2 for the events outside the
polygon window of Fig. 4.

Figure 11 proves that fission fragments not identified
by TWIN detector as such can be distinguished from
fragmentation products by their large horizontal angles.
Figure 12 demonstrates how this information, in combination

Note that the number of events with misidentified angles was about
1% of all events, giving a small contribution of only 1.5% to the
systematic uncertainty of the measured total fission cross section.
This correction was not needed in the case of the 2**U beam.
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FIG. 11. (Color online) Energy loss recorded in the ionization
chamber MUSIC2 behind the target as a function of the raw drift-time
differences between the first and the fourth anode of this detector for
the system 2**U, 1 A GeV on (CHy),.. The spectrum is collected for
events outside the window shown in Fig. 4. Because the different
delays of the two signals (7'1 and T7'4) where not synchronized,
the beam direction does not correspond to 74 — T'1 = 0 but to
T4 — T1=45. The polygon window marks events which are clearly
recognized as fission fragments owing to their smaller drift-time
differences, corresponding to larger emission angles. For energy-loss
signals below channel 100, no drift time was recorded.

with the information from the TWIN detector, was used
to improve the detection efficiency of the setup for fission
fragments and, in particular, to determine the detection
efficiency of the TWIN detector.

The black histogram shows the energy-loss spectrum of all
reaction products registered in the second ionization chamber
MUSIC2. The broad peak corresponding to fission fragments
between channels 300 and 900 is clearly visible. However,
there is also a continuous background of events from other
reactions. For determining this background quantitatively, first
those events were subtracted, which were recognized as fission
by the TWIN detector, Fig. 4, resulting in the red histogram.
Still, this histogram contains those fission events, which were
not identified by the TWIN chamber owing to its limited
efficiency. In a next step, we subtracted those events, which
fell into the condition characterized in Fig. 11 as fission
events by the ionization chamber behind the target, resulting
in the blue histogram. The blue histogram shows a continuous
behavior up to channel 600, proving that essentially all light
fission fragments have been identified at this stage. Only some
heavy fission fragments were not yet discarded owing to their
small emission angles. A fourth-order polynomial, fitted to the
regions below channel 600 and above channel 1000 represents
the estimated background of nonfission reaction products.
With respect to this estimate on the background, we can
deduce that the TWIN chamber, Fig. 4, recognizes (89 £ 3)%
of the fission events in this case. The additional use of the
ionization chamber directly behind the target, Fig. 11, raises
the detection efficiency for fission fragments to (98.73'3 )%.
These values refer to the >*3U beam at about 1 A GeV. For the
lower energy of about 500 A MeV, the detection efficiency for
fission fragments of the TWIN chamber is (92 £+ 3)%.
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FIG. 12. (Color online) Energy-loss signal of the ionization
chamber behind the target for the system >¥U (1 A GeV) + (CH,),.
The different histograms denote all reaction products (black his-
togram) and reaction products, which were not recognized as fission
products by the TWIN detector, see Fig. 4 (red histogram). The
blue histogram was accumulated with the additional condition, that
the reaction product was not recognized as fission product by the
two-dimensional spectrum shown in Fig. 11. The fluctuations in the
histograms correspond to the different elements recorded. The light
blue curve is a fourth-order polynomial, fitted to the last histogram,
excluding the region between channels 600 and 1000. It represents
the background of all reaction products, except fission.

IV. RESULTS

The numerical results of the measurement were evaluated
for several parts of the experiments. Measurements with
the 2Pb beam were performed with a hydrogen target, a
deuterium target, and an empty target container. For the
measurements with the 233U beam, a plastic target (CH»), and a
carbon target as well as a measurement without a target inserted
were performed. The target thicknesses are given in Table 1.

As mentioned above, the number of valid projectiles (N,)
properly hitting the target was determined from the condition
shown in Fig. 2, requiring in addition no response from the veto
detector. The number of fission events (N ;) was determined
from the condition shown in Fig. 4. The fluctuations of the
data points are in agreement with the expectations owing to the
statistical uncertainties, given by Poisson statistics according
to the observed number of counts. The final results for the
measured relative fission yields are listed in Table II. All
statistical uncertainties are below 1%.

The largest contributions to the uncertainties are attributable
to uncertainties of the target thickness, secondary reactions,
and the detection efficiency etwin of the TWIN chamber.
The largest correction is attributable to the attenuation of
the beam intensity in the target. After passing half the
target,” a fraction of 5.2% or 6.6%, of the °Pb projectiles

2Assuming linear decrease of the beam intensity along the target
thickness, the mean beam attenuation is equal to the value after the
passage of half the target.
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TABLE 1. Thicknesses and reaction rates for the different targets and the layers of matter located between the target and the double
ionization chamber. The relative nuclear reaction rates in the hydrogen and deuterium targets were calculated for 2°*Pb at 500 A MeV. The
relative nuclear reaction rates in the other layers have been calculated for 228U at 1 A GeV, while the relative nuclear reaction rates in the rest
of the layers were calculated for the nucleus Z = 46, A = 116 at 1 A GeV. The energy dependence of the reaction rate is negligible for our
purpose. All calculations have been performed using the model of Ref. [28].

Material Thickness Relative nuclear
(mg/cm?) reaction rate

Targets 'H 873 £ 22 0.103
’H 201 + 5 0.133
(CH,), 198.3 £ 0.2 0.067
C 376.0 £ 0.9 0.066
Layers Air 23.9 0.003
between target Ar MUSIC) 99.7 0.005
and double ionization chamber Air 197.9 0.022

undergo nuclear reactions in the hydrogen or the deuterium
target, respectively. From calculations with the ABRABLAQ7
nuclear-reaction code [12,26,29], we deduce that about half of
the reaction products are not fissile any more. This requires
a corresponding correction &pe,, Of about 2.6% or 3.3% to
the cross section for the hydrogen or the deuterium target,
respectively. The corresponding reaction rate for the 28U
beam is 3.3% in half the plastic and the carbon target. In this
case, most of the reaction products, which consist of fission
fragments to a great part, are not fissile any more. Thus, we
apply a correction epeam 0f 3% in the case of the 233U beam.
Nuclear reactions of the fission fragments in the second
part of the target and in consecutive layers before they reach
the TWIN chamber are less important, because most of them
are peripheral, and thus most of the reaction products are
heavy enough to be still identified as fission fragments. In
the 2%8Pb experiment, reactions in the hydrogen or deuterium
target lead only to moderate mass losses, and only relatively
central collisions with heavier nuclei in consecutive layers,
mostly air, induce some losses. These were estimated to 1/3
of the total nuclear reaction rate of 3% (see Table I) for each

fragment. This results in a correction &g,g of 2%, because
the loss of one fragment is sufficient not to recognize the
fission event any more. In the 28U experiment, the probability
for a “central” reaction of a fission fragment in the second
half of the carbon target is 1%, the corresponding probability
in the second half of the plastic target is 0.3%. This leads
to the slightly larger corrections &g,e of 4% for the carbon
target and 2.6% for the plastic target on the whole path to the
TWIN chamber. Table II collects all values, which are relevant
for determining the total fission cross sections of the systems
investigated.

The result of the above-detailed analysis in terms of cross
sections is presented in Table III. The relative uncertainties
given for the reactions 2*Pb + 'H, >H include also a small
contribution of 1.5% coming from misidentification of angles
in the upper TWIN part, as discussed in Sec. III C. In the case
of the 28U experiment, the total fission cross section with
hydrogen is deduced from the values obtained for plastic and
carbon targets as o (H) = [0 (CH,)-0 (C)]/2.

The data are compared with results obtained by summing
up the individual nuclide cross sections determined in exper-

TABLEII. Measured relative fission yields (n ; = Ns/N,), corrections for TWIN efficiencies, beam attenuation in the target, and destruction

of fission fragments before reaching the TWIN detector. The total relative fission yield n'y

tot

' represents relative fission yields corrected for TWIN

net

efficiency, beam attenuation, and destruction of fragments, n F=ng/letwin - (1 — Epeam) - (1 — &irag)], While net relative fission yield n s

net

obtained after subtracting the contribution from the empty target: n's* = n''(full) — n'?'(empty).

Reaction Relative fission TWIN Beam Destruction of Total relative Net relative
yield efficiency attenuation fragments fission yield fission yield
ny ETWIN (%) Ebeam (%) Efrag (%) nl]?l n‘}'el
208pp (500 A MeV) + 'H 0.008 15 94 + 3 26 + 2 2+1 0.009 08 0.007 63
208pph (500 A MeV) + *H 0.012 17 94 + 3 334+ 2 2+1 0.013 66 0.012 21
208Pb (500 A MeV) + empty 0.001 33 94 + 3 ~0.5 2+1 0.001 45 -
281 (545 A MeV) + (CH,), 0.0440 92 + 3 3+£2 26 £ 1.5 0.0506 0.0391
281U (545 A MeV) + C 0.0357 92 + 3 34+£2 4 £2 0.0417 0.0302
238U (545 A MeV) + empty 0.0103 92 +£3 ~0.5 2+1 0.0115 -
23817 (935 A MeV) + (CH,), 0.0404 89 + 3 3+£2 26 £ 1.5 0.0480 0.0381
281U (935 A MeV) + C 0.0299 89 + 3 3+2 4 £2 0.0361 0.0262
233U (935 A MeV) + empty 0.0086 89 £ 3 ~0.5 2+ 1 0.0099 -
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TABLE III. Total fission cross sections determined in the present work are compared to previous results. Energy values correspond to those

at the target entrance.

Reaction Otot Prokofiev systematics Kotov et al.
(present work) (FRS data) Ref. [13] Ref. [30]

208ph (500 A MeV) + 'H (146 £ 7) mb (232 £ 33) mb [31] 112 mb

208ph (1 A GeV) + 'H (163 £ 26) mb [32] 116 mb

208pp (500 A MeV) + *H (203 4+ 9) mb Not included

208ph (1 A GeV) + 2H (169 £ 14) mb [33] Not included

28U (505 A MeV) + 'H 1.38b (1.491 4+ 0.078) b

28U (545 AMeV) + 'H (149 £ 0.10) b 1.36 b

238U (935 A MeV) + 'H (1.55 £ 0.10) b 1.28b

28U (1 AGeV) + 'H (1.53 £+ 0.20) b [34] 1.27b (1.489 4+ 0.064) b

28U (1 A GeV) + *H (2.00 £ 0.42) b [35] Not included

iments measured at the GSI FRS (column 3) and with the
systematics of Prokofiev (column 4) [13].

There is fair agreement to the previous experimental results
within the corresponding experimental uncertainties, except
for the case of 2%Pb on 'H at 500 A MeV, where the present
value is considerably lower than the results of previous FRS
experiments. The new value is in much better agreement
with the systematics. Results with uncertainties comparable
to the ones of the present experiment have been published
recently by Kotov et al. [30]. Two data points for the system
233U + 'H, which can directly be compared, agree well with
our results within the experimental uncertainties, as displayed
in Table III.

V. DISCUSSION AND CONCLUSIONS

In the present work, new data on total fission cross sections
in spallation reactions have been obtained in a dedicated
experiment in inverse kinematics at the GSI experimental
facility. High precision between 5% and 7% could be achieved
owing to the fact that the experimental setup detects the fission
fragments with an efficiency close to 100% and that fission
events are unambiguously identified and distinguished from
other reactions by the dedicated high-resolution detection
system. In addition, the projectiles are individually counted
using the same detectors. The raw experimental results given
by the number of projectiles and fission fragments directly
recorded are very close to the final cross-section values. The
corrections which have to be applied are only a few and amount
just to a few percents.

Previously measured data using the high-resolution spec-
trometer FRS are also listed in Table III for comparison.
Those data are much more detailed because they provide
the production cross sections of all individual nuclides and
their velocity distributions. The total fission cross sections
are obtained by summing up the individual contributions.
The precision on the absolute cross section is not so high
owing to the large corrections applied for the losses caused
by the limited angular acceptance of the spectrometer. The
present results for the systems 2Pb (500 A MeV) + 'H and
238U (1 A GeV) + 'H can be directly compared to the FRS

data. While the values for the second system agree very well,
there is a severe discrepancy for the first one. The reason
for this deviation is not clear in the moment. The systems
208pp (1 A GeV) + 'H and 2%Pb (500 A MeV) + 2H
introduce the same total energy into the system, but the
fission cross sections are not the same: The deuteron-induced
reactions lead to an appreciably higher fission cross section.

It is interesting to note that the experiment performed by
Kotov et al. [30], which agrees well with our result, was done
with some similar characteristics as the present experiment,
although direct kinematics was used. Essential features, which
ensure the high quality of the experiment, were direct counting
of the beam particles and large angular acceptance of the setup
for the fission fragments.

The cross-section values obtained in the present work are,
on the average, appreciably larger than the predictions of
Prokofiev’s systematic, which is based on the evaluation of all
experimental data available before 2001. The deviation is be-
tween 20% and 30% for the spallation-fission reaction of 2" Pb
induced by 500 MeV protons and for the spallation-fission
reaction of 238U induced by 1 GeV protons, respectively. The
value for the spallation-fission reaction of 2*8U induced by
500 MeV protons, however, agrees within the experimental
uncertainty. Thus, there is no general trend; the present data
reveal deficiencies of the systematics in both the dependencies
on the mass of the system and on the beam energy on the order
of 20% to 30%.

We conclude that additional experimental effort is needed
to improve the general knowledge of the total fission cross
sections. It seems that the new approach introduced in the
present work can provide an essential contribution to this goal.
The agreement with a recent experiment in direct kinematics
has proven also that such experiments can reach high precision,
when uncertainties on the beam dose and on the detection
efficiency of the fission detectors are well controlled.
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