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Neutron-induced reaction cross sections on unstable nuclei are inherently difficult to measure due to target
activity and the low intensity of neutron beams. In an alternative approach, named the “surrogate” technique,
one measures the decay probability of the same compound nucleus produced using a stable beam on a stable
target to estimate the neutron-induced reaction cross section. As an extension of the surrogate method, in this
paper we introduce a new technique of measuring the fission probabilities of two different compound nuclei as a
ratio, which has the advantage of removing most of the systematic uncertainties. This method was benchmarked
in this report by measuring the probability of deuteron-induced fission events in coincidence with protons,
and forming the ratio P [236U(d, pf )]/P [238U(d, pf )], which serves as a surrogate for the known cross section
ratio of 236U(n, f )/238U(n, f ). In addition, the P [238U(d, d ′f )]/P [236U(d, d ′f )] ratio as a surrogate for the
237U(n, f )/235U(n, f ) cross section ratio was measured for the first time in an unprecedented range of excitation
energies.

DOI: 10.1103/PhysRevC.71.051602 PACS number(s): 25.85.Ge, 25.70.Gh, 25.85.Ec, 25.40.−h

Neutron-induced reaction cross sections on unstable nuclei
play an important role in astrophysical nucleosynthesis and in
extreme environments where neutron densities and tempera-
tures are high, such as the interior of supernovae. In particular,
measuring neutron-induced fission cross sections of actinide
nuclei may shed some light on physical quantities such as
fission barrier heights and level densities, and provide insight
into the competition between fission and neutron emission.
While the 233−236,238U neutron-induced fission cross sections
are measured directly up to 400 MeV incident neutron energy
[1,2], the 237U(n, f ) case, because its half-life is only 6.8
days, falls into the category of very difficult experiments.
Indeed, almost 30 years have elapsed since the last attempt
to measure this cross section. In Ref. [3], only a few points
were sampled with neutron energy around 200 keV. Data up
to 2 MeV incident neutron energy are available from Ref. [4],
where a nuclear explosion was used as the intense neutron
source. A critical assembly measurement [5] yielded results
that conflict with the data from Ref. [4]. It should be noted
that, in general, the energy range for these measurements does
not exceed 2 MeV incident neutron energy.

There is an alternative approach which circumvents the
problems inherent in the direct measurement of cross sections
of short-lived nuclei. In the surrogate technique, the neutron-
induced reaction probability is estimated by measuring the
reaction probability for the same compound nucleus formed
by means of a different reaction using a stable beam and target.
In the 1970s, the (t, pf ) “surrogate” technique was employed
in Refs. [6–9], where the measured (t, pf ) reaction probability

was used to deduce the (n, f ) cross section by

σ(n,f )(En) = σCN(En)P(t,pf )(Ex), (1)

where σCN(En) is the compound nucleus formation cross
section as a function of incident neutron energy En, and
P(t,pf )(Ex) is the fission probability following the (t, p)
compound nucleus formation at an excitation energy Ex =
En + Bn, with Bn the neutron binding energy. Here, the
cross section σCN(En) is obtained from an optical model
calculation, while the probability P(t,pf )(Ex) is the measured
quantity. However, the limitation of this technique is that the
absolute reaction probability has to be measured (P(t,pf ) =
N(t,pf )

N(t,p)
), which relies largely on the accurate determination of

the (t, p) events number N(t,p). This determination turns out
to be the source of the largest uncertainty in the surrogate
result, due to practical experimental problems of target
contamination. In the current approach, the (d, xf ) reaction,
where x stands for a proton or deuteron, on 236,238U targets was
used as a surrogate for the (n, f ) reaction. The uncertainty
of N(d,d ′) is eliminated in our method by using a ratio of
probabilities of two reactions: P(d,xf )(238U)/P(d,xf )(236U) ∼
N(d,xf )(238U)/N(d,xf )(236U). The (d, pf ) deuteron-induced
probability for 236,238U targets was used to benchmark
the method, since it serves as a surrogate for the
236U(n, f )/238U(n, f ) cross section ratio, where direct mea-
surements are available [10]. Excellent agreement with the
existing data was obtained. In addition, the deuteron-induced
fission probability ratio for the (d, d ′f ) reaction, which models
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FIG. 1. (Color online) Schematic view of STARS, consisting of
three segmented Si detectors with the first detector being the �E.
The remaining two detectors are electronically connected and serve
as the E detector. The sector orientation is also shown.

the 237U(n, f )/235U(n, f ) cross section ratio, was obtained for
equivalent neutron energies up to 14 MeV for the first time.

The 236,238U targets were prepared as nitrates of approx-
imately 300 µg/cm2 thickness, “stippled” on a 200 µg/cm2

carbon backing. Deuterium beams of 24 and 32 MeV energy
were delivered by the ESTU tandem accelerator of Yale
University. The average beam intensity amounted to 1 enA.
Charged particles were detected using the STARS detector
(silicon telescope array for reaction studies) [11], which was
configured as a �E-E telescope; see Fig. 1. The telescope con-
sisted of three “S2” type annular double-sided silicon (Si) de-
tectors. The thickness of the front detector (�E) was 140 µm.
The back detector (E) consisted of two Si detectors, E1 and
E2, each of 1000 µm thickness. The thickness of the back
detectors was such that the deuterons were fully stopped at a
beam energy of 24 MeV. Each Si detector was segmented
on one side into 48 rings and on the other side into 16
wedge-shaped segments. However, adjacent rings and sectors
were electrically connected, so that for each detector a total of
24 rings and 8 sectors was recorded. The angular coverages,
expressed as a percentage of 4π for the �E detector and
the �E-E1 and �E-E2 pairs were 22.5, 16.5, and 9.5%,
respectively. The detectors were protected from δ electrons by
placing aluminum shields in front of and behind the telescope.
The rear shield and the target were operated under voltages
of +400 and +300 V, respectively. Thick (∼2 cm) annular
aluminum collimators were placed upstream of the target in
the reaction chamber to prevent the incoming deuteron beam
from damaging the detectors. To detect coincident γ radiation,
an array of eight Compton suppressed clover detectors from
the YRAST ball array [12] were arranged around the STARS
reaction chamber at 90◦ with respect to the beam direction.

The energy and the time information for each ring and
sector were digitized using VME analog-to-digital converters
and time-to-digital converters (TDC). The range of the TDCs

was 1.2 µs. In the subsequent analysis, prompt coincidence
windows of 50 ns (for the E detector) or 120 ns (for the
�E) were required. Approximately 65% of the events were
rejected by this requirement. The master trigger was generated
whenever a sector or a ring in the back detector (E1 or E2)
fired. The master trigger rate was typically 40 kHz, while the
total rate in the �E detector was 20 kHz.

The (d, d ′f ) or (d, pf ) events of interest are character-
ized by coincident deuteron (proton) and fission fragments.
While the light-charged particles, deuterons and protons, are
identified by their characteristic �E-E energy distribution,
the fission fragments are fully stopped in the �E detector.
Therefore, candidate fission fragments are identified by their
prompt coincidence with a light-charged particle and by their
energy deposition in the front detector. Hence, the selection
of the (d, d ′f ) or (d, pf ) subset of events was made from
those events with (i) two distinguishable hits in the front
detector (one hit corresponding to the detection of the d ′
or p and the other corresponding to the detection of one of
the fission fragments) and (ii) one hit in the back detector
corresponding to the d ′ or p (in E1 or E2 or both, depending
on the angle and on incident energy.) We note that the (d, d ′f )
and (d, pf ) events of interest represent only a small fraction
of the total fission cross section, which is dominated by
the (d, f ) reaction (1:500). The goal was thus to extract
a clean sample of (d, d ′f ) and (d, pf ) events from this
background. The prompt time coincidence window and the
establishment of the correct flight path correlation (between
sectors and rings in the �E and E detectors) for the scattered
light-charged particle, were vital for accomplishing this goal.
The ring-ring correlations were determined from the known
detector geometry and confirmed using the experimental data
and Monte Carlo simulations of energy loss of protons and
deuterons in Si detectors. The sector orientation for the
�E,E1, and E2 detectors is schematically shown in Fig. 1.
When a particular sector in the front detector is hit, the particle
(mostly) also hits the back detector sector directly behind
the front sector. Thus, a simple linear equation connecting
the sector numbers [sector(�E) + sector(E1) = 9] and
[sector(E1) + sector(E2) = 5] or [sector(E1) + sector(E2) =
13] is adequate to describe their correlation.

Having established both the ring-ring and sector-sector
correlations, �E-E matrices were created for each ring of
the front detector that lies within the angular coverage of
the back detector. An example of such a matrix is shown in
Fig. 2. The various contributions of different charged particles
are clearly visible on this plot. While the most energetic peak
in the deuteron distribution is due to elastic scattering of
deuterium on uranium, the other peaks are due to reactions
on light-ion target contaminants, such as carbon, nitrogen,
and oxygen. By setting individual polygon gates around the
proton and deuteron distributions (as illustrated in Fig. 2
for the deuterons) in each �E-E matrix, coincident fission
fragments in the �E detector associated with the (d, pf )
or (d, d ′f ) reaction could be selected, respectively. Such
a spectrum of candidate fission fragment energies for the
238U data is shown in Fig. 3(a). A significant background
of low-energy events, originating from the light-ion target
contamination, is still present. To estimate the influence of
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FIG. 2. (Color online) Particle identification �E-E spectrum for
24 MeV deuterons incident on a 238U target with counts plotted on
a logarithmic scale. The spectrum was recorded by ring no. 3 in the
�E detector, which is located at 37.4◦ with respect to the beam.
The distribution inside the polygon corresponds to deuterons, and the
distribution below it corresponds to protons.

such events, data were also obtained using an ammonium
nitrate target stippled onto a carbon backing (no fissionable
nuclei). Applying the same sort of procedure to this target
yields the spectrum shown in Fig. 3(b). It is clear that the
light-ion background does not extend above ∼14 MeV and
that the fraction of real fission events below this energy is
small. In our subsequent analysis, only those candidate fission
particles with energies greater than 14 MeV were assumed
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FIG. 3. Candidate fission energy spectrum extracted for the 238U
target (a), and a background spectrum obtained using a NH3NO4

target (b). Note that the most spurious fission events from reactions
on the target contaminants stop at energy depositions of 14 MeV in
the �E detector.

to be fission fragments. Finally, particle-fission timing was
essential for removing the accidental contributions originating
from the (d, f ) background events. A gate on the prompt time
window was set, and the contributions from the time random
fission events (the off-prompt data) have been subtracted.

Figure 4 shows the number of fission events coincident with
scattered protons plotted as a function of excitation energy
of the compound nucleus, for both 236U (a) and 238U (b)
nuclei. The compound nucleus excitation energy range of
the measurement is limited by, on the low-energy side, by
the proton “punch through” (maximum energy loss limit in the
particle telescope), and on the upper energy side, by the
Coulomb barrier for the ejectiles. For excitation energies larger
than the fission barrier height (5.8 MeV for both 236U and
238U [13]), the number of fission events increases, as expected.

Having determined the number of fission events in co-
incidence with deuterons (protons) N(d,d ′f ) (N(d,pf )), the
probability of deuteron (proton)-induced fission can be ob-
tained, provided that the denominator N(d,d ′) is known. The
latter quantity cannot be accurately determined due to target
contamination. To surpass this difficulty, a ratio of probabilities
was formed instead:

P(d,d ′f )(238U)

P(d,d ′f )(236U)
= N(d,d ′f )(238U) × NR(236U) × W (236U)(θ )

N(d,d ′f )(236U) × NR(238U) × W (238U)(θ )
.

(2)
Here, NR is the number of Rutherford scattered deuterons
which accounts for differences in target thickness and beam
intensities for the 236U and 238U experiments, while W (θ ) is
a correction factor for the angular correlation between the
outgoing deuteron and the fission fragment. We note that,
generally, the method of reporting ratios eliminates most of
the systematic uncertainties, since the N(d,d ′) values are very
similar for 236U and 238U and cancel out in the ratio. The
Rutherford scattering was measured by integrating the yield
of the elastic scattered deuterons in the total (d, d ′) spectrum.
The contribution of Coulomb excitation to the elastic peak
was estimated using two different methods and found to be
negligible. First, a gate was placed on the elastic peak in the
deuteron spectrum, and the coincident γ -ray spectrum was
projected. The yield of low-lying excited states in the uranium
spectrum was found to be very small. Second, a Winther–
de Boer [14] calculation indicates that the ratio of Rutherford
scattering to Coulomb excitation of the first few excited states
in uranium is extremely large. Finally, the direct reaction cross
sections to the first few excited states depend on mass number
A, so they contribute with equal percentage to 236U and 238U,
and the Rutherford ratio is not affected.

At low excitation energies, fission fragments show a strong
angular correlation with respect to the ejectile [15]. These
anisotropies are very similar for 236U and 238U, exhibiting at
most a 4.6% difference [16]. At higher excitation energies, this
anisotropy disappears as additional states become available
above the fission barrier [17]. The 24 MeV (d, d ′f ) events
were the only data that required this correction since they
extended down to the fission barrier. In order to take this into
account, a Gaussian correction term was applied to the 24 MeV
(d, d ′f ) to gradually decrease the correction factor from the
maximum (4.6%) near the fission barrier to zero near 9 MeV.
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FIG. 4. Fission events coincident with protons for the (a) 236U target, (b) 238U, and (c) the ratio of (d, pf ) events of 236U/238U, as a function
of excitation energy in the compound nucleus. The data were obtained at 24 MeV incident deuteron energy.

We now consider the relationship between the surrogate
deuteron-induced fission probability and the corresponding
neutron-induced cross section. The compound nucleus forma-
tion cross section σCN is very similar for 238U and 236U, since
these nuclei have similar structure, and the compound nucleus
formation cross sections scale as A2/3 [18]. Therefore, based
upon Eq. (1), the compound nucleus formation cross section
also cancels, leaving only the fission probability in the ratio.
Thus, the neutron-induced cross sections ratio can be expressed
as follows:

σ(n,f )(238U)(Ex)

σ(n,f )(236U)(Ex)
= P(d,pf )(238U)(Ex)

P(d,pf )(236U)(Ex)
. (3)

It should be mentioned, however, that for excitation energies
lower than 8 MeV in the actinides, the ratio is affected by
differences in the angular momentum distributions excited
in the direct reaction and the neutron capture reaction. For
instance, the ground-state spins of 237U and 235U differ
(Jπ = 1/2+ and 7/2−, respectively), and this can induce a 30%
difference in the neutron-induced fission cross section [19].
For excitation energies higher than 8 MeV, the dependence
on the Jπ disappears, and this is the region where the ratio
technique becomes robust.

The advantage of this method also relies on the insensitivity
of the ratio to any preequilibrium effects for the (n, f ) reaction.
Suppose that the compound nucleus undergoes a preequi-
librium reaction, and that the preequilibrium components
of 238U and 236U compound nuclei vary by �σPEQ. Thus,
the compound nucleus formation cross-section ratio σCN+PEQ

becomes

σCN+PEQ(238U)

σCN+PEQ(236U)
= σCN(238U) + σPEQ(238U) + �σPEQ

σCN(236U) + σPEQ(236U)
. (4)

For a difference of �σPEQ of 20%, and small values of
σPEQ [20], the ratio varies by 1–2% only, thus it is left rather
unaffected by preequilibrium effects.

To benchmark and test the technique, the P (d, pf ) ratio was
analyzed. The 236U(d, pf ) and 238U(d, pf ) reactions serve
as surrogates for the well known 236U(n, f ) and 238U(n, f ),
respectively; thus, the corresponding ratio can be compared
to direct measurements. In Fig. 4(c), the proton-induced
fission probability ratio is illustrated, with the correction
factors discussed above taken into account. Furthermore, the
ratio is compared to the direct measurements in Fig. 5. The
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FIG. 5. Fission probability ratios for the (d, pf ) and (d, d ′f )
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energy of the compound nucleus. The existing data and theoretical
estimates are also indicated.
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surrogate points follow closely the reported direct measure-
ments [10], giving confidence in the measurement and the
technique.

The P(d,d ′f ) ratio serves as a surrogate for the 237U(n, f )/
235U(n, f ) cross-section ratio, and since the 235U(n, f )
neutron-induced cross section is known, the ratio can be used
to deduce the 237U(n, f ) cross section. In Fig. 5, these ratios
are presented. The old low-energy surrogate data originating
from the (t, pf ) reaction [9,21], also plotted in Fig. 5, show
good agreement with the STARS data. Our new measurement
extends the 237U(n, f ) cross section to much higher energies,
to ∼14 MeV equivalent neutron energy. A theoretical estimate
[22] based on an extrapolation of the surrogate data obtained
previously is also indicated on the graph, and the data match
this prediction within 1σ accuracy. We note that this is the
first measurement of the neutron-induced fission probability
on 237U over this energy range.

In conclusion, we have investigated the (d, xf ) reactions
on 236U and 238U targets employing the STARS detector.
Reporting the results as a ratio of fission probabilities has the
advantage of removing most of the systematic uncertainties
associated with the measurement of absolute cross sections,
and most of the sensitivity to preequilibrium effects. Our
method was benchmarked using the fission probability ratio
P [236U(d, pf )]/P [238U(d, pf )] as a surrogate for the well

known 236U(n, f )/238U(n, f ) cross-section ratio. Excellent
agreement over a wide range of excitation energy was
found with the existing direct measurement data. As a first
application of this technique, the ratio of fission probabili-
ties P [238U(d, d ′f )]/P [236U(d, d ′f )], as a surrogate for the
237U(n, f )/235U(n, f ) cross-section ratio, was extracted from
the same data set. The present data attempt to quantify the
hitherto unknown 237U(n, f ) cross section with respect to the
known 235U(n, f ) over an unprecedented range of incident
neutron energies. However, more precision is needed, and
future experiments, employing an α beam instead of deuterons,
are expected to provide it. The method of reporting fission
probabilities in two different compound nuclei (yet close in
mass and similar in structure) as ratios turns out to be robust,
model independent, and free from most systematic errors, and
it can have broader applications, not only for actinides, but
also in other regions of the nuclidic chart.
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