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Accurate 28U(n, 2n)*"U reaction cross-section measurements from 6.5 to 14.8 MeV
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The cross section for the 2U(n,21n)*’U reaction has been measured in the incident neutron energy range
from 6.5 to 14.8 MeV in small energy steps using an activation technique. Monoenergetic neutron beams were
produced via the ’H(d,n)’He and 3 H(d ,n)*He reactions. *U targets were activated along with Au and Al monitor
foils to determine the incident neutron flux. The activity of the reaction products was measured in TUNL'’s
low-background counting facility using high-resolution y-ray spectroscopy. The results are compared with
previous measurements and latest data evaluations. Statistical-model calculations, based on the Hauser-Feshbach
formalism, have been carried out using the CoH; code and are compared with the experimental results. The present
self-consistent and high-quality data are important for stockpile stewardship and nuclear forensic purposes as

well as for the design and operation of fast reactors.
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I. INTRODUCTION

The 2*%U(n,2n)**’U reaction cross section constitutes a
significant part of the nonelastic reactions on 2**U at neutron
energies above 6.0 MeV. These energies correspond to a
region where the fission (n, f) cross section exhibits a step-
function-like increase, and where the fission channel and the
(n,2n) reaction are dominant compared with other competing
neutron-induced processes, such as neutron capture (7, ) and
inelastic neutron scattering (n,n’) [1]. Because both fission
and (n,2n) reaction channels compete at neutron energies
above 6 MeV, the absolute magnitude of these cross sections is
of primary importance for stockpile stewardship and nuclear
forensic as well as safety assessment of fast reactors [2,3].

As an important flux monitor for high-energy neutrons, the
excitation function of the >®U(n,21n)*"U reaction has been
measured by many authors, using either the activation meth-
ods, the spherical shell technique, or neutron spectroscopy
[4-27]. Besides the experimental data in the EXFOR library of
the NNDC webpage [28], evaluated data of the 238U(n,2n)237U
reaction cross section over a wide range of neutron energies are
available from different compilations, e.g., ENDF/B-VIIL.b4,
JENDL-4.0, JEFF-3.2, CENDL-3.1, BROND-2.2, Zhou
You-Pu, Zolotarev [28,29].

Despite continued effort for several decades, there still
lacks a comprehensive and self-consistent measurement of the
28U(n,2n)*"U reaction cross section over a broad energy
range with small uncertainties, plus a detailed comparison of
the measured cross-section data with the results of statistical-
model calculations and the latest data evaluations. In this
article, we describe an activation based measurement of the
238U(n,2n)237U reaction cross section in order to provide an
accurate data set for evaluators and simulation codes. Monoen-
ergetic neutron beams with high flux, pure/background-less
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activation targets, and high-resolution y-ray spectroscopy
techniques have helped minimize the uncertainties of the
measurements.

II. EXPERIMENTAL DETAILS

The neutron activation of 2*U was carried at the 10-MV
FN Tandem Accelerator of the Triangle Universities Nuclear
Laboratory (TUNL) [30]. The measurements were performed
in the so-called neutron time-of-flight (NTOF) room, a large
10 x 16 m room with high ceilings, which helps to reduce the
effect of room return neutrons at the position of the activation
target.

Quasi-monoenergetic neutron beams were produced via the
>H(d,n)*He and *H(d,n)*He reactions. Relevant information
about each of these reactions is given in Table I of Ref. [31].
The 2H(d,n)’He reaction with its positive Q value and its large
cross section is the most commonly used neutron production
reaction in the 5 to 13 MeV energy range. Deuterium gas
was contained in a 3-cm-long cylindrical cell with pressures
adjusted in the 2 to 4 atm range to keep the neutron energy
spread below +200 keV (FWHM). The cell was sealed from
the beam line vacuum by a 6.35 um thin Havar foil [31].
The pressure in the gas cell and the energy straggling of the
deuteron beam in the Havar foil contributed to the energy
spread of the neutron beam. The deuteron energy loss was
calculated using the program MAGNET [30] with the incident
deuteron beam energy, the length of the gas cell, the deuterium
gas pressure, the thickness of the Havar foil, and the ambient
temperature as inputs. Typical deuteron beam currents on
target were ~2 puA. The 3H(d,n)*He reaction is the favored
reaction for neutron production in the 14 MeV energy region.
This reaction was used for our three measurements at neutron
energies of £, = 13.6,14.1,and 14.8 MeV. A3.8cm x 3.8 cm
BC-501A based neutron detector [32] was placed at 0° relative
to the incident deuteron beam. During irradiation, the neutron
detector operated in the multichannel-scaling acquisition mode
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TABLE 1. Information on the **3U targets and Al and Au monitor
foils used in the present measurements. All targets and monitor foils
were of 1.27 cm diameter. The 28U targets were depleted to the
99.97% level, whereas the natural monitor foils were of 99.999%

purity.

Target Mass (mg)
28U (ID #)

old 441.93(60)

109 172.55(20)
110 242.60(20)

111 240.79(20)

112 236.56(20)

113 260.70(30)
197 Au foils 120.5(1)-131.34(1)
27 Al foils 16.87(1)-19.14(2)

to record the time profile of the neutron flux, allowing us
to make off-line corrections for any beam current variation.
A total of six 1.27 cm diameter and depleted >*U targets
were used during the course of our measurements. They were
mounted normal to the incident beam at a distance of 2.54 cm
downstream from the end of the deuterium gas cell when the
2H(d,n)*He reaction was employed. For the measurements
with the H(d,n)*He reaction the tritiated target described in
Ref. [33] was used to produce 14.8 MeV neutrons at 0°, and
13.6 MeV neutrons at 135°. The 233U target was positioned
at a distance of 2.54 cm from the 0.4 mm thick Cu backing
of the tritiated titanium foil. A special tritiated target cell had
to be used at 14.1 MeV in order to minimize the scattering
of neutrons from structural materials before they interact with
the 23U target. Here, the tritiated titanium foil was mounted
at a 45° angle relative to the incident deuteron beam, with the
238U target mounted at 90°. The **®U targets were sandwiched
between natural Al/Au foils of the same diameter in order
to determine the neutron fluence incident on the targets.
Table I provides information on the properties of the 233U
and monitor foils. The depleted **3U targets were provided by
Los Alamos National Laboratory. The mass of these targets is
determined by weighing. Afterwards, the targets were sealed
with mylar tape to prevent oxidation and/or loss of material
during irradiation.

During 20 experimental runs, the 2¥U targets were ir-
radiated at 16 different neutron energies [E, = 6.34(0.21),
6.89(0.20), 7.40(0.19), 7.87(0.25), 8.38(0.24), 8.89(0.23),9.40
(0.23), 9.91(0.21), 10.41(0.21), 10.92(0.17), 11.42(0.18),
11.93(0.18), 12.43(0.18), 13.60(0.06), 14.1(0.06), and 14.8
(0.06) MeV], where the numbers in parentheses represent the
energy spread (FWHM) in MeV of the neutron beam. Because
of kinematics, the off-0° neutrons have a lower energy than the
neutrons emitted parallel to the deuteron beam. This kinematic
effect was taken into account via Monte Carlo simulation
by using the angular distribution of the neutron flux across
the width of the targets, the differential cross-section data of
the 2H(d,n)3He reaction [34], and the deuteron energy loss
along the length of the gas cell. As an example, for 12.5 MeV
neutrons produced at the center of the gas cell, the energy
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FIG. 1. Calculated energy distribution of neutrons hitting the **U
target at the 12.5-MeV settings. The spread in neutron energies is
primarily caused by kinematic effects due to the extended geometry
of the deuterium gas cell and the target sample.

distribution of the neutrons hitting the foils is shown in Fig. 1.
The spread of the neutron energy distribution at other settings is
similar in shape, except for the data taken with the *H(d,n)*He
reaction, where the neutron energy distribution is more narrow,
as expected from the 2 mg/cm? titanium layer loaded with
74 GBq of tritium.

The 33U targets along with the monitor foils were irradiated
for 1.5 to 9 h depending on the neutron beam energy and the
corresponding (r,2n) reaction cross section. Neutrons from
the deuteron breakup on structural materials of the deuterium
gas cell have energies below the **U(n,2n)*’U reaction
threshold as long as the 2H(d,n)*He neutrons do not exceed
an energy of 11.5 MeV. Therefore, small corrections had to
be applied to the data obtained at 11.93 and 12.43 MeV.
238U activation data obtained with the deuterium gas pumped
out of the gas cell provide an experimental determination
of the “break-up” neutron contribution to the cross section
of interest. The "7 Au(n,2n)'°° Au reaction with its threshold
of 8.11 MeV is not sensitive to any break-up neutrons for the
deuteron energies used in the present work. Neutrons from the
deuteron breakup on the deuterium gas itself are below the
238U(n,2n)237U threshold and therefore, do not contribute in
the deuteron energy range used in the present analysis.

Following the irradiation, the targets were y-ray counted
in TUNL’s low-background counting facility, using a set of
high efficient standard HPGe and HPGe Clover detectors.
These detectors are elaborately lead-shielded against room
and cosmic-ray background radiations. The irradiated targets
were placed in plastic (acrylic) containers and positioned at a
distance of 5 cm from the front face of the respective detectors
throughout the measurements. The dead time of the counting
system was less than 1%. Over a period of 1-2 months, the
targets were measured using a number of different counting
cycles, depending on the half-lives of the product nuclei. A
Canberra Multiport IT multichannel analyzer was used for the
data-acquisition system and spectra were accumulated using
the GENIE-2000 software [35] with active pile-up rejection.

Because the photopeak count rate in the y-ray spectrum
is used to determine the activity of the target, the efficiency
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FIG. 2. Measured absolute efficiency for a HPGe Clover detector
(sum of all four crystals) using a mixed nuclide y-ray source. The
solid curve is the fit to the data values (see text for details). A large
error associated with the 165.8 keV y ray is due to the error in the
measured intensity data (~10% [28]).

of each detector was determined accurately using a mixed
nuclide y-ray source (obtained from Eckert and Ziegler
[36]) under identical conditions as those used for counting
the 2¥U targets and monitor foils. Mixed y-ray sources
are useful since a number of energies (ranging from 59.54
to 1836.06 keV) can be measured simultaneously rather
than repeating efficiency measurements for separate sources.
Because the majority of the nuclides in the mixed source are
single y-ray emitters and therefore, are not in coincidence
with any other transitions, coincidence summing effects are
practically eliminated. Figure 2 shows the efficiency curve
for the HPGe Clover detector. The program “effit” from the
RADWARE package [37] was used to fit the individual efficiency
data values.

III. DATA ANALYSIS

The acquired y-ray spectra from the off-line measurements
of the activated targets were analyzed to identify the reaction
products and to determine the respective peak areas using the
GF3 package of the RADWARE software [37]. Typical y-ray
spectra (of the region of interest) from the 238U(n,2n)237U,
2 Al(n,a)**Na, and "7 Au(n,2n)"° Au reactions are shown in
Figs. 3 and 4. The top panel of Fig. 3 shows the spectrum
obtained from the target 23U before irradiation. As can
be seen, the region of interest (E, = 208.01 keV) for the
238U(n,2n)*"U reaction is not contaminated with background
lines. The 2’Al and !’ Au monitor foils were never irradiated
before. Table II lists the different reaction channels studied in
the present measurements along with the primary y lines used
for identifying isotopes as well as the corresponding intensities
and the product half-lives. The half-lives of the products from
the 238U(n,2n), 197Au(n,Zn), and 27Al(n,oe) reactions were
determined from the cycle measurements of the activated
targets and compared to the adopted values. Decay curves
for 28U (n,2n)?"U, 7 Au(n,2n)'*° Au, and 2’ Al(n,«)**Na are
illustrated in Fig. 5. The associated half-life times are in very
good agreement with the literature values from the National
Nuclear Data Center database [28]. The incident neutron
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FIG. 3. y-ray spectra measured before (a) and after activation
[(b) and (c)] of the 28U target with E, = 10.5 MeV neutrons. The
decay of 2"U associated with the y-ray line at 208.01 keV is shown
at two different decay times. The activation conditions (irradiation,
measurement, and decay times) are also given.

flux and the reaction cross section for >**U(n,2n)*"U was
calculated from the well-known activation formula [38—40]

A =o¢n(l —e M) (] — ¢ m), Q8

where A is the induced activity, o is the cross section, ¢
is the incident flux, n is the number of target nuclei, A is
the decay constant, and ¢;, t4, t,, are the irradiation, decay,
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FIG. 4. y-ray spectra measured after activation of the 2’ Al (a) and
197 Au (b) monitor foils with E, = 6.5 and 13.6 MeV, respectively,
are shown at two different times (top and bottom). The characteristic
y-ray lines are indicated. The vertical dash lines are for guiding
purposes only. The activation conditions (irradiation, measurement,
and decay times) are also given.
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TABLE II. Decay data for nuclear reactions used in the present work [28].

Reaction Q value (MeV) Product half-life E, (keV) I,
28U(n,2n)?"'U —6.1543(1) 6.75(1) d 208.01(2) 0.212(3)
197 Au(n,2n)'*° Au —8.072(2) 6.1669(6) d 355.73(5) 0.87

T Al(n,o)**Na —3.1324(1) 14.997(12) h 1368.63(5) 0.9999(1)

and measurement times, respectively. The induced activity is
obtained from the peak area of the respective y-ray transition,
normalized by the corresponding intensity, the disintegration
rate of the radioactive product, and the efficiency of the
detector.

One of the key ingredients in determining the cross section
from the measured data is the incident neutron flux. In the
present measurements the incident flux was obtained from the
monitor reactions on '°’Au and ?’Al foils irradiated along
with the 233U targets. The required cross-section values for the
97 Au(n,2n) and ¥’ Al(n,«) reactions needed in the activation
formula were taken from the work of Zolotarev [41,42].
Because the threshold for the '°” Au monitor reaction is 8.11
MeV, the flux at neutron mean energy lower than 10.0 MeV was
determined using 2’ Al monitor foils. For each given neutron
energy, the standard cross-section value was obtained by linear
interpolation of the tabulated data given in Refs. [41,42].
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IV. RESULTS AND DISCUSSION

Using the measured 208.01 keV U y-ray line yields with
the calibrated y -ray efficiency, neutron fluence determinations
obtained from the monitor foil yields and monitor reaction
cross sections, target thickness assay, and decay scheme infor-
mation, the 2>U(n,21)?*"U cross-section value was calculated
for each neutron irradiation. The cross-section data obtained
in the incident neutron energy range from 6.5 to 14.8 MeV
are tabulated in Table III. Figure 6 shows the measured
cross-section data as a function of incident neutron energy
from 6 to 15 MeV, along with the data from the literature, as
well the latest evaluations. As can be seen from Fig. 6, the
experimental 238U(n,2n)237U reaction cross-section data have
a rapidly increasing trend between neutron energies of 6.0 to
8.5 MeV. Above that energy range the slope remains almost
constant up to 12.5 MeV and then drops above 13 MeV. This

162755 —
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FIG. 5. Determination of half-lives of the activation products 27U (a and b), '°Au (c), and **Na (d). The y-ray transitions used for these

nuclei are listed in Table II. Note the logarithmic (base e) scales.
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TABLE III. Cross-section values for 2*U(n,2n)*’U reaction
measured in the present work at neutron energies from E, = 6.5
to 14.8 MeV. Also given are the reaction cross-section data for the
monitor reactions, taken from Refs. [41,42].

E, TAl(n,0)*Na  "“TAu(n,2n)'°Au PPU®,2n)?'U
(MeV) (mb) (b) (b)
6.34(21) 5.21(11) 0.07(1)
6.89(20) 15.05(23) 0.39(1)
7.40(19) 25.96(29) 0.82(1)
7.87(25) 38.07(34) 1.14(3)
8.38(24) 52.04(44) 1.27(3)
8.89(23) 66.03(59) 1.36(4)
9.40(23) 78.54(68) 1.37(3)
9.91(21) 0.97(3) 1.45(4)
10.41(21) 1.22(4) 1.42(3)
10.92(17) 1.42(4) 1.44(3)
11.42(18) 1.58(4) 1.44(4)
11.93(18) 1.71(4) 1.43(4)
12.43(18) 1.83(4) 1.40(4)
13.60(6) 2.09(3) 1.11(3)
14.10(6) 2.14(2) 0.89(2)
14.80(6) 2.16(2) 0.66(2)

variation in the excitation function can be attributed to the
sharing of the excitation energy between different reaction
channels, particularly 238U(n,)/), 238U(n,f), and 22U, 3n).

Since the 1950s a substantial amount of effort has been
made to measure the 238U(n,2n)237U cross section. Table IV
lists the previous measurements of the 238U(n,2n)*"U reaction
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cross section available in the literature [28] at neutron energies
between 5 and 15 MeV. The first attempt (as per the NNDC
EXFOR data library [28]) to measure the 28U(n,2n)*"U cross
section was carried out by Phillips et al. [4] in 1956 at E, =
14.1 MeV, followed by a measurement at £, = 15.0 MeV by
Antropov et al. [5] in 1958. Since then many experimental
groups around the world carried out 2*®U(n,2n)*"U cross-
section measurements in the E, ~ 14—15 MeV region. The
measurements of Knight et al. [6] performed in 1958 (E, =
6—10 MeV) used the ratio of (n,2n)/(n, f) measurements to
calculate the 238U(n,2n)237U cross-section data, which relied
on then available fission cross-section data. Mather et al. used
a large loaded liquid scintillator to measure the cross section at
E,=7,8,12.4,and 14.06 MeV. 238U(n, f)wasused as a mon-
itor reaction. In 1980, three groups reported 22*U(n,2n)*"U
cross-section data in the energy range of E,, = 6—15MeV. The
activation method was used by Kornilov et al. [13] and Raics
et al. [16]. Similar to the approach by Mather et al., Frehaut
et al. [15] used a large gadolinium-loaded liquid scintillator to
determine the 23U(n,2n)*7U cross section. In recent years,
Naik and his group [23-26] used the activation technique for
the cross-section measurements at E,, = 8.0, 10.0, 12.0, 14.8,
and 15.5 MeV. Our present data are in good agreement with
the values reported by Knight et al. [6] and Raics [16]. The
cross-section values reported by Frehaut ef al. are consistently
lower and higher than our present data in the energy range of
E, =6—12and E, = 13—15 MeV, respectively.

The ENDF/B-VIIL.b4 evaluation is in very good agreement
with the present measurements almost over the entire energy
range. The JEFF-3.2 evaluation has very good overlap with the
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FIG. 6. Present experimental cross-section data (down-ward pointing triangle) for the ***U(n,21)**7U reaction are plotted as a function of
incident neutron energy and shown in comparison to previous data from the literature as well as to the latest evaluations.

044623-5



KRISHICHAYAN, BHIKE, TORNOW, TONCHEV, AND KAWANO

TABLE IV. Previous measurements of the 2*U(n,2n)*"U reac-
tion cross section in the range of 6.0-15.0 MeV [28]. Information on
the latest evaluation libraries is also given.

First author Year E, range (MeV) Beam
Phillips [4] 1956 14.1 *H(d,n)*He
Antropov [5] 1958 15.0 *H(d,n)*He
Knight [6] 1958  5.98-9.97 *H(d,n)*He
Perkin [7] 1961 14.5 *H(d,n)*He
Mather [8] 1969 14.06 *H(d,n)*He
Mather [9] 1972 7.0,8.0,124 2H(d,n)’He & *H(d,n)*He
Landrum [10] 1973  13.7-14.95 *H(d,n)*He
Veeser [11] 1878  14.7-19.0 *H(d,n)*He
Karius [12] 1979  13.2-18.1 *H(d,n)*He
Kornilov [13] 1980  6.5-14.76  *H(d,n)’He & *H(d,n)*He
Ryves [14] 1980 14.68 *H(d,n)*He
Frehaut [15] 1980  6.49-14.76  2H(d,n)’He &*H(d,n)*He
Raics [16] 1980 6.54-14.76  *H(d,n)’He &>H(d,n)*He
Anders [17] 1986 14.7 *H(d,n)*He
Golovnya [18] 1987 14.76 *H(d,n)*He
Raics [19] 1990 13.51-14.8 *H(d,n)*He
Konno [20] 1993  13.3-14.9 *H(d,n)*He
Wang [21] 2010  13.5-14.9 *H(d,n)*He
Zhu [22] 2011  13.4-14.8 *H(d,n)*He
Naik [23] 2012 9.85 "Li(p,n)’Be
Crasta [24] 2014  8.04,11.9 "Li(p,n)’Be
Mulik [25] 2014 15.5 "Li(p,n)’Be
Naik [26] 2015 14.8 *H(d,n)*He
Filatenkov [27] 2016  13.47-14.86 *H(d,n)*He
Evaluation libraries [28]
Zhou You-Pu 1978
ROSFOND-2010 2006
CENDL-3.1 2009
JEFF-3.2 2011
JENDL-4.0 2012
ENDF/B-VIILb4 2014
Zolotarev [29] 2017

present measurements below 9 MeV, but continues to increase
at higher energies up to 11.0 MeV, after which it follows
a negative slope. The CENDL-3.1 evaluation has very poor
agreement with the present data, but agrees quite well with the
results of Frehaut ez al. [15] up to E, = 12 MeV. Zolotarev
[29] has recently published his report on the latest evaluation
of the 2*8U(n,2n)**"U cross section. The Zolotarev evaluation
is in close agreement with our data below 10.5 MeV, while
it does not agree at higher energies except at E,, = 13 MeV.
Figure 7 shows the variation of the evaluation data with respect
to our data set. As can be seen, except for ENDF/B-VIIL.b4,
all other evaluation data sets have a positive slope at E, =
10—11.5 MeV, whereas the measured cross-section values are
almost constant in this energy range.

V. THEORETICAL CALCULATIONS

We performed statistical Hauser-Feshbach model calcu-
lations for the neutron induced reactions on U with the
CoH3; code [43], and compared the results with our measured
data (see Fig. 8). CoHs combines the coupled-channels
optical model and the statistical Hauser-Feshbach theory.
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FIG. 7. Comparison of the present data to the data taken from the
latest evaluations.

The direct cross sections to the coupled levels are correctly
taken into account by applying the Engelbrecht-Weidenmiiller
transformation to the scattering matrix [44,45]. To avoid a
convergence problem in the coupled-channels method [46],
six states (0F, 2%, 47, 67, 8%, and 10™) in the ground state
rotational band are coupled. We adopt the optical potential of
Soukhovitskii et al. [47], and the deformation parameters 8, B4
and B are taken from the finite-range droplet model (FRDM)
[48]. For the other collective states, such as the octupole
vibrational band levels, we employ the DWBA method to
calculate the direct inelastic scattering cross section. The y -ray
transmission coefficient is calculated from the y-ray strength
functions. For the double-humped E'1 strength we adopt the
generalized Lorentzian form of Kopecky and Uhl [49]. For the
higher multipolarities in the standard Lorentzian, information
was taken from the parameter systematics in RIPL-3 [50]. We
also consider the M1 scissors mode [51,52].

At the incident neutron energies of around 10 MeV, the total
compound formation cross section, which is determined by
the optical potential employed, is split into the (n,n’), (n,2n),
first-chance fission (7, f), and second chance fission (2,n’ f)
channels. To calculate the (n,2n) cross section we have to pay
attention not only to the neutron emission channel, but also
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FIG. 8. Hauser-Feshbach model based theoretical calculation
is compared to the experimental cross-section data for the
28U(n,2n)»"U reaction.
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the fission channel. Because the fission model in the Hauser-
Feshbach code is still not as sophisticated as desirable, and
the calculated fission cross section is very sensitive to the
fission penetrabilities, prediction of the fission cross sections
by the model itself is not very accurate. Here, we adjust the
fission parameters (height and curvature of the fission barrier)
to reproduce the evaluated fission cross section in ENDF/B-
VII.1 [28]. This procedure gives us some confidence that the
calculated neutron emission channels should be reasonable.
As can be seen from Fig. 8, the calculations referred to above
provide an almost excellent description of our data. In the 9 to
12 MeV energy range the data are half an error bar lower than
the calculations.

VI. SUMMARY

This work presents an accurate and self-consistent set
of high-quality cross-section data for the **U(n,2n)*’U
reaction from 6.5 to 14.8 MeV. The data are important
to issues pertaining to stockpile stewardship and nuclear
forensics, as well as the design and operation of fast reactors.
The measurements were performed with quasi-monoenergetic
neutrons at TUNL, and special care has been taken to obtained
high-quality data with minimum associated uncertainties. The

PHYSICAL REVIEW C 96, 044623 (2017)

cross-section data were compared with data and the latest
evaluations from the literature. Statistical-model calculations
were carried out based on the Hauser-Feshbach formalism
using the CoH; code and were found to be in very good
agreement with the present data. Our future plans include
measurements of the 238U(n,y)BgU cross section, although
the capture reaction channel is by far the smallest in this
high-energy region.
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