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Abstract. Neutron total cross sections are an important source of experimental data in the evaluation of neutron-
induced cross sections. The sum of all neutron-induced reaction cross sections can be determined with a pre-
cision of a few per cent in a relative measurement. The neutron spectrum of the photoneutron source nELBE
extends in the fast region from about 100 keV to 10 MeV and has favourable conditions for transmission mea-
surements due to the low instantaneous flux of neutrons and low gamma-flash background. Several materials
of interest (in part included in the CIELO evaluation or on the HPRL of OECD/NEA) have been investigated:
197Au [1, 2], natFe [2], natW [2], 238U, natPt, 4He, natO, natNe, natXe. For gaseous targets high pressure gas cells
with flat end-caps have been built that hold up to 200 bar pressure. The experimental setup will be presented
including results from several transmission experiments and the data analysis leading to the total cross sections
will be discussed.

1 Introduction

The neutron total cross section is the sum of the neutron in-
duced partial cross sections for all open reaction channels,
i.e. elastic and inelastic scattering, radiative capture, etc.
It is an important experimental input for the evaluation of
neutron-induced cross sections. The shape of the neutron
total cross section depends on the neutron resonances of
the target nuclides and on the interference with potential
scattering. In the fast neutron energy range, where reso-
nances cannot be resolved experimentally average neutron
total cross sections show a large sensitivity to both com-
pound nucleus model and optical model parameters.

The neutron total cross section can be determined in
a transmission experiment, which allows a high precision
of a few percent as the measurement is independent of
the neutron detection efficiency. At the nELBE time of
flight facility at Helmholtz-Zentrum Dresden - Rossendorf
(HZDR) several transmission measurements have been
conducted to determine the total neutron cross section in
the fast energy range starting at 100 keV up to about 10
MeV. Results on natFe, 197Au and natW have been pub-
lished in ref. [2], where experimental aspects of the trans-
mission setup and the data analysis are described in de-
∗e-mail: A.Junghans@hzdr.de

tail. To be able to investigate gaseous targets without cor-
rections for the target chemical composition, high pres-
sure gas cells with flat end-caps have been developed that
stand a pressure up to 200 bar. In this paper experimental
data for natHe, natO, natNe, natXe will be presented. Fur-
thermore, solid natPt, and 238U (as depleted uranium) have
been investigated. 238U is the main component in many
nuclear fuels and has also been reviewed in the interna-
tional CIELO evaluation [3]. Above 5 MeV neutron en-
ergy, total cross section measurements for a wide range of
nuclides spanning the periodic table from A = 1 to 238
have been performed at LANL [4]. The data were ob-
tained with a 1 % uncertainty due to counting statistics and
the uncertainty due to systematic effects is also less than
1 %. The neutron spectrum of nELBE allows us to ex-
tend the accessible range down to 100 keV neutron energy
in a single measurement. These data shall be compared
with data from GELINA which extend from the resonance
region up to 250 keV. For platinum, neutron transmission
has been measured only sparsely with limited accuracy.
The material is used as backing material in reference in-
struments and as such a good determination of the neutron
transmission can be of metrological relevance [5]. The no-
ble gases helium, neon and xenon have been investigated
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in a few experiments in the fast neutron range using quasi-
monoenergetic neutrons with limited energy resolution [6–
8]. For neon the need for a more precise cross section
determination has arisen from nuclear astrophysics [9] :
17O(α, n)20Ne can reclaim neutrons lost by 16O(n, γ)17O
in s-process scenarios. Resonances in neon transmission
below 1.5 MeV are not accessible easily in direct measure-
ments. Xenon is used for direct dark matter detection, as of
yet unknown dark matter particles scatter from xenon. To
improve the understanding of the nuclear response func-
tions of these detectors [10] a precise determination of the
total cross section is necessary . Oxygen is contained in
nuclear fuel and moderator or shielding materials. Precise
data for the first resonance at 440 keV are required to im-
prove the current data evaluation [11].

2 Experimental Set-up

Helmholtz-Zentrum Dresden - Rossendorf operates the
first photo-neutron source at a superconducting electron
accelerator dedicated to measurements in the fast neutron
range [12, 13]. The floor plan of the upgraded facility
is shown in Fig. 1. The electron beam is accelerated to
30 MeV in continuous-wave mode by the superconduct-
ing electron accelerator ELBE. The micro pulse repeti-
tion rate is set to 101 kHz with a reduced bunch charge
of ca. 10 pC for time-of-flight measurements. The elec-
tron micro pulses have a duration of only 5 ps and thus
allow for an excellent time resolution. A new compact
liquid-lead circuit is utilized as a neutron-producing target.
The neutron radiator consists of a Mo-tube with a rhom-
bic cross-section and thickness of 11 mm through which
liquid lead is pumped. The neutrons leave the neutron-
producing target almost isotropically, whereas the angular
distributions of electrons and bremsstrahlung are strongly
forward-peaked. The collimator axis is located at an an-
gle of 100 degrees with respect to the electron beam di-
rection. A lead absorber of 5 cm thickness mounted half-
way between the neutron producing target and the colli-
mator entrance is used to suppress the bremsstrahlung in-
tensity. The target samples are mounted in a target ladder
in front of the collimator entrance at a distance of 1 m
from the neutron producing target. The properties of the
collimator and the neutron beam at the experimental area
have been optimized in order to maintain the correlation
of time-of-flight and neutron energy [12]. The collimator
has a length of 2.5 m and contains three inserts of lead and
borated polyethylene that are mounted inside a precision
steel tube. All walls, ceiling and floor in the time-of-flight
experimental hall are at least 3 m away from the neutron
beam axis to help reduce the room return neutrons.

The neutrons were detected with a 5 mm thin plas-
tic scintillator read out on both ends by high-gain PMTs
Hamamatsu R2059-01. With the coincidence on both
PMT signals a detection threshold of about 10 keV neu-
tron energy has been obtained [14]. The neutron count rate
in the experiments was typically several hundred per sec-
ond while the bremsstrahlung detected had a count rate of
a few thousand per second. A typical time-of-flight spec-
trum with a neon sample in the beam is shown in Fig. 2.

Figure 1. Floor plan of the neutron time-of-flight facility nELBE
at HZDR. The neutrons are produced by the electron beam hit-
ting a liquid lead circuit as neutron producing target, see inset
on the lower right. The neutron beam is shaped by a collima-
tor and guided to the neutron time-of-flight hall, see inset on the
left. The detection setup is located in the time-of-flight hall, see
upper inset. For neutron transmission experiments a plastic scin-
tillator with a low threshold for recoil proton signals (En > 10
keV) is used. The transmission samples are located in a movable
absorber ladder in the front of the collimator.

The flight path was 918 cm long. A narrow gate was used
on the time difference spectrum of the two PMTs to re-
duce detection of double hits. A dead time of 3 µs was
inserted after each coincidence hit to efficiently suppress
PMT afterpulses that mainly arise from the gamma-flash.

Figure 2. Deadtime corrected time-of-flight spectrum with a
natNe sample in the beam. PMT after-pulses are suppressed as
described in the text. The small first peak at 25 ns is due to dou-
ble hits in the scintillator. The bremsstrahlung peak is located at
30.6 ns, its width is 0.61 ns (FWHM). The broader peak at 52 ns
is due to bremsstrahlung backscattered from the beam dump and
rear wall. The neutron time-of-flight range is from about 150 to
2500 ns. The black line is the result of a fit of a constant random
background rate.
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The transmission measurements of gaseous target sam-
ples were made using high-pressure gas cells made from
stainless steel tubing with flat end-caps. A cross section
cut of the gas cell is shown in Fig. 3. To cancel the trans-
mission factor through the end caps an identical evacuated
cell was used in the "target out of beam" measurements.

The target areal densities were determined by measur-
ing the temperature and pressure during and after the fill-
ing procedure of the gas targets using a pressure transducer
with an absolute accuracy of 1.25 bar (For the oxygen and
xenon experiments a high-precision pressure transducer
was used with an absolute accuracy of 0.125 bar.) Only
new high-purity gas bottles were used with a purity of the
gases of 99.99 per cent or higher. The fluid equation of
state used to convert the measured pressure and tempera-
ture to density was taken from the NIST data base [15].
The metallic target samples natPt, and 238U (as depleted
uranium) had a right cylindrical shape with a diameter of
25 mm (Pt) and 50.8 mm (U). The uranium target used
here was from pure depleted uranium. The isotopic deple-
tion has been verified by gamma-spectroscopy. The oxide
layer was thin and the target samples were encased in a
thin aluminum housing to allow safe handling. An iden-
tical empty housing was used in the "target out" measure-
ments. The target properties are listed in Table 1.

Figure 3. Cross section cut of a high pressure gas cell used
for the neutron transmission measurements with gaseous targets.
The cell is made from stainless steel with cylindrical end-caps
having a wall thickness of 3 mm using standard Swagelock com-
ponents. The maximum pressure is up to 200 bar. The length
of the gas volume is 393 mm. The tube is made from 30 x 3
mm stainless steel. Not shown are the valve and pressure gauge
connected on the open ended flange.

3 Data analysis

The neutron transmission Texp(ti) is determined from the
ratio of the background and deadtime corrected count rates
with sample in the beam to sample out of the beam as a

Table 1. Target composition, purity (gases in volume per cent,
metals in weight per cent) and atomic areal density in

atoms/barn.

natHe 99.999 0.1797(11)
natO 99.998 0.09191(60)
natNe 99.99 0.1624(11)
natXe 99.998 0.07762(50)
natPt 99.95 0.09290(22)
238U 99.7 0.05450(6)

function of neutron time-of-flight channel ti:

Texp(ti) =
∑

k(Nin,k(ti) − Bin,k(ti)) fin,k∑
k treal,in,k

·
∑

k treal,out,k∑
k(Nout,k(ti) − Bout,k(ti)) fout,k

(1)

where Nin/out(ti) and Bin/out(ti) are the deadtime corrected
numbers of detected events and level of background events
in each time-of-flight channel i with and without the target
in the beam. The real times for each run k with target in/out
are denoted by treal,in,k, treal,out,k The dead-time correction is
time-of-flight dependent, as explained in ref.[2]. The rel-
ative live times were in a range from 0.88 (O) and 0.98
(Pt) for "target out of the beam" measurements and 0.865
(O) to 0.935 (Pt) for "target in beam" measurements. The
experiments were done by periodically moving the target
sample in and out of the beam with counting times adapted
to maximize the statistics. Typical counting times for each
setting were 10-20 min. The experiments were done with
about 100-150 hours of beam time. Listmode data were
recorded in separate runs of about 2-4 hours. The trans-
mission was calculated using the sum of all these runs k
where no beam intensity fluctuation or failure occurred in
the "target in" and "target out" settings. The factors fin,k
and fout,k are normalization factors to correct for remain-
ing fluctuations in the neutron source intensity:

fout,k =
treal,out,k∑

i(Nout,k(ti) − Bout,k(ti))
(2)

fin,k = 〈T 〉
treal,in,k∑

i(Nin,k(ti) − Bin,k(ti))
(3)

The neutron count rate for each run k with target out of
the beam and summed over the full neutron time-of-flight
range i is used as a neutron source intensity monitor in
eq.(2). For the "target in" settings the neutron source in-
tensity monitor is approximated with the target-in count
rate divided by the mean integral transmission factor 〈T 〉
over the full neutron time-of-flight range i of the full ex-
periment including all runs k.

From the measured transmission as a function of time-
of-flight Texp(En(ti)) an effective neutron total cross sec-
tion 〈σtot(En)〉 can be determined:

〈σtot(En)〉 = −1
n

ln Texp (4)

where n is the atomic areal density of the target sample.
To determine the neutron transmission and the total cross
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section from the measured time-of-flight distribution with
a relative accuracy of a few percent several corrections are
to be carried out:

1. Correction for a time-of-flight dependent dead time

2. Subtraction of a random background in the time-of-
flight spectra

3. Correction for fluctuations of the neutron-beam in-
tensity

4. Correction for in-scattering of neutrons

5. Correction for resonant self-shielding in thick trans-
mission samples

Random background and dead-time corrections are impor-
tant at low and high neutron energy, where the neutron
source intensity is already decreasing. In these transmis-
sion experiments a low beam intensity and a very compact
neutron producing target without any materials that would
slow down neutrons were used. The random background
can be described by a constant value in time-of-flight. It is
mostly dominated by random coincidences due to ambient
natural radioactivity whereas the room return background
of neutrons is relatively low [1]. Fig. 2 shows a typical
background rate. The determination of the background
levels Bin/out is done by calculating the mean bin content
in the time-of-flight ranges before the γ-flash and between
5 to 9 µs. In the time-of-flight region around 150 ns before
the first fast neutrons arrive the background level is higher
than estimated from the mean bin content between 5 to 9
µs. This background tail is due to insufficient suppression
of PMT after-pulses mostly from the gamma-flash. Due
to the low background-to-total ratio it has been neglected
in the transmission determination [2]. The background-to-
total ratio is shown in Fig. 4.

Figure 4. The background-to-total ratio shown for the oxygen
experiment. The red circles denote the ratio with the oxygen
gas cell in the beam. The blue squares denote the ratio with the
evacuated gas cell in the beam.

The correction for beam fluctuations has been de-
scribed above with eqs.(1,2,3). The relative uncertainties
of the total cross sections estimated from the fluctuations

of the transmission values k in each experiment are around
1.5 %. Fig. 5 shows the fluctuations of the neutron beam
intensity of the oxygen experiment, where the beam was
stable. In the xenon experiment a reduced beam stability
led to a larger uncertainty of 3 % in the cross section. The
total cross section determined by the sum of the runs k as
described above differed by less than 0.5 % from the total
cross section determined with the weighted average of the
transmissions of the runs k.

Figure 5. The neutron source intensity fluctuations shown for the
oxygen experiment. The quantity fnorm shown in the histogram is
the ratio of eqs.(3),(2).

In-scattering of neutrons was minimized by the geom-
etry of the setup: The collimator strongly limits the solid
angle under which neutrons can be registered and only
neutrons passing through the full length of the sample can
hit the detector. The probability for multiple in-scattering
of fast neutrons has been found to be less than 0.1 %.

The resonance self-shielding correction for thick sam-
ples in the unresolved resonance range can be obtained in
a statistical way by using the probability table method with
MCNP, for a description see e.g. ref. [2]. The data shown
here were not corrected for this effect, which is typically
smaller than 1 % in total cross section for neutron energies
above 150-200 keV.

4 Results

The neutron total cross sections of natHe, natO, natNe,
natXe, natPt, and 238U have been measured with the nELBE
time-of-flight facility at HZDR in the energy range from
about 0.10 to 10 MeV, see Fig. 6. The energy resolu-
tion ∆E/E increases in this energy range from 2 · 10−3

to 8 · 10−3 (FWHM). The resolution has been improved
by reducing the scintillation detector thickness as com-
pared to previous measurements [1, 2]. This resolution
is sufficient to resolve low lying resonances in light nuclei
and for average cross sections that can be compared with
optical model calculations. For helium, neon and xenon
only a few measurements exist. Our helium data are in
good agreement with the measurement by Goulding et al.,
[8] and extend the measured energy range to lower ener-
gies. For neon and xenon only data from quasimonoener-

4

EPJ Web of Conferences 239, 01006 (2020)	 https://doi.org/10.1051/epjconf/202023901006
ND2019



section from the measured time-of-flight distribution with
a relative accuracy of a few percent several corrections are
to be carried out:

1. Correction for a time-of-flight dependent dead time

2. Subtraction of a random background in the time-of-
flight spectra

3. Correction for fluctuations of the neutron-beam in-
tensity

4. Correction for in-scattering of neutrons

5. Correction for resonant self-shielding in thick trans-
mission samples

Random background and dead-time corrections are impor-
tant at low and high neutron energy, where the neutron
source intensity is already decreasing. In these transmis-
sion experiments a low beam intensity and a very compact
neutron producing target without any materials that would
slow down neutrons were used. The random background
can be described by a constant value in time-of-flight. It is
mostly dominated by random coincidences due to ambient
natural radioactivity whereas the room return background
of neutrons is relatively low [1]. Fig. 2 shows a typical
background rate. The determination of the background
levels Bin/out is done by calculating the mean bin content
in the time-of-flight ranges before the γ-flash and between
5 to 9 µs. In the time-of-flight region around 150 ns before
the first fast neutrons arrive the background level is higher
than estimated from the mean bin content between 5 to 9
µs. This background tail is due to insufficient suppression
of PMT after-pulses mostly from the gamma-flash. Due
to the low background-to-total ratio it has been neglected
in the transmission determination [2]. The background-to-
total ratio is shown in Fig. 4.

Figure 4. The background-to-total ratio shown for the oxygen
experiment. The red circles denote the ratio with the oxygen
gas cell in the beam. The blue squares denote the ratio with the
evacuated gas cell in the beam.

The correction for beam fluctuations has been de-
scribed above with eqs.(1,2,3). The relative uncertainties
of the total cross sections estimated from the fluctuations

of the transmission values k in each experiment are around
1.5 %. Fig. 5 shows the fluctuations of the neutron beam
intensity of the oxygen experiment, where the beam was
stable. In the xenon experiment a reduced beam stability
led to a larger uncertainty of 3 % in the cross section. The
total cross section determined by the sum of the runs k as
described above differed by less than 0.5 % from the total
cross section determined with the weighted average of the
transmissions of the runs k.

Figure 5. The neutron source intensity fluctuations shown for the
oxygen experiment. The quantity fnorm shown in the histogram is
the ratio of eqs.(3),(2).

In-scattering of neutrons was minimized by the geom-
etry of the setup: The collimator strongly limits the solid
angle under which neutrons can be registered and only
neutrons passing through the full length of the sample can
hit the detector. The probability for multiple in-scattering
of fast neutrons has been found to be less than 0.1 %.

The resonance self-shielding correction for thick sam-
ples in the unresolved resonance range can be obtained in
a statistical way by using the probability table method with
MCNP, for a description see e.g. ref. [2]. The data shown
here were not corrected for this effect, which is typically
smaller than 1 % in total cross section for neutron energies
above 150-200 keV.

4 Results

The neutron total cross sections of natHe, natO, natNe,
natXe, natPt, and 238U have been measured with the nELBE
time-of-flight facility at HZDR in the energy range from
about 0.10 to 10 MeV, see Fig. 6. The energy resolu-
tion ∆E/E increases in this energy range from 2 · 10−3

to 8 · 10−3 (FWHM). The resolution has been improved
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Figure 6. The effective total cross sections for natHe, natO, natNe,
natXe, natPt, and 238U are shown in comparison with selected ex-
perimental results from literature [4, 6–8, 16–28] taken from the
EXFOR data base [29] and data from the JEFF evaluation [30].
The data from this work are shown with energy bin sizes corre-
sponding to a time-of-flight bin size of 0.5 ns.

getic sources exist with a limited energy resolution [6, 7].
Our new high-resolution data show several resonances not
seen before. The xenon data should help to improve op-
tical model parametrisation, e.g.[31]. The first resonance
in oxygen has been measured with high statistical accuracy
of 1-2 % for a time-of-flight bin size of 0.5 ns and good en-

ergy resolution. The minimum transmission value at this
resonance was 0.215(2), while the maximum transmission
was 1.002(4) at the cross section dip at 2.35 MeV. Our data
below the first resonance in oxygen are slightly below the
measurement of Ohkubo et al. [16] but do not require a
correction for moisture content of the target. The platinum
data are in good agreement with earlier results and the first
experiment to cover a large neutron energy range. The dip
at 1 MeV in the excitation function was not measured up
to now. For 238U our data allow us to make a connection
from low energies to the precise measurements from Ab-
falterer et al. [4] that extend from a neutron energy of 5
MeV to several hundred MeV neutron energy.
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