Cross section of neutrons from D(n, 2n) reaction at E, = 15 MeV
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The double-differential cross section of the deuteron breakup reaction D(n,2n) has been studied
experimentally with a neutron beam energy of 15 MeV. Special attention has been devoted to estima-
tion of background condition and multiple scattering effect in the scattering sample. Experimental
data have been compared with models based on phase-space approximation used in ENDF/B-VIIIL.0
data library and in the MCNP neutron transport code, as well as with rigorous model based on
Faddeev equations used for cross section evaluations in JENDL data library. It was found that
experimental data are better reproduced by Faddeev model, however, the model overestimates data
in the low-energy region of the neutron spectrum (<4 MeV).

I. INTRODUCTION

Measurements of the double-differential cross section,
dzgi’g), of the deuteron (D) break up D(n,2n) reaction
by 14-MeV neutrons were largely motivated by improving
neutron diagnostics of inertial confinement fusion (ICF)
experiments at the National Ignition Facility of Lawrence
Livermore National Laboratory and the OMEGA laser
facility at the University of Rochester. In a laser shot,
when temperature and pressure of the deuterium-tritium
(DT) fuel in a capsule reaches a certain condition, the
D+T fusion reaction starts occurring producing 14-MeV
neutrons and a-particles: D4+T — n+ a+17 MeV. Neu-
trons are of about 14 MeV in energy and interact with D
and T components of the cold fuel producing more neu-
trons from such reactions as D(n,el), D(n,2n), T(n,el) and
T(n,2n). Resulting neutron yield and energy spectrum
contain important information about plasma conditions
such as areal density and temperature. Therefore, the
neutron diagnostics is used as an important tool in ICF
experiments [1].

The breakdown of the total neutron spectrum from
DT fuel implosion into components was studied in Ref.[2]
where the neutrons from deuteron break up reaction are
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shown to constitute a substantial fraction in the energy
region between 2 and 8 MeV, so that knowledge of an
accurate double differential cross section of the deuteron
break up reaction is very important for increasing accu-
racy of the neutron diagnostics in ICF experiments.

Since it is not practical to measure the double dif-
ferential cross section with high precision at all angles
and emitting energies, development of theoretical ap-
proaches and benchmarking them against limited exper-
imental data is an essential procedure for advancing our
knowledge of the D(n,2n) cross sections. The deuteron
breakup cross sections in the MCNP6 neutron transport
code [3] used for neutron diagnostics in ICF experiments
are currently based on the ENDF/B-VIIL.O [4] prescrip-
tion which uses the phase-space distribution law sug-
gested in Ref.[5]. There are more rigorous approaches
based on Faddeev theory of few body reactions [6, 7].
The Fadeev approach has also been used for D(n,2n)
cross section evaluation in the JENDL-4.0 data library
[8].

The current state of available experimental data is
shown in Fig. 1. Different experimental data sets were
measured by different groups at different angles for out-
going neutrons and at slightly different energies of the
neutron beam. Therefore, the figure shows the ratio be-
tween experimental cross sections and respective model
calculations for which both the JENDL model based on
Faddeev approach and the ENDF/B-VIIIL.0 phase-space
distribution model were used. All data points shown in
the Figure 1 correspond to measured angles between 25°
and 40°. One can see that the spread of experimental
data points is large, especially in lower energy regions.
This motivates further research on this subject. In this
paper, experimental measurements of neutron spectra
emitted from the D(n,2n) reaction with 15-MeV neu-
trons has been conducted at the Edwards Accelerator
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FIG. 1. Ratios of experimental data points available in EXFOR [9] data base and JENDL (left panel (a)) and MCNP (ENDF/B-
VIIIL.O) (right panel (b)) model calculations. Data points are from the following references: K. Gul [10], A. Takahashi [11],
B. Xixiang [12], S. Messelt [13], M. Brullmann [14, 15], G. Vedrenne [16]. Data correspond to measured angles between 25°

and 40° in laboratory system.

Laboratory with the Swinger neutron time of flight facil-
ity. It has been accompanied by rigorous neutron trans-
port Mote-Carlo simulations aimed at properly taking
into account background conditions and multiple neutron
scattering in scattering samples.

II. EXPERIMENTAL SET-UP

The neutron facility at the Edwards Laboratory in-
cludes a Swinger magnet and a 30 m well shielded time
of flight underground tunnel. The Swinger magnet allows
rotating the beam line around the scattering sample po-
sition thereby allowing measurements of the angular dis-
tribution of outgoing neutrons. The tunnel is shielded
from the target area by about 1.5 meter thick high den-
sity concrete wall with a collimator hole in it (see Fig.2).
A collimator consisted of nylon cylindrical blocks prop-
erly sized to match the size of a cone determined by sizes
of both scattering sample and detector as well as by the
distance between them.

Neutron source. For the neutron production we used
the D-T reaction with a tritiated titanium target and
0.5 MeV deuteron pulsed beam from the tandem accel-
erator of the Edwards Accelerator Laboratory. 0.5 MeV
deuterons on a stopping tritium target produced neu-
trons with an average energy of 15.1 MeV at 0° in the
laboratory frame. The calculated neutron spectrum is
shown in Fig.3. In the experiment, the tritium produc-
tion target was mounted on a steel plate attached to the
bottom of aluminum cylindrical chamber (see Fig. 2 for
exact geometry). Therefore, the neutron spectrum is ex-
pected to be more complicated due to contribution of
neutrons scattered from surrounding construction mate-
rials. Real spectra will be discussed in S ection III.

Scattering samples. We used D50 scattering sample to

measure breakup neutrons from the D(n,2n) reaction.
The HyO scattering sample was used to study contribu-
tion due to scattering of neutrons on oxygen. Normal
and heavy water were enclosed in plastic containers hav-
ing shapes of a truncated cone. The weight of the empty
container was 3.2 g and weights of normal and heavy wa-
ter in them were 59 and 65.5 grams, respectively. The
weights were adjusted to keep approximately the same
number of atoms in both samples, however, since wa-
ter evaporates in time, the actual weight was determined
before each measurement and corresponding corrections
were used in data analysis.

Neutron detector. One 5-inch diameter 2-inch thick de-
tector filled with a NE213 liquid scintillator was setup in
the tunnel at 8 m distance from the scattering sample.
Pulse-shape discrimination was used to separate gammas
from neutrons. The low energy threshold for neutrons
was about 1 MeV.

Method. The neutron spectrum produced from the
deuteron break up reaction occurring in heavy water sam-
ple is expected to be distorted by the following para-
sitic effects: a) elastic and inelastic scattering of neutrons
on oxygen contained in heavy water sample, b) multiple
scattering effect on both oxygen and deuterons contained
in the sample, ¢) multiple scattering of neutrons by con-
struction materials surrounding the production tritium
target including but not limited to, tritium target cham-
ber, concrete walls in experimental area, large amount
of construction steel of the swinger magnet, air in the
experimental hall, neutron nylon collimator in the tun-
nel shielding wall. Therefore, full Monte-Carlo neutron
transport simulations were performed to properly take
into account those parasitic effects. That was considered
to be an important part of data analysis. It would also
give us an indispensable input for possible improvement
of experimental conditions to plan future experiments.




FIG. 2. Layout of the experimental geometry for the D(n,2n) experiment at the Edwards Accelerator Laboratory.
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FIG. 3. Calculated neutron spectrum produced by 0.5 MeV
deuterons impinged on a stopping tritium target. The spec-
trum corresponds to 0° of outgoing neutrons.

III. NEUTRON TRANSPORT MONTE-CARLO
SIMULATION

The Monte Carlo N-Particle (MCNP) computer code
MCNP6 [3] was used for neutron transport simulations.
The experimental geometry used as an input for sim-
ulations took into account only those construction ele-
ments which were estimated to be the main contributors
of scattered neutrons to the measured neutron spectra.
To determine important elements, multiple test simula-
tions have been performed.

Fig. 2 shows the MCNP input geometry for the neu-

tron source chamber, scattering sample and experimental
area. The neutron field of the source in the MCNP input
was described by the energy - angular distribution of out-
going neutrons which is determined by both the T(d,n)
reaction kinematic and cross sections in the 0-500 keV
deuteron energy range in a stopping tritium target. The
angular distribution of outgoing neutrons was assumed to
be isotropic which is consistent with experimental data
available in literature [9].

The neutron detection efficiency has been studied in
the Edwards Accelerator with both a Californium neu-
tron source and the 27Al(d,n) reaction on a thick stop-
ping aluminum target [17]. The specific detector used in
these measurements has been extensively studied and re-
sults are presented in Ref.[18]. Results show that in the
neutron energy range up to at least 10 MeV, the NE213
detector efficiencies are well reproduced by Monte-Carlo
calculations with precision less than 5%. Therefore, the
efficiencies for MCNP input were calculated in the range
of 1-15 MeV with the SCINFUL Monte-Carlo program
[19]. The low-energy threshold in calculations has been
adjusted to match the experimental one.

Multiple scattering effects in scattering samples

It is common for neutron scattering experiments that
scattering sample has a large quantity of material. There-
fore, it is a concern that neutrons can interact multiple
times in the sample before they escape it. This results in
distortion of the measured spectrum. The specific pro-
cesses contributing to it are following.
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FIG. 4. MCNP simulated neutron spectrum for 35° of out-
going neutrons from H2O scattering sample. The spectrum
is broken down into components corresponding to interaction
of neutrons with different materials in and out of scattering
sample.

e Attenuation of neutrons passing through the sam-
ple and air. This is due to mostly elastic collisions
with protons (in a normal water sample), deuterons
(in a heavy water sample), with oxygen in both
samples, and with oxygen and nitrogen in air. Dif-
ferent attenuation for neutrons with different ener-
gies might affect the measured shape of a deuteron
break-up spectrum.

e Multiple elastic and inelastic scattering can re-
sult in downgrading neutron energies in the sam-
ple, and some of the downgraded neutrons can es-
cape the sample in the direction of a neutron de-
tector. Such neutrons are expected to contribute
to the low-energy part of the measured spectra.
In our case, elastic neutron scattering on protons,
deuterons and oxygen contained in the samples pro-
duces strong mono energetic peaks in spectra. Mul-
tiple scattering effect results in downgrading some
fraction of those neutrons towards the low energy
region of the spectra. This is illustrated by Fig. 4
where MCNP simulated spectrum from a normal
water sample has been broken down into compo-
nents corresponding to interaction of neutrons with
elements contained in and out of the sample (hy-
drogen in the sample and oxygen in the sample and
air). One can see the presence of the low energy tail
due to multiple elastic scattering events on hydro-
gen.

Because scattering cross sections on protons are differ-
ent from those on deuterons, subtracting the spectrum
of normal water sample from that of heavy water sample
might leave non-zero remaining contribution to the dif-
ference spectrum. Instead of estimating each effect listed
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FIG. 5. The D3O — H2O difference spectrum obtained from
MCNP simulations with real experimental conditions com-
pared to the true model neutron spectrum from D(n, 2n) used
in MCNP code. D stands for the deutron 2H nucleus.

above individually, we estimated the combined effect on
the spectrum obtained fro the difference between the neu-
tron spectrum from heavy water sample and the spec-
trum from normal water sample. It has been estimated
by executing the MCNP code for our experimental geom-
etry. In order to speed up calculations, all neutrons were
directed on the scattering sample using mono-directional
neutron source in an MCNP input file. This reduced
background from neutrons scattered on construction ma-
terials and air which otherwise contributed about 10 per-
cent as it is seen from Fig. 4. However, if we assume that
this background is same for both H,O and D50 samples,
it is expected to be canceled out when implementing the
subtraction procedure.

Since, in the next section, we will be focusing on anal-
ysis of experimental spectra measured at 35° angle, test
MCNP simulations have been also performed for 35° for
both heavy and normal water samples. The difference
D50 — H50 spectrum is shown in Fig. 5 in comparison
with the spectrum obtained from separate MCNP run
for the same angle performed with an unreal 10 times
lower density deuterium scattering sample and no air be-
tween the sample and detector so that multiple scattering
effects were neglected. The neutron spectrum obtained
from the latter simulations is assumed to be ”true” neu-
tron spectrum produced by MCNP model which is free
from any contaminations due to multiple scattering ef-
fects. The difference spectrum was corrected on absorp-
tions in both scattering sample and in air which were
determined with a separate MCNP run. One can see
that the shape of the difference spectrum obtained from
MCNP calculations using real experimental conditions is
in good agreement within less than 10% with the shape
of the true’ 2H(n, 2n) neutron spectrum produced from
MCNP when all multiple scattering and absorption ef-
fects were removed. Absolute scale for both spectra is
arbitrary in this Figure. Spectra were scaled to match
absolute values just to show the comparison of shapes of



the neutron energy distribution. The absolute normal-
ization will be discussed in the next section.

IV. EXPERIMENT

Measurements of neutron spectra from heavy water
and normal water scattering samples have been con-
ducted at different angles of outgoing neutrons. At this
stage of the experimental measurements the goal was
to test (at least roughly) MCNP simulations to confirm
that the MCNP input describing the experimental set-up
makes sense. Therefore, these runs were not intended to
acquire good counting statistics. Fig. 6 presents experi-
mental and calculated neutron spectra measured without
the scattering sample in place at 0° (corresponding to
direct measurements of neutrons emitted by the neutron
production tritium target), and 45° angles. It shows a
good agreement between data points and MCNP calcu-
lations withing error bars. Discrepancy in high energy
tail of the 15-MeV peak at 0° is presumably due to poor
reproduction of the high energy tail of the pulsed beam
time structure for this specific run. It does not seem to be
a problem for other spectra presented here. The 15 MeV
peak in the neutron spectrum measured at 45° is caused
by elastic scattering of 15 MeV neutrons on oxygen and
nitrogen in the air at forward angles. The low energy tails
on both panels in the Figure are caused by multiple scat-
tering events in air and construction materials. Neutron
intensities are presented in arbitrary units. The scaling
factor for all MCNP simulated neutron spectra was de-
termined from the ratio of experimental and calculated
spectra for the 0° angle. When comparing simulated and
experimental spectra for different angles, the same scal-
ing factor was applied. All experimental spectra have
been normalized based on integrated beam charge accu-
mulated during each run. Experimental and MCNP sim-
ulated neutron spectra measured with the HyO scatter-
ing sample at different angles, which are shown in Fig. 7.
Reasonable agreement between experiment and simula-
tions was obtained.

V. ABSOLUTE CROSS SECTIONS OF D(n,2n)

The absolute cross sections of the deuteron break up
reaction D(n, 2n) were determined relative to the elastic
H(n, el) cross section which is well known with high pre-
cision [20] . Based on conclusions from Section III, the
neutron spectrum from the deuteron break-up reaction
can be obtained by subtracting the neutron spectrum
measured with a normal water sample from that mea-
sured with a heavy water sample. For further analysis we
have chosen the neutron spectra measured at 35° angle
since the elastic scattering peak in normal water sample
has a high enough energy such that it has smaller inter-
ference with the energy region of interest. Experimental
spectrum was accumulated for about 11 hours for the

heavy water sample and for about 22 hours for the nor-
mal water sample. Spectra from both samples and cor-
responding MCNP calculations are presented in Fig. 8.
Before the subtraction procedure was implemented, ex-
perimental neutron spectra were scaled with a normal-
ization coefficient determined as a ratio of areas under
the elastic scattering peaks in HoO spectra. The second
renormalization coefficient was used to convert units in
the difference DoO—H5O spectrum to the units of the ab-
solute cross section. This normalization coeflicient was
calculated as a ratio of elastics scattering cross section
on protons at 35° and the area of the elastic scattering
peak in the HoO MCNP simulated spectrum. A value of
163 mb for the elastic scattering H(n, el) cross section for
the 15 MeV neutrons and 35 scattering angle has been
obtained from ENDF /B-VIII.O library. In order to deter-
mine the net area of elastic scattering peak in the MCNP
H>O spectrum, the area under the peak should be prop-
erly subtracted (see Fig. 8). This background is caused
by inelastic and multiple scattering events mainly from
neutrons scattered on oxygen in the sample, oxygen and
nitrogen in the air and on the nylon collimator contain-
ing hydrogen and carbon. All these contributions have
been separately calculated with full MCNP simulation
and shown in Fig. 4. For absolute normalization, the
net neutron spectrum (which is free from contributions
of neutrons scattered on other materials) corresponding
to elastic scattering on hydrogen in the sample has been
extracted and the area under the elastic scattering peak
was determined. The experimental cross sections were
then obtained and corrected on attenuation in the sample
and air. They are shown in Fig. 9 along with calculations
from JENDL and MCNP (ENDF/B-VIIIL.1) models. The
ratios of experimental and model cross sections are shown
in Fig. 10. One can see that model calculations tend
to overestimate data points in the energy region below
4 MeV.

VI. COMPARISON WITH DATA OBTAINED
FROM OMEGA LASER FACILITY

It is interesting to compare our results with results ob-
tained in the recent paper by C.Forest et al. [21]. Authors
measured deuteron break cross sections with 14 MeV
neutrons produced by fusion reaction with laser beams
at OMEGA laser facility [22]. Neutrons from 2H(n, 2n)
break up have been measured at the 0° —7° average angle
with CgDg and DO scattering samples. Data points in
the low energy region were shown to be overestimated by
the model which uses exact solution of Faddeev equations
including 3N forces. We found that the JENDL model
provides very similar results. Here we calculated the ra-
tio of experimental cross sections from Ref.[21] to those
calculated with JENDL and MCNP (ENDF/B-VIIL0)
models (see Fig.11). One can see that it has the simi-
lar tendency to what was obtained from our experiment
(presented in Fig. 9), i.e. experimental cross sections are
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lower than that predicted by models in the low energy
region. Therefore one can point out that our data show
consistency with OMEGA data. This can be seen as con-
firmation that results obtained from both experiments
exhibit the same physical feature.
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DISCUSSION AND CONCLUSION

Neutron spectra from normal water and heavy water
samples measured at 35° angle with the Swinger neutron
facility of the Edwards Accelerator Laboratory have been
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analyzed and cross sections have been deduced according
to the method described above. We showed that despite
of the presence of multiple scattering events in scatter-
ing samples (see Fig. 4), the spectrum of neutrons and
corresponding double differential cross sections can be
deduced from subtraction of neutron spectrum measured
with normal water sample from one measured with heavy
water sample. Systematical uncertainties in the shape of
the difference spectrum were estimated to be less than
10% for our experimental conditions.

As is seen from Fig. 10, experimental cross sections ob-
tained from our measurements are in agreement within
error bars with both JENDL and MCNP (ENDF/B-
VIII.0) model calculations in the energy region between
4 and 7 MeV. For neutrons below 4 MeV experimental
points tend to be lower than model predictions. Because
error bars are large, this observation is considered to be
preliminary and needs to be confirmed from future ex-
periments. However, the fact that this observation is
consistent with a similar observation from the OMEGA

experiment of Ref.[21], makes this conclusion more re-
liable. This could be interesting from point of view of
developing few-body theoretical models. From the ex-
perimental point of view, the low energy region is prone
to accumulating background neutrons scattered from ev-
erywhere, since all scattered neutrons degrade in energy.
Therefore, reducing scattered neutrons and accounting
for them correctly is an important problem for experi-
mental design and data analysis. That might be one of
the reasons for the difference between data sets obtained
from different experiments presented in Fig.l. MCNP
simulations of the full experimental set up are necessary
for understanding and taking into account all compo-
nents of the measured spectra. This approach might dis-
tinguish the data analysis presented in this report from
analysis of analogous experiments conducted earlier by
different groups.

Statistical error bars on experimental points obtained
in our measurements are on the order of 20-30%. This is
result of 11 hours statistics accumulation for the heavy
water sample and of about 22 hours for the normal wa-
ter sample. It is obvious that the statistical errors can be
reduced by increasing accumulation time during experi-
ments that would be possibility for further experimental
campaigns. Among other possible improvements of the
experimental setup one can mention the different shape
design of the scattering sample in order to reduce the
angular spread of incoming neutron beam. About 13°
angular spread in current experiments resulted in a wide
( 3 MeV for H(n,el)) elastic scattering peak in neutron
spectra which overlaps with the region of interest of break
up neutrons. There is also possibility to reduce scattered
low energy neutrons from the back wall of the experi-
mental hall as seen by detector. They were found to be
a non-negligible source of contributions to the measured
neutron spectra.

In conclusion one can state that the models which use
a rigorous solution of Faddeev equations reproduce data
points more accurately compared to the model based
on phase space approximation used in ENDF evalua-
tions and which is currently embedded in MCNP neutron
transport code. This is in agreement with results of ear-
lier works, such as Ref.[11]. It was also found that despite
of relatively large statistical uncertainties of experimental
cross sections obtained in this experiment, cross sections
in the low energy region tend to be smaller compared to
available models. This is in agreement with a recent work
of Ref.[21]. This finding might motivate further studies
of this phenomena.

For practical applications including neutron diagnos-
tics in ICF experiments, this means that replacing
the phase-space approximation model for the deuteron
break-up reaction by the model based on Faddeev equa-
tions in MCNP neutron transport code should reduce
uncertainties in analysis of neutron yield and its energy
and spacial distribution.
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