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Abstract

A new generation of high—yield fusion—based neutron generators is being developed
at Lawrence Berkeley National Laboratory. Novel design features provide the po-
tential for neutron yields as high as 104 n/s in a compact geometry. Such high
neutron yields make the neutron generator applicable to the production of thermal
or cold neutrons for neutron scattering experiments. This paper describes a scheme
to simulate a neutron scattering setup and to estimate neutron flux and resolution
with the particle transport code MCNP. For an estimated resolution of 1% to 4%,
depending on the scattered angle and neutron energy, a thermal neutron flux at the
sample position of 7 x 10° n/cm?s has been estimated. Such a neutron generator is
particularly suitable for cold neutron scattering experiments due to relatively longer

flight times.
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1 Introduction

Neutrons like other particles exhibit wave properties. According to Bragg’s
Law, the inter-atomic spacing in condensed matter can be determined by the
constructive interference when the path difference of two beams of particles
with the same wavelength equals some integer multiple of its wavelength.[1]
Because thermal and cold neutrons have wavelengths close to the inter-atomic
spacings of condensed matters, they can be used as a probe for these mate-
rials. Neutrons also have an advantage of being neutral so they interact with
the nucleus rather than the electron cloud. Therefore, neutrons are highly
penetrating and sensitive to light atoms. As a result, neutron scattering is
a powerful technique that supports many areas of condensed—matter science.
It helps scientists to understand the microscopic properties of polymers, pro-
teins, alloys, amorphous materials, liquid crystals, surfactants, magnets and

superconductors.

Reactors and spallation neutron sources are commonly used to produce neu-
trons for neutron scattering experiments. However, many research reactors
have been shutdown and decommissioned and only a small number of reactors
among those available today provide a neutron flux high enough for neutron
scattering experiments.[2] Spallation neutron sources have taken the lead for
neutron science. The advantage of a spallation neutron source is its high neu-
tron yield and its pulsing capability. Its pulsing capability enables the usage

of most thermal and cold neutrons by the time-of-flight (ToF) technique.[3]
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The Spallation Neutron Source (SNS) is a multi-laboratory project which cost
more than one billion dollars and must grow a substantial user community.
A low cost DT neutron source suitable for neutron scattering experiments
at universities and individual institutes can potentially provide easy access to
neutron scattering and foster education of neutron science at all levels. This
study investigates the feasibility of using a high yield D-T neutron generator

for neutron scattering experiments as an educational and research tool.

The D-T neutron generator described in this study is currently under devel-
opment and a prototype neutron generator based on the D-D fusion reaction
is being tested at Lawrence Berkeley National Laboratory (LBNL).[4] This
study assumes a D-T neutron generator design with a neutron yield of 104
n/s. Although the neutron yield of a typical spallation neutron source is two
orders of magnitude higher than such a D-T neutron generator, a D-T neutron
generator source has the advantage of a more compact geometry and lower
primary neutron energy. The energy spectrum of source neutrons produced in
spallation reactions has a long high—energy (20 MeV to GeV) tail at the for-
ward direction.[5] A sample is not placed in a direct line of sight to the proton
beam line in order not to be irradiated by these high energy neutrons. Rather,
neutrons are extracted at 90° to the proton beam line although the highest
double differential cross section for the spallation reaction is at 0°.[6] In this
work, the potential advantages of a D-T neutron generator source for neutron
scattering have been studied. Computer simulations have been performed to
investigate whether such a system can produce a neutron flux high enough for

neutron scattering experiments at useful resolution.

A Monte Carlo code MCNP has been used for the neutron transport prob-

lem in this study.[7] MCNP is capable of simulating neutrons in a general



geometry. However, it does not take crystal lattice orientation into account
in its calculation. Software for designing neutron scattering instrumentation
(e.g. VITESS) is often used to calculate the resolution by taking an input of
neutron flux and pulse shape defined by the user. Parameters like wavelength,
divergence and time at the moderator are determined at random.[8] The neu-
tron flux and pulse shape can be determined by a neutron transport code like
MCNP or measured experimentally. Then, the calculated or measured values
can be fed into a neutron scattering instrumentation code such as VITESS.
However, the approach of running instrumentation code with MCNP results
is too time—consuming and inefficient if we want a rough estimate of the reso-
lution and a more accurate evaluation of neutron flux at the sample position.
Therefore, in this work we developed an MCNP-based scheme to estimate
the resolution without using any instrumentation code such as VITESS. A

detailed error analysis of this scheme is presented on this paper.

This paper is organized in the following way. In Section 2, the definitions
of terms are clarified and an error analysis for the scheme of evaluating the
resolution is discussed. In Section 3, the simulation results are presented and
the variance reduction method used in our MCNP simulations is discussed.

The conclusions are given in Section 4.

2 Design parameters and error analysis of the adopted scheme

Knowledge of neutron flux alone is not adequate to evaluate the source per-
formance for a ToF system because the length of the neutron flight path and
the moderated neutron pulse shape determine the resolution of the system.

According to Bragg’s Law, the regular array of atoms in a crystal acts as a



three-dimensional diffraction grating for any particle exhibitting wave proper-
ties. The inter-atomic spacing, d, is related to a particular neutron wavelength

by:

nA = 2dsin6 (1)

where n is an integer, A is the wavelength of incident neutron, and 6 is an angle
that the incident beam makes with one of the planes of atoms (see Fig. 1).
Thermal and cold neutrons have wavelengths ranging from 1 to 30 A.[9] An
energy range has to be defined in order to calculate the neutron flux. Because
thermal and cold neutron sources are associated with different energy ranges,
we use the definitions listed in Table 1 in this paper.[9] Applied to ToF

techniques, Bragg’s Law can be re-written as follows:

nht . ht
d= 2mUL sin 0 with A = mL 2)

where L is the total length of the flight path from moderator to sample to
detector, t is the neutron flight time, m is the neutron mass, and A is Planck’s
constant. When a time—dependent problem is simulated in MCNP, the neu-
tron flight time is related to wavelength and, therefore, via Bragg’s Law to
the inter-atomic spacing for a given scattered angle. Figure 2 is a schematic
diagram showing the relationship between the detector panel and sample posi-
tion. The detector tubes in Fig. 2 are aligned into the page. In our simulation,
we assume that a diffractometer similar to the High Pressure Preferred Orien-
tation (HIPPO) diffractometer is combined with the D-T neutron source for

diffraction experiments.[10]



In order to estimate the resolution, MCNP is used to tally the neutrons with

different energy bins and time bins. The resolution, R, is defined as:

where 0,4 is the FWHM at d. The value of d is calculated from Equation 2
with one major assumption: ¢t and L are flight time and flight path length
from the source to sample instead of from the source to the detector. The
other assumption is that there is no angular divergence in the incident beam
when the energy bins for each tally are calculated. In this case, an energy bin
can be chosen, the width of which corresponds to the angular range covered by

a single detector tube and the scattered angle for a given inter-atomic spacing,

d.

The goal of the analysis below is to generate the diffraction spectrum for
a chosen inter-atomic spacing. Such a spectrum allows one to estimate the
resolution from the width of the peak in the distribution. In this method,
we tally the neutrons of known energy in a time spectrum, which is then
converted into diffraction spectrum to simulate the experimental angular and
time-of-flight uncertainties. For this Monte Carlo based analysis, a prudent
choice of energy and time bins is needed to keep the computation efficient
(i.e. to minimize the computer time). In the analysis, one tally is setup for
each angular interval representing a detector tube in experiment. The number
of energy bins per tally is chosen according to the number of inter-atomic
spacings of interest. The energy bins of each tally have slightly different width
from each other because each detector tube in a detector panel corresponds

to a slightly different scattered angle.



The time bins are chosen so that each time bin of each tally corresponds to the
same inter-atomic spacing, d. With the assumptions described in the previous
paragraphs and a set of carefully picked time bins, d can be estimated effi-
ciently from the neutron intensity distribution. By superimposing the tallies
converted to inter-atomic spacings, we can sum the number of counts of cor-
responding energy bins of each tally and construct a diffraction spectrum for
the corresponding inter-atomic spacing (see Figures 5 to 9). The resolution,

R, can be estimated from the FWHM of the peaks in the diffraction spectra.

The assumptions made in this scheme can be validated to be reasonable by
the following error analysis. The length of flight path, L, is a known value with
small uncertainties due to the angular divergence of the incident neutron beam,
sample size, and the detector size. If these uncertainties of L are neglected,
the error of d due to the error propagation of # and ¢ derived from Bragg’s

Law can be written as:
A A 5\’
) =\7) )
d t tan 6

where ¢; is the uncertainty due to ToF and 0, is the uncertainty due to beam

divergence. A complete version of this equation is derived with the uncertain-

ties of L taken into account:[11]
00" (0N (0N L [ Waer\2 | (Weampte )
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where d; is the uncertainty due to L, Wy is the diameter of the detector

tube, and Weample is the width of the sample.

In Equation 5, Wampie/ L1 is approximately the angular divergence of the neu-

tron beam. The incident angle is determined by the collimator of the system.



The divergence of the neutron beam is set to 0.32° by a collimator. Because
the geometry is treated exactly in MCNP up to the sample position, the un-
certainty due to this angular divergence is taken into account. Wye /Lo is
approximately equal to the angular divergence due to the diameter of a sin-
gle detector tube and is not taken into account in MCNP automatically. A
typical diameter for a detector tube is 1.25 cm. The flight path from sample
to detector ranges from 0.75 m to 2 m. A typical maximum sample size for
HIPPO is 2 cm in diameter.[10] Therefore, Wye /Lo is less than 0.05% which
is negligible. The angular uncertainty, dy, due to the finite detector size is in-
cluded by tallying the neutrons into energy bins corresponding to the energy

ranges covered by each detector.

Our MCNP model includes the source, moderators, collimators, and sample.
Beyond the sample, because MCNP cannot handle diffraction scattering, the
scheme described above is used to simplify the calculations. Detector panels
usually have a plane geometry and are tilted with an angle so the exact length
of the flight path from moderator to detector, L, is unknown. This tilted
angle depends on the length of the detector tube and the scattered angle, 26.
These two factors change the sample to detector distance, Ly. In our scheme,
a constant L; is used to calculate resolution, R, rather than L. Because L
is shorter than L (i.e. Ly + L), the resolution calculated from ¢ at sample
position as calculated with our scheme includes 0; and gives a conservative

estimation of R.



3 Simulation of a D-T neutron source

The neutron source simulated here is an axial D-T neutron generator with two
conical targets as schematically shown in Fig. 3. The multiple conical targets
design has two advantageous features: a large target area and a minimal void
space. The large target area allows the source to operate at a high beam
current with sufficient cooling. The small void space in conical targets helps
to reduce the neutron leakage from the neutron source without moderation.
In our modeling, each conical target has a base diameter of 8 cm and a height
of 8 cm. The target consists of a thin (j 0.5 mm thick) titanium layer on an

aluminum backing.

The conical targets are surrounded by a rectangular beryllium moderator with
a dimension of 32 cm by 32 c¢m by 16 cm. Beryllium is used to enhance the
neutron yield because it has a large (n,2n) reaction cross section. A polyethy-
lene moderator next to the Be moderator with a surface area of 13 cm by
13 ¢cm and a thickness of 4 cm is surrounded by a nickle reflector (see Fig.
4). The simulated collimation system is modeled after the collimation system
for the HIPPO diffractometer at LANSCE in order to be able to compare
the results.[10] The collimator system is 1 m away from the surface of the
polyethylene moderator. It views a circular portion of the moderator surface
with a diameter of 8.7 ¢cm so that the neutron beam divergence is 0.32°. The
first two meters of the collimator system consists of 1.5 ¢m thick iron plates.
Each iron plate is separated by 0.5 cm. The iron collimator system is followed
by a 2.25 m thick tungsten collimator system which is made up of tungsten
plates with a thickness and spacing in between similar to that of iron colli-

mator system. Iron and tungsten are the shielding materials of choice because



they have large neutron cross sections and high atomic numbers.

Fusion-based neutron generators need to be operated with relatively long
ion pulse widths because they do not feature a beam bunching system. In
contrast, a short pulse spallation neutron source (SPSS) can have a primary
proton beam pulse width of 500 ns, which is small compared to the neu-
tron moderation time. This necessitates an optimization of flight path length,
pulsing frequency, and ion beam pulse width in order to achieve desired neu-
tron count rates and resolution. Based on these considerations we have chosen
to position the sample six meters away from the surface of the polyethylene
moderator. The flight path of our model is 3 m shorter than that of HIPPO
diffractometer at LANSCE. However, both collimator systems have the same
beam divergence. Although a shorter flight path allows a higher pulsing fre-
quency, it also reduces the resolution of hot and thermal neutrons. When the
source is operating at a high frequency, a time chopper can be incoporated
to avoid frame overlap by blocking the higher energy neutrons. Our thermal
neutron source with a flight path length of 6 m may operate at a frequency of
100 Hz when a time chopper is used to block the hot and fast neutrons. Based
on a selected energy resolution for 0.025 eV neutrons, a 50 s ion beam pulse

width is chosen for the DT neutron source in our simulation.

Table 2 shows two detector banks of the HIPPO diffractometer and their an-
gular ranges which are used in the simulations. Each detector bank is capable
of detecting scattered neutrons within a certain range of neutron energies.
Table 2 also has a list of inter-atomic spacings chosen for the simulations. Our
calculations have been restricted to two detector banks, at 20° and at 150° in
order to limit computer time. For instance, the detector bank at 20° has 32

detector tubes corresponding to 32 tallies. There are 32 matrices (each with
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2555 elements) stored in the physical memory for tallying the neutron signals
at the 20° detector bank. Therefore, the computer time increases significantly

if two detector banks are calculated in one problem.

To reduce the computer time, a variance reduction technique, DXTRAN, has
been used for the calculation.[12] A DXTRAN sphere can be defined to en-
close a small region of interest when this region is inadequately sampled. Upon
particle collision outside the DXTRAN sphere, a DXTRAN particle is cre-
ated with the weight adjusted for the biased scattering angle. The DXTRAN
particle is scattered to a randomly sampled position on the surface of the
DXTRAN sphere. As a DXTRAN particle is transported deterministically
without collision to the surface of the DXTRAN sphere, its weight is expo-
nentially decreased by its optical path. The non-DXTRAN particle continues
to be sampled in the normal way until it enters the DXTRAN sphere. When
the non—-DXTRAN particle enters the DXTRAN sphere, it is killed in order
to balance the particle weight contributed to the cells inside the DXTRAN
sphere. This technique is useful for our simulations because the sample in our
problems is a region inadequately sampled. A DXTRAN sphere with a diam-
eter of 2 cm is defined in our input files at the sample position to bias the

scattering direction.

Our simulation shows that 50 us is a reasonable choice for the ion beam pulse
width of the DT neutron source. If the ion beam pulse width is longer than
50 us, the resolution of thermal neutrons is more than 5%. Figure 5 shows
the resolution at d = 18.04 A and 20 = 20°. The energy covered by this
detector bank for an inter-atomic spacing of 18.04 A is between 1.26 and 2.49
meV. This energy range corresponds to the cold neutrons. It has a resolution

of 1.43%. Figure 6 shows the resolution at d = 8.62 A and 20 = 20°. Its
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corresponding neutron energy range is 5.5 to 10.9 meV. This energy range
falls in between cold and thermal energy. Its resolution is 1.58%. As indicated
by Equation 4, a better resolution can be achieved with lower energy (colder)
neutron because their flight time is longer at the same scattered angle. This

allows the use of longer beam pulse for cold neutron scattering.

The duration of a neutron beam pulse is a function of ion beam pulse width and
the moderation time. Cold neutrons have a long moderation time so the cold
neutron pulse obtained from one detector tube tends to overlape significantly
with other cold neutron pulses obtained from other detector tubes on the same
detector panel. On the contrary, thermal neutrons have a relatively shorter
moderation time so that only thermal neutron pulses obtained from adjacent
detector tubes tend to overlape each other. In addition, thermal neutrons
have a much shorter flight time, so the primary ion beam pulse width has a
much more significant effect on the resolution. Figure 7 shows the effects of
ion beam pulse width for a hot neutron beam at d = 1.97 A and 26 = 20°.
The resolution of hot neutrons improves by more than three times when the
ion beam width is reduced from 50 us to 0 s. The ion beam pulse width is
relatively large when compared with the sum of flight time and slowing down
time for hot neutrons. This result indicates that a short ion beam pulse width

is favorable for a hot or thermal neutron source.

The 20° detector bank covers 24.2 to 47.8 meV at d = 4.12 A while the 150°
detector bank covers 37.1 to 39.3 meV at d = 0.76 A. Figure 8 shows the
resolution at d = 4.12 A and 20 = 20° while Fig. 9 shows the resolution at
d = 0.76 A and 20 = 150°. As predicted by Equation 4, the resolution for
thermal neutrons is slightly larger than 3% with an ion beam width of 50 yus.

Figures 8 and 9 also show that, as expected, the resolution at a large angle

12



is slightly better than the resolution at a small angle. Unlike cold neutrons,
thermal neutrons have a shorter moderation time and neutron flight time so
the resolution is dominated by the energy resolution (i.e. d;/t) instead of by the
angular resolution. The total thermal neutron flux (F, < 1eV) at the sample
position is 7.3 x 10° n/cm?s assuming a neutron generator source strength of
10 n/s. The resolution is approximately 1% to 4% depending on the neutron

energy and the scattered angle.

4 Conclusions

This study shows that a D-T fusion-based neutron generator with a yield
of 10" n/s may produce a thermal neutron flux of 7.3 x 10° n/cm?s at the
sample position while providing a resolution between 1% and 4%. The higher
resolution achievable with cold neutrons makes the source particularly suitable
for cold neutron scattering experiments. For a resolution comparable to the
HIPPO diffractometer at LANSCE (i.e. 2.6% at 20°), the thermal neutron
flux of the conceptual D-T neutron generator at the sample holder is only
13 times less than that of HIPPO with LANSCE operating at 70 pA.[10] It
can be concluded that, when combined with a high efficiency diffractometer
like HIPPO, such a D-T neutron generator has the potential of being a cost—
effective neutron source for neutron scattering experiments at universities and

small research institutes.
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Fig. 1. A two-dimensional representation of Bragg’s law
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Table 1

Properties of neutrons for neutron scattering experiments[9]

Source | Energy (meV) | Temperature (°K) | Wavelength (A) | Velocity (m/s)
cold 0.1-10 1-120 30-3 170-1700
thermal 5-100 60-1200 4-1 1200-5400

hot 100-500 1200-5800 1-0.4 5400-12000

26



LC

Table 2: Neutron energies covered by certain detector banks of HIPPO for different atomic spacings

Nominal angle | Angular range | Ly (m) | d (A) | Nominal neutron energy (meV) | Energy range (meV)

0.36 166 162-172

0.52 80 77.7-82.1

0.76 38 37.1-39.3

150° 143°54’-155°48’ 1.25 1.1 18.2 17.8-18.8
1.6 8.7 8.5-9.0

2.3 4.2 4.1-4.3

3.3 2 1.94-2.05

1.97 175 106-209

2.85 83.7 50.7-100

20° 18°17'-25°47 1.5 4.12 40 24.2-47.8
8.62 9.1 5.5-10.9

12.5 4.36 2.6-5.2

18.04 2.1 1.26-2.49






