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Physics design of the next-generation spallation neutron
target-moderator-reflector-shield assembly at LANSCE

Lukas Zavorka*, Michael J. Mocko, and Paul E. Koehler
Los Alamos National Laboratory, P.O. Box 1663, Los Alamos, NM 87545, United States

Abstract

We discuss the physics design of the next-generation spallation neutron target-moderator-reflector-
shield (TMRS) assembly for the Manuel Lujan Jr. Neutron Scattering Center (Lujan Center) at
the Los Alamos Neutron Science Center (LANSCE). We developed this TMRS to improve the
neutronic performance of the Lujan Center in the intermediate energy range (keV-MeV) enabling
a variety of new nuclear physics experiments, as well as increasing the quality of the ongoing ex-
periments. The results of our Monte Carlo optimization study indicate that the new TMRS will
generate keV-MeV neutrons with higher intensity and improved time resolution. At the same
time, the new design largely maintains its current performance in the cold and thermal ranges
supporting materials research. In this article we show that the new TMRS has the potential
to enhance the Lujan Center’s experimental capability in a wider interval of energies—cold to
intermediate—after its scheduled installation in 2020.

Keywords: Spallation neutron generation, Neutron time-of-flight facility, MCNPX
optimization study

1. Introduction

The currently operating TMRS assembly, known as Mark-III [1], has been providing neu-
trons to the scientific instruments of the Lujan Center at LANSCE [2] since 2010. Neutrons
are generated in the spallation process initiated by the 800-MeV protons supplied by the linear
accelerator. The proton beam impinges a split tungsten target after its compression from 625-us
to 125-ns pulses (FWHM) in a proton storage ring with a typical current ~100 uA at a repetition
rate of 20 Hz. The produced neutrons are slowed down and moderated in a moderator-reflector
assembly surrounding the target and the resulting cold and thermal neutron beams are delivered
to the instruments via neutron flight paths (FPs).

The lifetime of the Lujan TMRS is primarily limited by radiation damage to the proton beam
window and the tungsten target. Based on our operating experience, the lifetime translates to
about 2500 mA*h of protons delivered. Our schedule indicates that we will have reached this
limit by 2020. The forthcoming replacement is an opportunity to implement the design modifi-
cations that will improve the neutronic performance of the new TMRS in the keV-MeV energy
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range. At the same time, the new TMRS shall maintain its existing capability to support materials
research with cold and thermal neutrons.

The keV-MeV range is key for a large number of basic and applied nuclear science efforts,
particularly related to neutron capture and resonance total cross section measurements. The
fission neutron spectrum in fast reactors contains a substantial flux in the keV-MeV region, which
has historically been challenging to measure accurately [3]. Further, measurements in the 1-
500 keV range are essential for a large number of astrophysical applications, where the increased
neutron intensity opens the door to a wider range of measurements on unstable targets [4]. In
addition to expanding existing measurements, the superior generation of keV-MeV neutrons will
enable a new capability for total cross section measurements [5, 6]. Lastly, improved neutronic
performance in the keV-MeV range will enable the stockpile stewardship program to conduct
the (n,y) measurements with radioactive samples of a reduced size. The improved signal-to-
background ratio of such measurements will reduce experimental uncertainties, which currently
reach 20% to 50% at 1 MeV in the case of 2°Pu(n,y) [7].

Mark-IIT moderators and FPs are arranged in two vertical tiers. For the new TMRS, we
propose an arrangement in which one tier (the upper tier) has been radically redesigned and
optimized for nuclear science in the keV-MeV energies, and the other tier (the lower tier) has
largely been left unmodified to keep providing cold and thermal neutrons for materials research.
These two tiers are neutronically separated as much as possible.

The article starts with a description of the existing Mark-III TMRS assembly. In Section 2
we explain why is not this assembly optimal for nuclear science in the keV-MeV interval. We
conclude the section by presenting the MCNPX model of the TMRS and its validation against
experimental data. Subsequently in Section 3, we introduce the physics design of the next-
generation TMRS Mark-1V, which was built upon the validated Mark-III geometry. We discuss
major upper-tier modifications that significantly increase the figure of merit, which incorporates
performance characteristics in both neutron flux and time resolution. The section includes a
description of the redesigned high-resolution water moderator supporting materials research in
the lower tier. Finally, in Section 4 we show that the new Lujan target would benefit from a more
flexible regime of operation.

2. Current Mark-III TMRS design

The Mark-III TMRS is a research facility that generates cold and thermal neutrons for a vari-
ety of scientific disciplines, such as fundamental and applied nuclear physics, materials research,
chemistry, and biology. Mark-III originated from the first-generation TMRS, known as Mark-0,
which started to operate at the Lujan Center in 1985 [8]. Since then, a significant number of de-
sign modifications have been implemented in the three subsequent TMRS generations, including
decoupled, partially coupled, and backscattering moderators [9, 10]; composite beryllium-lead
and stainless steel reflectors [11]; and, most recently, a cold beryllium reflector-filter [1].

The current Lujan TMRS (see Figure 1) is cylindrical, 60 cm in diameter and approximately
3 m in height. It is inserted into a steel vacuum vessel which contains a lead reflector-shield
and the beam stop. The vessel is surrounded by approximately 3 m of biological shielding
made of steel and heavy concrete. The incident proton beam has a 2D Gaussian spatial profile
with FWHM = 3.5 cm. It enters the TMRS vertically through a water-cooled beam window
manufactured from Inconel-718. The beam impinges the split cylindrical tungsten target with a
diameter of 10 cm. The target is surrounded by a bulk beryllium reflector to improve neutron
economy.

2
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Figure 1: Elevation (left) and plane (right) views through the Mark-III geometry showing an arrangement of upper-tier
backscattering moderators (top right) and lower-tier high-intensity (HI) and high-resolution (HR) moderators and a cold
beryllium reflector-filter (bottom right).

There are six neutron moderators arranged in two vertical tiers. The upper tier is composed
of two coupled backscattering moderators, one of which is filled with chilled water and the
other with liquid hydrogen. Each moderator serves two FPs. The lower tier encompasses four
moderators in the flux-trap geometry [12]: three pre-moderated decoupled water moderators and
one pre-moderated partially coupled liquid hydrogen moderator with a cold beryllium reflector-
filter. Two of the decoupled water moderators are designated as high-intensity (HI) and one as
high-resolution (HR). The resolution of the HR moderator refers to the time resolution, which in
fact reflects the energy resolution. The HI and HR moderators differ in gadolinium poison depth.
Each lower-tier moderator can serve up to three FPs. The upper and lower tiers are separated by
a 1.3-cm-thick aluminum heatsink plate.

2.1. Performance in the keV-MeV region

The Mark-III TMRS was optimized for superior performance in the cold and thermal energy
ranges, while neutrons in the intermediate-energy range and beyond were considered undesirable
background. The Mark-III’s bulk beryllium reflector and the lead reflector-shield surrounding
the target increase the chance of neutrons entering a moderator and eventually an FP, but the
reflectors have a predominantly negative impact on time resolution, as neutrons spend more
time in the assembly. The resulting neutron time-emission pulse profiles are rather broad and
asymmetric, with a substantial tail extending to very late times. While the tails can be reduced to
some extent at energies near thermal and below by adding a layer of neutron poison such as Cd
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or Gd around the moderator and decoupling it from the surrounding components, the long tails
persist for energies above about 1 eV. In addition, the relative width of the time profiles grows
with energy as the mean free path for neutrons increases.
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Figure 2: Cross section of neutron elastic scattering in °Be and Al in the keV-MeV region (top). Neutron flux in the
upper-tier FP14 of Mark-III, showing an increase just below the resonances in 2’Al (bottom).

There is another effect that contributes to the deterioration of the time-emission pulses at
some particular energies. Both °Be, which forms the vast majority of the beryllium reflector
except for impurities, and 27A1, which is the main structural material of all Mark-III moderators,
have large cross sections for elastic scattering that exceed 99.95% of the total neutron cross sec-
tion in the keV-MeV region. This phenomenon, combined with rather broad resonances in alu-
minum, starting at approximately 30 keV, contributes to broadening time resolution. As shown
in Figure 2, the neutron flux in the upper-tier FPs increases just below the aluminum resonances
at 35 keV, 88 keV, and 150 keV. But the flux increases at the expense of a dramatic degradation
of time resolution. Figure 3 compares time resolution at 10 keV, where no resonance is present,
with time resolution at 30 keV, i.e., just below the 35-keV resonance, where the FWHM of the
time emission spectrum more than doubles. This degradation is caused by an additional source
of 30-keV neutrons, which arrive with a time delay following the scattering from the 35-keV
resonance into beryllium reflector and back.

The broad asymmetric time-emission pulses at intermediate energies present a challenge to
further progress in nuclear science at the Lujan Center. Therefore, both FWHM and the tails of
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Figure 3: MCNPX simulation of the neutron time-emission spectra in the upper tier of Mark-III. The FWHM at 30 keV
more than doubles in comparison with FWHM at 10 keV. The extraordinarily wide pulse at 30 keV is caused by an

additional neutron scattering from the 35-keV resonance in 2’Al.

the time-emission spectra must be reduced, which requires redesigning the TMRS. We anticipate
that the removal of the beryllium reflector and backscattering moderators from the upper tier will
improve time resolution. We also expect that the translation of the existing tungsten target into
the upper tier will increase neutron flux in all of the upper-tier FPs. In this way, the upper tier
shall fit the needs of nuclear science in the keV-MeV interval far better.

2.2. Benchmarking of MCNPX models

Since the very beginning of the spallation era at LANSCE, the Lujan Center’s target physics
team has been developing the detailed MCNPX model of the TMRS assembly. With this model
we perform neutronic optimization studies of the next generations of the Lujan TMRS. We also
use the model for assessing the neutron backgrounds in the neutron scattering experiments and
for carrying out radiation shielding calculations.

To ensure the MCNPX model describes the real TMRS’s neutronic performance accurately,
a series of experimental measurements of neutron energy spectra and time-emission spectra were
conducted. A general agreement between simulation and measurement, within about 20%, in-
dicates that the team has developed a high-fidelity model [13, 14, 15]. In this work, we build
upon the above-mentioned, and thoroughly benchmarked, model to carry out the Monte Carlo

optimization study of the next-generation TMRS Mark-IV.
5



14 3. Mark-IV physics design

115 A number of constraints on budget, space, time, engineering requirements, and operational
e aspects limited the space for developing the new TMRS. The key constraint is that the upper-tier
17 modifications should preserve at least 75% of the thermal neutron flux currently available in the
1s  lower tier. Despite all of these constraints, we have designed the next-generation TMRS with a
19 well-optimized performance for both nuclear science and materials research.

120 In the next sections, we present the physics quantities that we studied; then we describe the
121 realities of the redesigned upper tier, followed by a discussion of the proposed modifications to
122 a lower-tier moderator.

123 3.1. Studied physics quantities

124 The neutron flux was calculated using the next-event estimator—point detector of the MCNPX
125 2.7.0 [16]. We used the default physics models, cross sections from ENDF/B [17, 18], and the
126 thermal neutron scattering data S (a, ) from ENDF/B-VI [19]. In the upper tier, calculations
12z were carried out for FP14, which serves the DANCE instrument [20], with an actual-size circular
s field of view (FOV) of ~68 cm?. In the lower tier, FP2 and FP4 serving the SMARTS [21] and
120 HIPPO [22] instruments, respectively, were selected. These two FPs view the high-resolution
o and high-intensity moderator, respectively, with the maximum FOV of 12x12 cm?.

131 The calculated neutron energy spectra are presented as neutron lethargy flux (neutrons/ proton/din(E)/cm?).
122 The time-emission spectra are shown as they appear at the boundary of the TMRS. The FWHM
133 of the time-emission spectra is a measure of resolution. It can be expressed as the effective flight-
13« path-length uncertainty L,,. This quantity represents the effective moderator thickness along the
135 beamline and is defined by the non-relativistic formula L, = At,, - VE /72.3, where the time
136 resolution (FWHM) due to moderator At,, is in us and neutron energy E in eV to obtain L,, in
157 meters [23].

138 It is a common practice to define a single quantity that describes the overall performance of a
139 pulsed neutron source [24]. Here we use a metric called figure of merit (FOM), which combines
140 two very important quantities: neutron flux ¢ and time resolution At,,. In the upper tier, we define
141 FOM according to the following equation:

FOM(E) = ¢(E)/(At,(E))’. 6]

12 Neutron flux (intensity) sets the counting rate and hence determines, for example, the sample
143 size and run duration, whereas time resolution contributes to the ability to resolve peaks caused
144 by neutron interactions with the sample. Discerning these peak properties is vital to most exper-
145 iments.

s  3.2. Upper tier

147 The main modifications that distinguish the upper tier of Mark-IV from the upper tier of
14s Mark-III are the removal of the beryllium reflector and backscattering moderators and the instal-
19 lation of the additional neutron-production target. As shown in Figure 4, the proposed target is
10 a disk perpendicular to the existing split target. The disk target is made of high-density tung-
151 sten, is 10.1 cm in diameter, and is 1.2 cm thick. The target is clad with a 254-um tantalum
12 layer to prevent water erosion. Water serves as both target coolant and neutron moderator and
13 surrounds the target in a 4-cm-thick rectangular container with 0.2-cm walls made of aluminum

6
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and Inconel-718. The new target has a large neutron-emission surface and is relatively thin in the
direction of the FPs, which results in high neutron flux and good time resolution.

The water moderator does not aim to fully thermalize neutrons as most conventional mod-
erators do (i.e., to reach the 1/E proportionality). Its thickness was optimized for maximal
production of keV-MeV neutrons, and thus it leaves the spectrum undermoderated. A thicker
moderator would promote more thermalization, whereas a thinner moderator would not soften
the spallation neutron spectrum sufficiently.

3.2.1. Field of view (FOV)

In Mark-III, the upper-tier FPs were designed with the FOV focused on two backscattering
moderators (see Figure 4, where FOV is displayed for FP14). Because these moderators are no
longer present in Mark-1V, it is desired to realign the FPs to focus directly on the center of the
new disk target. In the next sections we call the current Mark-III FP arrangement “FOV Real”
and the desired FP arrangement for Mark-IV “FOV Center.”

It is intuitively clear that the neutronic performance of the compact target-moderator sys-
tem depends strongly on an assumed FOV. The emitted neutrons are more uniformly distributed
across the FOV Center, which also provides higher neutron flux and better time resolution. Un-
fortunately, the FP realignment is not in the budget of the TMRS replacement project, but it is
planned to follow the installation of Mark-IV. For this reason, the upper tier has been designed to
accommodate both FOVs. In this paper we present the neutronic performance for both of these
options (i.e., FOV Center and FOV Real).
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Figure 4: Elevation (left) and plane (right) views of the new Mark-IV upper-tier disk target. FOV Real (FOV R, dashed
pattern) represents the 68-cm? circular field of view of FP14, formerly focused on the Mark-III backscattering (BS)
water moderator, which is no longer present in Mark-IV. FOV Center (FOV C, dotted pattern) is the field of view of the
realigned FP14, which focuses on the center of the disk target.

3.2.2. Water layer lining the outer lead reflector
The removal of the upper-tier beryllium reflector improves the time-emission spectra. Al-
though the overall neutron reflection has been reduced significantly, it has not been eliminated
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completely due to neutrons being scattered back from the outer lead reflector-shield. To mini-
mize the contribution of these back-scattered neutrons to the tails of the time-emission spectra,
an additional layer of absorbing material needs to be installed in front of the lead reflector.

A number of materials with a large neutron absorption cross section in the intermediate-
energy region, such as Eu, Gd, or Ta, were selected for the MCNPX optimization study. However,
none of the candidate materials were able to reduce the tails more efficiently than a layer of water
in a thin aluminum container. The optimal thickness of water was found to be 4 cm. A thinner
layer does not block the reflected neutrons sufficiently, whereas increasing the thickness does not
result in any obvious improvement.

The effect of the water layer is shown in Figure 5, where we present the time-emission spec-
tra for 100-eV neutrons as an example of general behavior. The absorption performance of water
is compared with the performance of Eu, Gd, and Ta and it is also compared with a hypothet-
ical case in which no neutron reflection occurs. This neutron trap was achieved by setting the
neutron importance of the layer to zero. Figure 5 also shows that the 4-cm water layer has not
only reduced the tails of the time-emission spectra but has also increased the relative number of
neutrons within 1/10 of the pulse maximum (FWTM), specifically from 79% to 86%.
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Figure 5: A 4-cm-thick water layer (red circles) lining the outer lead reflector significantly reduces the tails of the time-
emission spectra in comparison with no lining present (blue crosses). Zero reflection resulting from a total neutron
absorption in the lining is shown by black squares. Absorption performance of 4-cm-thick layers of Eu, Gd, and Ta
is shown by green, grey, and yellow symbols, respectively. The grey area represents a region within 1/10 of the pulse
maximum (FWTM) of the time-emission spectra for 100-eV neutrons.
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3.2.3. Water layer separating upper tier from lower tier

Although the beryllium reflector was removed from the upper tier, its removal from the lower
tier is not an option as it would degrade neutron flux for materials research. Neutrons originating
in the lower tier can potentially—after a few scattering events in the reflector and thus with a sig-
nificant time delay—reach upper-tier FPs, which obviously degrades the time-emission spectra.
To avoid such degradation, a maximum neutronic separation of the upper and lower tiers must
be achieved.

In Mark-III TMRS, a water-cooled aluminum heatsink plate separates both tiers. The alu-
minum partition reduces only partially the number of neutrons arriving from the lower tier to
the upper tier. To enhance the separation, Monte Carlo calculations were performed for different
material compositions and thicknesses of the partition. As with the layer lining the outer lead
reflector, it turned out that the water layer is most effective in reducing the asymmetric tails of
the time-emission spectra. The optimal thickness was found to be 3 cm.

In Figure 6 we compare the upper-tier time-emission spectra of 100 eV neutrons for three
different partitions: the current 1.27-cm-thick aluminum heatsink plate, a 3-cm water layer, and
an ideal, fully absorbing partition (neutron trap). Although the water partition cannot compete
with the neutron trap, it reduces the tails of the time-emission spectra significantly. The partition
further increases the relative number of neutrons emitted within FWTM of the time-emission
spectra from 86% to 89%. Thus the water layers in front of the lead reflector and between the
lower and upper tiers encompass almost 90% of all neutrons within FWTM, which has a positive
impact on a large number of experiments.

3.2.4. Mark-1V neutronic performance

The removal of the upper-tier beryllium reflector and backscattering moderators and the in-
stallation of the additional disk target and water partitions improve intensity and time resolution
for nuclear science. Figure 7 compares the Mark-III neutron flux and time resolution with the
anticipated neutronic performance of Mark-IV.

As shown in Figure 7, the new target performs better in a wide interval of energies. For
example, at 100 keV, the neutron intensity will improve by a factor of 10 if the FOV Center is
implemented, whereas only by a factor of 5 if FPs remain in their current configuration (FOV
Real). At the same energy, the time resolution for Mark-IV FOV Center shows an improvement
by a factor of ~12. The time resolution for FOV Real is about 20% worse in comparison with
FOV Center in the entire energy interval. It is important to note that the Mark-IV effective flight-
path-length uncertainty is almost independent of the energy in the keV-MeV interval.

In Figure 8 we compare figure of merit (FOM, see Equation 1) at FP14 of the new TMRS
relatively to Mark-III. At 100 keV, the Mark-IV FOM for FOV Center is better relative to Mark-
III by a factor of 1500. FOV Real performs worse by 40% to 70% in comparison with FOV
Center, depending on energy. Note that FOM and time resolution consider the TMRS only. Time
resolution of the incident proton beam also contributes to the total time resolution, especially at
higher energies, as discussed in Section 4.

3.2.5. Gamma-ray background

In addition to neutrons, the spallation process generates a significant amount of charged
particles and photons. Whereas the former can be deflected from a FP by a sweeping magnet, an
intense flux of the latte—which cannot be suppressed easily—can adversely impact the quality
and feasibility of many experiments.
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Figure 6: A partition separating upper tier from lower tier is currently made of aluminum (blue crosses). A 3-cm-thick
water layer (red circles) will separate the two tiers neutronically in a much more efficient way by reducing the tails of
the time-emission spectra. An ideal separation resulting from a total neutron absorption (neutron trap) is represented by
black squares.

The gamma-ray background from the spallation target typically has two components—prompt
and delayed—and they differ significantly in energy spectra. The prompt component (< 1 us)
originates during the spallation process and represents a major part of what is called the y-flash.
These photons can reach very high energies, depending on parameters of the incident beam.
The delayed component primarily arises from the already-produced neutrons interacting with
the moderator and other materials surrounding the target. The delayed photon flux (> 1 us) has
a softer energy spectrum, with a few isolated peaks characteristic of various physical processes,
such as pair annihilation (511 keV), radiative capture in hydrogen (2.2 MeV), and ?’Al(n,y) re-
action (7.7 MeV).

Figure 9 shows the MCNPX simulation of the prompt photon flux, and Figure 10 illustrates
the delayed flux in FP14. The results are compared with the photon flux in Mark-III and with
the flux at two relevant neutron time-of-flight experimental facilities: n_TOF [23], [25], and
GELINA [26].

The photon flux increases in Mark-IV, where now the upper-tier FPs focus fully (FOV Center)
or partially (FOV Real) on the spallation target, in comparison with Mark-III, where none of the
target is in the FOV of any FPs. Despite increased photon flux, we do not expect any major impact
on the feasibility of most experiments carried out at the Lujan Center, because, in general, the
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Figure 7: Neutron flux (top) and resolution (bottom) expressed as the effective flight-path-length uncertainty, L,,. We
compare the current Mark-III FP14 performance (black crosses) with the Mark-IV data for FOV Center (blue circles)
and FOV Real (red squares).

photon flux stays below the level of the gamma-ray background at n_TOF, where comparable
experiments are routinely conducted.

3.3. Middle target optimization

The additional disk target affects the spatial distribution of the neutron generation across the
entire TMRS. An increased production of neutrons in the upper tier leads to an inevitable loss
of neutrons available for the lower tier, where neutrons are produced predominantly from the
spallation process in the middle and lower cylindrical targets. There are no plans to redesign the
lower target, but the MCNPX optimization study of the middle-target thickness was carried out
to maximize the performance of the lower tier. The study examined the integral thermal neutron
flux below 0.5 eV.

The original target stack located between the upper and lower tiers of Mark-III (see Figure 1)
was composed of seven tungsten disks with a total thickness of 9 cm. The same set of disks has
already been fabricated as spares. From this stack, a 1.2-cm-thick disk has been utilized for the
Mark-IV upper target (see Section 3.2), and the remaining six disks are available for the middle
target assembly.

The results show that the lower-tier thermal neutron flux ranges from 65%, relative to Mark-
III, when no middle target is present, to almost 75% with the full six-disk stack. The latter
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Figure 8: Figure of merit (see Equation 1) of the Mark-IV physics design for FOV Center (blue circles) and FOV Real
(red squares) relative to Mark-III.

value perfectly matches the key constraint of our study. Therefore, the final configuration of
the middle target comprises six disks with a total thickness of 7.8 cm. Although the thermal
flux has declined, there is no change in either the lower-tier time resolution or background from
neutrons with energies above 0.5 eV or from gamma rays. The thermal flux, however, can return
to its original value, or even increase, by revisiting the design of the lower-tier HR moderator, as
discussed in the following section.

3.4. Lower tier

The current HR moderator is composed of a 2-cm-thick water premoderator and a 1.5-cm-
thick water moderator, separated by a 100-um Gd partition. A flagship instrument served by the
HR moderator is the SMARTS spectrometer. About half of diffraction experiments carried out at
SMARTS do not require high time resolution, which allows us to redesign the HR moderator for
a more flexible regime of operation. In this regime, we can maintain high time resolution for a
class of measurements, and we can provide more neutron intensity for other experiments which
do not require such high resolution.

A proposed design of the moderator is shown in Figure 11. The thickness of the premoderator
shrank from 2 cm to 1 cm and the moderator cavity was divided into two volumes, separated by
a 0.25-cm-thick aluminum partition. The first cavity, closer to the premoderator, is 1.6 cm thick
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Figure 9: Energy distribution of prompt photon emission at the location of the experiment.

and is always filled with water. The other cavity has the same thickness and can be filled with
either water or helium gas. The thickness of the cavity was determined by maximizing FOM for
diffraction experiments at SMARTS according to the equation:

A
FOM s marts) = f ~PF(1)da, (2)

0.54
where PF(Q) is peak flux at wavelength 4. When the outboard cavity is filled with water, the
moderator will provide higher neutron flux in the HI mode, whereas when filled with helium gas,
neutrons will be produced in the HR mode, though with lower intensity in comparison with the
HI mode.

The HR mode of the newly redesigned moderator does not impact the current time resolution
and provides 6% more thermal neutron flux, because it is positioned closer to the split tungsten
target. On the flip side, the HR mode results in a slightly elevated (approximately 13%) neu-
tron intensity above 0.5 eV, which is considered a background for thermal-neutron scattering
experiments. A suppression of this background can be addressed by utilizing a TO chopper.

The HI mode increases the thermal neutron flux at the expense of time resolution. Our calcu-
lations indicate that the HI mode will provide approximately 60% more neutrons in the thermal
integral. As shown in Figure 12, the increase is energy dependent and results in the highest en-
hancement in thermal flux (a factor of 2) near the point of maximum of the energy distribution.
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Figure 10: Energy distribution of delayed photon emission at the location of the experiment.

In the HI mode, the time resolution of this moderator will resemble the time resolution of the
current HI moderator at FP4. The detailed information about the time resolution of the current
HR and HI moderators can be found in [14].

4. Proton beam parameters

In Section 3.1 we introduced the resolution (FWHM) of the neutron time-emission spectra
due to moderator, At,,. The total resolution of the TMRS At,,,, however, has another component
reflecting the incident proton beam width Az, and is defined according to the formula At,, =

,/At%, + A72. In Figure 13, we show the total resolution Afy,, as a function of neutron energy

in the upper tier of Mark-III and Mark-IV. At energies above 100 eV, the data show that the
reduction of the proton beam width from 50 ns to 30 ns (or an even lower value) has almost
no effect in Mark-III. In Mark-IV, however, the total resolution improves. This is because At,,
contributes substantially to At,,, in Mark-III at all energies, whereas in Mark-IV, its contribution
declines with increasing energy.

The high-resolution nuclear physics experiments would benefit from operating the Mark-IV
TMRS with the proton beam with FWHM being reduced from the standard value of 125 ns to
30 ns, which may be a reasonable compromise between good resolution and reasonable intensity.
The minimum pulse width at which it makes sense to run the LANSCE proton storage ring is
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~10 ns. With this FWHM, however, the neutron intensity would be reduced by about an order of
magnitude in comparison with the 125-ns pulse.

Figure 14 illustrates the expected improvement in measurements of radiative capture cross
section in ®'Ni in the resonance region. The simulation of the (n,y) measurement was carried
out using the R-matrix program SAMMY [27]. The program utilizes the MCNPX-calculated
neutron time-emission spectra convoluted with the triangular proton beam pulse with variable
FWHM (30, 50, and 125 ns). The results show that if the new Mark-IV TMRS is driven by
the 30-ns proton pulses, many more resonances can be cleanly resolved as compared with the
standard Mark-III operations. Figure 14 also illustrates that the tails of the Mark-IIT asymmetric
time-emission pulse profiles cause an apparent shift in the energy of the measured resonances.
Because the asymmetry is reduced in Mark-IV, the importance of this effect will diminish.

Both nuclear science and many materials research experiments would also benefit from
higher neutron intensity that can be achieved by increasing the standard repetition rate from
20 Hz to 30 Hz (increasing the proton beam current on target from 100 uA to 150 pA).

5. Conclusion

The physics design of the next-generation spallation neutron TMRS for LANSCE’s Lujan
Center was described in this article. The design makes significant modifications to the upper
tier to enable new nuclear science experiments in the keV-MeV energy range and to improve the
quality of the existing experiments in the same energy range. Minor design modifications were
also implemented to the lower tier to advance its performance in materials research with cold
and thermal neutrons.

In the upper tier, removal of the beryllium reflector and backscattering moderators and instal-
lation of the additional spallation target (1.2-cm-thick tungsten disk perpendicular to the existing
target) surrounded by the water moderator will increase the keV-MeV neutron flux and improve
its time resolution. The maximum performance gains will be achieved only if the flight paths
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are adjusted to focus directly on the new target. In this configuration, FOM will improve by a
factor of 1500 at 100 keV. On the other hand, the calculations predict a moderate elevation of the
gamma-ray background, which remains below the level of the photon flux at n_TOF.
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To mitigate the impacts of the upper-tier modifications on the lower-tier flux, we have re-
designed the HR water moderator to operate in either HR or HI modes.

To access all the advantages offered by the new Lujan TMRS Mark-IV, one needs to tailor
the proton beam characteristics to the experimental needs. Experiments requiring superior time
resolution may sacrifice the proton beam intensity and use narrow proton beam pulses. Other
experiments may need more neutron intensity while tolerating shorter spacing between pulses
accepting 30 Hz repetition rate. And yet different experiments may need standard beam pulse at
20 Hz repetition rate. This flexible regime of operation will inevitably create challenges during
scheduling, but will result in much more effective utilization of the capabilities offered by the
new Lujan TMRS. In this regime, the Lujan Center will serve the needs of the national-security-
related research in a wide interval of neutron energies (cold to intermediate), as well as it will
provide a unique experimental capability for a large number of both national and international
users.
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