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ABSTRACT

Optimizing the neutronic performance of a coupled-moderator system for a Long-Pulse
Spallation Source is a new and challenging area for the spallation target-system designer. For
optimal performance of a neutron source, it is essential to have good communication with
instrument scientists to obtain proper design criteria and continued interaction with
mechanical, thermai-hydraulic, and materiais engineers to attain a practical design. A good
comprehension of the basics of coupled-moderator neutronics will aid in the proper design of
a target system for a Long-Pulse Spallation Source.

Target stations are vital components of a spallation-neutron source, and target-station design
plays a major role in determining the overall (neutronic and operational) performance of the
facility. Many traditional notions will have to be rethought and several new concepts put
forward to meet the cnauenge of ueSIg‘rung a target station for the next gene‘rauon Spauat‘ifm
neutron source (5 MW of proton beam power); it is believed a target station designed for 1

MW can employ existing technology. The particulars of a target station depend on whether it
is desioned for a Short-Pulse Snallation Source (SPSS) or a Long-Pulse Snallation Source

orawes 4372 a >hort-ruise PGV RVLEAVY WA W) Vs LALS bl PRt aill AL

(LPSS).
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In the context of this paper, the term target station refers to an ensemble of components

needed to nrndlmp/pyfrnr-f neutrons for various areas of research. The maior comnonents of a
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target station are the farget system, the shield, and the ancillary systems. In this paper, we
will focus our discussion on the neutronic performance of the farget system. We define the
target system as the subset of components (targets, moderators, poisons, decouplers, liners,
and reﬂectors) in the target station that contribute directly to the production of useful
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neutrons. 1IIC urgct Systeﬂi used at the 1v1anu41 Lflijan, Jr. Neuiron Sc aucrmg beﬂter

(MLNSCQ) is illustrated in Fig. 1 [1].
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Figure 1. Illustration of the target system used at the MLNSC. The target
system consists of a split target of tungsten, four flux-trap moderators
of water and liquid hydrogen, an inner moderating refiector of
beryllium, and an outer fast neutron reflector and high energy neutron
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about 1-m diameter and 1-m high.

We focus here pnmm-:]v on coupled-moderator neutronics, where the proton
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the choice of target, moderator, and reflector materials and geometry dominate the neutronic
performance of moderators. This is in contrast to decoupled-moderator neutronics where the
proton pulse width is kept deliberately short compared to the slowing down and
thermalization times in moderators and reflectors. For decoupled systems the intensity and
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and liners in addition to the choice of target, moderator, and reflector materials and geometry.
The MLNSC target system in Fig. 1 is a decoupled target system because it employs poisons,
decouplers, and liners, and is, therefore, a SPSS. Before we discuss coupled moderator

neutronics, we will review the neutronic issues in going from decoupled moderators to coupled
moderators, i.e., decoupled to coupled target systems.
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2 From an SPSS to an LPSS
2.1 Decoupled to Coupled Target Systems

For most users of a pulsed spallation-neutron source, useful neutrons can be defined as those
headed in the right direction with appropriate energy at the right time. Unfortunately,
spallation neutrons produced directly in the target rarely have the desired characteristics. We
must, therefore, add the necessary systems and devices to the bare neutron production target
in order to tailor the neutron pulse so that its characteristics are as close as possible to the
users’ requirements. As mentioned above, a complete target system consists not only of
target(s) for the production of neutrons, but also of moderators, reflectors, and, in the case of
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In addition to the choice of material, temperature, geometry (e.g., wing versus flux-trap
moderators), and the presence or absence of a reflector, moderator neutronic performance is
also strongly tied to the presence or absence of poisons, decouplers, and liners. The choice of
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is to tailor the temporal and energy charactenstlcs of the neutron pulses emitted by the
moderator. Fig. 2 shows the arrangement of poisons, decouplers and liners in the split-target,
flux-trap moderator geometry of Fig. 1. Moderator poisons can be either spread
homogeneously throughout a moderator, or introduced heterogeneously (as a discrete region)
into the moderator [2]. In this paper, we confine our discussion to the use of heterogeneous
poisons. For thermal neutrons, the poison neutronically defines that part of the moderator
“viewed” by an experiment. Decouplers surround a moderator and both geometrically and
neutronically isolate it from the reflector. Liners geometrically and neutronically isolate the
moderator “viewed surface” from the reflector. We deliberately define decouplers and liners
separately because they can be different materials with distinct thicknesses, as in the MLNSC
target system design [3]. The goal of short-pulse moderator design is to get as much useful
neutron intensity from a moderator as possible with little or no attendant degradation in the

nantron nulea wrid h
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The energy range over which poisons, decouplers, and liners “neutronically” operate is not
distinct and depends on the thickness and material used. For example, gadolinium and
cadmium have “characteristic” cutoff energies (roughly 0.1-0.2 ¢V and 0.5-0.6 eV,
respectively) above which they are not as neutronically effective, whereas, a “1/v” absorber
like boron has a cutoff energy that is not as distinct. For boron, one usually refers to a “1/¢”

cutoff energy for a given boron atom density and thickness and is usually chosen to be “1/e”
in the few eV range [3].
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Figure 2. Arrangement of poisons, decouplers, and liners in a flux-trap moderator
geometry. Poisons are typically oriented parallel to and positioned some
distance (=1 to 3 cm) behind the moderator viewed surfaces. The flux-
trap decouplers neutronically insulate moderators from one another
whereas the reflector decouplers neutronically isolate moderators from the
adjoining reflector material. Liners neutronically insulate the reflector
from the moderator viewed-surface.

2.1.2. Decoupled Moderators. If we employ decouplers and liners in conjunction with
a moderator surrounded by a reflector, we refer to those moderators as “decoupled”
moderators, and the target system as a SPSS. The choice of material and thickness of material
for decouplers and liners is important in optimizing the neutronic performance of the next-
generation SPSS. Adequately cooling the decouplers and liners for the next generation SPSS
will be a design challenge.

2.1.3 Coupled Moderators. 1f decouplers and liners are not used when a moderator is
surrounded by a reflector, we call the moderators “coupled.” Coupled moderators can be
significantly more intense than decoupled ones. However, the neutron pulse width from a
coupled moderator is much larger than that from a decoupled one [4]. We illustrate this
neutronic gain in Fig. 3 for liquid H, (ortho/para 50/50) moderators. For these liquid hydrogen
moderators, a totally coupled moderator provides about 6.7 times greater neutron pulse
intensity (for E < 5 meV) than a decoupled moderator. This is precisely the reason to
consider an LPSS over an SPSS. However, as indicated by the standard deviation, the neutron
pulses are “broader” in time from a coupled moderator compared to a decoupled one.

Figure 4 depicts the energy-dependent gain in neutron intensity and time distributions for a
coupled liquid H, (ortho/para 50/50) moderator compared to a decoupled one.
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Figure 3. Effect of poisons, decouplers and liners on neutron pulse intensity and pulse width
for liquid H, (ortho/para 50/50 v%) moderators. The labels on the left side of the bar
graph indicate what items are present for the corresponding bars. The neutron pulse
width is defined as the standard deviation of the time at which neutrons leak from
the moderator viewed surfaces. The 22.5-cm-long, D,0-cooled W rod-target is singly
split and the four 5x13x13-cm3 moderators are in flux-trap geometry. The poison is
0.00508-cm-thick Gd, and the decouplers and liners are 0.0813-cm-thick) Cd. The
reflector is D,0-cooled Be (D,0/Be 15/85 v%). The proton beam energy is 800
MeV.

In Fig. 5, we show the decoupled data of Fig. 4 integrated over time; this is the time-dependent
neutron leakage gain. The results show that the neutron gain depends on the time over which
the neutrons can be utilized in an experiment. The maximum gain is the factor of about 6.7 (as
t—o0).

The coupled-moderator gain will also depend on the type of reflector employed, i.e., whether
or not the reflector is a “fast” or “moderating” reflector. We will now discuss the various
types of reflectors we can use in a target system.

3. Reflectors

Reflectors enhance the efficiency of useful neutron production by returning neutrons that
would have otherwise escaped from the target system to the moderator zones where there is
another chance to change them to useful neutrons. The reflector is absolutely essential for this
purpose; otherwise, the requisite intensities of useful neutrons would not be adequate [5].
However, reflectors also alter the time structure of neutron pulses from a moderator.
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Figure 4. Flux spectrum (a) and time distributions (b) for coupled and decoupled liquid H,
{ortho/para 50/50) moderator showing the energy-dependent and time-dependent
differences, respectively, of leakage neutrons. The moderators are unpoisoned.

3.1. One-Component Reflectors.
spallation sources [1, 6-8], and heavy water for quasi-continuous spallation sources [9].
These are examples of one-component reflectors. However, it is useful to combine reflector
material types into a composite reflector, and to investigate multiple uses of the components
of a composite reflector.
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Figure 5. The time-dependent coupled/decoupled gain for unpoisoned liquid H, (ortho/para 50/50)
flux-trap moderators with an infinite D,0O-cooled Be reflector..

3.2. Composite (Multiple-Component) Reflectors. In 1985, we introduced and implemented
the notion of a composite reflector at the MLNSC [1]. We designed the MLNSC composite
reflector to perform three distinct functions: 1) as a thermalizing and thermal neutron reflector,
2) as a fast neutron reflector, and 3) as the beginning of the high-energy neutron shield. In
addition to these three functions, a composite reflector of the proper material can be looked at
(from the point-of-view of neutron production) as an extension of the target, i.e., to enhance
spallation neutron production and to provide additional (n,xn) neutrons. Also, in the case of
the LPSS, the outer portion of a composite reflector can be used to tailor the time distribution
of neutrons leaking from a moderator. Thus, a composite reflector can have several distinct
neutronic functions. We will now discuss the purposes of the various components of a
composite reflector.

3.2.1 Inner Reflector. The inner portion of a composite reflector should be a
moderating/reflecting zone surrounding the moderators and performing two primary functions:
1) to moderate (thermalize) fast neutrons and redirect them back into the moderators, and 2)
to reflect back into the moderators thermalized neutrons escaping from the moderators into
non-useful directions. The inner reflector should have two other secondary qualities: 1) the
ability to transmit neutrons from the intermediate “fast neutron” reflector back into the
moderators (this requires low neutron absorption characteristics for the inner reflector
material); and 2) the ability to make (n,xn) neutrons, i.e., to act as a neutron source. Materials
studied to date for inner reflectors include H,O, D,0, C, and Be.
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3.2.2 Intermediate Reflector. We use an intermediate reflector zone to return fast
neutrons back into the inner reflector, to produce spallation and (n,xn) neutrons, and to act as
a high-energy neutron shield. This material should have low or moderate neutron absorption
properties. The materials studied to date include Ni, W, and Pb. Figure 1 shows the two-
component composite (Be/Ni) reflector used at the MLNSC.

3.2.3 Outer Reflector. In our LPSS studies, we are considering an outer “fast neutron”
reflector region to return fast neutrons back into the intermediate reflector zone, to produce
spallation and (n,xn) neutrons, to help remove “tails” on neutron pulses in an LPSS
application, and to act as a high-energy neutron shield. The materials we will be looking at are
Niand W.

4. LPSS Design Issues

There are several key issues that affect the overall neutronic performance of an LPSS. Among
the most important concepts are: a) neutron intensity vs. brightness - this determines the
moderator size; b) temporal brightness - this establishes the “peak” neutron intensity in time;
¢) number of neutron beam lines - this affects the absolute overall neutronic performance of
the target system; d) liquid H, compared with liquid D, - influences how “cold” one can make
the neutron leakage spectrum from a moderator; €) ortho/para- hydrogen fraction - this affects
the neutronic performance of a liquid H, moderator; f) premoderator materials/thickness -
enhances the neutronic performance of a moderator and reduces the energy deposited in the
moderator per se; and g) reflector materials/size - enhances both the neutronic performance
and pulse characteristics of a moderator. We will now discuss a few of these issues in detail.

4.1 Neutron Intensity vs. Brightness

In addition to target-moderator-reflector materials and geometry, the total number of neutrons
leaking from a moderator surface (the moderator intensity) depends on the overall size of the
moderator. Generally, the larger the moderator, the higher the neutron intensity.

Average Brightness - We define the average brightness of a moderator to be the total
neutron leaking from a moderator surface divided by the area of the moderator viewed-surface.
Figure 6 shows neutron intensity and average brightness for wing moderators {10]. When the
moderators are made larger to gain intensity, reflector material is removed, and the target
system becomes less efficient (in terms of useful neutrons per incident proton). In general,
average moderator brightness decreases with increasing moderator size. Therefore, a criteria
for high average moderator brightness requires small moderators, whereas, a criteria for high
moderator intensity behooves large moderators. Clearly, a compromise must be struck, and

we need objective criteria from instrument designers on the importance issue of average
moderator brightness vs. intensity.
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Figure 6. Average moderator brightness and moderator intensity vs. moderator size
for wing moderators of liquid H, (ortho/para 50/50).

Specific Brightness - For a given moderator size, we define the “specific moderator
brightness” to be the brightness over a smaller “field-of-view”, i.e., over a smaller area of the
moderator surface. Figure 7 shows specific brightness vs. field-of-view for both decoupled
and coupled liquid H, flux-trap moderators. Because of “edge effects” (changes in the spatial
distribution of leakage neutrons), the specific moderator brightness of a decoupled moderator
1s more sensitive to moderator field-of-view than is a coupled moderator.. There also appears
to be spectral effects for a liquid H, moderator, i.e., the neutrons seem to be colder at smaller
specific brightnesses [11].

4.2 Temporal Brightness

The “temporal brightness” (the peak time-dependent neutron brightness) is an important
consideration in both SPSS and LPSS target system design. The temporal brightness can be
altered with reflector type and by employing a composite reflector which we discussed above.
We have calculated temporal brightness for liquid H, moderators coupled to D,O and Be
reflectors as well as for composite reflectors of Be/Ni, Be/W, and Be/Pb. The results are
shown in Fig. 8 for an inner reflector size of 60 cm diam by 60 cm high. For the materials
studied, D,O exhibits the worst temporal brightness and a long-time tail. The Be/W
composite reflector has slightly better temporal brightness than D,O/Pb. Because of the
moderate neutron absorption in W, the long-time tail for the Be/W composite reflector is
better than the D,O/Pb combination. The temporal brightness is further improved in going to
a Be/Ni reflector with shorter long-time tails. An all Be reflector gives a high temporal
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Figure 7. Specific Brightness versus moderator field-of-view for decoupled and
coupled liquid H, (ortho/para 50/50) flux-trap moderators. The
moderators were 5x13x13 cm’.

brightness, but has a long-time tail. The temporal brightness is the best for the Be/Pb
composite reflector; the long-time decay constant is better than that for an all Be reflector but
still needs improvement. We are studying ways of keeping the temporal brightness high and
decreasing the long-time tails by composite reflectors of Be/Pb/Ni and Be/Pb/W.

159-cm Be  |..J
80-cm Be/Pb

RaydQ dt, E < 5 meWw(10' nieni/s/sr/sMW)

t(us)

Figure 8. Temporal average moderator brightness from a liquid H, (ortho/para
50/50) flux-trap moderator for various reflector types.
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4.3 Liquid H; compared with Liquid D,

We have calculated the neutron flux inside spheres of liquid H, and liquid D, surrounded by a
Be reflector to understand basic moderator characteristics. We placed an isotropic point
source of 1-keV neutrons at the center of two concentric spheres of moderator/reflector (see
Fig. 9), and calculated the neutron flux inside the moderator region. The results of the
calculations are shown in Figs. 10 and 11.

Figure 9. Geometry used to calculate neutron fluxes inside cold moderators of liquid H,
and D, with ortho/para fractions of 50./50. An isotropic source of 1-keV neutrons
was placed at the center of the moderator-reflector and the radius of the
moderator was varied.
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Figure 10. Neutron flux inside liquid H, moderator (ortho/para

50/50).
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Figure 11. Neutron flux inside liquid D, moderator (ortho/para 50/50).

In Figure 10 we see a source of albedo neutrons from the beryllium when there is no hydrogen
moderator. When the hydrogen moderator is present we see an increase in the epithermal
neutrons and the beginning of the thermalization process. For these calculations, the neutron
flux peaks at a radius of about 4 cm. In Figure 11, we see the effects of the beryllium reflector
and a peaking in the neutron flux around 4 angstroms. The liquid H, doesn’t show this peak
presumably because of the increased absorption in H; compared to D,. Thus, liquid H,
produces the brightest cold source, but liquid D, produces a much larger volume of “colder”
neutrons.

4.4 Ortho/Para-Hydrogen Fraction.

We have looked at the effect of ortho/para fraction on average moderator brightness as a
function of moderator thickness and ortho/para fraction for coupled liquid H, moderators.
The results are shown in Fig. 12. The average moderator brightness is largest for the 100%
para-H, moderator which reaches a maximum around 10 cm. All the moderators with
orth/para combinations show a “peaking” in the average brightness as a function of moderator
thickness. This peaking occurs around moderator thicknesses of 5-6 cm. This study shows
that it is important to know the ortho/para fraction for a liquid H, moderator in either a SPSS
or a LPSS. Also, the pulse widths of neutrons leaking from a thick liquid H, moderators must
be understood.
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(D,0/Be 15/85).

Figure 13 shows the average moderator brightness of a liquid H, flux-trap moderator for
several composite reflectors. The overall size of all the reflectors used in this work is 150 cm
diam by 150 cm high. The average moderator brightness with a D,0 reflector is about 70% of
that with a Be reflector. An “infinite” Be reflector is about 125x125 cm. For inner reflector
sizes up to about 20 cm, the average moderator brightness for a D,O/Pb composite reflector is
the same as that of a Be/Pb composite reflector. For inner reflector sizes between about 20
and 125 cm, the average moderator brightness with a Be/Pb composite reflector is better than
that of a D20/Pb composite reflector.

Also, The average moderator brightness with an all Pb reflector is better than with an all Ni
reflector and remains so up to an inner reflector size of about 125 cm. However, the neutron
pulses from a moderator are shorter for a Be/Ni composite reflector compared to a Be/Pb
composite reflector (see Fig. 8).

5. Conclusions
Optimizing the neutronic performance of a coupled-moderator system for a Long-Pulse
Spallation Source is a new and challenging area for the spallation target-system designer. For

optimal performance of a neutron source, it is essential to have good communication with
instrument scientists to obtain proper design criteria, and continued interaction with
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mechanical, thermal-hydraulic, and materials engineers to attain a practical design. A good
comprehension of the basics of coupled-moderator neutronics will aid in the proper design of a
target system for a Long-Pulse Spallation Source.

Many traditional notions will have to be rethought and several new concepts put forward to
meet the challenge of designing the target system for a next generation (5-MW) spallation
neutron source. However, it is possible to design a high-performance target system for a 1-
MW spallation source using existing technology.
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Figure 13. Average moderator brightness as a function of the inner reflector size
and composition. The liquid H, (ortho/para 50/50) flux-trap moderators
were 5x13x13 cm®. The target was D,0O-cooled W rods.
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