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A Feasibility Study for a One-Megawatt Pulsed Spallation Source
at Los Alamos National Laboratory
Roger Pynn*
Los Alamos National Laboratory, Los Alamos, NM 87545, USA
AbstracI
Over the past two decades, high-intensity proton accelerators have been designed and developed
to support nuclear physics research and defense applications. This technology has now
matured to the point where it can support simultaneous and cost-effective exploitation of a
number of important areas of both basic and applied science. Examples include neutron
scattering, the production of radioisotopes, tests of technologies to transmute nuclear waste,
radiation damage studies, nuclear physics, and muon spin research. As part of a larger
program involving these and other areas, a team at Los Alamos National Laboratory has
undertaken a feasibility study for a 1-MW pulsed spallation neutron source (PSS) based on the
use of an 800-MeV proton linac and an accumulator ring. In January 1994, the feasibility study
was reviewed by a large, international group of experts in the design of accelerators and neutron
spallation targets. This g_oup confn'med the viability of the proposed neutron source. In this
paper, I describe the approach Los Alamos has taken to the feasibility study, which has
involved a synergistic application of the Laboratory's expertise in nuclear science and
technology, computation, and particle-beam technologies. Several examples of problems
resolved by the study are described, including chopping of low-energy proton beam,
interactions between H- particles and the stripper foil used to produce protons for injection into
an accumulator ring, and the inclusion of engineering realities into the design of a neutron
production target. These examples are chosen to illustrate the breadth of the expertise that has
been brought to bear on the feasibility study and to demonstrate that there are real R&D issues
that need to be resolved before a next-generation spallation source can be built.

Ialmaar,.tiaa
We are all thoroughly familiar with wall sockets that provide electrical power. We use them to
provide the basic necessities of heat and light as well as to power more sophisticated devices
such as computers and lasers. It is becoming increasingly apparent that proton accelerators can
play an analogous role to wall sockets, providing high-energy protons for necessities such as
the production of radioisotopes for the calibration of Positron Emission Tomography (PET)
scanners, as well as facilities for advanced research in nuclear and condensed matter sciences.
The full spectrum of applications of the proton accelerators is extremely broad and includes, in
addition to the examples already cited: research and development of technologies to transmute
and destroy commercial and defense nuclear waste and to produce energy cleanly, studies of
radiation damage relevant to power production using nuclear fusion, high-energy neutron
radiography, irradiation of electronic components with a neutron spectrum that mimics that
experienced in high-flying aircraft, muon spin research, and neutron scattering.
Los Alamos National Laboratory is developing a broad program that includes many of the
areas of neutron science and technology cited above. As part of this program, the Laboratory
* The work describedin this article was performedby a largeteam led by AndrewJason,GaryRussell,
Tom Wangler,and Dick Woods. Forty-fivescientists,engineers,and techniciansfrom eightLaboratory
Divisionsare involvedin someway with the project.

has performed a feasibility study of a high-power spallation neutron source that can serve many
areas of research. The most demanding users of such a source are likely to be those whose
research is done with neutron beams, so the study has been aimed primarily at satisfying these
needs. While the initial study has concentrated on a source using one megawatt of proton beam
power, upgrades to 5 MW and beyond are also being considered.
Scooe of the Los Alamos Feasibility Study for an Advanced PSS
There are a number of different technological options for the construction of a next-generation
pulsed spallation source -- RF linac and accumulator ring; RF linac and rapid-cycling
synchrotron; fixed-field, alternating-gradient ring; induction linac, etc. Each has its attractions
and disadvantages, and there is no real consensus within the accelerator community that one
technology is superior to the others. Similarly, protons can be injected into neutron production
targets horizontally or vertically, and each geometry has its proponents and opponents. The
only real way to choose between the many options is to study each in detail and to evaluate
measures such as technological risk, cost, reliability, functionality, upgradability, safety, etc.
To a large extent the parameters chosen for the Los Alamos feasibility study were dictated by
our desire to explore the advantages that might accrue from using some of the existing
infrastructure m mainly the 800-MeV LAMPF proton linac -- at the Laboratory. However,
we also deliberately chose some parameters because we were aware that these were not being
studied by other groups, either in the US or in Europe. I believe that a synthesis of what is
learned from the various studies will eventually lead to a consensus on the most acceptable
design.
One of the key questions that must be addressed for any future PSS is the choice of proton
energy. From the point of view of neutron production, there seems to be little to choose
between 800-MeV and 2000-MeV protons. On the other hand, there are strong supporters of
both high (2000 MeV) and low (800 MeV) energy in the accelerator community. The
resolution of this complex issue for the present study was determined in large measure by the
existing experience at LAMPF. This facility already operates as the world's highest power
source of protons and incorporates an accumulator ring which stores a higher peak current than
any other similar facility. It is natural for the Laboratory to base a study of a next-generation
facility on existing technology to the extent that this does not compromise performance. For a
beam power of 1MW, experiments performed in 1993 verified that no compromise results
from the use of the existing LAMPF linac.
Following the recommendation of the recent panel on Neutron Sources for America's Future 1,
we have chosen to study primarily a source with a total beam power of 1 MW, even though we
are keenly aware that a true next-generation source may require 5 MW. The latter point is
underscored by a recent survey of users of the present neutron scattering facility (LANSCE) at
Los Alamos. This survey indicated that more than 75% of respondents believed that a new
PSS should either be constructed with a beam power of 5 MW or should be upgradable to this
level. Clearly, this is also the conclusion that has been reached in Europe. All of the systems
examined in our feasibility study have been designed with such an upgrade in mind. For
example, shielding of the target stations, the bending radii of proton transport lines, and the
depth of earth shielding have all been dimensioned to allow for a full 5 MW of beam. While
this philosophy raises the estimated cost of a I-MW facility, we believe that it is in the longterm interests of the scientific community to preserve a 5-MW upgrade as a future option.

Yet another fundamental choice that impacts the cost of a pulsed spallation source is that
between vertical and horizontal injection of the proton beam into the neutron production target.
We chose to investigate vertical injection because this choice provides the maximum flexibility
for the installation of neutron beam lines -- the raison d'Stre of the facility -- and also
simplifies the task of maintaining or exchanging target or moderator components. The
disadvantages of this choice include more expensive target stations -- which have to be
supported above a beam transport tunnel -- and more difficult access to components of the
proton beam transport system in the vicinity of the targets.
The community of users of pulsed spallation sources currently believes that two neutron
production targets are needed at a new source. While this consensus simply recognizes the fact
that some neutron scattering spectrometers benefit from low-repetition rate while others need
high- average intensity, there has been no systematic study of the best combination of repetition
rates. The choice we have made -- 20 Hz and 40 Hz- is based on the collective experience of
neutron scatterers at Los Alamos and the line frequency of the US electric power distribution
system (60 Hz). While other choices can be envisaged m 10 Hz and 40 Hz, for example -there is some constraint on the frequencies for which equally spaced pulses can be produced
from a linac (i.e., LAMPF) whose fundamental frequency is 120 Hz.
Description of the Proposed I-MW PSS
The design parameters of the proposed new facility are summarized below:
•
•
•
•
•
•
•
•
•
•
•
•
•

800-MeV linac plus accumulator ring
1.25 mA average current (1 mA H. demonstrated at LAMPF)
Ion Source --40 mA peak
Linac -- 30 mA peak (34 mA H+ demonstrated at LAMPF)
Macropulse length1.2 msec
Beam Duty Factor _ 7.2%
Chopping435 nsec on, 235 nsec off
60-Hz operation -- two targets @ 20 Hz and 40 Hz
Less than 200-nA loss in accumulator ring
1.3 x 1014particles accumulated in ring
Nine months operation per year
Greater than 90% availability
24 hours maintenance period every two weeks

The proposed facility would use 90% of the existing LAMPF accelerator to provide protons for
a new accumulator ring followed by two new target stations. Only minor modifications to
existing LAMPF buildings would be required. The beam would be transported to the ring
through a tunnel incorporating part of an existing tunnel at LAMPF. The race track
accumulator ring would be buried underground in a new tunnel with a new equipment building
directly above. New beam transport tunnels would deliver beam to the neutron production
targets from below. The two targets would be housed in a single building, with the operation of
the target stations being separate from the experimental neutron beam facilities.
Upgrades to the LAMPF accelerator to meet the demands of this 1-MW facility would include
a new high current H" ion source, replacement of the Cockroft-Walton injectors with a Radio
Frequency Quadrupole (RFQ) accelerator at 402.5 MHz to 7 MeV, a new Alvarez drift tube
linac at 403.5 MHz to 20 MeV, and a new linac at 805 MHz to 100 MeV for injection into the
existing half-mile side coupled linac (SCL). Minor improvements would be made to the SCL

to improve tuning ease, reliability, and stability. Each beam pulse from the linac would last 1.2
ms and would be chopped into micropulses 435 nsec long with 235 nsec between micropulses
in order to accommodate the extraction from the accumulator ring.
The accumulator ring is designed to use direct H- injection with stripping to H+ by a foil and
elaborate painting of the beam by a system of vertical and horizontal bump magnets to achieve
uniform filling of the ring acceptance. The painting process also moves the accumulated beam
off the foil to reduce the number of foil traversals for each proton to less than 10. A major
component of the ring is the barrier bucket system which will keep the beam bunched in the
ring and maintain a beam-free region within which the extraction magnetic field may rise to
deflect the beam from the ring. Maintenance of the beam-tree region, which is also important
for preventing beam instabilities, requires that a significant ff power (over 1.5 MW average) be
provided to the ring. The Los Alamos team believes this to be a necessary consequence of our
desire to produce a low-loss ring which can be more easily and safely maintained.
The two neutron-production targets are identical except for the tailoring of moderators for
specific neutron scattering instruments. The target would be a 3-tiered flux-trap design made
from tungsten rods for good cooling and to keep the water volume fraction in the target low.
Moderators placed around the flux traps will provide neutrons to a total of 24 beam lines at each
target station. Each target system is surrounded by reflector/shielding material that enhances
performance by returning neutrons to the moderators and shields the experimental floor for
human occupancy and low instrument background.
The new facility is designed to have a neutron availability similar to that of a typical research
reactor. This places emphasis on reliability that has not been designed into previous accelerator
systems used primarily for nuclear physics research where the typical running time for an
experiment is weeks compared with hours for materials science research.
E_mples

of Problems Solved during the Feasibility Study

There is a segment of the neutron scattering community that believes that the construction of a
1- MW PSS represents a relatively straightforward upgrade of existing facilities that can be
accomplished easily and quickly using well understood technology. While it is true that many
of the required technologies have been demonstrated separately -- often at Los Alamos -- their
integration is not necessarily straightforward, and there are a number of conceptual and practical
problems that need to be overcome before one can finalize a design. In the following
paragraphs I want to describe three examples of problems we have addressed that serve to
demonstrate the breadth of expertise that is needed to design a next-generation spallation source.
Beam Chopping
Beam for the accumulator ring must have 235-ns holes cut out of every 671 ns (the
accumulator ring period) to limit beam spill when the kicker magnet is energized for extraction
of the stored protons after each accumulation cycle. This chopping is most easily effected in the
low-energy section of the accelerator where the ion velocities are small. The present lowenergy design of the accelerator entails an injector feeding a Radio Frequency Quadrupole
(RFQ), which is closely coupled to an Alvarez linac. Longitudinal matching constraints in
these linac structures makes i_ desirable to chop in the injector rather than after the rf time
structure is imposed on the beam.

One approach now being considered is to effect most of the beam chopping in the ion source
itself. As shown in Figure 1, development work on a Penning H- ion source has been
successful in achieving 90% chopping, with rise and fall times of the order of I lasec. For the
1- MW PSS, this transition time must be reduced to less than 20 ns with a chopping purity of
better than 10-'_. The result shown in Figure I is presently limited by the equipment used and
work is in progress to reduce response times by modifying the source geometry and adding
new grids to the ion source.
The use of an RFQ to accelerate from 100 keV to 7 MeV will provide significant improvement
in beam quality, especially longitudinally, with corresponding reduction in beam losses in the
linac. However, the location and performance of the H- beam chopper, which presently
operates at 750 keV at LAMPF (an energy that would be achieved inside the RFQ in the new
design) has not been resolved. There are arguments for putting the chopper before the RFQ at
100 keV, for putting it after the RFQ at 7 MeV, and for chopping at intermediate energies.
At present, the Los Alamos team is developing a design with two-stage chopping, The first
stage would either be the ion source (as described above) or in the low-energy beam-transport
section at around 100 keV. This chopper would accomplish most of the chopping at low
energy where the lost beam can be more easily handled. Space charge problems, which can
degrade the edges of the chopped pulse and fill in some of the ideally charge-free gap, are
expected downstream of this chopper. The final clean chopping will be done on the bunched
beam after the RFQ, where space charge effects are less and can be better controlled.
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Figure 1"Outputcurrentfroma PenningH" ion sourceobtainedwhen squarewavevoltagepulsesare
appliedto a collar at the exit of the source.

Beam-Foil Interactions
Whe_ H- ions are injected into an accumulator, part of the beam loss results from excited states
of Ho that do not lie within the ring acceptance. This problem was first diagnosed and
described in detail at the Los Alamos Proton Storage Ring (PSR) and serves as a cautionary tale
unanticipated phenomena can cause major implementation difficulties, especially when the
parameters of the new machine are well outside the envelope of current experience. The
importance of the PSR as a test bed for a next-generation PSS cannot be overstated.
In the PSR, about 0.25% of the injected beam is lost in the first turn, and most of this beam
loss is due to the production of excited neutral hydrogen atoms by the stopper foil. Formation
of excited states in a fraction of the neutral component of the beam remaining unstripped after
passage of H- through the foil is an inevitable consequence of the stripping process. For a
carbon foil with thickness 250 _tg/cm, about 5% of the beam remains as neutrals (with 3xlO -6
remaining as H-). Approximately 20% of the neutrals are in excited states with principal
quantum number n >3. These neutrals may tl_enfield ionize in the fringe field of a bend
magnet because of the high electric field induced in the particle rest frame by the bend magnetic
field. The process produces an angular spread in the ionized-particles' distribution so that most
of the resultant protons are not within the stored beam acceptance and are lost to the ring walls.
It is possible to drastically reduce this loss by arranging injection so that the foil is located in a
magnetic field of appropriate strength and distribution. Figure 2 indicahtesthe plausibility of
such a scheme. Here we consider the sudden appearance of excited HUparticles in a constant
magnetic field of unlimited extent. The plot of state lifetime versus magnetic field shows a gap
in field between the very rapid ionization of the lowest state wiAhn=5 and the slower ionization
of the highest n=4 state. If the magnetic field at the point of Hu creation is near 0.25 T, the
lifetime of the lowest n=5 state is such that 1/e of the particles are ionized within about 0.3 mm.
The particles that were instantaneously stripped to protons will have undergone a deflection of
less than 0.012 mrad in the field before becoming stripped. This small difference in angle is
well within the stored beam acceptance. On the other hand, l-lie of the particles in the highest
n=4 state will have traveled more than a meter before decaying, well outside of the field extent.
Higher lying states will be stripped virtually instantaneously with consequently negligible
deflection so that they join in the stored beam. Conversely, lower states will be stripped much
more slowly and will leave the magnet as neutrals. Hence we can expect that, at a field near
0.25 T, only the two states near the gap in Fig. 2 will enter into our considerations and that fine
variation of the field will produce a minimum in the number of those atoms that are ionized and
lie between the trajectories of the neutral beam and the stored beam.
To implement these ideas, consider the configuration shown in Fig. 3 for the injection chicane
in the accumulator ring. The stored beam is bent through 5° by magnet A, oppositely through
l0 ° by magnet B, and again through 5° by magnet C (identical to A) so that it travels colinearly
with its entrance to A. The H- beam, to be injected, passes through a lower field (below ~ 0.38
T to produce minimal field stripping of the H-) region of magnet A, is bent by B to merge with
the stored beam at the center of B where most of the beam impacts a foil producing mainly
protons. The H- that misses the foil passes through the low field region of C and is transported
to a beam dump. The unexcited neutrals produced by the foil pass through a thick foil just
before entering the low field region of C and are converted to protons for disposal in the beam
dump. Some fraction of the n=4 and 5 excited neutrals will be ionized by the field of B and
will leave B at an angle between the stored beam acceptance and the angle that will be
transported cleanly to the beam dump. These particles will be lost, and we seek a field
configuration in B that minimizes the loss. We estimate the acceptance aagle for stripped
particles to be easily within 2 mrad of the injected beam.
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To enhance the scheme and to keep the bend angle of B constant during loss optimization, we
add a winding to the central section of B that allows addition of up to 10%to the field at the
stripperto form a bulge in the magnetic field. The two fields can then be adjusted so that the
maximum number of atoms with n=5 are stripped at an angle within the beam acceptance while
a minimum number of n--4 states are stripped at all. In Fig. 4 we show the fraction of the
combined n---4,5, and 6 states that are stripped with angles less than 2 mrad and 3 mrad
respectively, to the injected beam (beam stripped immediately by the foil) during passage
through B as a function of the main winding excitation. For the fight hand curve, the central
winding is unenergized while for the curve on the left hand the central winding is adjusted to
keep the stored beam deflection constant at 10. In this latterconfiguration, the fraction of the
three states that are lost is about 2 x 10-'_. Conservatively estimating the combined fraction of
the
three
stags. To
at about
1%for
of items
the injected
have diminished
first turn
losses
to
about
2x10account
left outbeam,
of thewe
calculation
(such as the
variation
of the
field
across the gap of B and lack of knowledge of state population) we assess first-turnlosses at
lxl0-3. This places the beam loss due to this effect at 15 hA, mostly absorbableby the
collimation system.
In these calculations, we have used a one-dimensional model for the magnetic field with soft
edges and have assumed that the populations of the three states areequal. The stripping rate
was calculated using a WKB expansion. Recent experiments at LAMPF verify the correctness
of the ratecalculation.

Figure 3: Plan view of the injection chicane. Magnets A and C are identical and are configured as septa
so that the field in the upper section can be of opposite sign and magnitudethan the lower section. Magnet
B has an extra winding spanning40 cm of its central section to createa region of higher field. The total
deflection of B is 10 and it is about 3.7 m long.
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Figure 4: Fraction of the combined n=4, 5, and 6 states strippedto protons that lie outside 2 and 3 mrad.
The curves labeled "single magnet" are for a uniform magnetic field in the magnet of Fig. 3. The curves
labeled "separatecontrol magnet" are for a variable section in the center of the magnet adjusted,for each
value of the main field, so that the total deflection of the stored beam through the magnet is constantat
10.

Apparently simpler schemes for reducing the problems caused by metastable hydrogen were
suggested by the committee that reviewed the Los Alamos proposal. However, our studies
have shown that the modified scheme would produce total losses that are between two and
three orders of magnitude greater than those achieved with the scheme outlined above.
Incorporating Engineering Realities in Target Design
The flux-trap target geometry for spallation targets was first described by Gary Russell 2 in
1983 and implemented at LANSCE in 1985. So successful has this geometry been that it is
now taken for granted by spaUation-source designers around the world. Another concept that
has emerged from calculations at Los Alamos is that of the "back-scattering" moderator, in
which the surface of the moderator closest to the flux trap is viewed by a neutron beam line.
Both of these concepts are demonstrated in Fig.5. Part (a) of the figure shows the current
LANSCE target with two, solid tungsten cylinders separated by a flux trap region _.hatis
surrounded by four moderator canisters. Parts (b) and (c) of the figure show the proposed
layouts for the 40 Hz and 20 Hz targets at a 1 MW PSS, both of which include "back
scattering" moderators. In all cases, the figures are drawn with the proton beam injected into
the target from above.
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Figure 5: Target-moderator geometries: (a) present LANSCE design; (b) proposed target-moderator
configuration for the 40 Hz target; and (c) proposed target-moderator configuration for the 20 Hz target.

Although the target-moderator geometries displayed in Fig. 5 appear relatively simple, a full
calculation of the useful neutron fluxes they provide is anything but straightforward. In the case
of the LANSCE target, we have been able to use solid tungsten because only 60 kW of beam
power is deposited in the target by the proton beam. However, even in this case, detailed
measurements have shown that, for some plausible profiles of the proton beam, the thermally
induced stress is close to the yield point of tungsten. For a target exposed to ten times more
power -- as would be the case for the proposed 40 Hz target w dilution of the tungsten by
cooling channels is an absolute necessity. The introduction of coolant within the target and the
use of a structure around the target to contain the coolant introduce a neutronic penalty.
Moderator canisters and structure to house reflectors also have negative impacts on the
neutronic performance of a target system. As such, we try to minimize the quantity of these

materialsin our target system design. A varietyof target concepts have been considered, four
of which are depicted in Fig. 6. We have chosen to examine in detail two of these concepts: a
microchannel concept [Fig. 6(d)] and a rod bundle [Fig. 6(c)], with the latter as our base case.
In the rod bundle geometry, the rods may be either clad or unclad. In the unclad case the rods
themselves act as load-bearingstructures, and so the peak temperature at the center of the rods
is one design constraint becausethe yield stress is temperature-dependent. For clad rods,
however, the cladding serves as the structural material, and the centerline temperatureof the
tungsten rods is a concern only in the sense that it should remain below the melting point of
tungsten. In this case the design constraint is that the outsidesurface temperatureof the
cladding must be kept below the saturationtemperatureof the coolant at the coolant exit point.
We may achieve this criterion in two ways. First, we can increase the coolant saturation
temperature by increasingcoolant pressure; however, this has the deleteriouseffect of requiring
thicker coolant containment structures, with their associatedneutronicpenalties. Second, we
can reduce the clad surface temperature by increasing the surface heat flux of the rod, which is a
function of the rod surface-to-volumeratio-- for constantvolumetric heat generation, a smaller
rod diameter has a lower surface heat flux. Small rod diameters, however, lead to a more
complex target geometry. Thus the rod target design is a balance between coolant pressure and
rod diameter.

(a)

(b)

(c)

(d)

Figure 6: Some existing and proposed target concepts: (a) solid target, as used presently as LANSCE; (b)
plate-type target, as is presently used at ISIS; (c) a rod bundle target; and (d) a microchannel target.

Our current approachis to use an essentiallyclose-packedarrayof rods which are aligned
perpendicularto the incident proton beam. The rods nominally consist of an inner tungsten
pellet stack (4 mm diameter), surrounded by an Inconel 718 clad (0.25 mm thick). The
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inclusion of a clad, although producing some neutronic penalty, has three tangible benefits.
First, the clad serves as the load-bearing structure for the rods, thus alleviating any concern of
embrittlement of the tungsten with irradiation. Second, it gives us greater design flexibility to
accommodate potential fracture of the tungsten pellets due to the pulse-induced dynamic
stresses. And third, it provides a barrier to tungsten spaUation products entering the coolant
inventory directly.
With respect to target thermal/hydraulics, one could potentially adopt any one of several
competing design concepts. Nonetheless, for high power densities, low coolant fractions, and
low system pressures, we expect to be sensitive to the peak surface heat fluxes. This in turn
suggests the need to maximize the internal surface area for heat transfer. To ensure that we
meet an additional design criterion that the coolant remain single-phase, we require that the peak
clad surface temperature remain below the saturation temperature of the coolant at the rod
bundle exit.
For convenience, the rods associated with each target tier are arranged into a rectangular
pressure boundary. As the rods are on a triangular pitch, "partial rods" are incorporated at the
edges of the bundle to displace coolant in what would otherwise be bypass-flow regions.
Unfortunately, a rectangular pressure boundary requires a thicker wall than that of a
comparably-sized cylinder for the same intemal pressure loading. However, we expect that by
incorporating rib stiffeners on the outside surfaces of the structure, the nominal wall thickness
can be kept to a few millimeters.
Finally, the mechanical integration of the target tiers and associated coolant supply/return pil:_g
with the rest of the target-moderator-reflector system requires that the coolant mass flow rate be
minimized, within reason. Our current design goal is to require 10 kg/sec or less for both target
tiers combined. Being surface-heat-flux-limited, this minimization is fundamentally
accomplished by reducing the coolant flow area. The reduction in flow area is accomplished by
either reducing the coolant traction or adopting a multi-pass flow geometry. To date, we have
incorporated both features, and have met our mass flow design goal.
The thermal/hydraulic and stress analyses data define the target geometry, materials, and overall
materials volume fractions. These data are crucial in assessing the neutronic performance of the
target and of the overall target system. Target neutronic performance is compromised by the
presence of dilute materials such as coolant and structure. The main goal in target design is to
cause spallation reactions in the higher neutron producing target material (tungsten) rather than
in coolant and structural material. Also, once neutrons are produced in the target, they must
leak from the target to become useful neutrons. Moderator material in the target enhances
parasitic neutron absorption in the target; a similar phenomenon occurs in the reflector material.
Parasitic absorption in the targets, and over-thermalization in the reflector (with subsequent
neutron captures in the reflector and decouplers/liners) reduce the overall target system
neutronic performance.
Material selection for the target and moderator components has been based as much as possible
on operational experience at other accelerator and neutron science and research facilities. We
anticipate using Inconel-718 for the target enclosure because of its toughness, strength, and its
service history as a proton beam window material at the LAMPF facility. Our reference target
material is tungsten. For the moderator canister material, both cryogenic and ambient vessels,
we propose to use 6061-T6 aluminum. This is also a very tough material that is easily welded
using the proper techniques and is a low neutron absorbing material. There are other aluminum
alloys such as 2219 and 5086 that have historically typically been used in cryogenic applications
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and can provide much greater strength, but these materials also have much greater neutron
absorption coefficients primarily due to the copper that they contain.
Energy deposition in the beryllium reflector and the nickel reflector/shield is moderate, but
active cooling is required with coolant volume fractions of about 15%. Because beryllium
becomes very brittle after irradiation, it may be necessary to clad the material with a stainless
steel alloy both to provide mechanical support and to eliminate the possibility for erosion and
corrosion. There are no corrosion issues with nickel. To facilitate manufacture, close-packed
rods of nickel are seen to be the best approach. Both of the reflectors must be housed in
supporting canisters. We are developing "engineering models" to ascertain the validity of the
layout of the target system (targets, moderator, and reflectors), as well as the associated cooling
lines, and structure.
All of the neutronics calculations are carried out using the LAHET Code System (LCS),
developed at Los Alamos and used by spallation source designers worldwide. The LCS not
only calculates the neutronic performance of spallation sources, but also tallies energy
deposition resulting from nuclear and atomic processes. Several calculational models of the
two target stations are presently under development. There are "physics" models, used in
parametric studies to optimize various target system parameters and elucidate general trends,
that include the targets, moderators, reflector, poisons, decouplers, and liners. With the addition
of structural material in the form of target and moderator canisters and cGolant manifolds, we
have formed "physics/engineering" models, used to assess the neutronic penalty and to
estimate power loadings associated with these structures.
As an example of the consequences of including engineering realities in our target design, we
show in Table 1 the calculated neutronic impact of adding coolant to the target and reflector, for
the geometry depicted in Fig. 7. For this two-tiered geometry, the penalty associated with
introducing 16.7 v% D20 coolant into the target is about 11%. The introduction of 15 v% D20
coolant in the reflector produces only a 3% drop in useful signal intensity if the target itself is
cooled. Calculations using light water as the target coolant indicate the penalty is much worse
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of the neutronic

impact

of adding

coolant

to

(about 18%)than it is for heavy water. Even more severe, however,is the negative impact
resulting from using light water as both the target and reflector coolant,where the penalty is
40% when compared to the no-coolant case. Presumably, the presence of a strongly
moderating material such as H20 in the reflector over-moderates the neutronssuch that their
energies are below the cutoff energy of the cadmium liners aad decouplers. Note these results
pertain to a physics model in which all moderatorsare high-intensitywater moderators;
neutronic penalties for an actual moderator configuration may vary on a moderator-bymoderator basis.
Additionalneutronic penalties will occur as more engineering details are incorporatedinto the
models used to calculate the neutronic performance of a target system. Examples of such
engineering realities are (a) the proton beam window, (b) target,moderator, and reflector
canisters, and (c) structures needed to hold components together (as modules) for handling
purposes. These engineering details are being included in the physics/engineeringmodels we
use to assess the neutron performance of a target system.

Table 1. Results of LCS calculations showing the penalty associated with introducing coolant into the
target and reflector materials.*

a) Average signal from all eight viewed surfaces, D20 cooling.
Geometry
I II

Moderator Signal,
E < 0.1 eV (n/p/sO
I

I

I

Relative

Signal

......
Moderator Signal
@ 1 eV (nleVIplsr)

Relative

Signal

III

II II

Solid W Target
Solid Be-Ni Reflector

(2.04+0.01)×10 -2

1.000

(6.53+0.07)×10 -3

1.000

Cooled W Target
Solid Be-Ni Reflector

(1.82+0.01)×10-2

0.890

(5.65+0.07)×10 -3

0.865

Cooled W Target
Cooled Be-Ni Reflector

(1.75+0.01)×10-2

0.858

(5.45+0.06)×10 -3

0.833

II

II[I

I

I

I

II

I

b) Average signal from _ eight viewed surfaces, H_O coolin¢.
Geometry

Moderator Signal,
E < 0.1 eV (n/p/sO

Solid W Target
Solid Be-Ni Reflector

(2.04+0.01)×10 -2

1.000

(6.535:0.1 l)xl0 -3

1.000

Cooled W Target
Solid Be-Ni Reflector

(1.665:0.01)x10-2

0.816

(5.205:0.10)×10 -3

0.796

Cooled W Target
Cooled Be-Ni Reflector

(1.22+0.01)×10-2

0.600

(3.79+0.09)x10 -3

III

II

I

III

III

I

II

Relative

Signal

I

Moderator Signal
@ 1 eV (n/eV/p/sr)

II

*Sprit-target, double flux-trap with eight high-intensity
with Gd, viewed in transmission.

I

Relative

Signal

0.580
I

III

H20 moderators, Cd decouplers and liners, poisoned
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