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15. Issues in Target R&D
Design Concept, Predicted Performance, Problems and R&D Efforts for an Intense Pulsed

Spallation Neutron Source
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Tokai-mura, Naka-gun, Ibaraki, 319-1195 Japan

Abstract
Various important technical issues in the design study of an intense pulsed spallation neutron source
are discussed. A design concept of the target-moderator-reflector system for the JAERI 5 MW pulsed
spallation source is proposed, with some new ideas, based on these discussions. Various important
design parameters which have great influence on the neutronic performance and major engineering
issues are clarified. After extensive optimization studies the predicted neutronic performance of this
source is compared with those in other similar projects to judge the proposed concept with its opti-
mized design parameters. The performance was found to be very high. However, there still exist many
rooms for further optimization studies. A great deal of engineering efforts are also indispensable to
solve the technical problems.

1. Introduction
In order to justify the construction of an intense spallation neutron source, it is essentially important to

realize a higher slow-neutron production-efficiency, at least, comparable to that of a medium power
source, eventually a higher performance of the source. Otherwise the construction of such an expensive
source will not be justified. Usually the efficiency becomes poor with increasing proton beam power
due to the reasons that a neutron generating target becomes larger and a larger distance between target
and moderators, especially cryogenic moderators, becomes necessary, resulting in a poor target-mod-
erator coupling. Thus, a new idea or a concept towards a higher efficiency is required and extensive
optimization studies on target-moderator-reflector become indispensable with an engineering feasibil-
ity.

How to pursuit the optimization?
The optimization has to be done with respect to the facility total performance of a pulsed neutron

source, which will be defined as the sum of the figure of merit, (FOM)ij of each neutron beam over the
all neutron beams as [1],

Facility total performance = E (FOM)i.

Table 1 FOMs for various experiments.

Category 1 FOM = 0E(t)/02

• most thermal and epithermal instruments without neutron guides

Category 2 FOM = 0E(t)/(/0) = 0E(t)
(proportional to the pulse peak flux and independent of/ and 9 over the realistic range)
• high-resolution inverted geometry instruments with neutron guides, such as LAM-80ET, IRIS
• high-resolution powder diffractometers with neutron guides

Category 3 FOM = \{t)lf
(proportional to time-averaged flux per pulse and iadependent of/ and 9 over the realistic range)
• SANS instruments
• TOP, CRISP type instruments

Category 4 FOM = 0E(t)
(proportional to time-averaged flux and independent of/ and 9 over the realistic range)
• high-resolution instruments not using a time-structure for energy defining such as MUSICAL,
multi-detector spinecho instruments.

Thus, how to increse the total number of neutron beam becomes one of the most important issues under
the condition that each beam is optimized to an experiment or an instrument in terms of FOM. FOM's
for various experiments are listed in Table 1 reproduced from Ref. 1. In categories 2 and 3, FOM is
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independent from the repetition rate down to a certain rate which depends on a experiment, for example,
for a high resolution powder diffraction a reasonable lower limit without sacrificing the data rate would
approximately be 10 Hz, while for an IN5 (a chopper spectrometer at ILL, Grenoble, of a conventional
energy-resolution of 10-100 p.eV) type inelastic spectrometer, 50 Hz is still useful. The choice of mod-
erators or R&D of a moderator of a desirable performance must be done against these FOM's.

Why a 5 MW spallation neutron source is necessary?
The answe for this question is as follows;

(1). The time averaged neutron flux is same as that at ILL, Grenoble, the world largest high- flux re-
search reactor;
(2). 5 MW is a technical upper limit for a compact target;
(3). 5 MW is also a technical limit for short pulse protons (< 1 ms).

Why Shot Pulse Spoliation Source (SPSS)?
Then, this question will arise. The answer is as follows;

(1). A 5 MW steady (CW) spallation source is no more than ILL;
(2). A 5 MW Long Pulse Spallation Source (LPSS) is equivalent in performance to a super high-flux
reactor, ANS, which was proposed in US but not realized;
(3). The overall performance of a 5 MW SPSS is much higher than a 5 MW LPSS.
Thus, we put priority at an SPSS with an LPSS at the second priority.

2. Projected accelerators for the JAERI 5 MW SPSS.
The main accelerator proposed for the Neutron Science Project is a superconducting P/H" linac of the

following specifications;

Proton energy: 1.5 GeV
Peak beam current: 30 mA
Total beam power: 8 MW (finally)
Beam power for SPSS: 5 MW (finally)

1.5 MW (in early stage)
Why superconducting linac?
The reason is due to the common use (multi-purpose use) of an accelerator with the nuclear energy

application (R&D of nuclear transmutation technology of minor actinides from nuclear wastes, using an
accelerator-driven-fission device).

For SPSS compressor ring(s) becomes indispensable which is more expensive and technically chal-
lenging.

How to efficiently utilize the proton beam of such a modest peak current (30 mA)for an intense SPSS?
This is the most important issue in the JAERI spallation source project. In oder to accumulate the

proton beam into compressor ring(s) up to a level equivalent to 5 MW at 50 Hz, a charge exchange
injection of the ffbeam over a long pulse duration of about 3.7 ms becomes indispensable due to a
modest peak beam current from the linac (30 mA), which shall be compared to 105 mA in ESS (Europian
Spallation Source, 5 MW) project. Such a long-time charge-exchange-injection is very difficult as far as
we utilize stripping foils as so far been adopted, because problems on the foil heating and the beam
instability due to a longer acumulation time become more serious. The choise of a larger ring diameter
might be an useful way to mitigate such problems. However, a new charge injection scheme free from
such problems is strongly desired. A new method using undulators and a laser beam for ionizing the H"
beam has been proposed at JAERI by Y. Suzuki [2-7] in order to overcome the present technical prob-
lems. The new method is expected to have following advantages;
(1). No heat problem with stripping foils;
(2). .No lifetime problem with stripping foils;
(3). Much lower beam spill in the ring(s).
The new method has been discussed at various laboratories and judged to be hopeful, at least in prin-
ciple. We think that the new method is very important for the JAERI project and R&D efforts towards a
practical use are to be highly encouraged in addition to those with the traditional stripping foil method.
An international collaboration to test this idea using an existing H" linac is under planning between

- 1 1 7 -



JAERI-Conf 99-003

JAERI, US and EU labolatories responsible for intense SPSS projects.

3. Issues on taget material and target/beam shapes
Why a liquid metal target?
The answer is that no solid target can be operated at such a high proton beam power of 5

MW with a current density of several tens of uA/cm2 with a realistic target life.

Why Hg target?
A lower melting point of Hg is an important advantage of this material, especially in the material choice

for a target container.
The neutronic performance of Hg as a target material is also good in spite of its higher slow-neutron
absorption cross section. An Hg target can provide a higher intensity of leakage fast neutrons than other
liquid metal targets. As an example, Fig.l shows leakage neutron intensities from Hg targets of various
shapes, cylindrical and rectangular, compared with those from Pb-Bi targets of the same shapes.

Why flat target?
A flat target as illustrated in Fig. 2 can provide a higher flux of leakage fast neutrons than a cylindrical

one under the condition of the same proton-beam-density (see Fig. 1). The optimal shape (flatness) has to
be determined by slow-neutron optimization.
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Fig. i Comparison of leakage neutrons from various targets Fig- 2 Illustration of target moderator layout

4. Moderator issues
The choice of moderators, or more actively, R&D of a moderators of a desired performance is very

important, since the neutronic performance of an SPSS facility is directly governed by moderator charac-
teristics.

What moderator is the best for cold neutron experiments?
Solid methane moderators so far been utilized in various SPSS facilities cannot be used at intense

sources due to a serious radiation damage of moderator material (the so-called burp [7]). R&D of a new
moderator, therefore, is indispensable. The auther have long been working on this subject and proposed
a composite moderator system of liquid-hydrogen (L-H2) plus hydrogenous premoderator at embient
temperature coupled to a reflector [8-13]. It has been proved that this type of moderator can provide the
highest cold neutron intensity in time-integrated and pulse peak values as far as we recognize [10,12].
Figure 4 shows how the cold neutron intensity from a L-H2 moderator increases with a reflector, by a
coupling scheme with reflector, with a premoderator, etc. Figure 4 shows a typical cold neutron pulse
from a proposed moderator compared with that from a decoupled solid methane moderator at 20 K, the
best cold moderator for a pulsed sorrce. The former gives a much higher time-integrated intensity than
the latter (about a facor 2) with a comparable peak intensity. This means that the proposed moderator is
the best for experiments in categories 2 and 3 in Table 1, in which most cold neutron experiments are
classified.
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What moderator is the best for high-resolution thermal neutron experiments?
A decoupled poisoned liquid-methane-moderator has successfully been used at ISIS, the most intense

existing SPSS facility in the world. However, such a moderator cannot be utilized at MW sources. There-
fore, R&D of a new moderator is highly desirable. A concept of a mixed moderator consisting of solid
methane particles plus L-H2has been proposed by Lucas et al [14]. A mixed moderator of polyethylene
particles plus liquid hydrogen has been studied and as a candidate of future studies a mixed moderator of
solid H2O particles plus L-H2 has also been proposed as a high-resolution thermal neutron moderator
[15]. .Since R&D of such moderators requires a longer time, we decided to adopt a decoupled poisoned
L-H2 moderator, which is expected to be as good as a decoupled poisoned liquid-methane-moderator.
Extensive optimization studies on this moderator is under progress.
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Why no high-intensity thermal neutron moderator?
If necessary, R&D of a high-intensity thermal-neutron-source, in which time-integrated flux is equiva-

lent to that at ILL, Grenoble, is feasible with a proton beam power of 5 MW. However, we think mat at
SPSS facilities high-resolution experiments are more promising than high-intensity ones. At the moment
we, therefore, are not thinking to install a high-intensity thermal-neutron-moderator at the JAERI SPSS.

What moderator is useful for experiments with epithermal neutrons?
It is well recognized that scattering experiments using epithermal neutrons are of one of the most im-

portant fields of research at SPSS facilities. In such experiments a high-resolution moderator is essential.
We tentatively selected a decoupled H2O moderator of an appropriate thickness (tentatively 3 cm) for this
purpose.

5. Layout of target-moderator and experimental 1
What kinds of neutron beam will be required in future?
It is a difficult task to predict future demand for neutron beams, Judging from the recent tendency on

neutron beam utilization, however, it will, more or less, be reasonable to assume that each kind of experi-
ments using cold, thermal or epithermal neutrons are even, i.e., each field of research will occupy one
third of the total beams available. Based on this assumption we had extensive discussions on the optimal
layouts of the target-moderator and instruments in a model experimental hall.

Figure 5 shows a resulting concept of the target-moderator-reflector system and Fig. 6 shows an ex-
ample of the layout of various instruments tentatively assumed. Two coupled L-H2 moderators with
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premoderators for cold neutron experiments are located above the target, and two decoupled moderators
for high-resolution experiments are positioned below the target; one for thermal neutrons and another for
epithermal neutrons. A special moderator layout has been proposed such that all moderators can sit at the
peak flux region of fast neutrons from the target as shown in Fig. 5. In such a compact configuration a
neutron cross talk between the two moderators below the target may exist. We carefully checked this
possibility and found that the cross talk is very small and can be eliminated by a proper way.

.Vv

. Below target
Fig. 5 Proposed target-moderator-reflector system of JAERI 5 MW spallation source

6. Optimization, predicted performance and justification of the proposed concept
How is the effect of the proton beam and target size/shape on slow neutron intensity?

Figure 7 shows slow neutron intensities from various moderators in the present target-moderator-re-
flector system for different proton beam aspect ratio under the same proton-current-density condition.
We assumed an uniform current density of 48 |j.A/cm2 and an aspect ratio b/a, where a and b are the
horizontal and vertical sizes of a rectangular beam footprint on the target face, respectively. We also
assumed a target height of a vertical beam size plus 3 cm and a target width of a horizontal beam size plus
4 cm. Note that the data indicated by open circles are for a reduced beam current density (two thirds of
the above value), which corresponds to a larger beam size, accordingly a larger lateral sizes of the target.
The results can be summarized as follows;
(1). The slow neutron intensities are almost unchanged for the different proton beam aspect ratios, ac-
cordingly the target sizes and shapes within a range of flat beam / flat target concept studied here. The
result clearly indicates that in the case of a flat target there is a large flexibility in the target engineer-
ing design.
(2). A Be reflector gives a higher cold neutron intensity, by about 35%, than a Pb one. The relative gain
of a Be reflector to a Pb one is small for decoupled moderators.
(3). By further optimization studies on the premoderator, we found a fully extended premoderator [16]
combined with a Pb reflector gives a comparable time-integrated cold neutron intensity to a Be reflected
case.
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Fig. 6 A proposed layout of various instruments tentatively assumed with a model exp. hall

How to justify the present concept on target-moderator?
A direct comparison of the predicted neutronic performance obtained by calculations on the present

model with those of other rival project will be the most persuasive way to judge or justify the proposed
concept of the target-moderator-reflector system. Since the calculational methods are almost well estab-
lished, such comparisons would be fair, provided that the model is realistic in the engineering feasibility.
Thus, neutron spectral intensities from various moderators combined with different targets (Hg, Pb-Bi)
and reflectors (Pb, Be) of given sizes have been calculated. An example of the calculated results are
shown in Fig. 7 compared with reported values for a medium power SPSS (LANSCE Upgrade project at
Los Alamos National Laboratory, about 160 kW).

The results can be summarized as follows;
The cold neutron intensity per unit proton beam power (WW) from the present model is, at least, as high
as, or higher than those in other rival projects. Even compared with a medium power one (LANSCE
Upgrade), our intensities are comparable to theirs. However, by further optimization studies we con-
firmed that our intensity can be increased by about 1.3 times. It can be said that such efforts are very
important, when we consider the difficulties to realize the same intensity gain only by an accelerator
upgrading.

How are pulse characteristics?
Figure 9 shows a typical pulse shape of cold neutrons from the proposed moderator compared with that

from a Los Alamos type L-H2 moderator (without premoderator but coupled to a very large Be reflector).
The results indicate that;
(1). Time-integrated intensities are almost comparable;
(2) But the pulse characteristics of the proposed moderator is much better than the Los Alamos type; a
narrower pulse and a higher peak.
The present result proves importance of the premoderator.

How different are the pulse shapes between a Pb and a Be reflected systems?
Figure 10 compares the time distributions of cold neutrons from systems with a Pb reflector and a Be

one. The time-distribution from a moderator with a fully extended premoderator in the Pb reflected
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system is also shown in the figure. The present results can be summarized as follows;
(1). In the present target-moderator-reflector system, a Pb reflector gives a narrower pulse width with a
shorter decay time than a Be one, resulting in a comparable peak height to the latter, that is, a higher gain
in a Be reflected system is provided by a broader pulse, not by a higher peak;
(2). The distinct advantage of a moderator witi a fully extended moderator [16] is that a higher peak
intensity, by about 30%, can be obtained with the same pulse width and the decay time. This is an
important advantage.

How is a high-resolution thermal neutron moderator?
Since the optimization study on a high-resolution thermal neutron moderator is not completed yet, we

tentatively put a solid methane moderator (at 20 K) at the position shown in Fig. 5, just as a reference
moderator for the comparison with the performance of other cryogenic moderators.

Where is the best position of a moderator relative to the target?
Figure 11 shows cold neutron intensity as a function of the relative moderator position to the target.

From the result it is found that the present position is very close to the optimal. Similar results have been
obtained for decoupled moderators below the target. The result indicates that the aim to install all the
moderators at the highest luminosity region on the target is almost satisfied with this concept.
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How is the present intensity compared with other target-moderator-reflector combinations?
Some calculated results on slow-neutron intensities from the same moderators at the reference relative

position for other combination of target and reflector material/dimensions are also plotted in Fig. 12 for
comparison. The combination of a Hg target with a large Pb reflector seems to be the best.

7. Issues on moderator heating
Nuclear heating in cryogenic moderators is one of the most important technical issues which determine

the final performance of the source.

How high are the energy depositions in cryogenic moderators?
We calculated the energy depositions in various moderators shown in Fig. 5 for various target-modera-

tor-reflector combinations. Total depositions (integrated over the moderator volume) are summarized in
Table 2 and some axial distributions are shown in Fig. 13. Table 3 compares the density of the energy
deposition, assumed flow rate of liquid or supercritical hydrogen and the resulting temperature rise of
hydrogen in various intense neutron sources in the world.
From these results following conclusions come out;
(1). Energy depositions are very high, especially in a decoupled moderator without premoderator. The
result suggests that the use of supercritical hydrogen is indispensable for all cryogenic moderators;
(2). The total deposition for a decoupled poisoned L-H2 moderator of a larger volume (say, 10x10x10
cm3) is estimated to be approximately 7.9 kW;
(3). One important feature in a small cryogenic moderator at an SPSS is that the gradient of the energy
deposition is very steep since a moderator is positioned very close to a target. At the closest region to the
target the maximum power density reaches at about 20 kW/liter, which is extremely high when compared
with corresponding values in a typical large scale neutron source in the world (see Table 3).
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(4). Even assuming a higher flow rate of 2 liters/s, the average temperature rise reaches at 5.8 K. It will be
very ambitious to realize such a high flow rate through a small moderator volume (0.5-1 liter);
(5). This means that a possible recirculation flow must be avoided. Such flow instability may cause a
break of the supercritical state, resulting in the worst scenario;
The above conclusions indicate that R&D of a high-resolution thermal-neutron- moderator is one of the

most important but the most challenging technical issue.

Table 2 Total energy deposition in cryogenic moderators

Case

(D
(2)

(3)

(4)

(5)

(6)

Moderator

Composite*

Composite*

Composite*

Decoupled H2

Decoupled L-ChU

Decoupled L-Chk

Moderator size
(cm3)

1 2 x 1 2 x 5

1 2 x 1 2 x 5

1 2 x 1 2 x 5

1 0 x 1 0 x 5

1 0 x 1 0 x 5

1 0 x 1 0 x 5

Reflector

Pb

Be

Pb

Pb

Pb

Be

Premoderator

PM (2.5 cm)

PM (2.5 cm)

Full (3.5 cm)"

non

non

non

Heat deposition
(kW)

2.79

2.06

1.94

3.95

5.77

4.68

ISIS

0.4

1.06

0.4

0.5

1.1

HFIR

0.6+1.4

0.5

1.2

1

3

ANS

15+15

30

1

5.5

2.3

SNS

2

1

1

1

1.5+1.5

JAERI*

3.95

0.5(1)

7.9

2

2.9 (5.8)

•Coupled composite moderator composed of H2 + premoderator
** A fully extended premoderator with 3.5 cm thick bottom premoderator (see ref. [16])

Table 3 Comparison of important parameters of cryogenic moderators in various neutron sources

Energy deposition

(total, kW)

Moderator volume
(liter)

Average power
density (kW/liter)

Volumetric flow rate
(liters/sec)

Temperature rise

(K)

* The values for pulsed spallation source are for a decoupled H2 moderator. Our value is for the
case of (4) in Table 2. The values in parenthesis are for the case of 1 liter moderator volume.

How to reduce the nuclear heating in a cryogenic moderator?
(1). The energy deposition in an L-H2 moderator with premoderator is much lower than that in a decoupled
moderators due to the existence of a premoderator which absorbs a considerable part of nuclear heating
as shown in Figure 12.
(2). The choice of the reflector material is also important, but not as drastic as premeditator. A Be reflec-
tor reduces the deposition by 25-35% compared to the Pb reflector case, but at the hottest region close to
the target the saving factor is rather small.
(3) The use of a fully extended premoderator mentioned in the preceding section reduces the energy
deposition in a Pb reflected system to a level comparable to a Be reflected one[16].

8. Target engineering issues
Among various issues on target engineering the effect of the pressure wave on the target container is

most important, since the maximum mechanical stress on a container is reported to reach at several
hundreds of Mpa [17], which exceeds allowable design stresses for typical container materials..

How high is the maximum stress?
As the first step to understand approximate level of the stress, Ishikura et al. [17] have calculated the

maximum stress on a beam window and a cylindrical wall of a container. For simplicity a cylindrical
target of 20 cm in diam. was assumed with a circular beam profile of 9.36 cm in diam. and an uniform
beam density distribution of 48 mA/cm2. The results are listed in Table 4, where the values are for
membrane+bending and those in parentheses are for membrane only. The maximum stress level exceeds
the allowable design stresses of typical container materials; for instance, for SUS316, 137-110 Mpa
(membrane+bending) and 200-160 Mpa (membrane).
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How to minimize the maximum stress?
In order to mitigate the effect of the pressure

wave on the target container, Skala et al. [18]
proposed an idea to inject He bubbles into Hg
target by about 3 volume per cent. This technique,
however, is not established yet. Therefore, other
methods to minimize this effect become indis-
pensable. One effective way is to find the opti-
mal beam and target shapes which minimize the
maximum stress at the smallest cost in the slow
neutron intensity. Various beam profiles,
Gaussian, parabolic, Moffett (square of parabola)
distributions, etc. are assumed under the same
maximum beam density condition. The results
are summarized in Table 4. A lower maximum
stress level which is almost within the allowable
design stress is achieved for the beam distribu-
tions mentioned above. However, in more real-
istic cases of a flat beam and a flat target, higher
stress levels are expected. Analyses for such
cases are under progress [17].

Fig. 12 Comparison of spatial distributions of energy
deposition in cryogenic moderators as a function of
distance from moderator bottom (target side) for dif-
ferent premoderators and reflectors

Table 4 Approximate level of stress in target container window and vessel
Beam profile Max. stress on window (MPa) Max. stress on cylinder (z=12 cm)
Uniform 170(110) 136
Gaussian 100 (80) 110
Parabolic 100 (90) 120
Moffett 100 (90) 120-140
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