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Introduction

several accelerator driven neutron sources have been pooposed for satisiying the requirements of a
high flux high-volume intermnauonal fusion mater:als testing facility tha, could be built in the near
future. This paper summanizes the featur s and projected performance for the three accelerator
sources that are leading candidates for « cha role and that 2re viewed by the Intemeional Enerey
Apency (IEA) as worthy of further evaluation. These ae: 1) the d-Li sonrce, in which 35-MeV
Jewteron beams are incident on flowing lithium tareets, 2) the t H>O source. in which 21 MeV
triton beams strike high -peed water jets, and 3 the Spallation source in s hich a 600-MeV preion
heam bombards a heavy mets] tarpet. Eac' of these sources attempt (o aeet the evaluation -+ eria
developed by the international fu on-materials research commun:ty in a recent worshop,! which
are:

e “cutron flux: Atleast 2 MW/m? o simulate demo-r actor conditions.
Accelerated testing calls for 10 MW/m?2 or greater

¢ Spectrum: A= close as possible tothatin a fusico: reacton first wall,
Spectral tailoring hould be possible.

e Fluence: Demo relecant fluences (10 dpa, 10 MW )r/|||-"). with high
source availability (= 700 ¢).

* Volume: A 10 liter west volume is required inaczion of nea on tlux
> 2MW/mT 0.9 < 10¥nom? s,

» Girdien: Flux gradicnis should be < 109 /om.

* Accessiboaty: Test volume must allow casy changeout of experimental assemblies,

« Time stiucture: A quasi continuous neurron flux s mandatory.

Deuterium-Lithium Neutron Source

In the Deutetivm Lithinm v, . 1) 2 neution source coneept. 35 MeV dewterors incident on i hithium
et target generate a fusion ke spectinm from the Litdam reaciions. Much ol the 1eleviant
technology was develope . by the EMIT program in the carly 198054 Alhough not implemented,
FMIT was to provide a 100 mA DY beam o asingle bl jet tareet, penerating a 05 Titer test
volume exposed o a Tux of TR ¢ am 2+ Fand 2 0.01 liter volume at 10 n-m -0 1 Flox
pradients were relatively steep beciae of the suong forward peaking of the neutron yield,

* Work porformad under the auspices ol the U S Department of | nergy, Offiea of | ution I negy,
by 1 os Alamos National kiboratory



Recently a Los Alamos group has proposed an improved D-Li source concept 2 that employs linac
technology advances to supply higher beam currents than FMIT, and that ases a iwo-target/iwo-
beam configuration to provide larger test volumes at a given neutron flux as well as lower flux
gradients. The reference scheme, sketched in Fig. 1, consists of two D* acceleruor modules, each
delivering a 250-mA continuous wave (cw) beam to two lithium jet targets oriented at a relative
angle of 90°. An initial step in a staged deployment might consist of a single 250-mA (or lower
current) module. with the output beam split and transported to two targets. As implied in the
sketch, the total D* cumrent could ultimately be expanded 1o 1000 mA.

Figure | tabulates energy, current, frequency, and radio-frequency power in the different
accelerator sections of the D-Li source driver. € her parameters are listed in Table | Preliminary
heam simulations and accelerating structure des. .ns were done to predic © beam perfoimance and
power consumption. Structure frequencies are considerably higher than in FMIT, allowing a
compact accele ator and improved beam quality. A 1-MW cw 350 MHz RE source is available to
drive the drift . " linac (DIL). ‘The high energy beam uansport (HEBT) in ~ach module
incorporates a cavity that . creases the beannener -y spread o 1.0 MeV (rms) and an octupeie
magnet that flattens and widens the ransverse be. adistribution. At the target the beam
distribution is Gaussiin (1 cmmms along the jet flow, while in the cross Jow ditection it has a 4

m-wide unifonn distribution with Gaussian edges (1.em s These measures b -ep the peak
power deposition in the jet below 07 MW/cin?, 1oss than that in EMIT, In the reference
configuration, shetched in Fig. 2, the two lithium targets are oriented at 0° and spaced 10 cm fiom
a common veitex. The jets are formed by nozzles into 2 cm thick ribbons lowing at 17.3 ny/s
along a concave steel back wall. A free surface face: the beam. The 35S MeV DY jons stop in the
"whium jet, depositing most of their eneigy, but centnifugal pressure induce by the carved flow
path prevents vapor formation. Thermal hydaulic simulations were done o confirm jet behavior,
showing that the output lithium wemperature (6727 Cyis less than that calvulated for FMIT, becanse
of *he broad beam disuibution,

Neutron flux volur. = and spectral properties in the te o cell are determined by the beam distribution
(in space and energy) within the target and by the dependence of the reaction cross sections on 4
enerpy and ncutron emission angle. The nncollided neatton flux at a grid of points in the test cell
was computed by generating a differ: nbal cross section table from fits to exasting 1 i(d,m data, and
then integrating over the D* energy loss tunction in the tr getand summing contributions from all
pants of the two beam arget interaction zone.? Caleulated thux contows inihe plane of the 1*

b eams are shown in Fig. 3, using a conversion o equivalent 141 MeV neatron wall loading
-ower for comparison with fusion ¢ w tor parameters (I0OMW -m @ 1.2 108 g 2o,

Fvidentin the figure Geference case) siue (1) Large regions of low tux gradientand moderate flux
ievels in the center of the test eell, and () smaller tepions (0.1 hiten) with high wall loading: and
high fux gradient close w the targets. Comparison of ths flox map wath maps for other situations
reveals that as the relanve tupetimgle increases, (lux gradients are ieduced and the test volume at
medium to low tax levels meteases 2 Conversely, as the relauve tinget angle decreases, flux
pradients become steep, but the test volume at hiph wall loadings preatly increases. Gaadients and

(-



flux/volume relations can thus be tailored te suit specific user requirements by adjusting the relative
target oricntation and spacing.

Using the neutron flux grid, the useful volume enclusing regions of a specified average flux was

cal “ulated. The resulting flux-volume relations are displayed in Fig. 4 for several total currents.

At the refeience level (500 mA), a test volume of 10 liters can be achieved with average wall

loadings up to 4 MW - m-2. The flux volume relations at fixed current and volume-current

relations at a fixed flux can be represented by simple exponential expressions. For example, at 5

MW - m-2 wall loading, the dependence on current is V(liters) = 28.0 118 (A), which explicitly
veals the strong advantage of scaling to higher D* currents,

Neutrons are genceated in the lithium target primarily throu:h the 0Litd,n)?Be stripping reaction,
with smaller contibutions fiom other processes. The neution angular distribution is forward
peaked. A small traction o) the flux is in a high energy til (up to 50 MeV) arising trom the
TLi(d.n)8Be reaction. Di tauls of the neution spectrum depend on emission angle and distance from
the target. Atangles near 0° and locations away from the target, the suipping reaction Jdominates
+md there is a broad peak at 14 MeV, about half the beam energy. At Lirge emission angles and
iocations close to the target, the spectrum containg a higher proportion of lower-enery v (few MeV)
evaporation neutrons. Figure S shows the uncollided flux as a function of energy it various
positions (x.y.z) within the test cell. The x axis is zlong the bean, the y axis along the jet flow,
md the z-axis tansverse o the flow. Position (0,0,0) is the center of the target back plate the

oint of maximum flux. The high encrgy neutron tail is visible here, with about 15% of the
~eutrons having encrgies above 14 MeV. Atother cell locations, the high energy portion of the
pectrune is contain - a fraction not Luger than 20% . Preliminary analy sis of damage datain coppe
S sugpests that the  gh energy tail should not sipmificantly degrade the usefulness of the d T
source as a fusion daniee simulator . but further evaluition s required o settie this issue,

Tritium-H;0) Neutron Source

In t*.¢ High-Intensity 14 MeV Cutoff Neutron Source desenoed in feference 4, neutron prodinetic
iv based on the THten) *He reaction, Enerpetic tatium ion beams are injected inte two hydrogenic
tngets in a peometry similar to that described for the d Li sousee. “Triimm ions are accelerated in
an REQ/TL. aceelerator sinular to that de cribed by Los Alarnos for 250 mA deuterium beams.?
The Evdrogen:e targets are provided by hiy b velocity tfree water jets in which the beam deposited
powe can be absorbed without distupnion of the flow it asuaitable beam enerpy spread is
provided. A typical beam target interaction region is sketched m b 6. When the water et anges
a oriented at a relative angle of 120°, nevtion fluxes = 1070 -m Yoy Vean be achieved i
volume of 016 liters, and fluxes = 101 - m Y-8 can be achieved ina volume of 4.2 Taers,
For a beam power of 175 MW, the contesponding vilues are O 3V hners and 9.1 liters,

respec tively. The outstanding, feature of this source is a hiph speetral intensity an the the energy
range from 1o U4 MeV o with ashanp cutof atan encrgy of 146 MeV



The globai spectrum of this ncutron source is shown in Fig. 7, where it is seen that the spectum
integrated over all angles from 07 1o 67° is almost flat from ~1 to 14 MeV and exhibits a sharp
energy cutoff level at 14.6 MeV.

Figure 8 shows a flux-contour map for a source configuration .n which 250-mA T+ beams are
incident on two targets oriented at 120° and centered 8 cm from their common vertex. The
assumed triton beam diameters wre 4 cm, and the contour lines refer w regions enclosing the
indicated average neutron flux levels. It can be seen that there are relatively large regions enclosing
the indicated average neutron flux levels and also that there are relatively large regions with low
flux gradients (i.e., between LS and 2 - 108 n-m2- 51, This provides good i-radiation o f
sample specimens in the form of long bars or rods at iatermediate flux levels when smadl variations
of flux levels over the whole sample are requited. Close o the war 1targets there are two isolated
regions with very high flux levels (> 1+ 1019 n-m-2 - 5-1) but high Tux gradients in which small
materials specitnens can be exposed. Similar caleulations were performed for other relative tarpe:
orientation angles and spacings §

Uncollided neutron flux spectra an the positions sdicated i Fig. 8 were estimated by simple
superposition of contribuzions from both target volunwes to obtain the specira shown in Fig. 9.
Epecua for positions not too close to the targets extend to cutoff levels close o 14.6 MeV and
typically show a broad flat ..p over several MeV at the upper end. Below the that-top region the
spectral wntensity usually decreases rapidly with decreasiag energy. ihe most suitable tes cell
iegions to sir:ulate first wall conditions of a tusion reactor are at positions ¥ and 4 where Lairly
large samples can be irradiated at flux lese!Ninthe range ot 13100 p-m 2 -5 !

Spallation Neutron Source

In spallation ncatron sources, which are now in operation for materials rescareh at several
Liboratonies worldwide, neutrons are produced by the interaction of medium energy (SO0 1((X)
McV) protons with heavy metal targets, such as lead, uraninm, or tungsten. In the spallation
process, dlustrated in Fig. 10, each incident proton produces a shower of neatrons (and other
particlzs) through anintra naclear and inter nuclear cascade process, 'ollowed by evaporation from
residual cxcited nuclei. Preoon currenis at existing facilities are velatisely maodest (- 100 pAD, an
internationat high flux sowce for fusion materials development would reqgmie about a factor of SO
more current A source in this class, the SNQ facility, was proposed a few years aso in Gernmany
and studied in considerable detail, but was net butlt. 87 Reference B provides i i view of
spallation source options and technology for a high flux source, and Feterence 9 desenbes a
proposed fusion materials <pallation source based ona 600 MeV. 6 mA taverage) proton beam
incident on a flowmg leid bistmuth cutectic tinpet.

Figute 11 shows the spallation neution yield obtamed i virious target mterads 19 agca tuncuon
of proton enerpy and tupget diameter, and Fig 12 shows the caleuliated neaton anpalar distabtion
from B0 MeV protons on a depleted araninm tgpet. It can be seen that the nenttons with encigies



> 10 MeV, which originate from the cascade processes, are forward peaked, with the peaking
increasing with neutron energy, while the evaporation neuvtrons (< 10 MeV) are emitted more-or-
less isotropically. In the forward direction the spectrum contains a very high energy tail, which
can go all the way up to the full beam cnergy. This tail rmay be problematical for interpretation of
damage information, but could in principle be reduced by neutron transport in the target material
and in the materials immediately surrounding the target, and also by appropriate restriction of the
specimen irradiation angles.

Several high-power target options have been considered for spallation sources, including rotating
solid disks cooled by internal water channels,” and various kinds of liquid lead or lead/bismuth
geometries and flow arrangements.”8 A group at IFN, Madrd 9, have studied a 600-MeV 6-mA
spallation nzutron source for fusion materials research in which the target consists of a stacked
array of narrow (1 em-wide) £ ¢ lead-bismuth channels. Figure 13 indicates the geometry.
The <x'culated neutron spectral distiibution from this target is displayed in Fig. 15 for iwo

distanc es from the beam axis, at o jane 3.75  m Jowastream from the target face. The flux at
radial distance of 1.3 cm is shown nTig. 16 as a functicn of axial distance from the target face
for sevenal neutron energy groups. A seen in the figures, the tlux levels desired for fasion
materials testing can be attained  but the exiremely close proximity of the planned i hiation zones
to the primary target may cause ifficultics in terims of sample heating, bombardment by high-
energy charged particles, and also sample placement and access.

The Madrid group ¥ have proposed a 6 mA (average current and 600 MeV proton energy as the
ippropriate beam specifications for driving a spallation fusion-maerials neutron source, However,
the optimum accelerator technology has not been decided. The two most Lkely possibilities are a
pulsed inac or a mulustage ring cyclotron. Comparative  lesign stdies and cost estimates will be
needed o aecide the issue. While the required beam pertormanc e would be straightforw ard for a
linac. the capital costs would be high, and the facility would be muck Luger than cither a d Lithium
or t-H O source. A ring cyclotton could be compact and possibly less expensive, but the desired
beam current level may be difficult 1o achics ¢ ir. this kind of machine.

Summary and Comparisons

Thiee kinds of aceelevator driven neution source ave been proposed to meet the tlux, voiume and
other test parameters desited for an intemational tusion maternals research tacility, The d Lithium
sounce eoncept is based on 1S MeV deuterons incident on Ligaid lithium, and has its ergins in the
FMIT project putsued in the carly 1980s. The requited high power ew deuteron linae is feasble,
ind the desipn approach is supported by a solid technology base developed, in pan, thiough the
SDI Neutral Particle Beam program. “The lithium target technology was tested at high power levels
during e FMIT program, although not with an incident beam, The proposed d Lituum source
could be built now, but there it some concern about the effects of the hagh energy nentton spectal
Ll on interpretation of matenals damage data.



The t-H0 source is a recent suggestion, with triton beams substituted for deuterons, and water
substituted for lithium. The attraction is the possibility of eliminating the problematical high-
energy tail that occurs in the d-Lithium reactions, but the technology is more challenging than for
the d Lithium source and is not developed. A high-power tiiton linac is feasible. (with somewhat
lower current limits than in the deuteron case), but tritium contamination of the accelerator would
be an issue in terms of additional maintenance requirements. The water jet concept has not been
tested in the required performance range, which is very challenging. While preliminary scoping
calculations are encouraging, there may be power deposition limi‘ations, and also nozzzle erosion
problems due to the high fluid velocity. Tritium extraction from he water system will be
expensive, adding significantly to the facility cost. and the effor :0 obtain facility licencing weuld
almost certainly have an impact on the implens ntation sc'iedule. Finally, the flux-volume product
for the t H0 source may b= a factor of 2 to 3 less than that for the d-Li -ourve at the same lev»| of
beam power.

The sp llation source produces neutrons mote cconomically (in tenns of electric power cosis) than
the d-Li or t-H0 - -urces, but capital costs would be m.. higher if o linac is required as the
driving accelerator. If cyclotron technolegy is teasitic tor the diiver, then capital cost may be
similar 10 the other sources. The ncutron specti-'m is initally a poor maich o tf - desired st wall
spectium, and has a very high energy tail. In pr aciple the spectrum could be talored adquately by
placement of appropriate materials adjacent to 12 : production target, but ! -asibility has not been
shown. Be.-ause of the central target location w th respect to the test zone, high flux gradients
seem unavoidable, and hecause of the high beam energy there will be high energy protons and
other unwanted particles sk owering the est samples. To atrain the desired neuron tlux levels, it s
necessary to place samples - ery close to the neatror produccion target, with attendant problems o f
sample heating, placement, and access.
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Table 1. Parameters for D-Lithium Source Driver

Accelerator RFQ DTL
Deuteron encrgy (MeV) 10 35-40
Beam current (mA) 125 250
Linac length (m) 5.4 16.3
Accel. field, E,T (MV/m) 20-25
Aperture radius (mm) 6.0 9.0
RMS beam size (mm) 1.5 1.4
Output emitiance (n,RMS)

Trans. (x mm-mrad) 0.27 0.34

L.ong. (x mm-mrad) 0.46 0.52
RFI Power (MW)

Structure 0.3x2 30

Ream (0.4x2 8.0

Tenal 1.4 11.0

Beam at Target

Energy spread, RMS (MeV) 1.0
Bearn dimensions at target {cm)

Along lithium flow (Gaussian, RMS) t 1.0
Transverse to flow (Rectangul.ar) +20
Lithiem Jet Tarpet

Avg. jet thickness (mim) 20.5
Fiow velocity (m/s) 17.3
Max. energy deposition (MeV/imm) 4.6
Peak current density (-nAfem? ) 15.4
Peak power density (MW/cm? ) 0.7
Input lithium temperature (°C) 220
Max. lithium temperature (°C) 672
Min. boiling margin (°C) 166

Surface evaporation (g/s) 6.4x10-3
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Reference D-Li neutron source: two 250-mA modules and two targets.
Lighty-di 1wn modules indicate upgrade path (from Varamis 2).

Schematic of target ana test zone for D-Lithium source (from Varsamis 2).

Neutron flux (wall-loading power) contours for two 250 mA beams: relative target
orientation 90° (from Varsamis 2).

Test volume vs. uncollided neutron wall-loading power as a function of total beam
curr-nt (from Varsamis 2).

Uncollided neutron flux as a function of energy for several points within the test regica
(from Varsani:s 2).

Schematic ot beam-target inicraction for t-H20 source (from Cicrjacks 4).

14-McV cutoff ncutron source global neutron spectrum, integrated from 0° to 67 (from
(Cierjacks 4).

14-MeV cutoff neutron source neutron flux contours (from Cierjacks 4).

14-McV cutoff .:utron source primary neutron energy spectra at positions indicated in
Fig 8 (from Cierjacks 4).

Spallaton neutron production process.

. Neution yield in various target materials (from Fraser 10),

Calculated neutron angular distribution from 800-MeV protons on a depleted uranium
target (from Russell 1),

. Conceptual design of the flowing liquid lead-bismuth target proposed for high-power

spallation source (from Perlardo 9).

Irradiation zones perpendicular to the beam axis for target geometry of Fig. 13 (from
Perlardo 9).

Neutron spectra at 1.75 cm from target face for two radial positions, 1.3 cm and 2.0 cm
from Perlardo 9).
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