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ABSTRACT: An cconomic and fusion-relevint source ol
high-cnergy neutrons is an essential clement in the fusion
nuclear technology and development program. “T'his source can
be generatal by directing o high cnergy (30-40 MceV) deuteron
beam onto a flowing ligni ' lithinm target, producing neutrons
via the D-Lithium stripping reaction.  Previous work on this
tvpe of sonrce coneentrated on a design employing one deuteron
beam of modest amperage (100 mA) This design was shown tn
have a redatively small testing volieme with high flux gradienis
and was therefore considered somewhat unattractive from
matcerials testing standpoint. A design using two iithium rargens
and two  high-amperage beams (250 mA) hias receatly been
proposed. This two beam design has been examined in an effort
to maximize the test volume while minimizing the flux gradients
and minimizing the eftfect of rnliation damage on one rarget due
to the other. A spatial, energy and angle dependent nentron
source maodeling the D-Lithium source was developed.  Using
this source, a 3=dimensional map of uncollided flux within the
test volume was calenlated. The results showed that the targen
separation has little effect on the available experimental volume
and that g testing volume of <35 liters is  available with a
volume averaged ftux above 10% n/em2/s. The collided flux
within the test volume was then determined by coupling the
source model with a Monte Carlo code. The spectril effects of
the high-encrgy tail in the flux were examinal and evalwited as
1o passible  cffects on materials — response, Calculations
comparing the radintion damage to materinls from the D
Lithimm source to that caused by o stamdard DT fusion first-wall
poutron flux spectrum showed that the number of appm and
dpa, as well as the ratio appm/dpa and dpa/MW/me are within
¥ for the 1wo sourees. The overall results indicate that the D-
Lithwim  sonrce  contiguriation  examined, is  an artrctive
vindidate as a0 fusion naderials irradisiion and  technology
1esting source.

LINTRODUCTION

A fusion  neutron test source will provide  key
experimental ad design relevant informadion nevessary to neet
the goals of the tusion technology sl development propram,
Previons . wonh o prodieary, this  test sonrce has Ieen
concentrared one providing it by means of o high encergy (3040
MeV) denteron e inpinging upon a0 tlowmge liquid lithimm
cuger, utilizing the D Lithiau stipping reaction [ The msgon
draewhack ot that desipne was the reldively snell testing, volimme
Cibour 12 liters with nennon fluxes above 10 gicmd/s) wath
ligh nennon tiny gradients, Frathermore questions were rased
a8 1o the magtide and angpaer ot e high encrpy Gilbove of
MeV) ientrons generated i this appromeh,

Ancaherative desipgn that addresses the tisst coneern e
tecentty been proposed 'L The onignid comeept, the Fusion
Maternls hrcadition test (M) tacility, involved a siaple (100
uA) beann meolent sz o smgle hithimm goget [ The uapueeved
D1 dthcar s lvrme revently poepmsed [ mvolves two dvnveiom



beams incident on two lithium targets at right angles, arranged
in the configuration shown in Fig. 1 [3] The reference beam
current is 250 mA on cach target, thus significancdy inereasing
the available materials-test volumes.
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IFigure 1. Schematie af the target aml test zone for the D-Lithinm

SONree.

Figure 1 is an illustration

of the target sl sample -test

region showing the two Lithium jets ariented at right angle 1o
cich other and spaced sthout 10 em from their common vertex.
The viewing position is outsitle the shield wall, midway between

the denteron beams, and above the horizontal midphine.

I'he

lithium in eawh tairget flows into a jet-torming nozzle through

flow straightener to eliminate large scale turbulence.

AlYem

thick lignid-lithium jet exits the nozzle and flows alang o enrved
thin steel wall, with ity free surface exposed to the inculent
deuteron beam. The 3 MceV o denterons are eompletely stopped

in the lithium and sinee only a small traction protaer nentroas,
most of the energy is deposited in the jet. Phe centalngal taee
mtroduced by the curved tlow path (concave towatds the be:xmd
increases the anternal puessiie sntticiently e the jer o prevent
weal botling at the point where the peak energy depositnm
accurs.

The two tnget/two beam D Lathiem - coneept was
evaleated with an emplasis placed on optinizug, neatyones
pettornimes with qespreet - tiget peometry, denteron beam



characteristics, and thermal-hydraulics requirements. T'he results
of the study [23] indicated that the two target geometry
motlulir accelerator system provides considerable flexibility in
the achievable neutron-flux levels und test volumes, and also
permics  flux-gradient tailoring, staged cexpiansion of testing
capability, and improved facility availapility.

The neutronies related results of these previous studivs
[23] were based on estimations of the uncollided neutron flux
within the test volume. ‘The next step in the evaluation of the
neutronics  performance of the D-Lithium  source, involves
cstimates for the fully trunsported ncutron flux ie a test-
specimen introtluced in the testing volume, and subsequent
cialeulation of appropriate materials response functions (such as
danuige aml trimsmutations). ‘This is an ongoing research, whose
first results are reportal herein.

The neutron seurce spectrum for the D-Lithium reactions
includes contributions from the stripping reaction, the formadon
of a compouml nucleus and other nuclear reactions. A spatial,
energy and angle  dependent  neutron souree model  was
developed with the methods presented in part 11 of this work.
Part 111 presents the results of an analysis that maximizes the
available  test volume at given uncollided flux levels, by
exitmining a riange of beam/target/test-volume configurations. In
part 1V, the aleniiled neutron source model is coupled with
Monte Carlo code (MCNP) [4] 1o provide an energy-ilependent
point-wise  neutron flux  spectrum  within  the  test volunie.
Matcrials response functions (dpa and appm) are subsequently
estimated based on the fully transported flux, and compared 10
those from a typical DT fusion first-wall spectrum. Finally some:
conclusions are drawn.



11, SOURCE DESCRIPTION

‘The doubly diffcrential yield per microcoulomb of beam
charge is shown in Figure 2.
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Figure 2. Doubly differential neutron yield fer 35 MeV
deuterons incident on a thick lithivm target. The units are in
termms of neutrons per nueroconlomb of  beam  charge per
sterndian per MceV oof nentron encergy.

This yicld is for a thick lithinm target; that is a target whirh
completely stops all of the denterons. The yield is plotted for (9,
12 X, amd WP directions, where the angle is measured with
respect to the beam axis. This alata was generateld by using «
vomputer corle aleveloped by warkers at Thnfanl Engineering
Developument Laboratory (H1EDL) and is based on experimental
measurenents done v the HEDL workers [R] This code
provides a pood Tit taomost of the experimeatal data ad can be
used to generate the thin targer vield; giving in essener, sc doubly
difterential cross section tor the D Li neutron producing
reaction, depending on denteron eneigy, g neatron energy, 1.
and angle, 00 Referring to Fignre 2 notice that the forwanrd vield
curves lave a ‘shoulder” starting at .38 MeVe o This shoulder
shape «f the forwiud vield s not predicted by the Serber |7
model often used 1o dleseribe 2 D L reaction, and may be doe
o the "Tdip™Be peaction. Farther, the ttal forwind Serher
vicld tends 1o be o S0 times smialler than torward viehl bised on



cexperimental data. From this it can be concluded that the D-Li
reaction is more complicated than the Serber model preiicts.
The Serber model was derived in a classical manner for very
high energy deuterons (> 100 MeV) and probably is not aceurate
for dcuterons in the (35 !MeV cnergy range. ‘The highly
forward pecaked behavior of the yield dictates that the source be
modceled with a very fine division of angular bins.  Also, the
forward yicld depends strongiy on the deuteron energy in the
target, which in turn depends on the penctration distance of the
beam into the target.  Conscquentially, to model the souree
accurately, the source must be described with three variables:
distance into the target, X, angle from the beam axis, 8, and
ncutron energy, Ep The source was modeled u .ng a AEy
corresponding to every | mm of target penctration, a A8 of 25,
and a AE, of 2 MeV. 'To maodel the neutron transport in the test
cell, it was decided that the continuous-energy/continuons-angle
Monte Carlo code. MCNP, was the best tool for the job, based
on the following reasons:

(1) ‘The highly angular source dependence would lead to
an excessively complex quadrature set in a 2-d or 3d discrete
ordinates code.

(2) The high energy (<=100 McV) cross sections for the
proposced test cell materials have been developed for MCNP and
benehmarked [ S]

Under current limitations within MCNP, the source can
be modeled with one level af dependence; that is the dependent
virriables in the sonree must depend direetly on an indepemlent
variable.  However, the D-Lithivm souree has two levels of
dependency: the neutron energy, Eg, depends on the angle, 6,
which in turn depends on the independent variable, X. To
accammaodate the D-Li source, a special version of MONDP was
developed.  Further, because of the detailed nature of the souree
and the resulting size of the MONP input file, a code was
written to praduce the MCONP input file for a given beam
peometry and energy. This code provides for biasing the angle,
the newdron energy and the spatial parameters of the sonuree, In
particnlar, the v and z spatial dependence of the source (heam
cross section) was motdeled with 18X points,  The resulting
sonree s deseribed by millions of diserete  probability  bins.
Theretore, the MNP computer runs had to be done  with
millions of sourve partivhes to adequately sample the sourer,

HL, UNCOLLIDED FLUX RESULTS

The detailed sonree model presentail in section 11 was
uscd to obtain a point-wise uncollided flux for the two tarpet /
two beam confignration, within a cubic test eell having i volume
of 63 liters. By vianying the spacing between the tarpets, the
aualvsis was epeated for varions tairget configurations in oan
clfort to maximize the available testing volume at specitice
uncollided fhrx hevels.

In Figure N the valenlated testing volume s plotted
apainst the volnme averaged nentron thux Tor target separations
of 10 emand 20 e, where the target separation is detined as the



distance in the x-y plane of cach becam centerline from their
common vertex. ‘I'he minimum value of flux within the same
volume was also calculated, and was found to be lower than the
volume averaged flux values by factors of 2-3. For example, for
a target separation of 20 cm, the volume with a minimum flux
above 10 n/cm?/s is 93 liters, while the volumec averaged flux
within that same volume is 2x10 n/cm?/s.

100 : T 1 v TTvrrT T TTTTTT ﬁ*‘fﬁl"l"'rﬂ'r_—':
)
0 o -
- [ ;
= I . Sep. 10 em ]
) i Sep. 20 cm , P
g - ]
=
o - —
> 1 : ]
: ]
01 N NI e | L1 a2l
1013 1014 1018 108

Volume Averaged Flux (n/cm?®/s)

Fignure 3. Experimental volume versus uncollided volume
averiged flux at various target separations for the reference
design (two targets / two beams at 250 mA cach).

Figure 3 also shows that the target separation has little
cffect on the experimental volume at specific volume averaged
flux levels. In general, increasing the target separation slightly
increases the available testing volume at low to malium flux
levels, while deereasing the volume at high flux levels (above
10 n/emd/s)  Consequentially, the determining factor in fixing
the target separation is the radiation and heat flux damage seen
by one target due to the ather. For these reasons, the design
hereatter referral to as the “reference design®™ will have the two
targets spaced 20 cm from their vomman vertex, with cach beam
viarrying 250 mA.

IFipure 4 shows the flux contours at the face of onre ol
the two targets for the reference alesign. The flux contours
deline surfives that enclose points with a flux greater than or
cqmal to the Tlux level given on the contour. “The elliptival shape



of the flux contours is produced by the asymmetry of the
deuteron beam. The beam in the z-direction is Gaussian with 2
standard deviation of 1 cm, while in the y-direction it exhibits i
4 cm widc flat-top. having Gaussian tails with a standard
deviation of 1 cm at cach side.
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Figure 4. Uncollided flux contours at the face of onc target for
the reference design.

Figure S shows the flux contours for the reference design
at the z=0 plance; this plane is perpendicular to the two lithium
flow tubes(see Figure 1) The surface that cncloses all of the
points in the test cell with a flux level of 104 n/em?2/s or greater
is shown in Figure 6. The volume cnveloped by this surface is
9.3 liters.
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Figure 5. Uncollided flux contours at the z=0 plane for the
reference design.
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Figure 6. Surface enclosing points with uncollided flux greater or
cqual to 1014 n/fcm?/s.

An cxamination of Figures 4 and 5 show that points in
the test region close to the target arc exposed to very high fluxes
and rather steep flux gradients. However, there is ~35 liters of
test volume having a volume averaged flux of 10% n/em2/s which
has relatively low flux gradients.

1IV. NEUTRON TRANSPORT RESULTS

The detailed neutron source model presented in part 11
wits coupled with a Monte Carlo code (MCNP), to evaluate the
fully transported flux within the test cell. A potentially serious
problem with this coupling is that the cross scction  data
implenmiented in the Latest MCNP version are based on ENDIC.
B/V evaluated data and extend  to neutron energics ot up to 20
MeV only. ‘The neutrons produced from the D-Lithinm reaction
have encergies as high as 50 MceV.  For this reason i moditied
MONP version wits used [S] that includes cross section libraries
with data up to 100 MeV Tor some materials (including 11, O and
I°¢).

The mmalvas examined a grometric representiation of
one beam /7 oue tirget design. The two target 7 two beam systen
is. symmetric with respeet to the diagonal in the x-y phine.
Accordingly, the 1wvo target / two beinm rexults can be casily



obtiined by superposition of two one-target results, with one of
the two  data sets appropriately  rotated. The geome!ric
simulation closely resembles the arrangement shown in Figure i
The test region is simulated with a 40 ¢m cube of a
homogencous material containing 50 % (volume) iron, 30 %
(volume) water and 20 % (volume) void. ‘T'his material represents
an average “cooled test specimen” where the void is introduced
by the existence of the cooling tubes.

The point-wise  flux cstimates were  determined by
computing volume avcraged fluxes in small test volumes at
varivbus positions within the test cell region. ‘I'he average mean
free path of the ncutrons in the test cell material is ~3-4 ¢m.
The size of a side of the cubic test volumes was chosen to be
ioproximately one-half of a mean free path, or 2 em. The
omplete  test cell is a4 cube with a side of 40 cm.
<onsecuentially, there are ~10 mean free paths between the hack
witll and the last point where flux is calculited. The 40 ¢m
volume was separated into twenty 2 cm-per- side cubic cells. 1n
cach «<ell the flux was estimated in twenty-five 2 McV Dbins
starting at zero MceV. In an cffort to improve the uncertaintics
in the estimated flux, the cell importa,. s were chosen so that
the total neutron populiation in each cell was held constaat.

A. Effect of lligh Fnergy (> 20 Me¢V) Cross Sections,

The current public version of MCNP [4] uses neutron
cross section libraries that include all relevant neutron reactions
up to 20 M2V in neutron encergy. ‘T'he modified MCNP sersion
uscd for these calculations [S] includes neutron cross seciions up
to 100 McV for selected materials, and the specially developed
source dependence discussed in section L 1t is expected that the
greatest contribution of the high-cnergy tail in the D-Lithium
reaction speetrum will be in the forward & ction, and wiil peak
at the beam centerline direction.

The ncutron flux @t 20 points (every 2 em) along the
bexm  centerline (x-direction in the simubation utilized) was
cialculined with both MCONP versions, to compare the effect of
the gh-energy cross seetions. The resnlts were for all practical
purposces the siame, exceept at distances far away from the sonree.
This ¢an be explaimed by the shape of the vross sernons above
20 McV. The MONP publiv code assumes that the values ol the
cross sections dbove 20 MceV oare constant, which is essentially
true for the materials of interest for this stiely. o addition, it is
expected thar most of the nentron transport ocvurs at relatively
low vacrgies, thus winimizing the efteets of the high-energy tail,
Nevertheless, for the renimler of - the ealenlations seported
bherein, the MONDP version which includes the higleenergy cross
sectons wias nsed,

B. Compurison of D-Lithium und stundurd  fusion DT neutron
speetri,

For a piven ot neutvan thax, the materials response
functions can vary widely depemling on the energy ditferential
Hux spectrum. Accordimgly, the resulting danige produced by o
nnit tlux will be o tuneniem at the shape ot the spectrnm,



Consequentially, it is useful to have a comparison between the
D-Lithium source spectrum and the spectrum produced within
the same test-specimen from & monoenergetic 14 MeV DT
ncutron source.  Using MCNP, the neutron energy dependent
flux was caleulved at points within the test cell along the
centerline of the beam aml the results were normalizal to the
same total flux.

Necutron i} rctra were estiniuted for three different casces:
(1) a monocnergetic 14 MeV neutron source simulating a DI
fusion reactor first-wall environment; (2) the spectrum from the
D-Lithium source as it is estimated from the uncollided-flnx
analysis presented in part 111 of the present report; aml (3) the
fully transported flux from the D-Lithium sovrce. Figures 7 and
8 show the resnlis of these caleulations at distances of 1 ¢em and
20 cm within ~he test specimen, respectively.
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Fignre & Neutron flux spectrum comparison between a 14 MeV
source aud the D-Lithium source at a distance of 20 em (at the
beam renterline position) away from the target back wall and
within the test speeimen.

The results shown in Fignre 7 are an indication ol the
flux behavior very close 1o the sonree, siner they are calenbited
at a point that as separated from the souce by a 0.6 cm thick
strinless steel (iron) walll The 14 MeV spectrnm exhibits a very
profonnd peak at 14 MeV; this peak is dae to the contribution of
the neutrons which luive not vet led a collision. Also, there is
little ditterenve between tlee D-Lithivm sonree vollided cind
vincollided  spechize implving thar there is very  little
backseanering in this region. From a puterials  respoanse
tnnctions point ot view the two spectea (14 MeVosourer versus
D Lithiam sowmee) e vlearly different,. The etfect ol these
ditfervuees s dewernnned in the subsequent analysis,

e aesalts sheovn in Fogme 8 exhibin the sioame peneial
beluvion althongh the B8 MeVopeak s nor so prononneed any
mow, and the ditterence between the aneollid =1 anl the tally
tsported Hox tor the D Lithinm somee s greater at the low
cnergies. A ko oradvaes s MNP was pertormed tor the
oviputl ENIL desipne Jol wathiont the nse of Tngloenvigy cross
sectimis As withe the prosent work, ale aesnlts from that
aalysis avdieated et there ane osonly sewll ditferences betwecn
the uncollided caud ahe tullv ansportad tlnx toam the D



Lithium source. ‘TI'herefore, using the uncollided flux to estimate
avitilable testing volumes (as was done in scetion 1HL and in
previons studies [23]) will yicld a fairly good estimate of the
collided flux results.

!s rex

It is cnvisioned that the most important application of
the D-Lithium source will be its use as a materials testing and
qualification facility for fusion devices. It is prudent then to
compare the dumage to materials from the D-Litkinm spectrum
with that from a standard D'T' fusion firs? wall speetrum.  For
this analysis the results shown in Figures 7 and 8 are used.

A critical issue for the comparison is the choice of the
testing material.  T'he test specimen useldl in the flux studies
presented above wis based on iron, since the high-energy cross
sections for that waterial were available in the modified version
of MCNP that was utilized.  Unfortunately the damage crass
scetion data for iron are not fully known to high encrgics. On
the contrary such data exist for copper [3] to energics as high as
50 McV. For this reason the damage analysis was performed on
copper. Based on u comparison of the copper and iran cross
sections, it is expected thit the transported flux in a copper-
baseil test specimen is very similar to that of an iron:-basel test
speciimen.  Consequentially, there should be little error in
subistituting the flux transported in iron for the flux transporteal
in copper.

The materials response functions that are important to
fusion reactor acsign are nentran dimage to the material Lattiee
aml the prochiction of transmutation isatopes, most important of
which is Heliuvm, He. In this work the nentron dumiige to the
lattice was estimated using displacements per atam, dpa. The He
provduction is measured in atomic parts per million, appm. Other
derivative response Tunctions are the ratio of appmi to dpa und
the dpa progliction per an equivalent neatron wall loading, WI.,
of 1 MW/,

Table T sumnuarizes the results far the damage to voppe
as determined at twa positions within the test cell 1 em away
and 20 cme away tram the target back-wall, along the beam
centerline, These calenlations were dane for both a typicid 11
fusion neantran sourer and the D Lithinm saurer. The table also
includes the ratios of the kinage response funetions between
the two sources,



Table L Compirison of damage to materinls between the
D-Lithinm source and a standanl DI fusion nentron source.

Quantity DL: DT DLi/DT
WL (MW/m?) 219 334 071
<En> (McV) 73 103 071
dpa 1393 1796 077
appm () 1149 IR8R 061
dpa/(MW/m?2) S8 54 1
appm/dpa R2 10.5 0.78

Quantity DLi D1 DL DT
Wi, (MW/m?) LI8 084 1.38
~<En> (MceV) 44 1 1.38
dpe 78 6.4 119
appm (Ilce) S24 22 1.63
dpa/(MW/m?) 6.5 76 (RS
appm/dpa 68 49 1.37

Table T indicates that although the two source spectra are
dilferent, the dinnage to materials is similar. Beeanse the points
repartal in “Table 1 rop. sent points along the beam centerline, it
is expectell  that  these paints will  refleet  the mazimum
differences in the two souree spectra. Morcover, if one takes
into sicconnt the uncertainties involvaill in the  calenlations
relited to cross-sevtions, computer coues, and exact irradiation
scewirios, it can be canclinded that the damage to o material
exposed to g fusion first-wall/blanket nentron spectrnm can I
reasonably sinmbated with a D-Lithinm basel testing facility.

V. CONCLUSIONS

Neutronivs analysis for a two target . two beam nentron
sautre based on the D-Lithium reaction was presental,. A
detiled spatial, energy  and angle adependent neutron sonree
muadel  was  developed,  which properly  accounts tor - the
vontrtbntions ot all reactions involved in the D L reaction
process. The model was used to optimize the gvailable testing
vohime  at specitic tlux levels, by examining a nnge ol
beam/target contiptiations. 1t was observed that the tarper
sepirtaation (detined as the distaners between the beaan centerline
to the comnion vertex ol the two targets) has httle etfect on the
avinlable exprerimental volume,  Testing, valimwes of a1 few tens
ullliu'l\ e avanbable with volume averaged flux levels above
107 /e is,

1 he saone somee nmdel was subsequently eonpled with g
Monte Cinnlo code (MONDP) to estimate the Tnlly transpoited 1
spectiume witlun the test el Hins spectimm s somewlat
ditterent from o tepreal D1 tnaan faist wall/blanker nention



spectrum.  However, the results indicated that the damage 1o
materials from the D-Lithium source is similar to that of the
typical D'I" source examined under the same conditions (damage
to the same material at the same point within the test cell) The
number of sippm and dpa, as well as the ratio appm/doa and
dp:n/MW/m2 are within 309% for the two sources. 1t is noted that
the points examined lie in the test cell along the beam
centerline, and were expected to yield the maximum differences
between the two sources. It can then b reasonably concludel
that the two-target, high-becam current D-Lithium source is a
technologically and  cconomically attractive candidate as a
fusion materials irradiation and technology testing source.
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