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ABSTRACT

The ARIES team is presently studying a fusion
power plant based on the spherical tokamak (ST) concept.
This paperaddressethe key nuclearissues forspherical
tokamaksand illustrates the impact of theneutronics
factors onthe ARIES-ST design. Ahree-dimensional
analysis was carried out for an interim desigrdétermine
the key nuclear parameters. Preceding the &@@lysis, a
series of parametric 1-D analyssere performed to guide
the design toward the final configuration. Comparing the
1-D and 3-D results, importantlifferences were identified
andattributedmainly to theangular distribution of the
incident sourceneutrons on the first wall. Those
differences are unique to spherical tokamaks.

[. INTRODUCTION

ARIES-ST is a low aspect ratio spherical tokamak
that delivers a gigawatt of netectric powerand operates
for over 50 years with an availability of ~75%. Structural
components thatvearout due toradiationdamage during
the plant life will bereplaced andlisposed of a€lass C
low level radwaste. The demountable, resistive TF
magnetsurroundsthe internal,removable components of
ARIES-ST; thoseinclude the outboard-only breeding
blanket, divertor, and inboard shield. The machine is
vertically, remotelymaintainedand personnelccessinto
the building is not feasible at any time during operation or
after shutdown.

Several nuclear parameters haghajor impact on the
design choices foARIES-ST. Thosgarameters are the
radiation damage to the structural components, lifetime of
in-vessel components, overattitium breeding ratio
(TBR), and nuclear heat loads time various components.
One- and three-dimensional studiewere performed to
assess those parameters. Most of the analysicaxes
out for an interim design of ARIES-ST thiadd anaspect
ratio of 1.6, a majoradius of2.7 m, and aminor radius
of 1.7 m. The design is still evolving and it is likely that
parameterswill change, so they should be taken as
preliminary.

[I. DEPENDENCE OF TBR ON ASPECT RATIO

In the absence of detailed 3-D neutroracslysis, the
overall TBR can be estimated by coupling the 1-D results
with the neutron coverage fraction (NCF) that is defined as
the fraction ofsourceneutrons incidendirectly on the
breeding blanket. The NCFdependsprimarily on the
aspect ratio, the location and vertical extent of the blanket
segments, and the plasma parameters. Accurate evaluation
of the NCF ensuresthat the error associatedvith the
approximate 1-D TBR estimate is withinfew percent of
the moreaccurate3-D results. Figure 1 illustrates the
variation of the coverage fraction with the aspect ratio (A).
The data were generated by the 3-D MCNP tading the
design parameters f@Ts andtokamaks. It isassumed
that thecoverage othe outboardsegmentendsvertically
at the X point. Thearea coveragdraction (ACF)
represents the fraction of the first wall surfaceacovered
by the blanket segment. The NCF of theboard side is
larger than the ACF. This confirms the importance of the
outboard side for breedingChanging A within theange
of interest for ST designs froh.25 to 1.8,drops the
outboardNCF from 90% to 80%. This 10%rop could
represent a problem for high A ST machinespanticular
for blankets with marginal breeding.
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Fig. 1. Variation of coverage fraction with aspect ratio.



[lI. BLANKET NEUTRONICS

As a top-levelrequirementthe ARIES blankemust
provide anoverall TBR of 1.1 to supply thetritium
needed tostart new fusion plantand to account for 9%
uncertainties in the nuclear data and approximations in the
calculational modél Four blanket optionsere proposed
for ARIES-ST. Those optionsare LiPb/FS/SiC/He,
Li/V, Li,O/SiC, and L,TiO,/FS/SIiC. The LiPbblanket
was judged the preferred option. Itis compatible with the
core components, particularly the wateoled centepost
(CP), andavoidsmost of thesafety problemsassociated
with the other concepts. A cross-section of phaposed
blanketdesignwith 3 cells, 25 cmeach, is shown in
Figure 2. The helium coolant of the FS first watid the
1.8 cm thickgrid plates (53% FSand 47%He) flows
radially from He manifoldsattached tothe back of the
blanket. The Li,Phy; breedefflows poloidally upward in
the first cell and returndownward inthe secondand third
cells. The cellarelined with SiC inserts thateparate
the LiPb breeder from the FS structure. TheadeéLiPb
coolants exit the blanket at 5@ and 700C,
respectively. A gross thermefficiency of 45% can be
achievedwith a power conversionsystem based on a
Brayton cycle with a helium gas turbine.

The preliminary layout of the blanket system calls for
a 4.4 cm thick first wall (44% Fa&nd 56%He), a 75 cm
blanket (15%FS/He, 15% SiCand 70%LiPb), and 25
cm thick He manifolds (10% FS and 90% He). Tie-
activation structuremployed inthe design isthe ORNL
9Cr-2WVTa ferritic steef. The SiC inserts have no
structural roleand wereoriginally envisioned as a 1 cm
thick, 75%denseelement withclosed surface. The 1-D
model included all the elements comprising the FW,
blanket, and manifolds as defined in Figure 2. Triddle
section of each cell was homogenized to tate account
the effect of the radial elements orbreeding. A 30 cm
thick helium-cooled FS shield was assumed on the inboard
side€. The 1-D model is a toroidalylindrical geometry
with inboardand outboard sidesnodeledsimultaneously
to properly simulate the neutraeflection and spectral
effects betweethe two sides. The study waerformed
using thediscrete-ordinate®ANTSYS codé with Py-S;
approximation and the FENDL-1 cross-section libfany
the 46n-21g group structure.

The 1-D results show that the overall TBR is 1.03 for
an A = 1.6 machine with aoutboardNCF of 84%. The
first cell provides most (63%) of tHareeding. A blanket
design withoutSiC insertscould provide aroverall TBR
of 1.15. However, it offers a lower LiPb exémperature
(~400°C) and a lower thermal efficiency (<40%). Options
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Fig. 2. Cross section of the LiPb blanket with 3 cells.

for minimizing the impact of SiC orbreeding were

investigated. Table lists the overall TBR for various
thicknesses of SiC inserts in theeecells. The results
assume a 2% reduction in breeding due to penetrations.

The maximumachievable overallfBR is 1.1 for a
LiPb blanket with SiC inserts in alhreecells. Reducing
or removing theSiC of Cells 2and 3has no impact on
breeding,andthe thickness of the SiC inserts of Cell 1
controls thebreedinglevel. This is attributed to the
sensitivity of the Pb multiplier to the spectrum of the
incidentneutrons. Besidesoccupying aspacethat would
otherwise be available for theiPb breeder,the SiC
inserts moderatethe neutronsand reducetheir energies
below the ~7 MeMthreshold ofthe Pb (n, 2nyeaction.
The softer spectrumleads to a lower neutron
multiplication by Pband subsequently lowebreeding.
From apracticalpoint of view, 0.3 cm is theninimum
desirable thickness for the SiC inserts. So a combination
of 0.3 cm SiC in Cell Jand 1 cmSiC in Cells 2and 3
was selected for further analysis.

In ARIES-ST, theinboard side represents samnall
NCF of only 10%. Nevertheless, it wasdiscoveredthat
the materials comprising the Ci#hdshield have a much
larger impact on theoutboard breedinghan previously
thought. The severity of theadiationdamage tahe CP
suggests that an inboard shield is beneficiah®overall
desigi. From a shielding standpointwaater-cooledsteel
shield is superior to dle-cooledsteel shield in protecting
the water-cooled CP (70% DS GlidCop AL15 copper



Table 1. Effect ofThickness ofSiC Inserts in theThree
Cells on Overall TBR

assumes no penetrations on thaboardside. Thenon-
uniform neutronsource isrepresented byhree zones of
different intensities. The 100,000 source partictessilted

SiC Thicknesqcm) Overall in acceptablestatistical errors of<10% for localvalues

Celll1 Cell2 Cell3 TBR and <1% for global values. Geometrgplitting and
Russian Roulett@ariance reduction techniquegre used

1 1 1 1.03 to improve the accuracy of the nuclear responses.
0 1 1 1.15
0 0 1 1.15 A. Overall Tritium Breeding Ratio
0 0 0 1.15
1 0.3 0.3 1.03 For a 75 cm thick homogeneous blank@7%
0.3 0 0 1.10 Li;-Phbs;, 11% SiC, 6% FSand 6%He), the overall 3-D
0.3 1 1 1.10 TBR is 1.05, assuming complete blanketerageand no

penetrations on the outboard side. The corresponding 1-D
TBR is 1.08 for a homogeneous 1-D model. The 1.1 1-D
value reported earlier is for a heterogeneous blanket that

alloy and 30% HO). However, the water slows down and
absorbs the neutrons, resulting in lesflection to the

outboard side. The impact of both shieldshoeeding is
illustrated in Figure 3. In this analysis, thater-cooled
shield contains 30% J&@. Both theunshielded CP and
the water-cooledshield degradethe breeding by~10%.
Evidently, the LiPb blanketannot tolerate such large
drop in breeding because tife smallbreedingmargin.

assumes a 2%eduction due to penetrations. The
homogeneous modehderestimatethe breedinglevel of
the blankets as the frombnecontains moreSiC (11%)
than in the actuadesign(4.5% SiC in Cell 1). Because
the SiC of the first cell controls tHareedinglevel of the
blanket, it isanticipatedthat aheterogeneous 3-nodel

For this reason, thmboard shieldshould becooledwith
helium rather than water.

with 4.5% SiC in Cell 1 would result in a higher breeding
(~1.08). Based ornthese findings, the 1-@nd3-D TBR
agree within dew percent. This agreement indicates the
accuracy ofthe fairly simpleapproach used ahe early
stage of thedesign to estimate the overall TBR by
coupling the 1-D results with the NCF of the blanket.

IV. THREE-DIMENSIONAL ANALYSIS

Following the scoping 1-D analysis, a 3-D study was
conducted to assess the service lifetime of the components
based on the attained radiation damage, to confirm that the
blanket fulfills the top-levetequiremenfor tritium self-
sufficiency, and to determinethe heatloads to the in-
vessel components. The 3-D study wasiedout using
the MCNP codé with the pointwisecross-sectiondata
library based onthe FENDL-1 evaluation Figure 4
displays the 3-D model for the upper half of the machine.
The FW, LiPb blanket, He manifolds, FS/Heboard
shield, and Cu/kD CP were alhomogenized fothe 3-D
model. A representative outboard and divertor shields were
included to simulate the neutron reflection. The model
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Fig. 3. Impact of inboard shield on outboard breeding.



According to the 3-D analysis, the 75 cm thidlPb
blanket provides slightly lower breeding than the
requiremeni1.1). Options tcenhancehe breedingwere
identified toaugment the TBR by &w percentand to
compensate for théosses inbreedingdue to the most
recent changes in design. The la@ssigncalls for a 20
cm thick inboard shieldinstead of 30cm) to allow for a
larger CPandlower dissipation power. Thilinning of
the inboard shieldwill reducethe breeding by ~2%refer
to Figure 3). Another ~2%eduction in breeding is
expected due tothe RF penetrationdocated at the
midplane ofthe outboard. Desigohangesthat enhance
the breeding includehickening the blanket bwdding a
fourth cell and thinning the steel of the outboard FW by 3
mm. Those agreed upamangeswill be implemented in
the final blanket design to achieve an overall TBRLdf.
A more effective option to enhancethe breeding is to
install a thin blanket on th@aboardside. Thisoption
will jeopardizethe simplicity feature ofthe inboard side
and results in higher Joule losses in the CP.

B. Overall Neutron Energy Multiplication

All the helium and LiPb cooled components of
ARIES-ST are power productionunits. Thoseare the
FW, blanket,divertor, and shield. Because ofthe low
operating temperature, tlemergy deposited ithe water-
cooled CPwill be dumped as low-gradéeat. The
ARIES-ST design has an overall neutronenergy
multiplication (Mn) of 1.1. About 75% of thauclear
power isgenerated byhe blanket system. Thaboard
FW andshield carry 10% ofthe nuclearheating. This
heating should be recovered to improve plogver balance
and enhance the economicstbé ST concept. Thiew-
grade heat of ARIES-ST amounts to only 5% of tibizl.
The 3-D results agree with the 1-D Mn estimetealuated
with the same methodologysed for calculating the
overall 1-D TBR.

C. Radiation Environment and Components Lifetimes

ARIES-ST operates in digh radiation environment
that requires frequenteplacement ofthe plasmafacing
componentsduring operation. The lifetime of the FS
structure isdetermined bythe radiationdamageattainable
during operation. The criteriomdopted inthis study is
that no more than 20@pa aredesirablefor the FW
structure. A more restrictive embrittiemdimhit of 0.1
dpa isimposed on the DS GlidCop alloy of the normal
TF magnet. Theeakatomic displacement, Hand H
production, and nuclear heating are reported in Table 3 for
inboard and outboardneutron wall loadings 06.4 and
10.5 MW/nt, respectively. The mosecentARIES-ST
design calls for a lower wall loading level of 5-7 MW/m

Based onthe 3-D analysis, thend-of-life fluence of the
FS structure is 20 MWy/fm meaning that the
FW/blanket/manifolds should beplacedevery 2 FPY.
The lower wall loading of thenost recent desigrwill
extend the service life to ~3 FPY, permitting ~13
replacements duringhe plant life. Even though the
inboard components are subjected to a lower wall loading,
they will be replaced with the outboard components.
There is certainly an incremental caessociatedvith the
early replacement of the inboard, but this will be offset by
the gaindue tothe fewer maintenance processes, shorter
down time, and therefore, higher availability.

Table 2. Peak Radiation Effects at First Wall and CP

3-D 1-D
Results Results
Outboard FW (10.5 MW/R)
dpa/FPY 100 160
He appm/FPY 1060 1730
H appm/FPY 4590 6950
Nuclear Heating (W/cf 80 100
Inboard FW (6.4 MW/rf)
dpa/FPY 90 160
He appm/FPY 890 1310
H appm/FPY 3860 5280
Nuclear Heating (W/cf 60 100
Center Post
dpa/FPY 14 14
He appm/FPY 10 8
H appm/FPY 90 60
Nuclear Heating (W/cf 25 35

V. COMPARISON BETWEEN 1-D AND 3-D
ANALYSES

Good agreement was obtained betweergtbbal 1-D
and3-D values (TBRand Mn). Theagreement between
the local values (such as peak radiation damage and nuclear
heating)depends orthe nuclearresponses. As Table 2
indicates, the 1-D analysitends to overestimate the
radiation effects atthe first wall by 40-80% and
underestimateshe damagebehindthe shield. Table 3
identifies the differences between the two sets of
calculations. Theliscrepancy irthe results is primarily
attributed to the angular distribution of thesource
neutrons incident othe FW. In the 3-D model, the
mostly perpendicular primary neutrons produce lower front
damage andhigher backdamage. The difference in the
angular distribution of thesource neutrons is more
pronounced in ST designs than in tokamaks. Another



Table 3. Differences between 3-D and 1-D Analyses

3-D 1-D
Model actual toroidal
cylindrical
Angular distribution  mostly perpendicular
of incident 14 MeV  perpendicular  and tangential
n’'s on FW components
Plasma shape actual cylindrical
n source distribution actual uniform,
shifted outward
Reflection from i/b,  actual no div. effect
o/b, div.
Vertical variation non-uniform uniform

of wall loading

factor that contributes to the lower frosamage inthe 3-

D analysis is the vertical variation of the neutron wall
loading. This results in dower reflection from the
regions above and below the midplane, compared to the 1-
D analysis that assumes a uniform distributiddased on
this comparison, the 3-D results will based to
renormalize the neutron source of subsequent 1-D
calculations conducted for the ARIES-ST design. Clearly,
the normalizationdepends onthe response function of
interestand the location of the component. The key
results for the final ARIES-STesignwill be confirmed

by detailed 3-D analysis.

VI. SUMMARY AND CONCLUSIONS

The neutronicsand shielding assessment for
ARIES-ST addressedhe key nuclearissues such as the
breeding potential, radiatiotamage, servickfetime, and
shielding requirements. No serious neutronics iskaee
been identified asthe design fulfills the top-level
requirementsand meets theradiation limits. Achieving
tritium self-sufficiency is one of the challenging tasks in
ARIES-ST. As theaspect ratio increases, iecomes
more difficult to dependentirely on theoutboard blanket
to provideall the tritium neededfor plasma operation.
For an aspect ratio ofl1.6, the LiPb blanket has a
marginal breeding. Options &nhancehe breedingwere
identified and incorporated in the final design. The 20 cm
He-cooledsteel shield protects theenterpost and helps
maximize thebreeding. Due to radiatiodamage, the
plasma facing componenigquire frequent replacement
every 3-4 years of operation.

Comparing the 3-Dand 1-D results, important
differences were identifiedoetween the two sets of

calculations. The 1-D resulteend to overestimate the
radiation effects athe plasmdacing components. This
difference is more pronounced in ST designthan in
tokamaks. On the othehand, good agreement was
obtained betweethe 1-D and 3-D analyses for global
parameters, such as overall TBRd Mn. This indicates
the accuracy otthe simpleapproach used testimate the
global values by coupling the 1-D results with the
neutron coverage fraction of the plasma facing
components.
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