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ABSTRACT
Three-dimensional neutronics calculations hbhgen

performed for the ITER divertor cassette desigtions to
determinethe nuclear parameters ithe cassettes and

assess the impact of streaming on vacuum vessel and

toroidal field (TF) coil damage. The local nuclear
parameters irthe components of theeferencecassette
designare similar or lower than those in theassette
designoption with wings. The totahuclearheating in
the 60divertor cassettes 1402 MW for both designs.
Helium production levels inthe vacuum vessel in the
divertor region allow for rewelding. The TF coils are well
protected from radiation streaming into the divertor ports.

[. INTRODUCTION

The International Thermonuclear Experimental
Reactor (ITER) employs modularsingle null divertor at
the bottom of the machihe The divertor is segmented
into 60 cassettes mounted on toroidal railelded to the
lower section of the vacuum vessel (VV)Each cassette
is 5 m long, 2 m highand0.5 - 1.0 mwide, andweighs
about 25 tonnes. A dome is positionedmediately
below the plasma X-point. Theassette configuration
accommodates divertor channéts the innerand outer
legs of the separatrix. Both channatepumped in the
private region beneath the dome through pumping ducts in
the cassette body. Plasfacing component$PFC) that
can handlghe highsurfaceheat flux are attached to the
dome and surfaces surrounding the divertor channels.

The divertor cassette desigmas undergone several
changes tamprove its performance. Inone of these
designoptions, each divertocchannel issurrounded by a
vertical target, an assembly of wingad agas box liner
as shown in Fig. 1. Several designoptions were
considered for thelome, liner,dump targetand pumping
ducts. Thereferencecassette desigigonsidered in the
ITER final design includes aextendeddome, elimination
of the wings,and use of a thick liner in front of the
pumping duct as shown in Fig. 2. In addition, the size of
the pumpingduct is differentfrom that in the previous
design option.
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Fig. 1. The divertor cassette design option with gas boxes
and wings under the dome.
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Fig. 2. Cross section of the reference divertor cassette.

Knowledge of nucleaheatingand radiation damage
levels in thedifferentcomponents of theivertor cassette
is essential foproper desigranalysis. 20large divertor
ports are utilized for assemblyand disassembly of the
divertor cassetteand for vacuum purping. Radiation
streaming into these portan produceexcessive heating
and damage inthe TF coils in thedivertor region.
Reducing nucleaheatingandradiationdamage inthe TF
coils to acceptable levels is an important shieldgsye.
Radiation damage to parts of the VV in the divertor region
need to be quantified to assess the feasibility of rewelding.



Three-dimensional (3-Deutronics calculationkave
been performedfor the ITER divertor to determine the
nuclear parameters ithe cassetteandassess the impact
of streaming on VV and TF codamageThe resultswill
be presentefbr the cassettdesignoption in which gas
boxesare utilized with sem-transparentwings under the
dome and for the current referencedesign taking into
account the changes in geometryand material
composition.

II. CALCULATIONAL MODEL

3-D neutron-gamma transport calculations haeen
performed for the cassette design optigth wings using
the continuousenergy Monte Carlocode MCNP-4A3,
The nuclear data used is based othe FENDL-1
evaluatiod. The detailed geometrical configuration of the
divertor cassette has besmdeled. The modelrepresents
a nine degree toroidal sector IGER. Themodel includes
in detail all cassetteomponents. The 37.5 cwide and
17.5 cm thickdivertor pumping duct atthe bottom of
eachcassette igncluded inthe model. The rails upon
which the cassettes move toroidatlyring maintenance
are also included. Each divertor cassettethinmodel was
divided into 103 regions toprovide detailed spatial
distribution of nuclear heatingndradiation damage. The
layered configurations of thedome PFC and vertical
targets were modeledaccurately. Separateegions are
included in the model to representhe mechanical
attachmentsand coolant pipe connections. Figure 3
shows a vertical cross section of the cassatidel at the
center of the cassette through the pumping ducts.

Fig. 3. Vertical cross section of the cassette model.

The divertor cassette modabsbeen integratedvith

the general ITER model. The integrated model includes the
first wall, blanket withassociateccoolant manifolds and
back plates, VV, TF coils, central soleno@hd PFcoils.
While Be is used as the plasma facing material at the first
wall, tungsten isusedfor the inboardand outboardbaffle
modules above thelivertor cassette. Alltoroidal and
poloidal gaps between adjacent blanket modules are

included. The major vacuum vessel penetrations are
included in the model. The divertor port at thatom of
the reactor is 254.5 cm high with a width increadhogn

97 cm at the bottom to 176 cm at the top. The pait

is 20 cm thick consisting of 80% 316%8d 20%water.
The output of the MCNP geometry plotting routine given
in Fig. 4 shows avertical cross section through the
middle ofthe VV ports. Figure 5 is a horizontatoss
section at z= -6 m at the middle of tHwertor port. The
divertor pumping ducts in the divertor cassetiesshown

in this figure. Also shown is the part of the TF caoil
adjacent tahe divertor port. A coil casewhich is about
20 cm thick surroundsthe winding pack. Several
splitting surfaces have been added in the diveggion to
allow for utilizing the geometrysplitting with Russian
Roulette variance reduction technigtiaseded tamprove
the accuracy of the calculated nuclear responses.

Fig. 4. Vertical cross section through the VV ports.
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Fig. 5. Horizontal cross section at Z= -6 m.

The model employs 598eometrical cellsiefined by
543 surfaces. Source neutromse sampled from the
source distribution in the ITER plasmaprovided
numerically at 1600 meshpoints. The VV consists of
two 4 cm thick 316SS platessandwiching a shielding
region made of 60% 316SS and 40% water. iagerial
compositionused for the divertor cassette igjiven in



Table 1. The calculation habeen performed using
50,000 source particles yieldingtatistical uncertainties
less than 5% in thealculated nuclearesponses at the
locations of interest. The resulése normalized to the
nominal fusionpower of 1500 MW. Theend of life
fluence related radiation effects have bédeterminedor 1
full power year(FPY) of operationcorresponding to a
fluence of 1 MW.a/rh

Table 1. Material Composition in Divertor Cassette

Dome PFC lcmW
2 cm 75% Cu, 25% water
Cu dome body 85% Cu, 15% water
SS dome body 75% SS, 25% water
Wings 16% W, 79% Cu, 5% water

packing fraction: 21% outer, 26% inner
8% W, 74% Cu, 18% water
top section:
lcmW
2.5 cm 82% Cu, 18% water
back region 97% SS, 3% water
lower section:
5.5cm 89% C, 4% Cu, 7% water
back region 97% SS, 3% water
80% SS, 20% water
100% SS

Gas Box Liners
Vertical Targets

Cassette Body
Mechanical Attachments

Coolant Pipe Connections  70% SS, 30% water
Rails 100% SS
Geometrical configuration changes havbeen

employed inthe central part ofthe reference divertor
cassettgFig. 2). Only minordifferencesexist in the
vertical targets and the inner and outer parts otctHssette
body. The changes include an extended daim@jnation

of the wings, and use of a thick dump target/lineframt

of the pumping duct. In addition, the size of the pumping
duct is different. Additionashielding isprovided by the
extendeddomeandthe poloidally thickercentral segment
of the cassette body. The dump targed liner in the
current desigrare combinedinto one component. The
dump target,i.e. the lower part of the assembly has
carbon fibercomposite (CFC) as theFC. Inthe upper
and central parts of the assembly, 8 mm polosiiats are
incorporated to allow gas from tlvertor channels to be
exhaustednto the pumping ducts. Chevrahaped W
armor blocks are utilized as PFC in the liner.

The dome is coatedith a 1 cm thick tungsten PFC
as in the previous design. Thisfallowed by a2.2 cm
thick Cu layer that includes 17%atercoolant. Theest
of the dome is made of SSwith 15.3% water. The
target/liner assembly is 12 cm thick and has six areas with
three different compositions. The two slottedreas
through which the gases flow into the pumpidgcts
consist of 9% W, 8% Cu, 28%S, 6%water,and 49%
void. Thethreetransition areasrepresenting the rest of
the liner consist of 18% W, 18% Cu, 5636, and 8%
water. The dump target has a front 4.5 leyer made of
CFC with 10%waterandfollowed by a SSregion with

5% water. The material compositiorisr the vertical
targets, cassette bodymechanical attachments, and
coolant pipe connectsavenot changed and athe same
as those given in Table 1.

[ll. NEUTRON WALL LOADING DISTRIBUTION

The poloidal distribution of the neutron widlading
has been determined. Inthis calculation, only the
uncollided neutron current crossing the front surface of the
divertor cassette itallied. Two million source particles
have been sampled ithe calculation yielding statistical
uncertainty less than 0.5% in thkalculatedwall loading.
Figure 6 gives the results in thivertor cassetteesign
option with wings as a function oforoidal length
measured inthe counter-clockwise directiorfrom the
uppercorner ofthe inner vertical target. Theeutron
wall loading peaks a0.56 MW/nt in the dome which
has the largest view of the plasma. The plasnesy
factor forthe inner vertical target is vegmall resulting
in very low neutron wall loading. Thaverageneutron
wall loading in the divertor cassette is 0.16 M\&/m
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Fig. 6. Poloidal neutron wall loading distribution in the
divertor cassette design with wings.

Figure 7 gives the poloidal variation of timeutron
wall loading in the referencedivertor cassettedesign
shown in Fig. 2. The peak neutrowall loading in the
dome does not change (0.56 MWYmThe configurations
of the innerandouter vertical targets in the negesign
result in the upper parts of them havindaaerview of
the plasma resulting in highpeak neutromwall loadings
in them. Thepeakwall loading values in the inner and
outer vertical targetsare 0.08 and 0.17 MWI/n?,
respectively. The sides dhe domeand the vertical
sections of the linerbave a veryrestrictedview of the
plasmaleading tosignificant dips in the neutron wall
loading. The lower parts of the linetmve higher wall
loading values compared to the lower parts of the wings of



the previous design. Theeakwall loading values in the the new extended dome design duéhidaddedattenuation

inner and outer liners are 0.16 and 0.19 MWI/n?, for the contribution from thesides ofthe dome. The
respectively. Theaverageneutron wall loading in the coolant connectiongand mechanical attachments at the
divertor cassette is 0.14 MW?m bottom of thedome are shieldeffom neutrons coming

from the dome side by about 20 cm of théended dome
side and about 20 cm of the top solid region of the liner.
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extended dome. The lower regions of the lirexgerience
peak nuclear parameters larger than those irasheciated
target dumps because of the increased vieth@fplasma.
The nuclear parameters in the vertical regions of the liners
decrease asne movestowards the dome due to added
I\V. NUCLEAR PARAMETERS IN THE DIVERTOR shielding py the exte_nded dome. Thg configurat_ion of the
CASSETTE outer vertical tqrget in thefereqcaje5|gnresults in the
upper part of it having full view of the plasnand,
consequently, highenuclear parameters.The contined
effect of increased poloidal thicknesstbé central part of
the cassettand enhancedhielding by theextended dome
yields nuclear parameters thie center ofthe cassette that
are about a factor of 20 lower than in the previdesign
at elevations close to the dome with ttegluction factor
decreasing aone movestowards the bottom of the
cassette.

Fig. 7. Poloidal neutron wall loading distribution in the
reference divertor cassette design.

The nuclear parameters have besalculated in the
different components of thedivertor cassette. These
included nucleaheating, atomidisplacemenandhelium
production.  The volumeaveraged parameters were
determined forl03 segments of the cassette. Tdrgest
heating and damage occursthre domePFC which has a
full view of the plasma. The@ower density inthe W
PFC at the dome is 16.4 W/émThe WPFC atthe top
of the vertical targets experiences relativielgh levels of
heatinganddamage. The rest of the vertical targets and
wings or linersexperience moderatevels of heating and
damage with values dropping rapidly as one malesper
in the cassette body. In general, thelear parameters in
the inboard side ofthe cassetteare lower than in the
outboard sidewhich has alarger view of the plasma.
Table 2 compareshe peak nuclear parameters in the
cassette components for threferencedesign and the
previous design option with wings.

The nuclearheating map in the previousassette
design option is given in Fig. 8. The total nuclear
heating in the 60 divertor cassettes is 101.6 MW.thia
design, thedomecontributes about 31 MW of the total
nuclearheating. The newlome increased iwvolume by
about 25%. As a result, the contribution of thmme to
total nuclear heating increases to about 40 MW. The total
contribution from the newentral body, dumparget, and
liner is 30 MW which is lower than the total contribution
from the wings (29 MW), gas box liner (4 MW), and
central body (5 MW) in the previous design. Traduced
contribution is mainly due to additional shieldipgpvided
by the poloidallyextendeddome. The contributiofrom
the rest of the cassetteody and the vertical targets
remains the same with the largest contribution being 23
MW from the vertical targets. Thetal nuclear heating
in the cassettes is 102 MW which is similar to that for
the previous design. Fig. 9 gives the nuclear heating map
in the reference divertor cassette design.

The peaknuclearheatingand damage irthe dome
PFC ofthe referencedesignare similar to those in the
previous design. Theuclear parameteidecrease as one
moves from thedomefront surfacedeeperinto the dome
body. Thepace of decrease issimilar to that in the
previous design forthe front 30 cm of thedome.
However, if one movesdeeperinto the dome beyondhis
distance, the nuclear parameters drop fastdreatenter of



Table 2
Peak Nuclear Responses in the Divertor Cassette Components

Zone Power Density (W/cr) dpa in Structure (dpa/FPY He Production in Structure
(appm/FPY)
Reference Previous Reference Previous Reference Previous
Design Design Design Design Design Design
Dome PFC 16.4 16.4 13 W 1.3 W 0.7 W 0.7 W
3.5 Cu 3.5 Cu 31 Cu 31 Cu
Dome Body 3.8 3.9 1.9 Cu 2.1 Cu 16 Cu 17 Cu
Central Body 0.5 0.4 0.1 SS 0.1 SS 29 SS 2.5 SS
Outer Wings NA 3.1 NA 1.7 Cu NA 14 Cu
Inner Wings NA 3.0 NA 1.6 Cu NA 14 Cu
Outer Leg 0.6 0.5 0.12 SS 0.1 SS 3.9 SS 3.7 SS
Inner Leg 0.5 0.3 0.06 SS 0.04 SS 25 SS 2 SS
Outer Vertical Target 15 12 1.2 W 09 W 0.7 W 05 W
2.4 Cu 1.9 Cu 17 Cu 13 Cu
1.1 SS 0.8 SS 12 SS 9 SS
Inner Vertical Target 11 8.4 0.6 W 04 W 0.24 W 0.07 W
1.1 Cu 0.8 Cu 4.1 Cu 1.9 Cu
0.5 SS 0.3 SS 49 SS 3.1 SS
Outer Dump Target 1.3 15 0.5 Cu 0.64 Cu 4 Cu 5.1 Cu
Inner Dump Target 1 0.9 0.3 Cu 0.24 Cu 2 Cu 1.1 Cu
Outer Liner 2.1 0.8 0.9 Cu 0.3 Cu 9.6 Cu 1.6 Cu
Inner Liner 1.9 0.7 0.8 Cu 0.3 Cu 9.3 Cu 15 Cu
Rails 0.014 0.007 0.004 SS 0.002 SS 0.05 $S 0.03 |SS

0.0001

Fig. 8. Nuclear heating (W/crf) map in the divertor
cassette design option with wings.

Fig. 9. Nuclear heating (W/crf) map in the reference
divertor cassette design.

V. NEUTRON STREAMING AND

VACUUM VESSEL

IMPACT ON

Pumping isachievedthrough a‘Y” shapedpumping

duct at the bottom of the cassette. This duct has a toroidal

width of 17.5 cm. Theductoutlet at the bottom of the
cassette has a poloidal width of 45 cm in thference
cassette desiggompared to37.5 cm in theprevious
designoption. The VVbehindthe duct doesot see any
direct neutrons from the plasma which helps dmwn the
He production that is critical for rewelding. Fewelding
to be feasible, the Hproduction should be limited to 1
appm. The 3-Dmodel wasused to determinthe VWV
nuclear responses for toroidelcations away from the
ductsandbehindthe ducts. A peakindactor of about 2
results from streaming through tdects inthe previous

cassette design.

The pedklium production value of

about 0.18 He appm/FPY indicates that rewelding parts of
the VV behind the pumping ducts will be feasible.

In the reference cassette design, the 12 cm thick liner
providessome attenuation for neutrom&fore streaming



into the duct. The effective shielding thickness atdiet
opening is about 7 cm. Thduct opening in the new
reference design iabout 40%largerthan in the previous
design option. An effective shielding thickness of 8 cm is
provided in front of the duct by the wings in theevious
design option. Therefore, about the same shieldffegt
is provided for the duct by the liner in the néesign and
the wings in the previous design. The mdifference in
VV damage is related to the 40% larger duct inpghesent
reference design yielding a peak He production rafe 2
He appm/FPY in the VV. Rewelding parts othe W
behind the duct remains feasible.

Another area of concern foewelding isthe divertor
port where relatively high damage is expected due to
neutron streaming. The heliuproduction wasalculated
along the divertor port. The largedamageoccurs at the
locationwherethe port wall joins to the front VV wall.
The peakhelium production is0.036 appm/FPY and
drops t00.005 appm/FPY at locationadjacent to the
back ofthe TF coil. It isclear from these results that
rewelding of the divertor port is feasible.

In an effort to optimize pumping,increasing the
toroidal width of the gapetweenadjacentcassettes from
the present 1 cm up to 4 cm is beiognsidered. This
increase takes place only in the lower region ofcdéetral
part of the cassetteody with the gap remaining at 1 cm
for the rest of the cassette. A 3-D calculation was
performedfor the ITER-CDA design to determine the
effect of assembly gap width betweadjacentblanket and
shield modules on peak VV damagéor a blanket/shield
thickness of 50 cm, the Hgroduction rate inthe VWV
behind a 1 cm gap was a factor of 1.3 higher than without
the gap. The peak valuasrefactors of 2and 5higher
than thecasewithout the gagdor gap widths of 2and 4
cm, respectively.

As long as the gagvidth remains at 1 cm in the
dome region and upper region thie central cassettbody
with a total depth of about 80 cm, no significant damage
peaking in the VV behind the central region of the cassette
is expected to result from increasing the gap width in the
lower part of the cassette because of the shieldliogided
by the upper regions. Tlsituation isdifferent if large

gaps are used in the cassette body below the lower parts of
the liners. In this case, the 1 cm gap extends over a small

depth determined bythe liner thicknessand the damage
peaking isdetermined bythe gap width in thecassette
body with minimal additional shielding provided by the
liner. If the gap in this region imcreased to £m, the
peak VV damagebehind it will be a factor of 5 higher
than the case without the gap. Th@responds t@about
0.5 He appm/FPY which still allows for rewelding.

VI. MAGNET RADIATION EFFECTS

The peak magnet radiation effects have been calculated
in segments of the TF coils in thdivertor region. No
additional shielding is included aroundthe port. In
addition, no credit is taken for attenuation in coolant
pipes, cryopumps, and other components in the port. The
contribution from neutrons in thepace between the
outboardblanket back platandthe VV is overestimated
since the 3 cm thick gas sdatatedabove thedivertor
port betweenthe VV andblanket was notncluded. The
detailed calculationswere performedusing the divertor
cassette desigoption with wings. However, since the
configuration of the outer section of the cassettérant
of the port opening did not change in the refererassette
design, the magnaetamageresults are relevant for the
referencedesign. Table 3 gives the magnediation
effects inthe part of the TF coihdjacent tothe divertor
port. Theradiation effectsaarehigher at theside surface
due tothe effect of streaming through the port. The
calculated radiation effectare much lower than the
radiationlimits considered iNnTER®. It is clearthat the
sides ofthe TF coilsare well protectedfrom radiation
streaming into the divertor ports.

Table 3. Magnet Radiation Effects at Front and Side
Surfaces of the TF Coils Adjacent to the Divertor Port

Front Side Design
surface surface | limit
Coil case power density 0.080 0.126 2
(KW/m?)
Winding pack power 5.12x10° | 6.38x10° 1
density (kW/ni)
Insulator dose 4.46x16 | 6.78x16 | 1x1C
(Rad/FPY)
Fast neutron fluence | 6.27x16°| 1.10x10°| 1x10*°
(n/cn? per FPY)
Copper dpa (dpa/FPY) | 2.38x10° | 4.46x10° | 6x10°

The totalnuclearheating in the parts of the 20 TF
coils in the divertor region is calculated to be 2.1 kW with
1.6 kW contributed bythe partsadjacent tothe divertor
port. Subsequent calculations thatludedthe inter-coil
structures above and below the port indicated thatatad
heating in the TF coilandinter-coil structurearound the
divertor ports is 7.6 kW Dose rate calculatioriadicated
that a 23 cm thick plate (75% Sé&nd 25% water) is
neededbetweenthe VV andblanketinstead ofthe 3 cm
thick gas seal inorder to allow personnelaccess two
weeks after shutdown in therea aroundhe divertor port.



Including this shield in the calculationgesulted in
reducing nucleaheating in the TF coilsand inter-coll
structure in thedivertor region to 0.5 kW. The total
nuclear heating in the TF coils should roteed 17 kW.
Adding the calculated nucleaheating for thedifferent
regions of the TF coils including streaming through all
VV ports, the totalnuclearheating is estimated to be
about 7 kW.

VIl. SUMMARY AND CONCLUSIONS

The detailedgeometrical configuration of thdivertor

cassette has been modeled for 3-D neutronics calculations.

The layeredconfigurations of thalomePFC and vertical
targets were modeledccuratelywith the front tungsten

layer modeled separately. The divertor cassette model was

integratedwith the general ITER model. Thesource
neutrons were sampled from the soudcgribution in the
ITER plasma. For the nominal 1500 MW fusipawer,
the peak neutrorwall loading in thedivertor region is
0.56 MW/nt at thedivertor cassettdomewhich has full
view of the plasma.

3-D neutronics calculations have begerformed to
determinethe detailedspatial distribution of thenuclear
parameters inthe divertor cassette. Thes@arameters
includedpowerdensity, atomicdisplacementand helium
production. The largest heatiagd damageccurs in the
dome PFC which has full view of the plasma. Tosver
density in the tungsteRFC atthe dome is16.4 W/cn.
In general, thenuclear parameters ithe inboard side of
the cassettare lower than those in theutboard side
which has dargerview of the plasma. The localclear
parameters irthe components of theeferencecassette
designare similar or lower than those in theassette
designoption with wings. The totahuclearheating in
the 60 divertor cassettes is 102 MW for both designs.

Radiationdamage tgparts of the vacuum vessel in
the divertor region were quantified to asstes feasibility
of rewelding. The peakelium production inthe VW
behind the pumping ducts is 0.22 He appm/FPY
implying thatrewelding isfeasible. In additionhelium
production inthe divertor port wall is less than 0.04 He

appm/FPY. Increasing the gap width between cassettes to

4 cm in the lower region of the cassditaly below the
dome and liners is acceptablewith VV He production
levels allowing for rewelding.

The impact ofradiation streaming into the 2Qarge
divertor ports on heatingnd damage inhe TF coils was
assessed. Theort wall is 20 cm thickand iscooled by
20% water. The TF coils are well protected froadiation
streaming into thedivertor ports. The totalnuclear

heating in the parts of the TF co@sd inter-coil structure
in the divertor region is only 0.5 kW when a 23 piate
shield is used between the \Andblanket at the location
of the gas seal above the divertor port.
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