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ABSTRACT

A detailed three-dimensional model (3-Das been
developedfor the divertor cassette irthe ITER design.
The layeredconfigurations of thalomePFC and vertical
targets were modeledccuratelywith the front tungsten
layer modeled separately. 3-D neutronics calculations
have beenperformed to determinghe detailed spatial
distribution of the neutron flux in the divertor cassette. A
detailedactivation analysis haseenperformedfor zones
representing thedifferent critical components of the
divertor cassette. The calculations have bgerformed
for two operational scenarios. Special attention besen
given to the top 1 cm tungsten layer of theertor dome.
The radioactivitygenerated inthe tungsten layers of the
divertor is mostly dominated bl)S/W duringthe first day
after shutdown. The GlidComopperand 316 SS-LN
parts of thedivertor also generated considerablevels of
activity and decay heat. Nevertheless, the anabjsiwed
that the tungsten Plasma Facing Component (PFC) is
clearly the most critical part of the divertor from thecay
heat generation point of view.

[. INTRODUCTION

The ITER divertor cassette desigment through
several changes timprove itsperformanceé Thedesign
utilizes 60 divertor cassettewith vertical targetsand a
central dome. These cassetteseagosed to direct source
neutrons coming from the plasma as wellsasondary
lower energy neutrons resulting from neutron interactions
in the cassettes themselveand other in-vessel
components. Knowledge ofthe amount ofradioactivity
and decay heagiroduced bythese neutrons in thdifferent
components of the divertor cassette is essentigbrigper
safety and environmental analysis. Due to the geometrical
complexity of the divertor region, three-dimensional
analysesare required toaccount forthe effects of the
geometrical details othe neutron flux. 3-Dneutronics
calculationswere performedfor the divertor region to
determinethe nuclear parameters ithe divertor cassette.
The neutrorspectra inthe divertor zonesare used in the
activation calculations. The activation calculations are
performedfor two operationakcenarios to determine the

level of activity and decayheatgenerated inthe different
zones of the divertor.
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Fig. 1. Vertical cross section at middle of cassette model.
II. 3-D CALCULATIONAL MODEL

The continuous energyoupled neutron-gamma ray
Monte Carlocode MCNP-4A° hasbeenused inthe 3-D
neutron transport calculations. Thecleardata used is
based onthe FENDL-1 evaluatioh The detailed
geometrical configuration of the divertor cassette e
modeledfor 3-D neutronics calculations.  Theodel
represents a nine degree toroidal sector of ITER. Hence, it
includes one and a half cassetteswith the associated
nominal 1 cm gaps between adjacent cassettesmblel
includes in detailthe high heat flux plasmdacing
components, the vertical targets, theings with
associated plates, and the gas boxes, as well a=tiral
dome and cassette bodies. The 37.5 cm wi@kl7.5 cm
thick divertor pumping duct at the bottom edich cassette
is included inthe model. The rails upon which the
cassettes move toroidallgiuring maintenanceare also
included. Each divertor cassettetivre model wasdivided
into 103 regions to providdetailedspatial distribution of
the neutron flux. Théayeredconfigurations of thelome
PFC and vertical targets wereodeledaccuratelywith the
front tungsten layer modeled separately. This was



essential to properly account for self-shieldieffects of
the giantresonancdor W at 20 eV thaproducesls7W
which dominategdecayheat in the WPFC. Separate
regions are included inthe model to represent the
mechanical attachmen#hdcoolant pipe connections for
the dome, vertical targetgnd wings. Fig. 1 shows a
vertical cross section of the cassattedel at a toroidal
location at the center of the cassette throughptiraping
ducts. Compositions ofmaterial used inthe analysis
include all expected impuritiés

. ACTIVATION CALCULATION

A detailedactivation analysis iperformedusing the
latest version of the activatiorode DKR-PULSAR2.0.
The code combinethe 175-group neutron flugalculated
by the MCNP-4A code with the FENDL/A-2.0 and
FENDL/D-2.0 datalibraries to calculatethe activity and
decay heat generated the different zones of thedivertor.
Special attention was given to the top 1 cm tungsten layer
of the divertor dome. Aorrecttreatment of the tungsten
self-shielding problem was takemto account by
replacing the18€\N(n,y) cross section in the FENDL/A-2.0
library with the effective cross sectimalculatedfrom the
MCNP-4A calculations. Even though the neutoapture
cross sections of”W and ““W also have significant
resonances ithe thermalkenergy rangeresults presented
in this paper are focuseanly on correcting for the
"“W(ny) self-shielding effe@t That is due to the fact
that the daughters &fw and W aremostly shortlived
with minor impact on the totalecayheat generation in
the tungsten layer.

The level of activationinduced in the divertor is
dependent owmperation time as well as tlwrresponding
fluence. The choice of pulsing sequences, includingll
times, used in activation analysis is also ofreat
importance to safetyanalysis. Using adetailed and
accurate pulsing sequencerésgjuired toobtain anaccurate
picture of the possible safety hazard posed byrthdiated
structure of the divertor in the case of the accidental release
of some of itsradioactiveinventory. In addition, a
reliable estimate of the level of decay heat generated in the
divertor is needed toaccurately calculatehe expected
temperature rise afs structure during doss of Coolant
Accident (LOCA) and/or a Loss of Flow Accident
(LOFA). Thistemperaturgise would also influence the
level of possibleradioactive release during aevere
accident. To examine theffect of pulsing sequences on
the decay heat generation, the calculatieee performed
for the following two operational scenarios:

1. SAL: Thisscenario corresponds totatal machine
fluence of 0.3 MWa/f1 It has a long term availability
of 25% and a final month availability of 50%. Burn
pulse length of one hour producing 1500 MW of fusion
power is used in this scenario.

2. M5: Thisscenario corresponds totatal fluence of
0.1 MWa/mi. It has a long term availability of only
4% and alast month availability of 50%. A 1000
secondburn producing1500 MW of fusionpower is
used.

IV. ACTIVATION RESULTS

Activation and decay heaaluesare calculatedor 12
different timesfollowing shutdown, ranging froraero to
1000 years. The same calculational approacisésiwith
the two operationalscenarios previouslydiscussed.
Results are summarized heréor selectedzones with
materialscontained in eackonegiven between brackets.
These zones represemeas oflargest fluxand activation
in eachcomponent. Thealetailedresultsare given in a
separate ITER rep6rt

a. Dome PFC:
e Zone 1 (100% W)

This zone represents the top 1 cm tungsten PFC layer
of the divertor dome.*"W (T,=5.2 s) is thedominant
contributor to the activityinduced atshutdown forboth
operational scenarios. ThEW (T, = 23.9 h) is the
other major contributor to activity. During the first day
following shutdown, "W and *° Ty, = 75.1 d)
dominate the induced activitﬁ?.‘KW and"*W arethe major
contributors to activity one year following shutdown. At
10 yearsfollowing shutdown, Ta (Ty, = 665 d
generates more than 60% of the zone's acti\??tyo (T,
=5.27 y) is the other major contributor to activity at the
same time. Activitiesnducedfor times greaterthan 10
years are dominated tsfiAr (Tllzf 269 y), *Ni (T,,= 100
y), *Nb (T, = 10,000 y),and ‘C (T,,= 5730 y). All
tungstenradionuclides are generated by y)nand (n,2n)
reactions with natural tungsten included in the calculation.
All other contributors to activity following shutdown are
produced bynuclearinteractions with impuritiesncluded
in the tungsten:hemicalcomposition.17 a is produced
by thelgal'a(n,Zn) reaction, Co is produced bffCo(n,y)
reaction, Ar is mostly produced via the 39K(n,p)
pathway, ®Ni is mostly generated bythe 62Ni(n,y)
reaction,”'Nb is produced byhe 92Mo(n,d) pathway, and
“c s largely generated bythe 14N(n,y) reaction. The
chemicalcomposition of the tungsten allaysed inthis
analysis contains as impurities 10 wppeach of
tantalum, cobalt, potassium, niobiurand nitrogen. It



also contains 20 wppnand 100 wppm of nickel and
molybdenum, respectively.

Fig. 2 shows thalecayheatgenerated |rzone lasa
function of time following shutdown. Thé'w isotope
is even a larger contributor to tliecayheat than activity
generated following shutdown. producesabout 90% of
the decayheat up to 1dayfo||owrng shutdown Similar
to the induced activity, "W and **W dominate the
|nduced decayheat in theperiod between 1 weeénd 1
year. ®Co appears as nearthe soIe contrrbutor to the
decayheat at 10 yearaftershutdown Ag (T,,= 130
y) produced by Ag(n, ) andlogAg(n 2n) reactionswith
the silver impurities (5 wppm) in the tungsten alloy is the
major contributor to thelecayheatafter 100 years from
shutdown. At trmes greater than 100 years, the dbeay
is dominated by °Ar, *'c, and®Nb (T,, = 20,000 vy)
whrch is produced as aesult of the Nb(n,y) and

Mo(n p) reactions. The samauclides dominate the
activities and decayheatinduced atall times following
shutdown forboth operational scenarios. It ¢iear that
the resultsare nearly identical forshort term activity and

decay heat since the availability is the same during the last
month of operation in both operation scenarios. On the

other hand,the long term activityand decay heat
determined by the total fluence is lower alyout afactor
of 3 for the M5 scenario. The activignd decayheat
results for all the zones confirm this observation.
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Fig. 2. Decay heat induced in dome W PFC (zone 1).
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* Zone 2 (75% GlidCop Cu and 25%®)
This zone representthe heat sinklayer behind the
tungsten The:opperrsotopes ‘Cu (Ty, = 12.71 h),
*cu (Typ=9.74 m), and’Cu (Ty,= 5.1 m)dominate the

induced activity duringhe frrst hour followingshutdown
for both operational scenarios'Cu continues to be the
sole dominant isotope during the first few days. Trree
copper isotopes are produced by (ry) and (n,2n)
mteractrons with the two stable copper isotopeSu and

*Cu. In addrtron the Cu(n p) reaction results in the
production of°Ni which dominates thénducedactivity
for times greaterthan oneweek following shutdown,
regardless of the pulsing scenario.

The decayheatgenerated irzone 2 aftershutdown is
domrnated by the same 3 copper |sotope£§u *Cu, and
*cu, during the first few days. Decay hegenerated after
the first week is mostlyroduced bympuntres contained
in the GlidCop Cu alloy. Except fGiNi, the decayheat
for times greater than the firateek is dominated by Co
up to ten years and™ Ag (T,,=252d) up to a year. The
*Co and' "Ag |sotopesare£>roduced0§)y (ry) reactions
with the two stablenuclides™Co and’ Ag, respectively.
The temporal variation of activitgenerated bythe two
operational scenarios is shown in Fig. 3.
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Fig. 3. Activity induced in dome PFC heat sink (zone 2).

b. Dome Body:
» Zone 1 (85% GlidCop Cu and 15%®)

This zone represents the copper part of the doodyg
just behindthe domePFC. The activity and decayheat
are dominated by radioactiyoducts ofthe GlidCop Cu
alloy. Radioisotopes dominating the activiand decay
heat in zone 2 ofhe dome PFC are also, for the most
part, the major contributors to this zone.

* Zone 2 (75% 316 SS-LN and 25%3)



This zone representhe steel part of thdomebody
with highest flux exposure. Like most steel alloys, the
activity and decayheatare dominated mshort and mid-
terms by the twcmanganesesotopes Mn and >Mn.

F|g 4 shows the decay heat valgesmerated irthe zone.

*Mn (T, = 2.58 h) is the major contributor to the
activity and decayheat during the first few hours
following shutdown. On the othdnand, *Mn (Ty=
312.5 d) is the major contributor to the decay heat up to a
year. Other contributors to actlvrt;re ‘cr (Ty,=27.71
d) duringthe f|rst month,Fe (My,=27Yy) dunng the
first 10 years *Ni during the first 100 yearsand °Ni
(T,,= 80,000 y)for times more than 1000 years, The
mid-termandlong- termdecayheatare generated by Co
(T, = 70.8 d)and *co during the frrst year. Ni
dominated duringthe first 100 years. *Ni and “C
dominate at 1000 years from shutdown.

The ‘cr isotope is mostlproduced bythe Cr(n,y)
and Cr(n 2n) reactions’Fe is a product of theFe(ny)
and Fe(n 2n) reactrons WhiféNi is mainly produced by
the® N|(n,y) react|on °Ni could beproduced byeither of
the ° Nr(n y) or N|(n 2n) reactions. *Ni is also the
major contributor to theproduct|on of° Co Theother
contnbutor to theproduction of°Co is Co which also
produces °Co vra the (ny) pathway. The'c isotope is
produced by thé] N(n,p) reaction.
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Fig. 4. Decay heat induced in zone 2 of the dome body.

c. Wings:
» Zone 1 and Zone 2 (16% W, 79% Cu and 5%H
Zones 1 and 2epresenthe outerandinner wings of
the divertor, respectively. Activities and decay heat values
|n both zonesare dominated byhe sameradionuclides.
*cu and”*W dominate the activityand decayheatduring

the first day foIIowrng shutdown "W and**W dominate
during the first year. ®Co and®Ni dominate attimes
greater than a year. Except for the tungssemopes, all
other isotopes are the products of the GlidCop Cu alloy.

d. Outer Vertical Target:
e Zone 1 and Zone 2 (100% W)

Thesetwo zonesrepresenthe tungsten armor of the
outer vertical target. The tungsten at the top ofaier
vertical target (zone lexperiences ahigher level of
activation in comparison to the lower part of tHaeget
(zone 2). The nuclides dominating the actiatyd decay
heatareidentical tothose dominating the 1 cm tungsten
layer of the dome's PFC.

e Zone 3 (89% C, 4% GlidCop Cu and 7%Hi

The zone represents the armor of the lower section of
the outer vertical target. Carbon activimd decayheat
are considerablylow resulting in thecopperalloy being
the major source of activity and decay heat generated in the
zone. *Cu and ‘Cu dominate duringhe frrstweekafter
shutdown and ®Ni dominates at longetimes. 1o "Ag
dominates thelecayheat in theperiod betweerne week
and one year.

e. Inner Vertical Target:
e Zone 1 and Zone 2 (100% W)

The zonegepresenthe tungsten armor of thianer
vertical target. Dominantuclidesare similar to zones 1
and 2 ofthe outer vertical target. Another siamity is
apparent inthe fact that tungstenexperiences a higher
level of activationand decayheat in the upper section of
the inner vertical target (zone 1) than the lemgderienced
by the lower section (zone 2).

e Zone 3 (89% C, 4% GlidCop Cu, and 7%

This zone issimilar to zone 3 ofthe outervertical
target. The levels of activitgnd decayheatgenerated in
the inner vertical targedre lower than the levelinduced
in the outer vertical targatue to the fact that theinner
vertical target is exposed to a lower neutron flux than the
outer vertical target.

f. Cassette Body (80% 316 SS-LN and 20%@H

Activity and decayheat were calculatedfor the
different zones of the cassette bodylhis includes the
central body, the inner leg, and the outer leg. Againe
2 of the dome body, the activityand decayheat are
dominated bythe 316 SS-LN alloy. The activity and
decay heat are dominated the same isotopeseantioned
in the previous discussion @abne 2 ofthe dome body.
The levels of activity and decay heat generated irirther
leg are lower than the leveilsduced inthe outer leg due



to the fact that the inner leg is exposed to a lomertron
flux.

g. Rails:
e Zone 1 and Zone 2 (100% 316 SS-LN)

The zonesare made 0fl00% steeland hence, the
manganeseésotopesare the dominantsource of activity
and decay heat following shutdown. A detailed description
of dominant nuclides is provided in the discussiorzafe
2 of the dome body. The neutron flux in the railssésy
small due to the shielding provided by the divertor
cassette. As a result the activipd decayheat levels
generated irthe rails are extremelylow, particularly for
the outer rail (zone 1). Table I provides a summary of the
peak specificactivities and decayheatgenerated in key
critical components of théivertor cassette at shutdown
for the SA1 scenario.

Table I. Specific Activities and Decay Heat at Shutdown

Zone Specific Activity Decay heat
(Ci/m®) (MW/m®)
Dome PFC 1.58x10 0.37
Dome Body 4.33x1d 0.18
Outer Wings 7.89x10 3.52x10°
Inner Wings 7.70x16 3.38x10°
Outer Vertical 1.21x16 0.28
Target
Inner Vertical 7.29x10 0.19
Target

V. SUMMARY AND CONCLUSIONS

Three-dimensionalactivation analyses havéeen
performedfor the divertor region. A detailed3-D model
has beendevelopedfor the divertor region of the ITER
Detailed Design. To examine theffect of pulsing
sequences othe activity and decayheat generation, the
calculations have beerperformed for two different
operational scenarios. The firsscenario (SA1)
corresponds to anachinetotal fluence of0.3 MWa/nt
with a long term availability of 25%nd afinal month
availability of 50%. A burn pulse length of one hour has
beenused inthis scenario. Thesecondscenario (M5)
corresponds to total fluence of0.1 MWa/nf. The M5
scenario has a long term availability of only 4% and a last
month availability of 50%. A 100&econdburn pulse
length is used for the M5 scenario. The short term activity
and decayheat resultsare nearly identical since the
availability is the same during the last monthopkration
in both operation scenarios. On the othand,the long
term activity and decayheat determined bythe total
fluence are lower by about afactor of 3 forthe M5

scenario. Special attention hlasengiven to the top 1
cm tungsten layer of the divertor dome. Thdioactivity
generated in the tungsten layers of tlivertor aremostly
dominated by187W during the first day after shutdown.
Accurate calculation of the W inventory that takemto
accountthe self-shieldingeffect, also yielded accurate
results for other radioisotopegroduced by milti-step
reactions with*'W. The GlidCop copper and 316 SS-LN
parts of thedivertor also generated a consideraliéel of
activity and decay heat. Nevertheless, the anatysised
that the tungstePFC isclearly the mostcritical part of
the divertor from a decay heat generation point of view.
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