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ABSTRACT

Activation and safety analyses were perfairfa the
ARIES-ST design The ARIES-ST powe plart includes
a water cooled copper centgod ard usesa SiC/LiPb
blanket The first wall and shied are madeof low
activation ferritic stele ard cooled with helium  The
cente post, fird wall, inboard shiedl ard blankea were
assumedo survive for2.6 ful power yeardFPY). On
the othe hand the outboard shieldard vacuum vessel
were assumedtb stay n place for40 FPY. Neutron
transmutation ofcopper resultedn the production of
severdnickel, cobal andzinc isotopes The production
of the® isotopes resultedan increaseof the time-space

loadings & 3 and 5MW/m’ for the inboad and outboard
sides, respectively The high neutron wall loadings are

the limiting factors for the lifetime of tke different
components of # power plant The cent& post first
wall, inboard shieldard blanketwere assumetb survive

for 2.6 FPY. The outboard shield and vacuum vessel were
assumedd stay in place for40 FPY dueto the fact that
they will be exposed to a lower neutron environment.

A major goal of the ARIES-$ design has been
achieving the highest level of safety while maintainiits
economic attractivenessTaking this into accountthe
design aimed at achieving the following goals:

average resistivity of the center post by about 6% after 2.6 1. Minimizing the increase in the center post resistivity.

FPY. All of the plah components ntethe limits for
disposal as Class Cviolevd wase (LLW). The off-site

doses produced at the onset of an accident are caused by the

mobilization d the radioactie inventory present irthe

plant Analysis of a Los of Coolan Accident (LOCA)
indicated that tre first wall and shield woutl reach a
maximum temperatureof less tha 700°C during the
accident. The calculated temperature prefiad available
oxidation-driven volatility experimenthdata were usetb

calculae the doseat the sie boundary undeconservative
releag conditions The current design producesn

effective whole body earlydoseof 1.77 m% at the site

boundary.

. INTRODUCTION

This pape repors work in progres in which a
detailed activation and safety analysewere performd for
the latest desiglrof the ARIES-ST poweplant ARIES-
ST is a low-aspect-rat spherich tokam& power plant
which is ore of severafusion powe plant designs being
assesgk within the ARIES project The ARIES-ST
powe plart produces al000 MW of net electric power
andis assumedo operate fod0 full power years The
plart includes awater cooled DS GlidCop Al15 copper
center pos(CP) ard usesa SiC/LiPb blanket The first
wall ard shied are madeof low activation ferritic steel
(9Cr-2WVTg ard cooled with helium Activation
analysis wa performel assumig averag neutron wall

2. Disposal of the plant structure as low level waste.
3. Significanty reducirg the off-sie doses during
Design Basis Accidents (DBA).

In this paper, its shown that the first god could be
achievedby adequat shielding & the cente post The
other goad could be achievedby using lav activation
materials inthe first wall ard shield d the plant The
9Cr-2WVTa ferritic stekewas selected because produces
a low level of long-term radioactivity and acceptable levels
of short and intermediate-tarradioactivity The disposal
of the structueg as low levd wask is dependenton
producirg low levek of long-tem radioactivity On the
other hand, off-site doses dugian accident are dominated
by nuclides with shot ard intermediag lifetimes. In
addition, nuclides with intermediate lifetimes are the major
contributors ® the decy hea ard hence, tb temporal
variation of the structure temperature during an accident.

II. CALCULATIONAL PROCEDURE

The neutron flu usel for the activation calculations
was generatedoy the one-dimensiotadiscrete ordinates
neutron transportoce ONEDANT? The plart structure
calculatiors usal toroidal cylindrical geometrymodels
with the inboad ard outboard sides modeled
simultaneously. The average neutron wall loadings on the
inboad ard outboard sidesare 3 arl 5 MW/m’
respectively. The activation analysis was perfarmsing



the latest version of the activatiorcode DKR-
PULSAR2.0° The codecombinedthe neutron flux with

the FENDL/A-Z.OdataIibrary4 to calculatethe activity

and decayheat generated inthe different regions of the
plant. The plant was assumed to operate continuously for
40 FPY. The centerpost, first wall, inboard shield and
blanket were assumed tsurvive for 2.6 FPY. The
outboard shielcindvacuum vesselere assumed tstay

in place for 40 FPY. The structure activation resukse
utilized in a radwaste classification. The decay heat results
were used in &oss of CoolantAccidentanalysisS. The
structureand the Li .Ph,, breederactivation resultsvere
used in the off-site dose calculations following the LOCA.
The materials used in the different regions of the plant are
presented in Table I.

Table |. Materials Used in the Analysis

Center Post 85% Cu, 15% water

Inboard Shield 809%teel, 20% He

Inboard First Wall 40% steel, 60% He

Outboard First Wall 40% steel, 60% He

Outboard Blanket 69%teel, 6% He,

12% SiC, 76% LiPhss

He Manifold 30%steel, 70% He

Outboard Low
Temperature Shield

15% steel, 25% borated
steel, 60% water

[ll. CHANGE IN CENTER POST RESISTIVITY

Interactions betweeinigh energy neutronsand the
copper CP lead to the production of several nickel, cobalt,
andzinc isotopes as transmutation product8roduction
of these isotopefeads to an increase ite centerpost
electrical resistivity. The&enterpost resistivityincreases
linearly with the increase in time of operation. Increase in
the center post resistivity would lead to iaorease in the
recirculating powerand lower net efficiency. The

following are the most important reactions:
+,62, +, 64,

-%cu (n,ZnSZCu(B) Ni, “Cu (n,2nS4Cu(B) Ni,
and®cu (ny)*'cu@)H*Ni

-%cu (ny)*cu@)*'zn, *cu (n,2nf'cu@)*zn,
and”Cu (ny)*cu@)*’zn

-%cu (ny)MCu(n,afOCo, and”Cu (n,ZnSACu(n,y)GOCo

Figure 1 shows theradial distribution of the
percentage increase ithe center post resistivity. As
shown in the figure, the outermost 30 cm of the 80 cm-
thick center post exhibits the bulk of transmutation. This
is due to the fact that the change in the copper
transmutation is mostlgue tothe production of theNi
isotope. Asalreadyshown,“Ni is mostly produced via

high energy threshold reactions. Télectric currenwill
redistribute within the center post to avoid the region with
high resistivity. Thespace-timeaverage increase in
resistivity over the entire center post is about 6% which is
considered as a tolerable value.
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Fig. 1. Radial distribution of the percentage increase in
the center post resistivity.

IV. RADWASTE CLASSIFICATION

The radwaste of the different regions of tiiant were
evaluated according tboth the NRC10CFR61{ and

Fettef waste disposal concentratibmits (WDL). The
10CFR61 regulations assume that the waste disposal site
will remain under administrative control for 10Q/ears.

The dose at the site to an inadvertent intruder at the end of
the 100year period islimited to less than 5 mSv/year.
The waste disposal rating (WDR) is defined asdhm of

the ratio of the concentration of a particular isotope to the
maximum allowed concentration ofhat isotope taken
over all isotopes and for the particular class. If the WDR
is < 1 when Class C WDlareused, the waste iermed
Class Cintruderwaste. It must bgackaged and buried
such that it will not pose #&azard to aninadvertent
intruder afterthe 100year institutional controlperiod is
over. Class Cwaste is assumed to ksable for 500
years. Using Class C limits, a WDR > 1 implies that the
radwaste doesot qualify for shallowland burial. Fetter
developed a modified version tife NRC'sintruder model

to calculate waste disposhimits for a wider range of
long-lived radionuclideshan thefew that currently exist

in the current 10CFR61 regulations.

Specific activities calculated by the DKR-
PULSAR2.0 code were used tocalculate the waste
disposal ratings. The waste disposal ratings for the



10CFR61 and Fetter limits are shown in Tableanid III.
Results in the tableare given for compactedwastes.
Compacted waste correspondsctashing the solidvaste
beforedisposalandthus disallowing artificial dilution of
activity. The Class C WDR valuegere calculated after a
one year cooling period. As shown in Tableaécording
to the 10CFRG61limits, the center post WDR is
dominated byGSNi, which is producedvia the “cu (n,p)
reaction. Since thiseaction is ahigh energy threshold
reaction, the amount GiNi generated in the Could be
reduced further by providing extra shieldingttwe inboard
side. On the othehand,*Nb, producedfrom the 0.5
wppm niobium impurities in the 9Cr-2WVTa steel, is the
dominant source of waste hazard. gkown in Tabldll,
108mAg producedfrom the 20 wppm silver impurities
contained in the GlidCop AllBopperalloy, is themajor
waste hazard inthe CP according toFetterlimits. In
addition to”’Nb, “**"Ir is the other wastbazardassociated
with ferritic steel. These resultsshow that thewaste
classification of the CP igontrolled byits 10CFR61
WDR as it is entirelydue to direct transmutation of
copper rathethan impuritiesincluded inthe Cu alloy.
All other WDR could belimited by controlling thdevel
of impurities in thecopperandsteel alloysregardless of
the waste disposal limits used.

Table II. WDR Using 10CFR61 Limits

Zone FPY WDR Dominant
Nuclides
cP 2.86 0.83 “Ni
i/b Shield | 2.86 0.097 *Nb
ilb FW 2.86 0.1 “Nb
o/b FW 2.86 0.1 *Nb
o/b Blanket | 2.86 0.011 “Nb
o/b Manifold| 2.86 1.4x10 *Nb
o/b Shield | 40 1.3x19 “Nb

Table Ill. WDR Using Fetter Limits

Zone FPY WDR Dominant
Nuclides

cP 2.86 0.44 %"Ag

i/b Shield | 2.86 0.44 2N %Nb
il FW 2.86 0.29 2 *Nb
o/b FW 2.86 0.28 2N %N
o/b Blanket | 2.86 0.025 2 *Nb
o/b Manifold| 2.86 7.2x10 1920y

o/b Shield | 40 0.03 192y

V. HAZARD ASSESSMENT

A strong emphasis was given to the environmental and
safety issues in the ARIES-ST design. Low activation
ferritic steel (9Cr-2WVTa) was used inthe first wall and
shield to avoid generatinghigh levels of induced
radioactivity. Similarly, the use of LiPb as #&reeder
eliminates the hazard posed by the energy producing
chemical reactions usually associated with the usithofim
and hence reducesthe risk of mobilizing theradioactive
inventory present in thelant. Toevaluatethe possible
radiologicalhazard tothe public, a two stempproach was

used in calculating the possible off-site dose. The first step

in the approach isthe identification of the sources and
locations of theradioactiveinventories inside theplant.
However, sincethe existence ofadioactivity does not in
itself represent a safethazard, the secondstep in the
approachwas to consider apessimistic butrather credible
accident scenario for mobilizing and releasing rdmtioactive
inventory. The methodologysed inthis safety analysis
depends orthe probability ofaccidentinitiating scenarios.
The analysis assumed a tolaés of coolantaiccident as the
worst case credible accidenThis LOCA is alsoconsidered
as a desigrbasis accident whereheat from allin-vessel
components igransported tathe massivecopperbusbarss.
Such anaccident is expected toave aprobability of about
one in a million years.

A. Structure Hazard

During a LOCA, alarge increase inthe structure
temperature could lead to the mobilizatiamd partial release
of the radioactiveinventory. In calculating theelease
fraction, only releasecaused byoxidation-driven volatility
was considered. Analyses of other pathways likeorrosion
productsandtokamak dustrestill in progress. Thelecay
heat generated during the fidsy following a LOCA would
on average increagbe structure teperature by < 70C.
Under these conditions, the full mobilization of tsteucture
radioactive products is impossible. The highestperature
the structurevould reach determinethe releasefraction of
its radioactiveproducts. NMbst of structure radioactivity is
generated ints steel component Off-site dosecalculations
were performedusing ferritic steel experimentabolatility
rates’ HT-9 volatility rates at 70 in dry airwere used in
this analysis. To estimat®nservative releasiactions, a
24-hour LOCA was assumed. One hoeleaserateswere

used for the full 24 hours to account for any possible loss of

iron oxide protection.
B. Breeder Hazard

The two sources of radiological hazard in a LiPb blanket
are tritium and the activatioproducts ofLiPb. The steady



state tritium inventory in LiPb is kept very low, in thedler
of 10 g, by its continuougemoval duringthe plant
operation. The activatioproducts ofmajor radlolog|cal
hazard in a_|Pb blanketarethe two |sotopes Hg (Typ =
46.61 d)and “Po (T,, = 138.38d). Both * Hg (y andp
emitter) and'Po @ emitter),arehighly volatile materlals
203Hg produces digh prompt bonanarrow doseand **Po
results |n h|gh values of prompearly aswell as chronic
doses. **°Po is producedvia nuclear transmutation of
bismuth and is considered as the main sdfagard inLiPb
blankets. Bismuth is a major impurity obmmerciallead
and is also produced as dransmutationproduct of Pb.
Commercial Pb contains 500-1500 wppm of a@Bid high-
purity Pb contains less than 10 wppm of Bi. The LiRbd

in this analysis contains 43 wppm of Bi impurities. It is
desirable to keefhe Bi impurity inlead below 10 wppm.
The amount of Pgeneratedcan be controlled byimiting
the Bi impurities initially present in Pb as well as the on-
line continual removal of Bi atomsroduced byneutron-lead
reactions. Fortunately, Pevaporatesnto the form of an
intermetallic compoundbPo, whose evaporation rates are
very small because ofthe low vapor pressure ofthis
polonide’ Similarly, Hg evaporatesnto the form of an
intermetallic compound.iHg, whose evaporation rates are
orders of magnitude lowahan Hg. It isestimatedthat Po
retention in a LiPh, melt is in therange of96.4% to
99.2%™ In addition,under accidentadpill conditions, the
dilution of Po is such that andy radiation will beshielded
by the large amount of lead atoms surrounding Po atoms.

A major advantage of using LiPb as a blanket is its low
chemical reactivity. During an accident, a leaknaterinto
the LiPb region will result in ahemical reactiorbetween
water and the Li in the molten LiPb. Theaction potential
is much smaller than awater/liquid Li reaction. A
LiPb/water reaction tends to lself-limiting due tothe fact
that theliquid metal isformed by 83% Phlwhich does not
react with water and which after initial depletionlaf tends
to shield the remaining amount of alloy froffiarther
interaction with watet. In addition, solidproducts LjO and
LiOH areproduced angbrovide shielding for the remaining
liquid metal from the rest of the water. The LiPb/water
reaction is an exothermic reaction whielads to an increase
in temperature orthe order of 200-400C. A complete
reaction between wateand LiPb would lead to the
production of55.6 mole of H per kg of water. However,
because the Li oxidation is tls®urce of H production, no
oxygen is present and therefore explosion cannot dtcur.

C. Off-Site Dose Calculations
The radioactive inventory calculated by the DKR-

PULSARZ Ocodewas used as arnput to the MACCS2
codé’ to calculate effectivewhole body off-site dose

inventory (dose caused byl00% release of radioactivity)
under worst release conditions. These conditionsgaoend
release, atmospherstability class F, 1 km sitboundary

and 1 m/s wind speed. Doses calculated are produced through
all of the following pathways:

- Inhalation of radionuclides during plume passage.
- Inhalation of resuspended radionuclides.

- External exposure to the plume.

- External exposure from ground deposition.

- Cloudshine or groundshine.

- Ingestion of contaminated food.

Table IV. Early Doses Released during a DBA

Zone Inventory | Released Dominant
(Sv) (mSv) Nuclides
CP 2,668 ¥cu
i/b Shield | 4,175 0.17 *Co, **Mn,
56,
Mn
ilo FW 306 0.02 *Mn, *°Mn,
60
Co
O/b FW 5,000 0.2 *Mn, *°Mn,
60
Co
Blanket 2,257 1.38 %o, Hg,
54
Mn
Manifold 167 0.004 ®Co
o/b Shield | 53 0.0008 *Co
Total 14,626 1.77 %0, Hg,
54Mn

The off-site doses were calculated bgombining the
total off-sitedoseinventory with theferritic steelvolatility
data under the LOCA conditiadiscussedpreviously. Since
no volatility data areavailable forLiPb, ver%/ conservatlve
releaserateswere adoptedor the release of H, Hg and

Po 100% of théH, 30% of the™ Hg and 10% of the

o were assumed tmobilize during an accident. Air
ingress into the coolamhannelresults in the volatilization
of in-vessel materials as previouslgiscussed. Once
airborne, these particlesould be transported tthe site
boundary. Assuming that the vacuum vessehd the
containmentwould stay intactduring accidentsthey would
be expected tact asreleasebarriers. For a vacuunvessel
leak rate of 1% per day, @ntainmentactor of 99%could
be considered. Considering the vacuumand containment
boundaries aswo independent barriers Ieads to an overall
radioactivity containment factor &9. 99%.° As shown in
Table 1V, thecurrent design produces an effective whole
body early dose of 1.77 mSv at the site boundary.



VI. SUMMARY

Detailed activation and safety analyses were
performedfor the ARIES-ST spherical tokamgbower
plant. ARIES-STincludes a water cooled coppegnter
post and uses 8iC/LiPb blanket. The plant isassumed

to operate for 40 fulpower years. Theenterpost, first
wall, inboard shieldand blanketwere assumed teurvive

for 2.6 FPY. The outboard shield and vacuum vessel were
assumed to stay in place for B®Y. Neutronirradiation
resulted in the increase of the center post copper resistivity
due to the production ofneutron-inducedtransmutation.
Neutron transmutation of copper resulted in the production
of several nickel, cobalt and zinc isotopes. The
production of these isotopessulted in an increase of the
time-spaceaverageresistivity of the center post by as
much as 6%after2.6 FPY. Waste disposdimits were
calculatedfor the different plant components using the
NRC 10CFR61andFetter waste disposémits. All of

the plant components met the limits for disposaChess

C low level waste. Analysis of a Loss of Coolant
Accident indicatedthat the structurewould reach a
maximum temperature ofless than 700 during the
accident. The calculated temperature profied available
oxidation-drivenvolatility experimentadata were used to
calculate doses athe site boundary underconservative
release conditions. The vacuum vessednd the
containmentwere assumed tetay intactduring accidents
and hence act as release barriers. A leak rate of 1% per day
and acontainmentfactor of 99% were considered. The
current design produces an effective whole body almbe

of 1.77 mSv at the site boundary.
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