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The ARIES Tokamak Reactor Study

Progress Report for the period Dec. 1, 1990 to Nov. 30, 1991

The ARIES research program is a multi-institutional effort to develop several visions

of tokamak reactors with enhanced economic, safety, and environmental features [1]. The

aims are to determine the potential economics, safety, and environmental features of a

range of possible tokamak reactors, and to identify physics and technology areas with the

highest leverage for achieving the best tokamak reactor.

Four ARIES visions are currently planned for the ARIES program. The ARIES-I

design is a DT-burning reactor based on "modest" extrapolations from the present tokamak

physics database (e.g., 1st stability operation) and reties on either existing technology

or technology for which trends are already in place, often in programs outside fusion.

ARIES-II and ARIES-IV are DT-burning reactors which will employ potential advances

in physics (e.g., 2hd stability operation with _100% of plasma current driven by the

bootstrap effect). The ARIES-II and ARIES-IV designs employ the same plasma core but

have two distinct fusion power core designs; ARIES-II utilize the lithium as the coolant and

breeder and vanadium alloys as the structural material while ARIES-IV utilizes helium is

the coolant, solid tritium breeders, and SiC composite as the structural material. Lastly,

the ARIES-III is a conceptual D-aHe reactor.

During the period Dec. 1, 1990 to Nov. 31, 1991, most of the ARIES activity has been

directed toward completing the technical work for the ARIES-III design and documenting

the results and findings. We have also completed the documentation for the ARIES-I

design and presented the results in various meetings and conferences. During the last

quarter, we have initiated the scoping phase for ARIES-II and ARIES-IV designs.



q

1. The ARIES-I Research Act|v|ty

The firstARIES designtobe completedisARIES-I,a 1000MWe power reactor.The

ARIES-I researchactivitywas completedin1990.Duringthisperiodwe havefinalizedthe

documentationofthe ARIES-Iresearcheffortand findings[2,3].The resultsofARIES-I

researchactivitieswere alsopresentedin severalworkshopsand conferencesas invited

presentationsaslistedintheattachedlistofpublicationsand presentations[4-10].

2. The ARIES-III Research Activity

Most ofour activityduringthisperiodwas focusedon ARIES-IIIdesign•Technical

work forARIES-IIIiscompletedand theresultswerepresentedat14thIEEE meetingat

San Diego,CA (Oct.1991)[11-24].

The ARIES-IIIactivityisthefirstlarge-scaleinvestigationofthepotentialoftokamak

asan advance-fuel(D-3He)powerreactor.Therefore,an extensivescopingstudyofD-SHe

tokamak reactorswas firstperformedbeforethefinaldesigndirectionsfortheARIES-III

reactorwere chosen.We considereddiverseareassuchas: (1)physics(powerbalance)

requirementsforburningD-3He fuel,(2) MHD betalimitsinsecondstabilityregime,

(3)fuelingofa D-SHe reactor(productionand injectionofSHe pelletsaswellascompact

toriinjection),(4)choicesofcoolantand structuralmaterialforthefirstwalland shield,

and (5)advancedpower conversionschemes(includingdirectconversiontechniques).

The fusionreactivityforD-3He fuelisalmost2 ordersofmagnitudelowerthanthat

ofDT fuel.Therefore,toachievean adequatefusionpower density,PI o¢_SB4, thefiBs

parametershouldbe _>1000% Ts,atleast50 timeshigherthanthatofa DT reactor.In

addition,theburn temperature,T, forD-3He fuelisabout50 keV,higherthanthatofa

DT reactor.Therefore,a D-SHe reactorrequireshighplasmaft,highmagneticfield,and

highplasma temperature.SincehighB and highT resultina highlyradiativeplasma

(bothsynchrotronand bremsstrahlungradiations)thepower balancewindow fora D-SHe

tokamak reactorissmall.
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The synchrotronradiationlossesfromtheplasmadependon thefirstwallconductivity

and 'thole"fraction.As a result,a D-3He reactorrequiresa highlyconductivefirstwall

material(orcoating)inordertoreducethe synchrotronradiationtoan acceptablevalue;

materialchoicesareseverelylimited(W and Be forhightemperatureoperation,and Cu

forlow-temperatureapplication).

The fusionashaccumulatedintheplasmaalsoplaysa centralroleina D-SHe reactor.

The fractionoffusionashintheplasmadependson the parameterT_h/7"E,theratioof

ash-particleconfinementtimetotheenergyconfinementtimeinthecoreplasma.As the

rash/rEparameterincreases(thefractionoffusionash increases),the plasma radiation

increase.At thesame time,forafixedtotalplasma_,thefuelion13isreduced,decreasing

thefusionpower density.As a result,an increaseinther_sh/_'Eparameterwillresultin

thepowerbalancewindow toshrinkand finallydisappear.

Our analysesof a first-stabilityD-SHe reactorshowed thatpower balancecan be

achievedonlyforr_h/7"E_--1 (optimisticvalueofT_sh/rEinpresentexperimentsisabout

4).Furthermore,becausethesynchrotronradiationscalesasB sl2,theattractiveARIES-I

regimeoperationforfirst-stabilityDT reactors(highaspectratio,low current,highboot-

strap-currentfraction,and highfield)isinaccessible(i.e.,thereisan optimum in B re-

gardlessofthecostofmagnets).Becausethefusionpower densityislow,theplasma_ has

tobe highresultingina plasmaoperatingwithan aspectratioof_,3and a highcurrent

of.,.60MA. Our analysesshowedthateven assumingadvancedsynchrotroncurrentdrive

to supplementthebootstrapcurrentand assumingthe directconversionofsynchrotron

•radiationby solidstaterectennas(atefficiencyof80%) stillresultsina reactorwhichis

about 50°_more expensivethana second-stabilityversion.Therefore,thesecondstability

regimeofoperationwas chosenfortheARIES-IIIdesign.

Inordertoallowforlongera ashparticleconfinementtime_',_h/r__-2,theARIES-III

shouldoperateinsecondstabilityregimewitha highplasma13-'_20%. Presenttheoretical

analysesindicatethatthesehighvaluesof/3canbe achievedonlyifkinkstabilityrequire-

ments arerelaxed.Furthermore,thisregimeofoperationleadstoa largebootstrap-current
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overdrive and requires driving plasma current in both direction by the current-drive sys-

tem. Feedback stabilization of kink modes as well as precise profile control to ensure

ballooning stability are also required. The current drive system is based on high-energy

(3 to 6 MEV), negative-ion neutral beam injectors because of the need for precise control

of the current density profile and predicted relative high current-drive emciency. Most of

the fusion power is radiated in the form of bremsstrahlung and, therefore, almost ali of the

reactor thermal power is deposited on the first wall and removed by the first-wall coolant

circuit.

Because of the high heat flux on the first wall, the choice of coolant is somewhat

limited. Helium suffers from poor heat transfer capability. Water-cooled systems lead to

inefficient power cycles and result in an expensive reactor. The draw-back for the liquid-

metal coolants are activation and MHD effects. Organic coolant appears to be a good

choice for the D-SHe systems because of high thermal efficiency and good heat transfer

capabilities resulting in relatively low-pressure coolant circuit. Organic coolants can be

used in a D-SHe system (as opposed to a DT reactor) because the reduced neutron yield of

D-3He cycle reduces the radiolytic decomposition rate of organic coolant to an acceptable

level.

The first wall material and the shield is made of low-activation ferritic steel (HT-9)

because it produces the thinnest shield and qualifies as shallow-land burial waste. First

wall is coated with 1.45 mm of Be with a thin (0.1 mm) tungsten interface between Be

and HT-9. An steam cycle with a thermal conversion efficiency of _44% is utilized. As

a whole, the ARIES-III research indicate that the physics of D-SHe tokamak reactors are

very demanding. But, if physics parameters can be achieved, the engineering features are

attractive (with the exception of the in-vessel components which are subjected to high

particle and heat fluxes).

The safety and environmental features of the ARIES-III designs are attractive, the

first wall and shield can operate for the life of the plant. After 30 full power years of

operation, the shield qualifies as Class-A waste after a cool down period. Activation of
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the coolant is negligible-but disposal of the decomposed coolant is an issue (burning the

decomposed coolant is suggested as the option). The ARIES-III design is at least passively

safe and may qualify as inherently safe as defined by ESECOM.

3. The ARIES-II and ARIES-IV Research Activity

During the last three months of this period, we have initiated the scoping phase of

the ARIES-II and ARIES-IV designs. Both designs operate with the same fusion core but

utilize two distinct first wall, blanket, and shield combination. The ARIES-II design uses

liquid lithium as the coolant and breeder and vanadium alloys as the structural material.

The ARIES-IV utilizes helium as the coolant, solid tritium breeders, and SiC composites

as the structural material.

The aim of ARIES-II/IV activity is to examine reasonably-consistent advances in

physics to improve the economics of the reactor and also to reduce the required extrapo-

lation in technology as compared to the ARIES-I designs. The major component costs of

the ARIES-I fusion power core are the current-drive system (cost and recirculating power)

and the magnet system. The ARIES-II/IV designs operate in the second-stability regime

but aim at plasma operation such that almost all of the plasma current is provided by the

bootstrap effect. This regime of operation leads to plasmas _ith moderate _ (but higher

than that of ARIES-I). As a result, substantial savings both in current drive and magnet

costs can be made.

The ARIES-II/IV activity is planned to be completed by' late spring 1992.
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This report was prepared as an account of work sponsored by an agency of the United States
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employees, makes any warranty, express or implied, or assumes any legal liability or responsi-

bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or

process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views
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