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1 INTRODUCTION c) a number of secondary targets made of highly
enriched #%. The neutron multiplication
Most of the nuclear reactorssed today for obtained in such aystemcan be shaped by the
radioisotope production (mainly®®Mo for nuclear amount of secondary targets, but will ultimately
medicine), researcAnd industriabpplications, are due, remain far from criticality.

in the next yearsfor a major refurbishment or for If necessary, to allow for different applications with

decommissioning. Thiproblemhas prompted eenewed Very different source designs, or for backup reasons for

interest on alternative neutron production methods. ~ €xample, moré¢hanone neutron souraean beconnected
In particular, the neetbr reliable sources dfMo is  to the same accelerator.

becoming mor@ndmore urgent. The importance of the Due to the inherent limitation of the maximum

production of®Mo is related to the world consumption ofamount of uranium put into thisystem,its behavior is

99M0/99”TC generators. The a\/a||ab|||ty of Tc genera‘[orglon-critica'. Theconcept of Sub-criticality indicates the

is crucial: Technetium 99-m is, by a large extent, theompletely differentnature of thissystem compared to

most widely used radioisotope in nuclear medicine. ~ reactors. Theuse of a cyclotron as a driver akitows
Most of the®Mo used in nuclear medicine is obtainedhe quasi-instantaneous shut-down of thgstem if

as a fission product 6f°U, in a verysmall number of hecessaryThe combination of sub-criticality, externally

research reactors which are getting quite old. As dhiven neutron sourcend thedesign of thesystem itself

attractive, competitive alternative to nuclear reactors, ttidakes ADONIS inherently safe.

authors recently proposed [1] a subcriticeyclotron-

based spallation neutron source, with neutron 2.1 The cyclotron

multiplication by fission. The present paper presents

some recent advances ihe design of thisystem, The proposed 150 MeV, 2nA, H cyclotron takes
together with the design corresponding to the optimaldvantage of the experience of 1Beam Applications
configuration for’®Mo production. which has built mor¢han 15lower energy (30 MeV), H
cyclotrons for radioisotope production. IBA also proposes
2 ADONIS : AN ALTERNATIVE TO today high intensity versions of these cyclotrons, with
NUCLEAR REACTORS final extracted currents up to motkan 2mA. A key

component of these versions ishagher brightness H
Jnulticusp ion sourcedeveloped for IBA by AEA
Technology inCulham(GB) [2]. The proposed cyclotron
will use such an improved multicusp ion source, able to

The proposed ADONIS-system (Accelerator Drive
Optimized Nuclear IrradiatiorBystem) is designed for
the production of fissioA"Mo, among other applications.

It is based on [1] and includes the following elements; Produce 25 mA of H _
1) a H cyclotron, able to accelerate 2 mA of beam at Experimental resultand calculations were presented

150 MeV with low acceleration losseand almost Previously([3], showingthat thespace chargéimit for

100% extraction efficiency: current designs of Hcyclotrons was betweendnd 10
2) a beam transporsystem, transporting the proton m_A of beamcurrent. These resulshow alsothat very

beam without losses to a neutron source; high beam loading othe cyclotron RF system - up to
3) a neutron source including: 80% - is possibleThe results of anothéBA accelerator,

a) a primary beam target, whetiee protorbeam Fhe Rhodotr0n0[4}showthat_mainline to RFefficiencies
strikes a molten Pb-Barget, producing spallation " €XCess 070% can bechieved at 200 kW Rpower

(mostly evaporation) neutrons; and 107 MHz.
b) a water moderator surrounding the primary target;



The totalpower efficiency osuch a 150 MeV, 2 mA All the above components ardocated in amain
H™ cyclotron could thereforgeach 50%, i.e. a total irradiationpool, for moderatiorand shieldingourposes.
electrical power of only 600 kW for 300 kW bkam Adjacent to theamain pool is anannexpool (see fig. 1)
power. allowing the remotehandling of new and irradiated

The problem of the electromagnetic dissociation of Hargets andused also as an intermediate storggel.

imposesthe use of lower magnetic fields higher The manipulation and transfer of the uranium targets is
energies. For a 150 MeV cyclotraihe maximunsector realized by using a combinagistem of teleoperation and
field would bel.1 T, and theaverage field .6 T at the guiding tubes.
center. Thisvould result in a poleadius of 2.75 m, and
an external diameter of 8 m for the accelerator.

150 MeV
Proton Beam

2.2 The production of the primary neutrons

The 150 MeV, 300kW protorbeam is used to
produce spallation neutrons in a moltn-Bitarget(see
next paragraph).

A first estimation of the number of neutrons pe
incident protonwas obtainedhrough interpolations
using available ([5], [6] and [7]).

This first estimatiorwas confirmed by more detailed

calculations of the neutron production from the spallatio
- Uranium Pb-Bi

reactionand the neutron transport using toenputer Targets Circulating Target
codes HETCand DORT. The calculationsre described e Gohng
in detail elsewhere [8]. As a result of these calculation_, s i
the total primary neutroryield is estimated to be 0.8 Fig. 1. Schematics of the sub-critical facility

neutrons per incident proton at 150 MeV.
Among the advantages of tipegoposed assembly, let

2 3 The neutron source us note thabsence of aantrancenindow forthe proton
beam, the uncoupling of the primary spallation target
circuit and the uranium targetrcuit and surrounding
feeding zoneand thesimple one-circuit operation for
Pb-Bi serving bothheat-transport needsnd spallation
target needs.

The proposed targetassembly is schematically
illustrated in fig. 1. A flowing liquid lead-bismuth
eutectic alloy is currently proposed #se spallation
target material. Thélowing targetallows the heat to be

transported througltonvection ofthe target material
itself. Theproposed primary target is vertical with the 3 OPTIMIZATION OF THE SYSTEM

liquid lead-bismuth flowing out of a ring-type nozzle into FOR **Mo PRODUCTION
an open channeHerethe fluid interacts with the proton
beamand is indirect contact with the vacuum. Tfew In view of this important application, the design of

exits thebottom ofthe target region, and mped such a sub-critical facility was optimized fdfMo
through a heat exchanger, and then retivack to the production. To obtain the maximum fission rate in the
target. A drain tank (not ofig. 1) is used to hold the ***U targets - andherefore the maximum multiplication
solid and liquidalloy during start-up or shut-down: the factor, these targets have to be placed in a position where
liguid can therefore be pre-heatadd cooled down in a the thermalfflux resulting from theslowing-down of the
controlledmanner Electro-magnetic pumps were choserenergetic spallation neutrons is maximum. Another
to deliver theforced circulation inthe Pb-Bi circuit. The parameter of importance is the amount of uranium
primary target will be surrounded @l directions by a targets that can bplaced inthat position, in order to
water moderator, in order to thermalize the primargnaximize the totai®™o production rate, but limiting the
spallation andsecondary fission neutronsthe **U  shadowingeffects betweerthem. In fact, theproposed
secondary targetmre planar anglaced around the ADONIS system results into a high operational
spallation source in a separate circuit. They arféexibility. Onecan load independently different amounts
positioned in three concentric zones as illustrated in figf >**U targets in the three irradiation zones, stict
1. The optimal configuratiomay vary in function of the one can maximize either the toté4lo production or the
application and hasbeen calculated with neutronic specific activities. Any production scheme in between is
calculationcodes forthe case ofthe production of®Mo  of course possible.
(see next paragraph). The neutron transport, thermalisation and
multiplication in this assembly were simulatedsing



numerical neutron transpontodes at SCK-CEN. In 4 CONCLUSION

particular, theDORT S, [9] neutron transportode was

used, associated tthe MOL-BR2-40GR library, to Compared to nuclear reactors, the ADONIBtem is
calculate the multiplication factor of the RINIS system ynquestionably safe. Other advantages are the modularity
as well aghe thermaflux distribution in the watepool  of the system and its flexibility in operation. As far as the
surrounding the spallation source, in the presence of thyduction of**Mo is concerned, one sudystem can
secondary targets onot. These calculationsvere sypply more than 50 % of the world demand. Investment,
Completed inthe fixed source mode with multiplication Operationa| costs, inc|uding personneL operatid[]a|
allowed in the fissile zones. A cylindrical geometry and waste, and final dismantlingosts, would be
modeling was used to descriithe Pb-Bi spallation sjgnificantly lower also. The existingfission-
source, the structural externdbuble wall (Stainless m0|ybdenum processing techno|ogies could be used
Steel), thewvater-pooland the three rings ét°u targets. further on without change.

By using different loading schemes, one can obtain an

extended set of attainable flux distributions. One of them REFERENCES

is shown in fig.2. The presencetafo-side wings is due
to the effect of the thermalisation and thieflection of
fast neutrons createduring thefission process in the
2% plates. Typicalthermal neutronfluxes at targets
location are around 6.10n/s.cm2.
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