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Abstract

To ensure the radioisotopes production for the nadipplications constitutes a strong stake for
our present societies. To guarantee the adaptddrimeptation and the operability of facilities
allowing producing continuous and sufficient quaesi at the international level require the
anticipated and precise definition of experimeirtaldiations systems regarding to the medical needs

In this context, the Jules Horowitz Reactor (JHR)ich is in the construction phase at the CEA
Cadarache (South-east of France) aims at offeririghportant capacity of radioisotopes production
for the medical issues (25 up to 50% of the Eurnpeseds).

This facility, which is a 100MWth MTR type (Mateti@iesting Reactor) is devoted to carry out
fuels and materials irradiations in order to suppoe actual and future Nuclear power plant program
It has also been designed to produce MOLY (Mo-9pgtand other radioisotopes for the medical
sector.

The studies of JHR MOLY devices are performed thhocollaboration between the CEA and
NRG institutes. A preliminary study of the JHR MOlc¥cuit has been performed using the feedback
from the OSIRIS reactor located in Saclay in Fraawee from the HFR reactor located in Petten in the
Netherlands. These two reactors assure a signifgzanof the MOLY production in Europe.

NRG, which operates the HFR reactor has a sigmifieaperience in the field of technology
interesting and applicable for JHR issue (as cgaystems, irradiation facilities,...).

After a short description of the characteristicshaf Jules Horowitz reactor, this paper describes
the experience available on the design of irragiatircuits of MOLY type.

In the studies, different concepts of circuits analyzed taking into account various criteria
(operation, availability, flexibility, safety,...).hlese analyses conclude to a reference architecture
proposal of MOLY production systems in the JHRIfgcenvironment. This architecture will be
presented.

The following stage of these studies will corregphan2010 to the conceptual design studies of
the MOLY circuit and devices for the JHR facility.
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1. Introduction:

The production of Molybdenum 99 (Mo-99) radioiqmés is important for public health. The
Mo-99, which results from U-235 fission allows foliing radioactive decay (66h,Iperiod) the
production of Technetium-99m (6h dperiod), which is essential for diagnostis nuclaadicine.

The current number of medical procedures worldvifide use Tc-99m is approximately 30 millions
per year, of which 7 millions are in Europe.

At the European level, the production is primafiym the HFR reactor - NRG Petten,
45MWth (the Netherlands, 73% of European produdti?]), the BR2 - SCK-CEN Mol, 100MWth
(Belgium, 15% EP) and OSIRIS - CEA Sacl@@MWth (France, 12% EP). In Canada, the NRU
reactor of AECL of 135MWth is a major world produck Australia, the OPAL reactor of ANSTO
(20MWth, started into service in 2006) and in Soiftica at Pelindaba, the SAFARI-1 reactor of
NECSA (20MWth) both also produce Mo-99.

The current status is that most of the Mo-99 prodyceactors are old (the majority started
operation service in the sixties) and will soorctethe end of their operational lifetime. They viaé
taken out of operation in the coming few years a@ed to be replaced by new facilities in order to
assure the continuity of radioisotope productiothinext decades.

Within Europe, various projects have been stadegplace the existing facilities:

In Netherlands, the Pallas Project in Petten véltdna high level of production of
radioisotopes.

From 2014 in France, the Jules Horowitz ReactoR)JH], which is currently under
construction, will allow the production of Mo-99@will take the place of the OSIRIS reactdrnich
will be stopped at that time.

The Molybdenun®9 production objective for the JHR reactor is ¢oable to guarantee 25%
of the European base needs, with the possibilitpdease the production up to 50% European needs
if necessary.

Other new Mo0-99 productioprojects are being studied, for example the FRigiictor in
Munich (Germany) [2].

The aim of this paper is to present the state eirtkiestigation and planning carried out so far
for the Mo-99 production facilities of the Julesrdwitz reactor.

This work was started in 2009 in cooperation witkam from NRG in Petten (HFR reactor)
and CEA in Saclay (OSIRIS reactor).

The purpose of this work is propose a referenceit@ature for the so-called MOLY circuits
for JHR.

2. The JHR facility:

The Jules Horowitz Reactor (JHR) is a Material ihgsReactor (MTR). Its maximum thermal
power is planned at 100MW and its design allowergd experimental capability (up to 25
experiments at the same time).

The neutron characteristics will make it posstbl@erform irradiations in the core which will
provide high damage rates (up to 15dpal/year) irenzds samples, while also carrying out in the
reflector zonérradiations on fuel rods (cooking type, power rategts, etc) up to 500W.chThe
primary circuit which cools the fuel elements ie ttore will be lightly pressurized (12 bars).

The reflector blocks, which will be made of Benyti, will be cooled by a forced water
circulation connected to the reactor pool (dowrsstrdlow).
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The JHR will be equipped with support systems wilitallow the preparation and control of
the targets for M0-99 production before and atteritradiations phases.

Non destructive examination systems (both undeematd in air) are foreseen in the pools
and in the hot cells of the JHR building.
The locations for M0-99 type radioisotopes produttiill be located in the Beryllium reflectors.
After irradiation (approximately 6 days), forcedbting of the targets will be continued for some
hours and then the targets will be prepared ireaiip hot cell (called the ECR) and afterwards
shipped by lead casks towards the Mo0-99 producnilities located at the present time in Belgium or
in the Netherlands.

Fig.1: Top view of the JHR paol

Currently, the construction of the JHR is in prageThe reactor start-up is foreseen in 2014.

\ 75"'—/ N

Fig.2: View on the JHR site (March 2010).

3. TheJHR MOLY radioisotope production system :

To match the important Mo-99 radioisotopes produrctieeds, the study carried out aimed at
proposing a production facility in the JHR with aximum capacity of 1000 targets/year that took
into account different operating modes of the @ag.g. 70 MWth and 100 MWth).
The study was based on feedback received from 8IRIS reactor located in Saclay (France) and
also from HFR in Petten (Netherlands) to allow gnédion of the important experience gained at these
facilities relating to target irradiations of theMY type.
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* 3.1Input datareminder :

The production systems for MOLY targets will begad in the JHR reflector in fixed positions
and will also allow movable positions using disglaents systems (called SAD).
They will be localised in a sector of the Be-reftedhat allows easy operation and will be posiidn
near the Nuclear Auxiliary Building (NAB) where ttargets will be placed in the transport containers
before being transported to the customers.
The systems (especially the movable positions)afiér a great deal of flexibility in radioisotope
production. This flexibility also permits the pdsitity to modify the device configuration on
displacement systems from a “radioisotope prodationfiguration to a “standard fuel rod
irradiation” configuration.
The system will be designed according the ESPNIaégy rules and safety requirements (in terms of
barriers).

Fig.3: View on JHR MOLY sector.
e 3.20SIRISreactor feedback :

The OSIRIS reactor is a 70MWth MTR type. The cdrthe reactor can house up to 16
experimental devices in 4 positions where therastron flux (E > 1 MeV) ranges from 1 to
2.10"n.cm?s™. Water boxes are also provided outside the car8, sides of the vessel, making it
possible to install up to 27 experimental deviceshe first periphery, where the maximum fast
neutron flux is 10 times weaker than in the congl many others on the second and third peripheries.
The maximum thermal flux in the middle of the satethe first periphery is close to 3icm?s™.

AAAAAAAAAAAAAAA

1
Experimental Beryllium
location

Fig.4: Experimental and MOLY locationsin OSIRIS core
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Fig.5: View of the OSIRIStank and of the MOLY devicesin the core

The OSIRIS reactor allows also the irradiation dM targets. These targets are laid out in
simple devices or in multiple devices of Quad MOtype. In the core, there are 2 Quad MOLY and
several MOLY locations available (these last arthenBeryllium reflector) .

The targets are placed by 3 on a target holderédieing plugged into the devices.
Each device is placed in a cell of the core. Watehe primary circuit, in upward flow (5500°h,
7.5 m/s), cools the fuel elements of the corejrih@re experiment and also the MOLY targets.

The advantage of this configuration is to have pec#gic coolant circuit for the MOLY (beneficial
in terms of infrastructure, operation and mainteednlt also makes it possible to have a direcéssc
with the targets during operation phases whicHifat? the loading and unloading operations.

The configuration of the cooling circuit takinganaccount a chimney allowing to cool the targets in
natural convection during unloading in slow speéith wolar crane (outside neutrons flux).

Casemate pompe-échangeur (4)

Réfrigérant Echangeur

atmosphérique Cuvelage
/ Piscine Osiris

Cheminée

Pompe secondaire

Bac de
désactivation

Circuit primaire coeur

f . Clapets coeur
Circuit secondaire Mécanisme

de barres

Fig.6: OSIRISreactor: cooling circuit representation
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After the irradiation, the targets are cooled i@ pool during almost 30 minutes and then
transferred in channel to be put in a basket. Aftee allowed for cooling, this basket of 6 targets
inserted in hot cell.

OSIRIS is equipped with 2 hot cells for sample pragon and MOLY loading in transport casks
(up to 4 casks a day transported by 2 lorries)hBEamsportation cask contains 3 targets. The
maximum activity allowed to be transported by c&sskR100 TBq. It is also possible to load casks
under water.

In 2010, OSIRIS schedule of operation was adapteda HFR and NRU outages; a very high
number of targets have already been irradiatedmoiths, equivalent to yearly production during
normal periods.

Quad MOLY device is used in OSIRIS reactor sinc@9l@nd Simple MOLY device since 1981.
Neutronic calculations are done before each OStRESating cycle in order to establish fuel posgion
with different burn-up to avoid hot spots with respto maximal linear power for thermal-hydraulic
criteria. Sometimes the maximum power authorizefl@LY targets can limit the reactor power
depending on different control rods positions.

The targets are tubular and highly enriched Wit isotope. The clad is a primary barrier, which
means very strict controls during manufacturing.

The irradiation device is a water box, with 4 chelanlocked at the bottom and on the core’s
superior grid. Each target-holder, with spacersjti®duced inside one channel with an irradiation
pole connected and a handling mast. The handlirgy iIm@aemoved as soon as the target-holder is
placed in the core. The irradiation pole includémbast to avoid fly off during irradiation due tice
ascending flow in the core. In quad MOLY water lamd simple MOLY sleeve, holes are drilled to
evacuate cooling water in outlet primary pipe. M@LY device doesn’t contain any instrumentation.

2

!

Fig.7: MOLY devicedescription

During targets irradiation, clad tightness is morgt by CFD (Clad Failure Detection) system of
the reactors’ primary circuit. In case of claddad, first anomaly threshold overshoot, filtrat@rcuit
is put in operation. Then in case of increasingi®a) emergency shutdown is automatically actuated.
A mapping is done in order to identify which fuément or MOLY device is concerned and unload
it.
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 3.3HFRreactor feedback:

The HFR is a 45MWtheactor tank in pool type. The HFR is used for bu#ierial and fuel
testing and for the production of radioisotopesdagst others Mo-99). The irradiation of MOLY
target is performed for both Covidien (plate-typegets) and for IRE (tube-type targets).

These targets are contained in a range of irradiatevices located in the core zone and in the
reflector zone. The use of both plates and tube tgmets and the use of in-core and out-of-core
positions means that in total four different molghdm irradiation devices are being used. The out-of
core positions have the advantage that the loaathdgunloading of the targets is relatively simpid a
that simpler irradiation devices can be used. Theore positions have the advantage that the neutro
flux is higher than the positions out-of-core. fdur irradiation devices are constructed in such a
manner that the targets can be loaded and unldemladhe HFR during full power operation.

The coolant circuits of the targets can be pressdrin the irradiation zone of the targets, thereby
increasing the safety margin towards the CriticeaatFlux (CHF).

4. Research of a concept for MOLY circuitsin JHR:

The first phase of the study was to propose diffetgpes of possible concepts for the new JHR
MOLY circuits with a analysis based on differentenia, such as safety, design complexity, cooling
performances, licensing regulations, Fission Pro(kié) gas release management, etc.

The table below summarises the elements of thilysisa

Criteria /
configurations 1 2 3 4 5
Exploitation Difficulty Lev.1 Difficulty Lev.0 Difficulty Lev.0 Difficulty Lev.2 Difficulty Lev.2
(un) loading
Safety LOCA LOCA LOCA LOCA LOCA
consequence consequence consequence consequence consequence

studies Lev.3

studies Lev.1

studies Lev.1

studies Lev.2

studies Lev.1

FP gas trapping

FP gas trapping
containment

FP gas trapping
in the circuit

FP gas trapping
containment

FP gas trapping
containment

FP gas trapping
in the circuit

Realisation Difficulty, Level 1 | Difficulty, Level 2 | Difficulty, Level 3 | Difficulty, Level 2 | Difficulty, Level 2
Design Difficulty, Level 1 | Difficulty, Level 0 | Difficulty, Level 3 | Difficulty, Level 1 Difficulty, Level 2
CFD detection Difficult (CFD in CFD on REM Difficult (CFD in Difficult (CFD in CFD on REM
the pool) circuit the pool) the pool) circuit
16N , FP releases | Detection difficult Managed Detection difficult | Detection difficult Managed
problematic Need circuit by design Need circuit Need circuit by design
adaptation adaptation adaptation
Regulation ESPN ESPN ESPN ESPN ESPN
Cooling Low - MOLFI High — water Low - MOLFI Low - MOLFI High — water
performances water comes from comes from water comes from | water comes from comes from
the pool MOLFI circuit the pool the pool MOLFI circuit
Fig.8: Comparative analyse of different conceptsfor JHR MOLY circuit

Legend: level O (simple)level 1 (medium) - level 2 (complex) - level 3 (y&omplex)
As a conclusion of this analysis, a choice of tlesifavourable concept has been made.
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The main characteristics are mentioned hereafter:

The cooling water circuit of the JHR MOLY targetslworrespond to a nearly closed cooling
circuit being able to function both at a JHR powk70 and 100MWth.This configuration
represents the best compromise taking into acdbentarious criteria.

=

Fig.9: Concept proposal for MOLY fluid circuit.

Note: The figure indicates the main components of theudi as pump, heat exchanger, irradiation
device in reactor pool.

The cooling circuit for MOLY production will be arcuit independent of the reflector coolant
circuit (called REP). It will be able, accordingttee working modes (i.e 70 or 100MWth) to be
pressurized until approximately bars in order to increase the cooling capacity.

The zones in the reflector will concern the fixedters and sectors located on displacement
systems. This area is closest to the channel #anéthe targets towards the Nuclear auxiliary
building (were are located the hot cells useddoget conditioning after irradiation).

Fig.10: View of the MOLY sector in the JHR core.
The displacement system will be able to accommodieees for the production of radioisotopes
but could be reconfigured in order to carry ouhdtad irradiations of fuel rods. Each irradiation
MOLY device can embark several targets (up to i@ets / device).

The circulation of the coolant water will be dowmd@ver the targets. The fluid velocity around
the targets will be approximately 7 tor.s*. The devices will include in the upper part a zohe
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forced convection cooling (“chimney” arrangementrool the targets after irradiation and before
unloading from the device.

- Any fission gas releases (in accident condition#l)bg managed by placing a sealed removable
lid on the top of the device. The detection of anfivity released in the circuit will be measured
by a CFD (cladding failure detector) located in ¢loelant circuit in the cubicle (out-of-pile paft o
the MOLY circuit).

- The hydraulic components (circulating pumps, heahangers, CFD) will be placed in a bunker
located close to the MOLY production sector.

The devices both in the fixed and movable sectdie very similar in term of design in order to
facilitate easy operation (i.e loading and unlogdifithe targets).

5.MOLY circuit architecture proposal:
Below is the currently proposed description of MM@LY circuit:
The flow circuit will allow the cooling of the MOLYdevices in both the fixed sector and in the
reflectors.

The coolant water circulation is ensured by punfipsr{ormal operations and one back up for
safety) which will work in parallel under normalratitions.
In the event of failure of the main pump, the safaimp will ensure the cooling of the targets véth
flow defined by the safety studies. The instrumtoimaon each line will be composed of pressure
sensors and flow meters. CFD (cladding failuresatets) will be fitted in the circuit in order to
detect any cladding rupture. In this event occurtieel reactor will be stopped and the cooling ef th
targets will continue using forced convection.

Pressurizer JHR MOLY
fank circuit

REP
cubicle

JHR
Heat exchanger pool

Connexions
w8 (device-circuf)

Flexibles
lines

e

CFD

Main pump

@7 Hl__.@> ;
@ - __

2 penetrations
REPQ3 & 04

Cooling flow MOLY movable sector
(heat devices 182
exchanger) (SAD)

Fig.11: Simplified representation of MOLY coolant circuit
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6. Neutron data:
The sectors chosen for the MOLY devices locatidfer the following performances in terms
of neutron characteristics:

Thermal
Facility L ocation neutron flux Note
(perturbed)
10n.cm%s?!
OSIRIS Sector20 1,2t01,8 70 MWth
Fixed Target value Objective at
JHR and movable (minimum) 70 MWth
sectors 15

7. Operation scenario proposal:

* On their arrival in the JHR facility, the new tatrgi@re stored before being used,

* The targets are placed under water in the targdel®which are able to contain up to 12
targets for the devices of the Quad MOLY type,

* The target-holders are inserted in a irradiatioviakelocated in the reflector using handling
tools,

* The target holder is locked in the device for tnadiation phase which is approximately 6
days duration,

» For unloading, the target-holders continue to lo&dd to the device, which is moved to an
intermediate position with “forced cooling flow”his phase will last a few hours and will be
sufficient to reduce the residual heat power oftéingets to a level acceptable for transfer,

* The targets are then unloaded from the targeteh®hd are transferred under water to the
hot cells. The storage duration of the target @wliog in natural convection is approximately
5 hours,

* The targets are introduced in hot cells and thertransferred in a lead flask accosted with the
ECR hot cell,

* The lead flasks are evacuated and are shippe@ td®R99 production facilities.

Hot cell block
- Spent fuel & Radio-isotopes cell
- Material cell
- Fuel cell /
- Alpha cell for g ,ﬂ= | e &
managing failed T el

experimental fuel

Pools block
- Large components pool
- Devices storage pool

- Spent fuel pool

Nuclear Auxiliaries Building | Reactor Building
Fig.12: View of theunder water transfer channel in the Nuclear Auxiliary Building (NAB)
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ECR
Moly
conditioning
hot

werking
stations

Rear zone

Fig.13: Sideview on theHot cell for MOLY targets conditioning

8. Conclusion and next steps:
After the preliminary phase of analysis and redeafaconcepts, reference architecture for JHR
MOLY circuit has been proposed.

The next phase will concentrate on the conceptesibd of the MOL Ycircuit, the irradiation devices
and targets holders (3D CATIA design studies, tliemechanical dimensioning studies following
RCC-MX rules, ESP(N) regulation verification, etc.)

In parallel, a preliminary analysis of safety viié performed to evaluate the consequences folloaing
theoretical rupture of the MOLY coolant circuit (G2 type).

An analysis will be also performed in order to detime the necessary level of redundancy of
components (e.g. number of pumps, heat exchanigessiler to ensure the best availability of the
MOLY circuit for production while costs and bensfit
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