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INTRODUCTION
ITER is an international research and development (R&D) project to develop fusion

energy as the way to a clean and sustainable energy source. It is perhaps the largest
international collaborative R&D investment after the International Space Station. ITER would
be the final step in fusion research before the creation of a fusion power demonstration plant.

Last ITER project was established in 2000 and refers to a compact, reduced cost, fusion
reactor. It is the last step of a story started more then ten years ago.

Engineering design activities started in 1992 with the collaboration of Japan, USA, EU
and Russia. In 1999 USA left the project and the three remaining partners decided to develop
a reduced cost design named ITER FEAT.

Worker safety studies began in 1992 and were mainly devoted to the assessment of
radiation collective dose, or occupational radiation exposure (ORE).

Collective dose evaluation for ITER project started as a work proposal aimed to provide
a reference for the ITER designers in order to optimize the project from the worker safety
point of view.

Since the beginning was clear that the cooling system was of high concern for worker
safety and specific studies about this system were carried out taking into account the large
amount of data available due to the nuclear fission technology development.

Some data were available also from the preliminary projects of ITER cooling systems
and this made it possible to provide an initial assessment in a short time.

It was of course a partial or preliminary result, but it was really useful to point out that a
special attention should be devoted to the occupational dose in order to compare ITER safety
with the usual nuclear fission security standard.

Safety analysis aimed to assess collective dose is now also strategic to demonstrate that
ITER-FEAT is actually less dangerous from the radiological point of view than the previous
ITER designs.

ASSESMENT PROCESS
Collective dose has been assessed considering working activities performed at ITER

systems important from radiological point of view. In table 1 the list of the systems taken into
account for ITER FEAT is reported.

Assessment process is based on the identification for each activity and system
component of the following parameters: task description, radiological source term
(identification and quantification), time required, number of workers needed, worker
positions. The dose rate due to the different radiological components and in the identified



worker positions is then evaluated. Collective dose is easily calculated at this point by
multiplying dose rates by time and by number of workers and summing all the terms.

Table 1 - ITER FEAT system considered assessing collective dose

System ITER
WBS No.

System ITER
WBS No.

Tokamak Basic Machine 1.0 Tritium Plant 3.2
Blanket System 1.6 Cryoplant And Cryodistribution 3.4
Divertor 1.7 Port Interfacing Systems 5.0
Fuelling And Wall Conditioning 1.8 Ion Cyclotron Heating And Current

Drive (Ic H&Cd) System
5.1

Tokamak Ancillary Equipment and
Cryostat

2.0 Electron Cyclotron Heating And
Current Drive (Ec H&Cd) System

5.2

Remote Handling (Rh) Equipment 2.3 Neutral Beam Heating And Current
Drive (Nb H&Cd) System

5.3

Cooling Water System 2.6 Lower Hybrid Heating And Current
Drive (Lh H&Cd) System

5.4

Tokamak Fluids 3.0 Diagnostics 5.5
Vacuum Pumping & Leak Detection
Systems

3.1 Test Blankets 5.6

WORKING ACTIVITIES AND TASKS
The working operations are classified into working categories (the working activities)

for which specific procedures are defined in terms of frequencies and radiological hazard. The
working activities  taken into account in the fission nuclear industry are described in many
national regulatory guides and official documents and are the following:

a. Normal operations and surveillance
b. Routine (or scheduled) maintenance
c. Waste processing
d. In-service inspection and periodic testing
e. Scheduled modifications
f. Special  (or unscheduled) maintenance
The machine operation and surveillance is the more frequent working activity, it has the

scope to assure the normal operation of the plant in all the functional cycles, like the fuel
cycle. It is usually performed inside plant zones where the personnel access is allowed
without time limited entry restrictions and for ITER is therefore negligible in term of
collective dose to the personnel.

The maintenance activities are broken down into two categories. The routine
maintenance is the scheduled one, it includes, for example, filters and valves changing and
has well known frequency and modality. The special maintenance is relevant to the
component failure and to its consequent repair or substitution, the frequency in this case is not
so well defined and the evaluation of the aspects connected to this working procedure is based
on an important number of hypotheses and assumptions. Special maintenance for ITER has
been included in the general maintenance scheme due to the experimental character of this
machine



The waste processing is the activity mainly performed inside the waste building and
related to the low level wastes. For ITER it takes place in the hot cell and in the waste
building and it is mainly achieved with remote tools.

The in-service inspection and periodic testing is relevant to the components that are
likely to be affected by random failure, like pumps and valves. This activity is described in
standard documents like American ANSI and apply also to many ITER components.

The scheduled modifications is related to important modifications that involve a whole
system or more than a system, it will play an important role in the ITER plant and will be
included in the scheduled maintenance campaign.

The working activities that have been considered for ITER are as follow:
• normal surveillance;
• periodic system inspection;
• component testing;
• component maintenance and replacement (scheduled and unscheduled);
• ITER specific activities.
In the previous list the last point refers to the experimental nature of ITER and takes

into account the needing to modify the structure configuration for many systems. Typical
examples of this systems are the diagnostic equipment and the test sections of the blanket.

Due to the format in which the information are provided by the ITER designers,
maintenance (scheduled and unscheduled) and inspection activities are not always detached.

Activities description are mainly provided by the designers of ITER components, minor
integration are introduced by safety experts.

Working activities at ITER plant are also classified considering the operation of three
main group of systems: a) in-vessel components, b) water cooling system (WCS) loops,  c)
other systems/buildings.

SYSTEMS AND COMPONENTS
Making reference to table <sys> the in-vessel components included in the analysis have

the following WBS numbers: 1.6, 1.7, 1.8, 3.1, 3.2, 5.1,5.2, 5.3, 5.4, 5.5 and 5.6. WCS main
loops are those serving the first wall-blanket, the divertor, the neutral beam injector and the
vacuum vessel, their WBS number in the table is 2.6.

In-vessel components
The 18 ports located at each one of the three levels of the ITER FEAT torus are

interested by maintenance activities also involving human access. Many system components
located behind these ports have to be maintained or replaced on regular basis and the impact
on the collective dose to the personnel was considered.

As a preliminary approach the areas that are interested to the workers access can be
identified for all the ports in one of the following three positions:

behind bioshield, b) behind cryostat, c) behind vacuum vessel.
In each one of the above positions also the condition open or closed for the barrier ports

was considered assessing the dose rate fields.



WCS components
WCS is the crucial system to consider in order to assess the collective dose for the ITER

plant. This has been stated by many authors and it has been underlined by the results obtained
in previous calculations.

In ITER FEAT the WCS is composed by 5 loops: 3 for the first wall and blanket
(FW/BLK), one for the divertor (DIV) and the last for the neutral beam injector (NBI).
Another loop is considered for cooling the vacuum vessel but its contribution to the overall
ORE is negligible and will not be considered in this assessment.

The main components of each WCS loop are: pipes, main pump, heat exchanger,
pressurizer and chemical and volume control system (CVCS).

RADIOLOGICAL SOURCE TERMS
Possible radiological sources in ITER plant originate from direct radiation and from tritium in
the fuel cycle system. The following source terms have been considered in safety analyses:

- Direct radiation
- Neutron activation
- Water activation
- Atmosphere activation
- Dust
- Tritium diffusion
- Special situations (ACP, 17N, others)

Direct radiation is composed mainly by neutrons due to nuclear fusion reactions and to photo-
production. This source does not provide a direct dose rate to the personnel due to the low
level outside of the biological shielding and to the absence of personnel in the in-vessel area
during plasma burning. It is important for the activation produced in structures and in the
water of the cooling system, providing other source terms.
In the analysis direct dose rate is therefore neglected and only secondary radiation is
considered.
Some radioactive gases and particles in the atmosphere are related to neutron activation.
Among these the main potential gaseous radiological sources are: 41Ar and others due to
nitrogen and oxigen activation. Among these argon only should be considered as source term
due to the very short half life of the others, that makes it impossible the expansion until the
working premises even during plasma burning phase. Anyway some analyses [san98, san99]
showed that also 41Ar may be neglected due to both the small reaction rate and the action of
ventilation systems.
Tritium is present in the ITER plant due to two reasons: it is provided as fuel and it is
produced by nuclear reactions in water and other materials. Its diffusion in the room
atmosphere is an important radiological source term. In fact even with important containment
systems tritium diffusion is not negligible and must be considered at least when opening
barriers for maintaining system components. Tritium contamination of surfaces and
atmosphere is possible in the in vessel area and in the cooling system vault [san01].
Other potential radiological source are due to special situations typical of the specific
installation. Water cooling systems are known to be responsible for the activated corrosion
products (ACP) transport. This is one of the main concern for the nuclear fission technology



and also for ITER designs was proven to be an important aspect [san98, san99, san00]. ACP
contribution to the dose rate has been considered in all previous assessments.
The other concern connected with the water cooling systems is water activation. Activation of
oxygen produces two main nitrogen radioisotopes: 16N and 17N.
The main problem could rise from 16N during plasma burning, but in this phase workers are
not allowed around cooling loop components and the delay time required for cooling down
before maintenance is enough for reducing 16N inventory to a negligible fraction. A more
critical problem is represented by 17N and its delayed neutron. Direct radiation from 17N is not
a concern due to the very short half life of this radioisotope. The delayed neutron is indeed
responsible for subsequent activation of wall materials and could interest also areas in which
workers are potentially exposed.
The contribution of these two isotopes could be neglected providing an adequate length of the
cooling pipes from tokamak core to the workers position, this is the assumption made in the
previous analyses and also in the current one.
In the current analysis three source terms were included only: neutron activation, airborne
tritium and ACP; all the others were considered as negligible due to the assumptions reported
above.

Neutron activation
Neutron activation is important inside the ITER biological shield and will increase the
collective dose for working activities performed after biological shield plugs removal.
Dose rates at the tokamak ports are therefore calculated considering also the results of neutron
transport and activation codes that are suitable to provide the neutron activation data [Was00].
All the other working activities are performed outside the biological shield where dose rate
due to neutron activation is negligible.

Airborne tritium
Originally tritium is located inside to the components of the fuel cycle system and of the
cooling system. In principle its high diffusion power throughout many kind of materials
makes it possible finding tritium everywhere beyond the primary barrier and also in the
cooling system vaults.
Experiences developed at tritium management facilities demonstrates that an efficient
containment of tritium may be obtained with appropriate materials and such an approach has
been adopted for ITER tritium systems.
Where tritium concentration is expected to be important appropriate protective clothes must
be considered for the workers and the related protective factors (PF) has to be introduced in
the assessment.
Since the first assessment of tritium collective dose an important conservative assumption was
made: all tritium was considered in the HTO form that is by far the most dangerous for
workers safety.
In table <dac> parameters adopted for assessing tritium dose rate in the different working
premises are shown.



Activated corrosion product assessment
ACP are generated into the cooling pipes under neutron flux during plasma burning.

They are transferred into the coolant due to chemical and physical processes and the cooling
water transports these products to the out of vessel region into the main WCS components.
ACP are then re-deposited on the inner surfaces of various components producing
radiological hazard during maintenance and inspection activities.

Table 2 - Tritium Oxide DAC Levels

Location Component Comments HTO
DAC

PF

During inspection, maintenance with components
unopened

1 2

Work on open components with potential hold-up* of
water containing tritium

50 1000

Final activities before close-up 2 2

Heat
Transport
Vault

All except valves

Final activities after close-up 1 2
All valves During inspection, maintenance with components

unopened and final activities after close-up
1 2

Valves <13cm Component open 1 2

Heat
Transport
Vault

Valves >13cm Component open 2 2
Components with potential hold-up opened 50 1000Components with

potential hold-
up*

Components with potential hold-up un-opened or final
activities after close-up

0.1 1
Outside the
heat transport
vaults

All other
components

0.1 1

[1] *These are components with internal parts that may retain water, even after they have been drained and
dried.  Examples are pump internals, filter housing, and heat exchangers.

ACP inventory and diffusion has been assessed with the computer code PACTITER. A
computational tool specifically developed for ITER WCS by a French team [Tar97].
PACTITER was used since 1995 for the same kind of calculation and its performance was
tested by using experimental cooling loops.

The dose rate around WCS components is assessed considering the gamma emissions of
ACP radioisotopes generated in the activation reactions that are typical of pipe walls material.

According to the model adopted for the last ITER design, the ACP inventory is referred
to 5 days after plasma shut down (ASD), when maintenance and inspection activities take
place on the average.

SHIELDING CALCULATION AND DOSE RATE
Dose rate around WCS components due to the ACP on the inner surfaces was assessed

considering the shielding effect of component walls that was calculated with the three
dimensional Monte Carlo code MCNP [Mcn93].

In the shielding calculation the gamma emissions from the ACP on the inner surface of
the component under study are attenuated by the component walls, the related gamma fluence
is then assessed at the point of interest and using suitable fluence-to-dose factors [Icr96] the
dose rate is assessed for each radioisotope per unit of radioactivity surface concentration.



Four geometrical models were considered in shielding studies: three kind of pipes and
the heat exchanger (HX).

Dose rate inside the bioshield due to neutron activation was evaluated by specific
analysis group [Was00].

Airborne tritium concentration was converted into dose rate considering that 1 DAC
corresponds to 20 mSv per year and assuming that one year contains 2000 working hours,
giving 10 microSv/h per 1 DAC.

In table 3 dose rates at the tokamak access ports (or plugs) are reported. In the table
some data are assumed in a conservative way, like the dose rate due to neutron activation
outside the bioshield that is set not higher then 1 microSv/h.

Table 3 – Assumed dose rates at the tokamak ports

Reference area Dose rate due
to neutron
activation

[microSv/h]

Dose rate due
to ACP per

cooling pipe
[microSv/h]

Tritium
in air

(No of
DAC)

Protective
factor due

to
protective

clothes

Equivalent
tritium dose

rate
[microSv/h]

Total Dose
rate

(4 cooling
pipes)

[microSv/h]
Outside bioshield (out-bio), port closed 1 2 0.1 1 1 10
Outside bioshield (out-bio), port open 25 2 2 2 10 43

Outside cryostat (out-cryo), port closed 50 2 2 2 10 68
Outside cryostat (out-cryo), port open 75 2 50 1000 0.5 83,5

Outside vacuum vessel (out-vv), port closed 100 2 50 1000 0.5 108,5

Around the WCS components the dose rate is due to the ACP and to airborne tritium. In
table 4 ACP contribution to the dose rate is reported for each component of the different WCS
loops. The results in the table refer to two distances from the external surface of the
component: 30 cm and 1 m. These distances correspond to the average positions of the
operators when they perform the needed working activities .

COLLECTIVE DOSE ASSESMENT
The collective dose for maintenance and inspection activities is assessed considering the

working procedures with the associated parameters: number of operators, average operator
position, time needed and task frequency. To calculate the collective dose the dose rate to the
operator in the average position is multiplied by the number of operators, by the time required
to perform the specific task and by the annual frequency of the task.

In tables 5 and 6 the collective dose results for working activities at the tokamak ports
and at the WCS are resumed. Results for other systems were obtained in other studies
[Mos00, Mos00a] and will be considered in the final result.



Table 4 – Dose rate due to ACP around the WCS loop components

Dose rate (uSv/h) PFW/IBB DIV NBI
 Close Near Close Near Close Near
System-Component 30 cm 1 m 30 cm 1 m 30 cm 1 m
main pump 2,46E+00 1,10E+00 8,95E+00 4,00E+00 5,37E+00 2,40E+00
Low Flow pump 8,05E+00 3,07E+00 8,90E+00 3,40E+00 --- ---
Heat Exchanger 7,40E+00 4,75E+00 3,27E+01 2,03E+01 5,89E+01 3,65E+01
Pressurizer 2,28E+00 8,01E-01 5,92E+00 2,07E+00 3,55E+00 1,24E+00
Heater 3,77E+00 1,44E+00 1,46E+01 5,55E+00 8,74E+00 3,33E+00
Pipe & Support 2,33E+00 1,04E+00 8,45E+00 3,78E+00 5,07E+00 2,27E+00
Instrument 2,33E+00 1,04E+00 8,45E+00 3,78E+00 5,07E+00 2,27E+00
Large Valve 2,33E+00 1,04E+00 8,45E+00 3,78E+00 5,07E+00 2,27E+00
Small Valve 2,33E+00 1,04E+00 8,45E+00 3,78E+00 5,07E+00 2,27E+00
Relief Valve 2,33E+00 1,04E+00 8,45E+00 3,78E+00 5,07E+00 2,27E+00
Relief Tank 2,33E+00 1,04E+00 8,45E+00 3,78E+00 5,07E+00 2,27E+00
CVCS Rec HX 2,69E+00 9,46E-01 1,97E+01 6,91E+00 1,18E+01 4,15E+00
CVCS Cooler 7,36E+00 2,58E+00 2,68E+01 9,39E+00 1,61E+01 5,64E+00
CVCS filter 3,59E+00 1,26E+00 2,79E+00 9,79E-01 1,68E+00 5,87E-01
CVCS resin bed 3,59E+00 1,26E+00 2,79E+00 9,79E-01 1,68E+00 5,87E-01
CVCS contr Tank 1,07E-01 3,74E-02 4,10E-01 1,44E-01 2,46E-01 8,62E-02
CVCS Re-inj pump 1,56E-01 5,49E-02 6,57E-01 2,30E-01 3,94E-01 1,38E-01

Table 5 - Annual collective dose for the working activities at the tokamak ports

Annual collective dose
[pers-mSv/y]

System

Scheduled Unscheduled Total
Blanket and limiter maintenance and replacement 9,43 9,43 18,9

Divertor repair and replacement 4,15 1,96 6,11
Roughing pumps 4,05 --- 4,05

Cryopumps 6,08 --- 6,08
Pellet injector --- 0,02 0,02

Gas injection and wall conditioning --- --- 0,00
Ion Cyclotron Heating 1,89 19,77 21,66

Electron Cyclotron Heating 28,3 29,65 57,95
TOTAL 53,9 60,83 114,77



Table 6 – Total occupational radiation exposure for the loops of the cooling system

Occupational Radiation Exposure due to

Airborne Tritium
(Pers. mSv/y)

ACP
(Pers. mSv/y)

Surveillance
(5% of total)
(Pers. mSv/y)

RP survey
(10% of total)
(Pers. mSv/y)

Total ORE
(Pers. mSv/y)

PFW/BLK 2,08E+01 8,96E+00 1,57E+00 3,31E+00 3,47E+01

DIV 8,42E+00 6,89E+00 8,05E-01 1,70E+00 1,78E+01

NBI 8,90E+00 4,98E+00 7,32E-01 1,54E+00 1,62E+01

Total 3,81E+01 2,08E+01 3,11E+00 6,56E+00 6,87E+01

CONCLUSIONS
In table 7 collective dose result is presented for almost all the ITER systems. For WBS n. 2.3
and 6.3 specific studies are needed but other authors [Nat01] obtained preliminary results
showing that about 10% of the total ORE should be accredited to each one of these two
systems.
The total collective dose for the reduced cost design of ITER should be of the order of 400
pers-mSv/y, a very encouraging result if compared with that of previous ITER projects for
which the collective dose due to the WCS only (WBS n. 2.6) ranged from 230 to 370 pers-
mSv/y. The comparison is acceptable also with the fission power stations where the collective
dose is higher on the average and it is of the same order of magnitude for the new
installations.



Table 7 - Collective dose assessed in current analysis

WBS Element WBS
No.

ORE
(pers mSv/y)

Tokamak Basic Machine 1.0
Blanket System 1.6 18,9
Divertor 1.7 6,11
Fuelling And Wall Conditioning 1.8 0,0
Tokamak Ancillary Equipment and Cryostat 2.0
Remote Handling (Rh) Equipment 2.3 TBD

(40,0)
Cooling Water System 2.6 68,7
Thermal Shields 2.7 0,0
Tokamak Fluids 3.0
Vacuum Pumping & Leak Detection Systems 3.1 6,08
Tritium Plant 3.2 2,1
Cryoplant And Cryodistribution 3.4 0,0
Port Interfacing Systems 5.0
Ion Cyclotron Heating And Current Drive (Ic H&Cd) System 5.1 21,66
Electron Cyclotron Heating And Current Drive (Ec H&Cd) System 5.2 114,8
Neutral Beam Heating And Current Drive (Nb H&Cd) System 5.3 0,0
Lower Hybrid Heating And Current Drive (Lh H&Cd) System 5.4 0,0
Diagnostics 5.5 80
Test Blankets 5.6 13
Site And Facility Support 6.0
Hot Cell Processing And Waste Treatment 6.3 TBD

(40,0)
TOTAL (with guess for TBD) 332 (412)
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