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       Abstract 
Health physics aspects associated with operation of 

the ITER are investigated. ITER has health physics 

elements in common with existing facilities as well 

as unique features. Fusion facility neutron radiation 

is similar to that encountered in a low energy accel-

erator. The tritium hazard has radiation protection 

issues in common with the Canadian Deuterium 

reactor. Completion of the final ITER design, its 

performance characteristics, component lifetimes, 

and maintenance requirements will determine the 

actual health physics hazards. 
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1.0 Introduction 
 

The ITER initially named the International 

Thermonuclear Experimental Reactor is an 

international project organized to build and 

operate the largest and most advanced experi-

mental tokamak fusion reactor [1-13]. It is un-

der construction at Cadarache, France. ITER 

has a goal of transitioning plasma production 

from experimental status to a full scale 500 

MW fusion power facility. The project's mem-

bers are the United States, European Union, 

Japan, China, South Korea, India, and Russia, 

and 34 countries support this enterprise.    

 

Given the significance of the ITER and its 

potential for advancing power production 

technology, an investigation of its specific 

health physics characteristics is warranted.  

This investigation also has merit since the 

ITER has a defined technical basis and facility 

design, and is currently acknowledged as the 

facility that will first demonstrate fusion 

power operations [2,5,8,9,11-13].   

 

This paper investigates the health physics 

aspects of the ITER facility. Since the ITER 

 

has a specific design basis, its health physics 

elements are explicitly addressed. A general 

discussion of various health physics aspects of 

fusion power facilities have been addressed by 

a number of authors [1,2,14-31] but a 

comprehensive health physics treatment of 

ITER has yet to be published . 

 

A specific design basis also permits a 

comparison of ITER to commercial fission 

power facilities. This paper compares the 

radionuclides of interest, operational consi-

derations, ALARA characteristics, design 

basis accidents, and anticipated radiation 

levels in conventional fission power plants and 

the ITER. Additional discussion regarding the 

unique aspects of ITER and its features in 

common with contemporary facilities are also 

provided.    

  

The radiological hazards associated with a fu-

sion power facility, anticipated sources of ra-

diation exposure from this facility, and possi-

ble ALARA measures to reduce the occupa-

tional doses are reviewed. This paper also re-

views the basic physics principles and rela-

tionships that govern the fusion process.  

These relationships define the basic plasma 

properties, govern the nuclides interacting to 

form the plasma, and determine their energy.  

These radiation types and associated energies 

significantly influence the health physics char-

acteristics of the ITER. 

 

2.0 Overview of Fusion Power Production 

 

Fusion energy offers the potential for cheap, 

clean, and abundant energy. It also offers a 

number of significant advantages when com-

pared with fission technology. In particular, 
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fusion facilities do not encounter many of the 

issues associated with fission reactors includ-

ing reactor safety, high-level waste generation, 

storage of spent reactor fuel, vulnerability to 

terrorism, and nuclear proliferation [14,25,29-

31]. These factors offer considerable motiva-

tion for replacing fission reactors with fusion 

reactors once a viable fusion power design is 

defined, tested, and licensed. ITER offers the 

potential for verifying a scalable fusion power 

facility design.  

 

At the ITER, the fusion reaction or process 

occurs within a plasma composed of deute-

rium and tritium nuclei. The ITER uses mag-

netic confinement to facilitate the fusion proc-

ess. Magnetic confinement has been the best 

option for a fusion facility, but recent success 

at the National Ignition Facility at the Law-

rence Livermore National Laboratory is re-

newing interest in inertial confinement [6,32]. 

The fusion confinement method influences the 

radiation types and fuel materials that must be 

controlled by the health physicist.   

 

The ITER D-T fusion processes differ substan-

tially from those encountered in fission reac-

tors because it does not produce actinides or 

fission products (e.g., radioactive isotopes of 

iodine, cesium, strontium or noble gases). 

ITER does produce a variety of fusion and 

activation products and these products depend 

on the selected fusion process, the reaction 

energies, and the materials of construction se-

lected for the facility. Fusion and activation 

products present a challenge for the health 

physicist responsible for worker radiation pro-

tection. Both internal and external radiation 

challenges are present. Since ITER uses a D-T 

process, tritium fuel material presents an inter-

nal hazard in its initial state prior to introduc-

tion into the reactor. 

 
2.1 Fusion Process Candidates 
 

Fusion involves the interaction of two light 

systems to form a heavier system.  A variety 

of fusion processes are possible and could be 

applicable to power production. The term fu-

sion process is used instead of fusion reaction 

because a fusion event that is used to produce 

power involves not only the reaction of indi-

vidual light ions, but also their density, con-

finement time, mode of confinement, presence 

of other plasma constituents that inhibit or 

catalyze the light ion fusion, and methods to 

initiate, sustain, and energize the plasma. The 

term reaction is reserved for specific nuclear 

events [e.g., (n, γ), (γ, n), (n, α), (n, p), (n, 2n), 

and (n, 2n α)] that result from the fusion proc-

ess.   

 

Candidate fusion power processes for the 

ITER include the following reactions 

[2,8,9,25,26,29-31]: 

 

 

        50% 
D+D → T(1.01 MeV)+p(3.02 MeV)         (1) 

 

          50% 
          → 

3
He(0.82 MeV)+n(2.45 MeV)     (2) 

 

D+T →  
4
He(3.50 MeV)+n(14.1 MeV)     (3)

        

 

where D is deuterium (
2
H) and T is tritium 

(3H). For consistency with the literature, D and 
2
H and T and 

3
H are used interchangeably. The 

particle energy at the reaction threshold is pro-

vided in parenthesis.  

  

At ITER, fusion is initially realized through 

the D-T process. At a later stage, fusion in-

volving only deuterium nuclei may become 

more important. However, the D-D process is 

somewhat more difficult to achieve because its 

inclusive cross sections are smaller in magni-

tude and higher densities are required to initi-

ate and sustain the D-D fusion process 

[14,25,28-31,33,34].    

 

In the D-D fusion process, the tritium nucleus 

formed in Eq. 1 subsequently fuses through 

the D-T process, Eq. 3. An advantage of the 

D-D process is that it avoids the need for a 

tritium fuel source, which eliminates a signifi-

cant health physics hazard. However, it is 

unlikely that the conditions for D-D fusion 

will be realized on a practical scale before D-T 

fusion. Therefore, the subsequent discussion 

focuses on the D-T process at the ITER facil-

ity.   

 

The D-T fusion energy output is about 94 x 

106 kWh per kilogram of a mixture of deute-

rium (0.4 kg) and tritium (0.6 kg). On a per 

mass basis, this is more than four times the 

energy released from fission [14].   

 

The D-T fusion process occurs within a state 

of matter known as plasma. Before proceeding 

further, it is necessary to define the forces 
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governing the plasma as well as the character-

istics and properties of plasmas. 

  

2.2 Plasma Properties and Characteristics 
 

Plasma is often referred to as the fourth state 

of matter because it has unique properties. A 

plasma consists of a collection of atoms, ions, 

and electrons in which a large fraction of the 

atoms are ionized so that the electrons and 

ions are essentially free. Ionization occurs 

when the temperature or energy of the plasma 

reaches a threshold value characteristic of the 

plasma’s initial atomic constituents. 

 

The energy (E) of an ion or electron in the 

plasma is related to its absolute temperature 

(T): 

 

                 kTE ====                               (4) 

 

where k is Boltzmann’s constant (1.38x10
-23

 

J/K). An ion with an energy of 1 eV corre-

sponds to a temperature of: 

 

K10x16.1
K/J10x38.1

)eV/J10x6.1)(eV1(

k

E
T 4

23

19

============
−−−−

−−−−

 (5) 

 

Ionization is not the only process that occurs 

in a plasma. The ions and electrons also re-

combine. However, ionization dominates re-

combination for practical fusion plasmas.  

Plasmas are governed by the Maxwell equa-

tions [35]. Their electromagnetic and nuclear 

interactions generate radiation types that pro-

duce the relevant health physics hazards. 

 

2.3 Plasma Confinement 

 
Once the fusion process is selected, it will be 

necessary to confine the resulting plasma with 

a suitable physical mechanism.  Two primary 

approaches are available for confining the 

charged particles forming the fusion plasma.  

These are magnetic confinement and inertial 

confinement [7,8,25,29-31].  ITER utilizes 

magnetic confinement. 

 

Magnetic confinement is based on the force 

that a charged particle experiences in a 

magnetic field [35].  The magnetic force 

( magF
→→→→

) is a component of the total electro-

magnetic force that serves to confine the 

charged particles comprising the plasma, and 

has the form: 

 
→→→→→→→→→→→→

××××==== BvqFmag      (6) 

 

The cross product is rewritten in terms of the 

angle (θ) between 
→→→→

v and 
→→→→

B : 

θθθθ====
→→→→

SinBvqFmag     (7) 

where q is the particle’s electric charge, 
→→→→

v  is 

its velocity, and 
→→→→

B  is the magnetic induction 

[35]
.  

Since the fusion plasma is composed of 

charged particles, it is possible to confine 

plasma using a magnetic field with the requi-

site topological characteristics.  

  

In magnetic confinement D-T fusion, quanti-

ties of deuterium and tritium gas are main-

tained to initiate and sustain the process. The 

tritium gas (T2) must be carefully monitored 

and controlled since it presents an internal in-

take concern. In addition, T2 is readily con-

verted into HTO that is considerably more 

radiotoxic [29-31].   

 

Tritium gas fuel and HTO present a greater 

internal hazard than the solid D-T pellet used 

in an inertial confinement device. Therefore, 

unfused tritium fuel requires a 

cleanup/recovery system to minimize its health 

physics impact.   

 

In magnetic confinement, the D-T plasma has 

a density (ρ) on the order of 1015 ions/cm3 with 

a confinement time (τ) on the order of 0.1 s.  

For D-T fusion, the product of the density and 

confinement time must be at least 1014 ion-

s/cm3 to satisfy the Lawson criterion for en-

ergy break-even [14]. Break-even occurs when 

the energy input to establish and maintain the 

plasma equals the fusion energy output. 

 

For the IC and MC fusion situations noted 

above, the effective dose (E) is proportional to 

the product of the plasma density and con-

finement time [20,24,29]: 

 

                ρτρτρτρτ∝∝∝∝E                          (8) 

 

For MC fusion, 

 

            EMC ∝ (10
15

 ions /cm
3
)(10

-1
 s) 

                    ∝ 10
14

 ions -s/cm
3   

 (9)                   
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MC fusion results in nearly steady state opera-

tion in a production scale device. 

 

3.0 Overview of the ITER 
 

The International Thermonuclear Experimen-

tal Reactor is based on the tokamak design 

concept that utilizes D-T fusion [1-13]. The 

tokamak principle of magnetic confinement in 

a torus was developed in the former Soviet 

Union in the 1960s.  The name tokamak is de-

rived from the initial letters of the Russian 

words meaning: “toroidal”, “chamber”, and 

“magnetic”, respectively [29].  

 

The goal of ITER is to achieve a self-

sustaining reaction that relies on fusion heat 

without the need for external sources. When 

this occurs, the fusion process is controlled 

only by the rate of fuel addition to the torus.   

 

The heart of the ITER’s magnetic confinement 

system is the torus that is a large vacuum ves-

sel surrounded by devices to produce the con-

fining magnetic field. Other major components 

of the ITER are the superconducting toroidal 

and poloidal magnetic field coils that confine, 

shape, and control the plasma inside the vac-

uum vessel [1-13]. The magnet system in-

cludes toroidal field (TF) coils, a central sole-

noid, external poloidal field coils, and correc-

tion coils. The vacuum vessel is a double-

walled structure. Associated with the vacuum 

vessel are systems supporting plasma genera-

tion and control. These systems include the 

divertor system and blanket shield system.  

 

The fusion process occurs within the vacuum 

vessel. Radiofrequency energy and ion beams 

heat the plasma in order to reach the fusion 

ignition temperature. In addition to its con-

finement function, the magnetic field is also 

designed to prevent plasma from striking the 

inner wall of the vacuum vessel. If the plasma 

strikes the vacuum vessel wall, material is re-

moved and forms a particulate dispersed into 

the plasma and is activated. As a particulate, 

this activated material presents both an inter-

nal and external radiation hazard. From an 

ALARA perspective, the quantity of this mate-

rial should be minimized.  

 

Associated with the vacuum vessel is the di-

vertor system. The major functions of this sys-

tem are plasma power, particle exhaust, and 

impurity control. A secondary function of the 

divertor system is to provide vacuum vessel 

and field coil shielding. The plasma particle 

exhaust removes 4He and other nuclei formed 

in the fusion process and through nuclear reac-

tions. 

 

A second system supporting vacuum vessel 

operations is the blanket shield system, and its 

major components are the first wall and blan-

ket shield. The structure facing the plasma is 

referred to collectively as the first wall, and it 

is subdivided into a primary wall, limiters, and 

baffles.   

 

The primary wall establishes the initial protec-

tion of components located beyond it. Limiters 

provide specific protection at distributed loca-

tions around the vacuum vessel. Baffles pre-

serve the lower area of the machine close to 

the divertor from high thermal loads and other 

conditions created by the plasma. 

 

The blanket shield supports the first wall by 

providing neutron shielding for the vacuum 

vessel. This shielding is a combination of 

stainless steel and water. The blanket also pro-

vides the capability for testing tritium breeding 

blanket modules and for tritium production 

blankets. ITER has not yet specified the spe-

cific requirements for these blankets. 

 

Production scale facilities build upon the ITER 

experience, are physically larger, and have a 

higher power output. The ITER is a formida-

ble structure with the main plasma parameters 

and dimensions provided in Table 1. 

 
Table 1. ITER Plasma Parameters and Dimensions

a
 

Total Fusion Power 500 – 700 MW 

Plasma Major Radius 6.2 m 

Plasma Minor Radius 2.0 m 

Plasma Current 15 MA 

Toroidal Field @ 6.2 m 5.3 T 

Plasma Volume 837 m
3
 

Plasma Surface Area 678 m
2
 

   a
 Ref. 2. 

 

There are internal, replaceable components  

that reside inside the vacuum vessel. The 

components include blanket modules, port 

plugs such as the heating antennae, test blan-

ket modules, and diagnostic modules. These 

components absorb heat as well as most of the 

plasma neutrons and protect the vacuum vessel 

and magnet coils from excessive radiation 

damage. The shielding blanket design does not 
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preclude its replacement by a tritium-breeding 

blanket in subsequent ITER enhancements. A 

decision on incorporating a tritium-breeding 

blanket will be based on the availability of 

tritium fuel, its cost, the results of breeding-

blanket testing, and acquired experience with 

plasma and machine performance.  

 

The heat deposited in the internal components 

and in the vacuum vessel is removed using a 

tokamak cooling water system designed to 

minimize releases of tritium and activated cor-

rosion products to the environment. The entire 

vacuum vessel is enclosed in a cryostat, with 

thermal shields located between hot compo-

nents and the cryogenically cooled magnets. 

 

The vacuum vessel fueling system is designed 

to inject gas and solid hydrogen pellets. Dur-

ing plasma start-up, low-density gaseous fuel 

is introduced into the vacuum vessel chamber 

by the gas injection system. The plasma is 

generated using electron-cyclotron-heating 

[35], and this phenomenon increases the 

plasma current. Once the operating current is 

reached, subsequent plasma fueling (gas or 

pellets) leads to a D-T process at the design 

power rating. 

 

From a safety perspective, the design focuses 

on confinement with successive barriers pro-

vided for the control of tritium and activated 

material. These barriers include the vacuum 

vessel, the cryostat, air conditioning systems 

with detritiation capability, and filtering capa-

bility of the containment building. Effluents 

are filtered and detritiated such that releases of 

radioactive material to the environment are 

minimized.   

 

Worker radiation safety and environmental 

protection are enhanced by the structure hous-

ing the vacuum vessel. For worker protection, 

a biological shield of borated concrete sur-

rounds the cryostat and concrete walls provide 

additional neutron and gamma-ray shielding. 

 

Accidental releases of tritium and activated 

material are minimized by engineered systems 

that maintain pressure differences to minimize 

any release of radioactive material. These sys-

tems are designed such that air only flows 

from lower to higher contamination areas. 

These differential pressure and airflow charac-

teristics are maintained by the air conditioning 

system.   

 

4.0 ITER Project Phases 

 
The estimated cost and schedule for the ITER 

Project has grown since the initial estimate and 

the schedule has expanded [12]. In 2008, the 

first plasma was predicted for 2016 and that 

date has slipped to the 2020 – 2023 timeframe 

[12]. This schedule slippage is not unexpected 

for a project with significant scope, but it illus-

trates the uncertainties associated with the 

ITER Project. This project currently envisions 

four generic phases. 

 

The first stage begins with a three-year period 

using only hydrogen fuel (1H) at DT ignition 

temperatures. The hydrogen plasma permits 

testing of tokamak systems in a non-nuclear 

environment. Stage two is a one-year period of 

operation with deuterium. The power output 

from DD fusion is expected to be low. Nuclear 

operations with DD fuel test additional sys-

tems including the heat transport, tritium proc-

essing, and particle control systems. The third 

stage includes DT plasma operations with out-

put power at or below 500 MW. At the end of 

this three-year phase, testing of Demonstration 

Fusion Reactor blanket assemblies is planned. 

In the fourth phase, DT operations focus upon 

improving DT fusion performance. 

 

5.0 ITER Safety Characteristics 

 
Although ITER is a prototype reactor, it exhib-

its the essential characteristics of a fusion 

power production facility using magnetic con-

finement.  ITER also has favorable nuclear 

safety characteristics when compared to fis-

sion reactors [1-13,25,29-31]. As an example, 

a criticality accident cannot occur through the 

fusion process or through the interaction of 

any fusion products. In addition, fissile and 

fertile materials are neither utilized nor pro-

duced in the D-T fusion process. For compa-

rable power ratings, the total energy inventory 

in the D-T fuel and D-T plasma are several 

orders of magnitude lower than in a commer-

cial fission reactor core. This lower energy 

inventory inherently limits the extent of any 

offsite release of radioactive material. 

 

Another  positive  benefit  of ITER is the fact  

that the total D-T fuel inventory within the 

plasma containment vessel is small. If the in-

ventory is not replenished, fusion is only sus-

tained for about one minute. In addition, the 

reaction products of D-T fusion are a neutron 

and 
4
He.     
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Fusion facility radioactivity inventory is 

minimized using low-activation materials. 

These materials reduce the overall radiological 

source term and minimize the quantity of ra-

dioactive waste resulting from fusion opera-

tions. 

 

ITER also has positive operational safety 

characteristics. A low fusion power density 

and positive thermal characteristics facilitate a 

wide safety margin for response to a loss of 

fusion reactor cooling. The low fusion power 

density and large heat transfer area permit pas-

sive cooling of plasma facing components and 

breeder blankets if active reactor cooling is 

interrupted. However, the magnetic field en-

ergy associated with ITER has the potential to 

distort the tokamak structure and lead to a re-

lease of radioactive material. 

 

6.0 General Radiological Characteristics 

 

The ITER radiological hazards are representa-

tive of those occurring in a production scale 

fusion facility. These hazards include tritium, 

neutron radiation, activation products, and par-

ticulates generated by plasma collisions with 

containment structures [25,29-31].  

 

Tritium in gaseous form (T2) and as oxides 

(HTO, DTO, and T2O) will be present at 

ITER. The particular chemical form depends 

on the location within the tritium processing 

system and the physical conditions encoun-

tered during a tritium release scenario. 

 

Neutron radiation is produced in the D-T fu-

sion process. The 14.1 MeV neutrons pose a 

direct radiation hazard, and have a significant 

potential for activating and damaging reactor 

components. The radiation damage increases 

maintenance requirements, radioactive waste 

generation, and occupational radiation doses.  

 

Activation products of stainless steel and cop-

per are large contributors to the radiological 

source term. At ITER, the most significant 

activation products of stainless steel are iso-

topes of Mn, Fe, Co, Ni, and Mo and the most 

significant activation products of copper are 

Cu, Co, and Zn. During ITER’s Extended Per-

formance Phase, a reactor inventory of ap-

proximately 10
14

 MBq is anticipated [1-13].  

Smaller activation product inventories reside 

in structures outside the shield blanket or cir-

culating as suspended corrosion products in 

the first wall, blanket, and divertor coolant 

streams. 

 

These activation products and their activities 

present high radiation fields inside the cryostat 

and vacuum vessel. The radiation fields are 

sufficiently high to require remote mainte-

nance for systems, structures, and components 

within the cryostat and vacuum vessel [1-

13,20]. 

 

Fine particles are produced as a result of ion 

impacts with plasma facing components. 

These particles form a fine radioactive dust 

that could be released during maintenance in-

side the plasma chamber or during a severe 

accident. 

 

Tritium, activation products, and toxic materi-

als could be released during an accident or off-

normal event. There are a number of ITER 

energy sources that facilitate the dispersal of 

radioactive and toxic material. These energy 

sources, possible consequences of their dis-

charge, and control measures are summarized 

in Table 2. 

 

7.0 Accident Scenarios/Design Basis Events 

 
The safety characteristics, radiological charac-

teristics, and energy sources form the basis for 

deriving ITER’s accident scenarios. These ac-

cident scenarios are summarized in subsequent 

discussion and include loss of coolant ac-

cidents (LOCAs), loss of flow accidents (LO-

FAs), loss of vacuum accidents (LOVAs), 

plasma transients, magnet fault transients, loss 

of cryogen, tritium plant events, and auxiliary 

system faults. These scenarios form the foun-

dation for ITER’s design basis events.  Al-

though the physical processes differ, the fusion 

design basis events have similarities to fission 

power reactor events. Each of these events has 

health physics implications because their oc-

currence can lead to a release of radioactive 

material to the environment  

 

7.1 Loss of Coolant Accidents 
 

LOCAs are serious events in a fission reactor 

because the coolant removes heat from the fuel 

core [29-31,36]. In a fission reactor, a LOCA 

has the potential to damage the fuel/cladding 

fission product barrier. Any loss of coolant, 

increases the temperature of the fuel, increas-

esthe likelihood for fuel damage, and reduces 

the margin for protection of the fuel from 
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     Table 2. ITER Energy Inventoriesa 

Energy 

Source 

Power or 

Energy 

Release 

Time 

Potential Consequences 

of Energy Discharge 

Control Measures 

Fusion 

Power 

1.5 GW 1000 s 

(pulse 

duration) 

Melting of plasma facing 

components 

 

In-vessel loss of coolant 

accidents 

 

Mobilization and release 

of tokamak, plasma 

facing component, and 

activation products. 

Normal coolant systems operations 

 

Active power shutdown systems 

 

Passive shutdown for large 

disturbances 

Plasma 2.3 GJ < 1 s Disruption/vertical 

displacement event 

 

Limited evaporation and 

release of plasma facing 

components 

Plasma control systems 

 

 

Disruption/ vertical displacement 

event mitigation systems 

Magnetic 120 GJ s to min Electric arcs 

 

Localized magnet melting 

 

Mechanical damage 

 

Release of radionuclide 

inventory near the arc 

Normal operation of coolant 

systems 

 

Insulation design 

 

Rapid quench detection and 

discharge system  

Decay Heat 260 GJ (In 

the first 

day) 

 

910 GJ (In 

the first 

week) 

min to y 

depending 

on the 

concern 

Heating near plasma 

components and materials 

 

Maintenance concerns 

 

Waste management 

concerns 

 

Driving force to mobilize 

activation products 

Minimization of decay heat 

production 

 

Defense in depth design features 

 

Normal cooling system operations 

 

Active decay heat removal systems 

 

Passive heat removal using 

radiative heat transfer and natural 

circulation cooling 

Chemical 

(following 

a reaction) 

800 GJ s to h Overheating of plasma 

facing components 

 

Hydrogen fires or 

explosions 

 

Overpressurization  or 

damage of the plasma 

confinement structure 

 

Driving force to mobilize 

activation products 

Using passive means, limit 

temperatures to about 500 
o
C on 

plasma facing components to 

minimize hydrogen production 

 

Design measures to prevent ozone 

accumulation 

Coolant 300 GJ s to min Pressurization of vacuum 

vessel, cryostat, or heat 

transport system vault 

 

Pressurization creates a 

driving force for 

activation product 

mobilization 

Overpressure suppression systems 

               a
 Ref. 1. 
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melting. From a health physics perspective, a 

LOCA results in the release of fission products 

to the facility and potentially to the environ-

ment.   

 

At the ITER, LOCAs involve actively cooled 

components (e.g., blanket, shield, vacuum ves-

sel, and divertor cooling system) that remove 

fusion energy [1-13]. Cooling media include 

water and helium. LOCAs at the ITER are di-

vided into two broad categories (in-vessel and 

ex-vessel) [1-13].   

 

An in-vessel LOCA diverts coolant into the 

vacuum vessel leading to pressurization or 

chemical reactions with hot plasma facing 

components (PFCs). Coolant entering the 

plasma chamber during plasma operations dis-

rupts and extinguishes the plasma. However, 

pressure or chemically initiated events dis-

perse radioactive material including tritium 

and activation products. The extent of the dis-

persal area and quantity of radioactive material 

dispersed depend on the specific fusion reactor 

design, its operational history and operating 

characteristics, and details of the accident se-

quence. Parameters that determine the severity 

of the LOCA include the type and quantity of 

fluid leaked into the vacuum vessel, the vac-

uum vessel volume, the internal energy of the 

fluid, and for water LOCAs, the presence of 

condensation surfaces. 

 

Ex-vessel LOCAs involve piping runs to heat 

removal systems such as steam generators or 

heat exchangers. Since the ex-vessel piping 

has a larger bore than in-vessel piping, ex-

vessel LOCAs involve larger volumes of cool-

ant than in-vessel events. Rapid detection of 

an ex-vessel event is required to protect the 

divertor and first wall from overheating when 

coolant is lost. The time required for detection 

of the ex-vessel LOCA and for shutdown of 

the plasma reaction depends on the plasma 

facing component’s heat load. For ITER, the 

time is on the order of seconds. 

 

The probability of an ex-vessel LOCA is 

judged to be much lower than that of an in-

vessel LOCA. This reduced probability is as-

sociated with the regularity of scheduled in-

spections of heat removal systems and associ-

ated piping [1,2,5]. 

 

LOCAs have very similar release conse-

quences in fission power reactors and at ITER.  

Although the internal mechanisms generating 

the LOCA differ at these facilities, a resulting 

release of radioactive material occurs. The 

ITER LOCA has a significantly different 

source term since no fission products are re-

leased. Tritium and vessel activation products 

dominate ITER’s release source term. 
 
7.2 Loss of Flow Accidents 
 
In a fission reactor, loss of flow events are less 

severe than LOCAs, and result from transients 

that limit the flow of cooling water to the core 

[29-31,36]. Pump failures or shutdowns, valve 

mispositioning, loss of motive force (steam or 

off-site power) or instrument failures initiate 

these events. Their severity depends on the 

duration of the event and integrity of the reac-

tor coolant system piping.  

 
At the ITER, LOFAs are predominantly 

caused by a loss of off-site power, which re-

sults in the decrease, or loss of coolant pump 

output [1,2,5]. LOFAs often lead to LOCAs 

because a loss of cooling flow can lead to tube 

overheating and subsequent tube failure if 

plasma shutdown is not achieved rapidly.   

 

In-vessel LOFAs are induced by tube plugging 

or coolant system blockage. Since in-vessel 

components usually involve small diameter 

piping, an in-vessel LOFA leads to overheat-

ing and subsequent failure of the tube or chan-

nel and results in an in-vessel LOCA. After 

tube or channel failure, coolant is released into 

the plasma chamber with disruption and ter-

mination of the plasma. Following plasma 

termination, component cooling is required to 

prevent further damage that could result in a 

release of radioactive material. 

 

The consequences of a LOFA depend on fu-

sion process heat loads and the design of cool-

ing systems to manage these heat loads.  

Therefore, an ITER LOFA’s significance de-

pends on the particular phase of the operating 

cycle. Key parameters that affect a LOFA are 

the coolant material, divertor heat load, first 

wall heat load, and the heat transport system 

design. Therefore, an ITER LOFA is most se-

vere during the period of full power opera-

tions. 
 
7.3 Loss of Vacuum Accidents 
 
In a fission reactor, a loss of vacuum event 

typically involves the turbine’s condenser.  

Fission turbines operate under vacuum condi-



 

 

33

tions to facilitate steam transport. A loss of 

vacuum leads to a turbine trip and subsequent 

reactor trip. The safety significance of loss of 

condenser vacuum is significantly less that the 

hazard associated with a loss of coolant event 

[30,31,36].  

 

In a fusion reactor, the plasma chamber is op-

erated under vacuum conditions. When plasma 

chamber vacuum is lost, a loss of vacuum 

event occurs. Vacuum disruption is realized 

when a gas including air leaks into the plasma 

chamber. Disruption follows a component 

failure such as a diagnostic window, port, or 

seal, caused by a defect, vessel erosion, com-

ponent wear, radiation damage, excessive load 

or overpressurization of the plasma chamber 

following an in-vessel LOCA [1,2,5]. In addi-

tion to allowing fluid ingress into the vessel, 

the component failure allows radioactive mate-

rial (tritium or activated material) to escape 

from the vessel. If air enters the vacuum ves-

sel, it reacts chemically with the hot plasma 

facing components. This interaction produces 

thermal energy that can volatilize additional 

radioactive material. The severity of a LOVA 

depends on the operating period of ITER and 

will be most severe during full power opera-

tion [1,2,5]. 
 
7.4 Plasma Transients 
 
Over power transients occur in a fission reac-

tor and are triggered by changes in reactor 

coolant temperature, secondary system tran-

sients, and secondary system failures including 

valve malfunctions. These transients are po-

tentially severe and can lead to core damage 

with a subsequent release of fission products 

[29-31,36].  

 

Plasma transients include overpower events 

and plasma disruptions. Overpower conditions 

occur in a plasma when the balance between 

fusion energy generation and energy loss is 

disrupted.  When generation exceeds loss, an 

increase in temperature results until the accu-

mulation of 
4
He and depletion of D-T fuel oc-

curs. After about 2 – 10 s, a disruption and 

plasma shutdown occurs [1,2,5].  Plasma dis-

ruptions include a variety of instability tran-

sients. 

 

During a disruption, confinement of the 

plasma is lost, the fusion process terminates, 

and energy is rapidly transferred to the sur-

rounding structures. This energy transfer in-

duces PFC ablation and possibly melting.  

During this energy transfer, the plasma current 

quenches within about a second, and magnetic 

forces are exerted on the vessel and support 

structures. 

 

Disruption can be induced by thermal excur-

sions, impurities injected into the vacuum ves-

sel, and loss of plasma control. These condi-

tions are expected to occur during ITER power 

operations. In addition, plasma disruptions 

generate high-energy electrons that damage 

PFCs and initiate failure of first wall/blanket 

modules or segments. These failures liberate 

activation products and enhance the possibility 

of their release from the vacuum vessel. 
 

7.5 Magnet Fault Transients 
 
Electrical faults occur in power supplies, 

switchgear, turbine-generators, and other 

components. These faults include arcing and 

other electrical discharge mechanisms, which 

release energy. Severe transients in a fusion 

reactor have the potential to disrupt electrical 

power supplies. If the loss of power is ex-

tended, the event has the potential to mobilize 

radioactive material [1-13]. 

 

Magnetic field transients induce forces that 

can damage structural integrity and induce 

faults in other machine components. Off-

normal forces yield large magnet coil dis-

placements that affect other systems (e.g. the 

vacuum vessel and plasma heat transfer sys-

tem piping) and produce arcs that induce local-

ized component damage. At ITER, magnetic 

field transients could damage the vacuum ves-

sel and its associated ducts and piping and the 

cryostat. This damage facilitates the release of 

radioactive material.  

 

Electromagnetic forces also result from 

equipment and operational transients that lead 

to electrical shorts in coils, faults in the dis-

charge system, or power supply faults.  Elec-

trical arcs between coils, to ground, and at 

open leads facilitate localized component 

melting. Arcs also arise from insulation faults, 

gas ingress, or overvoltage transients.  The 

degree to which arcs or magnetic faults occur 

depends on the facility design and its opera-

tional characteristics. However, arcs damage 

structures and increase the potential for the 

release of radioactive material. 
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7.6 Loss of Cryogen  
 
An extensive loss of helium or nitrogen cryo-

gen is a radiological safety issue because the 

pressures developed following the leak are 

sufficient to breach confinement barriers 

[1,2,5].  The released helium and nitrogen also 

displace air and present a suffocation hazard.   

 

Releases of helium and nitrogen result from 

component failures or transient conditions.  

For superconducting magnets, quenching the 

superconductor without electrical discharge 

causes helium leakage. Cryogen plant failures 

release nitrogen gas following volatilization of 

the liquid phase. These gas releases also pro-

vide a mode of force to mobilize radioactive 

material. 

 

There are no comparable fission reactor events 

involving cryogen.  Some radiation detection 

instrumentation requires cooling, but the loss 

of cryogen does not lead to the release of ra-

dioactive material [29-31]. 
 
7.7 Tritium Plant Events 
 
Although tritium is not a material used in a 

fission reactor, it is produced during power 

operations from activation of the reactor cool-

ant via 2H(n, γ)3H, chemical agents including 

boric acid (
10

B(n, 2α)
3
H) and lithium hydrox-

ide (6Li(n, α)3H), and tertiary fission.  Tritium 

is monitored and controlled to minimize the 

potential for internal impacts [29-31].   

 

Hydrogen is used in fission reactors for pri-

mary system oxygen control and for its ther-

mal properties in turbine generator systems.  

Any leakage of hydrogen gas creates the po-

tential for an explosive mixture and hydrogen 

monitors are included in the design to mini-

mize these events. As demonstrated by the 

Fukushima Daiichi accident, hydrogen explo-

sions have the potential to disperse fission 

products [36].  

 

Breaching confinement barriers of the tritium 

processing and fueling system releases a vari-

ety of chemical forms (e.g., T2 and HTO).  

Tritium release events should also consider the 

potential for hydrogen explosions. However, 

tritium design standards normally require dou-

ble or triple containment for systems contain-

ing hydrogen. These standards should reduce 

the frequency of large release and explosion 

events [1-13,37,38]. 

An explosion provides a potent force to dis-

perse radioactive material.  The specific plant 

location of the explosion and its magnitude 

govern the quantity of radioactive material 

dispersed and the severity of the event.  How-

ever, tritium releases lead to potential internal 

intakes that become more severe as tritium gas 

is converted to the HTO form. 
 
8.0 Radioactive Source Term 
 
The aforementioned ITER accident scenarios 

have the potential to release radioactive mate-

rial within plant structures and the environ-

ment [1,2,5]. The extent of the release depends 

on the available radioactive material and the 

plant conditions. Table 3 summarizes the in-

ventories and the release assumptions cur-

rently used in evaluating the consequences of 

the postulated ITER events. A more complete 

discussion of the assumptions associated with 

ITER radioactive material dispersal events is 

provided in subsequent discussion. 

 

The tolerable release fraction listed in Table 3 

is based on a 50 mSv effective dose during the 

release period plus 7 days considering no 

evacuation, average meteorology, and ground 

level release conditions [1]. Table 3 and its 

associated data are unique to the ITER design 

and could change as operational experience is 

incorporated into a production scale facility.  
 
9.0 Beyond Design Basis Events 
 
ITER’s beyond design basis events (BDBEs) 

have frequencies of <10
-6

/y.  BDBEs include 

vacuum vessel collapse, magnet structure col-

lapse or movement, and building structural 

failure. Collapse of the vacuum vessel, col-

lapse of magnet structural supports, or move-

ment of magnet structural supports sever to-

kamak coolant lines and damage one or more 

of the tokamak confinement barriers. Gross 

building failure also damages tokamak coolant 

lines and structural barriers and leads to fire 

related events. All of these events have the 

potential for a significant release of radioac-

tive material [1].   

 

10.0 Assumptions for Evaluating the Con-

sequences of Postulated ITER Events  

 
The ITER adopted a standard set of assumpti- 

ons for evaluating the consequences of the 

postulated design basis events [1]. This set 

provides common assumptions for comparing 
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Table 3. Radioactive Material Inventories in Postulated ITER Accident Eventsa 

Source Term Inventory Avail-

able for Release 

Tolerable Release 

Fraction 

Control or Mitigation Strategy 

In-vessel tritium as a co-

deposited carbon-hydrogen 

layer 

1 kg-tritium ≈30% if HTO Administrative limit and surveillance 

on layer buildup 

Dual confinement barriers against air 

ingress 

In-vessel tritium diffusively 

held in beryllium and tritium 

in cryopumps 

0.7 kg-tritium >100% if HT Limit first wall temperatures to 500-

600 
o
C 

In-vessel tokamak dust (e.g., 

steel and tungsten), excluding 

beryllium and carbon 

20 kg metal ≈30% Administrative limit and surveillance 

on dust 

Dual confinement barriers against air 

ingress 

Oxidation-driven volatility of 

in-vessel steel, copper, and 

tungsten 

Kilograms of solid 

near-plasma mate-

rial 

≈10 - 100%  

depending on  

temperature 

Limit first wall temperatures to 500-

600 
o
C 

Tritium plant circulating in-

ventory 

600 g-tritium ≈75% Administrative limit and surveillance 

on inventories 

Confinement barriers 

Tritium Plant Building structural 

integrity 

Secure tritium storage 1 kg-tritium ≈50% Administrative limit and surveillance 

on inventories 

Confinement barriers 

Tritium Storage Building structural 

integrity 

Hot cells, waste storage <1 kg-tritium 

 

Kilograms of acti-

vated metal 

≈50% for tritium 

 

≈10% for dust 

Administrative control and surveil-

lance on tritium and dust 

Recycle tritium  

Temperature limits and controls  

Confinement barriers 
a Ref. 1. 
 
Table 4. Public Dose Criteria for Postulated ITER Eventsa 

Accident Con-

sideration or 

Parameter 

Operational 

Events 

Likely Events Unlikely Events Extremely 

Unlikely 

Events 

Hypothetical 

Events 

Annual 

Expected  

Frequency (f) 

Expected to 

occur 

>0.01/y 0.01/y ≥ f >10-4/y 10-4/y ≥ f > 

10
-6

/y 

≤10-6/y 

ITER Objective Apply 

ALARA 

principles 

Avoid releases Avoid the need for 

any public counter-

measures 

Avoid the po-

tential for pub-

lic evacuation 

Limit risk 
e
 

Dose criteria to 

meet the design 

basis 
b
 

 0.1 mSv/y 

chronic dose 

(all pathways 

integrated over 

all operational 

event catego-

ries)
c
 

 

 

 0.1 mSv/y 

chronic dose (all 

pathways inte-

grated over all 

likely event cate-

gories)
c
 

0.1 mSv/y 

chronic dose 

(without inges-

tion) 
c
 

5 mSv/event chronic 

dose (without inges-

tion) 

5 – 50 

mSv/event 
d
 

Limit risk e 

a Ref. 1. 

b When dose criteria are “per year”, average annual meteorology is assumed; when “per event”, baseline worst-case 

meteorology is used for design basis events and average meteorology is used for beyond design basis events. 

c The summation of the operational event dose and likely event doses must be ≤0.2 mSv/y.  

d The range for extremely unlikely events results from the variation among various national dose criteria.  For de-

sign purposes, a value of 10 mSv during the release period plus 7 days is utilized by ITER. 

e The goal is to limit risk. In addition to meeting the extremely unlikely event dose criteria, the no evacuation goal 

implies the need to limit doses to the local population to approximately 50 mSv/event during the release period plus 

7 days 
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the relative severity of the postulated events, 

and permits event dose limits and release lim-

its to be calculated in a consistent manner.   

 

Design basis events use a 100 m elevated re-

lease and incorporate conservative meteorol-

ogy and precipitation. Beyond design basis 

events incorporate a ground level release that 

includes building wake effects. Operational 

events and beyond design basis accidents use 

average meteorology conditions, but precipita-

tion is not considered.                            
 
All dose calculations are based on a release 

duration of 1 hour and a 1 km distance from 

the release point to the nearest member of the 

public. The dispersion factors (χ/Q) used for 

accident releases with worst-case meteorology 

and a ground-level release (2-4x10
-4

 s/m
3
), 

accident releases with worst-case meteorology 

and an elevated release (1.4-2.7x10-5 s/m3), 

and average annual meteorology (1.0x10
-6

 

s/m3) are given in parenthesis. These disper-

sion factors do not credit ground deposition 

and washout effects. 

 

Public dose criteria, summarized in Table 4, 

are used to evaluate the acceptability of the 

postulated events and the need for modifica-

tion of the ITER design. In Table 4, events are 

categorized as operational events, likely 

events, unlikely events, extremely unlikely 

events, and hypothetical events. Operational 

events are events that occur during routine 

operations including some faults and condi-

tions that occur because of ITER’s experimen-

tal nature. Likely events are not considered to 

be operational events but occur one or more 

times during the lifetime of the facility. 

Unlikely events are events that are not likely 

to occur during ITER’s operational lifetime. 

Extremely unlikely events are events that are 

not likely to occur by a very wide margin dur-

ing ITER’s operational lifetime. ITER’s de-

sign basis is derived from the extremely 

unlikely events. Hypothetical events have an 

extremely low frequency. These events are 

postulated with the goal of limiting ITER’s 

risk, and they form the basis for the beyond 

design basis events.     

 

11.0 Caveats Regarding the ITER Technical 

Basis  

 

The ITER project [1-13] concept assumes a 

success-oriented design, construction, and op-

eration that presumes the basic science is es-

sentially resolved. A similar approach is 

adopted by the US Department of Energy Fu-

sion Program [37,38]. This type of approach 

must be view with caution in view of recent 

magnet shutdown issues associated with an-

other large, cutting-edge, international project, 

namely the Large Hadron Collider (LHC).  

Magnet issues limited operations at the LHC 

and delayed the machine from reaching the 

design beam energy [39].  
 
Issues have been raised regarding possible 

gaps in the scientific foundation of the ITER 

[40-42]. These issues arise because large pro-

jects often focus upon the political and finan-

cial aspects of new technologies. This focus 

often leads to decision makers assuming that 

the important scientific questions are resolved 

and only engineering details remain.  It is pos-

sible that there are scientific gaps in the con-

ceptual foundations of ITER and in the mag-

netic confinement devices that merit a more 

thorough review [40,42]. These gaps are not 

unexpected because fission reactor de-

velopment encountered unanticipated events 

as demonstrated by the Three Mile Island, 

Chernobyl, and Fukushima Daiichi accidents 

[29-31,36]. 

 

An example of ITER’s physics gaps is the lack 

of a manageable mathematical framework that 

reproduces the observed experimental results 

or is sufficiently evolved to predict planned 

experiments. A situation in which the theory is 

decoupled from predicting and focusing the 

experimental program is not necessarily a fatal 

flaw, since a number of important discoveries 

have occurred in the absence of a rigorous, 

predictive theoretical framework [40-42].   
 
The aforementioned issues are important from 

a health physics perspective. Any design 

shortcomings have a health physics impact 

that could lead to potentially larger releases of 

radioactive material, higher effective doses, 

and uncertainties in the focus of the radiation 

protection program. However, innovative pro-

jects like ITER have inherent uncertainty and 

design iterations should utilize sound ALARA 

principles. Considering these issues, specific 

aspects of fusion radiation protection are ad-

dressed. 

 

12.0 Overview of Fusion Energy Radiation 

Protection     
 

The D-T reaction of Eq. 3 provides 17.6 MeV  
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for transfer to alpha particles (3.50 MeV) and 

neutrons (14.1 MeV).  The neutrons and alpha 

particles initiate other nuclear reaction includ-

ing activation.  

 

The fusion power facility has radiological haz-

ards that are also present in contemporary fa-

cilities.  For example, the tritium/HTO hazard 

is similar to that encountered in a Canadian 

deuterium (CANDU) reactor that uses D2O as 

the coolant and moderator [29-31].  The 14.1 

MeV neutrons resulting from D-T fusion are 

similar to the neutron hazard encountered in a 

low-energy accelerator facility.  Therefore, 

health physics experience with CANDU reac-

tors and accelerators provide insight into a 

portion of the radiological hazards encoun-

tered in a fusion power facility.   

 

A fusion power facility utilizes systems not 

found in contemporary light water reactors 

(e.g., the tritium fueling, cleanup, breeding, 

and recovery; vacuum pumping; plasma heat-

ing; water tritium removal; and isotope separa-

tion systems). The assessment of the occupa-

tional effective dose associated with each of 

these ITER systems requires detailed design 

knowledge and related system design details 

such as the nature and configuration of pene-

trations in the vacuum vessel, activation of 

structural materials, water chemistry, and the 

leak tightness of tritium removal systems.  An 

analysis of the radiation protection conse-

quences of these systems is only possible once 

specific information regarding the occupancy 

factors, fusion specific effective dose rates, 

frequency of operations, and number of work-

ers involved in the operations are known.  

Given the current stage of ITER design, this 

information is not yet available.  

 

Although these details should evolve as the 

design and operational concepts are finalized, 

considerable health physics information is ob-

tained by considering the individual source 

terms at a fusion power facility. These source 

terms directly influence the facility’s collec-

tive dose. 

 

The collective dose from fusion power plants 

is one of the criteria for judging their overall 

success. The current and anticipated fission 

facility and anticipated fusion facilities’ annual 

collective doses for boiling water, pressurized 

water, Canadian deuterium, gas cooled, and 

Generation IV fission reactors, and initial fu-

sion plant are 2.21, 1.20, 0.63, 0.26, 0.70, and 

1 – 2 person-Sv, respectively [22].  Therefore, 

it appears that the collective effective doses at 

fission and fusion power facilities are compa-

rable.  It is likely that fusion facility doses will 

decrease as operating experience accumulates. 

 

12.1 D-T Systematics 
 

The various low energy rearrangement or 

break-up channels in the 
5
He system govern 

the systematics of D-T fusion [43].  For exam-

ple, without added energy, D-T fusion via Eq. 

3 occurs with the liberation of 17.6 MeV.  No 

other D-T reactions are likely unless several 

MeV of excitation energy is provided.  For 

example, 
3
H + 

2
H → 

3
H + p + n will only oc-

cur if at least 2.2 MeV is available.   

 

The various reactions produce nuclides and 

radiation types that directly influence the ra-

diation characteristics of the facility.  These 

various radiation types (e.g., n, p, and γ), acti-

vation processes, and radionuclides define the 

fusion source term, which is discussed in sub-

sequent sections of this paper. 

 

12.2 Direct Fusion Radiation Sources 

 

Knowledge of the D-T fusion process and 

ITER plasma characteristics permits an ampli-

fication of previous radiation protection over-

views [1,2,14-31].  In particular, the sources of 

occupational radiation exposure arise from the 

fusion process and activation of associated 

confinement materials. 

 

The dominant ionizing radiation types include 

gamma rays from the fusion process and acti-

vation sources, beta particles from activation 

sources and tritium, and neutrons from the fu-

sion process. The external effective dose pre-

dominantly receives contributions from beta, 

gamma, and neutron radiation. Internal intakes 

of tritium and activation products are also a 

concern.   

 

In the lower energy fission neutron spectrum, 

the (n, γ) and (n, p) reactions predominate.  

The higher energy D-T fusion neutron spec-

trum opens additional reaction channels. In 

addition to (n, γ) and (n, p) reactions, more 

complex reactions (e.g., (n, 4n), (n, 2n α), and 

(n, 
3
He)) occur [43] and contribute to the acti-

vation product source term. Additional discus-

sion regarding fusion specific activation prod-

ucts and their production mechanisms are dis-

cussed in subsequent sections of this paper. 
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12.3 Activation Sources 
 

Activation of reactor components will be an 

important source of ITER radiation exposure.  

Expected activation products include 3H, 16N, 
24Na, and 60Co.  

 
3H is produced in cooling water systems 

through 2H(n, γ)3H and spallation reactions in 

soil surrounding the facility, and in blanket 

assemblies through the 6Li(n, α)3H reaction.  

Tritium is also a concern in fission reactors 

[30,31], but the inventory is much less than 

present at ITER.  
 

16
N is produced in cooling water systems from 

the 
16

O(n, p)
16

N reaction and has the potential 

to be a significant source of radiation exposure 

at ITER.  Fission reactor shielding inside con-

tainment is dominated by neutron and 
16

N ra-

diation [30,31]. 
 

24
Na is a significant part of the concrete source 

term. Its generation is through a variety of re-

actions including 
23

Na(n, γ)
24

Na.  
24

Na is not a 

significant radionuclide at light water fission 

reactors. 

 

The reactions that significantly contribute to 

the worker’s effective dose depend on the ra-

dionuclide produced and its activity. This ac-

tivity is determined by the contribution from 

the terms comprising the activation equation.  

For simplicity, consider the saturation activity 

(Asat) applicable for sustained, steady state fu-

sion reactor operation: 

 

Asat = N σ φφφφ          (10) 

 

where N is the number of target atoms, σ is the 

energy-dependent microscopic cross section 

for the reaction of interest, and φ  is the energy 

dependent fluence of the particle initiating the 

reaction of interest.   

 

The number of atoms of a particular target is 

determined by the mass of the materials of 

construction for the component being acti-

vated; the cross section is determined by the 

specific reaction and the neutron energy; and 

the energy-dependent neutron fluence is gov-

erned by the fusion process, the fusion reactor 

configuration, and the materials of construc-

tion for the vacuum vessel and its support 

components. The reactor configuration and the 

materials of construction govern the neutron 

interactions, and these interactions degrade the 

neutron energy.  Therefore, the importance of 

a specific reaction depends on the details of 

the reactor design and the fusion process util-

ized to produce power.   

12.4 General Ionizing Radiation Hazards 
 

D-T fusion produces a variety of radiation 

types including alpha particles, beta particles, 

photons, and neutrons.  Heavy ions are also 

produced, but they deposit the bulk of their 

energy within the plasma and vacuum vessel.  

Each of these radiation types and their health 

physics importance are discussed. 

 

12.4.1 Alpha Particles 
 

In the D-T fusion process of Eq. 3, alpha parti-

cles are directly produced, and their energy is 

deposited within the plasma or in the lining of 

the ITER vacuum vessel.  Alpha particles are 

also produced by activation of vacuum vessel 

and plasma support components.  The radia-

tion damage induced by alpha particles con-

tributes to increased maintenance requirements 

and the need for component replacement.  

ITER operating experience will provide an 

indication of the required frequency of com-

ponent replacement, particularly the vacuum 

vessel and internal tokamak components.  

 

Alpha particles, produced through activation 

or nuclear reactions with materials of con-

struction, present an internal hazard if they are 

dispersible.  The fusion alpha hazard is not as 

severe as the alpha hazard associated with 

transuranic elements (e.g., plutonium and am-

ericium) produced in a fission power reactor or 

recovered in a fuel reprocessing facility 

[30,31].   

 

Other alpha particle generation results from 

the unique materials utilized in the facility.  

Depleted uranium (
238

U) containers may be 

used to store the ITER’s tritium fuel.  Alpha 

particles arise from the uranium series daugh-

ter’s that are part of the materials of construc-

tion (e.g., concrete) or dissolved in the facil-

ity’s water supplies.     

 

12.4.2 Beta Particles 

 

Beta radiation primarily results from the decay 

of activation products, 
238

U, and tritium, and it 

presents a skin, eye, and whole body hazard.  

Given equivalent power ratings, it is expected 

that the fusion power reactor beta hazard will 
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be similar to that encountered in a fission 

power reactor. 

 

Beta radiation is also associated with the trit-

ium fuel material and associated depleted ura-

nium storage containers.  The tritium beta par-

ticles represent an internal hazard while the 

beta radiation from the 238U series is both an 

internal and external radiation hazard.  Since 

an equilibrium thickness of 
238

U metal leads to 

an absorbed dose rate of 2.33 mSv/h at 7 

mg/cm2, ALARA measures are required near 

the depleted uranium storage containers to 

minimize the beta effective dose.  The major 

contributor to the 238U beta absorbed dose is its 

daughter 234mPa ( =max

βE 2.29 MeV) [30,31]. 

 

Beta radiation is a health physics issue during 

routine ITER operations and maintenance ac-

tivities, fueling and defueling activities, and 

waste processing operations.  Appropriate 

health physics measures are required to mini-

mize the beta radiation hazard [30,31]. 

 

12.4.3 Photons 
 

Photons are produced from the decay of acti-

vation products and from nuclear reactions 

that occur within the ITER plasma.  The pho-

tons emitted from activation products vary 

considerable in energy and half-life.  As noted 

in subsequent discussions, shielding require-

ments are influenced by activation gammas 

including the 16N and 24Na photons. 

 

Photon radiation also occurs from a variety of 

reactions associated with the D-T fusion proc-

ess. Sources of photons include brems-

strahlung and nuclear reactions including 
2H(n, γ)3H, 3H(p, γ)4He, 3He(n, γ)4He, and 
2H(2H, γ)4He [33,34].  High-voltage equipment 

associated with plasma heating in MC fusion 

and laser support equipment in IC fusion is an 

additional source of x-ray photons. The pri-

mary shielding surrounding the vacuum vessel 

mitigates the photon radiation.      

 

12.4.4 Neutrons 
 

The fusion process produces fast neutrons 

(e.g., ≥14.1 MeV in D-T plasmas) and lower 

energy neutrons, including thermal neutrons, 

as the 14.1 MeV neutrons interact and scatter 

in the various reactor components.  These neu-

trons activate structural materials, coolant, 

instrumentation, and devices used to sustain 

the plasma (e.g., radiofrequency coils and the 

D-T injection system).  One result of activa-

tion is the creation of high dose rate compo-

nents that require remote handling during 

maintenance operations. The dose rates in 

these components will be comparable to refu-

eling and maintenance outage dose rates at 

fission reactors [30,31]. 

 

Following D-T fusion, some neutrons escape 

the ITER vacuum vessel.  The expected 14 

MeV neutron flux on the reaction chamber 

wall and total neutron flux on the reaction 

chamber wall are > 1013 n /cm-2-s and > 1014 n 

/cm-2-s respectively [21,44,45]. Although these 

values are comparable to values at a fission 

power reactor [29-31], they are about a factor 

of 10 lower than the projected value at a com-

mercial fusion power reactor [1,2,5].   

 

The expected neutron irradiation of inner fu-

sion reactor components, including the blanket 

and shield, dictate their required material 

properties (i.e., capability of withstanding op-

erating temperatures and pressures as well as 

meeting the radiation damage limits).  In addi-

tion, reactor components should have low ac-

tivation properties in order to facilitate opera-

tions and maintenance activities in an ALARA 

manner.  A limited set of structural materials 

has the desired activation properties including 

those based on ferritic martensitic steel, 

SiC/SiC ceramic composites, and vanadium 

alloys. These materials are currently incorpo-

rated into the ITER design [1-13]. 

 

Neutron radiation damage affects facility 

equipment lifetimes. Major components re-

quire periodic replacement due to the high-

energy neutron bombardment. These compo-

nents incorporate remote handling and proc-

essing to minimize worker doses.  As an ex-

ample, consider the blanket assemblies sur-

rounding the vacuum vessel. 

 

Blanket assemblies produce tritium through 

reactions including 
6
Li(n, 

3
H)

4
He.  The blanket 

change-out frequency ensures sufficient time 

to permit breeding of the required quantities of 

tritium to reach self-sufficiency. Radiation 

damage is an important consideration in de-

termining this frequency. 

 

Fusion neutrons also present an external radia-

tion hazard.  The 14.1 MeV neutrons are con-

siderably more energetic than fission neutrons.  

Neutrons, escaping the vacuum vessel and not 
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captured by the blanket assembly or other 

components, lead to occupational doses during 

surveillance and maintenance activities.   

These neutrons require shielding, and particu-

lar attention must be paid to leakage pathways.  

At ITER these leakage paths will only be de-

termined following construction and documen-

tation of the as-built configuration.   

 

Neutrons also activate fusion reactor structures 

and components.  Activation products are pro-

duced by the neutron fluence impinging on the 

components of the fusion reactor including the 

vacuum vessel.  At ITER, the candidate com-

ponent materials include stainless steel, vana-

dium, and ceramic materials such as Al2O3.  

Activation products include isotopes of Na, 

Fe, Co, Ni, Mn, and Nb that decay by beta 

emission, positron emission, and electron cap-

ture with associated gamma emission.  A key 

ALARA feature is the optimization of materi-

als that produce minimal activation products 

or activation products with short half-lives.  

 

Typical neutron activation products of struc-

tural materials include 
55

Fe, 
58

Co, 
60

Co, 
54

Mn, 
56Mn, 59Ni, and 63Ni. The variety of materials 

used in a fusion facility and their associated 

trace constituents increase the diversity of ac-

tivation products.  

 

Activation products are primarily solid materi-

als. Excluding the activation products of ar-

gon, noble gases are not produced in a fusion 

machine. Unlike a fission reactor, significant 

quantities of radioactive krypton and xenon 

are not expected in a fusion power facility. 

 

Expected fusion activation products also in-

clude those resulting from air (e.g., 11C, 13N, 
15

O, and 
41

Ar), water (e.g., 
3
H, 

7
Be, 

11
C, 

13
N, 

15O, and 16N), and soil (3H, 22Na, and 24Na) 

[30,31]. These activation products are com-

mon to both the fission and fusion processes.  

Subsequent discussion explores the additional 

complexity introduced by the higher energy D-

T fusion neutron spectrum.   

 

In addition to the expected activation products, 

fusion specific activation products are pro-

duced. Since all materials used in the ITER 

reactor are not completely specified, specific 

examples are only provided for the activation 

of two components (i.e., the vacuum vessel 

liner and vacuum vessel structural material) 

[1,2,5,23,46].   

 

12.4.5 Heavy Ions  
 

Most of the heavy ions remain confined within 

the vacuum vessel and deposit their energy in 

the plasma or vessel wall.  Therefore, it is not 

likely that heavy ions present a significant 

health physics concern in a D-T fusion facility.  

However, heavy ions contribute to vacuum 

vessel radiation damage, and increase mainte-

nance requirements and the associated worker 

doses. 

 

12.5 Specific Radiation Hazards 
 

Likely candidate materials for the vacuum 

vessel liner include vanadium, a vanadium 

alloy, and a vanadium composite material.  

Stainless steel is a likely candidate material for 

vacuum vessel structural material.  The activa-

tion of vanadium and stainless steel are ad-

dressed in the next two sections of this paper.  

Tritium is another specific hazard that is ad-

dressed following the discussion of vessel ac-

tivation. 

 

12.5.1 Vanadium Activation – Vacuum 

Vessel Liner 

 

In view of the previous discussion regarding 

uncertainty in the selection of materials, it is 

reasonable to consider natural vanadium as the 

vacuum vessel liner material.  The dominant 

vanadium activation products resulting from 

ITER operations are listed in terms of the iso-

tope produced (half-life) and associated pro-

duction reaction [threshold energy]: 47Ca(4.5 

d): 50V(n, p 3He)47Ca[21.5 MeV] and 51V(n, p 

α)
47

Ca[11.7 MeV], 
46

Sc(84 d): 
50

V(n, n 

α)46Sc[10.1 MeV] and 51V(n, 2n α)46Sc[21.3 

MeV], 47Sc(3.4 d): 50V(n, n 3He)47Sc [20.2 

MeV] and 
51

V(n, n α)
47

Sc[10.5 MeV], 
48Sc(43.7 h): 50V(n, 3He)48Sc[11.8 MeV] and 
51V(n, α)48Sc[2.1 MeV], 48V(16 d):                           
50

V(n, 3n)
48

V [21.3 MeV] and 
51

V(n, 4n)
48

V 

[32.6 MeV], 51Cr(27.2 d): 54Fe(n, α)51Cr[0.0 

MeV] and 56Fe(n, 2n α)51Cr[20.0 MeV], and 
92m

Nb(10.1 d): 
92

Mo(n, p)
92m

Nb[0.0 MeV] and  
93Nb (n, 2n) 92mNb[8.9 MeV] [23]. Some of the 

threshold energies are beyond those encoun-

tered in the fission process.  For example, the 
51V(n, 4n)48V reaction has a threshold energy 

of 32.6 MeV. In addition, the higher energy D-

T fusion neutron spectrum leads to activation 

reactions that are more complex than the fis-

sion activation product production mechan-

isms that are typically dominated by (n, γ) and  
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(n, α) reactions [30,31]. Multiple nucleon 

transfer reactions are possible because the D-T 

fusion neutron spectrum imparts sufficient 

energy to facilitate these reactions. 
 
12.5.2 Activation of Stainless Steel – Vacuum 
Vessel Structural Material 
 
In the ITER, the vessel structural material and 

shielding material candidates are composed of 

stainless steel (SS-316) [1,45,46]. There are 12 

major radionuclides produced from SS-316 

activation that dominate the effective dose rate 

and shielding considerations after 1 day post 

irradiation and during the subsequent 30 day 

period [46]. The activation products and their 

relative contribution to the post-shutdown ef-

fective dose rate are provided in Table 5. 

 

 
Table 5. Fraction of the ITER Effective Dose Rate 

from an Activated SS-316 Shielda 
Time post shut-down Nu-

clide 1 day 7 day 15 day 1 

month 
56Mn 0.11 <0.0001 <0.0001 <0.0001 

57Ni 0.43 0.075 0.0026 <0.0001 

58Co 0.22 0.60 0.70 0.70 

99Mo 0.085 0.053 0.0089 0.0002 

64Cu 0.014 <0.0001 <0.0001 <0.0001 

99mTc 0.024 0.015 0.0025 0.0001 

54Mn 0.029 0.080 0.099 0.11 

51Cr 0.022 0.055 0.056 0.045 

60Co 0.022 0.063 0.079 0.092 

48Sc 0.0088 0.0026 0.0002 <0.0001 

59Fe 0.013 0.035 0.038 0.035 

92mNb 0.005 0.0095 0.0069 0.0029 
a Ref. 46. 
 
 
The results of Table 5 are strikingly similar to 

fission reactor experience because it indicates 

that 58Co and 60Co are significant activation 

sources in stainless steel [30,31]. These iso-

topes will likely dominate shutdown and out-

age radiation fields in a manner that is similar 

to existing fission power facilities.  Therefore, 

maintenance activities involving steel compo-

nents will be similar to fission reactor activi-

ties, and the health physics controls, practices, 

and lessons learned from fission component 

maintenance is directly applicable to ITER 

operations.  

 

 

12.5.3 Tritium 

 
ITER will maintain kilogram inventories of 

tritium and deuterium.  The tritium inventories 

present an internal intake concern.  Tritium in 

either molecular or chemical forms diffuses 

through the vacuum vessel at high operating 

temperatures.  In addition, tritium leakage 

from the vacuum vessel's coolant, through 

seals, valves, and piping requires health phys-

ics attention. Some tritium also diffuses into 

the steam system and is released to the envi-

ronment.   
 
A portion of the tritium resides in routine work 

areas where it presents a skin absorption, in-

gestion, and inhalation hazard.  Tritium ap-

pears as surface contamination which can be 

resuspended into the air or directly contami-

nate personnel. 

 

Tritium also resides in a variety of fusion reac-

tor systems.  For example, the tritium injection 

systems require careful operational control and 

maintenance in order to preclude leakage.  In 

addition, systems transporting tritium or sys-

tems involved with tritium recovery merit spe-

cial health physics attention. A number of 

health physics challenges are associated with 

operating and maintaining tritium transport 

and delivery systems including (1) monitoring 

sealing systems having very low leakage re-

quirements, (2) performing periodic radiation 

and contamination surveys of large, complex 

surfaces, (3) controlling health physics access 

into facility areas having a variety of radio-

logical conditions, and (4) providing methods 

for the temporary containment of tritium. 

 

For HTO, the tritium activity absorbed through 

the skin (s) is proportional to the inhaled (i) 

tritium activity: 
 

is IfI ====                            (11) 
   

where Is is the HTO activity absorbed through 

the skin, f is a skin absorption factor, and Ii is 

the inhaled HTO activity. Values of f range 

from 0.5 to 1.0 [30,31,47,48]. 
 
Facility operations are complicated by the 

presence of tritium outside the vacuum vessel.  

The problem is more complex than encoun-

tered in CANDU reactors [48], because tritium 

diffuses through the vacuum vessel. As in a 

CANDU reactor, minimizing the leakage of 

systems contaminated with tritium is an essen-
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tial element of the facility’s contamination 

control program [48]. 

In CANDU reactors, 30 - 40% of a worker’s  

effective dose is due to tritium intakes.  It is 

expected that a fraction of the effective dose in 

a fusion facility will also arise from tritium 

intakes. Therefore, the measurement of the 

tritium source term, sound contamination con-

trol practices, and an active bioassay program 

are essential elements of the radiological con-

trols program at the ITER [30,31,48]. 

 

In CANDU reactors, urinalysis is the preferred 

method of bioassay for HTO [48]. However, 

given the various possible forms of tritium 

(e.g., HTO, HT, HD, DT, T2, and HDO) that 

may be encountered in a fusion facility, other 

bioassay techniques may be required. It is 

likely these techniques will be developed as 

warranted by the operational configurations 

encountered at the ITER. 

 

The activity and diversity of the tritium com-

pounds that may be encountered at the ITER 

requires a variety of measurement techniques.  

These techniques are noted in subsequent sec-

tions.  

 

13.0 Uncertainties in Health Physics As-

sessments Associated with External     

Ionizing Radiation 
 

A number of uncertainties exist at the current 

stage of ITER fusion power development.  

These uncertainties are fewer in number than 

those associated with other fusion power con-

cepts and include the (1) achieving the design 

density and confinement time, (2) obtaining 

the design operating lifetimes of the materials 

of construction when subjected to the D-T fu-

sion neutron spectrum,  (3) accurately deter-

mining the magnitude and angular dependence 

of the cross-sections for some of the reactions 

induced by the D-T fusion neutron spectrum, 

and (4) determining the final ITER operating 

staffing levels including their distribution by 

discipline.  Each of these uncertainties has the 

potential to affect the health physics practices 

and worker doses at the ITER. 

 

As an illustration of the impact of these uncer-

tainties, consider the activation of water by 

fast fusion neutrons.  In particular, 
16

O is acti-

vated via fast neutron capture to produce 
16

N 

via the 16O(n, p)16N reaction.   

 

The ITER shielding considerations differ from 

fission reactor shielding in that fusion shield-

ing must protect equipment as well as person-

nel. Although a fission reactor is not shielded 

from the neutron and gamma radiation, the 

ITER vessel is shielded to maximize its oper-

ating lifetime. 

 

ITER shield thickness is determined from ra-

diation constraints for in-vessel components, 

particularly the superconducting toroidal (TF) 

and poloidal (PF) field coils. Shielding re-

quirements are governed by blanket perform-

ance, critical component replacement, remote 

maintenance criteria, and operations to expe-

dite replacement of critical components or per-

form routine maintenance. The limiting shield-

ing constraints at the ITER, involve the shield-

ing in and around the TF and PF vessel pene-

trations.  ITER design requires that this shield-

ing (1) minimize the nuclear heating in the TF 

and PF coils and cryogenic temperature com-

ponents near the penetrations, and (2) reduce 

the shutdown dose rates at specific points in 

the cryostat to levels that would permit per-

sonnel access at two weeks post shutdown. 

 

These requirements place significant con-

straints on TF and PF penetration shield de-

sign, and illustrate the uncertainty in the final 

design.  For example, the total nuclear heating 

in the PF coils due to neutrons and prompt 

gamma rays is calculated to be 480 W [1-13].  

An additional 100 W is estimated for 16N 

gamma radiation which adds an additional 20 

% to the PF coil heat load, but this value has 

not been finalized [1-13].  The ITER design 

philosophy is to first determine the vessel 

shielding requirements. When the protection 

and performance of the in-vessel components 

have been determined, then the ex-vessel 

shielding will be finalized.   

 

14.0 Measurement of Ionizing Radiation 
 

The measurement of ionizing radiation in a 

fusion power facility utilizes a variety of tech-

niques.  These techniques facilitate the detec-

tion of alpha, beta, x-ray, gamma, and neutron 

radiation, and are similar to the methods en-

countered at conventional fission power facili-

ties and accelerators [30,31].  Therefore, in-

strumentation utilized at fission power reactors 

and accelerators is applicable to ITER.  These 

techniques are summarized in Table 6. 
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  Table 6. General Techniques for Detecting Ionizing Radiation at ITERa 
Radiation 

Type 
Detector Type Energy Range Efficiency 

Alpha  
Particles 

Ionization Chamber 
 
 
Proportional Counter 
 
 
Geiger Mueller Counter 
 
Inorganic Scintillation Detector 
(ZnS) 
 
Organic Scintillation Detector 
(anthracene) 
 
Semi-conductor Detectorb 
(surface barrier and diffused junc-
tion) 

All energies for counting and 
spectroscopy 
 
All energies including spec-
troscopy applications 
 
All energies 
 
All energies 
 
 
All energies 
 
 
All energies 

High 
 
 
High, but dependent on 
window thickness  
 
Moderate 
 
High 
 
 
Moderate 
 
 
Low 

Beta  
Particles 

Ionization Chamber 
 
Proportional Counter 
 
 
 
Geiger Mueller Counter 
 
Inorganic Scintillation 
 Detector [CsI(Tl)] 
 
Organic Scintillation Detector 
(anthracene, stilbene, and plastics) 
 
Semi-conductor Detector

b
 

(surface barrier, diffused junction, 
and lithium drifted silicon) 

All energies 
 
All energies, and spectros-
copy  at low energies (< 200 
keV) 
 
< 3 MeV 
 
Low energies 
 
 
All energies 
 
 
 
< 2 MeV  

Moderate 
 
Moderate 
 
 
 
Moderate 
 
Moderate 
 
 
Moderate 
 
 
 
Low  

X-Rays Ionization Chamber 
 
 
 
Proportional Counter 
 
 
Geiger Mueller Counter 
 
 
Inorganic Scintillation Detector 
[NaI(Tl) with thin window and 
BGO] 
 
Semi-conductor Detector

b
 

(surface barrier, diffused junction, 
CdTe, HPGe, and lithium drifted 
germanium) 

All energies encountered in 
typical applications 
 
 
All energies encountered in 
typical applications 
 
All energies 
 
 
All energies 
 
 
 
All energies 

Dependent on window 
thickness particularly at 
low energies 
 
Moderate 
 
 
Dependent on window 
thickness 
 
High 
 
 
 
High 

Gamma  
Rays 

Ionization Chamber 
 
Proportional Counter 
 
Geiger Mueller Counter 
 
Inorganic Scintillation Detector 
[CsI(Tl), NaI(Tl), and BGO] 
 
Organic Scintillation Detector 
(plastics) 
 
Semi-conductor Detectorb 
(surface barrier, diffused junction, 
CdTe, HPGe, and lithium drifted 
germanium) 

All energies 
 
All energies 
 
All energies 
 
All energies 
 
 
 
All energies 
 
 
All energies 

Low  
 
Low  
 
Low  
 
Moderate 
 
 
 
Low 
 
 
Moderate 
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Table 6. (continue) 
Neutrons Ionization Chamber 

 
 
 
 
 
 
 
Proportional Counter 
 
 
Geiger Mueller Counter 
 
Inorganic Scintillation Detector 
[LiI(Eu)] 
 
Organic Scintillation Detector 
(plastics and liquids) 

Thermal neutron detection 
with BF3 gas, boron lining, 
or fissionable material 
 
Fast neutron detection with 
proton recoil from hydroge-
nous material 
 
Thermal with BF3 gas or 
boron lining 
 
All energies via the (n, p) or 
(n, α) reactions 
 
Thermal 
 
All energies depending on 
scintillation material 

Moderate 
 
 
 
Moderate 
 
 
 
Moderate 
 
 
Moderate 
 
 
Moderate 
 
Low 

     a
 Ref. 29. 

     b
 Energy resolutions are at least a factor of 10 better than scintillation detectors and this permits spectroscopic ap-

plications. 

 

 

 

            Table 7. Health Physics Concerns Associated with Anticipated Maintenance  

            Activities at a Fusion Power Reactor 

Maintenance Activity Health Physics Hazards Health Physics Concerns 

Vacuum vessel support component 

maintenance during an outage 

Activation products 

Hot particles 

Tritium 

External radiation 

Internal deposition 

Vacuum vessel support component 

maintenance during power operations 

Activation products 

Hot particles 

Tritium 

Fusion neutrons 

Fusion gammas 

External radiation 

Internal deposition 

Vacuum vessel maintenance during 

outages 

Activation products 

Hot particles 

Tritium 

External radiation 

Internal deposition 

Routine maintenance and surveillance 

activities during power operations 

Activation products 

Hot particles 

Tritium 

Fusion neutrons 

Fusion gammas 

External radiation 

Internal deposition 

Waste processing 
a
 Activation products 

Hot particles 

Tritium 

External radiation 

Internal deposition 

Defueling and plasma cleanup opera-

tions 

Activation products 

Hot particles 

Tritium 

Fusion neutrons 

Fusion gammas 

External radiation 

Internal deposition 

Tritium addition to the vacuum vessel 
b
 Tritium 

 

Internal deposition 

                   a Assumes waste processing is performed at locations well separated from the vacuum vessel. 
 b
 Assumes tritium addition to the vacuum vessel is performed at locations well separated  

   from the vacuum vessel, and any uranium components storing tritium are shielded 
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One of the dominant source terms at a fusion 

reactor is the external radiation derived from 

fusion neutron and gamma radiation, activa-

tion products, and other direct radiation from 

the fusion process.  Tritium is a source of beta 

radiation and has the potential to significantly 

impact worker doses.  Tritium measurement is 

well established and includes ion chamber trit-

ium air monitors, tritium bubblers, composi-

tion measurements, and thermal methods 

[37,38,48]. 

 

Table 6 summarizes general techniques for 

detecting alpha particles, beta particles, x-rays, 

gamma-rays, and neutrons. Relevant detector 

types, the applicable energy range, and a quali-

tative efficiency description are provided. 

 

15.0 Maintenance   

 

Maintenance of activated ITER structural 

components presents both an external as well 

as an internal radiation hazard.  In particular, 

maintenance activities generate particles of a 

respirable size during cutting, grinding, weld-

ing, and other repair activities. The health 

physics measures to mitigate these hazards are 

similar to those utilized at a commercial fis-

sion reactor. 

 

Anticipated maintenance activities at a fusion 

power reactor and associated health physics 

concerns are summarized in Table 7. Expected 

maintenance activities include vacuum vessel 

support component maintenance during out-

ages and power operations, vacuum vessel 

maintenance during outages, routine mainte-

nance and surveillance activities, waste proc-

essing, defueling and plasma cleanup opera-

tions, and tritium addition to the vacuum ves-

sel. 

 

Until the design of a fusion power facility is 

more complete, only a qualitative description 

of the health physics implications of mainte-

nance operations is possible.  However, gen-

eral health physics considerations for vacuum 

vessel maintenance, vacuum vessel cooling 

water system maintenance, and routine main-

tenance are presented. 
 
15.1 Vacuum Vessel Maintenance 
 
Over time, the inner vacuum vessel wall suf-

fers radiation and physical damage from neu-

tron and heavy ion interactions.  It will be nec-

essary to replace the damaged vacuum vessel 

surfaces every few years.  Studies suggest that 

maintenance involves shutdown radiation 

fields in the vacuum vessel that are on the or-

der of 3x10
4
 Sv/h requiring mechanical or re-

mote handling equipment [1-13]. Vacuum ves-

sel surface repair/replacement operations gen-

erate particulates that are respirable and pre-

sent an internal radiation concern.  Hot particle 

production from activated material is also pos-

sible. 

 

The activated vacuum vessel structure and the 

associated support components produce a ra-

diation hazard that is best addressed with 

shielding.  The majority of the structural acti-

vation products are fixed and essentially im-

mobile.  However, residual tritium contamina-

tion represents an internal concern. 

 

15.2 Vacuum Vessel Cooling Water System 

Maintenance 

 
The type and design of the vacuum vessel 

cooling water system impacts maintenance 

effective dose values associated with these 

systems. The vacuum vessel coolant and cool-

ant piping will be extensively activated.  Ex-

ternal radiation levels from these components 

during maintenance are influenced by internal 

piping corrosion and subsequent deposition of 

radioactive material in piping, valves, pumps, 

and heat transfer systems.  Studies suggest that 

inspection and maintenance activities lead to 

substantial occupational doses, but with ap-

propriate chemistry control and design, collec-

tive effective dose values could be reduced to 

2-3 person-Sv with the prospect of further re-

duction to 0.5 person-Sv [20-24,26,49,50]. 
 
15.3 Routine Maintenance 
 
Routine maintenance activities generate par-

ticulate material that can become airborne.  

These airborne particulates enter the body 

through inhalation and ingestion. 

 

Particles are also generated through the opera-

tion of systems that are in proximity to the 

vacuum vessel including the fuel system, cool-

ant system, and waste extraction system. The 

nature of these particulate aerosols has not 

been fully characterized and depends on the 

specific operating characteristics, maintenance 

practices, and the actual neutron spectrum of 

the ITER. 

 

Dust is created in the inner wall of the vacuum 
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Table 8. Selected Effective Dose Rates - One Day following ITER Shutdown
a
  

ITER Location Effective Dose Rate 

(mSv/h) 

Dominant Nuclides
b
 Source of Nuclides

b
 

Between TF Coils and 

Cryostat 

 

0.0395 

 
24Na (25%) 

 

 
 

60
Co (21%) 

 

 

 

 

 

 

 
58

Co (15%) 

 

 

 

Biological Shield 

(100%) 

 

 

Cryostat (45%) 

 

TF
c
 Inter-Coil Structures 

(45%) 

 

TF Coils (5%) 

 

 

TF Inter-Coil Structures 

(69%) 

 

Cryostat (30%) 

 

Between Cryostat and 

Biological Shield 

 

0.0608 

 
24

Na (68%) 

 

 
 

60
Co (11%) 

 

 

 

 

Biological Shield 

(100%) 

 

 

Cryostat (63%) 

 

Biological Shield (29%) 

 
a
 Ref. 20. 

b
 The percentage contribution is provided in parenthesis. 

c Toroidal field 

 

 

vessel due to surface erosion. This dust is of 

concern because it can be activated.  It is esti-

mated that ITER erosion accumulation is ap-

proximately a few hundred grams most of 

which will be collected by precipitators.  Any 

dust released into accessible work areas pre-

sents an internal intake concern. 

 

As noted in Table 7, occupational doses arise 

from a number of sources during routine main-

tenance activities. The external radiation haz-

ard from routine maintenance activities is con-

trolled primarily by the facility design.   

 

Routine maintenance activities include the 

replacement and repair of instrumentation, 

motors, valves, and packing adjustments. In 

addition, maintenance support is required for a 

variety of operational activities including filter 

replacement, resin sluicing, resin addition, 

spill cleanup, decontamination activities, fuel-

ing operations, sampling activities, and defuel-

ing operations. Both internal and external ef-

fective dose must be considered in the health 

physics planning to support routine 

maintenance. 

 

For example, maintenance support of refueling 

operations has the potential to encounter a va-

riety of hazards including tritium, activated 

material, hot particles, and fusion neutron and 

gamma radiation. Refueling should be engi-

neered such that it can be performed in a low 

dose rate area with the control of tritium re-

ceiving the major focus. 

 

Since the external radiation fields influence 

maintenance activities, it is important to gain 

an understanding of the radiation fields that 

may be encountered during maintenance op-

erations. Table 8 summarizes two-dimensional 

transport calculations that predict anticipated 

radiation levels at the ITER [20]. The two-

dimensional model consists of a plasma re-

gion, toroidal field coils including inter-coil 
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structures, the cryostat, and the biological 

shield.   

 

At the ITER, a limit of 25 µSv/h is established 

for hands-on maintenance.  This limit assumes 

that maintenance personnel work for 40 hours 

a week and 50 weeks a year.  As initially 

evaluated, the effective dose rates, between the 

TF coils and the cryostat (39.5 µSv/h) and be-

tween the cryostat and the biological shield 

(60.8 µSv/h), exceed the 25 µSv/h ITER limit.  

An examination of Table 8 suggests that the 

dominant effective dose rate contribution 

arises from 24Na [20].   
 

24
Na is produced in the concrete biological 

shield, and its production modes include 
23Na(n, γ)24Na, 27Al(n, α)24Na, 24Mg(n, p)24Na 

[29].  The 25 µSv/h effective dose rate limit 

can be achieved by adding a 1-cm thick layer 

of boron to the front of the concrete biological 

shield that leads to the following reductions in 

the effective dose rate: 

• A 65% reduction (due to thermal neutron 

capture in the concrete) in the effective dose 

rate at locations between the TF Coils and 

the cryostat.  This reduction (0.35 x 39.5 

µSv/h = 13.8 µSv/h) meets the 25 µSv/h 

hands-on maintenance limit. 

• A reduction of a factor of 3 in the effective 

dose rate for locations between the cryostat 

and biological shield.  This reduction (⅓ x 

60.8 µSv/h = 20.3 µSv/h) also meets the 25 

µSv/h hands-on maintenance limit. 

 

These results suggest that the ITER design 

concept may require modification, but the ef-

fective dose rates can be managed through 

shielding modifications. The reader should 

note that the two-dimensional calculations are 

only scoping studies, and do not include the 

effects of streaming through ducts or penetra-

tions that will exist in the vacuum vessel, tor-

oidal field coils, inter-coil structures, cryostat, 

and the biological shield of the ITER [20]. 
 
16.0 Accident Scenarios 
 
The unique scenarios of postulated fusion 

power reactor accidents present additional ra-

diation hazards.  Some initial fusion plant de-

signs propose to use liquid metal coolant and 

heat exchange systems.  In a severe accident 

the liquid metal coolant contacting air, water, 

or steam may lead to an explosive reaction that 

produces hydrogen gas.  Such an event could 

lead to a loss of structural integrity with the 

subsequent transport and deposition of activa-

tion products, and tritium to offsite locations. 

 

Accident releases differ significantly from 

those of a fission reactor, which involve pri-

marily noble gases and radioiodine [30,31].  

The final safety analysis report for a commer-

cial fusion power reactor will address these 

and other fusion accident scenarios.  A number 

of advisory groups recommend that fusion fa-

cilities be designed and operated such that no 

public evacuation is required even for a severe 

accident event [17-19,37,38]. 
 
17.0 Regulatory Requirements 
 
In the United States, The Code of Federal 

Regulations Title 10, Parts 20 and 835, pre-

scribes explicit requirements for worker pro-

tection, public protection, and ALARA 

[51,52].  Part 20 applies to U.S. Nuclear Regu-

latory Commission Licensees and Part 835 

applies to U.S. Department of Energy Licen-

sees.  In terms of regulatory requirements, at-

tention is focused on the ALARA aspects of a 

fusion power facility. In particular, 

10CFR20.1101(b) states: “The licensee shall 

use, to the extent practical, procedures and 

engineering controls based upon sound radia-

tion protection principles to achieve occupa-

tional doses and doses to members of the pub-

lic that are as low as is reasonably achievable.”   

Specific ALARA considerations are discussed 

in the next two sections of this chapter.  DOE 

design requirements are defined in Refs. 37 

and 38.  The International Commission on Ra-

diological Protection [53] provides the most 

recent international radiation protection guid-

ance. 
 
17.1 ALARA-Confinement Methods and 
Fusion Process Types 
 
Prior to reviewing specific design features, 

ALARA aspects of the fusion confinement 

method are presented in Table 9. Table 9 

summarizes ALARA considerations for the 

selection of fuel type, reaction geometry, and 

plasma density for IC and MC fusion devices. 

 

The impact of the inherent physics of the D-D 

and D-T fusion processes on selected facility 

design considerations is summarized in Table 

10.  Specifically, Table 10 considers vacuum 

vessel maintenance and changeout, production 

of 
16

N, 
3
H intakes, the Lawson criterion, and 

activation product generation.  
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Excluding all factors except radiation protec-

tion suggests the ideal fusion facility would 

not be based on D-T magnetic confinement.  

Tables 9 and 10 suggest that ALARA consid-

erations alone would favor a D-D inertial con-

finement device. 

 

17.2 ALARA - Design Features 

 
The design and operating characteristics of a 

fusion power reactor are not yet fully defined.  

In spite of this uncertainty, the ALARA design 

features of a fusion power reactor should be 

developed in a manner that is analogous to 

existing fission power facilities.  Examples of 

these features include [1-13,30,31]:  

 

• Component and structure activation are 

minimized through the selection of appropri-

ate low-activation materials 

• Components are designed to minimize the 

accumulation of radioactive material and to 

facilitate decontamination.  This design fea-

ture is accomplished by surface preparation 

(e.g., electropolishing or painting) or ease of 

disassembly to facilitate decontamination. 

• Components are designed to facilitate re-

moval and repair. 

• Localized ventilation is provided to minimize 

airborne contamination.  For example, air 

cleanup system components are located near 

sources of potential airborne contamination. 

• Concrete surfaces are smooth and coated to 

facilitate decontamination 

• Material substitution and purification are in-

corporated into the design.  For example, the 

use of low-cobalt steel results in lower 
60

Co 

activity. 

• Shield design considers planned power up-

grade and system modifications, and mainte-

nance, surveillance, and operational activi-

ties. 

• Mockups and full-scale component training 

aids are used to facilitate task completion. 

• Quick disconnects and flanged connections 

facilitate the removal of components.  These 

components must consider potential tritium 

leakage during power operations. 

• Containment and isolation of liquid spills are 

facilitated using dikes, curbing, reserve tank 

capacity, and reserve sump capacity. 

• The high-energy neutron spectrum is 

shielded to minimize the production of acti-

vation products and to limit radiation dam-

age.   

• Modular, separable confinement structures 

are used as contamination control barriers. 

• Localized liquid transfer systems are used to 

isolate radioactive material and tritium bear-

ing fluids. 

• Fully drainable systems (e.g., piping and 

tanks) are utilized to facilitate their decon-

tamination and to reduce worker doses.  

Flush connections are also a key system 

design feature.  

 
18.0 Other Radiological Considerations  

  
Before concluding the discussion of D-T fu-

sion, a possible process enhancement is out-

lined.  This enhancement is the use of negative 

muons (µ-) to catalyze the D-T fusion process 

[54,55]. 

A negative muon catalyzes the fusion of deute-

rium and tritium by forming a DTµ molecule.  

In a DTµ molecule, the muon binds the D-T 

system so tightly that fusion occurs very rap-

idly.  After fusion of the DTµ system, the 

muon is released and catalyzes another fusion 

event.  This process is repeated until the muon 

either decays or interacts with the various spe-

cies in the fusion plasma.   

 

A muon catalyzed fusion reaction has a pro-

found impact on the health physics considera-

tions at a D-T fusion facility.  Muons would 

not only affect the size of the fusion device, 

but would also contribute to the facility’s ra-

diation signature.   

 

Further discussion is deferred until the direct 

application of muon-catalyzed fusion in a pro-

totypical device is achieved and sustained. 

 

19.0 Other Hazards 
 
Fusion power facilities have unique hazards as 

well as hazards common to fission power fa-

cilities.  The unique hazards for MC fusion 

include low temperatures and cooling media 

associated with cryogenic systems, internal 

intakes related to operation of tritium feed and 

recovery systems, and strong magnetic fields 

[56].  Laser radiation and x-rays associated 

with their high-voltage power supplies are 

unique to an IC fusion power facility [30,31]. 

 

Electromagnetic fields are associated with 

magnetic confinement systems and plasma 

heating systems.  These electromagnetic fields 

(EMF) do not have the same frequency and the 
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Table 9. ALARA Comparison of Fusion Confinement Methods 

Consideration Comment ALARA Preference 

Fuel Type MC fusion uses T2 and D2 gas and HTO pro-

duction is more likely than in IC fusion. 

 

IC fusion uses a solid D-T pellet 

IC fusion - The solid fuel pellet 

minimizes the internal intake of trit-

ium. 

Reaction Geometry MC fusion occurs within a toroidal geometry 

 

IC fusion occurs in the small D-T pellet 

(point source).  For equivalent fusion powers 

and distances from the source, the point 

source geometry has a higher effective dose 

rate value.  However, the effective dose rates 

are within about 1 % of each other when the 

distance from the MC source reaches 3 times 

the vacuum vessel diameter.   

MC fusion – Near the vacuum ves-

sel, higher effective dose rates occur 

with IC fusion for equivalent fusion 

powers.  The MC fusion advantage 

disappears as the point of interest 

moves further from the reaction vol-

ume. 

 

Plasma Density IC fusion operates at a higher density that 

softens the fusion neutron and fusion gamma 

spectra. 

 

The MC fusion spectrum will be harder than 

the IC fusion spectrum. 

IC fusion - The vacuum vessel re-

ceives less damage due to the softer 

neutron spectrum.  Reduced neutron 

damage minimizes the associated 

maintenance requirements. 

 

 
Table 10. ALARA Comparison of D-D and D-T Fusion Processes 

Consideration Comment ALARA Preference 

Vacuum vessel mainte-

nance and change out 

The threshold neutron energies from D-D 

and D-T fusion are 2.45 and 14.1 MeV, 

respectively. 

D-D fusion - The vacuum vessel re-

ceives less neutron damage due to the 

lower energy D-D neutron spectrum. 

This reduces maintenance require-

ments and the need for high dose 

repair activities. 
16

N activity The D-D fusion neutron threshold energy 

lies below the 16O(n, p)16N activation reac-

tion threshold. 

 

The higher energy D-T fusion neutron 

threshold lies above the 16O(n, p)16N acti-

vation reaction threshold. 

D-D fusion - Compared to D-T fu-

sion, the D-D fusion neutron spec-

trum minimizes the 
16

N source term.  

Internal Intake of 
3
H D-T fusion uses tritium and deuterium as 

the fuel source.  Tritium and HTO are more 

hazardous than deuterium. 

 

D-D fusion uses deuterium as the fuel 

source.  Tritium is produced inside the 

vacuum vessel via Eq. 1 and consumed via 

Eq. 3.   

D-D fusion - Deuterium is less haz-

ardous than tritium. 

 

 

 

 

Lawson Criterion A smaller value of ρτ is required for D-T 

fusion 

Uncertain - An ALARA decision 

depends on specific facility design 

requirements and operating parame-

ters. 

Activation products The threshold neutron energies from D-D 

and D-T fusion are 2.45 and 14.1 MeV, 

respectively. 

D-D fusion - Activation products 

with higher threshold energies are 

minimized by the lower energy D-D 

fusion neutron spectrum. 
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superposition of radiofrequency radiation with 

multiple frequencies occurs.  The management 

of EMFs having multiple frequencies is simi-

lar to managing airborne contamination com-

prised of a set of radioactive materials.  In 

both situations, a sum of fractions approach is 

utilized to establish compliance with regulato-

ry requirements [30,31,57]. 

 

A number of hazardous materials will be uti-

lized in a fusion power facility. These materi-

als include metallic components that slowly 

erode during the fusion process, various gases, 

inorganic chemicals, and organic chemicals.  

Components in direct contact with the fusion 

plasma may contain beryllium, beryllium al-

loys, vanadium, or vanadium alloys. In the 

United States, limits for these materials are 

specified by Occupational Safety and Health 

Administration regulations and industrial 

standards [57]. 

 

20.0 Conclusions 

  

Health physics considerations at a fusion pow-

er reactor have elements in common with ex-

isting facilities as well as some unique fea-

tures. The neutron radiation component at a 

fusion power reactor has similarities to neu-

tron radiation at an accelerator facility, and the 

tritium hazard is similar to that encountered at 

a CANDU reactor. When compared to a fis-

sion power reactor, a fusion power facility has 

unique activation products, unique materials of 

construction, a higher energy neutron spec-

trum, a broader spectrum of non-ionizing radi-

ation, and unique components and systems that 

support the fusion process. The health physics 

characteristics of ITER depend on the final 

design, performance characteristics, and com-

ponent lifetimes and associated maintenance 

requirements. 
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