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ABSTRACT 

During early operation of the future tokamak ITER, 
electrons will be accelerated up to hundreds of MeV during 
unavoidable disruptions of the plasma current. As they 
impinge on the vacuum vessel, they will create high 
intensity X-ray beams, source of high activation spots by 
photo nuclear spallation reactions. To estimate beforehand 
the induced dose rates, a reliable set of cross sections is 
needed: reactions of X-rays (from 10 to 500 MeV) on a few 
usual materials. In addition, to characterize these electron 
beams on present day tokamaks, as Tore-Supra, additional 
data for some more exotic elements in a lower energy 
range (< 100 MeV) could be useful. 

I. THE I.T.E.R. PROJECT" 

TRANSfORMIR IKON COM -

Figure 1 : The TOKAMAK Principle. 

rô~contrortûermonuclear fusion, the energy source of 
the third millennium, scientists are joining world-wide to 
build a new large device: the International Thermonuclear 
Experimental Reactor (ITER)1. Its goal is to obtain a 
burning thermonuclear plasma, producing a gigawatt of 
fusion power during several minutes. 

The main features of a tokamak are dflwn on figure 1. 
In a toroidal vessel of 1600 cubic meters (ITER size), half 
a gram of a deuterium-tritium mixture will be heated up to 
300 millions degrees. This plasma will be confined in the 
centre of the vessel by a powerful magnetic field (5 testas). 
To insure the global equilibrium of the system, a high 

f current of 20 to 30 megaamperes will be induced in the 
plasma ring, as in a transformer. 

II. DISRUPTIONS IN TOKAMAKS 

Disruptions are one of the main weaknesses of 
tokamaks: the plasma has to carry its own stabilizing 
current, which is only possible if its temperature is high 
enough (the resistivity of a plasma decreases as 1/TIJ). In 
case of an accidentai temperature drop, caused for example 
by the influx of a few milligrams of metal in the plasma, 
the current breaks down in a few milliseconds. A typical 
time évolution of plasma parameters has been plotted on 
figure 2. 

These disruptions could heavily damage the tokamak: 
on the one band, the fast cooling down results in thermal 
shocks on the inner wall, on the other hand, eddy currents, 
induced by the plasma current crash, generate strong 
stresses in tbe structures. 

At tbe time being, no efficient way to prevent them has 
been proved sufficiently reliable. 
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Figure 1 : The TOKAMAK Principle. 

To control thermonuclear fusion, the energy source of 
the third millennium, scientists are joining world-wide to 
build a new large device: the International Thermonuclear 
Experimental Reactor (ITER)1. Its goal is to obtain a 
burning thennonuclear plasma, producing a gigawatt of 
fusion power during several minutes. 

The main features of a tokamak are drawn on figure 1. 
In a toroidal vessel of 1600 cubic meters (ITER size), half 
a gram of a deuterium-tritium mixture will be heated up to 
300 millions degrees. This plasma will be confined in the 
centre of the vessel by a powerful magnetic field (5 teslas). 
To insure the global equilibrium of the system, a high 
current of 20 to 30 megaamperes will be induced in the 
plasma ring, as in a transformer. 

II. DISRUPTIONS IN TOKAMAKS 

Disruptions are one of the main weaknesses of 
tokamaks: the plasma has to carry its own stabilizing 
current, which is only possible if its temperature is high 
enough (the resistivity of a plasma decreases as 1/T5). In 
case of an accidental temperature drop, caused for example 
by the influx of a few milligrams of metal in the plasma, 
the current breaks down in a few milliseconds. A typical 
time evolution of plasma parameters has been plotted on 
figure 2. 

These disruptions could heavily damage the tokamak: 
on the one hand, the fast cooling down results in thermal 
shoots on the inner wall, on the other hand, eddy currents, 
induced by the plasma current crash, generate strong 
stresses in the structures. 

At the time being, no efficient way to prevent them has 
been proved sufficiently reliable. 
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In the plasma, a fully ionised gas, electrons experience 
two forces: the electric field driving the current, which 
tends to accelerate them along the torus, and coulomb 
collisions which randomize their velocities. When the 
latter are too weak, electrons can be accelerated 
indefinitely, especially as collision efficiency decreases 
with energy: electrons turn to "Runaways" (R.E.). 

During disruptions, very high electric fields are 
created by the disappearance of stored magnetic energy. 
Large amount of electrons are then accelerated to multi-
Mcv energy. On Tore-Supra, a medium size tokamak. the 
following parameters have been observed2: 
^ Electron mean energy up to 60 MeV. 
^ Total carried current around half a megaampere (one 
third of the mitial plasma current). 
& Up to 1.5 MI total R.E. energy. 

Crude extrapolations indicate that the two first values 
could be multiplied by at least a factor five to ten on ITER, 
leading to a total energy in the hundred megajoules range. 
Additionnai damages on the vessel are then to be dreaded. 
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Figure 2: A typical disruption scenario 

IV. PHOTO NUCLEAR ACTIVATION 

As they travel along the torus at the speed of light, 
R.E. slowly undergo diffusion by magnetic turbulence, 
from the centre of the plasma column to its edge. At the 
end of their trajectory, they impinge on the inner part of 
the vessel, where they are stopped within a few 
centimetres. 

A consistent part of their energy is then converted 
into hard X-ray radiation by brcmsstrahlung processes on 
the wail materials. The photon energies range from zero up 
to the electron initial energy. They can then interact with 
surrounding materials, inducing nuclear spallation 

reactions. Photo neutrons are then observed: they are the 
main signature of the presence of R.E. in the plasma (cf. 
fig. 2). A few examples of reactions observed on Tore-
Supra are: 
=> 1 2C (X,na) ^ e in graphite (Threshold at 27 MeV). 
=> *Ni (X,n) 5 7Ni in stainless steel. 
O , 3Cu (X,na) *°Co in copper. 

As RE. tend to strike locally the inner wall (on a few 
square centimetres), hot activation spots are then created: 
dose rate values of the order of SO uSv/h have been 
obtained on Tore-Supra. Extrapolations to ITER could be 
well above several millisieverts per hour. 

During deuterium-tritium operation, activation of the 
structures by 14 MeV fusion neutrons will forbid any 
access to the torus: dose rates will easily reach kSv/h. But 
during early operation with helium or hydrogen gases 
(technical start-up and tuning), when access might be 
possible (and useful) R.E. activation will dominate, and 
must be evaluated beforehand. 

V. NUCLEAR DATA NEEDED 

To calculate this activation, one needs a rather precise 
set of photo nuclear reaction data, for photon energies 
between 10 and 500 MeV. 

Such data does already partly exist: 
^ A complete survey of the elements has been compiled 
some years ago, but for photon energy almost always under 
30 or 40 MeV. 
^> For higher energies, scattered references can be found 
in the literature (see examples' 0 6), with results on one or a 
few elements. A complete compilation has still to be 
undertaken. A preliminary research for bismuth indicates 
that all data are not available. 

Matter is composed of 256 isotopes, and spallation 
reactions might create more than three thousands more: 
hopefully, only a small fraction of this set is useful. Initial 
nuclei to be considered are the main components of steel, 
plus graphite and beryllium which might be used for the 
parts of the vessel in contact with the plasma. Significant 
products have intermediate half-lives (from a few days to a 
few years) and strong gamma emission. When multiple 
ways compete to the production of the same isotope, some 
of them can be neglected: for example (X,2n) reaction on 
nuclei A+l is always neglected before (X,n) reaction on 
nuclei A. 

On light nuclei, two isotopes fit the above criteria: 
<=> ^ e , either from Tie (X,2n) or 1 JC (X,na) reactions. 
*$ "Na created by various reactions on Na, Mg and Al. 

Many reactions occur with the steel materials (Cr, Mn, 
Fe, Co and Ni), giving birth to nine main radioactive 
isotopes: «V, 5 lCr, «Mn, "Fe, *Co, "Co, «Co, ""Co and 



( 8Ni (see appendix for a reaction list). Products from 
copper are the same, and can be treated together. 

Molybdenum, used as an additive in some steels, has 
his own bunch of sub-products: **Zr, mZr, "Nb, *îNb, "Nb 
and "Mo. 

Today, exotic materials (titanium steel or low 
activation materials like vanadium) have been ruled out but 
might come back later. 

VI DIAGNOSTICS FOR TORE-SUPRA 

On Tore-Supra, a comprehensive study of these 
electrons has been undertaken using sample activation. A 
first estimation of the runaway energies was obtained2 with 
the various (X.in) reactions on Bismuth. The precision of 
the result was limited by the poverty of the cross-section 
data, as almost no references were available. Only 
information as "above the threshold" was used with 
confidence. 

Usable reactions for diagnostic purpose must abide the 
following criteria: 
•=> Initial isotope must be the only one in the material, or 
at least dominant, to limit interferences from spurious 
reactions. 
=* Best half-lives for the reaction products are between one 
minute and a few days. 
^ Their gamma emission must be strong and easy to 
detect (no mixing with others). 
& The material is better suited if easily available in large 
quantity. 

Of course, no "perfect" element exists. Good 
compromises are obtained with nickel, arsenic, niobium, 
silver, iodine, gold and bismuth. 

VII. SUMMARY 

To assess ITER radiological environment, in addition 
to 14 MeV neutrons, some work has to be dedicated to 
high energy X-ray nuclear reactions. These data will be 
useful both to estimate dose rates during early stages of 
operation, and to obtain a sharper understanding of the 
runaway population physic during terminal disruptions. 

APPENDIX: MAIN PHOTO-NUCLEAR REACTIONS 

Initial isotope Reaction Product ('/ilife) Ev-min 
"Be (100%) 
, 2C (98.9%) 

(X,2n) 
(X,na) 

"Be 53.3 d 
7Be 53.3 d 

2 0 , 6 MeV 
2 6 , 3 MeV 

"Na (100%) 
24Mg (79%) 
24Mg (10%) 
n Al (100%) 

(X,n) 
(Xnp) 
(X,2n) 
(X,na) 

22Na 2.60 y 
«Na 2.60 y 

22Mg & 
"Na 2.60 y 

12.4 MeV 
2 4 . 1 MeV 
2 9 . 7 MeV 
22.5 MeV 

>°Cr (4.35%) 
"Cr (4.35%) 
52Cr (83.8%) 
"Mn (100%) 
T e (5.8%) 
T e (5.8%) 
T e (91.7%) 
"Co (100%) 
"Co (100%) 
"Co (100%) 
«Ni (68.3%) 
*Ni (68.3%) 
"Ni (68.3%) 
«Ni (68.3%) 
*'Ni (1.19%) 
«Ni (3.66%) 

(X,np) 
(X,2n) 
(Xn) 
(X,n) 

(X,np) 
(X,2n) 
(X,np) 
(X,n) 
(X,2n) 
(X,3n) 
(X,p) 
(X,n) 
(X,np) 
(X,2n) 
(X,p) 

(X,np) 

«V 16 d 
«Cr # 
"Cr 27.7 d 
*Mn 312d 
5IMn 5.6 d 
T e «? 
«Mn 312d 
"Co 70.9 d 
"Co 272 d 
"Co 77.7 d 
"Co 272 d 
5TNi ^ 
*Co 77.7 d 
*Ni 6 d «? 
«Co 5.27 a 
«Co 5.27 a 

2 1 . 1 MeV 
2 3 . 6 MeV 
12.0 MeV 
10.2 MeV 
2 0 . 9 MeV 
24.1 MeV 
20.4 MeV 
10.5 MeV 
19 .0 MeV 
30.4 MeV 
8 .2 MeV 
12.2 MeV 
19.5 MeV 
2 2 . 5 MeV 
9 .9 MeV 

2 0 . 5 MeV 
63Cu (69.1%) 
<5Cu (30.9%) 

(X,na) 
(X,na) 

«Co 70.9 d 
«Co 5.27 a 

16.2 MeV 
16 1 MeV 

"Mo (15.8%) 
«Mo (15.8%) 
"Mo (9.04%) 
*Mo (9.04%) 
"Mo (16.5%) 
looMo (9,13%) 

(X,a) 
(X,p) 

(X,na) 
(X,np) 
(X,p) 
(X,n) 

«Zr 85 d 
9"»Nb 62 d 
"Zr 79 h 
''Nb 10.2 d 
"Nb 35 d 
"Mo 66 h 

5 .6 MeV 
7 .6 MeV 
14 MeV 

17.5 MeV 
9 .3 MeV 
8 .3 MeV 
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