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Abstract

Runaway electrons accompanied by inductive or non-inductive plasma

currents in a tokamak have severe interactions with plasma facing materials of a

first wall, and influence the first wall structure due to activation and damage. In

this paper, modelling of runaway electron generation near the wall in a tokamak

is carried out. This includes the evaluation of acceleration along magnetic

surfaces for relativistic electrons with energies larger than the runaway

threshold. Penetration of runaway electrons of energy ranges from a few MeV to

several ten MeV leads to gammma ray photon production by bremsstrahlung.

One of the specific features of the impact on the first wall technology is that they

give rise to activation due to giant resonance of the (T, n) nuclear reaction and, as

a consequence, cause a requirement of remote maintenance. The other is that

they bring energy deposition at brazing areas between low Z material and metal,

or at a metal itself, and they result in melting, cracking and grain growth. The

methods to estimate these effects using nuclear data and material data on the

basis of runaway flux modelling are introduced and examples of estimation are

given.

1. Introduction

In current-carrying tokamaks runaway electrons are always produced to some

extent, because the electrons in the tail of a velocity distribution are only slightly

slowed down due to collisions and can be continuously accelerated by the electric

field maintaining the plasma current. It is frequently observed that a
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remarkable amount of runaway component is normally produced in a low density

and high temperature discharge such as an rf current drive experiment. In

addition, recently it has been widely observed that a major disruption of plasma

current brings about an abrupt decrease of plasma density near the boundary

region and runaway electrons generated thereat give rise to severe damage of the

first wall [1,2].

In this paper at first a modelling analysis of the generation mechanism of

runaway electrons in tokamaks is presented. The methods to estimate gamma

ray production by bremsstrahlung due to energetic electrons impinging on first

wall materials, as well as neutron production due to giant resonance of the (y,n)

nuclear reaction are introduced. Reponses of the first wall materials to the high

heat flux of runaway electron irradiation are also discussed on the basis of

simulation experiments using a high current linear accelerator. Finally, several

remarks and future prospects for runaway electron studies are given.

2. Energetic Runaway Electrons in Tokamaks

Plasma electrons put into a strong electric field E can be accelerated to form a

runaway component if the slowing down process due to interactions with ions is

not effective during the accelerating period. For Maxwellian electrons of

temperature Te a critical electric field strength (Dreicer field) is given by [2]

(2-1)

where Zi and n. are ion charge and density, which balance electron density as

ne=Zitii. When the applied field E is higher than ED, an appreciable part of

electrons will reach the energetic runaway state.

In a tokamak device of major radius R the plasma current /p is induced by the

toroidal electric field E, which can be expressed as
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= (V~ LIp)/2nR,

where V denotes the loop voltage and L is the plasma inductance. The runaway

electrons will be generated if £ > ED.

During the stationary current conditions/p = 0, this criterion becomes simply

(2-3)

Since ED is proportional to ne (r) / 7*e (r), the radial profiles of electron density and

temperature are most critical in generating runaway electrons. Generally

speaking, in the boundary edge of a toroidal plasma, where the outward decrease

of density might be faster than that of temperature, the runaway tail would be

expected to be formed more easily even under the normal operation conditions. In

the case of disruptions the termUp will be very large, resulting in higher E.

Suppose a tokamak with 12=100 cm is operated and a typical loop voltage

V=2 V is obtained together with the plasma parameters ree=1013cnr3 and

jTe=103eV in the core region. Then the Dreicer field J?D~0.017 V/cm is much

higher than the toroidal electric field E= V/2nR=0.0032 V/cm, so that runaway

electrons will not appear there. If the density is much lower in the edge region,

say, tie=lO^cnr3, while Te is nearly constant, the threshold field becomes as low

as 0.0017 V/cm and an appreciable runaway tail is formed.

Electrons with energies higher than the threshold will be constantly

accelerated along the toroidal field lines. If t is the effective duration of

acceleration, the average energy increase is c^-V-ct 12xiR. For t—100ms, V=2

V, we obtain Ce~10 MeV. This implies that quite an appreciable flux of electrons

can attain energies beyond ~10 MeV. These energetic electron beams will carry

a considerable part of the plasma current in the periphery region and may hit the

vessel wall structure with drift motion across the magnetic field.
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The effective duration of acceleration and the maximum energy of runaway

electrons are determined by their confinement time in tokamak magnetic fields.

Here a runaway electron behaves as a single particle and the drift surface shifts

off the magnetic surface due to toroidal drift and rotational transform. For a

relativistic runaway electron having the energy mecV and a large pallarel

velocity, the shift between the center of the drift surface and the magnetic axis is

given by

(2-4)

where q is the safety factor on the corresponding magnetic surface. If we typically

consider a runaway electron generated at r= a/2 (a is the minor radius) this

electron reaches the first wall when A becomes about a/2. In this case the

maximum energy becomes

^ = " V ^ = 1.5 aB/q (MeV), (2-5)

(aincm,flinTesla). Then if we take a=* 50cm, q=3 and J3=4.5T,

= 100 MeV.

It is very difficult to predict a flux of runaway electrons impinging on the

specific area of the first wall quantitatively, because the runaway flux in the

boundary region might not be necessarily uniform with respect to poloidal angle.

However, if it can be assumed that runaway electrons carry an appreciable

fraction of plasma current, say 10%, the current due to the runaway component is

inferred to attain ~1021s1 for plasma current 250 kA. Therefore, if we take the

cross section of the torus as ~102cm2, we have a runaway flux of the order of 1019

cnrV1 along the magnetic field-lines.
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3. Photons and Neutrons Produced by Runaway Electrons

When a beam of energetic electrons hits the wall materials, bremsstrahlung

photons are produced. If the energies of photons are high enough to give photo-

nuclear reactions, the nuclear activation and other processes of energy deposition

will take place. The main process may be due to the giant resonance in (7% n)

reaction with the photon energy around 20 MeV.

Now consider the case of a graphite limiter of 10 cm thick struck by an

energetic electron, say Ce=25MeV. The giant resonance cross section in l2C(y,

n)uC reaction is schematically given in Fig. 1, where the photon threshold energy

is 18.7 MeV, and maximum cross section oM (12C)~10 mb at 22.5 MeV with a

reasonance width of ~3 MeV [4]. It is therefore required to estimate the

probability of photon yield due to this reaction.

The cross section of bremsstrahlung photons of energy k~k+dk produced by

an incident electron of energy ee on the target materials of atomic number Z is

a (ce,k)dk = 4Z2ar2* Ffee,B), ( 3-1 )

where re = classical electron radius, a=1/137 and u=klte. The functional form

of F is given by Bethe's formulae and varied according to the parameter [5]

S=100(mc2/e )-^-Z-m . (3-2)
e 1—B

If we take £e~25 MeV, *~18 MeV, (u=0.72) for a carbon target (Z=6), we have

5j~2.9 and

F(e ,«)=[!+ (1-it)2 (l-idlDnt-^) +3.2], (3-3)
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so that F(ce, 0.72) ~2.01. Now the energy integrated cross section for the

Bremsstrahlung emissions may be estimated as

j=/je a(ce,«d*. (3-4)

Taking e, = 25 MeV and km ~ 18 MeV, we obtain oB (ee=25 MeV) ~ 0.86 X

lO'^cm3, which value gives rise to an effective mean free path of 105 cm for a 25

MeV electron to produce photons in the graphite. Therefore, the probability of

photon yield in a 10 cm limiter is 0.1.

For the (7% n) reaction in the limiter the oM(12C) given above corresponds to the

reaction mean free path of 900 cm for a photon, that is the neutron production

probability in the limiter is 0.01. Combining these estimates we can expect the

neutron yield rate for a 25 MeV electron in this case to be 103.

In recent experiments of large tokamaks with carbon walls such as JT- 60 and

JET, it is said that the 12C (7-, n) 11C process has been verified by observing Be as a

decay product of "C [6].

4. Response of Materials

Responses of high heat flux components and plasma facing materials against

runaway electrons are quite important, especially for future long pulse large

plasma current machines, because it is difficult to adopt protection systems such

as for smaller scale tokamaks.

Systematic or quantitative investigations for runaway electron damage have

not been carried out up to now, but one can estimate through melt behaviour of

the plasma facing materials where more than 10 kW s /cm2 energy might be

deposited. Because of the high energy electron beam loading, damage features

depends on the range of the e-beam and dimensions of samples [2]. In order to
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make clear the behaviour of heat deposition, simulation experiments using a high

current L-band linear accelerator have been performed [7]. Typical beam

characteristics are tabulated in Table 1.

The 20-30 MeV e-beam irradiation up to 60 sec on graphites did not lead to

serious damages, but reactions of stainless steel are rather sensitive. The steel

shows grain growth for 10-30 sec at an energy of 20-30 MeV and melts under

irradiation with 20 MeV-60 sec. Irradiation of tungsten with 30 MeV-30 sec leads

to grain growth and micro-cracking of the surface.

For layer systems the temperature of the substrate can exceed the melting

point of stainless steel and thus cause melting of the attachment parts. Only a

graphite layer of 10 mm thickness provides sufficient shielding from a runaway

electron event.

Activations caused by this event also introduce serious problems for repair

and maintenance work. Selection of substrate materials must be done carefully

to avoid this impact.

5. Concluding Remarks

Concerning the runaway electrons and the first wall irradiations, the

following remarks would be made.

(1) Runaway components are likely to appear in either a low density, high

temperature plasma under rather moderate inductive electric field, or during a

very rapid and drastic change in the plasma current. The former may be the case

in the peripheral region of a plasma to be driven by externally applied power,

while the latter will usuallly be associated with the current disruption

phenomena. In both cases the runaway electrons are strongly related to the

plasma current condition, so that the formation characteristics, energy

distributions and spatial profiles of such runaway components should be

physically investigated in more detail.
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(2) Once an energetic beam of electrons with more than some 20 MeV is

generated, its behaviour should be followed in relation to the surrounding

structural materials. The energy flux carried by them and deposited in an

impacted area of the vessel structure should be analysed from the thermal as well

as radiological protection points of view. This implies the importance of the range

of incident electrons in the structural materials and the flux and spectrum of

secondary photon emissions. The choice and behaviour of plasma facing

materials at irradiation should be further examined in experimental ways.

(3) The energetic bremsstrahlung photons generated at the wall materials will in

their turn give rise to photo-nuclear reactions, resulting in damage and induced

activation. It might be noticed that the giant resonance in ( ,̂n) reactions could

provide even higher neutron energies (say, 20~30 MeV) than the DT reaction (14

MeV). Fart of the bremsstrahlung photons might also be radiated out of the

impacted target area to its surroundings. These effects of activation and

radiation should be rather seriously taken into account in view of operational as

well as environmental safely considerations.

(4) Finally it should be emphasized that a systematic survey of these runaway-

related phonomena, which are often related to poor operating conditions, is quite

necessary to give a reliable data base for the future development of fusion devices.
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Table Caption

Table 1

Typical beam characteristics of the high current linear accelerator used for

high heat flux simulation experiments.

Figure Caption

Figure 1

Schematic curve of the giant resonance cross section in the 12C(7',n)11C

reaction.
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Energy and current of e-beam

Ebh=20 MeV /p = 300 mA

£=25 MeV /p=280mA

£=30 MeV Jp=240mA

Pulse width and repetition rate

t p=1.5 usec f= 120pps

Beam power

1.06 kW(20 MeV) - 1.30 kW(30 MeV)

Beam diameter

Power density

8.1 kW/cm2(20 MeV) - 10 kW/cm2(30 MeV)

Irradiation time

10-60 sec

Table 1

- 1 1 -



Cross Section (mb)


