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Abstract

During the operation of magnetic fusion devices it has been
frequently observed that runaway electrons can cause severe damage
to plasma facing components. The energy of the runaway electrons
could possibly reach several 100 MeV in a next generation device
with an energy content in the plasma in the order of 100 MJ.

In this study effects of high energy electron - materials
interaction were determined by laboratory experiments using particle
beam facilities, 1. e. the Electron Linear Accelerator of the Institute
of Scientific and Industrial Research ¢f Osaka University and the
10 MW Neutral Beam Injection Test Stand of the National Institute
for rusion Science. The experiments and further analyses lead to
a first assessment of the damage thresholds of plasma facing
materials and components under runaway electron impact.

It was found that metals (stainless steel, molybdenum, tungsten)
showed grain growth, crack formation and/or melting already below
the thresheld for crack initiaticn on graphite (14-33 MJ/m?).
Strong erosion of carbon materials would occur above 100 MJ/m*.
Damage to metal coolant channels can occur already below an
energy deposition of 100 MJ/m?. The energy deposited in the metal
coolant channels depends on the thickness of the plasma facing
carbon material D, with the shielding efficiency $§ of carbon
approximately as Swpt-*5.
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1. Introduction

During the operation of magnetic fusion devices the phenomenon of
electron runaway in the plasma was freguently observed, e.g. |I1-12].
In such cases a part of the thermal electron population is
accelerated to very high energies which in present fusion devices may
be up to about 100 MeV {13|. Conditions which allow for electron
runaway can occur during the initial breakdown phase of a plasma
discharge when the electric field is very strong and the plasma
particle density is extremely low. Also during Tow density discharges
a fraction of the electrons may be accelerated and carry a
considerable part of the discharge current. The most violent
formation of runaway-electrons however can occur during the current
decay phase of plasma disruptions. Under the electric field which is
set up during the current decay a fraction of the plasma electrons is
accelerated to high energies within a timescale of milliseconds. The
electrons may then either drift towards the plasma facing components
of the tokamak or they are forcibly dumped onto component surfaces
during positional instabiiities of the plasma. In these cases the
major part of the electron energy is deposited in the material of the
plasma facing components. Thus large fluxes of high energy electrons
to the component surface can lead to sudden thermal excursions of the
materials which in turn may cause considerable damage to these
components and possibly their failure (figure 1.1). Damage of plasma
facing components in present day large tokamaks (JT-60, JET, TFTR)
1ike melting, erosion, cracking and fracture was partially caused by
runaway-electron impact with energy depesitions of up +to 500
MI/me /14-17/.

With regard to large fusion devices of the next generation runaway-
electron-materials interaction will be a critical issue in terms of
materials selection, component design and component lifetime. It is
expected that the increase of the plasma current from 2-7 MA in large
present day devices to approximately 22 MA in a next generation
device like ITER |18-20] will increase the problems associated with
runaway-electron-materials interaction drastically. In addition to
the damage of plasma facing materials, the strong dependence of the
energy deposition process in a material on the electron energy and



the materials density may lead to significant energy deposition in
high density metai structures which are covered towards the plasma by
low density plasma facing materials, esp. carbon |21-25{. Thus for
example the metal coolant channels of piasma facing components [26-
31| might be damaged with the possible consequence of coolant leakage
into the vacuum vessel even though these structures are covered by
comparatively thick carbon layers.

On this background a study of runaway-electron processes in tokamaks
with special emphasis on the runaway-electron-materials interaction
during disruptions was performed. The structure of the work is shown
in  figure 1.2. The runaway-electron generatijon process and
trajectories are treated under the aspect of runaway-electron
generation during disruptions. A literature review summarizes the
physical high energy electron material interaction effects and the
observed runaway-electron related processes in tokamaks like hard x-
ray and photoneutron production, material activation by nuclear
reactions, and the damage to materials and plasma facing components
by runaway-electron impact.

The experimental part is concerned with the effects of high energy
electron impact on materials. For the experiments particle beam
irradiation facilities were used to simulate the energy deposition
process 1in materials by runaway-electrons. High energy electron
irradiation experiments were carried out with the electron Tinear
accelerator of the Radiation Laboratory of the Institute of
Scientific and Industrial Research of Osaka University. Here material
samples and instrumented probes were subjected to jrradiation with
20-30 MeV electrons. By direct evaluation of the structural changes
and damage of material samples after irradiation an assessment on
their sensitivity to high energy electron impact could be made and a
ranking of materials was estabiished. The quantitative determination
of the interaction of high energy electrons with carbon metal layer
systems was then performed by use of instrumented probes which
allowed the measurement of the deposited energy in discrete
locations. '



The deposition of high heat loads on materials was simulated with an
accelerated hydrogen beam. For these experiments the 10 MW Neutral
Beam Injection Test Stand of the Institute of Plasma Physics of
Nagoya University was used. By adjusting the irradiation parameters
to the results of an analysis of the energy deposition by runaway-
electrons the response of materials to runaway-electron impact in
tokamaks could be determined quantitatively.

The discussion of the implication for next generation devices expands
on the analysis of runaway-electron processes and their interaction
with wall materials. On the basis of the experimental results the
response of materials and plasma facing components is discussed and
thresholds values for the occurence of material damage like cracking,
erosion and damage of subsurface structures by runaway-electron
impact are given.

2. Runaway-Electron Generation in Tokamaks

In magnetic plasma confinement devices |32-37| the phenomenon of
electron runaway in tokamaks is a consequence of the long-range,
small-angle scattering of particles undergoing collisional
interactions |[38|. This kind of Coulomb interaction causes a rapid
decrease in the cross section for scattering of charged particles, O,
with an increase of velocity,U*—v*4. The dynamic friction force for
fast electrons then cannot compensate the acceleration induced by an
electric field which results in the continuous acceleration of the
electrons |5|. The critical energy for such an electron runaway is
defined as the point at which the dynamic friction force and the
electric field acceleration of the electrons are balancing each
other. The initial gain of energy up to this threshold is followed by
further acceleration and may-]ead to the formation of runaway orbits
which, depending on their energy, are more or less displaced from the
magnetic flux surfaces and decoupled from the bulk plasma [39].
Further beam formation and pinch processes that Tead to an increase
of the internal inductance of the runaway components may occur |13].



Finally the runaway electrons will touch the material parts of the
plasma containment structure which are most protruding into the
plasma. This may happen in a continuous process of runaway electron
generation, drift, and runaway electron loss or in a sudden violent
dump of energy together with a disruptive termination of the
discharge |13,16,17].

The acceleration of plasma electrons may happen under a number of
conditions which can be distinguished as follows:

a) The early generation of runaway-electrons during the tokamak
start-up, that is the break-down phase and the early stages of
the developing discharges when large electric fields are applied
14014 .

b) Steady state runaway processes in discharges of low density
where a high energy runaway-tail develops which characterizes the
electron distribution function [14,42]. In the case of so-called
'slideaway' discharges a large amount of the current can be
carried by the runaway-electron population. Here a large part of
the circulating bulk electrons shifts to higher energies |43].
This process can be considerably enhanced by plasma impurities
|44t

c) The acceleration of electrons during the current decay phase of
a disruption. Here a fraction of the available electrons is
accelerated to very high energies which can carry currents of up
to 2 MA in present large devices |10]. The generation of these
electrons and their interaction with materials is treated in
sections 2.3, 3 and 4.

0f these groups the disruption induced runaway production (c) is
pesing the most serious threats to the operation of present day and
future devices since here significant amounts of energy are carried
by the electrons. The uncontrolled way of deposition of this energy
onto first wall components can cause severe damage to plasma facing
materials. The generation of large runaway electron currents during
'slide-away' discharges may be avoided by a proper selection of the

_4._



discharge parameters and ccntrol of the discharge. Thus the further
discussion will mainly concentrate on disruption produced runaway-
electrons.

2.1 Conditions for Electron Runaway

The acceleraticn of an electron in a plasma is determined by the
accelerating electric field and the decelerating friction with other
plasma particles. Under the assumption of Maxwelljan distributions in
space of the electrons and ions the dymanic friction force resulting
in the change of momentum of a test particle is given as follows

{381

LTtefe,n ln/\. m
(Fy= Lt 1+ —) G
E:: kT} ( WH) (€) [equ. 2.1]

with: gf:(v I

indices: t : test particle
f : distribution of field particles



with: [nA : Coulomb Togarithm
€ : streaming parameter (i.e. drift over thermal
velocity)

ng: density ne=ZZj * nj

T : temperature
m : mass

v : electron drift velocity
vih ¢ electron thermal velocity

In the onset of acceleration the friction force for § << 1 is |5]:

Fivi=mwvy [equ. 2.2]

with V being the frequency of Coulomb collisions as parameters for
the slowing down of electrons:

§ = Arte[‘nelnj\
m? v3 [equ. 2.3}

From this a critical velocity v can be derived where the electric

field is balanced against the friction due to Coulomb collisions;:
eE = F (v = v¢):

V.=V = VKT /m [equ. 2.4]
wgz fﬂ%ﬁ%?glﬂl&_ [equ. 2.5]



Above the critical wvelocity ve electrons will be gradually

acceierated to high energies. This breakpoint is also defined as
critical electric field Ec:

LredngnA
E.= £ [e 2.6]
c 2 qu. <.
Under this field an electron with the energy mvé /2 = Te 1is

accelerated to twice its velocity in the mean free time between two
collisions. In this region the original symmetric electron
distribution function is changed to a directional one. It should be
noted that the critical energy E. deviates from the Dreicer field by
about a factor of 2 |5{. The dependence of the Dreicer field on the
plasma density and the plasma temperature is shown in Figure 2.1.

From the definition of the critical field a boundary condition has
been derived at which no runaway-electrons are produced. The field Ep

is given as [45]:

ERzEC(kT/mOC) [equ. 2.7]

For the determination of runaway rates under electric fields E << E.

the Fokker-Planck equation needs to be solved. In a modified linear
form this equation may be written as |46]:

&f 8f Esin® 8f _ 1 & ,2(1d%Y Bf ¢
5t +Eos8 = 5v v 58 vZ Bv Y (2 dvZ By )

, ] dsin8 1 dy &f
vsin@ 88 2vZ dv 88

[equ. 2.8]

with

v,B,¥ : spherical velocity coordinates with polar axis along E

y Z\p Zz 2 1y oy 21x @(x)+%i§-’1

j=ie e



j=7e

Oly)= (2/\/?)0/pr(~1‘2) gt

indices: i: jon
e: electron

Approximate analytic solutions were given by several authors |47-50].
Kulsrud et al. |46] solved this equation numerically. A comparison of
the results is given in Figure 2.2.

Dreicer [51,52{ undertook the first examination of the runaway-
electron generation. He solved the linearized, time dependent Fokker-
Planck equation by expanding the electron distribution function

f (v,t) = fy (v,t) +uf1 (v,t), where U is the cosine of the angle
petween the electric field E and the velocity v with f; << fg.
However the validity of the theory is limited by the imposed form of
the distribution function. In particular, the assumption f1 << fy is
violated for (v/vq) > (E(-_,/E)l/4 |53]. More accurate treatments were

undertaken by Gurevich |48| and Lebedev [49]|. Here f was not expanded
in poweryof y but Tn f was expanded in powers of 1- 1 because the
distribution function was assumed to be very peaked about u = I.
Furtherly the macroscopic plasma parameters were fixed at their
initial values whereas Dreicer |51,52| followed the evolution of the
electron temperature in time |5]. In a work by Kruskal and Bernstein
|47} the velocity space was divided into five separate regions and f
expanded in powers of E. The runaway-rate then can be given as:

'% 1
A= Kav vy (E—)exp[-g— %E-C-)Z]

F. E fequ. 2.9]

The numerical solution of the runaway rate by Kulsrud et al. |46} was
used to determine the constant X teo be K = 0.35.

The effect of impurities on the electron runaway is discussed by
Cohen |53|. It is found that different mathematical treatments yield
targely different results, see Figure 2.3. Since the numerical
results by Kulsrud et al. |46| appear to be conservative compared to

78‘,



the experimental resuits the constant in the equation for runaway-
rates in an impure plasma by Kruskal and Bernstein [47]

F. 3MZart/18
<)

1 2
Ze:ﬂ J[njzj Ne= }j:nj ZJ.

A= K{Z)H nv(vth)exp[— EEE- {Ze+1E, ] fequ. 2.10]

E

can be calibrated to be K(Zg) = 0.32 for Zg = 1, K (Zg) = 0.43 for Ze
= 2, K (Zg) = 0.42 for Zg = 3, K{Zg) = 0.14 for Ze = 10. This
calibration is for E/E. = 0.08.

2.2 Disruptions
Tokamak plasma disruptions which lead to the production of

runaway-electrons have been observed in most machines |e.g. 54-70].
For an understanding of the runaway-production mechanism and the
subsequent interaction of runaway-electrons with wall components a
summarizing description of the processes associated with the
development of disruptions will be given.

2.2. 1 Causes for Disruptions

In general disruptions can be divided into two major
classes, the disruptions which occur when the density 1imit of the
plasma is exceeded or disruptions at low g-values |71-78|. A further
minor group of disruptions can be attributed to the current rise
phase of the plasma discharge.

In  terms of runaway-electron production density limit
disruptions generate the highest fluxes of accelerated electrons. In
the case of low-g disruptions the rate of current decay is Tower
which allows less electrons to be accelerated since the electric
field is weaker. Current rise disruptions are less violent since here
in most cases the stored .energy has not yet reached its maximum
vaiue,

A schematic of the development of a density 1imit disruption is
shown in Figure 2.4 [71]. The density 1limit above which disruptions
may occur is approximately given for JET as {71]:

797



n =12 - 1019 By / Rge (m-3) [equ. 2.11]

with By : toroidal magnetic field
R : major radius
qc : cylindricat approximation for g:
Gc= 2Ta b By/y RI
a,b : half width, half height of the plasma
|, ¢ resistance of the plasma
I : plasma current

At the density limit the power which is radiated from the plasma
equals the input power. The same effect occurs when debris from the
first wall enters the plasma (so-called 'UFQ's') and the radijated
power suddenly increases due to impurities |[79|. As a consequence the
plasma forms a narrower channel that carries the current due to a
contraction of the temperature profile [71|. This contraction
generally allows for the successive destabilization of them = 3, n =
I, and the m = 2, n = 1 tearing modes. These magnetic istand modes
rotate at frequencies between 1 and 10 kHz |70|. If, due to an
increase of the poloidal field perturbation the m = 2 mode is
brought to a stillstand {'mode-locking'} a minor disruption occurs
|73]. The position of this mode-locking is given by some arbitrary
inhomogeneities, either in the magnetic field or in the symmetry of
the inner vessel |70|. The minor disruption allows for an intensified
interaction of plasma particles with the wall since the perturbed
magnetic structure leads to an increased anomalous particle transport
in radial direction. During this process the impurity influx from the
most protruding first wall components into the plasma is increased.
Usually the plasma then recovers briefly but further minor
disruptions follow since stable conditions cannot be reached anymore.
The time scale for this series of minor disruptions is 100-200 ms in
JET |71]. Finally this sequence ends in a major disruption.



2.2.2 Development of a Major Disruption

The final major disruption which terminates & plasma
discharge can be divided into a thermal energy quench phase and the
subsequent current gquench phase [80-85| during which the stored
magnetic energy is dissipated.

The guench of the thermal energy happens in two steps |71].

First the plasma enters a further cycle of a minor disruption as
described in section 2.2.1 but the plasma does not recover from this
event, From soft x-ray measurements it can be deduced that the plasma
at this stage has already lost about half of its thermal energy |79].
The final energy quench then proceeds more rapidly. Within 10-250 us
almost all thermal energy is lost to the walls. During this sequence
the plasma is cooled down to temperatures between 5 - 10 eV |71,79|
and the major part of the plasma fon population consists of impurity
species which were released from the wall during the thermal quench.
This is consistent with observed 103 fold increases of the carbon III
line intensity and a 2 - 102 fold increase of the visible
bremsstrahiung during disruptions |79|. The observed carbon radiation
is a bulk effect showing the complete penetration of impurities into
the core plasma.

The following current gquench phase 1is initiated by the
preceeding drastic change of the plasma parameters and a strongly

increased resistance of the plasma as given by the Spitzer
resistivity {86,87]:

Z
pit) “'}g%é [equ. 2.12]

The increased resistance of the plasma causes a drastic increase in
the input power, the rapid decay of the plasma current and a strong
increase of the loop voltage |79i:

L)1V

[ fequ. 2.13]

d 1
__—(—-
Iu L



with: |L ¢ plasma resistance

L : internal inductance
Vi @ toroidal loop voltage

The segmentation of the magnetic field supplies the energy to balance
the increased plasma resistivity. However this increased input into
the plasma is compensated by impurity radiation so that the plasma
temperature does not recover and remains low. The decay of the plasma
current happens on a very rapid time scale with values of up to 1
MA/ms [88|. This current decay rate and the corresponding rise of the
loop voltage differ from device to device. Values from the literature
are listed in tabie 2.1. However the current decay is not a linear
process with time, especially it can change considerably if a part of
the available energy 1is expended in the production of runaway-

electrons.

2.3 Runawav-Electron Generation During Disruptions
2.3.1 Flectric Field During Disruptions
The electric field E depends on the flux swing ¢ which drives

the current during the current decay phase |13]:

do

.1 do

TR dt [equ. 2.14]

(]

The flux change during the disruption may be either measured as loop
voltage and be integrated or it may be calculated from the current
step which occurs until the runaway-electron current is established:

CD:/VlCH' [equ. 2.15]
d1
%:—LE fequ. 2.16]

with: L : flux inductance of the plasma current



2.3.2 Acceleration and Energy of Runaway-Electrons

Depending on the ratio of the available electric field to
the critical field E/Ec and the impurity content of the plasma the
runaway rates may be approximated (see equ. 2.6). In the usual
disruption cases it seems that only an exponentially small fraction
of the available electrons will be accelerated.

The acceleration of electrons follows the relativistic equation
of motion under the electric field E |5,13]:

w— efE or

dt [equ. 2.17]

diyB) _ _e 1 dA®
dt m,C 2mR dt

with 9 172 [equ. 2.19]
B=0y-1) ¥

[equ. 2.18]

By integration the following expression can be obtained:

A 2.2
_ e )
\6'{“ lm_oc ZTR } [equ. 2.20]

By replacing

e AD_ __c  eAd_ 2998-10° [mis] eA®[Vs]
m,¢ 2mMR  m.c2 2mR 0.511 10° {eV]  2mRIm]

=93.3/R[m] A®DVs]

Thus for freefall acceleration ¥ becomes

1/2

g =[1+(933/Rim] A®[Vs]f] lequ. 2.21]

For y >> 1 the runaway-electron energy can be approximated as
W=47T7/R -A® [MeV, m, Vs] [equ. 2.22]

Figure 2.5 shows vg/c and W as function of the flux change.



However at high electron energies ahove 100 MeV effects of cyclotron
radiation influence the acceleration process [13{. The cyclotron loss

of an electron is given as |89]

U=885-10°2W*/R [[eV/revel,eV.m] [equ. 2.23]

The resulting retarding force on the electron is |13]

£-1408 102 WYRS [Vim]

[equ. 2.24]
Thus the eguation of motion becomes
diymgv) _ =
i =-eb+E or lequ. 2.25]
d (242 eE _140810% e 2,4 4
— (y-1"=- {m,C -1 . 2.
Gt ¥ e + Y. mc 7 {¥-1" [equ. 2.26]

Figure 2.6 shows the results of an analytic solution for the case of
rectangular voitage pulses and a major radius R = 3 m [13].

About the distribution function of runaway-electrons high uncertainty
exists. The assumption of a shifted Maxwellian distribution is
suggested by Matsuoka et al. [90]:

_ Mo 2 Mo{v-vip (1
f(v,f)-{———m—zmTe (ﬂi’iexp( Tl ) [equ. 2.27]

However there is no experimental evidence for the validity of this
assumption.



2.4 Runaway-Electron Trajectories in Tokamaks

For the description of runaway-electron drift orbits the
existence of an axisymmetric field is assumed. With regard to the
runaway-electron phenomenon during disruptions this treatment is only
qualitative because the magnetic field is subjected to segmentation
processes in the course of disruptions.

The trajectories of runaway-electrons consist of a fast Lamor
gyration around a guiding centre. This centre forms a drift surface
as a resuit of the movement along helical field lines and the
vertical drift [5,91,92|. The components of the guiding centre
velocity are

_%Eveéewﬁ é¢+(vd+vv)é2 [equ. 2.28]

with vzt Belf)
®" gR By

Bv

WM S

v BT

1

) (Vuz*'%\ﬂ_z)

The notation of electric fields and velocities is shown schematically
in Figure 2.7. The conversation of the angular momentum Pg allows the

formulation of the drift orbit displacement as function of the
poloidal flux y (r)

P =*5moRV¢-? pr) lequ. 2.29]

_TTéHde“w [equ. 2.30]

For a flat current profile this function simplifies to



r
W)= /"B, Radr - %’FILL lequ. 2.31]

with rp : radius of the flat current profile

The radial outward shift dy of the runaway orbit can be described by

P I N [equ. 2.32]
dr-‘";__(_)'ve N " RT 7RI

with Pp ¢ poloidal Larmor radius
Ip @ Alfven current

L,=Pym e = 0017V2-T [MA] [equ. 2.33]

The geometrical condition for orbits to intersect protruding wall
parts (Timiters) is:

Qi+d,+dp=rL [equ. 2.34]

with rci ¢ critical orbit radius leading to intersection with

the limiters
dp : shift of the current distribution with respect to the

geometrical axis

and - equ. 2.35
l%<2ﬁ(1-ﬁl—gg) Leg ]
[
with A' ¢ ratio of major and minor radii

AT = Rolr

In the case of runaway-electron formation during a disruption the
accelerating electrons would almost instantly be detached from the
cold impure bulk plasma and form a beam component with radial
dispiacement. Classically it then would be possible to derive a



maximum cenfinement time for runaway-electrons under stationery
conditions |39]:

W=m,c?(y-1)
i R, 2 [equ. 2.36]
Pl <=l MA]

2
T2 ImC R_ORTL  ya nyg  lequ. 2.37]

However this confinement time exceeds the real confinement time of
runaway-electrons in large tokamaks during a disruption by a factor
of 102 ... 103 {...10%4). The reason for this behaviour lies in the
rapid radial transport of particles during disruptions which is
caused by the segmentation of the magnetic field structure. This
deviation from the classical behaviour may macroscopically be
described as anomalous diffusion in radial direction |93,94|. Then
the diffusion coefficient D may be written as

on
(g ]

of |
5r

1 8f_ 1
D &t r

O‘I
l\J

[equ. 2.38]

The mean confinement time for runaway-electrons is therefore

rZ

T = LD fequ. 2.39]

This timplies that runaway-electrons circulating in the periphery of
the runaway beam would be scraped off at first wall structures
{limiters) on the outboard side of the tokamak (equ. 2.34). Since the
outward shift increases with electron energy, the higher energy
electron part of the runaway distribution is scraped off
preferentially.

Because of their high energy the scrape-off Jlength of the
electrons is very short and the angie of incidence on the material
surface is very small.



In the final stage of the current guench phase the residual
plasma may move rapidly towards the inner column or the divertor
piates of the tokamak when the destruction of the vertical field
cannot follow the current decay of the plasma adequately. This
process is especially pronounced in machines which operate with
highly elongated plasmas. During this phase then the part of the
runaway-electrons of Jower energy which are Tess displaced and thus
have not been scraped off beforehand are driven towards the divertor
or the inner column where very violent interaction with the plasma

facing material may occur.

3. Runaway-Electron - Materials Interaction
3.1 Interaction of High Eneray Electrons with Materials

With regard to the response of materials to runaway-electron
impact the deposition of thermal energy in the material is the most

important effect. Sudden temperature excursions may cause serijous
damage to materials 1like evaporation, melting and fracture. For an
understanding of the specific energy deposition under runaway-
electron impact the physical interaction processes will be explained.

The predominant interaction processes when an electron passes
through matter are |95-103]:

1. Bremsstrahlung |104-106] emission in which an ef radiates a
photon in the electric field of a nucleus;
2. Pair-production |107,108|, in which a photon materializes

into an electron-positron pair in the electric field of a
nucleus.

At energies 1in the range up to 100 MeV, depending on the
material, the following processes for reducing the electron or photon
energies are important:

3. Electron-electron collisions [109,110| (ionization), in

which an incident electron elastically scatters from an
atomic electron, resulting in two lower energy electrons;



4. Compton scattering {111|, 1in which photons elastically
scatter from atomic electrons, transferring some of their
energy to the electrons.

The interaction processes of a high energy electron with a
material are shown schematically in Figure 3.1. The Tlongitudinal
development of the cascade or shower 1is characterized by the
'‘radiation length', Xy. At very high energies this is the distance
which an electron must travel so that its energy is reduced by an
average factor of e-l |97]:

Xo=T13A1Z(Z+D1n(18327° N7 1g/em®]  [equ. 3.1]

with: A: atomic weight
Z: atomic number

At very high energies, the distance a photon has to travel before
pair production occurs is approximately 9/7 X, [112].

The number of electrons and photons in the shower increases
exponentially with depth (as exp X/Xg), with additional electrons and

photons being produced by pair production and bremsstrahlung |95].

This continues until the average particle energy is below the
‘critical energy W¢' for that material. Below this energy

We = 800/(Z + 1.2) (MeV) [equ. 3.2]

jonization and Compton scattering play a dominant role in removing
energy from the shower, and particle multiplication ceases [95],
Figure 3.2.

During the whole interaction process the electrons themselves do
not release significant yields of secondary particles directly. The
photons have much larger nuclear cross-sections for reactions as
(!,n), (¥, 2n}, (K,p), (y, pn) and (y:, &). To estimate the yields of
secondary particles, it is necessary to know the photonuclear cross-
section 0 (K) for particle production as a function of the photon
energy K and the total Tlength L of material traversed by photons of
gach energy.



The differential track length dL/dK for the electrons of high
energy can be given approximately for very thin targets as [97]:

~ X <X,
ek dkew, lequ. 3.3]
W, > W

The determination of photen track lengths in thick targets is more
difficult. The most accurate treatment can be performed with Monte
Carlo calculations which can accomodate all major physical processes
(1 - &) and can be performed also for complex target structures.

The energy transfer during the passage of a particle through a

medium termed 'stopping power' [114] may for relativistic electrons
be written as |96]:
A 2
dX mgvoA L ZLH—B)

fequ. 3.4]
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with Na : Avogadro's number

A : atomic weight of the material

The above expression is a good approximation for the average
rate of energy loss along the electron track providing:

1. The electron energy is large compared to the binding
energies of the atomic electrons;

2. The energy is 1low enough, so that no correction due to
the density effect is required, and

3. The energy lost by radiation is small, that means the
electron energy is below the critical energy Wc (equ. 3.2).

Although this average value 1is quite accurate a more
complete description of the passage of electrons through matter has
to include the variation from the average. The variation in the
amount of energy lost by successive particles through a medium is



known a straggling |115| whereas the variation in the particle paths
through a matter 1is named scattering {112|. This includes the
evaluation of angular deflections of particles due teo collisions.
Since these multiple processes of scattering and energy absorption
are extremely complicated to evaluate Monte Carlo calculations are
usually employed.

For the electron range in material a rough approximation may

be given as {116]:

1 3
S_—p— (0.51W-0.26) [cm,g/tm? MeV] [equ. 3.5]

This range is based on the continuous slowing-down approximation and
is thus the pathlength which an electron would travel if its rate of
energy 1oss along the entire path were always equal to the mean rate
for its energy.

3.2 Observations in Tokamaks

The main observation on runaway-electron processes in tokamaks
are effects which result from interaction with materials. Thus the
information on runaway-electron generation, their distribution and
trajectories is very vage since it bases mainly on indirect
conclusions which are drawn from these observations of interaction
processes. As it has been mentioned in the previous section the main
effects of runaway-electron materials interaction are the production
of x-rays and photoneutrons, the photo activation of material and the
occurence of obvious damage on materials which is caused by the
thermal load. The main observations on runaway-electrons that can be
done during the discharge are hard x-ray and photoneutron
measurements whereas during shut-down phases of a machine the
activation of plasma-facing components and the vessel can be measured
and the damage to materials can be documented. However such analyses
after periods of operation only very seldom allow that a Tlocal
activation or a damage can definitely be ascribed to a single
runaway-electron event.



3.2.1 Hard x-ray and Photoneutron Detection

During the interaction of high energy electrons with
materials hard x-rays are released. The release of this radiation
during tokamak discharges 1is described 1in |6,16,44,90,94|. The
results of these studies are listed in Table 3.1.

ORMAK  |44,94,117{: Runaways which formed during the breakdown
phase of a discharge carried only a negligeable fraction of the
current (< 1%) but they could gain high energies up to 12 Mev
since they were continuously accelerated throughout the entire
discharge (tj, ca. 50 ms). Ancther series of experiments was
performed where runaway acceleration was initiated by puffing of
argon as impurity gas. The runaway-electrons contributed up to 60
% of the total current. Furtherly by a programmed shift of the
plasma to decreasing major radius the coefficient of anomalous
runaway diffusion to the outboard side was measured to be D =
102...10% cmd/s.

PLT |118-120|: The production of hard x-rays following sawtooth
oscillations of the plasma was measured. The confinement time of
the runaway-electrons created during a sawtooth oscillation was
determined to be 1...5 ms which is about 1/10 of the confinement
time of thermal electrons. The dependence of the runaway-electron
confinement time to the minor radius is ca. t ~ r2. The maximum

energy of runaway-electrons in PLT was measured to be 12 MeV.

DIII |61-63}: Slide-away discharges with runaway-electrons
carrying large currents were observed. '

DIVA |[6]: Systematic measurements of the runaway population in
the edge plasma of a divertor configuration were performed. For
these measurement a small high Z probe was moved into the edge
pilasma and the x-rays emitted from the target were detected. A
“significant shift of the runaway-electron distribution to the
outer radius was observed whereas the shift in the separatrix was



significantly smaller (shift on the outboard side ca. 3 x shift
in the separatrix region).

Tokyo University [90}: A number of runaway-electron experiments

were performed with a small tokamak. Under a loop voltage of 0.5
V/cm runaway currents of about 1/10 of the total current and
energies < 0.6 MeV were obtained on the time scale of 0.4 ms.

JT-60 |16,122|: Strong emission of hard x-rays was detected
during shifts of the plasma position at the end of the current
quench phase of disruptions. Figure 3.3 shows an example for a
disruption discharge.

The observations on the release of photoneutrons are as follows:

HELIOTRON-E |123|: Typically 109 neutrons per pulse were
measured which are produced by runaway-electrons of energies in
the order of 10 MeV.

JET |10,13,124|: Fast measurements of the transient photoneutron
production were performed. Figure 3.4 shows a plot of the
photoneutron emission and the development of the plasma current
during a disruption. The results indicate that the runaway-
electrons can carry currents in the order of 1 MA and more during
a disruption (plateau during the current decay phase). The
neutron emission plot shows that during the 'stable current'
phase a fairly constant rate of runaway-electrons drifts and
diffuses outward and the interaction with the plasma facing
material leads to the production of photoneutrons. Then at the
final stage when the remaining plasma moves toward the inboard
side the neutron yield rises strongly due to intense localized
interaction with the material on the inboard column. During this
phase localized transients in the release of photoneutrons were
observed.

Three photoneutron detectors were located at different toroidal
positions of the vessel (28.19, 106.9°, 241.99). The plot of the
detector signals during a disruption, figure 3.5, indicates that
highly localized neutron production occurs at positions were the



plasma facing material intersects with the runaway-electron
orbit. However it is assumed that only about 20 % of the runaway-
electrons produced during a disruption are drawn towards the
inner column of the machine during the final collapse while the
major part (ca. 80%) interacts with the material on the outboard
side during the 'stable runaway-current' phase (figure 3.4). From
the neutron yields measured during disruptions an estimate of the
fraction of magnetic energy which is expanded into runaway-
electron production was made |10,13]:

The neutron production during some 200 disruptions in JET
allowed a fit of the neutrons produced with the current at which
the plasma disrupted:

N = 2.1013 . 12.6 (1 in MA) [equ. 3.6]
Assuming a neutron yield as function of the electron energy W
for a structure consisting of carbon tiles which cover an

Inconel structure as

Y = 4.8 - 103 W neutrons/electron (W in MeV)
[equ. 3.7]

the number of electrons per disruption may be given as:

N/Y = 4.2 - 1017 12.6 /i electrons/disruption (W in MeV)
[equ. 3.8]

The kinetic energy carried by the runaway-electrons in JET is:
NW/Y = 0.07 - 12-6  (MJ, I in MA) [equ. 3.9]

From this the fraction of the poloidal magnetic field energy that is
available for the acceleration of runaway-electrons can be derived as

f=2.9-10210.6 (I inMp) [equ. 3.10]



3.2.2 Activation Measurements

Measurements of the photoactivation of plasma facing
components were perfermed 1in several tokamaks. Depending on the
plasma facing material and the material for the vessel structure
isotopes as listed in table 3.2 were detected. These measurements are
giving indication of the runaway-electron energies since the isotope
formation of materials depends on whether the characteristic
threshold for a nuclear reaction is exceeded or not. Table 3.3 lists
the results of activation measurements on various machines.

TFR |125-129f{: A poloidal molybdenum 1limiter was strongly
activated in a zone around the equatorial outboard side. The
same activation pattern was observed on a stainless steel limiter
showing a gaussian distribution around the equatorial mid-plane
with a half width, half maximum (HWHM) of 5.7%. From the
activation pattern a scrape-off layer thickness of the runaway-
electrons of 0.4 mm was derived. A space resolved measurement of
the vacuum vessel activation showed in torcidal direction a
variation which 1is increased between the toroidal field coils.
This activation pattern is ascribed to the ripple losses of
runaway-electrons. In addition a strong peak of the vessel
activation was observed in the shadow of the outboard limiter.
This effect occured because dufing runaway-electron impact hard
X-rays are released in a tight forward cone which then hit the
vessel wall and cause photonuclear reactions.

PLT |130-132|: From the activation pattern of an outboard
stainless steel limiter a figure for the scrape-off length of
runaway-electrons: was derived to be 0.2 mm. The gaussian
distribution of the activated products in dependence of the
activation threshold for the respective photonuclear reaction was
as follows around the equatorial outboard plane:



W =8 MeV HWHM = 5.30
W = 10 MeV HWHM = 5.0C
W =12 MeV HWHM = 4.50
W = 20 MeV HWHM = 3.30

The activation of a tungsten Tlimiter was found to be in
reasonable agreement with the detected neutron flux.

JT-60 |16]: Graphite tiles of the bottom divertor which were
fractured during operation were strongly activated with 7Be
having a threshold energy of 27 MeV. This may be taken as
indication of a strong vertical movement of the plasma during
disruptions so that runaway-electrons are scraped-off in the
divertor (compare also figure 3.3). During limiter discharges
however the plasma seems to mainly undergo a horizontal movement
during disruptions. Thus 7/Be activation was also found on the
graphite tiles of the centre column, especially on protruding
tites.

ET 1134}: Here the gaussian activation pattern on the equatorial
outboard plane Tooked as follows:
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A slight shift of this pattern of 2-3 cm below the eguatorial
focation was observed.

JET |124 ,133|: The isotope with the highest activation threshold
(7Be) was found predeminantly on the outboard limiters. The HWHM
of this roughly gaussian distributed pattern was about 6.5° 1in
vertical direction. The areas of the center column which were
mostly damaged by runaway electrons showed far less /Be
activation. This indicates that orbits of the high energy
electron fraction are stronger displaced to the outboard side
where they are then scraped-off by the limiter. Buring the final



collapse of the plasma towards the center column of the machine
only the lower energy fraction of the runaway-electrons is
interacting with the material of the center column where severe
damage was observed (cf. 3.2.3).

3.2.3 Material Damage in Tokamaks due to Runaway-electrons

An overview on the damage to plasma facing materials by
runaway-electrons in tokamaks is given in table 3.4 In the following
descriptions of the detected damage will be given.

JFR [128,129|: In TFR runaway-electron beams which were trapped
by toroidal field ripples and forced to move on banana orbits
pierced the stainless steel vacuum vessel. The high runaway-
electron contents during the discharges were mainly caused by the
fow density operation of the device. On a poloidal limiter which
consisted of molybdenum melting was found on the outboard segment
in the equatorial plane which was obviously caused by runaway-
electrons since the area was found to be highly activated (cf.
3.2.2). The same appearance of a melted spot was found on a
stainless steel limiter. The main area of melting was found
slightly below the equatorial plane (about 3 cm) which s
coincident with an observed downward shift of the plasma during
the discharges.

ORMAK |5]|: A tungsten rod limiter was melted and fractured after
about 10 discharges with moderate runway-electron content.

PLT |131,132|: Melting was observed on a poloidal stainless
steel ring limiter on the equatorial outboard plane. Also highly
tocaltized melting and activation was observed on a tungsten
limiter at the same position.

FT [134,135|: Melting and erosion was observed on mushroom
segments of the stainless steel Timiter on the outboard side with
a stight offset downwards from the equatorial plane (about 4 cm).



TEXTOR {136]: A singular damage on a poioidal graphite limiter
has been observed in the equatorial outboard plane. Figure 3.6
shows the damaged area. The geometry of the spot indicates that
the scrape-off length of the runaway-electrons was well below 1
mm and that the material had been damaged to a depth of about 2
mm which indicates a volumetric energy deposition process in this
region (cf 4.4),

JT-60 {11,16,58,122|: The formation of melt layers of molybdenum
and Inconel was observed together with a strong activation of the
materials. A significant part of the damage can be attributed to
runaway-electron impact during disruptions. Furtherly the
fracture of several carbon tiles was caused by runaway-electrons
(cf. 3.2.2).

JET |137-140{: The most serious damage to components occured
during the initial operation phase when the inboard column of the
vessel had been protected with Inconel tiles. About 50 local
damages of about 10 cm? each with a depth of 1 mm where the metal
was molten and the melt partially splashed had been detected.
Under the heat load the armour tiles showed strong deformation.
As a consequence of this damage the metal plates of the inner
column were replaced by graphite and later partially by CFC
tiles. After the replacement runaway-electron impact was observed
on the edges of the most protruding tiles. Graphite tiles eroded,
cracked and fractured under the heat fluxes by runaway- electrons
whereas CFC tiles showed erosion only.

The Inconel rods which are used for the attachment of the tiles
and which are Tlocated about 6 mm below the tile surface did not
show signs of damage. As described in section 3.2.2 the carbon
tiles on the inboard side of the vessel did not show strong 7Be
activation which implies that this damage was caused by runaway-
electrons with energies below 27 MeV mainly.

On one CFC-tile the erosion damage can be attributed to a
singular runaway-electron event. Deduced from the weight loss due
to erosion the tile must have been subjected to a heat Toad in
the order of 500 MJ/m2.



On the limiters of the outboard side only one damage spot in the
equatoriai plane which can be attributed to runaway-electrons and
which is similar in appearance to the damage observed in TEXTOR
occured. However there is no clear indication on the heat load
which 1is deposited by runaway-electrons in the equatorial
outboard plane since the machine was always operated with carbon
timiters which are far less sensitive against runaway-electron
impact than metal limiters. Thus the damage on Inconel tiles
which was observed on the inboard side during initial operation
cannot be related to any information on the heat loads to the
outboard side.

3.2.4 Runaway-Electron Processes during Disruptions Inferred from

Observations in Tokamaks

Plasma electrons are accelerated by the electric field that
builds up during the current quench phase of a disruption. If the
electric field E is large enough compared to the critical field,
substantial amounts of runaway-electrons can be produced. Within a
few ms the runaway-electrons develop to a population able to carry
targe currents in the order of MA. With increasing energy of the
runaway-electrons there will be a progressive loss of confinement due
to shifts of the drift orbits and anomaious diffusion effects. Most
of the high energy electrons will strike structures on the outboard
side of the vessel in the equatorial plane. The remaining runaway-
electrons which did not yet gain energies high enough to allow a
significant offset may then be forced towards the divertor or the
inner column when the decay of the vertical magnetic field cannot
follow the coilapsing plasma current and the remaining plasma is
dumped onto the divertor or the inner column. The fraction of
runaway-electrons hitting these locations compared to the fraction of
runaway-electrons being scraped-off at the outboard side is 1in the
order of 0.2 [13|. The energy of runaway-electrons in large present-
day devices can be well above 30 MeV. The areas of interaction with
plasma facing materials may be highly localized, in the order of cml
and depend strongly on the geometry and alignment of components.

Parts which are even slightly protruding will be the target for
runaway-electron scrape-off. Zones of intense runaway-electron



interaction are near the equatorial outboard piane, the divertor and
the center column of machines, especially for the case of highly

elongated plasmas.

4. Experiment on High Eneray Electron Materials Interaction
The experiments on high energy electron-materials interaction
were carried out to provide an improved understanding of the runaway-

electron processes in tokamaks.

The work was structured in groups with the aims to:

- determine the sensitivity of different materials to runaway-
electron damage, section 4.2

- examine the energy deposition process of high energy
electrons in materials by temperature measurements, section
4.3

- conduct a quantitative correlation experiment by simulating
the deposition process of very high heat fluxes, section 4.4

- determine the sensitivity of component like layer structures
to runaway-electron damage, section 4.5.

The facility used for the major part of the experiments was an
electron linear accelerator described in section 4.1. The experiments
were concerned with determining the processes of energy deposition by
high energy electrons in materials, sections 4.2, 4.3 and 4.5.

In addition experiments were carried out by use of a hydrogen
beam test stand, section 4.4. These experiments allowed the
deposition of high heat fluxes {up to 40 MJ/m2) and the determination
of the materials response to high heat loads.

4.1 Description of the Electron linear Accelerator

For the experiments on high energy electron-materials
interaction the electron linear accelerator of the Radiation
Laboratory of the Institute of Scientific and Industrial Research,
Osaka University was used [141-144|. The following description is
related to this installation. More general information on Tlinear
accelerators may be found in the Titerature |145-148!.




The machine used is a 35 MeV L-band electron linear accelerator
with a general iayout as shown in figure 4.1. The specifications of
the machine are listed in table 4.1. During the experiments the
system was operated in the steady state mode. For this operation the
relevant system compenents are explained briefly.

The electron injector consists of an electron gun, grid pulser,
and a high voltage power supply. The electron gun is a triode of
coaxial structure which consists of an ancde, an oxide cathode with
curved surface and a mesh grid plated with platinum to prevent grid
emission. The power supply, placed near the injector tank, applies
the DC negative high veoltage { < 150 kV) to the grid. The grid pulse
is applied to the cathode in order to suppress the grid bias and give
positive potential to the grid. Then the electrons are accelerated to
the anode and extracted from the anode aperture. The grid pulse for
steady state mode operation is generated by a pulser with lengths of
0.1 to 2.5 us.

The RF system consists of the RF source, transmission

waveguides, and accelerating waveguides. Two RF frequencies {1300 MHz
and 216 MHz) are generated by a master oscillator and fed to the
amplifiers. The pulsed RF of 300 W supplied by the 1300 MHz amplifier
then excites the klystron. The output power of the klystron is fed to
the accelerating waveguide.
The power and the phase are adjustable with a power splitter and
phase shifters. The klystron itself is a RF power source with a
maximum output power of 20 MW. It is excited by a line type modulator
which consists of a pulse forming network of 18 sections and a
ceramic hydrogen thyratron. This thyratron is triggered by a pulse
which is timed by the master trigger generator. The uniformity of the
high voltage puise suppltied to the klystron can be minimized to be
less than 0.5% during 4.5 ls. The amplitude stabilization of the
klystron high voltage pulse is achieved by a pulse forming network
charging regulator and high voltage stabilizer. A step-up pulse
transformer having the winding ratio 1 to 10 generates pulses of
about 200 kV which are applied to the klystron cathode.

Figure 4.2 shows the energy 'spectra of the electron beam for
various lengths of beam pulses. In the experiments the steady state



mode of beam loading was used. In this mode the total energy gain V
of the electron beam accelerated in the waveguide can be written as
[141]:

21902 oy W2 ird e
V- R efR 1 o 2T lequ. 4.1]

with Po: RF input power
T : attenuation constant
T : length

r': shunt impedance

For the specification of these parameters for the linac see
table 4.1. The equation 4.1 shows that the energy gain of the
electron beam depends on the square root of the RF input power Py and
decreases 1inearly with increasing current of the accelerated
electron beam. Figure 4.3 shows the energy spectra of the beam
(1.5 us) operated in steady state mode.

For the focussing of the beam to reach a high flux density of
electrons in the area of the beam window Q-double magnets were
employed. The actual experiments were performed with beam parameters
as shown in table 4.2.

4.2 Sensitivity of Materials to Damage by High Energy Electrons

4.,2.1 Experimental Procedure
The general Tlay-out of these experiments was to subject

samples of different materiais to irradiation by a high energy
etectron beam [149-152]. The set-up for the experiments is shown in
figure 4.4.

After preliminary experiments under atmospheric pressure a
vacuum chamber was constructed to prevent beam spread and excessive
oxidation of the specimen surfaces. The experimental set-up is shown
in fig. 4.4. Most experiments were carried out under a vacuum of 10-1
Torr. After being coupled out of the linac tube guide by a 20 um
thick Ti-window the electron beam is passed directly into the target
chamber through the same kind of 20 um Ti-window. The linac tube
guide and the experimental chamber had to be separated from each



other to prevent contamination of the electron beam facility. The
specimen surfaces subjected to normal heam incidence were polished
before the experiments.

The erergy of the electron beam was adjusted to 20, 25 and 30

MeV. The irradiation parameters are listed in table 4.2.

For the experiments a variety of candidate materials for fusion

applications was seiected:

- Fine grain graphite EK 98 representing graphites which are
widely used as plasma facing material [153-165].

- SiC + 2% ALN as ceramic material |166-169];

- Stainless steel which had been in use in fusion devices as
Timiter and wall material {170-172];

- Refractory metals like molybdenum (TZM) and tungsten have
been in use as limiter materials [173, 174| and are
considered as back-up divertor material for next generation
devices |175-183|.

Furthermore the density of these materials varies from 1.86 g/cm3 to
19.1 g/cm3 which is the most important parameter in terms of high
energy electron-materials interaction. The physical properties of
these materials are listed in Appendix 1.

The experiments on layer systems focus on compound systems of
plasma facing low-Z and Jlow density materials (e.g. graphite)
attached to high-Z and high-density materials (e.g. stainless steel
or molybdenum). Such compound systems are presently in the focus of
development and investigation for application in steady state fusion
devices since they allow the active heat removal from plasma facing
components |184-193].

For screening purposes and simplified post-experimental
examination initial experiments on layer systems have been carried
out with graphite plates of two, five and ten millimeter thickness
which were fixed mechanically with nuts and bolts to 10 mm stainless
steel and molybdenum bare plates. Beam incidence was normal to the
graphite surface of the specimens.

For the further evaluation of. the behaviour of layer systems
specimens consisting of 5 and 10 mm thick tayers of graphite brazed
to sandwich substrates of molybdenum-copper-molybdenum were used. The
braze for the bonding was Cu-Ag-Ti. A list of the sampies subjected



to irradiation together with the irradiation parameters is given in
Appendix 2.

After the decay of induced activity, post experimental
examinations were carried out to determire damage caused by high
energy electron  impact. This included visual examination,
metallography, optical light microscopy and SEM cbservations.

4.2.2 Experimental Results

Bulk Materials

Graphite: Graphite did not show any damage or structural change
under dirradiation of up to 7200 pulses at 20 MeV {= 64.8 kJ).
Ceramographic cross sections of an unirradiated graphite and the

material irradiated for 7200 pulses are shown in figure 4.5.

SiC + 2% AIN: Like graphite SiC + 2% AIN did not show any damage or

structurai change under irradiation up to 5400 pulses at 20 MeV
(= 48.6 kJ).

Stainiess Steei: This material reacts highly sensitive to electron
irradiation with 20 MeV. At pulse numbers of 1200 stainless steel

already shows initial grain growth. 3600 pulses are sufficient to
cause the complete disappearance of the original grain structure (see
figure 4.6). Under continued irradiation to 7200 pulses at 20 MeV
melting occured. Figure 4.7 shows that the melt process took place in
the volume of the material. Interdendritical cracks were found in
the resolidified melt.

Molvybdenum (TZM): The material is fairly resistant against 20 to 30
MeV irradiation. It shows initial grain growth after 5400 pulses and

enhanced grain growth after 7200 pulses.
Tungsten: The irradiation of tungsten (20 and 30 MeV, 3600 pulses)

leads to grain growth and the formation of a network of cracks which
range deeply into the material (figure 4.8).



The results on the irradiation experiments on bulk materials are
summarized in Tfigure 4.9 which 1indicates the detected threshold
values of the deposited energy for the occurance of structural
changes and damage on the materials tested. The ranking indicates
that graphite and SiC + 2% AIN are most insensitive against 20-30 MeV
electron impact. Among the metals tested molybdenum is considerably
more resistant than tungsten and stainless steel.

Mode] Layer Systems (Table 4.3)

Graphite Layers on Stainless Steel: Except for some discoloration

under irradiation up to 7200 puises the graphite layers did not show
damage. A comparison of the results on layer systems with stainless
steel substrates and the results on stainless steel bulk specimens
does not show significant difference in the damage thresholds for the
case of 2 mm and 5 mm thick graphite layers. Only a shielding of 10
mm thick graphite reduces the damage on stainless steel substrates
compared to unshielded bulk stainless steel.

Graphite lavers on Molybdenum (TZM): The model 1layer systems of

molybdenum covered by graphite were damaged after 5400 pulses at 20
MeV (see figure 4.10). The molybdenum substrates covered by 2 mm and
5 mm thick graphite were subjected to high temperature excursions.
Molybdenum itself shows only (slight) grain growth, similar to the
results on bulk molybdenum. The temperature of the substrate
nevertheless exceeded the melting temperature of stainless steel thus
causing melting of the attachment parts. As in the case of
graphite/stainless steel structures, only a graphite layer of 10 mm
thickness provides sufficient shielding of the molybdenum substrate

to prevent any observable damage.

Graphite Layers brazed to Mo-Cu-Mo Substrate These systems consisted

of a layer of 5 or 10 mm graphite brazed with Cu-Ag-Ti braze to
molybdenum-copper-molybdenum sandwich substrates. Figure 4.11 shows
the results of experiments onsystems of 5 mm and 10 mm thick graphite
brazed to compound substrates composed of a 2 mm molybdenum layer, a



2.5 mm thick copper layer, and a 2 mm thick molybdenum layer. After
irradiation of both samples with 20 MeV during 7200 pulises the sample
with a 5 mm thick graphite layer shows melting of the intermediate
copper phase. In the location of the brazed zone between the 5 mm
graphite layer and molybdenum small droplets are found which may
originate from the Cu-Ag-Ti braze used for bonding. The specimen with
a graphite layer thickness of 10 mm does not show visible damage.
Thus also 1in the case of brazed layer systems, like in the case of
the before menticned model Tlayer systems, a thickness of 10 mm
graphite provides significant shielding compared to graphite layers
of 5 mm thickness.

In both cases (5 mm and 10 mm graphite thickness) the brazed
zone did not suffer disabling damage due to the heat load even though
the braze had been remelted in the experiments (figures4.12,4.13).

4,2.3 Discussion of the Experimental Results

Table 4.4 gives the values of range S and critical energy W
derived from equs. 3.2 and 3.5 for materials tested in the runaway-
electron simulation experiments.

With increasing beam energy and with increasing atomic
number Z the portion of beam energy expended for photon production
due to radiative collisions with atoms increases.

With regard to the thermal energy deposition the effects of
the density ¢ . and the atomic number Z are controversial. Low
density and Tow Zzy Tlead to a favourable deposition of the thermal
ioad in Tlarge material volumes but the major part of the kinetic
energy is converted to thermal energy whereas in the high density,
low Zyy case the fraction of the thermal energy is less but the heat
load is deposited in far smaller volumes. Thus, with consideration of
the physical material properties Tisted 1in Appendix 1 several
statements on the experimental results can be made.

Due to the Tlong range of electrons in graphite the thermal
energy 1is deposited in a very 1large volume leading to moderate
temperature excursions of the material. Under high energy electron
impact this happens even if most of the kinetic electron energy is
transformed into thermal energy compared to minor emission of
bremsstrahlung. High thresholds for thermally induced damage 1ike
erosion and cracking lead to superior resistance of graphite



materials against runaway-electron impact in the energy range of 20
to 30 MeV.

The moderate density of SiC leads to an uncritical energy
distribution in the bulk much like that in graphite. The heating rate
in the material volume obviously stays below the limit of thermal
shock damage occurence in the experiments.

Stainless steel reacts sensitive to high energy electron impact
with grain growth and melting. Because of the high density of the
material the energy deposition happens in rather small material
volumes. Additionally poor thermal conductivity, a Tow threshold for
twin formation and grain growth (T < 0.7 Ty}, as well as a low
melting point lead to severe damage under high energy electron
impact.

The molybdenum samples in the experiments underwent high thermal
loads due to unfavourable distribution of the beam energy in small
material volumes caused by the high density of molybdenum. The
thermal induced damage in molybdenum was far less severe compared to
stainless steel due to the high melting point and thus also a high
threshold for grain growth initiation in molybdenum.

Although in the high-Z material tungsten the major part of the
beam energy 1is expended into bremsstrahlung production, tungsten
seems to undergo extensive temperature excursions due to the
extremely short range of electrons which causes energy deposition in
very small volumes. In addition part of the bremsstrahlung photons
also contribute to the thermal loads by pair production processes.
Thus under high energy electron impact on tungsten the temperature
threshold for grain growth is easily exceeded. The coarse grain
structure developing under these conditions is highly prone to
microcracking when the ductile-brittle transformation temperature
(DBTT) is passed during the cooling phase after the electron impact.

In layer systems of graphite covering metal substrates most of
the kinetic energy of the electrons is deposited in-the metal unless
very thick graphite shielding is provided. This is caused by the long
range of high energy electrons in graphite. Thus in the case of 2 mm
and 5 mm graphite layers only a negligible fraction of the beam
energy is deposited in the graphite layer whereas a Tayer of 10 mm
graphite absorbs a portion of the beam energy to provide some
reduction of the thermal load imposed on the substrate material. Like



the results on bulk materials stainless steel substrates are more
sensitive to high energy electraon impact than molybdenum substrates.
Also in compound systems special attention has to be paid to the
brazed interface. Braze materials with a comparatively Tow melting
point such as copper base brazes may be subjected to melting and
structural changes.

4.3 Measurements of the Temperature Rise durina High-Energy Electron

Irradiation

4.3.1 Experimental Procedure
The aim of these experiments was to determine the energy
deposition process of high energy electrons in bulk materials by

temperature measurements. The experimental set-up was very similar to
that described in section 4.2.1. Cylindrical material samples of 20
mm diameter and 30 mm length (stainless steel SUS 316, copper,
molybdenum) or 50 mm length (graphite) were used. Copper was selected
as additional material because of its high potential as heat sink
material for subsurface structures [194-197]. The samples were fitted
with a PtRh-Pt thermocouple (@ 1.6 mm). As shown in figure 4.14 the
location of the temperature measurement was in the centre axis of the
sample at a distance of 1/3 of the electron range as given in equ.
3.5. The parameters of the irradiation are alsec listed in figure
4.14.

For a first comparison of the experimental results simple one-
dimensional numerical calculations of the energy deposition in the
material were performed. A code by Tabata and Itoh |103| was used for
these analyses. Materials data for the calculations were taken from
Appendix 1.



4.3.2 Experimental Results

The results of the temperature measurements are shown in
figures 4.15-4.18. The measured values of the temperature rise are
shown in plots a. Plots b show the calculated temperature rise for
the local energy deposition at the depth location of the thermocouple
as derived from the results of the numerical calucations. These plots
do not take thermal diffusion processes within the sample into
account. Plots ¢ indicate the temperature rise in the material for
the case that the beam energy is uniformly deposited within the
sample (9 J per pulse).

The temperature rise for graphite (figure 4.15) is comparatively
slow. The initial gradient d7/dt comes close to the theoretical
result. With continued irradiation the effects of thermal diffusion
become significant and the further temperature rise is mainly
characterized by a body heating-like process. The thermal
conduction into the aluminium sample holder may have caused the
developing discrepancy between the measured and the calculated body
heating temperature rise.

In the case of stainless steel also the initial gradient of the
measured temperature rise dT/dt is similar to the peaked energy
deposition plot. The low thermal conductivity of the material leads
to a slower approach of the measured temperature gradient to the
gradient of the body heating process. The measurements on copper are
very similar to the calculated results for body heating. This is due
to the very high thermal diffusivity of copper which leads to a rapid
homogenisation of the deposited electron energy over the volume of
the material.

The measurements on molybdenum mark an intermediate case between
the two calculated plots which can be attributed to the thermal
diffusivity of this material being between the values for stainless
steel and copper.

4.3.3 Discussion of the Experimental Results
The results of the measurements of the temperature rise in

materials under 20 MeV electron irradiation are consistent with the
structural changes and damage that was observed on irradiated bulk



materials (section 4.2). They however strongly indicate the
qualitative nature of this kind of linear accelerator experiments.
For aliowing conclusions on the process of energy deposition by
runaway-electrons 1in tckamaks only the initial gradient of the
thermal response of the material can be taken as quantitative
indication of the energy deposition. With the further progress of the
irradiation effects of thermal diffusion become relevant and
influence the further temperature rise strongly which is especially
obvious for the temperature measurements in copper and graphite.

As a consequence of these results for a further quantitative
approach on the issue of runaway-electron materials interaction two
experimental lines were pursued:

- For a quantitatively relevant simulation of the deposition
process of high amounts of energy in bulk materials of up to 40
MJ/m? high surface heat loads were applied with duration times
that were long enough so that by thermal diffusion a reatistic
temperature profile: could build up as it would occur in the
material under runaway-electron impact in a tokamak. After the
exposure of the material to the heat load the structural changes
and the damage were documented (section 4.4).

- For a quantitative assessment on the interacticn of runaway-
electrons with carbon~metal layer systems a series of 1inear
accelerator tests was performed with instrumented samples
atlowing to determine the effects of energy deposition in
subsurface structures (section 4.5).

4.4 Hich Heat Flux Correlation Experiment
Since the 1limited power output of the electron linear
accelerator does not allow a quantitative determination of the

response of materials to runaway-electron impact, a correlation
experiment was undertaken. The idea of this experiment was to apply a
high surface heat load for a Timited time to a carbon material
{198-206{. During this time thermal conduction in the material would
establish a temperature gradient from the surface into the material
which corresponds to the temperature profile caused by runaway-
electron jmpact into a material (see figure 4.19).



4.4.1 Analvsis and Selection of the Energy Deposition Parameters

For the analysis of the energy deposition by runaway-
electrons in a graphite Monte-Carlo calculations by use of the TIGER
code were performed at Sandia National Laboratories |[184,207,208|.
This code is a coupled electron/photon transport code which combines
microscopic photon transport with macroscopic random walk for
electron transport. Cross-section data down to 1 keV are -included.
The results of one-dimensionsal calculations for 20 MeV and 50 MeV
electron impact under 90°9, 59 and 29 angular incidence onto the
graphite surface are shown in figures 4.20,4.21.

These results indicate an exponential decrease of the deposited
energy with increasing depth for small angles of incidence. This
means that in thick bulk graphite the structural changes will occur
predominantly in regions near the surface of electron incidence since
here the strongest thermal gradients will occur.

Since this thermal gradient established by runaway-electron
impact on graphite is exponentially decreasing with depth, the same
gradient can be established by thermal conduction in a material under
surface heating. The differential equation for this heating process
is given as |209,212]:
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T : temperature
ke s thermal conductivity
q : heat flux
0 : density
Cp: specific heat
t : time

X,¥, z : spatial coordinates

Assuming a semiinfinite body with starting temperature
T(x,t) = T{0,0) equ. 4.2 simplifies to
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A finite difference program (DISRUP™A) [213-21G] was used to
calculate the temperature distribution in graphite under surface heat
Toads. A schematic of the program is shown in figure 4.22, Effects of
radiation from the heated surface and non-equilibrium evaporation
into a vacuum are included.

The thermal stresses which occur as a function of the
temperature field in the material are evaluated in ocne-dimensional
form |[220]:

_ _ ok 1 h v 32 h ! |
Gxx—gyy-— _1_Vp ["'T"‘ﬁ _fh sz + Eh_3_{1TZ dZJ [Equ- 4.4]

Oxx: Cyy * Stresses

& : linear coefficient of thermal expansion

Ey: Young's modulus

v, ¢ Poisson's number

h : h =4d/2, half thickness of the plate

z : depth coordinate with start in the plate centre : z' = - h
corresponds toc z = 0

Data of the materials properties thermal conductivity, specific heat,
and vapor pressure as derived from |219,221-223| were given as
function of the temperature in parametric form as listed in Appendix
1.

Results of the calculations are shown in figures 4.23 to 4.25.
For surface heat loads of 100 MW/m? and a duration of 200 ms surface
temperatures of 3200°C to 33009C are reached, depending on the
thermal conductivity of the material (figure 4.23). The temperature
distribution over the depth of a graphite (grade AXF-5Q) is shown in
figure 4.20. The plot clearly shows the exponential shape which is
very similar to the plot in figure 4.20 showing the energy deposition
profile of 20 MeV electrons. The corresponding analysis of the
thermal stresses occuring in the graphite AXF-5Q under a heat load of
100 MW/mé for durations of 80 ms and 200 ms are shown in figure 4.25.
It is found that a field of very high compressive stresses builds up



during the first 80 ms which then remains fairly constant and
migrates gradually with the heat into the material. At the same time
the field of resulting tensile stresses within the material
increases.

The aim of the experiments decribed in the following section is
to apply such ‘taitored’ surface heat puises which simulate the
situation of runaway electron impact on graphite surfaces and to
determine the structural response of the material.

4.4.2 Experimental Device and Test Procedure
For the performance of high heat flux experiments on plasma

facing materials and full size first wall components the 10 MW
Neutral Beam Injection Test Stand at the IPP Nagoya [224-228| had
been modified. Figure 4.26 gives a schematic of the rebuilt test
stand together with the machine specification.

‘The ion source of the test stand produces hydrogen beams of up
to 120 keV, 75 A and 1 s pulse duration with a gaussian shaped
profile of the beam power density. The elongation factor of the oval
shaped beam in vertical direction is roughly 2 and depends on the
beam condition applied 1in experiments. For material tests the
deflection coils of the test stand are not in opefation thus ions and
neutrals are striking the material test pieces at a distance of about
5 m from the ijon source. Either a set of test pieces or full size
first wall components can be inserted into the vacuum vessel by a
lock system without breaking the vacuum of the vessel (about 10-4
Pa). A drive mechanism allows the test pieces to be vertically
positioned in the hydrogen beam. When operated without exposing test
pieces to the beam, the beam is dumped into a calorimeter which
provides data for the calibration of high heat flux experiments. The
repetition rate of the test stand is three to five minutes depending
on the power supply mode.

For the beam calibration the calorimeter of the NBI Test Stand
vacuum vessel was used. In this calorimeter 25 shielded thermocouplies
indicate the temperature rise during the beam impact. The horizontal
and vertical spacing of the thermocouples in the plane perpendicular
to the beam is 50 mm, Since the copper shielding of the thermocouples
leads to the measurement of the temperature in the volume of the



material, the recorded temperature is proportional to the energy
dumped onto this unit. Thus at a preset pulse length the temperature
rise indicates the power density of the beam in this location.

After the conditioning of the ion source was finished and the
beam conditions for high heat flux experiments - as indicated by the
calorimeter values - were satisfied, the test pieces were positioned
in the beam 1ine so that during the next pulse the beam could hit the
samples with beam conditions similar to the previously calibrated
pulse onto the calorimeter with a variation of the beam power of less
than 5 % .

Figure 4.27 gives a calibration curve of the beam power density
distribution of a pulse as it has been applied in the experiments.
The peak power density of the pulses in the experiments varied
between 94 and 105 MW/m with pulse lengths between 158 and 321 ms. A
list of the experiments is given in Appendix 2.

Materials used for these tests were several grades of commercial
fine grain graphites as listed in Appendix 1,2. The size of the
samples was 50 mm x 50 mm x 20 mm. After the exposure to the thermal
Toad the samples were examined for structural changes and damage by
tight microscopy, SEM and metallographic crossection.

4.4.3 Experimental Results
A Tist of the experiments which were carried out on 11

different graphites is given in Appendix 2.

The material reaction to the incident heat flux can be
described as erosion and crack formation. The thickness of the
evaporated layers varied between 0 and 20 {m. However the
evaporation which cccured in the experiments cannot be correlated
directly to the erosion which is to be expected in this context
(section 5;4.1.2). A detailed description and analysis of the erosion
results can be found at another place |198-203].

The cracks formed in a net-like structure on the material
surfaces as shown in figure 4.28. The penetration of the cracks into
the material was limited to depths smaller than 1.8 mm as shown in
figure 4.29. The graphites showed a variation in their sensitivity to
the formation of cracks depending on-the material (figure 4.30). The
most resistant graphite showed crack initiation under an energy
deposition which was roughly twice as high as the energy deposition



which caused crack initiation on the weakest graphite. A detailed
analysis of the structural changes and the material damage can be
found in |205|. The results are in general consistency with results
of other high heat flux experiments in similar parameter regimes
|229-248].

4.4.4 Discussion of the Experimental Results

Due to the thermal expansion of the heated material a field
of compressive stresses builds up in the region near the heated
surface according to equ. 4.4 and figure 4.25. If the compressive
strength is exceeded the material fails by shear and forms cracks in
the heated zone, figures 4.28, 4.29 [204].

Since the temperature profiles which were induced in the
materials during the experiments are very similar to the energy
deposition profiles by 20-30 MeV runaway-electrons, threshold values
for the formation of cracks can be defined:

The energy deposition by runaway-electrons in the plasma
facing material at the final collapse of the disrupted plasma is
assumed as an instantaneous process since the thermal diffusion
length 1is short compared to the temperature profile within the
material (section 3.2.4). In this case effects of thermal conduction
can be negtlected and the energy is locally expended in heating and at
sufficiently high temperatures also in ablation of the material.
However since the threshold for crack formation on graphites is well
below the temperatures at which evaporation dominates the incoming
energy only contributes to the temperature rise of the material:

AT=Joglcy [equ. 4.5]

On this basis the thresheld for crack initiation as it has been
determined in the experiment can be defined as energy deposited per
unit surface area (MJ/m2) (figure 4.30).

Crack initiation threshold under runaway-electron energy
deposition:

fowest value: ZXF-5Q: 14.2 MJ/m?
highest value: 16 110: 32.4 MJ/mé



As a conseguence for the application of graphites as plasma
Tacing materials this implies that an energy deposition by runaway-
electrons of 20-50 MeV above 14 MJ/m¢ may Tead to the formation of
cracks in a graphite and above 33 MJ/mZ certainlty cracking would
occur. The results also indicate that the depth into which crack
cccurence was observed is limited to Tess than 2 mm. An increase of
the deposited energy would result in slightly ‘larger crack lengths
which are however Timited by the exponential shape of the runaway-
electron energy deposition profile with depth. With regard to the
behaviour of metals under similar conditions the electron energy
would be deposited in much smaller volumes of the material, depending
on its density. Thus phenomena like melting or crack formation as
they had been observed in high heat flux experiments on stainless
steel [249-259| or refractory metals [260-269] would already occur at
considerably Tower energy depositions than for graphite. In tokamak
operation this has been observed at JET were material damage was
significantly reduced by changing from Inconel to graphite wall
protection (see section 3.2.3).

4.5 Measurements of the Sensitivity of Subsurface Structures to
High Energy Electron Impact
Piasma facing structures in tokamaks which are close toc the

scrape-off layer or interact with it are most likely targets for
runaway-electron impact. In next generation devices these structures
would consist of a plasma facing material layer of carbon or another
jow-Z material which covers an actively cooled metal substrate made
of copper, molybdenum or stainless steel. In case of runaway electreon
impact onto the Tow-Z, low density layer a part of the incoming
energy might be absorbed by the high density metal substrate. This
energy absorption of the substrate is depending on the electron
impact conditions, the plasma facing material and its thickness, the
metal material and the geometry.

For & quantitative determination of the heat lcad to a metal
substrate which is to be expected under runaway-electron incidence
the impact conditions by grazing electrons onto a carbon layer had



been simulated by an axisymmetric mode] for Jaboratory experiments,
figure 4.31 |270|. Figure 4.32 compares the situation of runaway-
electron incidence in a tokamak as derived from sections 2. and 3.
with the incidence conditions in the linear accelerator experiments
schematically.

4.5.1 Experimental Procedure

The results of the experiments decribed in sections 4.2 and
4.3 showed that for a quantitative approach in determining the energy
deposition by high energy electrons 1in materials the initial
temperature gradient may be used provided that thermal diffusion
processes are suppressed as far as possible.

For the experiments radially symmetric samples were manufactured
at Sandia National Laboratories, Albuguerque, USA (figure 4.31).
These samples consist of graphite cylinders of 4, 7, 10, 13, 19 and
25 mm diameter which were inserted into a number of copper rings of
slightly Targer diameter. Thin ceramic rods were used as spacers
between the graphite cylinder and the copper rings which at the same
time provided thermal insulation between the graphite and the copper
parts. In addition the copper rings were separated from each other by
ceramic spacers. To each copper ring a thermocouple was attached to
record the temperature rise during irradiation. The whole sample was
carefully aligned in the beam line, so that beam incidence occured
centrally on one of the front surfaces of the graphite cylinder. Thus
the copper rings could only be heated by electrons and photons as a
consequence of collisional scattering within the graphite material.
The subdivision into eight copper rings allowed the determination of
the energy deposition profile along the length of the graphite
cylinder of S0 mm.

This subdivision into small copper rings which were thermally
isolated from another and the thermal insulation of the copper rings
from the graphite allowed measurements of the initial temperature
gradient 1in the copper segments without disturbance by effects of
thermal diffusion processes.

Before hitting the graphite cylinder of the sample the electron
beam had to pass an aluminium blind with a 4 mm diameter hole by
which the original beam diameter of about 5 mm was to be reduced to 4



mm diameter. For an evaluation of the influence of the blind
thickness on the experimental results experiments were carried out
with bTind thicknesses of 20, 30 and 40 mm.

4.5.2 Experimental Results

The thermal response of the copper elements under electron
irradiation of the graphite cylinders was taken to determine the
energy deposited in the copper elements per electron:

. 9% dT
Cu™ '[EC dt [equ. 4.6]

with
Jeu = energy deposited in Cu per beam electron (MeV/(cm3 e-)),

= density of Cu (8.96 g/cm3),
Cp = specific heat of copper (0.42 J/{gK))},
4 = beam electron flux (see table 4.2),
d7/dt = temperature gradient {K/s)

The results of the temperature measurements are shown in figures
4,.33-4.37 for 20 and 30 MeV with blind thicknesses of 20 mm and for
30 MeV with blind thicknesses of 20, 30 and 40 mm. The measurement at
30 MeV and 20 mm blind thickness was performed twice to check the
reproducibility of the measurements.

The experimental results show that a significant amount of the energy
of the incident electrons 1is absorbed by the copper, although beam
electrons did not hit the copper material directly.

The energy deposited in the copper rings is strongly dependent on the
position along the graphite cylinder and being in most cases more
intense near the irradiated surface. The diameter of the graphite
cylinder has strong influence on the amount of deposited energy in
the copper segments. The maximum amount of deposited energy in the



case of & 4 mm diameter graphite cylinder (20 MeV} is about six times
the maximum amount of a 25 mm diameter graphite cylinder.

However the results show large scatter and are strongly dependent on
the thickness of the blind used (section 4.5.3).

4.5.3 Discussion of the Experimental Results

The first measurements were obviously strongly influenced by
additional heating effects caused by the aluminium blind of the set-
up as shown in figure 4.31. Since the blind was employed to reduce
the linac beam diameter of 5 mm to a 4 mm beam about 36 % of the
accelerated electrons hit the blind. About 40 % of the electron
energy then was converted into photons within the blind |116].

Since the photon emission is strongly oriented in forward
direction a fraction of the photons could hit the first copper rings
of the set-up and deposit additional energy which was then included
within the overall measurement of the temperature rise in the copper
rings.

However in the case of a 40 mm blind most of the photon
energy 1is dissipated within the blind so that the amount of
additional photon energy to the copper rings is negligible. With
respect to the objective of the experiment the most accurate result
is obtained for 30 MeV electron energy and a blind thickness of 40
mm.

The experimental results show that scattering effects lead
to a strong heating of the first copper segments in the case of the 4
mm diameter sample. With increasing diameter the peak in the
deposition profile is shifted to greater depths which is consistent
with the greater distance that has to be covered by collision and
scattering processes. For diameters 19 and 25 mm the spatially peaked
distribution ceases in favour of a more homogeneous heating.

For a further evaluation of this experiment with respect to
the actual situation in tokamaks incidence conditions in a tokamak
have to be compared to the experimental incidence conditions. Tokamak
runaway-electrons hit first-wall components under grazing incidence
on surface areas of about 5 to 50 cml. Thus also the volume
distribution of the deposited energy profile is rather broad compared
to the peaked deposition cbtained in the experiments (fig 4.32).



Because of these differences average values of the deposited beam
energy on copper were taken for the further evaluation of the
experiments.

Since 1in the case of 30 MeV electron deposition almost all
of the energy was deposited within the first 60 mm of the sampie,
this distance was taken to determine the average deposited energy.
The results obtained by use of average values are closer to the real
runaway-electron impact condition than those which would employ
directly the peak deposition values of the experiments because in the
tokamak situation a broad volume energy deposition distribution
occurs (figure 4.32).

These average values were compared to a g¢raphite reference
thickness D which was derived from the cylindrical sample geometry as
foliows:

s —dyn/2
0= _é_i“b'_' [equ. 4.7]

where dg is the diameter of the graphite cylinder and dp is the
diameter of the electron beam.

The results of this evaluation are shown in fig. 4.38. From
this figure the influence of the graphite thickness on the shielding
of a copper substrate from runaway-electron heating can be derived.
It is found that the deposited energy in copper base structures is
roughly reciprocal to the thickness of the carbon material layer by
which the metal is covered:

T

j;u K Eﬁﬁg (in MeV/cm3, D in cm)
[equ. 4.8]

For all experiments a similar dependence was found which only differs
in the value of the constant K (K = 0.4-0.8). No remarkable
difference 1in the averaged energy deposition between 20 and 30 MeV
electron impact was observed.

For a first assessment of the response of subsurface
structures of plasma facing compoﬁents equ. 4.8 is correlated to the
results of a Monte Carlo computation shown in fig. 4.39 |271|: This



computation shows for 5° electron incidence an energy deposition in
the subsurface molybdenum of 9 MeV/cm. In this case the molybdenum is
covered by a graphite layer of 1 cm. Assuming that no major
differences between the electron energy deposition in molybdenum (9 =
10.2 g/cm3) and copper (o = 8.96 g/cm3) exist the relation for the
dependence of the energy deposition in subsurface {copper) structures
on the thickness of the surface layer, equ. 4.8 may be calibrated to
a deposition of 9 MeV/cm at a surface layer thickness of 10 mm:

T 9-511—_1;5— (MeV/cm] [equ. 4.9]
However this relation should serve only as a first orientation on the
dependence of the energy deposition in copper and molybdenum on the
thickness of the carbon surface layer.

The conseguences of the thermal and structural response of the
materials will be discussed in section 5.4.2.

5. Discussion of the Implications for a Next Generation Device

As terms of reference for the following evaluation the parameter
set for ITER (International Thermonuclear Experimental Reactor) as of
October 1988 has been taken, table 5.1, figure5.1i{26{.Furtherly a
current decay rate of 1-3 - 109 A/s during the current quench phase
of a disruption at full power was assumed |272].

5.1 Runaway-Electron Generation during Disruption

According to equ. 2.6 the critical field for electron runaway in
ITER would be:
E__&né%gnA
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with:  ne = 10 13, 1014 /cm3

kTe = 10 eV .

In A= 20 187 ]
Ec (ng = 1013/em3) = 5.4 v/cm
Ec (ng = 1044/cm3) = 54 v/em

The extreme condition for the complete suppression of electron
runaway would be {equ. 2.7):

ER = E¢ (kTe/mpcl) = 10-3 v/cm

The electric field that is set up during the current quench phase of
a disruption at full power can be calculated according to equs. 2.14-

2.16:
V=12
! dt
A@:/Wdf
£.-t__ d¢
2nR df
with: L = 4.8 pH {10]
di/dt = 1.109, 3 - 109 A/s
al =20 M
> t=20,7 ms
AP = g6 Vs

It

di/dt = 1 - 109 A/S: vy
dI/dt = 3 - 109 A/S: Vy

4800 Vv, E = 1.32 V/cm
14,400 V, E =3 .95 V/cm

i}
[}

Thus a ratio of the disruption electric field to the critical field
for electron runaway in the order of

3.95 dI

E/Ec = 52? = 0.73 for 5% =3 109 A/S and ng = 1013/cm3
to
E/Ec = 1§%; = 0.024 for %F# =1 - 109 A/S and ng = 1014/cm3.

For a value Zpff = 3 due to carbon impurities according to equ. 2.10
and figure 2.3 electron runaway rates larger A= 1079 occur at E/Ec >



0.06. Thus electron runaway under disrupticns in ITER will be a most
Tikely phenomenon to occur.

An estimate of the energy of runaway-electrons neglecting cyclotron
losses gives {equ. 2.22):

. M7 .
W= g 96 MeV = 789.5 MeV

with R = 5.8 m
Ad=96 Vs

Cyclotron radiation exerts a retarding force on the electrons
{equ. 2.24):

~ W
E =1.408 - 10-32 T 52 v/m (W in eV)

Above 150 MeV this effect becomes significant in retarding further
electron acceleration. At 500 MeV this force is 26 V/m which
indicates a possible electron acceleration up to this order.

According to the scaling of JET (equ. 3.10) the fraction of the
poloidal field energy that is spent into runaway-electron
acceleration |10,13}

f=2.9-1021,0.6
would be in the case of a 20 MA disruption in ITER
f=17.5%

At a poloidal field energy of 600 MJ |273| this would correspond 60-
120 M3 energy which can be potentially carried by runaway-electrons
if one regards the uncertainty of the assumptions taken above.



5.2 Runaway-Electron Trajectories and Wall Contact

A very rough approximation for the displacement of runaway-
electrons can be derived from equ. 2.32:

dy = LN
2 R I
Since due to the high electron energies the Alfven current is very
high {equ. 2.33, up tc 7 MA) %nd the runaway-electren fraction
carries almost the whole current,-él-:T, thus

d, = 0.34m
Pg

with: ry = 2m

However the condition of equ. 2.35 is violated by IﬁL:] and the
result is of more qualitative nature. !

The impltication of this result is that the high energy electron
fraction will be quickly displaced to the outer radius and then
scraped off at the most protruding sections of the first wall in the
equatorial outboard plane.

Jue to strong radial diffusion processes (equ. 2.38) also the
electrons which were accelerated in the center of the cold plasma
would be quickly transportated to radii where they would be scraped
off. Assuming an anomalous diffusion coefficient for runaway
electrons across the magnetic field which is undergoing segmentation
of D = 10 m/s anomalous diffusion over a distance ry = dp =1.7m
would require about 290 ms which gives the order of magnitude of the
possible confinement time of runaway-electrons.

Depending on the time of the final collapse of the residual plasma

towards the inner column or the divertoriplates a larger or
smaller fraction of the runaway-electrons then would intersect



the plasma facing materiais on the center columnor divertor on a

very short timescale.

By taking the trajectory offset value of dy= 0.34 m only the

crossection through which runaway-electrons are carried would shrink
from Ay to Ap:

A=mr2=12.57m2 ——A, =Tt -d, %= 8.66 m?

s}

Allowing 20 ms time for anomalous diffusion the crossection would
shrink to

Ay=in-d, -d ) = L60m?

with dq : diffusion length

dy =vDt =045m

Taken a homogeneous distribution of the runaway-electrons over the
crossection A at the point of the final plasma collapse with

Ay A, =068

and neglecting anomalous diffusion 32 % of the runaway-electron
energy would have been deposited on wall at the equatorial outboard
plane and 68 % on the inboard side. In the case of 20 ms anomalous
diffusion the ratio would be

AyiA, =0.37

with 63 % outboard side deposition and 37 % inboard side deposition
of runaway-electron energy.

in JET a ratio of roughly 80 % outboard side deposition and 20 %
inboard side deposition of runaway-electron energy has been observed
|131. Since the analysis performed above is more of qualitative
nature it is assumed that between 50 and 80 % of the runaway-electron
energy is deposited on the outboard side of the device.



5.3 Interaction with Plasma Facing Components

As derived in section 5.1 electrons which are accelerated during
disruptions can carry energies in the order of 60-120 MJ. 50 to 80 %
of this energy would be deposited on the outhoard side of the machine
due to the outward shift and anomalous diffusion effects of the
runaway electrons. The incidence onto the material surfaces is
grazing with very short scrape-off lengths ( <1 mm). Thus any
stightly protruding part in the regions of runaway-electron incidence
wouid be hit preferentially.

5.3.1 Electron Fneragy Deposition on the Eguatorial Qutboard Side

Mainly electrons of high energies {(100...500 MeV) would be
scraped off at the outboard side of the machine since their
trajectories are significantly displaced to major radii. Thus during
the current quench phase of plasma disruptions of a duration of
presumably 20 to 100 ms between 30 and 100 MJ could be deposited on
components at the outboard side of the device. Activation
measurements of outboard components of tokamaks indicate a gaussian
distribution of the incoming runaway-electron flux with following
vertical spread (half width, haif maximum, see section 3.2.2):

TFR: HWHM: 5.70

PLT: HWHM: 5.30 (8 MeV)
50 (10 MeV)
4.50 (12 MeV)
3.30 (20 Mev)

Fi: HWHM: Q90 {8 MeV)
70 (20 MeV)

JET:  HWHM: 6.50 (27 MeV)

Thus for an estimation of the maximum surface heat load to the
outhboard plane in ITER a HWHM of 59 is assumed. The resulting peak
heat load for a deposition of 30-100 MJ onto the outboard circumference



of 4G m would then be 1.6 - 5.3 MJ/mZ. However this deposition does
not regard the extreme peaking in toroidal direction which has to be
expected due to the very small scrape-off length of the high energy
electrons. Measurements on TFR and PLT 1indicate scrape-off layer
thicknesses of 0.2 - 0.4 mm. With regard to technically possible
atignment accuracies this implies that peaking factors of 100 may
occur.

For the design of a toroidal belt limiter in the equatorial outhoard
plane a HWHM of 70 of the incoming runaway-electron flux is assumed.
Thus the poloidal extend for a limiter onto which 95 % of the
incoming electrons would impact is + 0.575 m. Allowing for an
additional offset of + 0.20 m from the equatorial plane due to plasma
shifts the poloidal extend would be about + 0.8 m.

5.3.2 Electron Energy Deposition on the Divertor and/or the
Inboard Side

Electrons of energies supposedly below 100 MeV would hit the
divertor or the inboard wall of the device during shifts of the
plasma position in the course of the current quench phase. Whether
the divertor or the center column would be hit preferentially depends
on the vertical and horizontal stability of the plasma. However there
is strong indication that highly elongated divertor plasma
configurations would be mainly instable on the vertical axis and thus
the runaway-electrons would be scraped-off on the divertor surface.
Energy depositions of 20-60 MJ would have to be expected.

Energy deposition on the divertor target:

It is assumed that the runaway-electrons which would be deposited in
the divertor follow the magnetic flux surfaces quite closely and
would be deposited in a very narrow channel at the position where the
separatrix intersects with the divertor plate or very near to it.
There is indication from JT-60 that the runaway electrons would
impact on the electron side |[16|. Since the main energy deposition
would occur during a violent vertical movement of the plasma only one
of the two divertor targets would be hit. Assuming a half width hailf
maximum (HWHM) of the deposition channel of 0.05 m [273] and a



gaussian distribution of the deposited energy intorcidaldirection the
peak energy deposition for 20-60 MJ energy deposition would be 5-15
MJ/m? . The full width onto which 95 % of the energy would be dumped
is 0.23 m on a circumference of 27T+ 5.8 m = 36.4 m. With regard to
the possible peaking of the energy deposition in toroidal direction
&lso here the peaking factor is completely unknown but may be as high
as 1060.

Energy depesition on the centre column:

In the case of a mainly horizontal shift of the plasma towards the
centre column 20-60 MJ energy could be deposited. Alsoc here the
extremely short scrape-off Tength may lead to very highly leocalized
energy deposition because of unavoidable geometrical imperfections
which cause deviations from perfect alignment with respect to the
magnetic flux surfaces. The observed value from JET of energy
densities up to 500 MJ/mé appears to be a realistic value for ITER,
too. The location can be significantly offset from the equatorial
plane in the case of a combined horizontal and vertical movement.

5.4 Materials Response to Runaway-Electron Impact and Threshold

Values of the Energy Deposition

The following evaluation of the response of materials is based
mainly on the experimental results as described in section 4. Under
runaway-electron impact damage would have to be expected to occur on
the plasma facing material and the underiying metal structures, esp.
coolant channels.

5.4.1 Plasma Facing Material

In terms of sensitivity to damage under runaway-electron
impact graphite has proven to be significantly less sensitive than
refractory metals like tungsten or molybdenum (section 4.2). All
metals tested showed grain growth, crack formation and/or melting



below 14 MJ/mZ, the threshold for crack initiation in the graphite
with poorest thermal shock resistance.

5.4.1.1 Crack Formation/Fracture of Carbon Materiais

The thresholds for crack formation on graphites as function
of the deposited runaway-electron energy were determined to lie in
between 14 and 33 MJ/mZ, depending on the graphite grade, for
electrons below 50 MeV (section 4.4, figure 4.30).

During such an energy deposition cracks of about 1-2 mm length would
be initiated. At higher déposited energies crack formation becomes
stronger and may eventually cause the fracture of components. In
addition cracks which were initiated by runaway-electron events can
gradually grow to fracture |204,205|. For a further evaluation of
this aspect an approach on fracture mechanics of graphite |274-283]|
and fatigue effects |284-292] would be needed.

The most favourable group of carbon materials for plasma facing
applications in terms of thermal shock resistance under runaway-
electren impact are carbon-carbon (C-C} composites. These materials
show values of thermal shock resistance and thermal shock fracture
toughness which are 10 to 20 times higher than those of graphites
[293,294|. In high heat flux experiments as described 1in section 4.4
these materials did not show crack initiation or fracture |198,201].
Thus with regard to energy deposition during runaway-electron events
as they are anticipated for ITER (section 5.3) the only materials
which could potentially withstand heat loads of more than 100 MJ/m2
without fracture are C-C composites.

5.4.1.2 Erosion of Carbon Materials

In terms of surface erosion of carbon materials under
runaway-electron impact no significant differences between graphites
and C-C composites are expected. Since large amounts of energy are
distributed over the depth of the material effects of thermal
diffusion during the duration of the impact may be neglected and an



instantaneous deposition may be assumed for the estimation of
materials erosion under runaway-electron incidence.

The following estimate of the erosion thickness was derived from the
resuits of the Monte Cario calculations as shown in figures 4.20 and
4.21. From these plots a correlation between deposited surface energy
and erosion thickness can be derived for 20 MeV and 50 MeV runaway-
electron incidence. For this evaluation a heat of ablation for carbon
was assumed as follows:

}¥:(&EFCP+P%Q/K) [equ. 5.1]
with:a Tgp = 30000C thermal excursion which is necessary to reach

the regime of high vapour pressure (at 4000°

C about 109 Pa |295,296])
2 J/uK specific heat of graphite at 20000 C

=
it

63000 J/gK heat of sublimation for monatomic evaporation
6  factor to reduce H; there is experimental

-~
i

evidence that erosion under pulsed heat loads
significantly exceeds the analytic values if
H = 63000 J/gK is used. Reasons for this
behaviour of graphite are the erosion of
multiple carbon species and of microscopic
particles |297-304].

From figures 4.20 and 4.21 the reiation
Aﬁ:f(wdep) [equ. 5.2]

with A8 : depth into the material {(mm)
Haep* deposited runaway-electron energy (MeV/cm)

was taken. Then Wqen can be correlated to a corresponding surface
energy Jgypf which is needed for the erosion of material to a depth

LD = f (wdep)

Jori= H‘VV/M{dep [equ. 5.3]



with W: electron energy (20 MeV or 50 MeV)

The erosion results for 20 and 50 MeV electron energy deposition are
very similar, figures 5.2 and 5.3. It is assumed that for electron
energies up to 100 MeV considerable differences in the amount of
erosion weuld occur.

20 MeV electrons:AD(mm) = 0.0037 Jgyps (MI/mZ) - 0.185
(Jgurf > 84 MI/m?) [equ. 5.4]

50 MeV electrons:AS(mm) wx 0.0043 Jgups (MI/m2) - 0.361 [equ. 5.5]
(Jsyps > 84 MI/m2) |

Thus with regard to the use of carbon materials in ITER severe
surface erosion will occur at runaway-electron energy depositions in
excess of 100 MJ/m2.

5.4.2 Damaqe'to Subsurface Metal Structures

On the basis of the measurements and the correlation of the
experimental results to a numerical analysis as described in section
4.5 a first assessment on the sensitivity of subsurface metal
structures, esp. divertor coolant channels which are covered by a
plasma facing carbon layer under 20-30 MeV electron impact can be
made.

Copper Substrate

Assuming a maximum allowable temperature excursion of small Tlocal
areas of A Tey = 500°C (e.g. 500°C —» 1000°C) which would lead to

melting of the braze material and thus perhaps to local failure of
the brazed protection but not to melting of the copper structure the
resulting enthalpy is:

H”CU SATCU " Cp N 1881.6\]/(:“]3 [equ. 5.6]



0.42 J/gK {copper)}
8.96 g/cm3 (copper)

with: Cp
Q

I

Using equ. 4.9 ,section 4.5.3, the surface energy deposition Jsurf

which is necessary to cause the thermal excursion aT as function of
the protection material thickness D would be

) o mwWo™  18816-20-0°° MJ MeVem
surt Waep ) S m2 cm MeV
= 41.8 - DI-15 (M3/m2 with D in cm) fequ. 5.7]

The result which is an approximation for 20-30 MeV electron impact is
shown in figure 5.4.

Molybdenum Substrate

For the use of a molybdenum substrate an allowable temperature
excursion of ATmp = 1200° C was assumed (e.g. 800°C —»2000°C).

Thus the resulting enthalpy is

H'Mo =0TMo * Cprp= 4284 J/cmd

0.35 J/gK {molybdenum)
10.2 g/cm3 {(molybdenum)

with Cp
Q

The dependence of the surface energy deposition Jsyrf on the
thickness of the protection material for a ATwy, = 1200°C thermal

excursion would be

This result is also an approximation for 20-30 MeV electron impact
and shown 1in figure 5.4.

For ITER these results indicate that runaway-electron energy
deposition below 100 MJ/mé¢ for molybdenum and below 50 MJ/m¢ for
copper can aiready cause severe damage to divertor structures. These



resuits should be regarded as a first indication of the damage
threshold values for energy deposition on the divertor by electrons
below 100 MeV.

5.5 Summary of the Implications for a Nexi Generation Device

In a next generation device like ITER the electric field during
the current quench phase of disruptions is supposedly large enough,
so that

- the conditions for electron-runaway are fulfilled;

- glectron energies of about 500 MeV can be reached;

- 10-20% of the poloidal magnetic field energy may be expended
into runaway-electron production which corresponds to 60-120
MJ energy.

0f this energy
- 50-80 % may be deposited on the outboard side in the
equatorial plane by high energy runaway-electrons (e.g. 100-
500 MeV). The deposition profile in poloidal direction would
be gaussian with a HWHM of 5-7 % (0.175-0.246 m) which
corresponds to a poloidal peak deposition of 1.6 - 5.3

N

MJ/me. However the very short scrape-off length of runaway-
electrons (< 1 mm) will lead to a very high peaking of
these values in toroidal direction.

- 20-50 % may be deposited on the divertor surface or on the
centre column supposedly by lower energy electrons (< 100
MeV). On the divertor the energy would be deposited on a
narrow toroidal channel (HWHM == 0.05 m) which corresponds to
a peak deposition of 5-15 MJ/mZ. However also here very high
peaking factors have to bhe expected for the energy
deposition in teroidal direction.

The material behaviour under runaway-electron impact is summarized in
figure 5.5.



Protection Materials:

- Refractory metals as plasma facing materials would show crack
formation and melting already under very moderate runaway-
electron impact (< 14 MJ/ml).

- Graphites will show crack finitiation at 14-33 MJ/mZ, depending
on the graphite grade.

- C-C composites are supposed tc be the only feasible materials in
terms of thermal shock resistance under runaway-electron impact
in the order of 100 MJ/mZ.

- Erosion of carbon materials becomes significant above 100 MJ/mZ.
However the areas which are 'sufficiently' eroded and do not
project anymore into the runaway-scrape-off layer will not be
subjected to runaway-electron impact furtherly.

Subsurface Metal Structures:
Excessive thermal excursions of divertor coolant channels are to be

expected for:

- copper alloys, 10 mm carbon protection: > 42 MJ/m2
20 mm carbon protection: > 93 MJ/m?
- molybdenum alloys, 10 mm carbon protection: > 95 MJ/mé
20 mm carbon protection: > 211 MJ/mZ.



6. Conclusions

The conditions under which electron-runaway in tokamak plasmas can
occur and the acceleration of electrons during the current gquench
phase of disruptions as well as their trajectories have been studied.
A survey on the runaway-electron-materials interaction processes was
performed to gain a practical understanding of possible consequences
for tokamak operation.

Subsequently experiments to determine effects of high energy-
electron-materials interaction were carried out using particle beam
facilities, the Electron Linear Accelerator of the Institute of
Scientific and Industrial Research of 0Osaka University and the 10 MW
Neutral Beam Injection Test Stand of the Institute of Plasma Physics
of Nagoya University. In these experiments metals (stainless steel,
molybdenum, tungsten} showed grain growth, crack formation and/or
metting already well below the threshold for crack initiation on
graphite (14-33 MJ/mZ, depending on the graphite material). The
orocess of volume deposition of eiectron energy in the material was
studied with special emphasis on the possible effects to subsurface
metal structures, especially divertor coolant channels which are
covered towards the plasma by graphite. The shielding effect of the
graphite layer, depending on the thickness was determined to be S ~

pl.15 for grazing electron incidence on graphite surfaces.

On the basis of these experimental results a first assessment on
runaway-electron effects in a next generation device like ITER was
made: '

- Runaway-electron generation to about 500 MeV, and 60-120 MJ
energy carrijed by runaway-electrons during disruptions are
anticipated.

- 50-80 % of the energy could be deposited on the outboard side,
20-50 % on the divertor surface or on the centre column.

- The scrape-off length of runaway-electrons is very small
( < 1 mm) so that very high toroidal peaking factors of the
energy deposition may occur. '



Refractory metals are infeasible as plasma facing materials in
areas where runaway-electron impact is expected due to their Tow
thresholds for crack-formation and melting. Graphites can be
used up to about 30 MJ/mZ energy deposition, C-C composites are
the most preferable material group for plasme facing
applications.

Strong erosion will occur above 100 MJ/m€ on carbon materials.
Damage to metal coolant channels, esp. of the divertor is
anticipated already below 100 MJ/m2. Energy deposition on the
divertor however may exceed this value several times.
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Nomenclature

a half width of an elogated plasma

A atomic weight

Aj areas of the poloidal plasma crossection
Al Ro/r]: ratio of major and minor radii
b half height of an elongated plasma
By toroidal magnetic field

Bp poloidal magnetic field

C velocity of light

Cp specific heat

C Coulomb number

dp beam diameter

dg diffusion length

dp shift of plasma

ds diameter of the graphite cylinder

dy shift of the drift orbit

coefficient for anomalous diffusion
reference thickness for carbon layers

e electron charge

E electric field

Ec critical electric field

Ey Young's modulus

(3 retarding force due to electron cyclotron losses
F momentum of a test particle

F beam electron flux

half thickness of a plate
heat of monatomic sublimation
H heat of ablation (graphite)



Hli

Jsurf

L N a

3

enthalpy for temperature rise aT in a subsurface
materiail

plasma current
Alfven current

energy
energy deposited in copper per beam electron

energy deposited per unit surface area

energy deposited in subsurface copper or molybdenum per
beam electron

Boltzmann constant

thermal conductivity

photon energy .

constant for the determination of runaway rates (equs.
2.9,2.10)

correction constant for the heat of monatomic
sublimation (equ. 5.1)

constant for the determination of the deposited energy
in subsurface copper (equ. 4.8)

iength
inductance
track length

mass
density

density 1imit for disruption

number of neutrons produced by y-n reactions
Avogadro's number

RF input power
angular momentum

safety factor
heat flux



r minor radius

re radius of magnetic or drift surface

res radius of the drift surface just intersecting outer
Timiter

rL limiter radius

r' shunt impedance

R major radius

S electron range in a material
time
temperature

U cyclotron loss of an electron

¥ velocity

Ve critical runaway velocity

Vih glectron thermal velocity

v energy gain of electron beam accelerated in the
waveguide

vy loop voltage

W electron energy

We critical energy for photon production

Waep deposited runaway-electron energy

X spatial coordinate

Xo radiation length

y spatial coordinate

Y neutron yield

z spatial coordinate

z' depth coordinate

atomic number



o 2

D o o

coefficient of linear thermal expansion
relativistic velocity
relativistic energy factor
depth into the material, erosion depth
spherical velocity coordinate (azimuthal
poloidal plane)
alectron runaway rate
= cos
resistivity of a plasma
frequency of Coulomb collisions
Poisson number
streaming parameters
density
poloidal Larmor radius

angle

cross-section for scattering of charged particles

stresses
attenuation constant
maximum runaway-electron confinement time

mean confinement time of runaway-electrons (diffusion)

flux swing

spherical velocity coordinate
poloidal magnetic flux function
Coulomb Jogarithm

in
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Plots of current, hard x-ray and soft x-ray emission,
and plasma position during a JT-60 discharge which was
terminated by a disruption. Besides a radial shift the
plasma performs strong vertical movements |16].

Neutron emission and plasma current during a disruption
in JET. The hesitation 1in the decay of the plasma
current indicates that a runaway-electron current of >
1 MA has been established for a duration of more than
20 ms |13].

Plots of the neutron emission during a disruption in
JET. The detectors were Tlocated at different toroidal
positions. The different relative amplitudes of the
signals 1indicate that the neutrons originate from
several distinct locations [13].

Metallographic cross-section through a graphite Timiter
from TEXTOR. The limiter surface was hit by a runaway-
electron event which caused cracking of the graphite on

a surface area of several cm<.

Layout of the electron linear accelerator of the
Institute of Scientific and Industrial Research, Osaka
University, which was used for experiments.

Beam energy spectra for different pulse lengths of the
electron linear accelerator.

Typical energy spectra of the electron linear
accelerator beam (1.5Us) in the steady state mode. The
current decreases with increasing beam energy.

Set-up for Tlinear accelerator experiments. The beam is
coupled into the target chamber via 20 ym thick Ti-
foils. Beam incidence onto the specimen surface is
perpendicular.

a} Cross-section of unirradiated graphite EK 98
b) Cross-section of a graphite EK 98 sample subjected
to 7200 pulses, 20 MeV {64.8 kJ)

Cross-section of & stainless stes? ({SUS318) sampls
subjected to 3600 puises, 20 MeV (32,4 kJ).

Stainless steel sample melted after 7200 pulses, 20 MeV
(64.8 kJ)

Tu?gsten sample subjected to 3600 pulses, 30 MeV (38.9
kJ

a) SEM image of the impact surface

b) Cross-section showing the crack penetration
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Results of the irradiation tests on bulk materials at
20 and 30 MeV as function of the deposited energy.

Model Tlayer systems after electron irradiation, 5400
pulses, 20 MeV (48.6 kJ)}. Graphite layers (left) have
been attached to molybdenum substrates (right) by
stainless steel nuts and bolis. Thermal excursions of
the substrates occured in the case of thin graphite
layers and caused melting of the attachment parts.

Brazed layer systems of graphite brazed Mo-Cu-Mo
substrate after irradiation, 7200 pulses, 20 MeV (64.8
kd). The specimen with a graphite layer of 5 mm
thickness (left) underwent melting of the Cu-phase. The
specimen with a 10 mm graphite layer (right} shows no
damage.

Cross-section of the left side sample of fig. 4.11
showing the melted Cu-layer.

Cross-section of the right side sample of fig. 4.11. No
damage occured in the interface region,

Set-up of experiments measuring the temperature rise in
the materials under high energy electron irradiation.

1. Energy deposition distribution of 20 MeV electrons
in the semi-infinite absorber of graphite

2. Temperature rise within the graphite sample during
20 MeV electron irradiation

a} measured

b} no thermal diffusion, b') at energy peak

c) uniform body heating

1. Energy deposition distribution of 20 MeV electrons
in the semi-infinite absorber of stainiess steel

2. Temperature rise within the stainless steel sample
during 20 MeV electron irradiation

a) measured

b) no thermal diffusion

¢) uniform body heating

1. Energy deposition distribution of 20 MeV electrons
in the semi-infinite absorber of copper.

2. Temperature rise within the copper samptle during 20
MeV electron irradiation

a) measured

b) no thermal diffusion

¢} uniform body heating

1. Energy deposition distribution of 20 MeV electrons
in the semi-infinite absorber of molybdenum

2. Temperature rise within molybdenum sample during 20
MeV electron irradiation

a) measured

b) no thermal diffusion

¢} uniform body heating
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Schematic of the high heat flux correlation experiment

Monte Carlo calculation of the energy deposition in
carbon by 20 MeV electrons under different angles of
incidence |208].

Monte Carle calculation of the energy deposition in
carbon by 50 MeV electrons under different angles of
incidence [208].

Schematic of the numerical calculation procedure used
for parameter determination for the high heat flux
tests,

Thermal conductivity of different graphites as function
of the temperature, the calculated maximum surface
temperature and the thickness of the evaporated surface

layer for a heat load of 200 MW/m for 200 ms duration.

Temperature profiles in graphite AXF-5Q under a heat
Toad of 100 MW/mZ for various durations. -

Numerically determined thermal stresses as function of
the depth from the heated surface for a surface heat

Toad of 100 MW/mZ for the graphite AXF-5(Q
a) stress distribution after 80 ms pulse length
b) stress distribution after 200 ms pulse length

Schematic and specification of the 10 MW NBI-test stand
used for the experiments described in section 4.4.
Materials samples can be driven in the beam line via a
look system.

Spatial beam power density distribution for a beam
pulse as applied in the experiments.

Crack pattern on the surface of an ultra fine grain

graphite (ZXF-5Q) after a surface heat load of 97 MW/m?
for 290 ms (28.1 MJ/ml).

Cracks on the surface of an ultra fine grain graphite
(150880) after a surface heat load of 93 MW/m? for 214
ms (19.9 MJ/m2).

Results of the correlation experiment on crack
formation in graphite.

Schematic of the experimental set-up as described in
section 4.5

Comparison of the electron incidence situation in the
experiments and in a tokamak.

Energy deposition profiies for different diameters of
the graphite cylinder dg (20 MeV, 20 mm blind).
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.37:
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Energy deposition profiles for different diameters of
the graphite cylinder dg (30 MeV, 20 mm biind, Ist

test).

Energy deposition profiles for different diameters of
the graphite cylinder d¢ (30 MeV, 20 mm blind, 2nd

test)

Energy deposition profiles for different diameters of
the graphite cylinders dg (30 MeV, 30 mm blind).

Energy deposition profiles for different diameters of
the graphite cylinder dg (30 MeV, 40 mm blind).

Energy deposited in the copper substrate as function of
the reference graphite thickness D.

Under 50 electron dncidence 9 MeV/cm energy are
deposited in molybdenum which is covered by 1 cm
graphite |271].

Cross-section of ITER |26]

Surface erosion & (mm) as function of the surface
energy density Jgyprf (MI/m?) under 20 MeV electron
impact (2°).

Surface erosion § (mm) as function of the surface
energy density Jsypf (MI/m2) under 50 MeV electron
impact (29).

Surface energy density Jgyprf (MJ/m?) to cause a ATgy =

500© C and ATmg = 1200°C in subsurface copper or

molybdenum structures as function of the carbon Tlayer
thickness D under grazing 20-30 MeV electron impact.

Summary of the threshold values for melting, cracking
and erosion of plasma facing materials and thermal
excursion  thresholds for subsurface copper and
mo lybdenum structures under grazing incidence of 20-30
{50) MeV electrons.



Device Current Decay Time Decay Rate
{MA] {ms] [MAlms]
ISX-B 0.1 1 0.1
Alcator A 0.18 0.7 0.26
T-10 0.3 0.C6
PDX 0.3 1 0.3
PLT 0.35 1 0.35
Alcator C 0.5 1 0.5
JT-60 <0.47
JET < 0.85
TFTR <1

Table 2.1: Current quench phase pérameters during disruptions in

tokamaks



References

Runaway-Eleciron

Energy

Loop Volrage

Observations

ORMAK 44,94, 117

mean 1.5-2 MeV
max. 10-12 MeV

< 0.1 V/icm

impurity induccd
runaway
acceleration at
low densities

(. 1013/0m3)

Irunaway”peak
- 06,1

<50 kA
breakdown
formation:

Iruna'»;ufay/II:w,ak

< 0.01
experiments on
anomalous
runaway-electron
diffusion: D =
102-104 cm/s

runaway

PLT 118-120

mean 1 MeV

runaway during
sawtooth
oscillations:
runaway electron
confinement _ 1/10
thermal eclectron
confinement (t.,ns
~ 1-3 ms)
dependence

teconf ~ 7T

slideaway
discharges with
high thermal loads
to  limiters

measurements with
high Z-probe in
plasma boundary;
profile shift of
runaway orbits in
divertor discharges

{Tokyo 90
University}

Table 3.1: Observations of runaway-electron produced

tokamaks

Irunaway ~ 0.1

Ipeak

hard x-rays in
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TARGET REACTICN PRCDUCT THRESHOLD HALF LIVE LINE INTENSITY
(MeV] T ENERGY
3 Ey(kev) A
F2C Y,x (x=a,n) 'Be 26.3MeV 53.44 477.56 10.3
SENI Y,p 57Co 8.2 270.0¢ 122.07 85.6
Y,.n 1TN] 12.2 37.0h 1377.62 84,9
Y,np S%Co 19.6 77.3¢ 846.75 99.99
Y,2n I6N] 22.5 6.1d 158.30 G9.00
Y,2np S5Co 29.5 18.0h 931.50 75.00
EONi Y,np *5Co 20.0 70.8d 810.75 G88.45
St Fe Y,np $2Mn 20.9 5.7¢ | 1434.43 1 10C.00
S¢Fa Y,np $-Mn 20.4 312.2d 834.81 9%.97
$3Mn T,n S Mn 10.2 3t2.2d 834.81 39.97
$:Cr Y, n SiCr 2.0 27.74d 320.07 .83
| :
H |
soce | Y.n0 § “ay 21.6 15.97d. 983.50 100.00C
i | 9
Table 3.3: List of photonuclear reactions and activation products
found in

tokamaks {13]




Device References Damaged Material Damage
Component

TFR 128,129 vacuum vessel stainless steel | piercing of  the

vessel
poloidal limiter meiybdenum melting
(outboard)
poloidal limiter stainfess steel | melting
{outboard)
ORMAK 3 rodlimiter {outboard) |tungsten melting/fracture
after 10 runaway
discharges
PLT 131,132 poloidal limiter stainless steel | melting
{outboard)
poloidal limiter tung sten melting
(outboard)

FT 134,135 mushroom limiter stainless steel | meliing, erosion
(outboard)

TEXTOR 1386 poloidal limiter graphite crack formation to
{(cutboard) 2mm depth

JT-60 11,16,58,122 centre column tiles [molybdenum melting
centre column tiles |Inconel melting
centre column tiles {graphite fracture of

protruding tiles

divertor tiles graphite fracture of tiles

JET 137-140 centre column tiles |Inconel severe melting

centre column tiles |graphite fracture of
protruding tiles

centre column tiles {C-C erosion

outboard limiter graphite crack formation on

Table 3.4:

cne spot { . 5 cm)

Damage to plasma facing materials by runaway-electrons



{Injectpr)

Electron Gun Model 12 (ARCO Type)
Applied Voltage 100 k¥ DC

3-100ns (17 steps)
Pulse Duration 0.1-2.5 us (continuous)

Emission Current 25 Amp. (20ns), 6 Amps. {3 ns)
(Modutator)

High Yoltage 23 kY

Thyratron KU 275C

Repetition Rate 10 - 360 pps 480 - 720 pps
Pulse Duration 5 us 2.4 s

PFN 18 sections 9 sections

(accelerating waveguide)

Shunt {mpedance, r' woMyna
Figure of merit, Q 19,000 (2x/3 mode)
Attenuation constant, T 0.834 nep (3.62db)

Length, L 3.0 meters (40 cavittes)
Initial attenuation coefficient, af{0) 0.0944 nep/m
Initial normalized group velocity, Vg 0.0075

Electric field intensity, v/L 1T.63 MV/m
F{l1ling time, te 1.96 as
Stored energy, J 24 joules {18 MW)
Operating frequency, f 1300 M4z
{Beam)
Single Pulse Mode Transient Mode Steady State Mode
Pulse Duration 39.5 ps 3-100 ns 0.1-2.5us
Peak Current 14.0 nC 16 Amp, 0.6 .
Energy 35 May 35 MeV¥ (Zero Current)
AE/E 1% 3% 3z

Table 4.1: Specification of the electron Tinear accelerator of the
Institute of Scientific and Industrial Research, Osaka

University



Experiments Section 42,43 Experiments Section 4.5

Encrgy (MeV) 20 25 30 20 30

Pulse current (mA) |300 280 240 1337 1137

Pulse length (us) 1.5 1.5 1.5 1.5 1.5

Repetition rate {pps) 120 120 120 120 120

Beam diameter {(mm)|5 3 5 4 4

Power (J/pulse) 9.0 10.5 10.8 4.0 3.1

Remarks: * after passing through aluminium blind, aperture 4 mm; uncertainty in

the pulse current: 20 %

Table 4.2: Electron beam irradiation parameters
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Svsrem

Energy and

pulse number

Observed Damages

2 mm graphite +

10 m stainl. steel

5 mm graphite +

10 mm stainl. steel

10 mm graphite +

10 mm stainl. steel

5 mm graphite +

10 mm stainl. steel

10 mm graphite +

10 mm stainl. steel
2 mm graphite +

10 mm Mo (TZM)

3 mm graphite +

10 mm Mo {TZM)

10 mm graphite +
10 mm Mo (TZM)

30 MeV
1200 pulses

30 MeV
1200 palses

30 MeV
1200 pulses

20 MeV
7200 pulses

20 MeV, 60 s
7200 pulses

20 MeV

5400 palses

20 MeV
5400 pulses

20 MeV
5400 pulses

Twin formation on substrate

Initial twin formation on

substrate

Initial melting of stainl. steel

substirate

Grain growth on substrate

Melting of stainl. steel
attachment, bolts, grain growth

on subsir.

Initial melting of
attachment bolts, slight grain

growth on substrate

Table 4.3: Results of the irradiation tests on model layer systems
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Table 4.4:

Material

Range (mm) at

Critical energy E_

20MeV 30Mev  (MeV)
Graphite 55.2 83.6 111.1
SiC+2%AIN 311 47.0 62.5
Stainl. steel 12.4 18.8 29.4
Mo 9.7 14.7 18.5
w 5.2 7.8 10.6
Electron range and critical energy of the materials

tested (equ. 3.2 and 3.5)

— 10z —



material peak comp.| comp. strength ! peak tens. | tens. strength
stress siress
(N/mm?) (N/nm?) (N/mm?) (N/mn?)
AXF-5Q =315 =143 64 63
CL5890PT =141 -130 30 33
EK98 -105 -110 21 30
¥P219 - 78 - 75 15 16
ATJ - 72 - 70 37 30

Table 4.5:

Comparison of the numerically determined thermal stresses

{peak values) for a surface heat load of 100 MW/m and a
duration of 200 ms with the compressive and tensile
strengths of the materials at room temperature
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Cperation phase Physics Technology
Maximum fusion power MW 1000 700-1000
Maximum thermal power Mw ~1300 10600~1300
Plasma configuration
major radius, m 5.8 5.5
minor radius, m 2.2 1.8
elongation 1.88 2.0
Number of pulses x 104% 1 2-5
Plasma energy MJ
thermal <900 <600
magnetic <1000 <400
First wall
neutron fluence Mwa/m2
average 0.02 1-3
maximum 0.03 1.5-4.5
Availability % low
average - =10
maximum - =25
peak (2 week pericd) - close to 100
Pulse burn time, s 2-102 5—3‘103
Pulse cff-burn time, s z 10 >10
) OPERATION PHASE PHYSICS TECHNOLOGY
__________ Eaﬁgaﬁéﬁgé-_--_ T FIRST DIVERTOR FIRST DIVERTOR
WALL PLATES WALL -PLATES
DISRUPTICNS
- THERMAL QUENCH .
*
= TQTAIL NUMBER AT FULL LOAD 1¢00Q 200 10-100 2-2¢
» TIME mi 0.1-3 0.1-3
-« PEAK ENERGY DEPOSITION MJ/m 2.5 5-1¢ 2 5-10
- CURRENT QUENCH .
*x
= TOTAL NUMBER AT FULL LOAD 2000 400 10-100 2-20
« TIME m§ 5-50 5-50
« RADIATIVE ENERGY DEPOS. MJ/m2 2 2 1.5 1.5
+« RUN-AWAY ELECTRONS MJ/m 50-500 50-500
NOTES

Assuming about 5 divertor plate replacements during each phase.

Table 5.1: ITER operation and disruption parameters |26/
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plasma facing  base structure with
surface layer coolant channels

surface
erosion meliing of

coolant
channel

spalling
of chips

cracks

debonding :
fracture substrate
deformation

Figure 1.1: Possible damage to plasma facing materials and
components due to runaway-electron impact
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Runawav-Electron Processes in Tokamaks

Literature survey

+ generation

* occurence during disruptions

* rajectories

» interaction with materials (sections 2,3)

assessment on the
sensitivity of mate-
rials to high energy

electron impact:

electron linear
accelerator
experiments
(sections 4.2,4.3)

Experimental part

quantitative determination
of the materials response

to high heat fluxes:

hydrogen beam

experiments

(section 4.4)

Implicatigns for next generation devices

+ anticipated

interaction processes

» possible consequences (section 3)

Figure 1.2: Structure of the work
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quantitative deter-
mination of the inter-
action of high energy
electrons with carbon
-metal layer systems:
electron linear
accelerator
experiments

{section 4.3)

runaway-electron-materials



CRITICAL ELECTRIC FIELD IN VOLTS/CM

Ty 1 1 ! : 1

1 olz t ot: IOM lo's IOI' |0,7 10"

DENSITY IN CM >

Figure 2.1: Dreicer field as a function of the particle density for
different electron energies |51{
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Comparison of analytically and numerically determined
runaway rates for Z = 1. The Kruskal-Bernstein
expression is normalized to the numerical value of
Kulsrud et al. at E. = 0.04 |5,46]
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Figure 2.3: Comparison of analytically and numerically determined
runaway rates for several values of Z. For each value
of Z the generalized Kruskal-Bernstein expression is
normalized to the numerical value at the lowest
electric field strength considered by Kulsrud et al.
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DENSITY LIMIT DISRUPTION SEQUENCE

Disrupticn initiation : Radizted power > ohmic power

i

Plasmas contraction and detachment

from limiter

v

Occasional m=3 and other modes

v

m=2 mode growth and locking

|

v

Profile steepening

|

v
Minor disruption : Minor disruption |without m=1 )
with m=1 Af
Major disruption : Major disruption. Negative spike on V,

spike on X-rays, start of current

collapse

Plasma current decays to zero with
loss of energy by radiation and large
positive voltage

Figure 2.4: Density limit disruption sequence [13|
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‘WiMeV)

01 - .
800 0.01 !
(E [t]dr (V- s,m)

Figure 2.5: Energy and velocity of an electron undergoing free-fall
acceleration as function of /tE (t') dt' (vs/m) |5]
o]
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Electron Acceleration for Constant Loop Voltages

1100 o o — =~ - -

900 - ! !
800 - !
700 + ! ,

600 - et

/ g V,= 300 voits
500 - d

400 - /

300 -
200

V,=100 volts

100

1 I I i I 1 1
10 20 30 40 50 60 70

Acceleration time {msecs)

Figure 2.6: Acceleration of electrons under the influence of

constant loop voltages of different magnitudes. The
electron energy is given by W = ¥ mecZ and an orbit

radius of 3.0 m is assumed |13]
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Figure 2.7: a) Drift velocities for electrons and magnetic field
in a tokamak configuration
b) Definition of velocity and magnetic field

components
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e ore’

Energy Eg

Figure 3.1:

0 !

b N
(o1}

L ]

Radiation Lengths {Xg)

Development of an electromagnetic cascade in a semi-
infinite medium at high energy (well above the critical
energy). The dashed Tlines represent electrons or
positrons and the wavy lines are photons. An electron
or positron of energy W, is incident at the left (a
cascade can also be initiated by a photon). The
spreading 1in the transverse direction is greatly
exaggerated for clarity. Only bremsstrahlung (B) and
pair production (P) events are shown, but Compton
scattering also plays a role in the dispersal of
energy. Energy is deposited in the medium along dashed
lines by ionization. Photonuclear reactions, as
illustrated by the (y ,n) reaction at N, may take place
along any of the wavy lines if the energy of that
photon is high enough. They occur much Tess frequently
than might be inferred from this illustration |97].
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Figure 3.2: Critical energy W. as a function of the atomic number Z
(equ. 3.2) |97].
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Figure 3.3:

Plots of current, hard x-ray and soft x-ray emission,
and plasma position during a JT7-60 discharge which was
terminated by a disruption. Besides a radial shift the
plasma performs strong vertical movements [16].
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Pulse 6588

T T ¥ : 1 i L 0
,-'i’lasma current
1061 J {r.h. scaie)
Neutron 10'°| -1
Emission .
(n/sec) Neutron emission Piasma
(Lh. scale) Current
1014 (MA)
1 01 3 -2
10‘12 -
; . I . ! . 1 \ -3
6.42 6.44 6.46 B.48 6.50

Time (secs)

Figure 3.4: Neutron emissior and plasma current during a disruption
in JET. The hesitation in the decay of the plasma
current indicates that a runaway-electron current of >
1 MA has been established for a duration of more than
20 ms |13].
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Pulse 10363

Detector No.1

Detector No.2

——

1.0
Neutron F
emission =
(10'8n/s) s
05
0.0}
1.0 F
05 F
0.0t

Detector No.3

|

Figure 3.5:

9.430 0435 9.440
Time (secs)

Plots of the neutron emission during a disruption in
JET. The detectors were located at different toroidal
positions. The different relative amplitudes of the
signals indicate that the neutrons originate from
several distinct Tocations [13].
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Figure 3.6: Metallographic cross-section through a graphite limiter

from TEXTOR. The limfter surface was hit by & runaway-

electron event which caused cracking of the graphite on
a surface area of several cml.
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Cerenkov
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No.l Experimental room

No.2 Experimental room
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Figure 4.1: Llayout of the electron 1inear accelerator of the

Institute of Scientific and Industrial Research, Osaka
University, which was used for experiments.
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K 1.0 psec

0.75 psec

0.50 usec

0.25 psec

Figure 4.2:

.00

Beam energy spectra for different pulse lengths of the
electron linear accelerator.



Steady Mode ( 1.5 usec )
0-?5

x 0.6
0.68 A 4,51 A

0.33 A

Figure 4.3: Typical energy spectra of the electron Tlinear
accelerator beam (1.5 Us) in the steady state mode. The
current decreases with increasing beam energy.
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linac beam

extri:jﬁpn tube

sample holder

NN

sample 20 um Ti foil

,,/’

20 pm Ti-foil

beam axis

 RSAANANNRY

Figure 4.4:

— ]

'

rotary
pump

Set-up for linear accelerator experiments. The beam is
coupled into the target chamber via 20 um thick Ti-
foils. Beam incidence onto the specimen surface is

perpendicular.
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4

Figure 4.6: Cross-section of a stainless steel (SUS316) sample
subjected to 3600 pulses, 20 MeV (32,4 kJ).
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front view side view

sample diamefer
= 20mm

Figure 4.7: Stainless steel sampie melted after 720G pulses, 20 MeV
{64.8 kJ)
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b)

Figure 4.8t Tungsten sampie subjected to 3600 pulses, 30 MeV (38.9
kd}

a) SEM image of the impact surface
b} Cross-section showing the crack penetration
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Figure 4.9: Results of the jrradiation tests on bulk materials at
20 and 30 MeV as function of the deposited energy.



Figure 4.10:

direction of beam incidence

Model layer systems after electron irradiation, 5400
pulses, 20 MeV (48.6 kJ). Graphite layers (1eft) have
been attached to molybdenum substrates {right) by
stainless steel nuts and bolts. Thermal excursions of
the substrates occured in the case of thin graphite
layers and caused melting of the attachment parts.
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Figure 4.14: Set-up of experiments measuring the temperature rise in
the materials under high energy electron irradiation.

- —132—



(MeV-cm?/g)
%) I~ ol

Energy deposition
O

I

5 10 15
Depth (g/icm?)

w I~ ()] a
¥ T

[N ]

—

Temperature rise (x10%K)

Figure 4.15: 1.

b)
c)

Q5 10 15
Pulse number (x107)

Energy deposition distribution of 20 MeV electrons
in the semi-fnfinite absorber of graphite
Temperature rise within the graphite sample during
20 MeV electron irradiation

measured

no thermal diffusion, b') at energy peak

uniform body heating
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Figure 4.16: 1. Energy deposition distribution of 20 MeV electrons

in the semi-infinite absorber of stainless steel

2. Temperature rise within the stainiess steel sample

during 20 MeV electron irradiation
a) measured
b} no thermal diffusion
¢} uniform body heating
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Figure 4.17: 1.

Energy deposition distribution of 20 MeV electrons

in the semi-infinite absorber of copper.

Temperature rise within the copper sample during 20

MeV electron irradiation
measured

no thermal diffusion
uniform body heating
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Figure 4.18:

a)
b}
c)

05 10 15
Pulse number {x 103)

Energy deposition distribution of 20 MeV electrons
in the semi-infinite absorber of molybdenum
Temperature rise within molybdenum sample during 20
MeV electron irradiation

measured

no thermal diffusion

uniform body heating
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Monte Cario calculation of energy deposition

profiles of high energy electrons

l

Calculation of the temperature and stress profiles

under surface heat fluxes and heat flux

parameter determination

i

Experimental application of surface heat

fluxes with predetermined heat flux

parameters

]
Evaluaticn of structural changes and

damage to materials

i
Ewvaluation of the corresponding sensitivity of a

material to runaway-electron impact

i

Comparison with actual damage pattern
causes by runaway-electron

in tokamaks

Figure 4.19: Schematic of the high heat flux correlation experiment
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Figure 4.20: Monte Carlo calculation of the energy deposition in

carbon by 20 MeV electrons under different angles of
incidence |208].
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Figure 4.21: Monte Carlo ca]cu?a‘_cion of the energy deposition in
carbon by 50 MeV electrons under different angles of
incidence |208].
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heat flux
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temperature profile |«

T
Y
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Y
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!
Y

thermal stresses

net erosion —

Figure 4.22:

parameters

deposition profile
ion energy loss
in biow—-off vapor

re-radiation from
front surface

preheating of the materizal
ion range

variation_of thermal
properties

heat of vaporization
moving boundaries

Yapor pressure

particle veloeity
vapor density in chamber

mean free path
for coilision

surface sticking
coefficient

surface area factors

thermeal expansion
coefficient

Young's modulus
Poisson number

Schematic of the numerical calculation procedure used

for parameter determination for the high heat flux

tests.
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Figure 4.24: Temperature profiles in graphite AXF-5Q under a heat
load of 100 MW/mZ for various durations.
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Figure 4.25: Numerically determined thermal stresses as function of
the depth from the heated surface for a surface heat
Toad of 100 MW/m for the graphite AXF-5Q
a) stress distribution after 80 ms pulse length
b) stress distribution after 200 ms pulse length
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y
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Magnet

NB! - Test Stand

hydrogen beam:

‘beam divergence:

electrode size:

focal point:

heat load on test pieces:
pulse length;
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Figure 4.27: Spatial beam power density distribution for a beam
pulse as applied in the experiments.
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Figure 4.28: (rack pattern on the surface of an ultra fine grain
graphite (ZXF-5Q) after a surface heat load of 97 MW/mZ
for 290 ms {28.1 MJ/mZ}.
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Graphite Grade Crack Formation occured at

power density pbulse length energy

MW/-m? ms MJiim2
ZXF-5Q 98 145 i4.2
ISC-88C 91 164 14.9
T6-P 96 164 15.7
EK 98 88 183 16.1
AXF-5Q 93 176 16.4
MTK 93 183 7.0
YPD 98 189 18.5
CL5890PT G4 221 20.8
FP219 97 221 21.4
ETP-10 102 258 26.3
ATJ ic5s 271 28.4
JG1i0 103 315 32.4

Té-P7 MIK FPtZ 18
I

1SO880 AXF-5Q CL5890 ATI
[
EK98 YPD G110

2 4 6 810 12 1 16 18 20 22 24 26 28 30 32

deposited encrgy [MI/m2]

band of the deposited energy which resulted in crack initiation in the tested

graphites

Figure 4.30: Results of the correlation experiment on crack
formation in graphite.
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grazing incidence of runaway-electrons
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Figure 4.32: Comparison of the electren incidence situation in the
experiments and in a tokamak.
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Figure 4.33: Energy deposition profiles for different diameters of
the graphite cylinder dg (20 MeV, 20 mm blind).

-— 151 —



deposifed A
energy inBQu
[MeV/cm™e ]

0.0
- 30 MeV
20 mm blind
4.5+
4_‘
3.5

0.5+ '\'\
.s

T T i I T 1 T y —T -
10 20 30 40 50 & 70 8 S0

distance from the point
of beam impact along
the graphite cylinder {mm]

Figure 4.34: Energy deposition profiles for different diameters of

the graphite cylinder dg (30 MeV, 20 mm blind, 1st
test).
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Figure 4.35: Energy deposition profiles for different diameters of

the graphite cylinder dg {30 MeV, 20 mm blind, 2nd
test)
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Figure 4.36: Energy deposition profiles for different diameters of

the graphite cylinders dg (30 MeV, 30 mm hlind}.
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Figure 4.37: Energy deposition profiles for different diameters of
the graphite cylinder dg (30 MeV, 40 mm hlind).
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Figure 4.38: Energy deposited in the copper substrate as functien of
the reference graphite thickness D.
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Figure 4.39: Under 50 electron incidence 9 MeV/cm energy are

deposited in molybdenum which is covered by 1 cm
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Figure 5.2: Surface erosion O (mm) as function of the surface
energy density Jgypf (M3/m) under 20 MeV electron

impact (29).
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Figure 5.4:
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Surface energy density Jgurf (MI/m2) to cause a ATy =
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thickness D under grazing 20-30 MeV electron impact.
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Figure 5.5: Summary of the threshold values for melting, cracking

and erosiom of plasma facing materials and thermal

excursion thresholds for subsurface copper
molybdenum structures under grazing incidence of

{50} MeV electrons.
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AXF-5Q |cL5sgcPT EKO8 ; FP219 AT
|
densicy lgf’cmB} ! 1.82 1.78 1.8¢& ; 1.76 1.73
o
spec. hea: 1]:/gK)
clTi=A+BT+CTZ+DT3
T¢2000K /i84/
A -2.09E-1
B 3.94E-3
C -2.50E-6
D 5.60E-10
T>2000K /184/
A 1.
B 1.26E-4
th. cond. {W/cmK)
K (T)=E+FT+GT2+HT3
TLI300K / 133/
E 8.15E-1 | 9.61E-! | T.41E-1 | 1.0l 2.14
F -5.43E-4 |-6.26E-4 | 1.29E-4 |-1.04E-3 (-2.B7E-3
G 1.08E-7 | 6.71E-8 | -8.635-7 | 5.27E-7 | 1.57E-6
H 3.81E-1%| 7.21E-11] 4.24E-10|-8.94E-11[-3.54E-10
T<2750K /185/ '
E 9.30E-1 | 9.75E-1 | 8.378-1 | 9.00E-1 | 1.08
s -8.95E-4
G 7.46E-7
H -3.08E-7
T>2750K
E 2.42E-1 i 2.86E-1 ' 2.48E-1 ' 2, 12E-} I 3.98E-1
Enthalpy (k]J/mo!) 708.2
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AXF-5Q [ CL5890PT | Ex98

| |

l FP216

Vapor
[ATM)
log p=1+K/T
T£1833K

[

K
T>1933K

I

K

pressure

Appendix 1.2 :

-3.99E4

-3.85E4

Materials Properties used in the Computations
Section 4.4
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Sample No.  Marerial Sample Geometry Energy Pulse Number
{mm) (MeV)
1 graphite EK 98 155 x 155 x 30 20 5400
Z " 20 7200
3 25 1200
4 " " 30 1200
5 SiC+ 2 % AIN 10x 12 x 25 20 5400
6 " ! 25 1200
7 ) " 30 1200
8 " 30 7200
9 SUS316 155 x 155 x 30 20 1200
10 " " 20 3600
11 " 20 54060
12 " 20 x 30 20 5400
13 155 x 155 x 30 20 7200
14 " 20 x 10 20 7200
15 " 20 x 30 20 7200
16 " 15.5 x 15.5 x 30 25 1200
17 " 155 x 155 x 30 25 3600
18 N 20 x 30 30 1200
19 " 20 x 30 30 3600
20 20 x 30 30 7200
21 20x 10 30 7200
22 " 20 x 10 30 7200
23 molybdenum 20 x 10 20 3600
24 " ! 20 5400
25 " ) 20 7200
26 ) * 25 1200
27 ! ! 25 3600
28 20 x 20 30 1200
29 " 20 x 20 30 3600
30 20 x 20 30 7200
31 TZM 15 x 14 x 10 20 7200
32 " " ‘ 20 7200
33 v ! 30 7200
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Sample No. Marerial Sample Geometry Energy Pulse Number
(mm} (MeV)
34 " " 30 7200
35 tungsten 20 x 30 20 3600
36 ) 20 5400
37 ! ! 20 7200
38 " N 20 7200
39 " h 30 1200
40 : " 30 3600
41 " ) 30 7200
472 “ " 30 7200
43 SUS316 + 5 mm 15 x 15 x (10+5) 20 7200
graphite
44 SUS316 + 10 mm 15 x 15 x (10+10) 20 7200
graphite
45 SUS316 + 2 mm gr. 15 x 15 (10+2) 30 1200
46 SUS316 + Smm gr. 15 x 15 (10+5) 30 1200
47 SUS316 + 10 mm gr. 15 x 15 (10+10) 30 1200
48 TZM + 2 mm gr. 15 x 15 (10+2) 20 5400
49 TZM + 5 mm gr. 15 x 15 (10+35) 20 5400
30 TZM + 10 mm gr. 15 x 15 (10+10) 20 5400
51 MoCuMo/5S mm gr. 20 x (6+3) 20 5400
32 ) 20 x {6+5) 20 7200
53 20 x (6 + 10) 20 7200

Appendix 2.1 :

MoCuMo/10 mm gr.

Accelerator Tests, Section 4.2
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no.

material

shot no.

pulse power weight remarks
length | density loss
(ms) | (Mi/m?) | (mg)

1 sandwich 18996 227 94 *, 3 shots on
sandwich 18011 170G g4 ane sample
sandwich 19058 195 102

2 AXF-5Q 21091 258 94 11.7

3 AXF-5(Q 22127 233 92 8.7

4 AXF-5Q 24537 176 93

5 ZXF-5Q 28153 145 a8 -0.2

6 ZXF-50 29168 290 97 23.7

7 ZXF-5Q 67 208 104 2.5

8 ISO 880 21165 214 93 14.6

9 IS0 880 24957 164 91

10 Te-P 24344 164 96

11 MT 200 X 23474 183 93 10.5

iz |CL 5890 PT | 21120 221 94 16.4

I3 |CL 5890 PT | 23443 176 85 9.

14 [CL 5880 PT i 24713 158 34

15 EK 98 17102 290 79 two shots on one
EK 98 171290 284 81 sample

16 EK 98 22356 183 38 0.6

17 EK 98 23418 176 98 12.9

18 FE 219 29465 221 97 21.2

19 FE 219 29566 183 103 15.2

20 ETP-1G 19383 176 98 two shots on one
£ETP-10 15431 202 . 97 28.5 sample

21 ETP-10 23012 195 91 7.

22 IG 110 18175 221 96 three shots on
I6 110 18210 202 99 one sample
IG 110 18234 185 105

23 IG 110 22464 214 94 17.0

24 IG 110 24805 202 92
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no. material shot no. | pulse power welght remarks
length |density loss
(ms) | (Mi/m?) | (mg)

25 ATJ 22321 170 93 9.6

26 ATJ 23310 221 86 10.4

27 ATJ 24610 183 92

28 CGW 22449 227 97

29 PR (1) 19102 353 99 two shots on cne
YPD (1) 19115 302 101 26.5 sample

30 | Yo (1) | 23158 | 309 9% | 20.3

31 YPD (1} 19136 202 g8 two shots on one
YPD (1) 15201 189 98 31.5 sample

S e

32 AXF-5Q 79 265 105 17.1 stress ¢. sample

33 AXF-5Q 425 321 103 17.7 "

34 | CL 58380 PT 203 277 105 25.0 !

35 | CL 5890 PY 486 252 106 22.9 .

36 ETP-10 252 258 102 23.8 “

37 ETP-10 507 214 106 13.1 “

38 16 110 377 315 103 22.0 "

39 IG 110 632 321 104 18.7 "

40 ATJ 95 271 105 36.1 .

41 ATJ 650 201 103 10.4 "

remarks: *: 14 small size samples of 9 grades clamped together
and irradiated at the same time
stress c. sample: A hole of 6 mm diameter was driiled
in the surface cf these samples to
initiate concentration of thermal

stresses at the edge of the hole.

Appendix 2.2 : Experimental Parameters, Section 4.4
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