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Abstract

The effect of runaway electrons, NB ions and alpha particles
is estimated by calculating the reduced ablation rates caused
by these particles in fusion plasmas and using the ablation
rate induced by thermal electrons as reference quantity. Cal-
culations have been performed for various energy content
(i.e. beta) ratios. The results show that in certain parame-

ter intervals the effect of non-thermal particles may be
significant.




The neutral schielding ablation model /1/ commonly used in
pellet ablation calculations only takes into account the
energy flux carried by thermal electrons. The results cal-
culated by means of this model are in good agreement with
experimental data obtained in thermal discharges at low and
intermediate temperatures, but noteable differences between
theory and experiment have been observed at higher tempera-
tures /2/ or in the presence of non-thermal particles in
the plasma /3/.

The discrpeances observed at higher temperatures are probably
due to magnetic shielding effects and shall be discussed in
detail in another report. The existence and presence of non-
thermal high-energy particles such as runaway electrons,
neutral beam ions or, in fusion plasmas, alpha particles
modify the energy input to the pllet and affect the ablation
dynamics. Pellets have been observed to have shallow penetra-
tion depths in neutral-beam-heated discharges and particularly
in discharges in which runaway electrons are present. Similar
results are expected from thermonuclear plasmas with alpha

particle production.

We shall estimate here the order of magnitude of the effect
of various non-thermal energy carriers on the ablation rate
on the basis of the existing ablation models without consider-
ing the details of the ablation and shielding dynamics. The
same kind of estimate has been given in /4/. A more accurate
treatment of this problem requires numerical calculations,

by means of a hydrodynamic ablation code, in which the simul-
taneous action of different energy carriers is taken into
account. The ablation model proposed by Vaslow /5/ appears to
be particularly convenient for order-of-magnitude estimates.
Accordning to Vaslow's derivations, the ablation time of a
pellet ch can be written, in a first approximation, in the
following form:
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where a is the pellet radius, n_ and m, are the pellet density
and atomic mass, )b is the penetration depth of the energy
carrier in the pellet, Qs is the power flux incident on the
pellet surface, and h is the fraction of this flux which is
converted to heat. The ratio of the ablation rates corresponding
to two different energy carriers, non-thermal species and ther-

mal electrons in particular, can thus be written in the following

form: ‘ [ 4’
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The energy flux Qf is expressed as the product of the particle
flux and the particle energy, whereas the penetration depth mk

is determined from stopping length calculations.

Energy fluxes

Q, = EMQUQHA ( ﬂqu> ) (3)

(b) NB-produced ions:
We shall assume here tangential injection, full conversion
of the neutral particle velocity into parallel ion velocity,

and negligible gyro-radius effects. This yields
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The gyro-radii in this case are sufficiently large and the




alpha particle bombardment of the pellets can be assumed
to be isotropic. The effect of magnetic fields is thus
neglected and the fluxes are defined as in the case of
thermal particles (electrons):
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Only vague estimates can be made regarding the magnitude of the
energy flux carried by this species. The electron velocity
corresponding to runaway electron energies of 500 keV to

10 MeV is limited by the velocity of light:

Vae =0 =.3 % 108 m/s. The power flux carried by runaways
may thus be written as
_ g _
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The number density Vlee may be estimated from the magnitude
of the runaway currents in tokamaks: a few hundred A in a
300 kA ASDEX-discharge. Assuming Ig¢e¢ = 100 A, we obtain
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where ) is the effective cross-section of the runaway

current filament and e denotes the electronic charge.

Penetration depths

(a) Thermal electrons

For the sake of consistency, the electron energy loss function
used here is the same that used by the authors of the neutral
shielding ablation model. It thus follows with (g€, given in eV)
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Assuming N 5 3.05 x 102 (m-3) for D2 pellets and taking

E ~ 2 eV as the lower limit of the integral, we have
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Note that the penetration depths calculated by meens of equ. (8)

are lower than the experimental values of Schou and Sg¢rensen /6/.

The experimental data on proton energy losses in hydrogen gas

/7/ can be reduced to yield L (Ei) = a3 = 10-20 Eio'44 for

5 keV < E; < 20 keV, and L (E;) = 6.59 X 10-20 g;0.26 for 20 keV

< Eif < 40 keV. Approximating both energy ranges by a single loss

function L(E{) = 1.95 x 1020 E;0-4 (Ej in eV and L in m* - ev) ,

we have -g 0.b (9)
Ap; [ ] = 283 x 107~ Epfa]

Since it holds that ﬂj%)c< %7

can be deduced from that of protons /8/. A semi-empirical power

L (%}, the range of helium ions

law is given in /8/ for protons in the energy range Ep < 200 MeV
in air (S.P.T.): Am) = 2.86 x 107> (Ep(eV))1'8. For the
same energy interval, the penetration depth of alpha particles

in D, ice is thus given by
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The corresponding expression that could be deduced from equ. (9);,
A,=1.25x 10°° E (eV)O'G, yields somewhat higher penetration
A o«

depths for the energy range Ey< 3 Mev.

In ref. /4/ the experiments of Schou and S¢rensen /6/ are cited,
according to which the stopping length of monoenergetic electrons
with energies of 0.5 keV to 100 keV is given by

A, (em) = 1.75 x 107> Eg (kev) 1*72. Assuming that this relation



can be extrapolated to the MeV energy range, we have for the

runaways
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Calculations,results, summary

For computational convenience, the ratio Qk/Qe in equ. (2) was
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and evaluated for prescribed values of the beta ratio Bk/Be
" o
The ratio of the ablation rates Nk/Ne was computed as a function

expressed as 4/
€

of the thermal electron energy Ee (or electron temperature) for
various incident non-thermal particle energies E. and for various
Bk/Be ratios for all three "k" species considered: NB ions,

alpha particles, and runaway electrons. The result of the cal-
culations are given in the form of plots in Figs. 1 to 6. All
plots display the same basic characteristics: the relative
importance of non-thermal particles decreases as the plasmé
temperature increases, and it increases as the energy content
(measured by the beta ratio) of these particles. The probability
of and the conditions for finding non-thermal high-energy par-

ticles in low-temperature plasma regions is not discussed here.

In the case of neutral-beam-heated plasmas, low-energy NB
ions (1 to 5 keV) may significantly contribute to pellet
ablation only in the low-temperature plasma regions:
&bi/ﬁe'< 1l s B> 2 keV (see Figs. 1 and 2). High-energy
beam particles (80 to 160 keV, see Figs. 2 and 3) notably
affect the ablation rate in the entire plasma temperature

range considered.

Notable is the effect of alpha particles at particle energies

; 2 MeV in the entire range of plasma temperatures considered
(see Fig. 4). For example, if 2 MeV alpha particles are

present in a 4 to 5 keV plasma, the ablation rate caused by these




particles may be a factor of 2 higher than that caused of
thermal electrons (with Bd/Be ~ 0.2).

Dramatic is the effect of runaway electrons computed in this
approximation. As can be seen from Fig. 6, the ablation

rates caused by runaways exceed those caused by thermal elec-
trons (Te = 1 keV) by three orders of magnitude even at mode-
rate runaway energies (0.5 MeV to 1.0 MeV) and low beta ratios
(B /By = 1071 to 1072

results is limited by the approximation used in the calculations:

) . However, the reliability of these

it was assumed that the electrons are stopped in the pellet.
The stopping range of 1 MeV electrons in condensed hydrogen
calculated by equ. (11) is approx. 2.5 cm. Typical pellet
sizes at present are in the mm range. Runaways would thus not
transfer their total energy to small pellets (they would fly
through them) and the energy transfer estimates, i.e. the
applicability of Vlasow's formula would require more care in
this case. Nevertheless, the results indicate the significant

effect that runaways may have on pellet ablation.

In summary, the rather simple estimates presented here show
that (a) non-thermal particles may have significant effects
on the ablation rate of pellets in thermal fusion plasmas;
(b) accurate calculations of the respective ablation rates
require realistic hydrodynamic models with full allowance
for the different stopping ranges of the various species;
(c) particular care should be exercised in selecting the
analytic approximation for the energy loss functions of the

various energy carriers considered.

No attempt has been made in this work to compare and analyze

the data available on energy loss functions and stopping ranges .
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Fig. 1: Ratio of the ablation rates caused by NB ions and
thermal electrons as a function of the thermal

electron energy for different beta ratios.
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Fig. 2: Ratio of the ablation rates caused by NB ions and

thermal electrons as a function of the thermal

electron energy for different beta ratios.
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Fig. 3: Ratio of the ablation rates caused by NB ions and
thermal electrons as a function of the thermal

electron energy for different beta ratios.
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Fig. 4: Ratio of the ablation rates caused by alpha
particles and thermal electrons as a function
of the thermal electron energy for different
beta ratios.
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Fig. 5: Ratio of the ablation rates caused by alpha
particles and thermal electrons as a function
of the thermal electron energy for different

beta ratios. |
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Fig. 6: Ratio of the ablation rates caused by runaway
electrons and thermal electrons as a function
of the thermal electron energy for different

beta ratios.
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