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Abstract

The effect of steep temperature gradients on the rate of ionization of atomic hydrogen is studied numerically with the
electron kinetic code ‘FPI’ [Phys. Rev. Lett. 72 (1994) 1208]. A set of cross sections [‘Atomic and Plasma-Material Inter-
action data for fusion’. Supplement to the journal Nucl. Fusion 4 (1993)] has been used which gives the same rates of
radiation, ionization and recombination as in the well known edge modeling codes ‘UEDGE’ and ‘DEGAS’ for Max-
wellian electron energy distribution functions. For this purpose, 30 energy levels are included in the computation, as
stepwise ionization is dominant. The enhancement of the ionization rate by non-Maxwellian effects in the colder part

of the plasma is significant.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In steep parallel electron temperature gradients, such
as those found in the divertors of magnetic fusion de-
vices, the electron heat transport is nonlocal, and the
electron velocity distribution function (EVDF) is non-
Maxwellian [1-3]. High energy electrons in the tail of
the EVDF affect macroscopic properties, such as the
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rates of ionization and excitation in the cold region.
We study in this work some effects of a nonlocal trans-
port on the atomic processes for atomic hydrogen in
an advancing heat and ionization front. Our ultimate
aim is to develop a nonlocal heat flux model that would
allow the hydrodynamic code ‘UEDGE’ [4] to have not
only a correct heat flux along the field lines, as is to be
expected from a nonlocal heat flux formula, but also
to account for the effects of the non-Maxwellian distri-
butions on the atomic rates. We have used kinetic simu-
lations to establish the nonlocal heat flux formulas and
to validate the results in some specific cases [5], and to
heat front propagation, (somewhat similar to what will
be presented here except that a fully ionized hydrogen
plasma was considered) [6].
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While there have been several electron kinetic simula-
tions of heat flow along the field lines in divertors [2,3,7]
and some did address the enhancement of the ionization
rate due to non-Maxwellian effects, these have generally
considered only a few excited states. On the contrary,
in the ‘UEDGE’ fluid edge plasma simulation code
[4], effective rates for ionization, recombination and
radiative energy loss are used, which are tabulated as
functions of density and temperature, assuming Max-
wellian electron distribution functions, and these, in
turn, are based on detailed calculations which include
30 energy levels. These rates are also used in the ‘DE-
GAS?2’ code [8], and are based on the set of cross-sec-
tions by Janev and Smith [9]. This is necessary because
ionization from excited states is dominant in the colder
part of the plasma. In the present work, (contrary to
our previous one [6]) this atomic physics is fully coupled
to the free electron distribution function of the electron
kinetic code ‘FPI’ [1,2,10-12], as will be explained in
Section 2.

The issue of enhanced ionization due to non-Max-
wellian distribution functions is related to non-local
electron heat flux, but non-local heat flux formulas do
not include this physics. In the present work, we will
compare rates obtained by convolutions of the cross sec-
tions with the numerically computed electron distribu-
tion functions to those obtained with Maxwellians of
the same density and average energy (temperature).

2. Ionization model

We consider a hydrogen plasma with both ionized
and neutral H atoms. Molecular processes are not taken
into account, nor sub-level splitting; only the main
quantum number is kept. In Table 1, we list the reac-
tions which are considered for each level or pair of lev-
els, and the symbols for their rates.

The plasma is considered to be optically thin. To
compute the rates S, o,, C,,,, and B,, we use the cross
sections given in Ref. [9] and fy(x, v.¢) the isotropic com-
ponent of the velocity distribution function, (written for
simplicity f(v)). f(v) is either the output of the kinetic
Fokker—Planck code ‘FPI’, or a Maxwellian of the same
density and average energy. Rates are then given by:

Table 1

Rate = N (ov) = 4Tc/

V threshold

dvv3a(v)f(v), (1)

where Vipreshold corresponds to the threshold for the
reaction.

The radiative rates 4,,,, are also from [9]. We denote
by N, the density of electrons in the continuum and by
N, the density of neutrals in level n. The time evolution
N, is given by
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Our code directly integrates (2). In a post-processing
step, we have also used the collisional radiative ansatz,
assuming that the time scale for the fundamental level
n =1 1is very large compared to the time scales of the ex-
cited levels. It can be shown that (2) is then equivalent
to:

av

KT —SerN 1N +RcffN§a (3)

where S.gand R are the effective ionization and recom-
bination rates. Mass conservation: N; + Zzi,NW = N,,
electro neutrality N; = N,, and the well known result that
most of the neutrals are in the fundamental state
Zii,Nn ~ N, are used to close this system.

We have verified that the rates in [9] are indeed recov-
ered when the EVDF is Maxwellian.

The effect of atomic processes on the free electron
distribution function is extremely complicated to com-
pute. Three-body recombination cross sections, angular
dependence of cross sections are unknown and it is nec-
essary to introduce simplifications to keep the calcula-
tions from being prohibitive. We have assumed that
after an inelastic collision, an electron is scattered iso-
tropically and that after an ionizing collision, the sec-
ondary electron has negligible energy (it is put in the
two first velocity cells), [12].

The atomic physics operator on the electron distribu-
tion function may then be written as:

List of reactions between each level n (1 < n < 30) and the continuum and between each pair of levels, n—m (1 < n <m < 30), and the

symbols for their rates

Tonization e+H@m) —e+e+H" Rate: S, (cm®s™)
Three body recombination e+te+H" —Hn +e Rate: o, (cm®s™ 1)
Excitation and deexcitation e+ Hn) — e+ H(m) Rate: C,,,, (cm’s™!)
Radiative recombination e+H"— H®n)+hv Rate: B, (cm’s™ ")
Radiative decay H(m) — Hmn) + hv, m>n Rate: A, (s
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and for each level n, we write the ionization-3 body
recombination operator as:

)radlatlve recombination
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For excitation—deexcitation, the operator is similar in
form except that the third term is absent, as it corre-
sponds to the addition of secondary electrons by ioniza-
tion and to the removal of slow electrons by three-body
recombination, while the other two correspond to a
redistribution of electrons in energy space.

3. First results of the simulation

For the present simulation, we used a 20m, 1D box
with the ions and neutrals treated as cold immobile flu-
ids and with parameters typical of a detached divertor
plasma:

2 —— Te(x,t=0)

20 —— Te(x,t=2)
—o— Te(x,t=5)

15 —a Tg(x,t=25)

Te(eV)

—— To(x,t=50)

Fig. 1. Time evolution of the temperature profiles as the heat
front advances into a 1eV plasma, while the temperature is
maintained at 25¢V at X = 0.

=N;+ Y2 N, =25x10%m™? (uniform). The
left and right sides of our simulation box were main-
tained at constant temperatures of 25 and 1eV respec-
tively. At 7=0, the temperature and ionization were
set at 25e¢V and 100% between 0 and 2.5m, and at
leV and 10% between 4 and 20m, with exponential
ramps in between. All neutrals were assumed to be in
the ground state at £ = 0. In Fig. 1, we see the tempera-
ture profiles at 0 (initial), 2, 5, 25 and 50 ps. The rapid
advancement of the heat front is evident. In Fig. 2, we
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illustrate the free electron density (and hence the degree
of ionization) at the same times. It is seen that, at this
modest density, there is a time lag between the tempera-
ture evolution and the ionization. Compared to a previ-
ous simulation with fewer levels, the ionization is more
rapid, as expected.

The character of the electron distribution function is
quite Maxwellian within 1m of the left boundary (not
shown), because it is near the source (left boundary)
temperature of 25¢V. However, within the gradient, at
x =3.5m, as we can see on Fig. 3, the distribution func-
tion has changed considerably from the initial single
Maxwellian at 2.9e¢V. While the bulk has heated up to
a temperature of approximately 12eV, beyond 60eV,
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Fig. 2. Time evolution of the free electron density profiles as
the ionization front advances. The increase is entirely due to
ionization.



F. Allais et al. | Journal of Nuclear Materials 337-339 (2005) 246-250 249

1E-3 —+—X=135 t=0
——X=13.5 t=10

2 ——X=13.5 t=25
< —+—X=35 t=10
Z 4E-8. ——X=13.5 t=10
E ——X=13.5 t=25
g X=3.5 t=10
x
o]
S
= ]
= 1E-13-
X ]
w tinps
L ] xinm

1E-18 4+ P e e e

0 50 100 150 200 250 300 350
E (eV)

Fig. 3. (Black dots): Electron energy distribution functions.
(Void dots): Maxwellians at the same densities and average
energies for x = 13.5m, at £ =0, 10 and 25ps, and at x = 3.5m
at 10 ps.

there is a hot tail at the hot side’s temperature of 25eV.
Deep in the cold plasma, at x = 13.5m, the bulk has
hardly heated up compared to its original 1eV tempera-
ture, but there is now an important hot tail, which be-
gins near 20eV, and it changes very little after a few
microseconds.

The effect of these distribution functions on the effec-
tive ionization rate is illustrated in Fig. 4. It is strongly
enhanced beyond x = Sm. but not at x = 3.5m because
the distribution there (Fig. 3) is fairly Maxwellian up
to 60eV, and it is these bulk electrons which do most
of the excitation and ionization. On the contrary, at
x = 13.5m, the hot tail’s participation (see Fig. 3) to ion-
ization and excitation is dominant, hence an orders of
magnitude enhancement of S.q there. The recombina-
tion rate is modified somewhat, but much less, by this
deformation of the electron distribution function.
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Fig. 4. Effective ionization rates obtained from the <FPI>>
electron velocity distributions (open dots) and from Maxwel-
lians distributions (closed dots) at the same density and average
energy, for t =3 and 25ps.

4. Conclusion

Our electron kinetic code ‘FPI’ has been upgraded
to include the ionization of atomic hydrogen (or its iso-
topes), with 30 energy levels, so that the rates of ioni-
zation are compatible with those used by the well
known codes ‘UEDGE’ and ‘DEGAS’, when the elec-
tron distribution function is Maxwellian. It was shown
that in a steep temperature gradient, the global ioniza-
tion rate is greatly enhanced in the colder part of the
plasma, due to the presence of a hotter component
which results from nonlocal heat transport. It remains
to improve the code to include the effects of hydrody-
namic motion and recycling from the plate and of
heating due to cross-field transport as in [3] (instead
of a fixed hot temperature at the left end) and to devel-
op an effective nonlocal formula for correcting the
effective ionization rate in the presence of steep temper-
ature gradients in ‘UEDGE’, analogous to our non-
local heat flux formula [5]. The inclusion of hydrogen
molecular effects and of impurities is also left for future
work.
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