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Hydrogen isotope atoms, generated by charge-exchange (c-x) of neutral particles recycling from
the first wall of a fusion reactor, are described either kinetically or in a diffusion approximation. In
a one-dimensional (1-D) geometry, kinetic calculations are accelerated enormously by applying an
approximate pass method for the assessment of integrals in the velocity space. This permits to per-
form an exhaustive comparison of calculations done with both approaches. The diffusion approxi-
mation is deduced directly from the velocity distribution function of c-x atoms in the limit of
charge-exchanges with ions occurring much more frequently than ionization by electrons. The pro-
files across the flux surfaces of the plasma parameters averaged along the main part of the scrape-
off layer (SOL), beyond the X-point and divertor regions, are calculated from the one-dimensional
equations where parallel flows of charged particles and energy towards the divertor are taken into
account as additional loss terms. It is demonstrated that the heat losses can be firmly estimated
from the SOL averaged parameters only; for the particle loss the conditions in the divertor are of
importance and the sensitivity of the results to the so-called “divertor impact factor” is investigated.
The coupled 1-D models for neutral and charged species, with c-x atoms described either kineti-
cally or in the diffusion approximation, are applied to assess the SOL conditions in a fusion reactor,
with the input parameters from the European DEMO project. It is shown that the diffusion approxi-
mation provides practically the same profiles across the flux surfaces for the plasma density, elec-
tron, and ion temperatures, as those obtained with the kinetic description for c-x atoms. The main
difference between the two approaches is observed in the characteristics of these species them-
selves. In particular, their energy flux onto the wall is underestimated in calculations with the diffu-
sion approximation by 20%-30%. This discrepancy can be significantly reduced if after the
convergence of coupled plasma-neutral calculations, the final computation for c-x atoms is done
kinetically. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972538]

I. INTRODUCTION atom pressure, provides results very close to those obtained
by integrating the kinetic equation. It is, however, not surpris-
ing for the conditions of very low temperatures of plasma
components considered in Ref. 4. Indeed, in such a case, the
rate coefficient for atom ionization by electrons, k;,,, is much
smaller than that of their charge-exchange with ions, k..
Therefore, during the life time of an atom till ionization it
undergoes a lot of charge-exchange collisions, leading to cha-
otic changes in the atom velocity, so that its motion is like
diffusion.

Out of the divertor, in the main part of the SOL, the
dominant source of neutral species is the plasma recycling
on the first wall of the machine vessel. The temperatures of
electrons and ions vary across the SOL very steeply, by
approaching the level of hundreds of electron-volts near the
separatrix. Under such conditions, a diffusion approximation
for c-x atoms is not rigorously valid since £;,, is comparable
with k.., and the characteristic scales for the plasma parame-
ter variation in the radial direction—to the penetration depth
of atoms. Therefore it is of a significant interest to assess the

By recombination of charged plasma components on the
divertor target plates, limiters and vessel wall of fusion devi-
ces neutral particle species are generated. These recycle back
into the plasma volume and participate in diverse interac-
tions with electrons and ions, essentially affecting the plasma
state.' By charge-exchange collisions with ions, the so-called
c-x atoms of a broad velocity spectrum are produced so that
a kinetic description of these particles seems to be manda-
tory. Such a description is performed usually by statistical
Monte Carlo methods,” whose main problem is the high level
of accident errors, “noise.” This leads normally to a signifi-
cant deterioration in the convergence of the plasma model
coupled to the neutral module, and self-consistent neutral-
plasma simulations turn into an extremely time consuming
numerical procedure. For example, the calculations of two-
dimensional plasma profiles in the scrape-off layer (SOL)
and divertor, done in the framework of the ITER project,’
required a central processing unit (CPU) time of months on
the modern computers. Therefore, it is very attractive to use

the reduced hydrodynamic approximations for neutrals which
can be realized without ‘“noise.” Recently,4 it has been
proven, by describing the c-x atoms in a detached divertor,
that the diffusion approximation, being formulated for the
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errors which are done, by applying approximate but fast dif-
fusion models for neutrals in the SOL region. By keeping
this aim in mind and in order to perform a broad parameter
study, we apply in the present work a modeling approach
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“lighter” than the normally used. Presently, the 2-D kinetic
Monte Carlo description for neutral particles and fluid
transport equations for transfer of charged particles and
heat in the plasma are normally applied to model axis-
symmetric tokamak devices, see, e.g., Ref. 5. Our approach
relies on the averaging of original transport equations for
the plasma components along the main SOL fraction. This
procedure is substantiated by the results of 2-D calculations
themselves, see, e.g., Ref. 6, showing the plasma parameter
profiles rather flat along the flux surfaces in the SOL main
fraction, out of the compact region near the X-point and
divertor. Therefore they can be well represented by the val-
ues averaged along the main SOL. The variation of the
averaged parameters across flux surfaces are governed by
one-dimensional equations, deduced from the original 2-D
ones, with the parallel particle and heat flows towards the
divertor involved as additional loss terms. The kinetic
modeling for c-x atoms is done by applying an iterative pro-
cedure elaborated in Ref. 7 to solve the equation for their
velocity distribution function. Being formulated in the inte-
gral form,’ this equation reveals clearly the origin of enor-
mous CPU time spent on modeling of c-x atoms: double
integrals over the normal and velocity spaces have to be
calculated for every grid point at each iteration. It is dem-
onstrated here that for the Maxwellian velocity distribution
function of plasma ions, the integration over the velocity
space can be done with a very high accuracy by an approxi-
mate pass method.® This allows to reduce the CPU time at
least by a factor of 30-50, compared to direct numerical
computations of the integrals, and permits to perform an
exhaustive comparison of the coupled neutral-plasma cal-
culations done with either kinetic or diffusion descriptions
of c-x atoms. However, also under such an extreme speed-
ing up of computations, the modeling of c-x atoms remains
the most time demanding part. Moreover, the relevancy of
this procedure in 2-D and 3-D geometries is not demon-
strated yet. This makes even more important the validation
of the diffusion approximation, which allows reducing the
CPU time by orders of magnitude further and can be easily
generalized on multi-dimensional situations.

The remainder of the paper is outlined as follows. In
Section II the set of equations used to model the neutral spe-
cies generated by the plasma recycling at the vessel wall is
formulated. The pass method to calculate integrals over the
velocity space, being involved in the kinetic equation in the
integral form and the reduction in the limit k;,, < k. of
the kinetic description to the diffusion one, formulated for
the c-x atom pressure, are also demonstrated here. The aver-
aging of plasma transport equations along the flux surfaces in
the SOL main fraction and the assessment of the loss terms
due to particle and heat flows towards the divertor are per-
formed in Section III. In Section IV computations are done for
the input parameters from the European DEMO project’'’
and the results obtained with either kinetic or diffusion
description of c-x neutrals are compared. It is demonstrated
that practically for all characteristics of interest, the diffusion
approximation is sufficiently satisfactory. Conclusions are
drawn in Section V.
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Il. MODEL FOR NEUTRAL SPECIES
A. Species included for consideration

The span of neutral species of hydrogen isotopes released
from the first wall into the SOL plasma is defined by the phe-
nomena at the wall surface. Electrons and ions leave the
plasma due to transport processes and recombine into atoms
on the wall. With the probability R}, being a function of the
ion energy E;, and the mass and charge of the wall particles,
these atoms escape back into the plasma, with an energy
E} <E; The rest fraction, 1 — R}, of atoms give up their
energy to the wall particles and recombine into molecules.
Finally, the molecules of hydrogen isotopes can be released
from the wall with the probability w,,... A similar situation
takes place for atoms generated in the plasma by charge-
exchange collisions and escaping onto the wall; R}, and Ej
denote the back-scattering probability and the energy of these
species. The atom species above vanish in the plasma because
of the ionization and charge-exchange collisions with elec-
trons and ions. These are characterized, respectively, with the
rate coefficients k¢, being a function of the electron tempera-
ture, and k¢ , weakly depending on the ion temperature and
atom energy.” The decay of the densities of the back-
scattered atom species, n, and nS', correspondingly, with the
distance x from the wall is described by the relations

S5

; i dx
) R J Vps
My (x) =~ exp | = 20— (1)
Vbs Vbs
X
! dx
| s (0) R J 5
nf;;(x) = l] \Vlc)‘x : exXp| — 3 gx ) (2)

where I, is the density of the charged particle outflow from
the plasma onto the wall, j..(x) the flux density of c-x atoms;

Va2 \/E} /m are the velocities of the back-scattered

atom components with m being the atom mass; v, = (k%
+kPS7)n are the total frequencies of the atom species
destruction, with the subscripts (bs — i) and (bs — cx) mean-
ing k. calculated for the energy of the corresponding atom
species, see the Appendix; n is the plasma density assumed
the same for electrons and ions.

Neutral molecules released into the plasma are disinte-
grated in processes of dissociation and ionization by elec-
trons and charge-exchange with ions, characterized by the
rate coefficients &Jj; , ki and K, respectively. For the mole-

won X’

cule density n,, one has

.m O won
=’V(m)exp BT NE)

J n(kf]’gs + KT 4+ k:f’x)dx

i (X)

where j,,(0) is the molecule influx density and V,, is their
mean velocity. In collisions of molecules with the plasma par-
ticles, Franck-Condon (f-c) atoms, with a characteristic
energy Er. ~ 3.5V, are generated. The velocity of f-c atoms
is chaotically directed, and one can introduce separately the
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densities of particles moving from and towards the wall, nft
and ny,, respectively. The change of nﬁ with x is governed by
continuity equations
ko4 k.
ivfcaxnﬁ =n (kz'ils + %) Ny — Vfcn_):‘iv
where vp. = n(ké,, + k), V. ~ \/Ef./m is the characteris-
tic velocity of f-c atoms. The difference of these equations
for njj;_ and n,, respectively, provides
Ve
L 0nse = ny, — nj,
vpe e T e ™ e
where 1y, = nft + ny, is the total density of f-c atoms. By
differentiating the latter relation once more and substituting
into the sum of equations above for nft and n,., one gets a
“diffusion” equation for ng,

V2,
o\ - ;f( axnfc = n(zk%v + klr:lm + kﬁ_)nm — Vfellfe- @
fe

The boundary condition for this equation at x=0
follows from the back-scattering condition at the wall,

+ _ pfc —
nf(f - R}i:snfc’

Ve 1— R
M axnfzr = —bz Nfe,
Ve 1+R);

and Onr. = 0 at the plasma axis, x = r,,, where r,, is the
wall minor radius, i.e., the distance from the plasma axis to
the wall.

The distribution function of atoms generated by charge-
exchange collisions with ions, ¢, is a function of x, the x-
component of the atom velocity, V,, and the kinetic energy
E,| of the atom motion in the plane perpendicular to x. The
integration of the kinetic equation for c-x atoms with respect
to E | results in the following 1-D equation for the distribu-
tion function f.(x, V) = [ @ (x, Vi, E1)dE )

exp(=VZ/V})

\/EV”,
where v, = n(ki, + k), S. is the density of the total

source for c-x atoms

anrf('x - Scx —V, ('Xﬁ'Xv (5 )

Sz:x = Sch + ”k?;ncm (6)
with
Sevo = n(klynm + k(3 iy + K ny + Kinge), (D)

being the source part due to charge-exchange of primary
neutrals, i.e., molecules, f-c atoms and species back-
scattered from the wall

Nex (X) = Jio fcx (X, Vx)dvxv

is the density of c-x atoms. The adequacy of the Maxwellian
velocity distribution for the charge-exchange source term in
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Eq. (5), with the ion thermal velocity V,, = \/2T;/m, has
been discussed in Ref. 7. Arguments, supporting this approx-
imation, are given also in the Appendix of the present paper.

By considering separately the c-x atoms with V, <0, one
can find the integral relations for the corresponding parts of
the velocity distribution function

X

~ Vi U -U,
(Ve >0) = — SR A ,
f’ (x ) J 0 \/Evth Vx P < V12h Vx Y

(®)
and
00 2
€))
where
Xy
U,y = Jo Vedz. (10)

By integrating f,, with respect to V,, one gets an integral
equation for n,.,,

" S(?X
ncx(x) = J W!] (O(xy)dy7 (1 1)
th
where the integral
Ii(oy) = J Fulw)du, (12)
0

exp(—u?—oy /u
with fi(u) = P(uik/) and oy = Uy — U,|/Vu(y). By
taking into account the balance of hydrogen particles in the

wall, one can find the density of the molecule influx

(1R, Ty (1R ) i ()] (1 = R52) i 0)]
2 )

jm (O) = Wyec

where the outflows of f-c and c-x atoms are given by the
relations

2
_&%(0)

b

ir(0) =
Jre(0) Ve dx

o0

. . e . _ Scx
ch(o) - J_mfc‘x(oa Vx)vxdvx - J() \/EIO(OCO)’)d.V (13)

B. Assessment of kinetic integrals

An inspection of Equations (10)—(12) allows to see the
origin of large CPU time expenditures on kinetic calculations
for c-x atoms: for each grid point x, one has to calculate the
enclosed double integrals over the ion velocity space and
over the whole plasma volume, 0 <y < r,, and repeat this
in an iterative procedure with respect to the whole profiles of
nex(x) and the plasma parameters. However, by looking at
the shape of the function under the integral displayed in
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FIG. 1. The fi(u) =
exp (—u? —a/u)u* for a=1 and
k=1,0,—1; the points u, and u;,
defined by the conditions f(u,) =0
and  f{(u12) =0, correspondingly
(here for k=1) (a); the “kinetic” inte-
grals Ii(o) = [;° fi(u)du estimated by
the pass method (solid curves) and
computed numerically (dashed curves)

(b).

functions
—k
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Figure 1(a) together with functions fo_;(u) for o, = 1, one
can notice: in the case under consideration, the usage of an
approximate pass method® can be sufficiently precise and
bring large time savings compared to direct numerical calcu-
lations of I;. For each of the functions f;(u), one can distin-
guish 4u-intervals where it behaves principally differently:
u<up,u <u <y, Uy <u<u, and uy < u, see Figure
1(a) where the points u; » and u,, are marked for k= 1. These
points are defined by the conditions f/(u,)=0 and
fl(u12) =0, where the derivatives f| = —figi/u?, f =
frgo/u* with

g1(u) = 2u® + ku — o,
) = (g1 +u)” — (1 +k+ 6 ).

For k=0, we get u,, = (oc/2)1/3; fork=1and k = —1u,, is
a root of a cubic equation. In the former case, this equation
has a single real root u,, = v/b +a—v/b —a with a = «/4
and b = \/a? + 1/216. In the latter one the expression for
u,, above is applicable but with b = y/a®> — 1/216 and for
a>+/2/27 only. A more complex analytical expression
exists also for a < 1/2/27. However, it is simpler and faster
to use the Newton method'? to find an approximate solution
for gy =0. By taking as the initial approximation
U = 1/v/2 + (2/2)", it requires maximally 4 iterations
Uy — U — g1 (Um)/ & () to find u,, with a relative accu-
racy 10~ for any o. By searching for uy 2, one can see that
for the roots of interest, the equation g»(u; ) = 0 reduces to
the following ones:

hi () = g1 (ur) + uy +u1m: 0,
hy () = g1(1t) + ur — p\ /1 + k + 613 = 0.

By selecting properly the initial approximations to u; », these
equations are solved with the Newton method, providing
accurate enough solutions after 3-5 iterations.

To assess the integrals I, we approximate the functions
fi(u) as a linear one at u < u; and by polynomials of the fifth
order at the intervals u; < u < u,, and u,, < u < u, with the
coefficients selected to reproduce fi (um12), fi(u12), f (tm),
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and f{(un) = f{'(u12) = 0; in addition fi(u) ~ exp (—u* —
o/up)u* is assumed for uy < u where o/u < u®. This
results in

) F(t0)31 (1) (12 = 1) +i(142)0

I (o) =~
RS 2
flw)ot —fw)ds ., 5 +5 o\ i
+ 10 + k(um) 120 +€Xp(—u2>2,
(14)

where 81 = u,, — uy, 63 = Uy — ty, 51 = E1(13), so = /7[1
—Erf(uy)], and 51 = exp (—u3), with E; (&) = fgoo de
being the exponential integral function. Figure 1(b) shows
1101 versus o found with the pass method outlined above
and evaluated numerically. By approximating the direct
numerical results very accurately, the procedure above
allows to reduce the CPU time by a factor of 3050 at least.

As an alternative to the usage of formula (14), one can
calculate in advance the integrals /(o) as functions of o and
save this in a table. Then, by solving Equation (11) for any
particular o, the integral I; (o) can be interpolated from the
values in the table for arguments larger and smaller than that
in question. However, the searching of the correct a-interval
in this table requires also some time. In the case of the most
important /;, this time grows up with o — 0 since /() —
oo as E;(o) and the density of data in the table has to be
increasing. Thus, it is not obvious that the usage of tables is
more time saving than the formula (14).

C. Diffusion approximation

With the usage of the pass method for the assessment of
the integrals /;, one-dimensional kinetic calculations for neu-
trals stand alone require 6-7 iterations to get a solution with
an accuracy higher than 1%. It requires less than 3 s of the
CPU time on a 1 GHz processor compared to 2 min needed
for the same problem, being solved either by calculating
the kinetic integrals numerically or with a Monte Carlo
approach.'® For the accuracy 107 adopted in the present
study, kinetic neutral calculations require roughly 60 itera-
tions. A converged solution of the coupled neutral-plasma
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problem needs a reasonable CPU time of 30 min.
Nonetheless, it is unclear whether it is possible to utilize a
similar procedure in a 2- or 3-D geometry. Normally in such a
case, a diffusion approximation is used for c-x atoms to avoid
a huge noise. To derive this, the velocity distribution function
of the particles in question is assumed as a shifted
Maxwellian one and the fluid like equations are deduced for
the continuity of particle density and momentum. Henceforth,
by neglecting the mass velocity contribution to the inertia
term, a diffusion like relation for the flux can be obtained, see,
e.g., Refs. 4, 14, and 15. However, the validity of the assump-
tions and steps described above are not strictly proved.
Therefore, we deduce here the particle flux density in a diffu-
sion approximation directly from the velocity distribution
function for c-x atoms given by the relations (8) and (9). By
taking into account that x and U, are uniquely related to each

other, we introduce the variable
&
exp| ——5 |-
Vin

As per definition, a diffusion approximation is applicable if
the mean free path length (mfpl) of particles in question is
much smaller than the characteristic dimensions for the
change of the parameters involved. The typical mfpl for c-x
atoms is 4., = Vy,/(kSin), but their total penetration depth is
defined by k¢ . Thus, the diffusion approximation is relevant

ifkf, < kf:j.oMoreover, it is required (i) |V,| < U,,, for typi-
cal Vy,x,y and (ii) and the Taylor’s expansion G(U,) =~
G(U,) + g—g (Ux)(Uy — U,) is applicable. By substituting the
expansion above into the relations (8) and (9), one can easily
perform the integration over Uy. By neglecting exponentially

small terms proportional to exp (—U,/|V,|), we get

Sex0 / n—+ kf:n”
(k‘-‘ + kgj(‘)V,,,

won

GU,V,) =

G(ULV) Ve 96
VT VT oU,

Because G is an even function of V,, the former term in
fex(x, V) does not contribute to the flux density of c-x atoms

ﬁ:x(xv V.X) ~ (UX7VX)'

o0

Jex(x) = J Jex(x, V)V, dVy,

and we obtain

) (nch,- 2ot i) ' (15)

By integrating the kinetic equation (5) with respect to V,, we
get Seyo + nkSne, — n(ks, + kS)n., on the right hand side.
Thus the term nk{{n., is cancelled out, and one has a continu-

ity equation for c-x species as follows:

ax;jc-x - Swd) - k?onnncx-

In the diffusion limit, the c-x atom mfpl A, has to be much
smaller than the characteristics change scale, in particular,
for S... Therefore the contribution from the second term in
Jex, being of )ﬁxafSch, can be neglected compared to the

term S, on the right hand side. Thus, we get the following
diffusion equation for the density of c-x atoms
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6}: (ncx Ti )
@#?@ﬂ“%“%mw 16

The boundary condition to Equation (16) at the wall implies
that c-x atoms leave the plasma with the thermal velocity,
i.e., jox(0) = —neo+/T;/m at x =0, with the factor ¢ =~ 1.07
seems to be the best choice; j.. =0 at the plasma axis,
X = TIy.

lll. CHARGED PLASMA COMPONENTS
A. Basic transport equations

In the SOL, the charged plasma components, electrons,
and fuel ions, are described by two-dimensional fluid equa-
tions. These govern the variations of the plasma density 7,
electron and ion temperatures 7, and 7}, correspondingly,
across the flux surfaces, the coordinate x, and along the mag-
netic field, the direction /,

o'y + 6IF|| = Sion, (17)
a\’qj_ + alq\e\ = _E?Z)nstr':l)n - Eiuunslqon — Qi (18)
0, + 0y = Qui = 1.58:T; + Qe (19)

where I'| || are components of the particle flux density along
the x and [ directions, ¢7' = —k7'0,T,; + 15T\ T,; and
qﬁ" = fxﬁ”(?;TEJ + 2.5TT,; the components of the heat flux
densities, with Kiiu being the components of the heat con-
duction;  S;,, =S + 8¢ with  S§” =k nn, and

won won won won

8¢, = ki n(ni + ns + ng + ney), the contributions to the

plasma particle source density due to ionization of molecules
and atoms, respectively; £}, and E{ the energy spent by
electrons in ionization collisions; Qg = v, Ejn, +
Vs Erings + vecErenge + v Wey 1s energy transported to the
ions by ionization and charge-exchange of atoms, with

m Jm Schth

Wee(x) = ) NG [I, (oy) + 11 (ocxy)]dy,

0

being the heat capacity density of c-x atom; the last terms on
the right hand sides of the heat balance equations, Q,;, are
due to the heat exchange between electrons and ions through
coulomb collisions.

The boundary conditions to Equations (17)—(19) at the
wall, x = 0(r = r,,), are fixed e-folding lengths of the parame-
ters in question, 6, = dx/dlnn, o,; = Ox/0InT, ; at the sepa-
ratrix, x = x;(r = r;), we prescribe the plasma density n(r;)
and the densities of the heat outflows from the confined plasma
region, qii(rs). Some fraction of neutrals, recycling from the
wall, may penetrate through the SOL region into the confined
plasma, 0 < r < r,. To take these into account, the density
and temperature profiles have to be postulated there. We distin-
guish the edge transport barrier, r, = ry — A, < r < ry, where

n= 851’1(}‘3) + Sbi’l(l’b), Te,i = gsTe,i(rs) + 8hTe,i(rb)>

with &, = (r — 1) /Ap, & = 1 — &, and the core, 0 < r < 1y,
where
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n = n(0) exp (—J,nrz/r,%), T,; =T.;(0)exp (—)ve_,-rz/r,%),

with 4, = In[n(0)/n(r,)] and Z.; = In[T,;(0)/T,;(rp)]. The
parameters 1y, ry, n(0), n(rp), n(rs), Tei(0), T, i(ry) are pre-
scribed according to the European DEMO project,’° T, (rs)

are got by solving the transport equations in the SOL.

B. Equations for parameters averaged along the SOL

As it was already stated above, we consider here the
main part of the SOL, henceforth the main SOL, out of the
divertor and the X-point vicinity where a significantly
enhanced interaction between the plasma and neutrals often
takes place. A good estimate for the extent of the main SOL
along the magnetic field is two connection lengths L between
the high and low field sides of the torus. To obtain equations,
describing the variation in the x-direction of the parameters
averaged along the main SOL, we integrate Equations
(17)~(19) with respect to / in the range 0 </ < L, with /=0
corresponding to the symmetry plane where I, qﬁ" =0. As
a result one gets

d(I'1)/dx = (Sion) — T /L, (20)
d<qi>/dx - E:Zn <S:Zn> 10n< 10n> <Q€l> QﬁL/Lv (21)
<ql>/dx = <Qal> - <Sch> <Qei> - th/La (22)

where (---) = jOL ---dl/L, T, and qﬂL’ are the densities of
the parallel losses of charged particles and their energy at the
end of the main SOL. _

To relate 'y, and qﬁli to the SOL averaged parameters,
(ny and (T, ;), we apply an approximate method from Ref. 16
for solving the parabolic partial differential equations, e.g., a
diffusion one. This method is based on the concept that equa-
tions in question allow neither the periodic sign-changing
solutions nor a similar behavior of individual terms in them.
It presumes that the solution profile in a certain direction is
mostly controlled by the corresponding transport term and is
not very sensitive to the spatial variation of other terms. By
following this presumption, we rewrite Equations (17)—(19)
as follows:

or =S, g =W,

with some unknown source/sink terms S and W, ;. By assum-
ing these independent of / and integrating equations above
from / =0, we get

0y()/ Ty = g () /gj, = 1/L. (23)

With the relations for qlel’i above and by adopting the
Spitzer-Harm approximation for the parallel heat conduc-

tion,"7 k(' ~ AS'TEY, with Af ~10%m~'s7'eV > and
Af ~3.3 % 10"m~'s 'eV=23] one obtains for the
temperatures

TZ"I»SdT()_’l' qHLdlz

1 =T.;/T;; 2LA ﬁ"
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Here T ; = qﬁz /(2.5T.) are the maximum temperature val-
ues, corresponding to the whole heat flux transported with
convection by the plasma particle flow only. The latter equa-
tion can be analytically integrated, providing a transcenden-
tal algebraic equation for T,;(x,/), see Ref. 18. Here,
however, we prefer to represent the result of integration as a
polynomial algebraic equation for 0 = T, ;(l,x)/T,;(0,x), in
the following form convenient for a fast finding of the root
in question with the Newton method:

k
(1 +Z 1 f(]’fﬁ 5) =1 (1-6°) /L7

x - (1 - 62-5“‘)(1/@2
k
D e Y I

k=1

The parameters 0, = T, ;(L,x)/T,;(0,x) and & = T,;(0,x)/
T;',I-(x) are external for the problem under consideration;
these can be defined by including the X-point and divertor
regions into the analysis. However, for the conditions of
either strong recycling or detachment, expected in the
DEMO divertor, heat will be transported in the SOL mostly
by the heat conduction. Thus &, 0; < 1 and the summations
in the equation above converge fast. Figure 2(a) shows the
average value of 0 along the main SOL, (0), versus the
parameters 0, and &p; it is in a very narrow range of
0.86 — 0.87. For the relation between the heat loss density
and the temperatures of the plasma components average
along the main SOL, (T ;)(x) = T.;(0,x)(0), we get

qiit = 1A (Ter) ™ L, (24)
with
L= 037+ 3 e (1035 /(1 1/3.5)
k=1
X =

1.75(0)*

The dependence y on the parameters 0; and &, is displayed
in Figure 2(b); roughly y ~ 1 4 2.553 for small &.

In concluding this section, we assess the relation of the
plasma particle loss density I'j, to the plasma parameters
averaged over the main SOL. To maintain a steady state, the
outflow from the SOL into the divertor has to be exhausted,
by pumping out a part wp,,, < 1 of neutrals born by plasma
recombination at the target plates ie., FH L= w,,u,,,,,FH »» With
the plasma flux to the plate®

Ly = npMyy /2T, /m,

where n, and M,, > 1 are the plasma density and Mach num-
ber, correspondingly, at the target; due to high frequency of
coulomb collisions, electrons and ions have here roughly the
same temperature T),. In the main SOL, the parallel plasma
momentum is lost with the perpendicular transport and fric-
tion by charge-exchange collisions with recycling neutrals.
All together, these losses are characterized by the time
Tioss ~ 107* s and the motion equation is as follows:



122512-7 M. Z. Tokar
0.9 . :
<0> (@)
0.85}
1.3 . L
X (b)
0.3
12 | =l
------------- 0.2
LT —
0.1
— — ~ -
1.0 :
£,=0.05 \
09 1 1
0 0.1 0.2 0, 0.3

FIG. 2. The SOL averaged value (0) of dimensionless temperature (a) and
the factor y in the relation (23) (b) versus 6, calculated for different magni-
tudes of the convection fraction: &, = 0.05 (solid line), 0.1 (dashed line), 0.2
(dotted line), and 0.3 (dashed-dotted line).

OP = (25)

Tloss
with P =n(T, + T;) + ml"ﬁ /n being the total plasma pres-
sure. By integrating Equation (25) along the main SOL,
0 <1 < L, with relations (23) taken into account, one gets

P(0) =T, -=P(L), (26)

where P(0) = n(0)[T.(0) + T;(0)] and P(L) are the total pres-
sure values at the SOL symmetry plane and at the entrance of
the divertor region, respectively. P is normally reduced fur-
ther in the divertor by a factor d; < 1, the so-called
“detachment degree,” and at the target it approaches the level

M, +1/M
Py = 2Tyn, +mT?, /n, = FHL\/2Tmew7/P, @7)

'pump
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By introducing 1 = n/n(0) and combining Equations (26)
and (27), we get
o (e
e = ;
) (0)  Va
with (c2) = [(T.) 4+ (T))]/m, u=[1+L/(2Vatis)] " and
the “divertor impact factor”

(28)

v [T My 1M,
m 5dwpump
To make a guess about the latter, we apply the parameters
foreseen for ITER,’ T,~3eV, M,=1, 04 =1/2, and
Dpump ~ 1072, This results in V; = 1.5 x 10° ms™!, exceed-
ing significantly the ion sound velocity of 10°ms~! for
T,; ~ 200eV typical of the DEMO SOL, see Figure 3. Since
i, (n)(0) ~ 1, the flow in the main SOL part is deeply sub-
sonic, as it was assumed and employed above, by the assess-
ment of the parallel heat transport. Thus, y =1 can be used
in the relation (24) for qﬁg.

To assess (1) explicitly, we integrate Equation (25)
from O to / and obtain

n(0)[T.(0) + T:(0)] = n()[T. (1) + T:(D)]

rHL L <1>2
o, |2 o
o e |:Il(l) * 2'Closs:| L)’

or a quadratic equation for 7(/),

L (UL UL
BT o "

with the solution of interest:

1= (1— (/L)
) =——50

412(c2)0()(1/L)?

X |1+ |1- 5 -
VAo [1 — (1 = (/LY

Since (c?) < V3, a Taylor’s expansion of the square root
term can be done and, finally, we get

() ~ <é> - —u)<L1220> - i;@;‘@? 29)

We have to admit that the divertor impact factor V,; is proba-
bly the most obscure among those involved in Equations
(28) and (29). Therefore the influence of V,; will be examined
by varying it in a broad range.

IV. RESULTS OF CALCULATIONS

Below we present the results of calculations for the
“standard” set of the input parameters taken from the
European DEMO project:g’10 rp, =2.84m, ry = 2.93m and
re = 3.13m; n(0) = 1.02 x 10*° m=3, the volume averaged
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<n,,>(10"m") @] (c) <n>(10"m*)
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FIG. 3. The radial profiles of the SOL
averaged molecule and atom densities
(a), the source densities of c-x atoms

<S,..>(10m®s")

fon,cx

0 and charged particles (b), plasma den-
sity (c) and electron and ion tempera-
tures (d), calculated with the kinetic

10.4 (dashed curves) and diffusion (solid

curves) descriptions of c-x atoms.

10.3

10.2

10.1

0

0 0.01 0.02 0.03 0.04 x(m) 0
density 8 x 10”m™ and n(r,) =3 x 10 m=3; T,(0) =
27.4keV, T,(rp) = 8keV and T; = 1.5T, is assumed in the
plasma core, 0 < r < r3; the heat flux densities at the separa-
trix ¢¢'(rs) = 54kW m~?2; the connection length in the SOL
L =90m, the divertor impact factor V; = 1.5 x 10° ms™!
and the e-folding lengths of the plasma parameters at the wall
of tungsten, J,,; = 1073 m. In the SOL, we assume a diffu-
sive perpendicular plasma particle transport, I') = —D | 0,n,
with the Bohm’s diffusion and heat conduction

D, =Dy =T,/(16eBr), % =1.5nD,,

at the magnetic field of 5.7 T. The rate coefficients for inelas-
tic collisions of neutral species with electrons and ions,
m kit and k7, are taken from Ref. 11.

Figure 3 shows the radial profiles of the SOL averaged
values for the particle densities of molecules, (n,,), all atom
species, (n,), and plasma, (n); the densities of sources for c-
x atoms, (S.), and charged particles, (S;,,); the temperatures
of electrons, (T,), and ions, (T;). The results of calculations
with the kinetic and diffusion descriptions of c-x atoms are
displayed by dashed and solid curves, respectively. The pro-
files of (n,,4) and (Scxon). calculated with two approaches,
differ maximally by 15%. The difference in the plasma
parameter profiles is much smaller and can be neglected in
view of uncertainties, e.g., in the perpendicular transport
coefficients. Indeed, by varying the parameter o = D /Dp
from 0.8 to 1.2, we get a significantly larger change in the
profiles, as it is demonstrated in Figure 4 for (T, ;)(x). As it
was mentioned above, the divertor impact factor V,, charac-
terizing the losses of charged particles along the magnetic
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0.1 x(m) 0.2

field, is probably the most vulnerable input quantity for the
one-dimensional Equations (20)—(24). In Figure 5, we dem-
onstrate the profiles of the plasma component temperatures
for different V, values calculated with either kinetic or diffu-
sion description of c-x atoms. One can see that the decrease
of V,; leads to a noticeable drop of the temperatures close to
the separatrix due to the enhancement of the heat loss with

0.5 T T T
<T,>(keV) .

0 1 1 1
0 0.1

x(m) 0.2

FIG. 4. The radial profiles of the SOL averaged temperatures of electrons
and ions calculated with o =D, /Dp =1 (solid curves), 0.8 (dashed
curves), and 1.2 (dashed-dotted curves).
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FIG. 5. The radial profiles of the SOL averaged temperatures of electrons
and ions calculated for 3V, and 0.3V, with kinetic (dashed curves) and dif-
fusion (solid curves) descriptions of c-x atoms.

the parallel convection of plasma particles. Although these
changes are not very impressive, a firmer modeling approach
has to include a coupling with a 2-D model for the X-point
and divertor region, predicting reliably V, as a function of
the x-coordinate. The relatively moderate effect of the V,
value on the (7, ;)(x) profiles allows to anticipate that an iter-
ative coupling procedure can work successfully.

For the life time of the reactor wall, the energetic spec-
trum of c-x atoms, leaving the plasma, is of importance
because such particles can have energies significantly
exceeding the temperatures of the plasma components near
the wall. This spectrum we characterize by the density y,,(E)
of the outflow of c-x atoms with the total energy E. It can be
calculated from the distribution function ¢ (x,Vy,E ) if
one takes into account that E = E| +mV?2/2,

0
Vex E) = _J Pex 07 Vx»E - mvz 2 devx
B == ol /2)

© Q. 0 )
— J —= de exp ( —) dV,
o VIViTi "~ J_ fogjm i vy

_ﬁf;m@@@w@mmmw

with ¢ = U,/m/(2E). Exactly the same expression follows
by calculating y,,(E) for a given source density of c-x atoms
and the Maxwellian energy distribution function for ions, an
approach which can also be applied if the density of c-x
atoms is calculated in the diffusion approximation.'® The
energy spectrum of the atom outflow computed with both
kinetic and diffusion description of c-x atoms for three mag-
nitudes of the divertor impact factor V, is demonstrated in
Figure 6. One can see that the diffusion approximation sys-
tematically overestimates y,,(E) in the vicinity of its maxi-
mum but underestimates for higher energies. The latter is

E U
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E(KeV) 08

FIG. 6. Energy spectra of the outflow of c-x atoms to the wall for different
magnitudes of the divertor impact factor, calculated with the kinetic (dashed
curves) and diffusion (solid curves) descriptions of c-x atoms.

also mimicked in the heat load density on the wall due to the
outflow of c-x atoms

Gex = J ch(E)EdE'
0

In Figure 7 ¢, is displayed as a function of V, calculated for
different magnitudes of the parameter o = D, /Dp, with

010 KW m?)

1.6 3I.2 V,(1 ol6 ms’) 4.8

FIG. 7. The density of the heat flux transported to the wall by atoms versus
the divertor impact factor V,; and for different magnitudes of the parameter
og = D, /Dg, found with either the kinetic (dotted curves) or diffusion
(dashed curves) description of c-x atoms, and by doing in the latter case, the
last calculation for c-x atoms kinetically (solid curves).
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either kinetic or diffusion description of c-x neutrals. The
underestimation in the diffusion approximation of v, (E) for
large E results in ¢q.. smaller by maximally 20% — 30%.
This error can be significantly reduced if after the conver-
gence of coupled plasma-neutral calculations, the final com-
putation of c-x atoms is done kinetically. The dependencies
of g.. on V; and ap found in this case are also shown in
Figure 7.

V. CONCLUSIONS

The main aim of the present study is to validate the dif-
fusion approximation to describe atoms generated by the
charge-exchange of neutral species recycling from the wall
of a fusion reactor. The demand to apply such an approxima-
tion is dictated by the high level of accident errors, “noise,”
in the characteristics of neutral species computed by the sta-
tistical Monte Carlo methods, leading to a slow convergence
of coupled neutral-plasma computations. The present consid-
eration is confined to the main SOL, and equations for the
variation of the parameters with the distance from the wall
are integrated. It is demonstrated that the solving of the
kinetic equation for c-x atoms, represented in the integral
form, can be accelerated at least by a factor of 30 if the aris-
ing integrals over the velocity space are evaluated by an
approximate pass method. A possibility to apply this
approach to 2-D or 3-D situations has not been proven yet.
Therefore, the credibility of the diffusion approximation,
being strictly valid for low temperatures when the ionization
rate coefficient k¢ is much smaller than that of the charge-
exchange, k¢, has been thoroughly investigated for the SOL
conditions where k¢ ~ k. By applying this approximation,
which can be easily generalized for 2D and 3D configura-
tions, calculations for c-x atoms can be speeded up addition-
ally by a factor of 10°. To perform a self-consistent
modeling of the plasma in the SOL, equations for the varia-
tion across the flux surfaces of the density and temperatures
of electrons and ions, averaged along the SOL, are deduced
by integrating the two-dimensional fluid equations along the
magnetic field. It is demonstrated that the parallel outflows
of heat from the integration domain towards the divertor can
be firmly assessed and related to the parameters averaged
along the main SOL only. In the case of plasma particle
losses, the so-called “divertor impact factor” has to be intro-
duced into the model additionally.

Coupled 1D models for neutral and charged species,
either with kinetic or with diffusion description of c-x atoms,
have been numerically realized and calculations performed
for the input parameters from the European DEMO project.
It is shown that the diffusion approximation works extremely
good, by providing practically the same profiles across flux
surfaces for the SOL averaged plasma parameters as those
obtained with the kinetic description for c-x atoms. The max-
imum discrepancy between the two approaches appears for
the characteristics of c-x species themselves. So their energy
flux onto the wall is underestimated with the diffusion
approximation by 20%-30%. Nonetheless, this discrepancy
can be significantly reduced if the plasma parameters found
in the latter case are used for the final kinetic calculation of
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c-x atoms. Our investigation permits to validate firmly the
diffusion approximation for c-x atoms for the SOL condi-
tions of relatively high temperatures with comparable rates
of ionization and charge-exchange and allows an enormous
saving of the CPU time by several orders of magnitude. To
our mind, this conclusion can also be practical for 2-D and
3-D geometries; however, careful peculiar considerations
have to be performed also in these situations.

In the present study, an idealized situation with a clear-
ance between the wall and separatrix constant along the SOL
has been assumed. In a realistic case, this changes along the
flux surfaces due to shift, elongation, and triangularity of the
surfaces. Nonetheless, we want to stress that the one-
dimensional models for neutral and plasma parameters in the
main SOL are also relevant to these conditions. The penetra-
tion depths for neutral species are normally much shorter
than the characteristic distance where the magnetic geometry
changes in the poloidal direction. Thus, a one-dimensional
description of neutrals, recycling from the wall, can
be applied individually at different poloidal positions, see
Ref. 20. In Equations (20)—(22) for charged particles, the
terms S, and S,,, arising due to the presence of neutrals,
are linearly related to their densities. If the latter are calcu-
lated in the one-dimensional approximation for poloidal
positions with noticeably different distances between the
flux surfaces, one can straightforwardly perform averaging
in the equations for the plasma parameters, if these change
weakly along the main SOL.

APPENDIX: VELOCITY DISTRIBUTION OF c-x ATOM
SOURCE

In the kinetic Boltzmann equation for c-x atoms,’ the
source term due to collisions with ions is as follows:

Cox = i(¥) ikl + [ 0, (VML (E)V)

where v and v’ are the velocities, ¢; and ¢, the velocity dis-
tribution functions of ions and atoms, respectively. In a very
broad range of the energy E = m|v —v'|*/4 of ion-atom
relative motion, 1eV=E<10keV, the rate coefficient of
atom charge-exchange collisions changes very weakly,
k¢ (E) ~ E*3. Thus, without a large error, one can use for
this the values, computed for the characteristic energies of
interacting ions and atoms, E; = 1.5T; and E,, correspond-
ingly, with the latter being equal to E}_ and E§* for back-
scattered species, Ep and E. = o/ne for f-c and c-x
atoms where W, is the thermal capacity of c-x atoms defined
after Equation (19). With an accuracy of 2%,

i~ 104 (BT E”
o ™ Ai )

where k¢ _is measured in m*s~!, E;, E,—in eV and A; is the
atomic weight of the hydrogen isotope in question.
With this approximation, we get

Cor & (kg + kY™ + ke ™ + ekl + neck) @;(¥).
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The cross-section of charge-exchange is much larger than
that of the elastic collisions between hydrogen ions and
atoms. Therefore, the ion velocity distribution function is
practically unperturbed by the charge transfer. By choosing
¢;(v), we take into account that (i) the ion thermalization
time in the DEMO SOL will be of 0.1 ms, i.e., much shorter
than the characteristic transport times along and across the
SOL of 10 ms, see Section III B; (ii) ions are magnetized so
their mass velocity in the x-direction across the magnetic
field is much smaller than V,,. Thus the Maxwellian distribu-
tion function can be assumed for ions

X

2F | n V: E|
JE— = —————¢eX —
JAVali P\ V2T,

90,' an VJ_ =

By integrating C.. over E,, one gets the source term

exp(—V2/V2
assumed in Equation (5), S, W
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