A BOLTZMANN MODEL FOR TRAPPED PARTICLES IN A
SURFACE POTENTIAL *
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Abstract. In this article, we propose a model describing the transport of trapped particles in
a surface potential. The potential confines particles close to the surface increasing the number of
surface collisions. First, we consider the case of non charged particles. From a kinetic description,
we rigorously derive a two dimensional Boltzmann equation. In the case of charged particles we
introduce the coupling with the Poisson equation. We perform a formal asymptotic analysis which
leads to a two dimensional Boltzmann equation coupled with a three dimensional Poisson equation.
We illustrate the charged particle model with some numerical simulations of a gas discharge on a
satellite solar array. We use a Particle In Cell (P.I.C.) scheme that is a particle discretization for the
Boltzmann equation and a Fourier approximation for the Poisson equation.
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1. Introduction. In this article, we are interested in particles subject to a given
external potential in a half space. We propose a mathematical model to describe their
transport and we perform numerical simulations. The starting point of our model is a
kinetic model constituted of the Vlasov equation set in the half space. It is completed
by some boundary conditions for the description of the surface collisions.

In order to reduce the cost of the numerical simulations, it is classical to de-
rive some asymptotic models with a smaller number of variables than the kinetic
description. It is possible when the physical conditions allow to do it, for example
when particles are subject to many collisions. The resulting model depends on the
considered physical process (see [5] and the references given there).

Here, we want to establish an asymptotic model when the applied potential con-
fines the particles close to the surface increasing the number of collisions with it.
Furthermore, we assume that the dominant surface collisions process is specular; the
other collisions are supposed to be only a perturbation. Although it is not true in
practical situations we assume that the error is of the same order as the error we make
with the asymptotic limit.

This work is a continuation of [15] in which the considered problem is the same as
here but the dominant surface collisions are supposed diffusive. In [15], the resulting
model is a diffusive model in two space dimensions; its variables are the time, the
position on the surface and the total energy of the particles. These kinds of mod-
els are called in the literature Fokker-Planck models or “SHE model” (for Spherical
Harmonics Expansion) because of its earlier derivation in [26]. The diffusive limits
have been extensively studied, see for example [3], [6], [4] or [21] in different contexts:
radiative transfer, semi-conductors, neutron transport.

Here, the resulting model is a Boltzmann model in two space dimensions; its
variables are the time, the position on the surface, the parallel velocity to the surface
and the total energy in the transverse direction. Furthermore the collision operator
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of this equation describes the non specular surface collisions. This is an intermediate
model between the kinetic description and the SHE model.

We begin with the rigorous derivation of the asymptotic model in the case of a
purely specular surface collision process. Then we consider the case of charged par-
ticles. A coupling with the Poisson equation is introduced and the problem becomes
non linear. We derive the asymptotic model considering a general surface collision
process with a dominant specular collisions process. A similar work with a rigorous
derivation has been done for quantum transport and in the case of the whole space
in [7]. Here, the results obtained for the coupled model with the Poisson equation are
formal. We defer the rigorous proof of the limit to a future work [27].

In order to illustrate the charged particle model, we perform some numerical simu-
lations of gas discharge on a satellite solar array. High voltage solar arrays are subject
to strong interactions with the plasma environment. According to the literature, see
[11], [12], the scenario can be decomposed essentially into two phases. First a large
density plasma is created by a primary discharge. In some cases this plasma triggers
an electric arc called the secondary arc. Here we are concerned with the modeling of
the primary discharge. We propose a simplified model for the electron motion during
the primary discharge, based on the previously derived asymptotic model. According
to M. Cho and D.E. Hasting [12], the primary discharge is due to a combination of
three phenomena: an enhanced field emission at a particular point called the triple
point where metallic parts, dielectrics and vacuum meet, electron secondary emission
on the lateral side of the dielectric and an electron stimulated desorption of the neutral
gas adsorbed by the surface. So we complete our model by some boundary conditions
which describe the enhanced field emission at the triple point. Furthermore we pro-
pose a mathematical modeling for surface collisions describing the electron secondary
emission process. We discretize this model using a P.I.C. (for Particle In Cell) scheme
(see [13], [16], [23]), based on a particle discretization of the Boltzmann equation
and a Fourier approximation of the the Poisson equation. The simulation of electron
secondary emission operator involves a branching process (where numerical particles
multiply) followed by a collapsing process. We conclude with the presentation of the
numerical results.

2. The kinetic model. We are interested in the kinetic modeling of particles
trapped in a surface potential and subject to specular collisions with this surface, see
Fig. 2.1. We consider the domain = R? x (—o0, 0) and we suppose that a solid wall
is located on the boundary of Q: 92 = R? x {0}. We denote by z = (x,2) € R xR~
v = (v,v,) € R? xR the position and velocity vectors. Due to their geometric relation
with the surface, z and v are called the parallel components of the position and
velocity vectors and z and v, are called the transverse components of these vectors.

Let f be the particle distribution function. It satisfies the Vlasov equation

Ouf +0 Vel + o Vuf =0, (2.1)
for all (z,v,t) € Q x R® x R*, where m is the particle mass and where E is the force
field. In Section 3, non charged particles are considered. In this case, E stands for
a potential force given by E = —V,_,¢ where ¢ is a given potential. In Section 4,
the case of charged particles is discussed. Then, E is an electrostatic force given by
E = —qV,(¢ + ¢s) where ¢ is the charge of the particles, ¢ is the external applied
electric potential and ¢4 is the self-consistent potential given by (4.1).
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F1G. 2.1. The domain is defined by Q = R? x R—. The position, x € Q, and the velocity,
v € R3, are split in (z,2) € R?2 x R~ and (v,v2) € R2 x R. Due to their geometric relation with the
surface 9 = R? x {0}, z and v are called parallel components of the position and the velocity and
z and vy are called transverse components of the same vectors.

We complete the problem with some initial and boundary conditions. We consider
that, in  x R3

[t =0) = fo, (2.2)

where fp is a L™ given function with a compact support in Q x R? = R? x R~ x R3.
In order to discuss the boundary conditions, we introduce the outgoing and incoming
traces of f on the surface 9€2, respectively denoted by v~ (f)(z,v,t) (or v~ (f)(v,)) for
v, < 0 and by v (f)(z,v,t) (or v (f)(v,)) for v, > 0, for all (z,v,t) € R* x R? x RT.
Then, we consider the boundary condition given by

() = BSYT(f)(v:) + (1= B) Ky () (v2), (2.3)

for all v, < 0 and where  is the probability for an incoming particle on the surface
0f) to be re-emitted specularly. The operator S is the specular reflection operator
and KC is a general collision operator on 0f). For all v, < 0, we write

ST (N)w:) = v () (—v2), (2.4)

and

Kyt (f)(v2) = K, v)y"(f)(vl) vl dv, (2.5)

/{v’—(v’,v;)GRQ xR+}

where K (v, v) |v.| dv is the number of re-emitted particles in [v, v4dv] for an incoming
particle on the surface 92, with a velocity given by v’.

The aim of this article is to obtain an asymptotic model in a situation where
the potential ¢ confines the particles close to the surface. We denote by L and
L, the characteristic lengths respectively in the parallel and transverse directions.
We assume o« = L / L) is a small dimensionless parameter. We denote by E. > 0,
ve = /L Ee/m, t. = Lj/v. and f. the characteristic force field magnitude, velocity,
time and distribution function. And, we introduce a re-scaling for the problem (2.1)-
(2.3) denoted by & = (&, %), © and  being defined by

z =1Lz, z=Li2=al)z, V=00 and t=t.t. (2.6)

&>
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We suppose that there exists ¢ and fo, independent of o and such that o(x,t) =
L E. b(#,1), for (z,t) € Q@ x RY and fo(z,v) = f. fo(&, ), for (z,v) € Q x R3.
Finally we set f(x,v,t) = f. f*(2,0,%) for (x,v,t) € Q x R? x R*. Inserting this new
scale in (2.1) and omitting the “hats”, we obtain:

1
atfa +Qv£fa _vg(bvgfa + E (Uzazfa _6Z¢avzfa): Oa
in Q x R? x RY.

We denote by 9 the transverse component of the potential ¢ and by ¢ its parallel
component, that is the functions such that for all (z, z,t) € Q x R

¢0(£’ t) = ¢(£707t) and @[J(Q,ZJ,) = qb(gazat) - ¢0(£7 t)' (2'7>

In order to model the case of an attractive potential for the particles, we make the
following hypotheses:

ASSUMPTION 1. For all (z,t) € R? x RT, the function z € R~ + ¢(z,2,t) € R
is decreasing, continuous and satisfies lim,_._ o, ¥(z, z,t) = +o0.

Then remarking that 0,¢ = 0,1, we obtain the re-scaled Vlasov equation.

0"+ 0 Ve = Valdo +0) - Vuf 4+ (0200 = 000, °)=0,  (28)

in Q x R? x R*, where ¢y and 1 are the parallel and transverse components of the
given potential ¢ defined by (2.7).
The initial condition is given by

[t =0)= fo, (2.9)

in Q x R3. Finally, the boundary condition, on the surface 99, is:

V() we) = BSYT(F)(ve) + (1= B) Ky (f*)(vz)  forall v, <0, (2.10)
where § and K are given by (2.4) and (2.5).

3. A rigorous asymptotic limit for specular collisions. In this section, we
are interested in the rigorous limit o — 0 of system (2.8)-(2.10) when the collisions on
the surface 02 are only specular reflections. Then, in all this section, we will consider
£ =11n (2.10) and the boundary condition on 02 for Eq. (2.8) is rewritten

Y () () =T (f)(~v,)  for all v, < 0. (3.1)

For all @ > 0, we have the following result (see for instance [2], [9, 10], [20] or [24])

THEOREM 3.1. We suppose fo € L=(Q x R3) with a compact support in  x R?
and we assume ¢ € C%(Q). Let ¢o and 1 be the parallel and transverse components
of the potential ¢ defined by (2.7). Let o > 0, then there exists a unique [ €
L>®(Q x R3 x [0, T))NC([0,T]; L*(2 x R3)) for all T > 0, the weak solution to (2.8),
(2.7), (2.9) and (3.1), i.e. satisfying:

/ [ (z,v,1) <8t +v- Ve — Va(dolz,t) +9Y(z,t)) - Vy)ga(x,v,t) dz dv dt
QOXR3 xR+
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—|—l / [z, v,t) (Uz 0, — 0.¢(x,t) 3Uz><p(1:, v, t)dx dvdt (3.2)
QXR3 xR+

(07

+/ fo(z,v) p(z,v,0)dxdv =0
QxR3

for all ¢ € CH(Q x R® x RT) and such that ¢(z,0,v,v.,t) = p(z,0,v, —v,,t) for all
v, < 0.

Furthermore, for all T > 0, there exists Cp > 0, depending only on T and foy,
such that for all a > 0

£l Lo (@xr3x[0,77) < O (3.3)

The aim of this section is the proof of the following result

THEOREM 3.2. . Let a > 0, fo € L=(Q x R3) with a compact support in Q x R?
and ¢ € C*(Q). We denote by ¢o and < the parallel and transverse components
of ¢ defined by (2.7). We suppose that ¢ satisfies Assumption (1). Let f* be the
weak solution to (2.8), (2.7), (2.9) and (3.1), i.e. satisfying (3.2). Then there exists
FeL®QxR3x[0,T)]) for all T > 0 such that

lim f*=f in L®°(Q x R® x [0,T)) for the weak-x topology (3.4)

a—0
and oll T > 0.
Furthermore there exists F € L*°(R? x R? x R* x [0,T]) for all T > 0 such that
fz,2,0,v.,) = F(z,0,¢.,1) (3.5)
for almost all (z,z,v,v,,t) € R2 x R~ x R® x RT, where
£, = |v.|?/2 + ¥(z, 2, t). (3.6)

The function I satisfies:

O +v-V, — (V£¢o+ <V > ).vg} (N, F)

+0.. [(< Op > +uv- < Vi > ) (N, F)] —0
(3.7)
in D' (R?x R? x (0, +00) x (0, +00)), where for all function g from R~ into R™ (n > 1),
< g > is the mean value of g in the transverse direction and is given by

0 9(2)

<gy=-— A2 P 3.8
g Nz(§7 €Z7t) /%(z,gz,t) UZ(&a‘ZvEth) ( )

where

Uz(@a Z,Ez,t) = \/2(Ez - 1#(& Z?t))a (39>

and e, — Z(z,e,,t) is the inverse function of the one to one function z — ¥ (z, z,t)
from R~ onto R, then

2= Z(z,e,,t), forale, eRT & e =(z,21t), forallzeR . (3.10)
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The density of states, N,, is the bounce time between two successive collisions of the
particle with the surface and is given by

0
1
(7’ ’ ) L(m,fz,t) ’UZ(£727627!) ( )
Furthermore

F(g,y, Ezao) = FO(@;E? 62)7 (312)

for almost all (z,v,e.) € R? x R? x RT where Fy is the initial condition of the
asymptotic model, given by

1 /O f0($,y7vz(£7z75z70))+f0($7y7 _UZ(Q7Z7EZ70))
NZ(Q,EZ,O) Z(z,e2,0) UZ(Q,Z,&‘Z,O)

Fo(z,v,¢e.) = dz,

(3.13)
where v, is given by (3.9).

REMARK 1. First, remark that . (v.,2) = |v.|2/2 + 9(2) is the transverse total
energy. Let us introduce the changes of variables (z,v,) € R™ x RT + (2,¢,) and

(z,v5) € R™ x R™ — (z,e,). We have dvydz = de,dz/\/2(c, —(z)). Let g be a

given positive real number. We have

R de,
(e, — dzdv, = (e, — — =  dz.
/ (€ = co) dzdv Q/R— /w(z> Y e R

Thanks to (2.7) and Assumption 1, for all x € R? and t > 0, the function z
¥(z, z,t) is one to one from R~ onto RT. Denoting by €, — Z(z,e,,t) its inverse
function and using Fubini’s Theorem, we obtain

0
2
/ d(e, —eo)dzdv, = d(e, — 50)/ —————————dzde, = N.(z,¢e0,1).
RxR—

R+ Z(ez) 2(52 —1#(2))

Thus N.(c0) = [pug- 0(e2 —€0)dzdv, and N.(z,e.,t) F(z,v,e.,t)dzdvde, is the
number of particles with a parallel position in [z, z+dzx], a parallel velocity in [v, v+dv],
a total transverse energy in [€,,&, + de,]| and a transverse position in [Z(x,e,,t),0].

REMARK 2. Several extensions of this work can be considered

1. First, we could keep the general boundary condition (2.10). In this case it
is mecessary to introduce the trace of the distribution function on the surface
(see [2], [9, 10], [20] or [24]) and the proof becomes more technical.

2. The next generalizations are related to Assumption 1. First, it is possible
to relax the decay hypothesis on the transverse potential. Moreover, we can
consider a transverse potential with a finite limit | for z — —oo. In this case
the asymptotic model holds only for the total transverse energies €, in [0,1].

8. There is no more difficulty if volume collisions are considered, for exam-
ple collisions between the considered particles and neutral particles supposed
present in the domain. In this case the right hand side of the rescaled Vlasov
equation (2.8) is no more 0 but Q(f%) where Q is a collision operator given

by

Q) = [ 15070 £20) = s(o) 1)) '
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for allv € R and where s(v',v) dv is the probability per unit time for a given
particle with velocity v’ to be scattered into the volume dv around v by the
collision.

4. Finally, the rigorous proof when the potential is no more given but is calcu-
lated by the Poisson equation is a work in progress, see [27]. In this case the
Viasov equation becomes non linear since the potential depends on the parti-
cle distribution function. In section 4, the formal limit is performed and in
Remark 3 we point out important difficulties which remain to be treated for
the rigorous proof.

Proof of Theorem 3.2:

Let @ > 0 and f® be the weak solution to (2.8), (2.9) and (3.1), i.e. satisfying
(3.2). Thanks to (3.3), there exists f € L>(Q x R3 x [0,T]) for all T > 0 such that
f* tends to f in L>®(Q x R? x [0,T]) for the weak-x topology for all 7' > 0.

We begin this paragraph with the proof of (3.5). First, we use a change of
variables in order to express the velocity in term of the total transverse energy ¢,. In
this new set of coordinates, it is proved that the distribution function does not depend
on the transverse position variable z. Furthermore, still in this coordinate system,
the distribution function is even. Then, in the original coordinates the distribution
function depends on the transverse position and velocity variables, z and v,, only
through the total transverse energy c,.

Finally taking into account these informations in the weak formulation (3.2), we
prove (3.7).

Proof of (3.5):
Multiplying (3.2) by « and letting « go to zero, we obtain

/ f (vz az@ - azl)[) 8vz 90) drdvdt = 0,
QxR3 xR+

for all p € C}(2 x R? x RT) and such that ¢(z,0,v,v.,t) = ¢(x,0,v, —v,,t) for all
v, < 0. Choosing ¢(z,z,v,v,,t) = x(x,v,t) §(z,v,) where x € C}(R? x R? x R")
and @ € C}((—o0,0] x R) such that ¢(0,v,) = $(0, —v,) for all v, < 0, we obtain

“+o0 0
/ / f(EVZ’Qa ”Uz,t) (Uz 6;@(2,112) - 3z1/1($at) avz¢(zav2)) dzdv, =0 (314)

for almost all (z,v,t) € R? x R? x R*.
Let z € R?, ¢t > 0 and z < 0 be fixed, we consider the changes of variables

{ R~ (=00, —/2¢(z, z,1)]

u;(zavz) = 7\/|UZ‘2 + 27/1@72,15),
R+
{ Uz

[ 211’(@7 th)v +OO)’

u:(za ;) = \/‘UZ|2 +2¢(z, 2,1).
First, let us remark that «} and u_ are the velocities associated to the total transverse
energy |v,|?/2+1(z, z,t). Then, these change of variables allow to take into account
effect of the confining potential on the particle velocity. Note that when the kinetic
energy is vanishing, that is when v, = 0, then due to the non zero potential energy,
we have, for all z < 0 u} (2,0) = —uf (z,0) # 0. Then in the transformation (z,v,) —
(z,uF) the line v, = 0 has two different images (see Figure 3.1).

(3.15)

U A
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v, =0

(z,0z) — (z,u3)

Fic. 3.1. C’hanies of variables defined by (z,v.) — (z,uét (z,v2)). The functions uf are defined
by sign(vs) =sign(u) and [ut|2/2 = |v.|2/2 + P(z, 2, 1).

Using these changes of variables in (3.14), we obtain

0 =/2u()
[ / Fe0s(205) (45 B:5(2 02 (2,u5)

=00 Oy P(2,v,(2,uy ) Uz — ) du; dz
ve(z,uz )
0 +o0o
w [t ut) (6 05 0 ud))
—oo J\/Z50)
+
—0.4 avzsa(z,vz(z,uj»“—n) du dz =0,
v.(z,u?)

where v, (z, uE) = sign(uf) \/|uf |2 — 2¢(2).

Now, we express the test function as well as the distribution function in terms of
the new variables. We define D, = {(z,u,) € R™ xR ; |u,|?/2—1(z,2,t) > 0}, then
let p € C}(D,) such that

{ @(07712) = ¢(07 —Uz), vuz S R,

Bz —/TU() = Bles V2O, ¥ (2 2,1). (3.16)

Since uF(0,v,) = v, and u}(z,0) = \/2%(z) and u; (2,0) = —+/2%(z), we can
choose @(z,v.) = @(z,u,(2,v,)) where u,(z,v,) = u*(z,v,) if v, > 0 and v~ (z,v,)
otherwise. Remarking that 0,¢ = 0,9+ (0,¢/u,) 0,.% and 0, ¢ = (v, /uz) Ou. P, We
obtain:

/ fz,v,z,uz,t) u, 0.9(2, u.) du, dz = 0, (3.17)
Dy

for all p € C°(D,,) such that $(0,u,) = (0, —u,) for all u, and (2, —/2¢(z)) =

B(z,1/21(2)) for all z and where f is given by f(z,v, z,u.,t) = f(z, z,v, v, 1).
This gives

8z7 = 07

for almost all (z,u.) € D, and almost all (z,v,t) € R? x R? x R since in D, u. # 0
almost everywhere. So f does not depend on z almost everywhere in R2xR?x D, xR*.
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Now let us prove that f is even with respect to the variable u,. We recall that
thanks to Assumption 1, for all z € R? and ¢ > 0, the function z + 1(z, 2,t) is one
to one from R~ onto R*. Then, using Fubini’s Theorem, Eq. (3.17) can be rewritten

0
/ flz,v,us, t) u, / 0:9(z,u,) dz du,
R

2, |u.]?/2,0)

_ /Rj@,g, wayt) s (E(O,uz) BB u=/2,1),u2) ) du. = 0,

where Z is defined by (3.10).
Now, we choose §(z,u,) = zp(u,) with ¢ € CL(R) and ¢ even. We note that
this function is admissible since it satisfies (3.16). Then we have

/ @0, )z Z(2, [us]?/2,8) (1) du, = 0.
R

Using the change of variables u, — —u, from R* onto R™, we obtain

/0 Z(z, Ju|*/2,t) u. (T(LQ, uz,t) — f(z,v, —uz,t)) p(uz)du, =0

— 00

for all p € C}(R™). This means that u, — f(2,v,u.,t) is almost everywhere even.
So, there exists F € L>®(R? x R? x RT x [0,T]) for all T > 0 such that

f(£727y7 Uzat) = f(g,y,uzat) = F(£7Q7 |u2‘2/27t)

for almost all (z,v,t) € Q x R? x R*. This concludes the proof of (3.5).

Proof of (3.7):
In (3.2) we choose an even test function with respect to the variable v, and we use
the change of variables v, — —v, from R~ onto R, this gives

FEu)+ (=) ) (O +v- V=V (do+v) -V, o drdvdv, dt (3.18)
OXR2XR+ xRt

41 /Q I (£202) = 1*(=02)) (02 0. = 0.00,. ) drdvdv. v

(%

[ (folen) + fo(-)) oo, 02,0) dedude. =0
QxR2 xR+

for all p € CL(Q x R? x Rt x RT),
We introduce the total transverse energy ¢, defined by (3.6). It defines a change
of variables:

v, = e, = |v)?/2+Y(z, 2, t). (3.19)

In (3.18) we choose test functions depending on v, only through the transverse total
energy, that is ¢(z, 2,v,v,,t) = @(z,v, 2, €., t) for all (z, z,v,v,,t) € AxRZxRT xRT.
Note that ¢ € C}(Q2 x R? x RT x RT) is equivalent to ¢ € C}(R? x R? x D. x R")

where D = {(z,e,) e R™ xRt ; e, —¢(z, 2,t) > 0}.
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Using the change of variables (3.19), Eq. (3.18) becomes

~/RQ><R2><DE><R+ <fa(’l)2) + fa(_vz)) X

X (at 0V, — Va(do+ ) Vo + (aﬂp Yo vw) agz) @dz dudz

1
+*/ (fa(vz)+f°‘(—vz)) 0.pdxdvdzde, dt
R2XR2XD. xR+

de.,
z 9~y 270 —Uz\L, <y 270 D dfd,d AN
+/]R?><]R2><D5 (fo(v (x,2,6,,0)) + fo(—v.(z, 2,e )))go x dv sz(g 2eo0)

de, dt

z

dt =0,

with v, = v,(, z,€,,t \/2 U(x, z,t)).

We recall that Z(g €4,t) is defined by (3.10). Then using Fubini’s Theorem,
choosing as a test function @(x,z,v,¢.,t) = @(z,v,¢.,t) where ¢ € C}H(R? x R? x
R*T x RT), we obtain

0 fa(vz>+fa(_’()z> B
/RWR? xR+ xR+</2($7€z7t) V2(e, — w(g,z,t)) (@—&-v Va—=Vgho-Vy )@dw dv de dt
B N O A
+/R2xR2xR+xR+ [ <L(w,az,t) V2(e. —(z, 2, 1)) Vat(2,2,t)d

0 f(v:) + f*(=v2)
’ </Z(:v,az,t) V2. —(z, 2,t)) ( e vmw dz dedudesdt

+/ /0 folvs(z, z,€2,0)) + fo(—v.(z, 2,€,,0)) dz | pdzdvde, = 0.
R2xR2xR+ \JZ(z,e,,0) \/2(52 —(z,2,0)) o

We pass to the limit « tends to zero in the previous equality, using (3.4) and (3.5).
This gives, for all ¢ € C1(R? x R? x RT x RT):

/ FN. (at 0V — Vo - vg) & da dv de, di+
R2xR2xRt xR+t
/ FN, (— <Vt > -Vggo+(< o) > +v- < Vyth > ) 86295> dt de, dv dx
R2xR2xR+ xR+
+ [ N (2,22, 0) Fo(z, v, 22) 32,0, 22,0) dz dv de., = 0,
R2xR2xR+

where N, is the density of states and is given by (3.11), and where < V¢ > and
< Oy > are defined by (3.8), finally Fy is the function given by (3.13).
This is the weak form of (3.7) and (3.12) and concludes the proof of Theorem 3.2.

4. The formal asymptotic limit for charged particles. In this section, we
are interested in the formal limit of problem (2.8), (2.7), (2.9) and (2.10) for charged
particles. In this case the potential is no longer given but has to be calculated using the
Poisson equation. The problem becomes non linear with respect to the distribution
function, since the potential depends linearly on the particle distribution function.
This section is organized as follows. In Section 4.1, we present the Vlasov-Poisson
model in dimensionless variables. In Section 4.2 we formally pass to the limit in the
re-scaled problem and then we derive the asymptotic model in the non linear case.
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4.1. The Vlasov-Poisson model in physical and re-scaled variables. We
are interested in the motion of trapped charged particles in a surface potential and
subject to collisions with this surface. We are interested in the asymptotic model
obtained when the specular collisions are the dominant collision process on the surface
and when the applied potential confines the particles close to the surface.

Then we consider the Vlasov equation for the particle distribution function in
physical variables

Of +v-Vof = 2V.(6+ ) - Vof =0,

forall z = (z,2) € Q = R?x (—00,0), all v = (v,v,) € R3 all t € RT and where q and
m are respectively the charge and the mass of the particles and ¢ is a given external
potential. It is coupled to the Poisson equation for the self-consistent potential

~eobotn = [ @) (1.1

for (z,t) € Q x RT and where ¢¢ is the vacuum permittivity.
We add to this system some boundary and initial conditions for the Vlasov equa-
tion

f(t=0)=fo, in Q@ x R?
v (N ) = BSYT(f)(v:) + 1= B) Ky (f)(vz),  for v. <0,

where fy is a given function and where we recall that y*(f) and v~ (f) are the
incoming and outgoing traces of f on 9Q = R? x {0}. Furthermore S and K are the
surface collisions operators given by (2.4) and (2.5) and § is the probability for an
incoming particle on the surface 92 to be re-emitted specularly.

Finally, we must specify the boundary conditions for the Poisson equation. Several
choices are possible, they depend on the considered physical problem. Here we choose
an homogeneous Neumann boundary condition on the surface 02 for which we have
an analytic solution, then we set:

lim  ¢g(z,t) =0 for t € RT.

|z]—+o00

{ az(bs(@voat) =0 for (g,t) e R? x R+,

We recall that in the regime we are interested in, the external potential ¢ confines the
particles close to the surface 9. Then as in the linear case (see Section 3) we denote
by L) and L, the characteristic lengths respectively in the parallel and transverse
directions and we assume o = L /L is a small dimensionless parameter. We assume
the specular collisions dominant on the surface. Then we set 3 =1 — a. We denote
by ¢¢, ve = \/lqgdc|/m, te = Lj/ve and f. the characteristic potential, velocity, time
and distribution function. We introduce a re-scaling for the Vlasov-Poisson system
denoted by = (&, 2), ¥ and £ being defined by (2.6). We suppose that there exist fo
and qAS, independent of o such that:

o(x,t) = ¢ d(2,8),  for (x,t) € Q x RF,
Jo(z,v) = f. fo(i‘,fl), for (z,v) € Q x R3.

Finally following [7], we remark that the Poisson equation is a non local operator.
Thus the support of the self-consistent potential is not necessarily of the same order
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as the support of the distribution function. Then we define f¢ and ¢ by
flz,v,t) = fo f*(&,0,{) for (x,v,t) € 2 x R3 x R,
bs(w,1) = b 2 (2,2,1)  for (z,t) € Q x RT.

This new scale leads to a dimensionless parameter . It is the ratio of two densities
and is defined by

q|Lyl?
A= fe vf
€0 ¢c

Since, the particles are confined close to the surface, all the mass is localized in a
small volume near 0. Then, the number of particles is very large in the domain
and we assume that o f.v> = qg‘(’LﬁTz, that is A = 1/«. Inserting this new scale in
the Vlasov-Poisson system and omitting the “hats”, we obtain the re-scaled Vlasov

equation for the particle distribution function

Ouf*(2) + 0V () = (Vedl(2) + Vadl (a2)) Vuf? () — 002 (@ 2) Dy, f()(4.2)
2 (020 4°(2) — 0:0(2) 00, () )=,

where ¢ is a given external potential and 1 is its transverse component defined
by (2.7). Tt is coupled to the re-scaled Poisson equation

1
—A oY (z, vz, t) — (fzgﬁ?(g, az,t)=— ¥z, z,v,t) dv, (4.3)
- a Jr3
for (z,z) € Q and all t > 0.
The boundary and initial conditions are given by

Y () () =(1-«a) 8'7+(fa)(vz) + O"C'7+(fa)(UZ)a for v, <0, (4.4)

0.0%(z=0)=0on 90 x R, (4.5)
\w\llglkoo QS?(I, ) =0in R+7 (46)
fe(t=0)=fo, in Q x R3, (4.7)

where S is given by (2.4) and K by (2.5).

4.2. The formal non linear asymptotic limit. In this section we present the
asymptotic model obtained by formally passing to the limit o — 0 in (4.2)-(4.7).

THEOREM 4.1 (Formal). Let o > 0, fo and ¢ be given functions, we denote by ¢q
and ¥ the parallel and transverse components of ¢ defined by (2.7). We suppose that
¥ satisfies Assumption 1. Let f, ¢S be the solutions to the re-scaled Viasov-Poisson
model (4.2)-(4.7). Then, the formal limit o — 0 gives f* — [ and ¢ — ¢5 where

f(I,U,t) = F(gayaezat)7 (48)
with e, defined by (3.6) and where F satisfies, for (z,v,e,,t) € R? x R? x Rt x RT,
Oy(N.F) +v- Vy(N.F) — (vgés + Vot < Vpth > )-VE(NZF) (4.9)

+0.. ((< D) > +u- < Vyib > ) N, F): K(F) - F,



A Boltzmann model for trapped particles 13

where N, is the density of states given by (3.11), the function b5 is the trace of the
self consistent potential ¢s on the surface 0S), that is for all t > 0 we have

Qgs@, t) = ¢s(z,0,1), for all  x € R?,
A§7z¢s =0, in  R2x (70070)7
9 (4.10)
ELQSS(LO,t) = p(&, t), fOT’ all € R ,

lim  g(z 2, 1) =0,
[(z,2)|—+o0

where the density of particles is given by
plz,t) = / N.(z,e:,t) F(z,v,e,t) de dv.
RZxR+

For all functions g from R~ into R™ (n > 1), < g > is the mean value of g in the
transverse direction and is given by (5.8).
Finally the operator IC is a collision operator which takes into account the non specular
part of surface collisions. It is such that:

+oo
K(F)(z,v,e.,t // V2, (v, x/252))F(g,y’,s’z,t)de’zdy’,
]R2

(4.11)
for all (z,v,e.,t) € R2 x R? x Rt x RT.

REMARK 3. Let us assume that z — p(z,t) = [ N, F de, dv is in L*(R?) for all
t > 0. We introduce, for all t > 0 the function V € VVZ1 1(R2 x R) defined by

2 6(2) p(a’, t) & de — L p(a’,t) /
Am Jes g =P+ 2 =2 j — 22 + [2[2

(4.12)
for all (z,2) € R® and where 6 is the Dirac delta distribution. This function satisfies
the following elliptic problem:

Viz,z) =

lim V =0.

[(z,2)|=+o0

{ —A, .V =26(z)p(z,t), for(z,z) € R? xR,

Now, remark that V is symmetric that is V(z, 2) = V(z, —2) for all (x,z) € R®. Then,
choosing a symmetric test function in the weak formulation of the previous problem,
we obtain

/ Vi V(z,2) Vep(z,2)dz, dz - / p(z,t) p(z,0)dz = 0,
R2xR—

R2
for all ¢ € C°(R? x R™). This is the weak formulation of (4.10) and then
s = Vigzur-- (4.13)

Remark that ¢s € Wllo’cl(R2 x R7) for all t > 0 and then the trace of ¢ exists in
LY(09Q) that is ¢4(z,0,t) = ¢s(x,t) exists for almost all (z,t) € R? x RT.

It is important to note that this L' reqularity is not sufficient to ensure the exis-
tence of a weak solution to the system (4.9), (4.10). This existence result is the first
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step of the rigorous proof. Then, like in [14] for the case of the whole space, some
additional estimates are needed.

Proof of Theorem 4.1: (formal)
Let o > 0 and f, ¢¢ be the solutions to (4.2)-(4.7). We assume that ¢$ tends to ¢
and f“ tends to f when « tends to 0.

The proof of (4.8) is similar to that of (3.2), (3.5) in Theorem 3.2. Then we do
not detail it. Let us prove (4.9). For all z € R?, 2 € R™, v, € R, and t > 0 we define
e, by (3.6). Let €/, € [0,+0c0), we multiply (4.2) by d(e, — ¢/,) and we integrate the
result on R™ x R with respect to z and v,, we obtain

Bf + By =0, (4.14)

where

By = / [5& +v-V, + (Vﬁ)(z) + V05 (a z))~V2+ 0,05 (az) By, | X
R— xR
X f(2) (e, — €%) dv, dz,

and

B =5 [ (0:07°) 4 0.0(:) 0. 4°(2)) e — L) o

Now, using the same arguments as in Remark 3, we can prove that ¢%(z,z,t) =
Ve (z, z,t) where for all ¢t > 0, V*(-,-,¢) is the solution to

1
Ay V2, 2,t) = — p%(z,z/a,t), for (z,2) € R3,
= o
Ve =0,

[(z,2)|=+o0

with p%(z, 2,t) = [pa f*(z, 2,v,t)dv if 2 < 0 and p*(z, 2,t) = [pa f*(z, —2,0,t) dv
otherwise.
An easy calculation gives

owant == [ ([ rwaeni)
2 «R- :

! /
Z—z z4+z
+ 575 | da’ dZ

3/2
(lo-2P+laz—az2)  (Jz—2/P+]az+az])

and then, we remark that
lin}) 0,05 (avz) =0.

Passing to the limit &« — 0 in BY, using Remark 1 as well as definitions (3.8)
and (3.11), we obtain (see the proof of (3.7) for more details)

lim B = [+ v+ Vo — (Vabu(z, 0,00+ < Ve > (2.1) ) Vo] (V. F)(z, .21, 1)

+0.. ((< O > () +v- < Votb > (g, t)) N. F) (v, 1).
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It remains to pass to the limit in BY. We denote by f the function defined by
oz, z,v,0.,t) = fo(z, 2z,0,u,,t) for all (z,2) € Q, all v € R* and all ¢t > 0. We
begin by transforming B with the changes of variables (3.15) and we use Fubini’s
Theorem. We obtain

0
/ 0. fo(z,us) dz| 8(Jual2/2 — &) us dus.

Z(z,|uz|?/2,t)
This can be rewritten, using the change of variables u, — —u,,

a:l e +( fo _ fo 2 o~ fa)(_ Fo 2 _
B3 /0 {7 (fo) ()= f(2(Juzl"/2), uz) =y~ (f) (—u2) +F (2 (|us]7/2), —us)

a
S(Jus?/2 — ) u. du,.

Let us remark that 2z = Z(|u,|?/2) & ¥(2) = |u.|?/2 & v, = 0. Then
Fo(2(|usl?/2),us) = f*(2(Jus]?/2),0) = f2(2(Juzl*/2), —us).

Furthermore, if z = 0, we have ¢(0) = 0 and then u. = v.. So YH(f) () =
YH(f*)(uz) and v~ (f*)(—uz) = v~ (f*)(—u) for all u, > 0. Using boundary condi-
tion (4.4) and definition (2.4), we deduce

+oo
Bg = / (GH () (=) = 7 (F) (ws) ) 6(1usl?/2 = L) s du..

Letting a tend to zero, using (4.8) and the change of variables u, — &, = |u,|?/2
from RT to RT, we get

“+o0
i B = [ () (-VEED) - Fle)) (e — 21) de. = K(F)(-V/EED) - FIEL,
a— 0

where IC(F) is given by (4.11). We conclude the proof of (4.9) by passing to the limit
in (4.14).

Now, we turn to the proof of (4.10). Let ¢$ be the solution to the re-scaled
Poisson equation (4.3), (4.5), (4.6). It satisfies the weak formulation

1
/ Vet (2, az,t) - Vyo(z, z) dzdz + */ 005 (z,a 2,t) .p(z, 2) dz dz
R2xR— - - QO JR2xR-

= l/ p(z, 2,t) p(z, 2) dx dz,
@ JR2xR-
for all ¢ € C°(R? x (—00,0]) and where p* = [54 f* dv.

Let p € C°(R? x (—00,0]). In the weak formulation, we choose ¢(z,z,t) =
@z, z) for all (z,2) € R? x R™. In the left hand side term, we use the change of
variables z — Z = a z. Omitting the “overhead bars”, we obtain

/ V(w2 ®5 (2, 2,t) - Vg oz, 2)dedz = / Pz, 2,t) p(z, a 2) dr dz.
R2xR— R

2xR—

Passing to the limit o — 0 yields

/ V(g;7z)¢s(£72’,t) : v(@z)(p(ia Z) dzdz = / / f(gvzvvﬂf) dv dzw(g, O) dz.
R2xR- - R2 JR— xR3
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Now, using (4.8) and change of variables (3.19), we remark that
[ [ esvenad= [ [ FaujoP/2soe.d.
R- JRS R2 JR- xR
= / N, F(z,v,e:,t) dez dv = p(z, ).
R2xR+
Then for all ¢ € C°(R? x (—o00,0]), ¢ satisfies

/ Viz,2)0s(x,2,t) - Vg yp(z, z) dedz — / p(z,t) o(z,0)dz = 0.
R2xR— N - R2

This means that ¢, is the weak solution to (4.10) and this concludes the proof of
Proposition 4.1.

5. Numerical simulations of a surface discharge. In this section, we are
interested in a physical application for which we can use the previous asymptotic
model and perform numerical simulations. The physical application concerns surface
discharges. These phenomena occur during the triggering of electrical arcs on high
voltage satellite solar generators.

This section is organized as follows: we begin with the presentation of the physical
scenario and of the model. Then we describe the numerical discretization. We finish
with the presentation of the numerical results.

5.1. The physical scenario of the discharge. Satellite solar arrays are con-
stituted of strings of photoelectric cells. Each string contains several tens of cells
and deliver about 50 volts. In order to respond to high power demands, constructors
increase the number of cells and so the voltage. When this voltage exceeds 50 volts
some electrical arcs may occur and damage the satellite. According to the literature
(see [11, 12]), there are two main steps in the physical process. First, a primary
discharge occurs and creates a high density plasma in the gap separating two solar
cells. When the potential difference between the two solar cells is sufficient and when
the plasma has filled the gap, an electrical arc appears. Here, we want to describe
the beginning of the process that is the primary discharge. We consider the model
geometry, in two space dimensions, drawn in Figure 5.1. Following [11], we assume

x = Parallel direction
™\ V = 1000 volts

Elegtrons + + + + +
Dielectric trajectory Dielectric ||,
V=0
Conductor \Conductor z =Transverse
|\ \,« \ \I direction
Insulating substrate (kapton) Triple point

Fic. 5.1. Side view of the three dimensional model geometry of the device

that the primary discharge is due to a differential charging of the dielectric surface
and of the conducting media (semiconductor or metallic interconnectors). Indeed
the plasma environment of the satellite contributes to positively charging the dielec-
tric surface compared with the conductor with potential difference ranging up to 1000
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volts. This large electric field triggers an enhanced field electron emission at the triple
point. This local increase of the electric field has two origins: the contact between
metallic parts, dielectric and vacuum and the presence of micro-dielectric impurities
at the triple point. Due to the electric field parallel to the dielectric boundary, the
emitted electrons reach the top of the dielectric. On their way, they are attracted
by the positive potential of the surface and collide with it. These collisions generate
secondary electrons from the dielectric surface as well as desorbed neutral particles.
Furthermore, during their way to the top of the dielectric, the electrons collide with
the neutral particles and create some ions. Due to the increase of the electron density
by secondary emission, an avalanche breakdown occurs and generates a high density
plasma.

5.2. The mathematical model. The above described physical situation is an
ideal example to apply our transport theory of trapped particles in a surface potential
as presented in Section 4. However, additionally we must describe models for the
enhanced field electron emission and the secondary emission process. This is a first
step towards a description of the whole primary discharge. In Section 5.2.1, we scale
Egs (4.9), (4.10) back to physical dimensions . We make several assumptions in order
to obtain a simplified one dimensional model (phenomenon independent of one parallel
component, external transverse potential only depending on transverse components).
We precise the non-specular surface collision operator in Section 5.2.2 by describing
electron secondary emission at the surface. Finally, in Section 5.2.3 we complete the
model by specifying the initial and boundary conditions.

5.2.1. The electron transport equation. We begin with the presentation of
the asymptotic model in physical variables.

Let L > 0 be the height of the dielectric lateral surface (see Figure 5.1), in this
section, we denote by z = (z,2) = ((z1,25),2) € [0, L] x [0, L] x R~ the position and
by v = (v,v.) = ((v1,v5),v,) € R?xR the velocity (see Figure 5.2). Let ¢ be the given

Zy Z
\Dilelectrlc Dielectric
Insulating substrate (kaptony£2

Fic. 5.2. Above view of the three dimensional model geometry of the device
external potential. We denote by ¢ and 1 its parallel and transverse components
defined by (2.7). On account of the negative electron charge, Assumption (1) becomes

ASSUMPTION 2. For all (z,t) € R?2 x RT, the function z € R~ s t(x, 2,t) € R™
is increasing, continuous and satisfies lim,_, o ¥ (z, z,t) = —oo.

Note that thanks to (2.7), Assumption 2 implies that ¢ (z) < 0 for all z < 0.
Let f be the distribution function of electrons , we set

N.(z,e.,t) F(z,v,e,,t) = / flz, z,v,v0,,t)6(m \vz|2/2 —e(z, z,t) —e,) dv, dz,
RxR—

where e > 0 is the elementary charge, m is the electron mass and where the density
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of states in physical variables N, is given by (see Remark 1 for details)

N.(e) :/ S(m[va]2/2 — ed(a, 2, 1) — e2) dv, dz
RxR—
2 [0 1
= — dz,
m Jze) /(2/m)(e: +ed(2))
(5.1)

with Z defined by (3.10). Note that N, F'dz dvde, is the number of electrons with
a parallel position in [z, + dz], a parallel velocity in [v, v + dv] and total transverse
energy in [e,, e, + de.].
Using (4.9) and re-scaling the problem in order to express it in physical variables, F'
satisfies:

OuNF) 4+ Va(N.F) + —(Vabs + Voot < Voo > )-Vy(N.F)

+(< 0w > v < Vo > )0 (N.F) = % (K(F) - F).

Operator K models electron secondary emission and is given by (4.11) where K is
precised in Section 5.2.2. The function ¢~>S is the trace of the self consistent potential
on the dielectric surface and is given later.

In order to simplify the model, we make the following assumptions:

ASSUMPTION 3.

1. The functions F, ¢, ¥ and ¢ are independent of the variable x,.

2. For an incident electron on the surface with the velocity (v',+/2¢€./m), the
number of secondary electrons re-emitted with a parallel velocity in [v, v + dv]
and a transverse energy in [e., e, +de.] is given by K((v',\/2¢€.), (v, —v/2¢,))
dvde,. We assume this number is independent of v,.

3. The transverse component of the external potential ¥ is independent of the
variables x and t.

Note that the third assumption implies that the density of states N, is indepen-
dent on z and ¢. Then, using Assumptions 3, setting * = z;, v = v; and still denoting
by F the moment [, F(v,)dv,, we obtain

OuNF) +0:(N.F) + 0, (90 + 6. ) 0u(N.F) = % (K(F)—F),  (5.2)

for all z € [0,L], v € R, e, € RT and ¢t > 0 and where the density of states N, is
given by (5.1).

Now we remark that the variable £, is only a parameter in Eq. (5.2). The particles
have a constant transverse energy during their way to the top of the dielectric. Then
the integral of F' in the transverse direction: G(z,v,t) = [p N.(e;) F(z,v,e,,t) de,
appears as a natural unknown. After integration with respect to e, of (5.2) the left
hand side becomes an equation for G. In order to close the problem, we need to
express the right hand side in terms of this new unknown. Then, we assume that, due
to a large number of collisions, the transverse energy can be approximated by half the
temperature of the parallel motion, that is:

ASSUMPTION 4. We assume that I satisfies

5 (e. — kpT(z,1)/2)

F(z,v,e,,t) = N.(kpT(x,t)/2)

G(z,v,t),
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where kg is the Boltzmann constant and T is the temperature of the parallel motion
given by

1
kpT = — / m|v —ul* G dv, (5.3)
P Jr
with the electron density, p, and mean velocity, u, given by

1
pz/de and u:f/dev. (5.4)
R P Jr

Under this assumption we obtain the following model for the moment G:
e ~
(0 + 00 + = 0u(00 + 6,)9.) G = Qlav,1), (5.5)

for all (z,v,t) € [0,L] x R x RT and where the collision operator @ is given by

Qla,v,1) = - (lC(F)(v,sz) - F(v,52)> de.. (5.6)

m Jr+

The function ¢, is the trace on the dielectric surface of the self-consistent poten-
tial ¢s. For all t > 0, we have:

Os(@,t) = ¢s(2,0,1), for all z € 0,L],

_Aac,zd)s =0, in [O,L] X (—O0,0),
e € (5.7)
azd)s(xvovt) = 7p+(xat) - *ﬂ(lL’ﬂf) for all T € [OvL]a
ED €0

lim (e, 2,t) =0,

[(z,2)| =00

where €9 and ep are respectively the vacuum and the dielectric permittivities. The
electron density p is given by (5.4). Finally p. is the density of the positive charges
created on the surface when a secondary electron is emitted. It is given by

9
o :/RQ(:C,U,t)dU. (5.8)

For the closure of the model, we have to specify the collision operator which
describes electron secondary emission and the initial and boundary conditions for the
transport equation (5.2). We discuss these points in the following sections.

5.2.2. The electron secondary emission operator. In this section, we pre-
cise the collision operator @ given by (5.6) where K is given by (4.11). This operator
models electron secondary emission on the surface 9Q = [0, L] x {0}. We have to
express the number of re-emitted secondary electrons, K, in terms of the unknown G.

Let us first consider an incident electron arriving on the surface with the parallel
velocity (v,v,) € R? and the transverse energy e, € RT. In [11] the mean yield, N,,,
that is the mean number of re-emitted electrons after a collision with the surface for
an incident electron, is fitted to the following formula

Non22) = N % xp (222, [ 5 ) exp 21— cost)) (69
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where Njae and €,,4, are given real number. N4, is the mean yield for an in-
coming electron with a normal trajectory (6 = 0) and an energy £,,4., and cosf =
V2e./m/+\/|v]2 +2¢c./m is the cosine of the angle between the normal vector of the
surface and the electron velocity. Finally e.;,, = m |v|?/2+m |vy]?/2+¢. is the kinetic
energy of the incident electron.

Since in our model, we have removed the v, component of the velocity, we need
to make a certain number of assumptions in order to construct a collision operator K
from model (5.9). First, we approximate the velocity v, by the thermal velocity:

mlvl? = ksT(x,t), (5.10)

where kpT is given by (5.3).
Then, we make the following assumptions

ASSUMPTION 5.

1. A fraction x €]0, 1] of the incident electron energy is transferred to the sec-
ondary emission.

2. The number of re-emitted electrons per incident electron equals the mean yield
N

3. For an incoming electron of parallel velocity v and transverse energy €., if
Now > x then we assume that x /2 electrons are re-emitted with the same par-
allel velocity v and the same transverse enerqy €,, x/2 electrons are re-emitted
with parallel velocity —v and transverse enerqy €. and N, — x electrons are
re-emitted with a parallel velocity (0,0) and zero transverse energy. If N, < x
then we suppose that Ny, /2 electrons are re-emitted with the same parallel ve-
locity v and the same transverse enerqy €, and N, /2 electrons are re-emitted
with parallel velocity —v and transverse enerqgy €.

This yields to

K (0, V220), (0, VIE)) = B oo (0 (3007 =) 4 80 +1)) (e, — 22)

1007100 [5 (50 = 0) + 60" +0) ) @3(el — 2) + (W, = x) 6(v) @ 8(c2)

where N/, = N, (v',€.,) and where 14 is the indicator function of the set A C R.
Using (4.11), Assumption 4 and (5.6), we obtain the following collision operator:

Q(z,v,t) =v (v(v,sz T) (G(v) —|—G(—v)>—G(v) +4(v) /R’yo(v’,kB T)G(') dv') ;

(5.11)
where the collision frequency, v, is defined by
1
V= —————
m N, (kgT/2)

and

B[

N
Yo', kg T) = o nr 1(x) (N —X), Y, kg T) = Lnr,, 4+00) (X) 7+1[0,Nm] (x)

)

with the following definitions for the mean yields N,, = N, (v,kgT) and N/, =
Nm (’Ul, kBT):

2/2 4+ kgT 2/2+ kgT
N (v, kpT) :Nmazmexp 9_9 |mv?/2 + kgT exp (2 (1 — cosh)),
Emazx Emax
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changing v into v’ for the definition of NV//,, and where cos@ = kT //m[v]2 + kgT
is the cosine of the angle between the normal vector to the surface and the electron
velocity.

5.2.3. The initial and boundary conditions for the transport equation.
At the beginning of the process there is no electron in the gap and no positive charge
created on the surface, so the initial conditions are given by

Gt=0)=0 and p(t=0)=0. (5.12)
At the point © = L we assume that no particle enters the domain. Then for all ¢ > 0
G(L,v,t) =0, forallv<O0. (5.13)

Now, we want to precise the incoming electron flux in the domain at the triple point
that is the electron distribution function at point z = 0 for v > 0. Following [11], we
suppose that there is an enhanced field electron emission at the triple point x = 0
due to the presence of dielectric impurities or due to the microscopic structure of the
conductor surface. Then the electron current intensity follows a Fowler-Nordheim law
(see [11]) given by

J(t) =4 (p max(—E(O,t),0)>2 exp (%) (A/m?), (5.14)

with E(0,t) = —0,(do + ¢5)(0,t), and where A and B are given constants. Finally
[ is the field enhancement factor. It is fixed empirically and varies between 500 and
1000.

In order to close the model, we assume a Maxwellian distribution, then we set for

all v > 0:
[ 2m mv?/2 + ¢,
F(0 2 t) = 4| = Pinj (¢ - .
( y U, € ) '/TkBTILn]p j()exp< kBEnJ )

Using the relation G = [, N.(e;) F(e.) de., this gives for all v > 0, and all ¢ > 0,

2m muv?/2
G(0,v,t) = Giim(v,t) = Hmpinj(t) exp (— i T-/ ) ; (5.15)
inj inj

where kp is the Boltzmann constant, Tj,; is the injection temperature. We suppose
a cold injection that is the injection temperature is chosen such that Tj,; = 1 eV.
Finally psy; is the injected density given by the formula

/ 0 Grim(v,t) dv = ——. (5.16)
R+

5.3. The numerical method. In this section, we discretize the model given
in Section 5.2 using a Particle In Cell method (P.I.C.) (see [8], [13], [16], [19], [23]).
That is, we use a deterministic particle discretization for the Boltzmann equation (5.5)
and the Poisson equation (5.7) is solved using a Fourier series approximation. The
coupling of these discretizations is done through a fixed grid in order to introduce
some smoothing and decrease numerical oscillations.
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5.3.1. Principle of the scheme. Let 0 < t; < --- < t" < t"t! ... a sequence
of positive real points. For all n > 0, we denote by At™ the difference between ¢t"+!
and t" and we set t"*1/2 = " 4+ At" /2. A particle method (see [13], [16], [19]) for (5.5)
consists in approximating the distribution function G by a linear combination of Dirac
delta distributions centered on the numerical particles. During each time step At",
we have a finite given number I of numerical particles. They move in the phase
space along the characteristic curves of Eq. (5.5). We set

m
Gl ,1) 2 Gapp(a,0:8) = 3 3 w3 G T gnony (1) Oz = a7) 80 — ] T1%),
n>0i=1
where for all n > 0 and all ¢ € {1,---,I"}, w; is the control volume, in the phase

space (z,v), associated with the i'" particle. The quantities z7, U?H/z and G} are
the approximate position, velocity and weight of i*" particle on the interval [t e,
The calculation of G?, will be presented in Section 5.3.3. In our model, see Section 5.2,
the initial condition equals zero. Then all electrons come either from injection at the
triple point z = 0 or from collisions with the surface, through the electron secondary
emission process. For the i*" particle, let us denote by t? € (t")p>o0 the time of entry in
the domain [0, L] if the particle comes from injection and by ¢ € (t"),,>¢ its creation
time if it results from secondary emission. For both situations, we denote by z7, v}
and G the position, velocity and weight of this particle at the time ¢;. They will be
precised in Sections 5.3.2 and 5.3.3. We use a leapfrog scheme (see [19]) then we have

n n n— Atn Atn71
IZ‘L—H = 517? + At" U; +1/27 U; e = Y2 _ % 3 Ez"na (517)
for all n > 0 such that t" > ¢{ and all i € {1,---,I"} and where v] 12 _ v? and

At5~1 = 0. We denote by EP the approximate electric field (E = —8,(¢o + ¢s)) at
time t™ and at position z}'. We recall that ¢¢ is the parallel component of the given
external potential defined by (2.7) and ¢, is given by (5.7).

We introduce a fixed grid in order to present the calculation of E}'. We consider
a uniform fixed grid of size Az on the spatial domain [0, L] with K cells My =
[(Xi—1/2, Xp41/2) = [(k — 1) Az, k Ax) and we denote by Xy = (k — 1/2) Az the
center of My, for k=1,--- , K. We use a C.I.C. scheme (Cloud in Cell) and a Fourier
approximation to solve (5.7) (see [8], [16], [19]). Thus we set for all n > 0 and all
k=1,--- K

w; G i — Xp
TL: 'LW 7 ,
Pi ~ Az ( Az >
N n
Pty P pm Xk
Ep} = —0,00( Xy, t") pz_oe<+p—€z>cos< 7 ),

where W(z) =142 if -1 <2 <0, Wk)=1—2if0 <2z <1and W(z) =0
otherwise. N € N* is given and

K

n 20k
po = Z e Ik {cos( 7 Xy _1/2/L) — cos(p 77Xk+1/2/L)}
k=1
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The same formula holds for the positive density pl} , with p'} ; given by (5.19). We
interpolate the electric field on each particle position, by setting

- (50)

It remains to discretize the boundary condition and the collision operator on the
surface. We do it in the next sections.

5.3.2. The boundary condition. For the discretization of the boundary con-
dition (5.15) at the point = 0, we inject N;,; particles at each time t"t1/2 Then
we set

L!LJ

Glim(vat) Gllm ,app ’U t Z Z 05 GZ;11/2 ( tn+1/2) & 5(’[1 — 1_)1‘),

n>0 i=1

where w! is the control volume of the " particle at time t"*+1/2 in the space (v,1),
GZEF is an approximation of Gy, (7;, t"+1/2) and 7; is the velocity of the i* injected
particle.

We choose uniformly distributed velocities with respect to the normalized Maxwel-

lian distribution. That is, we set

i —1/2
vi=g" <ZN,/. ) for all i =1,---, Ninj,
my

with g~! the inverse function of the one to one function g from R* onto [0, 1] defined
by g(v) = Trkii”%J o exp(—=mw?/(2kp Tinj)) dw for all v € RT. Similarly, we
deﬁne /Di+1/2 =0 lf’L = 0, ’171'+1/2 = g_l(i/Ninj) 1f 1 S 7 S Ninj -1 and ’Di+1/2 = 400
if i = Ninj~ Note that f:_i:rll//; gI(U) dv = 1/Ninj and Vi—1/2 <v; < Vit1/2-

Then, discretizing (5.15), we have

gntl Vit1/2 n+1/2
/ / Glim,app(v,t) dt dv = GlZm ;
tr Vi—1/2
ot Vit1/2 A" o tn+1/2
/ pinj(tn-‘rl/2) dt/ g/(v) dv = pzn]( )
tm Vi—1/2 Ni”j

Combining this relation with a similar discretization of (5.16) yields to

an Gn+1/2 AVALAS
lim,i ZNMJ- n+1/2"
j=1 "J

where the approximate current flux, J™, at the triple point z = 0 is given by discretiz-

ing (5.14), that is changing E(0,¢) in E{‘/2

We assume that the injected particles are not subject to collisions with the surface

between the time t"T1/2 and t"*'. Then using the leapfrog schen/le, we obtain the
n+1/2 _ n+1

position and the velocity of the i*" particle at time t"*1: o] =0, v =

At™ U?H/ 2 /2. Finally the product of its control volume and its weight at time ¢"**
n+1/2 771 Gn+1/2

is given by w;GI! = limi -
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5.3.3. Surface collisions and positive charges. The surface collisions are de-
scribed by the electron secondary emission operator given by (5.11), then the particle
weights satisfy

14 (’72‘ — 1) Gi(t) + vy Gis m(t) if ’Ui(t) 7é 0,
dG(t) v .
a N7 (vi = 1) Gi(t) +vvi G, (t) + v Z Y05 Gi(t)  if vi(t) =0,
JEILi(t)
(5.18)
where G, . is the weight of the symmetric particle that is the particle such that

Vi.,m = —vi(t) and where I;(t) is the set of particles with position z;(t) at time .
Furthermore v; = v(v;(t), kg T;(t)) where T;(t) is the temperature at time ¢ and at
position z;(t). Finally vo; = vo(v;(t), kg T;(t)).

Let us remark that usually, in numerical simulations, the particle iy, does not
exist in {1,---,I"} (n > 0 fixed). The same remark holds for the particles of I,(t).
Then, we proceed as follows:

For all n > 0 and all particles ¢ € {1,--- ,I™}, we create at time ¢": one particle
1sym With position, velocity, control volume and weight given by xzym =ay, vz;i/ 2=
—p 2, w;,,, = w; and G =0 at time " and one particle igp € I;(t") with

position, velocity, control volume and weight given by z7' = 7', ’UZ;l/ 2= 0, w;, = w;
and G = 0. These particles, i, isym and ip, move in the phase space during At",
then their positions at time ¢"*' and their velocities at time t"*1/2 are given using
the leapfrog scheme (5.17). Using (5.18) and the property w; = w;,,, = w;,, their
weight will be given by

w; G771 = w; G + A" w(T]) () — 1) wi GY,
w; ijl = At"v(T]) v w; G,

w; G:-LO'H = A" v(T]") Yo wi GY

10

where 77" is defined by

X —a?
" § Tn”r k 7
i = k ( A.’E>7
k=1

where the temperature and the mean velocity on the cell k are defined by

n n+1/2
uy 1 « v; WGP (X — am
= n Z A w A :
TR ) PRI\ Y g v ’

|v;

Furthermore if ./\/m(v?ﬂm,Ti”) > X, 7 = x/2 and g, = Nm(”?+l/2vTin) - X
otherwise 7" = ./\/m(v?+1/2,7}")/2 and g, = 0.

REMARK 4.

1. It is clear that w; Gf*y‘; > 0 and w; G?OH > 0 but it is possible that w; G?H <
0. In this case, we assume that the incident electron has been attached on the
surface and then the numerical particle © is eliminated.

2. This method generates too many particles, we solve this problem using a col-
lapsing process at each time step. We describe it in section 5.3.4.



A Boltzmann model for trapped particles 25

Now, let us describe the discretization of the positive charges equation (5.8). Like
for the electron density, at each time ¢, we approximate the density p. by a piece-wise
constant function on the uniform fixed grid, with p = 0 and

Xk—.'L',TiL
n+l__ n Ml ,G(L+1 A" (T (2~7 no_ 1 G
(p+)k (p+)k+z Ax R+(wl i ) t V( i )( Vi +’YO,2 )wl i
ielm
Fe- (w; GIFY) (s GF 4 AT (37 +98,) wiGE) |.
(5.19)

5.3.4. The collapsing process. The discretization of the secondary electron
emission operator creates too many numerical particles. Then, in this section, follow-
ing [1] we propose a collapsing process in order to decrease the number of numerical
particles.

We define a dual mesh, that is for k = 1,--- | K, we set Dy = [0, X4], Dy =
[Xi—1,Xg]) if 2 <k <K —1and Dg = [Xg, L]. We decide to apply the collapsing
process on each dual cell Dy if the number of particles in Dy exceeds the given
threshold value Ny,;.

We decide to keep N,,;, numerical particles in each dual cell, where N,,;, is a
fixed positive integer for all dual cells and all discrete time. In order to choose the
remaining particles, first let us remark that the collision process on the surface is such
that the secondary electrons are emitted with a very small weight compared with the
incident electron weight (see Section 5.3.2). It is classical that particle methods are
characterized by some noise in the numerical results when the variations of the parti-
cle weights are too important, see [8] or [19]. But we want a random process for the
choice of the remaining particles so that we do not keep all the biggest particles. Since
we want to minimize the variations of the weights we do not use a completely ran-
dom process. We propose a random algorithm which prevents important differences
between the weights.

Let n > 0and k € {1,---, K} be fixed, we denote by iy,i2, - ,iny € {1,---, 1"}
the indices of the particles in the dual cell Dy at time ¢". We define the local mass,
momentum and total energy in Dy, at time ™ by:

NJ Ny Ny 9
_ n n __ n+1/2 n n __ n+1/2 n
my = E wi, Gi'\ g = E v, w;; G, e = E v, iy Gi -
j=1 j=1 j=1

We introduce for all [ € {1,--- N}, 3, = 22:1 wz:ﬁfij €]0,1]. Then we take a
random number R €]0, 1[ and we keep the first particle ij, such that 3;;, > R. Note
that the probability to keep a particle i; is given by w;, GZ /mjp and so the bigger the
particle, the larger the probability to keep it. We repeat this process N,,;, times.
Now, following [1] we calculate new positions, velocities and weights for the N,
remaining particles, preserving the mass, momentum and total energy in Dy and the

masses in the cells M} and M1 of the fixed grid.

Let us denote by I3, -+ ,In,., € {1, -+ ,I"} the indices of the particles kept in
the dual cell Dy, at time ¢t". For i € {l1,--- ,In,,., }, we denote by Z7, 17?+1/2, w; and

C:'? the new position, velocity, control volume and weight of the particle .
Let i € {I1,--- ,In,,,, } first, we assign the lost mass uniformly to the remaining



26 P. DEGOND, C. PARZANI, M-H. VIGNAL

particles

7j=1
Nmin

Noin
- A mi — 320" wy, G
w; G = w; G + —,

We conserve the momentum ¢;’ and the energy e}’ using a translation and a homothety,
we set

52 = A2 4B,

where A and B are calculated such that

Ninin Nonin 2
nt1/2 - An _ n ~nt+1/2]% - A on
E Uy, wy,; G) =¢q;  and g 0y, wy,; Gi) = eg.
=1 =1
Now, we determine the new positions ' for i € {l1,---,ln,,,, } in order to conserve

the mass contributions to the cells M}, and My_1. We denote by pZ_LT and by pZJ
the mass contributions, of the particles initially in Dy, respectively to pj_; (the mass
in the cell My_1) and p} (the mass in the cell M}). Thanks to Section 5.3.1, we have

w;; G fxp — Xy
pZ—Lr = ; JA:E J ( ]Ax ) and Ax pZ—l,r + Az Pz,z = my.

We want to choose the positions (Z7,---, %} ) of the N, remaining particles, in
the dual cell Dy and such that the mass contributions P—1, and pi; do not change.
Since my, is already conserved, we just have to conserve the value of Pr_1., (O pf ;).

To do this, we first look at the old positions, then we introduce

. Nemin U~)lj GZ :L'Z — X
pk—l,r - ' A.’E < AJ) ) .

J=1

If pji_1, > Pj_1, this means that the particles are too far from Xy, then we choose
for Z" (i =1y, -+ ,ln,,,, ) & linear interpolation between the old position z? and Xj.
We set 27 = 02 + (1 — 0) X}, with § €]0,1[. Similarly, if p}_, . < pj_, , this means
that the particles are too far from Xj_;, then we set z7 = 9:17? +(1 - 0) X—1. In
both cases, 6 is calculated such that

Niin o5y, (O 5
Z wlj GZ xﬁ — Xk _ p"
Ax Ax k=1L,

Jj=1

This concludes the Section 5.3.4 and the description of the numerical scheme.

5.4. The numerical results. For the numerical results, we use linear applied
potentials in parallel and transverse directions. We set ¥ (z) = F, z and ¢g(z) =
U (x — L)/L, where the magnitude of the transverse field, £, = 5 x 10" V/m, the
size of the dielectric surface L = 10~* m and the difference of potential in the parallel
direction U = 500 V. This choice gives an explicit density of states:

2\/2¢,

N,(e.) = B
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Following [11], we choose values for Silicon in the mean yield formula (5.9), that is
Nz = 2.9 and €4, = 420 eV and we set y = 100%.

In Eq. (5.7) the dielectric permittivity is given by ep = 5,5¢(. Furthermore, for
the boundary condition, we choose the field enhancement factor such that 8 = 500 in
the electron current intensity (5.14). The real numbers A and B determined by the
work function of the conductor surface (see [11]) are given by B = 6,2 10 V/m, A =
Stn A'/Srear where A' = 4,6 107° A/V? and Sf,,/Srear is a ratio of emission surfaces
which expresses the diffusion of electrons when they cross the dielectric impurity
from the conductor to the vacuum. They are chosen such that Sy, = 107" m? and
Srear = 1011 m2.

All the results are given at three different times ¢t =5 x 10~ !s | ¢t = 15 x 10~ !!s
and t = 20 x 10~ s . Figure 5.3 on the left shows the surface electron density along
the dielectric in logarithm scale and on the right their temperature measured in eV'.
We clearly see the avalanche phenomenon and the creation of a very dense electronic
cloud. On Figure 5.4 we can see the density of positive charges created on the surface
by the secondary electron process (left figure) and the electric potential in the domain
(right figure). We remark that many positive charges are created on the surface and
so many secondary electrons in the domain. This confirms the important role of
this collision process in the creation of the high density plasma. Figure 5.5 on the
left shows the mean velocity and on the right the mean collision frequency. Finally
Figure 5.6 shows the injected electron current intensity at x = 0. Note that at the
end of the simulation, it becomes very small. Then no more (or few) electron are
injected in the domain at the triple point. The increase of electrons in the domain
results from secondary electron emission.
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Fi1G. 5.3. Surface electron density in log. scale (left fig.) and electron temperature measured
in eV (right fig.) at times t = 5 x 10~ s (solid line), t = 15 x 10~ s (dashed-dotted line) and
t =20 x 1075 (dashed line).
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