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Abstract. The formation of a non-equilibrium steady-state distribution function
of particles with the power law interaction potentials U =«/r®, where 1< <4,
is studied numerically. Consideration is based on the one-dimensional nonlinear
kinetic equation of a Landau—Fokker—Planck type in the presence of particle (en-
ergy) sources. Non-equilibrium quasi steady-state local distributions exist inside
the momentum interval between the energy (particle) source and the bulk (or sink)
of the particle distribution and have the form of gradually decreasing functions.
Numerical calculations based on the completely conservative difference schemes
are accompanied by the analytical consideration and comparison with the exper-
imental results is given. Obtained results can be useful in connection with the
development of high-power particle and energy sources and for the prediction of
the semiconductors behavior with an intrinsic or extrinsic conductivity under the
action of particle fluxes or electromagnetic radiation.

1. Introduction and statement of the problem

Non-ideal plasma systems where the evolution of the distribution in the presence of
a particle (energy) source involves the effect of externally imposed waves (quasilin-
ear flattening), have been the subject of different studies in the non-equilibrium
(NE) states of various physical systems. The analysis of the NE distributions
attract increasing interest, particularly in connection with the development and
wide use of high-power particle and energy sources. In the theory of turbulence of
incompressible liquids, a universal (independent of the structures of the source and
sink) steady-state NE energy spectrum in the wave number range between the wave
numbers of the excited and efficiently damped motions, was first obtained in [1].
In the theory of weak turbulence, universal wave spectra in the form of solutions to
equations with the wave—wave collision integral were derived in [2]. Steady-state
NE power-like particle distributions, being the exact solutions of the Boltzmann
collision kinetic equation in the presence of particle (energy) sources and sinks in
momentum space, were obtained in [3]. The anomalously high photoconductivity
of a semiconductor irradiated by light, which frequency is insufficient to cause an
interband transition, may be explained by the formation of a NE distribution of
electrons and holes. It was experimentally shown that the irradiation of semicon-
ductors by a-particles may substantially change their conduction properties. Some
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experimental data on the emission current from metals irradiated by lasers can be
reasonably explained by the mechanism for the formation of NE distributions [4-8].
It was shown [3,6,8] that, for a semiconductor plasma in the energy range £ —Ep >
Ey (where Eyp is the Fermi energy) a power-like distribution with a non-zero flux
of energy or particles in momentum space can be established. This NE distribution
function is formed both due to collisions with electrons whose energy is in the range
E—FEy, > Ey and background (equilibrium) electrons. For the existence of such local
stationary NI solutions, it is necessary to satisfy many rigorous conditions that
in real physical systems are difficult to fulfil. The analytical consideration of the
NE distribution function formation in the case of non-stationary, non-localized,
mismatched on intensity sources and sinks is very problematic, thus numerical
treatment must be used. For the numerical investigation of the problem, we develop
the original conservative schemes whose efficiency is proved in different problems
(see, for instance, [8,9]).

In our opinion, the formation of NE distributions in the presence of external
pumping and the physical effect associated with such fundamental changes in
the electron distribution function is an interesting problem that is discussed in
the present paper. We analyze the formation of steady-state NE distributions
for spatially homogeneous isotropic plasma consisting of electrons with sources
(sinks) localized in a momentum space. The energy (particle) source and sink can be
provided by ion beams, high-power laser radiation, emission currents, and fluxes of
charged particles produced in fusion or fission reactions. The treatment is based on
the Landau—Fokker—Planck (LFP)-type equation, which is a model of Boltzmann’s
equation for arbitrary interaction potentials [10,11], and briefly considered below.
It is worth mentioning that obtaining the rigorous mathematical results is quite
uncertain even for the linearized LFP equation. Starting from the one-dimensional
LFP-type equation in the presence of weak sources, we study the asymptotic solu-
tions in the high-energy region for power-like interaction potentials U ~ a/r”, 1 <
B < 4 in Sec. 2. In Sec. 3 we study the temporal evolution of the NE function
numerically and analyze the structure of the steady-state distribution functions
and its dependence on different parameters (intensities, source locations, exponents
in the interaction potential, etc.) in detail. Asymptotic results are confirmed by
numerical calculations with high accuracy and the comparison of the numerical cal-
culations with the analytical asymptotic results, in turn, proves the high accuracy
of the exploited difference schemes. On the basis of fulfilled study the satisfactory
analysis of the concrete experimental situation [8] is performed and a qualitat-
ive comparison with results from [7] is given. Conclusive remarks are given in
Sec. 4.

In this paper we use the model of Boltzmann’s equation for the distribution
function f(v,t):

af _ j _ / !

o=l 4= [ dwdndouatu wlF6OF W)~ FOF L E20, ()
which approximates the integral operator j[f, f] (1) for arbitrary potentials by an
integro-differential operator of LFP type. Note that in Boltzmann’s equation, the
only quantity depending on the molecular interaction law is the differential cross
section o(u, cos @), where u >0 is the relative speed. The construction of the cross
section o (u, p) with the given interaction potential U(r) is a well-known problem of
classical mechanics [12,13]. We compare the real gas of particles with its analogue

https://doi.org/10.1017/50022377805003697 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377805003697

Quasi steady-state distributions for particles 861

having another cross section: 6 (u, cos ) = 0for § > 0y, where 0y <1 is the scattering
at small angles. Hence, in the model Boltzmann equation, the exact collision in-
tegral can be replaced by the approximation J[f, f] = I[f, f][1 4+ O(6y)]. as 6y — 0.
For real intermolecular potentials, the contributions from scattering at large and
small angles have approximately the same order of magnitude. Nevertheless, the
last approximation could be used for arbitrary cross sections if the fundamental
criterion of the chosen approximation in the proposed model is the number of
identical moments of the exact and the approximate collision integrals. Then, the
problem consists of an adjustment of the new scattering cross section &(u, u) in
order to achieve the coincidence of the macroscopic characteristics of the original
with that of the model gases:

/ dv o(v)J1f, f] = / dv s, f), @)

where ¢(v) is an arbitrary function. When this problem is solved, then instead of
Boltzmann’s integral equation (1), the simplified collision integral of LFP type can
be considered:

Uit = g [awurs, i) (e~ )i} @
Here
o(w) = [ dudodtu - ) =} [ dudootu (i —p). )

The moments of the exact collision integral J[f, f] (1) with its model I[f, f] (3)
coincide up to the tensor third-order moment as well as up to the fourth-order
scalar moment irrespectively of the interaction potential form. That is, the equal-
ity (2) is valid for the functions ¢(v) = {v;vy, vivgv, i,k,1=1,2,3;v%}. The same
conservation laws of the particle density, the moment and the energy as well as the
Boltzmann H-theorem are valid for the model (3). It leads to the correct moment
equations up to Grad’s 20th-moment approximation [12]. By inserting the ‘cut-
off” Rutherford cross section o(u, ) = (€2 /mu?)? sin=*(0/2)1[0 — Omin] into (4) we
get o(u) ~8m(2e?/mu?)?L where L= In Omin ', as Oin — 0, and one can obtain
the well-known classical LFP equation for plasmas [14, 15]. Finally, for the so-
called Maxwell’s molecules, U ~ /7% [12], the exact solution of the approximate
equation (3) is the solution of the exact Boltzmann equation (1) [16].

The points enumerated above are on the credit side for the considered model.
However, a LEP-type equation containg an operator of diffusion type, which leads
to instantaneous smoothing of discontinuities in the initial conditions, and for
Boltzmann’s operator with a short-range intermolecular potential such discon-
tinuities are preserved, since there is some number of particles not experiencing
collisions for any finite interval. This distinction emphasizes that the natural sphere
for the application of the model (3) are gases with potentials of an infinite radius
of action, U ~ a /7%, 1 < 8 < 4, because for these potentials Boltzmann’s equation
itself must also possess smoothing properties. Note that =1 corresponds to the
Coulomb interaction of charged particles, 8 = 2 corresponds to the dipole interac-
tion, and 8 = 4 corresponds to the so-called Maxwellian molecules.
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2. LFP-type equation with weak sources located in the
high-velocity region
To reveal the principal aspects of the problem under consideration, we begin with
the asymptotic approach and first present the analytical solution in the linear
case, which is correct for the high-velocity region, and give the rigorous asymptotic
conditions of the solution validity.
For the isotropic distribution function, the collision integral (3) can be written

) ﬂﬁf}la{lﬁfde@%wﬂwﬂ fﬁ() 0750 q}’ ?

v2 v | v Ov ow

where the symmetric kernel Q (v, w) is

Q(v,w) = fvw/ dp(1 — p?)uo(u), u* =v? +w? — 2vwp.

Our consideration is based on the kinetic equation that includes external sources
(sinks) of energy (particles):

of(v,t)

S = If S+ 558, fly = fow) 0<v<o, 20 (6)
S

The particle density n and temperature T (average energy) expressed in energetic
units are defined through integrals

m

nz(f,l):47r/0wdvv2f(v,t), T:?m(me):Zl;zn/ooodvv‘lf(v,t), t>0,
(7

where m is the electron mass. Without the source (sink) action, S(v) = 0, the above
equations should be completed by the conservation laws n = ng = constant and
T = Ty = constant. In this case the unique equilibrium solution of the problem is
the Maxwellian distribution. It is worth mentioning that some power-like functions
f=C1v[*® | which match the interaction potentials U = Cor—?, turn the LFP-
type collision integral to zero, and the Boltzmann operator can also be easily
checked by the formal substitution. For Coulomb collisions these functions with
p(1)= —g correspond to the infinite energy in a full velocity space. We assume that
the distribution function f(v,t) is finite at v = 0 and decreases fairly rapidly as
v — o0 to provide the boundedness of integrals (7).

In general case, the source (sink) may depend on time, distribution function, etec.
We restrict ourselves to the time independent sources with small intensities ng/tg =
£<1. Then we go to the new time variable ¢/ and obtain 8f/0t = I[f, fle™' + S

for (6). Note that,
dn d (3nTY\ 9
T =(51), ! <m> = (5,v7). (8)

The formal solution of the former equation can be constructed in the frame of the
Chapman—Enskog method in the form of a set f = fo +¢ef1 + . Then

2
fo=fuw(t) =n (%)3/2 exp (_n;;) )
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where the time dependence of n,T is given by (8). As usual, the orthogonal
conditions

(fi1) = (fi,0*) =0, i=1,2,...

are assumed. In new units the typical time of Coulomb collisions ¢ is of order € and
the typical time of density and temperature alteration is of order 1. From this it is
clear that, the intermediate regime € <t <1 might exist, when the relaxation chiefly
is terminated but the density and the temperature still remain almost unvarying.
We are now concerned with this intermediate asymptotic, although our conclusions
are valid for t > 1, as well. We study a solution f = fo+¢cf1 in the limiting case, as
¢ — 0. Function f; can be constructed as a solution to the non-uniform linearized
equation

8fo/0t = I[fo, f1] + I[f1, fo] + S

and the orthogonal conditions provide the solution uniqueness similarly, all f;, for
1 =2,3,... can be defined. It should be noted that the Chapman—Enskog procedure,
generally speaking, becomes incorrect in the vicinity of the source location where its
influence cannot be considered as small. Therefore, it is unclear how many terms
it is necessary to take in a sequence of f; to obtain the main asymptotic term
under condition € <1. To obtain a rigorous result, we turn the consideration of
the linearized LFP equation to the linear case assuming sources located in a high-
velocity region vy, = /T/m.

In the high-velocity region where the problem is substantially simplified, the
collision LFP integral for any distribution function is transformed into

. nl 0 9]
Ilf, f] = gvi?% [vga(v) <Z;(“)£ —&—vf)] :

Here we take into account the fact that, in the high-velocity region the kernel
Q (v, w) reduces to Q(v,w) — Tw3vie(v)/6, as v — co. Furthermore, for the power-
law potentials, we employ the cross section o (u, 1) = gz () - u=47 (see [10,11]). By
inserting this expression in (5), as v — 00, we obtain the equation

g ngg 1 0 [ 5 45 (T0f
ot 8 w2 dv [U ( + f)} ©)

where the notation

1
gs =27 /_1 dpe g (1) (1 = i) (10)

is used. For instance, for the Coulomb potential with 8 =1 formula (10) yields g1 =
32metL/m?, then the well-known linear LFP equation for plasmas follows from (9).
Then, we introduce scaled variables:

- 32w - dmo 5 AmudtsS
0 =v/vm; t=t/tg, tg= 250, :lh(ﬂ /8 ;o f= m}thf, S = UG
ng‘g n ns
Omitting tildes after the normalization and passing to the variable z = v%, we write
the LFP equation in a form:
Of(z,t) N 9 ( [, ,0f S(x) 8—1 ngte
20~ : =2 =—. (11
ot 2720z " Ox @) +e a2 7 g c nots ()
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Here N and 6 represent the dimensionless density and temperature:
0 1 0
N:/ fz'/? da, 0:—/ fa??dz; Ny =6 =1. (12)
0 3N Jo

The parameter v = 0,1 and % corresponds to the Coulomb, dipole interaction and
Maxwell molecules, respectively.

Now we let t = 7/¢ and, substituting f in (11) with eF(z)/N, we obtain (as
e — 0), the stationary equation

a% {x” (29?)5 —i—Fﬂ +5(z) =0, (13)

which includes the time variable 7 as a parameter (the argument of the functions
N-, 0. defined by the (8), (12)). The question is how to choose correctly the partial
solution that gives a solution of our problem under = > 1.

It is useful to represent the Maxwellian distribution Fyyw(z) as follows:

2 _ x
me(x) = \/;NH 3/2 exp {—%}
_ o2 Np-se .
=c 7r]\79 exp{ [20 11’1€:|}

= eC exp{—y}, (14)

where y = /20 — In 1/e. Seeking the unique solution to (13) we now additionally
assume that the source S(xz — x1) is localized at the point

1
x1 = 209 (hl g + y1) > (15)

where y; is a number, positive or negative, independent of . The source S(z) is
supposed to be a finite function which is normalized such that

/00 dx S(x) =1 (16)

—00
(a typical example is the delta function).
Replacing x = 20z one can rewrite (13), for v = 0, as the following

d*F n dF 6 S 0 | 1

—+—=—>5|—2z—In-— .

2 a0 6 e
Recalling that in the time period under consideration, the macroscopic parameters
have only minor changes and by neglecting them N ~ Ny, 6 ~ 6y, we have F"+F' =
—S(y—y1), where this equation is now considered for —o0 < y < 0. Recognizing, as
previously, F'(y) — 0 as y — o0, and making use of the sewing condition as y — —o0
with the Maxwellian distribution (14), we finally obtain

1 T 0
F(z)=Ce™/?0 4 — / dz e~ (@=2)/20 / du S(u).
N, i
If, in particular, the source is a monokinetic distributed function S(x) = I 0(z —

x4), then for the Coulomb potential, v = 0, the solution reads as

T

F(z) = Cexp | 29} + % {nm — &) + gz — 2] exp [—‘"”;9”] } (17)
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where 7[y] is a unit function equal to 1 if © > 0 and equal to 0 if x < 0. In the
general case of v > 0, we have

1 (o] T
F(z)=Ce™/?0 4 N/ S(z) dz/ e~ @=2)/20 .77 g

—o0

T z
+ i/ S(z)/ u e @/ gy dz, (18)
N —00 —0o0
The integrals in (18) for the dipole interaction v = 1 can be expressed through the
integral exponential function Ei(z) (or li(e”)) and for the Maxwell molecules v = 3
they are reduced to the Dawson’s integral.
Thus, we obtain the intermediate asymptotic that is exact under the conditions
t — 00, e —> 0, z — oo, such that
1 . ( x 1) o
At=¢e-In—-t isfinite, y3=|———In— is finite. (19)
€ 200 €
The range of the interval At can be estimated from the expressions (8), (12), (16).
Within the time interval under consideration At (19), which is rather large, the
density and the energy practically do not undergo noticeable changes and sources
are regarded as still located in a tail distribution region. However, at the same time
the new quasi steady-state distribution function is established.
Note, that all arguments are valid for sinks (negative sign of sources), as well as
for a number of sources.

3. The mechanism of particle distribution formation in the presence
of external pumping

We note several items concerning the subsequent numerical treatment. The problem
examined here through numerical simulation faces the principal obstacle of being
concluded in the nonlinearity of the equation, when in the absence of sources (sinks),
two conservation laws (density and energy) are valid for one isotropic nonlinear
LFP operator. In a discrete case, satisfying both these laws simultaneously is
very important; otherwise, as a result of dissipative properties of usual differ-
ence schemes, simulation results might be unreliable and substantially distorted
by the fictitious sources and sinks. Numerical simulation illustrates and confirms
the results obtained in the preceding section. The comparison of the numerical
calculations with the analytical asymptotic results in turn proves the high accuracy
of the exploited difference algorithm that properly takes the nonlinearity of the
LFP equation into account. Examples that display common features of the process
under investigation and for the parameters that are rather far from those considered
analytically are given. Considering the experimental situation on irradiation of a
thin GaAs film by a fast ion beam [8], we provide a comparison of the results
obtained in the experiment with those obtained by numerical simulation. Then we
conduct the qualitative illustrative comparison of the NE electron distributions
obtained numerically with those adapted from [7].

For numerical modelling we deal with the dimensionless nonlinear LFP oper-
ator (5) using the scaled variables introduced in the last section. The symmetrical
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kernel Q(v, w) for the power law interaction potentials can be written as follows [9]:

~a(v,w)(v+ w)1 4 b(v, w) v —w|"T
@)= (n+2)(n+4)(n+6)

with
a(v,w) = [(n+4)vw—(*+w?)],  bo,w) = [(N+4)vw+ (> +w?)], 1= (8-4)/8.

Negative values of n correspond to the soft interaction potentials with 1 < § < 4.
For charged particles with 8 =1 (n = —3) we have Q(v,w) = (2/3)w?®, w < v and
Qv,w) = (2/3)v3, w > v.

To compose the difference scheme we replace the infinite velocity interval [0, c0)
by the finite segment [0, vmax|, Which is chosen so as to take into account the
high-energy particles, and let the boundary condition for the distribution function
be f(Vmax,t) = 0. The source and sink action are included in (6) mainly in the
form of a é-function: S¢ ~ Iy - 6(v — vy ) /v2. If the intensity I, = I_-v_2/v, 2,
then the energy that comes from external sources equals zero and we deal with an
analogue to a particle flux. If intensities are equal to each other, I; = I_, then the
particle density is constant over the process. In addition, we consider exponentially
distributed sources and sinks S5 ~ I exp[—b(v — v4)?] to examine whether the NE
distribution depends on the shape of the source (sink) function. The delta function
d(v—mwy) is approximated by the discrete function that differs from zero at a single
velocity point v = v;.

We take an initial function either a function similar to the Maxwellian distribu-

tion
o 4 (3\*? 3, 1
rw=(3) ew-5 M=t =g
or a d-function type distribution. In the absence of external sources, I = 0, the
latter case is a Cauchy initial problem which models the relaxation of the initial
beam-like distribution to the equilibrium function [11].

To make contact with the asymptotic treatment of the last section, we consider
the time evolution of the initial distribution function for 8; 23 = 1,2,4 under the
source with relatively small intensities when sinks are absent. The formation of
the NE distribution can be divided into three parts. During the first short stage,
the system ‘remembers’ the initial conditions and the initial distribution function
form. This time period of the relaxation is of the order of ¢ ~ 1 and is approximately
equal for different values of 5. During the second stage, the formation of the NE
distribution bulk takes place. The duration of this stage depends on the placement
of the source position vy, but it is independent of the source function form and of
its intensity. After the NE distribution part has formed, it takes a flattening shape
or a very gradually decreasing function of velocity between the source and the cold
particle region. The establishment of the steady-state distribution is accomplished
with the distribution function tails’ formation. The length of the third stage is
sufficiently dependent on different 5. In Fig. 1, the NE steady-state distribution
function is shown in the logarithmic scale versus the energy (squared velocity). The
computations were carried out for the source position v; = 6 and for the intensity
I, =107 Tt may be observed clearly that the form of the steady-state distribution
is in good agreement with the analytical solution. The NE distribution manifests
a dramatic increase within the velocity interval between the source and the bulk
particle distribution. The time evolution of the chief part of the NE distribution is

https://doi.org/10.1017/50022377805003697 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377805003697

Quasi steady-state distributions for particles 867

=5k

-z0f

InF

_B5L

=45 L 4 L L 4. L ke 4 1 -
4} 5 10 15 20 25 30 as 40 45 5C

energy

Figure 1. Logarithm of the steady-state NE distribution function versus squared velocity
(arbitrary units). The computations were carried out for the source located at vy = 6, for
the intensity of I, = 107¢ and for 8 = 1,2, 4 (full, dotted and dashed curves, respectively).
Sinks are absent.

terminated at t ~ 50 for =1, at t ~ 2 for § = 2, and t ~ 1 for § = 4. To represent
the formation of the distribution function in the far tail region we use the deviation
¢ from the Maxwellian distribution: f = fyrw (14 ) and depict the process in Fig. 2
for = 1 and in Fig. 3 for §=4. As can be seen, the process of a tail formation
comes after the beam relaxation pattern. For Coulomb interaction, the spreading
of ¢ with time into the high-velocity region has the character of a propagating wave
with a stable front. For dipole interaction, § = 2, the spreading still preserves the
wave-like character with a slightly broadening front. For the Maxwell molecules
with stiffer interaction potential, 8 = 4, the formation of the main NE distribution
part occurs simultaneously with the tail distribution formation.

Figure 4 demonstrates the steady-state distribution being formed under the ac-
tion of the source and sink that are placed at v4 = 6 and v— = 3.5, correspondingly,
and distributed as the Gaussian function with b=10. As can be seen the source
spread shape slightly manifests itself in the form of a solution in the vicinity of
vy, but changes none of the general functional characteristics. To expose the very
gradual declination of the distribution more evidently, the bottom part of Fig. 4
shows the presented solution with its NI& part more pronounced at the point v_.

Figure 5 gives an example of the simulation run for 3=2 and I, =107°%, I, =
1078 and v, =—5, vy =8. Sinks are absent. One can see the heights of plateaus
are proportional to the magnitude of intensity that coincides with the analytical
predictions. For the intensity of I, = 1078, the overheated population of the particle
spectrum is stretched out to the region v ~ 4 and for the intensity I, =107°, it
extends to v >~ 3, which is relatively close to the distribution core. Figure 5 displays
that declination of the distribution functions in the tail region v > vy is the same
for different intensities; that is, the tails have the same temperature. Obviously, the
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Figure 2. Distribution function formation in the tail velocity region presented by the devia-
tion ¢=f/fuw—1 for =1, v, =6, I, =107% and at the time moments t =1, 10, 25, 50,
100, 150.

Figure 3. The distribution function formation in the tail region for 8 = 4 and at the time
moments ¢ = 0.05,0.1,0.15,0.2,0.25,0.4,0.5.

pronounced plateau form (for 5 = 1) of the steady-state distribution depends on
the interplay between the source intensity and the collision action. In the case of
small intensities, the NE function becomes less flattened and has a more evident
slope.

The functional dependence of the steady-state NE electron distribution is not
sensitive either to the extent to which the source and sink are located in momentum
space or to the length of the inertial interval, i.e. the interval between the source
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Figure 4. Non-equilibrium distribution function for 8 = 2 for the source and sink function
distributed as a function (15) for I, = I_ = 1075, the sink location is at v_ = 3.5 and the
source position is at v = 6.
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Figure 5. Steady-state distribution function for 8 = 2 versus squared velocity for the source
located at v = 8 with intensity I, = 107 (dashed curve), for the intensity I, = 107 and
vy = 8 (dotted curve), and for the source located at vy = 5 with intensity I, = 1078 (full
curve).
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and the sink. From our consideration it follows that even the relative smallness of
sources may imply a drastic deviation of the steady-state distribution function from
the equilibrium distribution. The remarkable result is that within a very long time
interval (19) while neither density nor energy change much, the new quasi-steady-
state distribution function is established. This interval can last for hundreds of
collision times and NE distribution may differ from the equilibrium function by tens
of orders in magnitude. Numerical results also show that the analytical asymptotic
estimations obtained for the linear case are fit for a wider class of parameters.

To analyze the results of the experiment on the irradiation of a thin semicon-
ductor film of GaAs by a beam of proton ions [8], it is worth noting that the
electron distribution function formation happens independently on every ion track
even for high ion beam intensities corresponding to the inertial fusion parameters.
Moreover, the formation of the electron distribution function occurs by means of
the electron—electron collisions rather than by the electron—phonon collisions [3].
It is well known that a fast ion, the velocity of which is commensurable or exceeds
the speed of an electron in the Bohr’s orbit, interacts mainly with binding and
free electrons. In doing so, the ion produces atom excitation and ionization by
direct electron impact, as well as, from the excitation of wake plasma waves by
ion collisions. We evaluate the parameters corresponding to the conditions of the
experiment [8].

Note that the free path of ion H* with energy 1.25 MeV in GaAs is | = 3 X
1075 m, the ion speed corresponding to an energy of 1 MeV is equal to vy, =
7.5 x 10° m s71. From this, we compute the time period in which the proton loses
the main part of its energy t, =4 x 10713 5. For a given test specimen of gallium
arsenide, the electron density is n, =25 x 10%* m~3 and the characteristic velocity
in such a semiconductor plasma is vy, =6 x 10> m s~%. Then the corresponding
characteristic electron—electron relaxation time is of the order of f.. = 3 x 1074 s.
We see that a sufficient quantity of collisions takes place in the time of the electron
free path and under this condition the NE distribution function is developed due to
the flux presence in the velocity space. Let us estimate the intensity of the sources
arising due to the electron ionization by the direct electron impact and owing to
the plasma wave excitation. Along the full free path the ion creates, about 10%
electrons, in this case the characteristic volume, where ionization will be produced
equals 3 x 10721 m3. The density of new electrons being produced in a time unit
is about I, ~ 3.3 x 103" m— s71. In the collision integral the normalization units
are N, and te., then the normalized intensity is about 0.01-0.1 and the normalized
time of the source action is of the order of 10. Two different source positions in the
velocity space have correlation with the plasmon ionization at the characteristic
speed v4 1 &~ 3.5 and with the ionization by the electron impact at vy o ~ 7. In
the considering experimental situation, the principal losses are the ion-electron
emission from the film surface. Electrons with energy higher than the outputting
work and the retarding potential may be adrift and emerge from the sample within
time T,y for the width of the emitting layer dey = vinTee Which exceeds the electron
free path length A in semiconductor. The sink is assumed to be zero down to the
energy & = Ep + A ~ 5.65 eV and distributed over the momentum space as

ee >\ ee
g = Ty <v> _ M (v> ~ 005" f (v>
Tex Vth dem Vth Vth Uth

We consider the source intensities’ range 0.01-0.1, the variation of which can be
connected both with the differing power of the bombarding ion beams and with
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Figure 6. The distribution function f(v) evolution versus squared velocity (energy): the
dotted curve, t = 15; the solid curve, t = 20; the dashed curve, ¢ = 30. The source with intensity
I;1=0.1 at vy ;1 =3.5 is turned off since t=20; the source with intensity I o =0.075
at vy o =7 is turned off since t =2. The losses with intensity I_=0.075 act in a region
of v > 2.

the difference in electron density between samples. Figure 6 shows the distribution
function formation for the sources 1 and 2; they are turned off at t = 20. Losses act
upto the time ¢ = 100. The quasi stationary NE distribution is formed in a time
of about 10-15 and has a character which is substantially distinguished from the
power-like functional dependence obtained in [3]. The explanation can be attributed
to the fact that sources and sinks being distributed over the velocity space do
not provide the constant energy flux (and the concurrent zero density flux). In
accordance with the above results, the NE function establishing is independent of
the intensity value.

Let us compute the emission current dependence on the retarding potential U,
which is needed to analyze the energetic spectrum of the electron emission in the
experiment

o0
J = constant / dE f(E)E,
Ex+U+A
where A is an electron output work. For the experimental conditions have been
studying, the electron energetic spectrum of ion—electron emission would be quasi-
stationary for the ion beam currents exceeded 1-10 mA. In this case, the emission
current is certainly defined by the different ion tracks dispersed in a space, but the
distribution function of emission electrons is practically quasi-stationary, which
leads to the quasi-stationary emission current. From the comparison of variants,
we see how the difference in the emission electron current dependence is strong for
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<J(1)=

Figure 7. Current dependence versus the retarding potential: the dotted curve is for the
current averaged over ¢t = 10; dashed curve, ¢ = 20; the solid curve, ¢ = 100, and asterisks
denote the experimental results [8].

the different endurance of the source action. In the experimental conditions [8], the
current of the ion beam does not exceed 10 pA. In this case, the emission current
will fully reflect the non-stationary character of the sources. On each ion track,
the distribution function has time enough to go through all stages of its formation.
That is why the emission current dependence on the retarding potential observed
in the experiment is a superposition of the currents existing in different time
stages. Obviously, the electron energetic spectrum differs from that formed under
the stationary source action. The emission current dependence on the retarding
potential is depicted in Fig. 7. The comparison of the simulation and experimental
results shows that taking into account the non-stationary source character may be
the determining factor.

We make a comparison of the numerically obtained distribution functions with
the electron energy distributions adapted from [7]. They correspond to the sec-
ondary electron emission induced by 1 keV electrons for polycrystalline Al, Mg.
These materials are not semiconductors and then, strictly speaking, to describe
them it is necessary to use Boltzmann’s collision integral. However, as it is shown,
for example in [8], there is some similarity between the spectra of electrons emitted
from metals and semiconductors. The plasmon energy 10.5eV and & = 4.64 eV were
taken for Mg, and for Al the plasmon energy is & 15.5 eV and & ~ 5.25 eV [17,18].
Figure 8 shows the electron distribution functions for different time moments, data
from [7] are inserted with asterisks. Despite the fact that certain arbitrariness
remains in comparing data, the characteristic features of the distribution functions,
as can be seen, are in a good qualitative agreement.
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Figure 8. Electron energy distributions N (E) for Al and Mg: the dashed curve, t = 20; the
dotted curve, ¢ = 25; the solid curve, ¢t = 30; and asterisks denote data adapted from [7].

4. Conclusions

The nonlinear Landau-Fokker—Planck kinetic equation for the power-like poten-
tials U ~a/r?,1 < B <4, is considered in the presence of energy (particle) sources
(sinks). The rigorous asymptotic estimation and the applicability conditions for
the asymptotic steady-state solution are given. The detailed analysis of the time
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evolution and distribution function structure is carried out numerically. Particular
emphasis is placed on the accuracy and high efficiency and reliability of the em-
ployed finite different schemes. As can be expected, the very gradually decreasing
function in the inertial interval is established.

From our consideration it follows that, even relative smallness of sources may
imply a drastic deviation of the steady-state distribution function from the equi-
librium. The NE distribution may differ from the equilibrium function by tens of
orders in magnitude. The conduction characteristics of the medium are governed
by the density of the current carriers, so that, in a semiconductor plasma with a
NE electron distribution, this density is very high, in contrast to the case of an
exponentially decreasing equilibrium distribution function. That is why, under the
action of intense fluxes of electromagnetic radiation or fast particles, the emission
and conduction properties of a semiconductor plasma can become anomalous. With
these findings from the NE distribution functions the behavior of the semicon-
ductor plasmas can be predicted and explained. Obtained results can serve as a
test problem and can be incorporated in more complicated models that include
similar physical effects. Results of simulation are consistent with asymptotic and
experimental results. In particular, in experiments on irradiation of a thin GaAs
film by a fast ion beam, the comparison shows that the taking into account the
source non-stationarity may be the determining factor. The obtained results can
be useful in connection with the development of high-power particle and energy
sources and for the prediction of the semiconductor behavior under the action of
particle fluxes or electromagnetic radiation.
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