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Atrticle is review of works on nonequilibrium electron distribution function formation at a presence of sources
and sinks in momentum space. The analitical investigations and numerical simulation of the nonlineat collision inte-
grals of Boltzmann and Landau-Fokker-Planck has been considered. The experimental study results of nonequilibri-
um electron distribution function formation in solid plasma at its irradiation by electromagnetic radiation or charged
particles flows have been implemented. New type of radioisotope source of current based on others physical prince-

ples was proposed.

1. INTRODUCTION

At present, the development of high-power particle
and radiation sources is stimulating great interest in the
properties of nonequilibrium systems. The presence of
sources and sinks in momentum space can lead to the
formation of nonequilibrium particle distribution func-
tions with power-law tails even in spatially uniform sys-
tems. The inapplicability of the local equilibrium ap-
proximation to such situations is related to the presence
of particle flows in phase space. In the second section of
this paper, the asymptotic properties of such nonequilib-
rium states are studied, their relation to the nonextensive
Tsallis’ thermodynamics is established, and the depen-
dence of the nonextensivity parameter on the intensity
of the particle flow in phase space (i.e., on the intensi-
ties of sources and sinks) is determined. The third sec-
tion is devoted to numerical simulations of the forma-
tion of a steady-state nonequilibrium dist-ribution of
particles with a long-range repulsion potential. The col-
lisional dynamics of such a system is studied using spa-
tially uniform nonlinear Landau and Fokker—Planck col-
lision integrals, which are model representations of the
Boltzmann collision integral. In numerical simulations,
completely conservative difference schemes are used. In
the fourth section, we consider the conduction and emis-
sion properties of a semiconductor plasma irradiated
with intense particle or laser beams. In the fifth section,
the formation of nonequilibrium electron distribution
functions (EDFs) in the plasmas of semiconductors and
of a Sb/CS cathode is studied experimentally. To study
these functions, the method of the secondary electron
emission induced by fast low- Z ions was employed.
The formed EDFs are measured, the coefficients of the
secondary ion-induced electron emission are deter-
mined, and their relationship to the source power in the
ion’s track is found.

2. STEADY NONEQUILIBRIUM STATES
OF SYSTEMS WITH STATIONARY PARTI-
CLE FLOWS IN PHASE SPACE

Quasi-steady nonequilibrium states of particle sys-
tems can be studied by solving kinetic equations with
allowance for sources and sinks. Power-law particle en-
ergy distributions were first predicted theoretically in
[1-4] and then observed experimentally in [5, 6]. In [1,

2], it was shown using a similarity transformation that
the kinetic Boltzmann equation for a spatially uniform
system has exact stationary power-law solutions. In [3,
4], it was shown by directly calculating the Boltzmann
and Landau collision integrals in kinetic equations that

the power-law distributions of the form f = AE™*

(where $ is an exponent and A4 is a constant, are sta-
tionary solutions for which particle (or energy) fluxes in
phase space are nonzero constants. These particle states
are similar to turbulent Kolmogorov spectra of waves
and depend only on the integral characteristics of the
source and sink [4]. In particular, nonequilibrium spa-
tially uniform systems with a component obeying a
power-law distribution include electron subsystems of
semiconductors exposed to radiation with a photon en-
ergy on the order of the width of the forbidden zone [7]
or electron subsystems in metals that undergo ionization
caused by particles propagating in them [5]. In [1-4],
the exponent s of power-law solutions to the kinetic
Boltzmann equation depended only on the degree of ho-
mogeneity of the particle interaction potential. In those
papers, both the dispersion properties of a plasma with a
power-law electron distribution and the ionization equi-
librium in such nonequilibrium steady states were stud-
ied. In [8, 9], it was shown that plasma oscillations with
a linear dispersion can exist in a plasma with two com-
ponents of the distribution function, equilibrium and
nonequilibrium. These plasma oscillations could be of
importance for many interactions in semiconductor plas-
ma, in particular, for the plasmon mechanism of super-
conductivity [10]. As was mentioned above, steady-state
nonequilibrium distributions (SND) of particles in phase
space play the same role in spatially uniform systems as
Maxwellian distributions in Gibbs’ thermodynamics.
The presence of such great deviations from the expo-
nential dependence should significantly change the ther-
modynamic properties of a system. Note that, over the
last fifteen years, great progress has been achieved in
the thermodynamics of strongly nonequilibrium sys-
tems; the results obtained indicate the existence of non-
Gibbs (power-law) distributions in such systems.

So far, we have considered the formation of an SND
with sources and sinks localized in momentum space. It
should be noted that one often has to deal with systems
in which both the source and the sink are nonlocalized.
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In particular, wake ionization is a source that is not lo-
calized in momentum (energy) space. Moreover, the
source intensity is often insufficient to provide a univer-
sal nonequilibrium distribution throughout the interval
between the source and sink (see [11, 12]). In these cas-
es, it is necessary to resort to numerical simulations.

3. NUMERICAL SIMULATIONS
OF THE FORMATION OF STEADY-STATE
NONEQUILIBRIUM PARTICLE
DISTRIBUTIONS

A specific feature of systems of particles interacting
via the Coulomb potential is that the scattering cross
section increases without bound as the momentum
transferred tends to zero. For gaseous and semiconduc-
tor plasmas with a large Coulomb logarithm (InA =
10...15), one can restrict oneself to the expansion of the
integrand in the collision integral in small momenta
transferred (a diffusion approximation) and to represent
the collision integral in the Landau or Fokker—Planck
form [13, 14], which are model representations of the
Boltzmann collision integral. In this model [15-17], the
moments of the exact and model collision integrals co-
incide up to the third-order tensor moment and the
forth-order scalar moment. Conservation laws for ener-
gy and the number of particles, as well as the Boltz-
mann H theorem, are valid. The model collision integral
provides a correct representation of the equations for the
twenty-moment Grad approximation. Finally, the exact
solution to the Landau equation for Maxwellian
molecules (B = 4) is the exact solution to the Boltz-
mann equation. Below, we will consider long range po-
tentials (U 0 7 , with 1< f < 4) where r is the dis-
tance between the interacting particles), for which a lo-
cal nonequilibrium particle distribution can form (see
[3]). Note that the dynamics of particles interacting via
the Coulomb repulsion potential (f = 1) can be consid-
ered using kinetic equations in either the Landau or
Fokker—Planck form.

3.1. FORMULATION OF THE PROBLEM

In the case of an isotropic distribution function
f(,?), the Landau collision integral is
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where the symmetric kernel Q(v, w) = Q(w, V) in the
case of Coulomb potential has the form Q(v, w) = —
-2/3w? for ws v and Q(v,w) = - 2/3y 3for w2 v .
The equilibrium solution to Eq. (1) is a Maxwellian dis-
tribution function
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where 7 is the electron density, k3 is the Boltzmann
constant, m is the electron mass, and 7T is temperature. If
there are no sinks (so-urces), then the number of parti-
cles and the system energy do not vary over time: The
distribution function f(U,?) is bounded at v = 0 and
quite rapidly decreases as ¢ - ® . Below, we use di-
mensionless variables: the velocity in units of the ther-
mal velocity V7 and time in units of the electron—elec-
relaxation which is

tron time T,

T~ VT3 m? /(ne4 InA ) (where e is charge of electron)

in the case of Coulomb interaction. The function /(U ,?)

is normalized so that n=4m , the total energy

Eor = (2nm)'1; consequently, in Eq. (1), the constant
[ is equal to unity.

We consider the formation of a steady-state nonequi-
librium solution in the presence of particle or energy
flows in velocity space using the above modified ver-
sions of the Landau-Fokker—Planck collision integral in
form (1). In this case, the right-hand side of the kinetic
equation is added with the terms accounting for the

presence of a particle (energy) source S, (sink - S- ).

The source (sink) function was modeled by an expo-
nential function with a variable width in momentum

S, ~1, exp[- o, fv-v., )2]; a 0 - function in the
form S, ~I,dWw-v,)/v?
Sy ~1, %f(”t’t) (2)

The flow direction is determined by the positions of
U, and U.-
function was used as an initial distribution. In simula-
tions, we employed a fully conservative implicit differ-
ence scheme [15-17], for which discrete analogues of

. Either a Maxwellian distribution or 0 -

conservation laws hold true and which allow one to per-
form long-run calculations without error accumulation.
An infinite velocity interval was replaced with the maxi-

mum interval (10...14)0V: | in which the distribution
function was set at zero. The initial distribution 0 (U - 0)
was approximated in the following way: the 0 - function
was set at zero for all of the velocities except for one point
(usually, U = 1).

Since the problem of relaxation is a kind of test, we
first consider the Cauchy problem for the initial distribu-

tion fO(v)=0(v-1)/0?
the kinetic equation with either Landau collision integral in
form (1) or the Fokker—Planck one, respectively. When

. In our calculations, we used

S, = 0, these equations are analytically equivalent and, in
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the limit ¢ -~ ® , lead to a Maxwellian distribution fyzzxw -

Let us now discuss the results of numerical simulations.
3.2. DISCUSSION OF THE SIMULATION
RESULTS

In [15], the formation of a nonequilibrium distribu-
tion function was numerically simulated for the kinetic
equation with either the Landau or Fokker—Planck colli-
sion integral in the presence of energy and particle
flows in momentum space that were sustained by a so-
urce and a sink. For this purpose, the right-hand side of
kinetic equations (1) was supplemented with various
types of sources S. and sinks S- . First, solutions were

obtained for the case where the positions of a source and
a sink in momentum space were matched with the direc-
tion of a flow sustained by collisions. Note that analytic
consideration of equations for the case of a localized
source and sink gives a correct flow direction, namely,
from high to low velocities [3]. It was shown in [15]
that, within the interval between the source and sink, an
SND (of the Kolmogorov kind) of particles is estab-
lished with time. This distribution corresponds to the
presence of an energy flow in momentum space, where-
as beyond this interval, the distribution function is ther-
modynamically equilibrium.When using the Landau
equation, the particle distribution relaxes to an SND by
more than one order of magnitude faster than when the
Fokker—Planck equation is used. As was noted above,
the positions of the source and sink and the direction of
flow in momentum space should be matched with one
another. To make sure once again that this requirement
is important, we performed calculations with the inter-
changed positions of the source and sink in energy
space. It turned out that variations in the flow intensity
by several orders of magnitude did not influence the
equilibrium particle distribution when the source and
sink positions were not matched with the flow direction
[15]. It was shown that the behavior of the SND in most
of the interval between the source and sink does not de-
pend on the degree of the source (sink) localization; this
indicates the local (universal) character of the solution.

It is found also that, for low intensities of the source /.
(sink I.), a universal nonequilibrium distribution is

formed in the velocity range U < U, . This is due to (i) a
decrease in the cross section for Coulomb scattering
with increasing velocity (~uy "3) and (ii) the ever-
present flow of energy and particles (due to Coulomb
diffusion) toward the region of the main (“background”)
equilibrium distribution. Consequently, as the source
(sink) intensity increases, a universal nonequilibrium
particle distribution is formed that occupies a progres-
sively larger space between the source and sink. Such
behavior is related to a decrease in the fraction of the
flow transferred to the background plasma. It is worth
noting that the increase in intensity is accompanied by
an increase in the magnitude of the nonequilibrium dis-
tribution function in proportion to the flux magnitude
[3].

Let us examine the form of the distribution function
for power-law interaction potentials with the exponents

1< B <4 Notethat B =1 corresponds to the Coulomb
interaction potential, B =2 corresponds to dipole inter-
action, and B = 4 describes the interaction of so-called
Maxwellian molecules. It was shown in paper [15] that,
for all thesef values, the exponents of the formed
nonequilibrium power-law distribution functions are
close to one another, which agrees with the results of
[3]. The magnitude of the nonequilibrium part of distri-
bution function decreases with increasing f . These re-
sults are in qualitative agreement with the above analyt-
ic predictions.

4. FORMATION OF THE EDF
IN THE INTERACTION OF RADIATION
AND PARTICLE BEAMS
WITH SOLID-STATE PLASMA

In this section, we consider the conduction and emis-
sion properties of a semiconductor plasma irradiated
with intense particle or laser beams. A comparison of
the characteristic times of ionization and relaxation
shows that, in the case at hand, the steady-state EDF
should be determined mainly by electron—electron colli-
sions [3]. Hence, it can be obtained from the condition
that the Boltzmann collision integral (for a semiconduc-
tor plasma, the Landau or Fokker—Planck collision inte-
gral) be zero.

It follows from the analysis (see [4]) that, for a semi-
conductor plasma in the energy range £- Er > Er , a
power-law distribution with a nonzero flux of energy or
particles in momentum space can be established. This
distribution is formed due both to collisions with elec-
trons whose energy is in the range E- Ep > Erand
background (equilibrium) electrons. It was shown in [4]
that a nonequilibrium electron distribution is close to a
universal distribution if the intensity of the flow produ-
ced by the source and sink in momentum space is suffi-
ciently high. Let us consider, as an example, the irradia-
tion of a solid-state plasma with a beam of fast ions
(with velocities higher than the velocities of atomic
electrons) [18] or high-power electromagnetic radiation
with the frequency @ satisfying the condition
Oo > kT [19]. In both these cases, a great number of

high-energy electrons arise that, in accordance with the
above consideration, form a nonequilibrium steady-state
EDF [3]. When the distribution function is nonequilibri-
um, the emission current density is anomalously high
since the distribution function decreases very slowly
over the inertial interval.

The plasma conductivity is determined by the densi-
ty of current carriers. In the case of a nonequilibrium
EDF, the carrier density in semiconductor plasma is
very high in comparison to the case of an exponentially
decreasing equilibrium EDF. Therefore, when a semi-
conductor plasma is irradiated with intense radiation or
particle beams, an anomaly in the emission and conduc-
tion properties of plasma should be observed. elastic
losses are negligibly small, whereas the inelastic energy
losses, which are usually called ionization loss, are de-
scribed by the Bethe—Bloch formula (see for example
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[20]). It follows from this formula that, at high energies,
the ionization loss decreases as ~y ~2 . The introduction

of an extra charge in a quasineutral equilibrium solid-
state plasma leads to the displacement of free electrons
with respect to their equilibrium positions and to the ex-
citation of plasma eigenmodes (plasmons) [21-23].
Thus, the energy lost by an ion due to its deceleration is
transferred to the target’s electrons in two ways: a cer-
tain fraction of the energy is spent on the excitation of
plasmons, while the rest energy is transferred to individ-
ual electrons in collisions (in particular, in collisions
with atoms, which then become ionized) [20-23]. Such a
nonequilibrium external action significantly changes the
distribution function of free electrons [4]. A fraction of
the nonequilibrium electrons that have proper magni-
tudes and momentum directions can escape from the tar-
get; i.e., these electrons can take part in the process of
secondary ion-induced electron emission (SIEE). The
emission proceeds in three stages: (i) origin of nonequi-
librium electrons, (ii) their collisions and motion (diffu-
sion) toward the surface of a solid, and (iii) overcoming
the potential barrier by these electrons and their escape
into vacuum. Such an approach is believed to most com-
prehensively account for the SIEE features and has been
widely used since the Sternglass study [24] (see also
[25,26]). Indeed, such an anomaly was observed, e.g., in
[18, 19]. Supplying additional kinetic energy to a solid-
state plasma results in the ionization of atoms and the
production of a rather large number of free electrons
with energies higher than the equilibrium (thermal) en-
ergy [20]. Under these conditions, nonequilibrium dis-
tributions of free electrons can form [3, 4]. It was shown
in a series of theoretical and experimental studies that,
when a solid-state plasma is irradiated with fast ion
beams, a steady-state nonequilibrium power-law EDF
FEY=al"?E"* (3)
is formed in the plasma due to the presence of a particle
(energy) flow produced by a source (ionization) and a
sink (electron emission) in momentum space. In Eq. (3),
0 is the normalizing factor, / is the particle (energy)
flux, s is an exponent [4, 5], and F is the total electron
energy in a solid (E= ¢ + Ex + eU, where ¢ is the
work function and eU is the energy relative to the elec-
tron energy in vacuum). Power-law distributions are
characterized by a rather large fraction of high energy
electrons. For example, when a Be sample is irradiated
with 4.9-MeV ¢ - particles, the fraction of electrons
with energies higher than £, = 18.9 eV (where £, is
the energy of plasma eigenmodes in beryllium) can ex-
ceed 37% [21]. An integral characteristic of SIEE is the
SIEE coefficient 2 ., often called the electron yield (see

[27]). The electron yield 4, is defined as the ratio of
the num-ber of knocked-out secondary electrons N, to
the num-ber of incident ions N,. The SIEE coefficient

depends substantially on the energy of incident ions. It
has been shown both theoretically and experimentally

that, for low-Z ions, the electron yield 4 , is proportion-
al to the average specific ionization loss of ion energy in

matter, dE/dx [24, 27, 28]. A much more informative
characteristic of SIEE is the electron energy distribu-
tion. It has been shown experimentally that the energy
spectra of secondary electrons are of power-law charac-
ter [6, 29, 30]. When studying electron emission from
some metals, it was shown that the distribution func-
tions of the electrons knocked out by low-Z ions are
piecewise power-law functions with different exponents
s for different energy ranges [5, 6, 31]. As was shown in
[32], emissivity variations accompanying the irradiation
of a sample with intense charged particle beams can be
efficiently used to create new energy sources. One such
source is a secondary emission radioisotope current
source [33] that converts the energy of 0 - particles
into electrical energy using the nonequilibrium proper-
ties of the electron distributions. Since the efficiency of
this source is proportional to the difference between the

electron yields of the employed emitter materials (4 ., -
A ,1) [33], it is necessary to use an emitter with the

maximum possible 4 ., value to increase the source ef-
ficiency. At present, the available literature data on the
emission properties of materials irradiated with fast ion
beams mainly refer to metals. Note that no data are
available in the literature on the efficient electron emit-
ters widely used in the photoemission and electronic
techniques. Among the most widely used efficient emit-
ters of secondary electrons are emitters based on Sb/Cs
compounds. Due to the large coefficients of secondary
electron emission (SEE) and photoemission (this is usu-
ally related to the low potential barrier at the boundary
between the sample surface and vacuum), such com-
pounds have been widely used in manufacturing the
photocathodes and dynodes in photomultipliers and oth-
er devices [34]. To illustrate, the SEE coefficient 0 , for
Sb/Cs compounds is 3—4 at low energies of primary
0.25 MeV. The cathode used as a target was a Sb/Cs
layer deposited on a massive nickel substrate. The layer
thickness was less than the mean free path of the inci-
dent ions in Sb/Cs. A 10-mm-diameter target fixed in a
copper mount was installed on a movable holder. The
ion beam collimated by a system of diaphragms was in-
cident onto the target and caused SIEE from its surface.
The target plane was normal to the beam axis. The beam
diameter on the target surface was 3 mm, and the ion
current density was no higher than 30 HA/cm?®. The
chamber was evacuated with an NMD-0.4-1 magnetic-
discharge pump and an NVPR-16D backing pump with
a liquid nitrogen trap. In all our electrons (Ee ~ 100 eV)
and reaches its maximum value of = 8...10 at Ee =
500...600 eV [34]. Such large SEE coefficients are pre-
sumably explained not only by the low work function
for this material but also the formation of a power-law
nonequilibrium distribution function.

5. EXPERIMENT

This section is devoted to our experimental studies
aimed at revealing the main features of the EDFs for-
med during the irradiation of a Sb/Cs cathode and cer-
tain semiconductors with a beam of fast low-Z ions.
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5.1. EXPERIMENTAL SETUP
An electrostatic Van de Graaf generator used as a
so-urce of primary particles provided beams of fg* or
He' ions. Energy spectra of SIEE electrons were mea-
sured for /7* beams with ion energies from 1.00 to 2.25
MeV and He' beams with ion energies from 1.75 to

2.25 MeV. The ion energy was varied with a step of
0.25 MeV. The cathode used as a target was a Sb/Cs
layer deposited on a massive nickel substrate. The layer
thickness was less than the mean free path of the inci-
dent ions in Sb/Cs. A 10-mm-diameter target fixed in a
copper mount was installed on a movable holder. The
ion beam collimated by a system of diaphragms was in-
cident onto the target and caused SIEE from its surface.
The target plane was normal to the beam axis. The beam
diameter on the target surface was 3 mm, and the ion
current density was no higher than 30 pA/cm® . The
chamber was evacuated with an NMD- 0.4-1 magnetic-
discharge pump and an NVPR-16D backing pump with
a liquid nitrogen trap. In all our experiments, the residu-
al gas pressure in the vacuum chamber was no higher
than 10 torr. The electrons emitted from the target sur-
face were intercepted by a spherical collector consisting
of two 100-mm-radius hemispheres. The target and the
holder were set inside the collector. The gap between
the hemispheres was 15 mm. The diameter of the en-
trance window of the hemisphere was 10 mm. Besides
the collector current, we also measured the target cur-
rent I, , which was the sum of the beam ion current /,
and the current of the secondary electrons that reached
the collector: I, = |1 c|+ I, . The measured I and I,

currents amplified by electrometric amplifiers were ap-
plied to a PC through an analog-to-digital converter . To
calibrate the measurement system, a Faraday cup was
set behind the rear hemisphere. The Faraday cup al-
lowed us to directly measure the ion beam current 1z,
when the target was removed from the beam path. The
diameter and length of the Faraday cup were 20 and 130
mm, respectively. The current from the Faraday cup
1. was measured with an F303 current meter. The
SIEE coefficient was determined by the formula

b= ficl At - fic]) 0

By measuring the energy spectrum of SIEE electrons
with a spherical analyzer and assuming that emission is
produced by a point source, one can reconstruct the
EDF inside the target [21]. When the EDF is powerlaw
function (3), the derivative of the emission current with

respect to the electron energy, dI /d(eU) , can be writ-
ten as
dI et

——— = B(Ept ¢ +eU)™,

a(eU) (Ept¢ ) )
where B is a constant. Hence, on a logarithmic scale, de-
pendence (5) is a straight line with a slope equal to —s +
1. The energy distributions of the secondary emission

electrons were measured with a spherical collector oper-
ating in the energy-analyzer regime with a retarding
field varied in the range 0...100 V with a step of 1 V.

The retarding electric potential was applied between
the target and two hemispheres. Since the radius of the
energy analyzer significantly exceeded the target size,
the field distribution was close to spherical. A 5-mm-di-
ameter ceramic tube with an outer surface covered with
a resistive layer served as a target holder. The specific
resistance of the layer Rc was varied nonlinearly along
the tube so that the holder potential did not disturb the
field inside the energy analyzer. One end of the resistive
layer was in contact with the target, whereas its other
end was grounded. The retarding potential was applied
to the target from a saw-tooth generator controlled by a
PC. Thus, the current flowing along the resistive layer
produced the needed potential distribution along the
holder. In experiments, the secondary electrons moved
along radial trajectories and reached the collector. When
the retarding voltage was applied to the target, only the
electrons whose energy was high enough to get through
the retarding field reached the collector. The computer
software for controlling the experiment allowed the
gathering of a 7-s-long time sample consisting of 100
measurements of the electron emission current for each
value of the retarding field. These 100 experimental
points were then averaged, and the resultant value of the
electron current was stored in the PC memory. By dif-
ferentiating the measured dependence of the collector
current on the retarding voltage (the so-called retarding
curves), one can deduce the energy spectrum of SIEE
electrons and then reconstruct the EDF. The exponents s
of power-law EDFs wereevaluated as follows. First, the
time samples of the elec

tron emission current were processed and the delay
curves were differentiated. Then, the dependences of
dl /d(eU) on the total electron energy Ert¢ *eUin
the compound under study, plotted on a logarithmic
scale, were approximated by straight lines. According to
formula (5), the slopes of these straight lines are equal
to—s+ 1.

5.2. EXPERIMENTAL RESULTS
AND DISCUSSION

The measurements of the energy spectrum of SIEE
electrons show that, over the entire ion energy range un-
der study, the nonequilibrium EDF formed in the plas-
ma of a Sb/Cs cathode is a power-law function. A typi-
cal nonequilibrium EDF obtained for a sample bom-

barded with 1.75-MeV He" ions is shown in Fig. 1.
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Fig. 1. Typical nonequilibrium EDF obtained for a

Sb/Cs sample bombarded with 1.75-MeV He" ions

The experimental points are quite well fit by two
straight lines corresponding to two different exponents,
syand S,, in the energy ranges of 5..30 eV and
30...100 eV, respectively. These exponents for the two
parts of the EDF in the above energy ranges measured
as functions of the energy of the incident g* and He'
ions. In our opinion, the exponent of a power-law distri-
bution function of secondary electrons could depend on
the energy (specific ionization loss) of fast ions. It
seems that it is the specific ionization loss that deter-
mines the intensity of the source of extra particles in
momentum space. It was shown in [4, 35] that, under
certain conditions, the exponent is independent of the
structure of the source and sink. In this case, it can be
said to be a universal power-law distribution function
with an exponent equal to —5/4 [35]. In our previous ex-
periments with a He® beam and thin metal films, in
which the exponents s were measured, it was shown that
the absolute value of the exponent s of a powerlaw dis-
tribution function in the first energy range correspond-
ing to slow electrons (£ < 35 eV) decreases with in-
creasing specific ionization loss of ions in a substance
[31]. In [30], it was pointed out that the fraction of fast
electron increases with increasing energy of the incident
ions. It is shown that the exponents s, for different inci-
dent ions and, accordingly, different specific ionization
losses in a Sb/Cs sample differ insignificantly, although,
for protons, the exponent increases with ion energy and
decreases with specific ionization loss. No such depen-
dence was observed for helium ions. It should be noted
that variations in the exponent do not exceed 10%; to
deduce the exact dependence of the exponent on the en-
ergy loss requires additional study. Fig. 2 shows the de-
pendence of the electron yield A, on the energy of the

incident /7' and He® ions for a Sb/Cs cathode.

3.0+ A
—@- He
251
2.0+t
15¢+
1.0+
05} W
1 1 1 1 1 1 1

1
10 12 14 1o 18 20 22 24
E, MeV

Fig. 2. Dependence of the electron yield b , on the ener-
gy of the incident H' and He' ions

It can be seen that, for the Sb/Cs compound under
study, the electron yield U exceeds that for some metals
[35]. The reason could be as follows. As was mentioned
above, a fraction of the nonequilibrium electrons pro-
duced in a solid-state plasma under bombardment with a
beam of fast charged particles diffuse toward the surface
and escape into vacuum. Electron emission proceeds
from the surface layer, whose thickness is much less
than the depth to which the ions penetrate into the target
and is determined by the features of the electron motion
toward the surface. In metals, the generated electrons,
while diffusing toward the surface, interact mainly with
conduction electrons. This interaction may proceed via
pair collisions and collective effects—the excitation of
plasmons. Due to the large density of conduction elec-
trons in metals, the probability of electron—electron in-
teractions and, accordingly, the effective escape depth
of secondary electrons are small. In semiconductors, the
density of conduction electrons is low; hence, the es-
cape depth of secondary electrons can be quite large.
Since Sb/Cs compounds possess semiconductor proper-
ties [34], the escape depth of nonequilibrium electrons
can be larger than in metals. The higher (compared to
metals) value of the SIEE coefficient can be, to a certain
extent, explained by this factor. Sb/Cs compounds have
low work functions [36]. The relatively low potential
barrier at the boundary between such a compound and
vacuum may lead to an increase in the fraction of
nonequilibrium electrons leaving the solid. The work
function determines the cutoff energy for the nonequi-
librium power-law EDF formed in a solid-state plasma.
Since the exponent within the first energy interval is
fairly high and [6, 29-31]), even a slight decrease in the
work function leads to a significant increase in the SIEE
coefficient. Our experiments have shown that, for all of
the energies of f* and He' ions, the EDFs formed in
a semiconductor plasma are power-law functions. Fig. 3

shows (on a double logarithmic scale) a typical
nonequilibrium EDF formed in a GaAs sample bom-

barded with 1.25-MeV He' ions.
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Fig. 3. Typical nonequilibrium EDF formed in a GaAs
sample bombarded with 1.25-MeV He' ions

The experimental points can be well fit by a single
straight line corresponding to the exponent s = 2.9
throughout the entire range of electron energies in vacu-
um (5...100 eV). It was shown in our early experiments
[12] that the EDFs formed in metal plasmas are piece-
wise powerlaw functions with different exponents in
different energy ranges. At least two such ranges were
revealed. In our opinion, the piecewise power-law shape
of the EDFs in experiments with metals, namely, the
presence of two characteristic energy ranges, could be
related to two different mechanisms for energy transfer
from a fast incident ion to the electron subsystem of a
solid. These mechanisms are (i) the excitation of collec-
tive plasma oscillations with a subsequent ionization in
the electric field of these oscillations and (ii) inelastic
collisions, resulting in the direct ionization of atoms.
The energy of the electrons produced due to ionization
via plasma oscillations cannot exceed the plasmon ener-

gy £, in a substance. In semiconductors, the energy of

plasmons related to conduction electrons is much lower
than the ionization potential of atoms. For this reason,
the distribution function in a semiconductor plasma is
characterized by one power-law segment throughout the
entire electron energy range under study. The measure-
ments of the energy spectrum of SIEE electrons have
shown that, for all of the ion energies under study, the
nonequilibrium EDFs formed in plasma are power-law
in character. As was mentioned above, the main integral

characteristic of SIEE is the electron yieldd .. It is
shown that in germanium the measured values of 4 ,

plotted versus the ionization loss dE /dx for He' ions
are well fitted by a straight line; i.e., these quantities are
indeed proportional to one another.

6. APPLICATIONS

The solution of a lot of scientific and engineering
tasks requires use of autonomous source of the power
supplies of various devices. Those sources must satisfy
the such requirements: long service life; reliability; big
specific energy capacity; compact; ecology; explosion-
proof. Most commonly used are the chemical elements
of a feeds using as a primary source an energy of chem-
ical reactions. Historically such elements were first and,

for today most developed by the engineers. However, it
is necessary to notice, that they have a rather insignific-
ant specific power capacity hardly exceeding 0,1 KWx
hour/kg. Most perfect of them are lithium batteries but
they are very explosive.

6.1. THERMAL AND NONTHERMAL
RADIOISOTOPE CONVERTERS

A much higher power capacity and term of work
have the radioisotope sources of the power supplies, i.e.
devices,in which an energy of radioactive decay con-
verts in electrical one. The radioisotope sources of elec-
tricity have a general characteristics significantly better
than analogous ones of chemical batteries. They are
more preferable for the all-round utilization.

Now there is a significant amount of radioisotope
sources of an electricity based on various physical prin-
ciples. They are divided on two large classes:

- thermal radioisotope converters;

- nonthermal.

Nonthermal radioisotope converters manufacture an
electrical energy without application of a thermal cycle.
The sources with immediate gathering of electrical
charges (atomic batteries) are most commonly used
among such sources of a current. In these batteries the
electrical potency is elected at the expense of gathering
on a collector particles, which isotope emitted. A col-
lector and emitter in similar devices are isolated of elec-
tric from each other by vacuum gap or dielectric. Such
converter is a source of a current. Its voltage is determ-
ined by a resistance of loading. A residual of potentials
between the anode and cathode can be equal to an en-
ergy of particles. The large interior resistance of a
source, connecting with loading causes reduction of
voltage and, hence, increase of the part of the charged
particles energy, which goes to heat of a collector. In
outcome efficiency of the source is essentially reduced.
It is possible to specify some characteristic demerits re-
ducing service life of such source:

- necessity to have an additional source of voltage
for suppression of a second electronic emission from a
collector;

- the presence of O-electrons in the O-particles
stream reduces a transferable current essentially.

Moreover, the high working voltage (about hundreds
kilovolt) of atomic batteries requires application of insu-
lators and vacuum conditions of very high level and
hampers use of these devices.

The devices using a contact residual of potentials
between the cathode and the anode are ones of varieties
of atomic batteries. The space between the anode and
the cathode is filled by gas, which is ionized by a radi-
ation of a radioisotope. The created charged particles
are accumulated on the cathode and the anode. Those
materials have various work function. The residual of
potentials, in this case, depends on work function of
used electrode materials and has magnitude about one
volt. First of all, the low efficiency of such device is due
to a small cross-section of gas atom ionization by the
char-ged particles. Insignificant increasing of efficiency
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is possible by use of a mixture of radioactive and rare
gases at pressure some atmospheres. However, the in-
creased pressure in atomic battery, filled by high toxic
gas, creates hazard for the maintenence personnel and
equipment.

One of modes of transformation of an (-particles en-
ergy in electrical power is the generation of an electrical
current in a semiconductor mesh due to formation of
electron-hole pairs and their separation in p-n junction
area. The characteristic value of a current Is in this pro-
cess is determined as:

I, = eRI= mlﬂ ,

where R is factor of generation of a charge; 1 - diffusion
length; m - factor of multiplication of a current; I - cur-
rent of a B-radiation. The maximum value of voltage
can be received from the following expression:

T 01
pe Rl il i ,
e I

where 1, is inverse current of saturation. From these

expressions it is visible, that the characteristic value of
voltage on one semiconductor mesh is compared with
kT/e, i.e. rather small magnitude (less than one volt).
The weak place of such sources is p-n junction destroy-
ing under attack of a hard radiation. A long irradiation
of p-n junction by the B-particles causes the production
of radiation damages. If the life time of p-n junction in
the usual elements (transistors, chips etc.) makes up
some tens thousand hours, the life time of p-n junction
in the B-particles irradiation conditions will be signific-
antly less.

The most developed thermal converters are the ra-
dioisotope thermoelectric sources of the electric power.
In these devices the nuclear decay energy heats one
thermoelectric junction, whilst, another one is at tem-
perature of a refrigerator. The potential difference
beetwen thermoelectric junctions is arisen through ther-
moelectric effect. The modern thermoelectric converters
are made from semiconductor materials which have
transformation coefficient significantly more than
metals.

There are many various designs of thermoelectric
converters. The constructions of these devices have
thermocouples, which consist of some semiconductor
layers divided by insulators. It is necessary to notice,
that in conditions of high temperatures (about 1000 K)
and hard radiation insulation materials quickly will be
failed, causing the electrical break-downs and leakage .
However, the basic reason restricting service life of
such converter is the formation of many radiation dam-
ages in the semiconductor and ,consequence, modifica-
tion of the basic characteristics of the materials.

In thermoemission devices the transformation of the
nuclear particles energy in electrical one occurs through
thermoemission, which take place under heating of the
cathode by particles emitting from radioisotope. During
this, thermoemission current is an exponential function
of the ratio of the work function of the cathode materi-

al to its temperature and, therefore, the application as
high temperatures as materials with small work function
causes the increase of the efficiency of the converter.
The basic difficulty in using of these devices is destruct-
ive influence of temperatures about 1000...2000 K at
materials. Sometimes, cathode-anode space is filled by
gas, mostly by caesium (Cs), in order to reduce the work
function of the emitter. The presence of caesium steams
causes the formation of cathode film and reduction of
the work function (up to 1,81 eV, see for example, [6]).
At the same time, the constant presence of caesium re-
duces service life of such sources essentially and creates
problems of making operation safety available to main-
tenance personnel.

6.2. RADIOISOTOPE SECONDARY EMMISION
SOURCE OF CURRENT

A new type of radioisotope source of current based
on others physical principles was proposed in [37]. It is
well known that passing of fast ions through substance
initiates ionization of medium atoms. The some amount
of electrons break loose from atoms in result of ion ac-
tions. It may passed to vacuum if it have suitable value
and direction of momentum, i.e. secondary electron
emission induced by ions takes place. It was shown
earlier that in such situation it was possible to form
steady-state nonequlibrium electrons distribution with
power dependence of electrons energy. Based on the
studies the results, we proposed the radioisotope source
of the secondary-emission current [37]. The source con-
sists of a radioisotope layer placed inside a vacuum con-
tainer. Metallic emitters are positioned on each side of
the layer. The emitter thickness is less than the mean
path of the charged particle emitted by the radioisotope
in the emitter material. Each emitter consists of alternat-
ing layers of two different metals with different second-
ary-emission coefficients. The layers are electrically isol-
ated by vacuum gaps. A high efficiency of the radioiso-
tope current source of this type is determined by the fact
that the secondary electrons are produced along the entire
path of the charged particle in the metal; i.e., the charged
particle energy is directly transformed into electron en-
ergy; the amount and average energy of these electrons are
much above those for the thermal electron emission.

It was stated previously that the use of heavy particles
in electric-current sources leads to a high efficiency of
production of secondary electrons due to negligibly small
scattering of these particles (i.e., they move along almost
straight trajectories). The secondary-electron distribution
function is nonequilibrium; the average energy of the
emitted secondary electrons exceeds 10 eV. The source
efficiency increases as a result of an increase in the sec-
ondary emission under the action of d-electrons. As a res-
ult, such a current source has high energetic parameters
that are proportional to the number of the emitter layers.

Since the total thickness of the emitter does not exceed
the mean path of the charged particle emitted by a ra-
dioisotope, the number of layers and, consequently, the
emitter efficiency can be increased only by making each
layer thinner. However, as the layer thickness decreases,
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the construction loses the rigidity. This can break the elec-
tric insulation between layers. For example, if the layers
are bent, the vacuum gaps between them become narrow-
er.

We have also proposed the secondary-emission cur-
rent source with thinner emitter layers and, at the same
time, with a sufficiently high rigidity of the emitter.
This problem is solved by developing a radioisotope
source of the secondary-emission current in which a ra-
dioisotope and emitter with a thickness less than the
mean path of the charged particle emitted by the ra-
dioisotope are placed inside the hermetically sealed
case. The emitter consists of alternating electrically in-
sulated layers made of two different materials with dif-
ferent coefficients of secondary electron emission.
Dielectric grids are located between the emitter layers;
the grids serve to insulate the layers electrically from
each other and to improve the rigidity of the emitter
construction. The thickness of the dielectric grid is lar-
ger than the thickness of the emitter layers. To obtain a
better effect, the dielectric grid must be deposited dir-
ectly on one of the emitter layer. One of the version uses
the ceramic grid, and the other one uses the plastic grid.

In order to improve the efficiency of the proposed
current source, one of the alternating emitter layers can
be made of a metal, and the other one of the semicon-
ductor material with a secondary-emission coefficient
exceeding that of the metal layer. It is desirable to made
the semiconductor layer from silicon or gallium arsen-
ide. The energetic parameters of the proposed source
can be considerably improved by placing an additional
radioisotope inside the source case, so that the emitter
would be between the additional and the main radioiso-
topes, and the flows of particles emitted from radioiso-
topes be directed in opposite directions. By using all the
technical solutions presented above, it is possible to cre-
ate a radioisotope source of the secondary-emission cur-
rent with a substantially better energetic parameters and
smaller mass and sizes.

The new type of radioisotope source of current were
suggested on the basis of carried out investigations [38-
40]. Our source has considerably more specific energy
capacity than existing ones. Use of this source is most
advantageously there where it is necessary to apply
devices working without human intervention for a long
time. Above all, our source can be used very perspective
in such branches as: medicine and space researches.
This source can be very useful in the long space flights,
especially on the automatic station. The employment of
our source for the cardiastimulator supply is more
preferable than thermal radioisotope one. Our battery
can maintain it for a long time of operating and has not
high work temperatures as thermoelectric and thermion-
ic radioisotope sources. The wide perspectives are open
for using it for design of artificial heart because this
source almost satisfies all present requirements. It is ne-
cessary to note, other possibilities for using of our
source. It can be used as electricity source for devices in
hard accessible places (navigation buoys, magnitometric
station etc.). Moreover, it is advantageous to use our

source in the system of protection and obtaining of in-
formation.

7. CONCLUSIONS

In this paper, we have shown that the presence of
sources and sinks in a spatially uniform system leads to
the formation of SNDs with power-law tails. Numerical
simulations of the formation of SNDs show that, for
particles with Coulomb interaction, an SND is formed
between the source and sink. Starting from a certain in-
tensity of the source (sink), the powerlaw distribution
function has the same exponent; i.e., it is universal. A
radical change in the EEDF under nonequilibrium con-
ditions leads to an anomalous increase in the conductivi-
ty and emissivity of the substance. The experimental
data on the EEDFs formed in the solid-state plasma of a
Sb/Cs cathode irradiated with a beam of fast low-Z ions
are presented. In all of the experiments with g * and
He' ions, the nonequilibrium EEDFs in the energy
range from 5 to 100 eV are found to have a piecewise
power-law shape with different exponents in the energy
ranges of 5...30 and 30...100 eV. The power exponents
are expected to depend on the energy (specific ioniza-
tion loss) of fast ions, and this was indeed observed for
protons in the former energy range. The experimental
studies of the formation of nonequilibrium electron dis-
tributions in a semiconductor plasma exposed to ion
beams have shown that EEDFs have power-law asymp-
totes with one exponent. This is related to the low ener-
gy of the plasma oscillations carried by the conduction
electrons.
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PAIUAIIMOHHAS SJIEKTPOHUKA
B.HU. Kapaco

0O630p paboT 1Mo HOPMHUPOBAHUIO HEPABHOBECHBIX (DYHKIHUH pacrpeeneHus 3IeKTPOHOB P HAJTMIWH HCTOYHHKA M CTOKA B
HMIIYJIbCHOM IIPOCTPAHCTBE. PacCMOTpPEHBI KaK aHAIMTHYECKHUE UCCIIEOBAHUS, TAK U YUCIEHHOE MOJCIMPOBAaHUE HEIUHEHHBIX
HUHTErpasioB cTojakHoBeHHH bosbivana u Jlannay-®oxkepa—Ilnanka. IIpuBeneHsl pe3yabTaThl SKCIEPUMEHTAIBHBIX HCCIIEA0BA-
HUH GopMHpPOBaHMST HEPABHOBECHBIX (DYHKIMH PaclpeaeNieHns DJIEKTPOHOB B TBEPAOTENIBHOM I1a3Me NpH 00JIydeHHH €€ IT0TO-
KaMH 3JIEKTPOMAarHUTHOTO M3TyYeHUs] WM 3apsDKEHHBIX dacTull. ONucaH OpUTHHAIBHBIH BTOPHYHO—3MHUCCHOHHBIN paguon3o-
TOIHBIA HCTOYHHK TOKA, OCHOBAHHBII Ha HEPABHOBECHBIX PACIIPEIENICHUSX IEKTPOHOB.
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PAIIALIVMHA EJJEKTPOHIKA
B.1. Kapacbo

Orsig po6it mo GpopMyBaHHIO HEPIBHOBOKHUX (PYHKIIIH pO3IOiIY eleKTPOHIB il [pKepesa Ta CTOKY y iMITyJIbCHOMY IpO-
cTopi. PO3rnsHyTI K aHANITHYHI JOCHIIKCHHS, TaK 1 YUCEIbHE MOJCITIOBAHHS HENIHIHUX IHTErpaiB 3iTKHEHb boimbpliMaHa Ta
Jlannay-®okkepa—Ilnanka. HaBeneHi pe3ynbraTi eKCIEpUMEHTAIBHUAX TOCTIHKEHb (OPMyBaHHS HEPIBHOBKHHUX (YHKIIIH po3-
TIOJIITY €TEeKTPOHIB y TBEPAOTLIBHIN II1a3Mi HpH i1 ONMPOMIHIOBAaHHI ITOTOKAaMH €JIeKTPOMarHiTHOTO BHIIPOMIHIOBAaHHS abo 3apsi-
JDKeHNX 4acTHHOK. OnmncaHe OpHTiHAIBHE BTOPHHHO—EMICiiiHE pa/ioi30TOIHE JKEPEeNo CTPyMy, OCHOBaHE Ha HEepiBHOBAKHHX
pO3M0iNax eNeKTPOHIB.
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