https://doi.org/10.46813/2025-158-061

HEATING AND ACCELERATION OF ELECTRONS BY SEVERAL
PLANE TRANSVERSE ELECTROMAGNETIC WAVES

V.A. Buts*?, V.V. Kuzmin®, D.M. Vavriv?

'National Science Center “Kharkiv Institute of Physics and Technology”, Kharkiv, Ukraine;
?Institute of Radio Astronomy of the National Academy of Sciences of Ukraine,
Kharkiv, Ukraine
E-mail: vbuts1225@gmail.com

The dynamics of electrons in the field of several plane transverse electromagnetic waves is considered. It is
shown that the fields of such waves can effectively (resonantly) transfer energy to particles in almost any interval of
the momentum space. This possibility opens new possibilities for particle acceleration, as well as for plasma heat-
ing, especially for the effective heating of the ion component of the plasma. The latter possibility is determined by
the fact that in the field of several waves, modes with dynamic chaos are easily realized, especially in the area where

Langmuir ion-acoustic waves are easily excited. These waves quickly and effectively transfer their energy to ions.
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INTRODUCTION

When studying the processes of interaction of plas-
ma particles with electromagnetic wave fields, the con-
ditions of resonant interaction play a special role. Usual-
ly, this refers to resonances in which the energy ex-
change occurs proportionally to the first power of the
wave strength parameter (& =eE/mcw). Note that this
parameter is often called the nonlinearity parameter.
These are primarily Cherenkov resonances and cyclotron
resonances. Let us recall that for 10-centimeter radiation
this parameter is equal to one at field strengths of the

order of 10° V/cm. For laser radiation (A =107 cm) this
is already more 10 V/cm. All media in such fields are
quickly destroyed. Therefore, such fields are mainly
used in pulse processes. A striking example of the use of
such fields are the schemes of inertial thermonuclear
fusion [1 - 4]. It can be said that the modern trend of
research is aimed at increasing the wave intensities that
are used for acceleration, as well as at studying fast pro-
cesses. It should also be noted that nonlinear resonances
are proportional to the square of the wave strength pa-
rameter. Such as those used in free-electron laser (FEL)
schemes or in inverted free-electron laser (IFEL) accel-
eration schemes. The forces acting on the particles in
these schemes are proportional to the square of the wave
force parameter. In other schemes of acceleration or
heating of plasma such resonances are practically not
used.

In this paper, we draw attention to the fact that such
resonances have useful features that allow them to be
successfully used in new applications. It is shown below
that the branches of these resonances can be located
almost anywhere in the momentum space. This feature
allows for the effective excitation of the required plasma
waves, such as, for example, Langmuir ion-sound
waves. The latter, as is known, effectively and quickly
transfer their energy to ions.

Below we will see that such excitation can be real-
ized in the dynamic chaos mode. In this case, the energy
of external high-frequency waves (laser waves) will
quickly and effectively heat the ion component of the
plasma.

STATEMENT OF THE PROBLEM
AND BASIC EQUATIONS

Consider a charged particle that moves in the fields
of N+1 plane transverse electromagnetic waves, which
in the general case has the following components
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is polarization vector of the n — wave.
It is convenient to use the following dimensionless
dependent and independent variables:
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The equations of motion in these variables will have
the form:
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It is convenient to add to the system of equations (2)
an equation that describes the dynamics of the particle

energy:

where |, =

g_z - Reio[(gnv)] exp(ip,).  (3)

For simplicity, but without losing the physical con-
tent of the processes under consideration, we will as-
sume below that all waves are collinear, the waves are
transverse ((énﬂn)=0) and linearly polarized. This
means that the following relations are satisfied

I,={0,01}, & ={e,,0.0} ={&,,0.0},

xn?
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In this case, from the system of equations (2) we ob-
tain the following equations for determining the compo-
nents of the particle momentum

ipz _ nzi‘;[( P&, ) |cos(p,),
=3[ (1-19) eos()

This system has a rigorous analytical solution. To
find it, we rewrite the last equation

dp, _ N i
T [(T—LF)] n;gn cos((r ]hr)a)n). (6)
This equation has the following solution

p, = px(K:O)+iisin(1{na}n), (@)

n

()

where ¢, =@,k , K, _( —J;f).
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Let's p,(x =0)=0. Now it is easy to obtain general

equations for the energy and longitudinal momentum of
particles
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Let's consider the case when there are only three
waves. And two of them are propagating towards the

third: I, =1, I, =-1, I, =1, see Fig. 1.
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Fig. 1. Dispersion diagram of interacting waves

This figure shows three quick (v, ~c), falling on
transparent plasma, waves ( @,, @, w,; @, > @, ). More-
over, two of them (@, ®,) spread towards the third
(m,). The interaction of each counter-pair generates two

slow virtual waves. The expressions for the frequencies
and phases of these two virtual waves take the form

Awy =1-o,
((po —q)i)zAa)Oir—(1+a)l)Z, i ={1,2}.
If a particle moves in one virtual wave, then the sys-

tem of equations that describes its dynamics can be rep-
resented as

(10)

dp, _ .
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d—yzﬁsim//, (11)
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The dynamics of the system of equations (11) is
equivalent to the dynamics of a mathematical pendulum

d’y
d 12

where Q7 = (LLMJM :
vy )vr

+Qlsiny =0, (12)

Similarly, if a particle moves in the field of the se-
cond virtual wave, then its dynamics will also be deter-
mined by the equation of the mathematical pendulum
(12), in which it is necessary to replace with

a, E—@(l—a)z) , @,

=1 w, <1.

Fig. 2. Phase plane. Ay — resonance width;
oy — distance between resonances

If the separatrices of nonlinear pendulums intersect
(Fig. 2), then the dynamics of the particles will become
chaotic. This condition will be the condition

(VphZ phl) < 2( ) )

where Q2 :(1_";)&]@.
yJ)r
In equations (11) and (12) only the basic relatively
slow terms are considered. In the general case, as fol-
lows from the systems of equations (8) and (9), equa-
tions (11) and (12) must be supplemented by additional,
rapidly changing terms F(7):

(13)

d? .

%uzf sing = F(z). (14)
This is especially important for the case where the

interaction of only two high-frequency waves is consid-

ered. In previous works it was shown [3, 4] that if the

parameters of the wave forces of the interacting waves
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are sufficiently large (&, >0.3), then the dynamics of

the particles becomes chaotic.

It is of interest to estimate the energy that particles
receive in such regimes. To carry out such an estimate,
we will assume that chaotic dynamics can be described
by white noise. In this case, we find:

4 (A 2
(ar)) = Mr .
%o
Here we assumed ¢, =¢, =¢, =¢ and

(15)

Awy =Aay, =Aw .

It is necessary to pay attention to two features of the
formulas obtained above. The first is that all formulas
are valid for any values of the wave force parameters.
As far as the authors know, in all FEL schemes and
IFEL schemes this value is a small parameter. The se-
cond feature is that the occurrence of modes with dy-
namic chaos in FEL and IFEL schemes is undesirable
[5-7]. These modes must be suppressed. For the pur-
poses of heating a given group of particles (for our pur-
poses), these modes are necessary and useful.

The system (2) was studied numerically in the case
where there are three waves. In this case, a combination
of waves was used, which is shown in Fig. 1, i.e. one
wave propagated in the positive direction, and the other
two in the opposite direction.
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Fig. 3. Dependence of the magnitude of the longitudinal
impulse on time for the following parameter values:
& =1 ¢,=0.5, g =0.5, and initial conditions:
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Fig. 4. Correlation function obtained with the same
parameter values as in Fig. 3

Such a situation during the interaction of waves and
particles, with a sufficiently large amplitude of the
waves, leads to chaotic dynamics. An example of such
dynamics is shown in Fig. 3, as well as the calculation
of the correlation function in Fig. 4, which quickly de-
creases, indicating chaotic dynamics.

It is worth noting that chaotic dynamics in this sys-
tem can also arise when two waves propagate in oppo-
site directions interact. However, this occurs with a
higher field intensity of the interacting waves. An ex-
ample of dynamics in the field of two waves is shown in
Fig. 5 and the correlation function of this dynamics is
shown in Fig. 6.
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Fig. 5. Dependence of the magnitude of the longitudinal
impulse on time for the following parameter values:
& =2, ¢, =1 and initial conditions:

p, =p,=0.01,p, =0.005 x=y=0,z=1
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Fig. 6. Correlation function obtained
with the same parameter values as in Fig. 5

CONCLUSIONS

Let us highlight the most important results of the
study. The primary finding is the proof that, in the pres-
ence of several high-frequency waves, new branches of
slow, virtual waves can emerge on the dispersion dia-
gram (see Fig. 1). The phase velocities of these waves
are practically unlimited. Consequently, by exciting
these waves with external high-frequency waves, it be-
comes possible to selectively transfer the energy of the
external waves to a specific region of the pulse space,
particularly to the domain of ion-acoustic oscillations.

It is well established that electrons with such charac-
teristics transfer their energy to ions most efficiently.
This provides an additional mechanism for the rapid
heating of the ionic component of the plasma.

It should be noted that the considered branches of
oscillations were used earlier in the schemes of free-
electron lasers (FEL) and in the schemes of acceleration
on inverted free-electron lasers (IFEL). However, as
was shown in the works [3 - 5], the efficiency of such
schemes was significantly limited by the occurrence of
stochastic instability. Moreover, such instability arose
already at the parameter of the wave strength, which is
quite moderate for laser radiation (& >0.3). For the
purposes of heating (for our purposes), this disad-
vantage turns out to be an advantage. It is also signifi-
cant that all the obtained formulas have no restrictions
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on the magnitude of the wave strength. This allows the
plasma particles to be heated quickly.

Let's estimate the energy obtained and the time re-
quired for this. Let's consider solid fuel target with den-
sity n~10%cm™. The frequency of laser radiation
should be greater than 10™s®. Such lasers exist
®~5-10"s".

Using formula (15) we find that the plasma is heated
to temperatures of the order of 10 keV in 10™...10%s.
The cross section of the Coulomb interaction of parti-
cles can be estimated by the well-known formula
o =(3-10"/W(keV))cm® [8]. The frequency of parti-
cle collisions in this case will be equal to
f =nov ~10" s™. Thus, the electrons will transfer their
energy to the ions in times shorter than 10™° s. During
this time, the target will not have time to fly apart (the
speed of the flyaway is of the order of the speed of ion
sound). Known instabilities also do not have time to be
excited. These are, of course, rough and very optimistic
estimates. One thing is clear to the authors: the consid-
ered scheme of energy transfer to plasma particles is
quite promising for further study.
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HAT'PIBAHHS TA TIPUCKOPEHHSA EJIEKTPOHIB JEKIJIBKOMA IIJIOCKUMMU ITIOITEPEYHUMH
EJEKTPOMATI'HITHUMU XBUJIAMUA

B.O. Byu, B.B. Kysomin, /I.M. Baepie

Po3misiHyTO AMHAMIKY €JIEKTPOHIB y MOJI KiJIbKOX IUIOCKHMX IONEPEYHHX eJIeKTPOMAarHiTHUX XBwib. [TokazaHo,
IO TOJISIMH TAKUX XBHJIb € MOXJIMBICTh €(DEKTHBHO (PE30HAHCHO) IepelnaBaTH €HEepril0 YaCTHMHKaM MPAaKTUYHO Yy
Oynb-KOMY 1HTEpBaJli MPOCTOPY IMIYIbCIiB. Taka MOXKIMBICTD BIIKPMBAE HOBI MOXJIMBOCTI JUIS TIPUCKOPEHHS Yac-
THUHOK, a TAKOX HarpiBaHHs IUIa3MH, OCOONMBO JIsl €pEKTHBHOTO HAarpiBaHHs 10HHOI KOMIIOHEHTH Iia3mMu. OcTaHHs
MOXJIMBICTh BU3HAYA€ThCSl THM, 1[0 B MOJII KIJIBKOX XBHJIb JIETKO PEai3yIOThCsl PEXKUMH JUHAMIYHOTO Xaocy, 30Kpe-
Ma, B 00JIaCTi IMITYJIbCIB, JI€ JIETKO 30y/IXKYIOTHCS JIEHTMIOPIBCBKI 10HHI 3ByKOBi XBHJI. OcTaHHI MIBUAKO Ta e(eKTH-

BHO BiJIIaAfOTh CBOIO CHEPTIIO 10HAM.
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