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The dynamics of particles in the field of a wave packet excited in a plasma is considered. The conditions are
found under which such dynamics is regular, and when it becomes chaotic. It was found that the well-known (phe-
nomenological) criterion for the emergence of dynamic chaos — the criterion for overlapping Chirikov nonlinear

resonances — requires careful use.
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INTRODUCTION

When charged particles are accelerated by electro-
magnetic waves, in particular, when accelerated by laser
radiation, electromagnetic fields are mainly modeled by
a coherent electromagnetic wave field. In real condi-
tions, the fields are limited both in space and in time
(for example, long electromagnetic pulses). Under these
conditions, sometimes it is necessary to model such
fields with an electromagnetic packet. The question
arises: “What features of the dynamics of charged parti-
cles can arise in this case and under what conditions is it
justified to simulate such a packet by a coherent elec-
tromagnetic wave?” This paper answers these questions.
The motion of particles in a plasma in the general case
obeys random dynamics. This fact is noted when de-
scribing the results of numerous theoretical and experi-
mental works (see, for example [1, 2]). A rigorous proof
of this fact and the criteria for the emergence of regimes
with dynamic chaos were obtained for cyclotron reso-
nances (see [3 - 6]). The dynamics of particles in the
fields of numerous waves that are excited in plasma
should also be chaotic (in the absence of cyclotron reso-
nances). Intuitively, this fact is not in doubt. However,
there is apparently no rigorous proof of this fact and the
conditions for the occurrence of such dynamics. Below,
using simple examples, the conditions have been ob-
tained when this statement is true, as well as the condi-
tions when the particle dynamics left regular.

1. NON-RELATIVISTIC DYNAMICS
OF PARTICLES IN THE FIELDS
OF WAVE PACKETS

It is known that plasma, especially plasma in a mag-
netic field, has a rich spectrum of natural wave oscilla-
tions. Let us show that plasma particles in these even
regular fields move randomly. To prove this, consider
the movement of charged particles in the field of a wave
packet:

5= E sin(kz - o). (1)
m

Let us first consider the dynamics in the field of a
single wave. For such dynamics, from equation (1), we

can obtain the well-known integral:
.2

%_Qz cos@ = H = const, (2)
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where @ =kz—wt, Q? =|e|Ek/ma)2, o=dop/dr,
T=qwt.
Using the integral (2), we find the width of the non-
linear resonance:
¢max = +2Q H ¢min = _ZQ . (3)
To determine the distance between resonances, we
note that the effective interaction of particles with pack-
et waves occurs under Cherenkov resonance conditions.

In this case, it is easy to determine the distance between
the resonances:

Ak
Upon receipt of (4), it was taken into account that
v=v,=0/k.

A¢=—Ak{v—A—“’] 4)

Using expressions (3) and (4), we find the conditions
for the occurrence of local instability:

K:E:]\]L
(l—vg/vph)

K>1, 5
Ag
where v, — group speed; N=w/A® - the number of

waves in the package.

By analyzing formulas (4) and (5), several important
conclusions can be drawn. The first one shows (from
formula (4)) that if the group velocity tends to the phase
velocity of the wave, then the distance between the
resonances tends to zero. This means that all the waves
of the packet are located in a rectilinear dispersion re-
gion. In the phase space, the resonances of such waves
all coincide. For particles, such resonances are almost
indistinguishable. Dynamics should be regular. Second,
if the group wave velocity tends to zero (for example,
Langmuir waves in a plasma), then, as can be seen from
formula (5) 1< K << N; Q<<1. In this case, as it

was the first, apparently, it was noted in [7], the particle
dynamics should be chaotic. We note that the dynamics
of particles in a plasma almost always corresponds to
the case Q <<1 Indeed, the maximum electric field
strength of a longitudinal wave in a plasma (with com-
plete separation of charges) is described by the expres-
= J4rnmc’y .
ek
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myca,
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(w=0,, k=0,/c, m—>my).

If K> N, then the dynamics should be regular. In
this case, the particle does not distinguish the resonanc-
es of the individual waves of the packet. We are used to
the fact that as soon as the inequality K> 1 is fulfilled,
the particle dynamics becomes chaotic. It can be seen
that this simple, convenient, and very common criterion
requires careful use when it comes to particle dynamics
in wave packets.

2. RELATIVISTIC DYNAMICS
OF PARTICLES IN THE FIELDS
OF WAVE PACKAGES

In the relativistic case, the system of equations (1)
should be rewritten:
N
P= Z A, siny,
n=1
The following dimensionless dependent and inde-
pendent variables are introduced here:

I
T=wt, a)n/a),pzﬁ, 4 =5 ,

n

mc mcw
v,=or1-kz, t=0t, z=wz/c,

k,=kclo=k /k,k=w/c, p=dp/dr,
@ — maximum frequency of the spectrum of the wave
packet.

Multiply the left and right sides of equation (6) by,
we obtain a useful equation for the dimensionless parti-
cle energy:

i=Z ©)
V4

N
7=V-ZAnsin(//n, @)

n=1

where v=v/c, y=+1+p°.

Below we assume that the momentum of the particle
is large ( p >>1). In this case, using equations (6) and
(7), we can obtain the equation of the mathematical
pendulum for the phase of the separately allocated wave
of the wave packet:

v, +Q, (@), =0, ®)
where Q2 (7) = [An /2p3] .

Note that the frequency of the mathematical pendu-
lum, which describes the capture vibrations of particles
in the wave field, is a function of time. In addition, it is
seen that the frequency of these capture vibrations de-
creases with increasing particle momentum. This de-
pendence is quite obvious, since with increasing mo-
mentum the particles become heavier. In full accordance
with the algorithm described in the previous section, we
can determine the condition for the emergence of a
regime with dynamic chaos. This condition can be rep-
resented as:

o2 )

Ay,

We note that in both the relativistic and nonrelativ-
istic cases we are talking about Cherenkov resonances.
Therefore, the distance between resonances in the rela-
tivistic case does not differ from the distance between
resonances in the nonrelativistic case (Ay, =Ag@,).
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Finally, the expression for the conditions for the emer-
gence of dynamic chaos takes the form:

o 40, 40,

Ay, (1—vg/vph)

Formula (10) practically does not differ from formu-
la (5). The difference lies only in the physical content of
the numerator. From formula (10), one can see the im-
portant result that, with an increase in the energy of
accelerated particles, the particle dynamics is regular-
ized (parameter K decreases). This result is quite obvi-
ous, since with increasing energy the particles become
heavier.

Numerical modeling can show a number of features
of particle dynamics in the fields of wave packets. Us-
ing the example of the relativistic case, we show the
dependence of particle dynamics on the ratio of the
phase and group velocities of packet waves. To do this,
we rewrite the system of equations (6) in the form:

X

w/1+x12 ’

. N
P:—AZsin (k1+iA—ij0 —(wl+iﬂjt ,
-0 N N

where 4 — amplitude of the waves in the packet; k1,
wl — wave vector and frequency of the initial wave; Ak,
Aw — difference between the wave vectors and the fre-
quencies of the extreme waves of the packet; N — num-
ber of waves in the packet.

The initial conditions were chosen so that the parti-
cle was in the center of the resonance. x0=0,
PO0= wl/kl. The wavenumbers of the extreme waves of
the packet are k1 = 2, kn = 1, and the frequency of the
first wave is also fixed wl =1. The waves of the packet
were evenly distributed between two fixed waves.

In the case when the group velocity tends to 0, in
this case it is possible when the frequencies of all waves
become the same, then the particle dynamics in the field
of such a packet turns out to be chaotic Fig. 1.
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Fig. 1. Particle momentum and its spectrum
in the packet field at Ve =0, N=40, A=0.03
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In the case when the group velocity tends to the
phase velocity, the particle dynamics in the field of such
a packet becomes regular see Fig. 2.
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Fig 2. Particle momentum and its spectrum

in the packet field at v, = v, , N=40, 4=0.03

It is of interest to consider in more detail the case of
regular particle dynamics in a packet. In this case, it can
be expected that particles captured in the wave packet
will transfer from the field of one wave with a lower
phase velocity to the field of another wave with a higher
phase velocity. It should be noted that in the existing
representation of particle dynamics in the field of sever-
al waves, such particle dynamics should be chaotic
dynamics. As follows from formula (10), for the case
when the number of waves N is greater than K (N> K),
the dynamics will be regular. In this case, one can ex-
pect a significant increase in the energy of the particles
that interact with this package. Indeed, as follows from
the analysis of numerical results (Figs. 3, 4), such a
regular particle dynamics in a wave packet is easily
realized. These figures show the dependence of the
longitudinal momentum of particles on time. Fig. 3
shows the dynamics of particles in a three-wave field,
and 4 shows the same dynamics in a 30-wave field. It
can be seen that the dynamics are regular. It corresponds
to the dynamics of particles in the field of some effec-
tive wave amplitude, which is greater than the ampli-
tudes of the individual waves that make up the package.

NI I
LI
pnnInRRRnhnninm
SRR ERREAE
RREARNARRRRANNN

0 40 80 120 160 T
Fig 3. Particle momentum in the packet field

at v, =v,,, N=3, 4=0.03
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Fig. 4. The particle momentum and its spectrum
in the packet field at v, = v, , N=40, 4=0.03

Note that for the case of a packet with a large num-
ber of waves (30), the maximum value of the longitudi-
nal momentum turns out to be larger than when moving
in a packet of 3 waves. This fact is realized, despite the
fact that the maximum phase velocity of a wave in a
packet of 3 waves is equal to the maximum phase veloc-
ity of a wave in a packet of 30 waves. This difference is
determined by the fact that the field structure of a wave
packet of three waves differs significantly in a packet of
30 waves. This difference is shown in Fig. 5. It can be
seen that in a packet of 30 waves the particle experienc-
es periodic intense shocks, the amplitude of which is
significantly greater than the amplitudes of individual
waves in the packet.

As can be seen from Fig. 5. the maximum value of
the force acting on the particles at N = 30 is an order of
magnitude higher than the maximum value of the force
at N=3.
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Fig. 5. The force acting on the particle in the field
of the wave packet at N=30 (a); N=3 (b)

We emphasize once again that the dynamics remain
regular. Note that the dynamics of particles in the field
of individual intense pulses (delta function) was studied
in detail in numerous works by [7, 8]. Thus, our results
show that as soon as N>K, the dynamics of particles in
such schemes of interaction of waves with particles
remains regular.

It is worth noting that a similar dynamics is observed
in the nonrelativistic case.
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CONCLUSIONS

Let’s list the most significant results of the work:
1. The well-known wave strength parameter for
waves excited in a plasma (4 =eE / mcoy, o= ®,)

does not exceed unity (A <1).

2. If the group velocity of the wave packet in the
plasma tends to zero, then the particle dynamics in the
field of such a packet is chaotic.

3. If the group velocity of the wave packet tends to
the phase velocity of the wave packet, then the dynam-
ics of the particles in the wave packet is regular.

4. Analysis of numerical results is in good agree-
ment with analytical results.

5. The dynamics of particles in packets of a small
number of waves and the dynamics of particles in a
packet of a large number of waves are qualitatively
different. However, if the number of waves is greater
than the parameter K (N > K), the dynamics in the pack-
et remains regular, even at K >> 1.
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YCKOPEHHUE YACTHUIL TOJISIMU BOJTHOBBIX TAKETOB
B.A. byu, B.B. Ky3emun, A.I1. Toncmonyscckuii

PaccMoTpeHa auHaMuKa 4acTHI] B [0JIe BOJIHOBOTO ITaKeTa, KOTOPBIA Bo30y»x/IeH B tuia3me. Haiinens! ycioBus,
IIPU KOTOPBIX Takas JIWHAMUKA SIBJISETCS PEryJSIPHOM, M KOT/la OHa CTAaHOBHUTCS XaOTH4YHOW. OOHapy»KeHO, YTO H3-
BecTHBIN ((peHOMeHoornYecknit) KpUTepuii BOSHUKHOBEHHUS IMHAMUYECKOTO Xaoca — KPUTEPUH MEPEeKphITUs He-
JIMHEHHBIX pe30HaHCOB YMpHKOBa, TpeOyeT OCTOPOKHOTO HCIIOIb30BAHMSI.

MNPUCKOPEHHS YACTUHOK INOJISIMA XBUJIbOBUX ITAKETIB
B.O. Byu, B.B. Kyzomin, O.I1. Toncmonysccokuii

PosrnsHyTa OMHAMiKa YaCTWHOK y TIONI XBHJIEBOTO IMAKeTy, M0 30yMKEHHWH y Tuia3Mi. 3HaWJeHO YMOBH, NpH
SIKMX Taka AWHAMIKa € PeryJsIpHOIO, i KOJH BOHA € XaOTHYHOI0. BusBIeHo, Mo BimoMuil ((peHOMEHOJIOTIHHAN) KpH-
Tepiii BAHWKHEHHS AMHAMIYHOT'O XaoCy — KpPUTepiil MepeKpHuTTs HeNiHiitHNX pe3oHaHciB YupikoBa, BUMarae obepe-

JKHOTO BUKOPUCTaHHSA.
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