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The numerical calculations are performed to determine the regions of problem parameters in which the charged parti-
cles trapping and their following surfatron ultrarelativistic acceleration occur. It has been obtained the complicated struc-
ture of these region, in particular, the capture islands may exist with ultrarelativistic acceleration of charges. In the case of
plasma without external magnetic field the charges acceleration by the packet of finite amplitude electrostatic waves is in-
vestigated. The optimal choice of waves parameters has been substantiated which are favourable ones for the charges ac-
celeration and correspond to the main parametric resonance realization in the wave-particle interaction. The dependence of
acceleration dynamics on the wave phases distribution is studied.

PACS: 94.30.-d
1. INTRODUCTION

The investigation of fast particle fluxes generation is
of the great interest for space plasma physics, in particu-
lar, for the problem of cosmic rays hard component ori-
gin [1-3], to explain the suprathermal charges fluxes ob-
served in the circumterrestrial space [4-6] and so on.
One of the mechanisms of relativistic particle fluxes
forming in the astrophysics is the surfatron acceleration
of charges by electromagnetic waves in the magnetoac-
tive plasma (see, for example, [7-9]). But to do the cor-
rect estimates of the accelerated particles number, their
energy maximum and energy spectra it is necessary to
determine the conditions of charges capture by wave for
the following ultrarelativistic acceleration, namely the
optimum values of charge velocity and the wave phase
W at the particle trajectory. This problem is solved be-
low numerically. We do the computer simulations of
charges surfatron acceleration by the finite amplitude
electromagnetic wave propagating across the external
magnetic field and the wave filed vortical component is
taken into account. In particular, it has been founded that

on the initial data plane (W O,a) , where @ = (dLP /dt )(0) R

the region of highly relativistic charge acceleration is
multiple-connected one and may includes both the cap-
ture islands and charge untrapping subregions.

In the case of plasma without external magnetic field
the regular nonlinear mechanism of charged particles
acceleration by the wave packet including electrostatic
finite amplitude modes is studied. Taking into account
the dependence of electrostatic modes phase velocity on
their wavenumber, it is determined the optimal choice
of wave packet parameters for which the successive
charges capture by modes with growing phase velocity
and their following acceleration occur. The charge tran-
sitions between moving potential walls are conditioned
by the parametric resonance interaction of particles and
neighbouring modes with growing phase velocity.
These interactions correspond to the nonlinear oscillator
pumping by periodic external force. Wave amplitudes
have a some distribution on the mode wavenumber. The
computer simulation results are presented in graphic
form including the phase plane of accelerated charges.

2. THE CHARGES CAPTURE TO REGIME
OF HIGHLY RELATIVISTIC SURFATRON
ACCELERATION IN THE
MAGNETOACTIVE PLASMA

Let us consider the interaction of electrons with
electromagnetic wave having the frequency @ and the

amplitude Eywhich propagating across the external
magnetic field H = H, e, directed along the axis z.
The wave fields have components E, = E;lcos¥ |
E, = yUE Isin¥  H_= NOy IE,(sin¥ | where rue
Y =wt-ke, X = €5/6.. The parameter X determines

nonpotential (vortical) part of wave fields, €7 and ¢,

are the plasma dielectric tensor components. For the
problem of charges acceleration the nondimensional

wave phase velocity Bpis B,=1/N<1l where
N = ck/w is the refractive index and N> = ¢, - ¢2 /¢

. Using the nondimensional variables T = &t , f =0 /¢
the relativistic equations for the accelerated electrons
are reduced to the following nonlinear, nonstationary
equation for the wave phase at the accelerated particle
trajectory
v

dr 2 [0 (l_ﬁf)/yﬂp]ﬂcosw _ub, . oxp, 0B, - N

VB, yB,
Osin¥ = 0, Q)
where U= 0y, /0 , 0 = eEy/mcw | 0, = eHy/mc is

0

the electron gyrofrequency, B.= 8, [[1 } (d\P /dr )] .

We have used two integrals of
J=y OB, +ulf, 0¥ -1)-0 0 cosY —const

motion
and

yB .= const. Here y = (1 - B 2)-1/2 is the relativistic fac-

tor of electron accelerated. There are the following ex-
pressions for / and B,

y = [1+ g2+ [+ 0 0f Teos¥ + up Ot - v )]2]”2
B,=|s+ulp,Or-¥)+o Oy Ceos¥ |/y |

yo=i- 52

X

)-1/2
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The equation (1) was solved numerically with the
initial data W(0)=W,, W (0)=a. The wave amplitude O
was taken to be above the threshold value a. =u Y, pro-
viding the charge capture by wave, where

Tl ST H

Firstly, for the fixed value of wave phase velocity B,
we take the parameter # = @ z,/® < 1 and then solve the
equation (1) with initial data ¥ (0)= ¥, from the follo-
wing range ¥ o O (- TV2, 3T72) with the step 0¥ (=0,01.

The parameter u was varied in the interval (0, 1) with the
stepdu =0,01. The calculation results are shown in the

Fig.1 for the case B p =0.575,a=0,0=1.1 C..
45y
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Fig. 1. The region of charge capture by wave to the
regime of highly relativistic surfatron acceleration

According to Fig.1 the region on the plane (1, ¥ o) of
charge capture by wave with the following highly rela-
tivistic acceleration (it is marked by the black color) has
very complicated structure. It is the multiple-connected
area. The islands of charge nontrapping are separated by
the narrow regions in which the so-called unlimited ac-
celeration occurs. Under the parameter B, increase the
number of nontrapping islands will decrease but the
closed areas of unlimited acceleration appear and for the
case B ,=0.99 the region of unlimited acceleration be-

comes single-connected (see Fig.2).
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Fig.2. The case of single-connected region of charges
capture by wave into the regime of unlimited surfatron
acceleration

The phenomenon observed in our computer simula-
tion means that the effective acceleration potential in

equation (1) must have the higher harmonics like
cos2¥ ,sin2¥ ,cos3Y¥ and so on.

It is of great interest to study the structure of region
of charges capture into the regime of unlimited accelera-
tion on the plane of initialal data (‘P o,a) under the fixed
value of other parameters. It is obvious that for the pa-
rameter W, the picture will be the periodical with the pe-
riod 21t The region of possible values of parameter

a- (dLP /dr )(0) is determined from the condition |I3 x|
<1. These calculations were performed and the case of
parameters choice #=0.8, B ,=0.575, yB.=0 is pre-

sented in the Fig.3. We see again the the multiple-con-
nected structure of the capture region.
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Fig.3. The structure of capture region on the initial data
plane

a

The demonstrate the possibility of appearance of
capture region multiple-connected structure we may
consider the plott of effective potential

Uy (¥)=0.50cosV +0.90¥ +1.30cos2¥ +1.10cos 3V

presented in Fig.4 with two region of the charges trap-
ping and unlimited acceleration.
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Fig.4. The plot of effective potential U ()

It is possible to obtain other examples of the effec-
tive potential with multiple-connected region of parti-
cles capture by the finite amplitude electromagnetic
wave and the following highly relativistic acceleration.

It is of interest to investigate the structure of capture
region in the case of highly relativistic particles injec-
tion, for example, under the initial data choice J§ . >> 1
. The calculations performed for initial data with large
particle impulse along the external magnetic field
yB . = 100 and the electromagnetic wave with phase ve-

locity B ,=0.8 have shown that for ultrarelativistic

charges injection the capture region structure on the plane
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(H, Yo ) becomes practically the single-connected one.

3. THE CHARGES ACCELERATION IN
AN ISOTROPIC PLASMA BY THE FINITE
AMPLITUDE ELECTROSTATIC WAVES
PACKET

Let us consider now the charged particles accelera-
tion by the wave packet to be the superposition of finite
amplitude electrostatic modes. For 1D-problem the
charge interaction with electrostatic waves is governed
by the following equation

2
m%: gEq sin(kgx= 0t +§ o)+ Y gE, Gsin(0 ,)-

ﬂ, O, =k, x-w,tty ,.
dt

Here E,, Y , are the wave amplitudes and their phases

- mV

respectively, @, = @ (k,)are frequencies, mvdx/dt is
the friction force, 1< n< N . We suppose that under the
mode number n increase the wave vector k, will de-
creases but the wave phase velocity ® /&, will grow.

For example, such situation occurs for the langmuir

. /2
wave having frequency w(k,)= (w 1276 kA %)1

>

U% = 3T, /m, where @ p. and T, are the electron lang-

muir frequency and temperature respectively.

Let us go to the reference frame moving with the
phase velocity & /kq so x(t)= (0ot /ko)+ y/ky and
suppose that at initial time ¢ = 0 the charge velocity was
close to @Wgo/ky. Then it is necessary to introduce
nondimensional variables and parameters like this
1=w0,t,a,=E, [Ey,0, = (gkoEy/m)"?, 4, = k, kg
,Q,F kown'knwo)/kowb, BV, 0=p0y/0,,
where © ,is the bounce-frequency of charge oscillations
in the potential wall of the mode with frequency @ ¢, the

nonlinearity parameter is small § = (qEOkO o ) <<1

Finally we obtain the following equation describing

the charge acceleration by wave packet
2

d . .
#+ sin y = z A4, [Bm((b n)— (a + NYr)E 1), 2

0, 2q,y-Q,1+y,.
The equation (2) describes the oscillator (T ) motion in
stationary potential wall U, = (1- cos y) under the ac-
tion of external force f(¥,1). In the absence of
f(»,1) the oscillator energy E = 0.50y7 + Uy (y) con-
serves and for particles, trapped into potential wall
Uy(»), their energy belongs to the following range
0< E< 2. So their velocities are in the range |dy/dT|

<2. The amplitudes 4, are determined by the wave

packet spectrum.
In the numerical calculations the choice of mode pa-
rameters must satisfy to the second order parametric res-

onance. For example, the mode 7 =1 wave vector ¢, is

obtained from the following condition Q ; = 2. It means

that the mode 1 will parametrically drives the oscillator
and traps it into the moving potential wall U, after some
time. After such trapping the mode 2 becomes the reso-
nance one and will parametrically drives the oscillator.
So after some time it will be trapped into the potential
wall U, moving with the velocity Q 5 /k,.

This cascade process will be repeated again and re-
sults to the consecutive jumps of oscillator to the poten-
tial walls U, with growing phase velocities Q , /&, .

This scheme describes the regular mechanism of
charges acceleration by the wave packet consisting from
the finite amplitude electrostatic modes. It is in the prin-
ciple, that for acceleration mechanism studied we must
take into account the nonlinear particles dynamics in the
each wave potential wall.

Results of numerical simulation of this acceleration
mechanism are presented in Figs.5-7.

In these figures the curve ¥(¢) gives particle displace-
ment and 7(?) is its asymptotics approximation after the
charge capture by the mode with maximum phase veloc-
ity. We see that regular acceleration of charges due to
their parametric interactions with wave packet contain-
ing the finite amplitude electrostatic mode is clearly ob-
served in our numerical experiments. It is obvious that
the number of modes in wave packet may be increased
and significant growth of particles energy will be ob-

tained.
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Fig.5. The charge trapping by the mode 1 due to the
parametric resonance interaction.
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Fig.6. The charges acceleration by 4 modes wave pack-
et

It is necessary to note that after charges trapping by
the six mode the force conditioned by other 5 modes
will be of the fastly oscillating one (see Fg.8, the curve
f(t)). Because the particle is moving with velocity U
close to the mode 6 phase velocity the action this mode
on the charge becomes slowly varying function (the
curve fo(t) in the Fig.8.).
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Fig.7. The charge acceleration by 6 modes wave packet

It is of interest to compare more clear the accelerated
charge displacement under it forcing by the wave packet

containing 2, 3, 4, 5 and 6 modes respectively.
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Fig.8. The plots of wave forcing f(t)

This situation is shown at the fig.9 by the plott of
charge displacement Y(¢) for the time interval ¢ < 3000.
The number under the curve suitable denotes the
amount of electrostatic modes in the wave packet which
accelerates the charge.
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Fig.9. The charge displacement under acceleration it by
2, 3,4, 5 and 6 modes

CONCLUSIONS

The results of this paper may be summarized as the
following. Firstly, it was considered the charged parti-
cles acceleration by the finite amplitude electromagnetic
wave propagating across the external magnetic field in
the magnetoactive plasma (the surfatron mechanism of
acceleration).

The structure of trapping region in the parameters
space was studied by the computer simulation. The par-

ticles with parameters in the trapping region are cap-
tured by the wave and the following unlimited accelera-
tion occurs. It has been shown that the capture region
has very complicated multiple-connected structure.
Which may be explained by the corresponding profile of

the effective potential Uey (¥) in the governing nonlin-

ear, nonstationary equation for the wave phase W at the
accelerated particle trajectory.

For the wave phase velocity close enough to the
speed of light the structure of capture region becomes
practically single-connected.

Secondly, the charged particle acceleration in the
isotropic plasma by the wave packet containing the fi-
nite amplitude electrostatic modes with different phase
velocities was considered numerically. This regular
mechanism of charges acceleration is conditioned by the
main parametric resonance of particles in the superposi-
tion of electric field of neighbouring modes. So the non-
linear dynamics of charge in the moving potential walls
must be investigated.

The choice of self-consistent parameters of the wave
packet modes (necessary to obtain the required charges
acceleration) is described. The cascade process of the
consecutive jumps of oscillating charge in the set of po-

tential walls U, moving with growing phase velocities

Q , /k, causes the regular mechanism of particles ac-
celeration with significant charge energy growth.

The mechanism of charges acceleration studied
gives the additional channel to generate the fast particle
fluxes observed in the space plasma.

The investigation performed is of the interest for dif-
ferent branches of space plasma physics, in particular,
for the problem of cosmic rays generation, to explain
the suprathermal charges fluxes observed in the circum-
terrestrial space and so on.
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TEHEPAIIYS TIOTOKOB BBICTPBIX YACTHIL QJIEKTPOMATHATHBIMHA BOJTHAMU KOHEY-
HOU AMILIUTYIbl B KOCMHUYECKOM IIJIABME

H.C. Epoxun, H.H. 3onvnuxoea, ILII1. I'punesuu, /1.A. Muxaitnoeckas

IIpoBeneHo 4nCIEHHOE MOACTHUPOBAHKE IS OIIpeesieH s o0nacTell mapaMeTpoB 3a7a4uH, B KOTOPBIX 3apsDKeH-
HbIE YacTHIbl 3aXBaThIBAIOTCS M IPOMCXOJMT MX JalibHeilee cepPOTpOHHOE PENSTUBUCTCKOE YCKOpeHHE, B
YaCTHOCTH, MOTYT CyIIECTBOBAaTh OCTPOBA yJIbTPAPEISITUBUCTCKOTO YCKOPEHUS 3apsioB. B cioyvae mina3mer 6e3 mar-
HHUTHOTO TOJIS UCCIEJOBAHO YCKOPEHHUE 3apsI0B MAKETOM AIICKTPOCTATHUECKUX BOJIH KOHEYHOH aMIuuTyapl. OnTu-
MaJIBHBIH BEIOOP MTapaMeTpoB BOJIH, OTBEYAIOIINHA MPUEMIIEMBIM ISl YCKOPEHUS 3apsiI0B YCIOBHSIM, COOTBETCTBYET
peanu3aniuu OCHOBHOTO NMAapaMEeTPUIECKOro pe30HAHCA BO B3aMMOJICHCTBHN BOJIHA-YACTHIIA.

I'EHEPAIA ITIOTOKIB IBUAKNUX YACTUHOK EJIEKTPOMAT'HITHUMUA XBUJIAMUA
CKIHYEHOI AMILTITYIA Y KOCMIYHIN IJTA3MI

H.C. Epoxin, H.H. 30oavnuxosa, ILIL I'punesuu, J1.A. Muxaiinoecvka

[TpoBeneHo 4ncenbHe MOEITIOBAHHS AJIsl BU3HAUSHHS 00J1acTel napaMeTpiB 3aaui, B IKUX 3aps/KeHI YaCTUHKH
3aXOIUTIOIOTECS Ta BigOyBaeThCS iX mMopanbiie cepOTpPOHHE PENATHBICTCHKE MPHCKOPEHHS, 30KpeMa, MOXYThb
ICHYBaTH OCTPOBH YJIBTPApPENATUBICTCHKOTO NPUCKOPEHHS 3apsAfiB. Y BHIAAKYy IDIa3MH Oe3 MarHiTHOTO ITOJIS
JIOCITI/PKEHO MPUCKOPEHHS 3aps/iiB ITAKETOM €JIEKTPOCTATHYHHUX XBHJIb CKiHUEHOI aMIutiTyqu. OnTuMansHui BUOip
MapaMeTpiB XBWIIb, [0 BU3HAYAE MPUHHATHI IS MPUCKOPEHHS 3aps/liB YMOBH, BIIIOBiZae peaii3allii OCHOBHOTO
NapaMeTPUYHOTO PE30HAHCY Y B3aEMO/IIT XBHJISI-4aCTHHKA.
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