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Abstract

A new non-diffusive mechanisim of charged particles acceleration is
considered. The latter is conditioned by the wave-particle interaction in the
resonance of second order that corresponds to the nonlinear oscillator excitation
by an external force. The calculations show that a leap of the accelerating particle
can be observed in the process of the resonance interaction, from one potential
well to another that moves with a greater velocity. A sequence of such leaps
through out the separatrix leads to particles acceleration with multiple increasing
of their kinetic energy. The mechanism of charged particles acceleration under
consideration is realizing when the conditions are fulfilled as follows. For the
charge that has been captured in the potential well of the wave package n-th

harmonics with a frequency @, , wave vector K, and amplitude E_, a resonance

of the second order with (n+1)-th harmonics should be fulfilled. The harmonics
phase velocity @, /x, is to increase with the increasing of n, ie

@, K,y > @, [k, The regions of the captured particles velocities must adjoin

Jfor neighboring harmonics. The waves amplitudes are sufficiently enough for
nonlinear oscillator excitation and throwing it throughout the separatrix. In this
way, a new mechanism has been found of non-diffusive charged particles
acceleration by a package of electrostatic waves with small but finite amplitude. A
procedure of parameters selection is formed for the sequence of harmonics in the
package that take part in the charged particle acceleration process. The effect
under consideration is of interest, particularly, for the problem of cosmic rays
generation and interpretation of origin mechanisms of accelerated particles flows
(of electrons and ions} that are observed in the space plasma.
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1. Problem formulation and basic equations
Let us consider a charge interaction having a mass m with a package
of electrostatic waves consisting (n+7) modes with frequencies @, , wave

vectors k, and amplitude E,. Considering one-dimensional case, the
equation of the charged particle motion can be presented in the form:

N
mx, =qE, sin(k x—~o, t+y,)+ ZEE sin(k,x—@,t +y,) (1)

n=1

where y, is the wave phase, @, =w(x,) is determined by the dispersion
equation. We assume that charge velocity x, is close to the phase velocity
@,/ x, in the initial moment of time. For the numerical study it is suitable

to pass over a counting system that moves with velocity of @, /x, and to
introduce dimensionless time
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where @,,.;, 18 bounce-frequency of the oscillations that have been

captured in the potential well. Varying the initial counting point of time we
can make that w, 7. As a result, substituting (2) into Eq. (1) we obtain

finally

2 N
j;;“in}’:ZAn sin(g,y - Q,7+¥,)= f(.7) 3)
n=1

Equation (3) describes the nonlinear oscillator motion in the
potential well U_{y)}=(l—cosy) when interacting with the force f(y,7).
If f= 0, the oscillator energy preserves, & =0.5y +U(y), and 0< &€ <2,
|y,| <2 corresponds to the particle that has been captured in the well

—zx<y<mnm . The spectrtum E, (k,) that is considered to be given

determines the wave amplitudes.

Below, a mechanism of charged particle interaction with waves
package will be considered as follows. At the first stage, the force
J1 = 4;sinlg,y— Q7+, swings the oscillator in the potential well U (y)

on the basis of the resonance of the second order, when Q, ~2. The later
causes a transition throughout the separatrix & = 2, Further on, the charge is
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captured by the wave E, sin(g,x—@,7+¥,). At the second stage, the force
;= A, sin{g,y—Q,v+y,) accelerates the charge due to the resonance of
the second order at the frequency ,. The charge makes a transition
throughout the separatrix into the potential well U, that is created by a

wave moving with a phase velocity vgl) =@, / k,. There upon a capture by
the wave 2 occurs (the wave 2 moves with phase velocity of @, / £, ), and so

on, up to the phase velocity of vé” = @, / k, . Thus, we consider a package

in which the phase velocity vf,” ) increases when the number  increases
while  the charged particle acceleration by  velocity is
Av, =(a>N Ik N)—(a)ox’ ke). In the case of electronic Lengmuir’s waves in
the plasma without magnetic field, the dispersion equation has the form:
o’ (k) = o’ pe(1+3k2r§), where @, is the electron Lengmuir’s frequency,

112
IR =(I; ! m e’ pe) is the Debay radius. Hence, for the clementary

Lengmuir waves the phase velocity increascs when the vector & decreases.
Taking into account this circumstance, further on we can, e.g., assume that
ky =k, +nAk, where Ak=(k,-k,)/n<0. Then, g,=1+nAq,

Aq=(qN—I);’N.

As we have already mentioned above, in the mechanism of charge
acceleration under consideration the charge energy increasing is due: §) to
the growing of its oscillations in the potential well U,, on the account of
second order resonance with the mode (N+1), i) to the transition throughout
the separatrix and iif} to the capture into the potential well U,,,,. Further on
the process repeats. For securing the process to be uninterrupted and cyclic
it is necessary to have mating of the particles velocities intervals that are
captured by neighbouring modes » and n+1.The necessary condition could
be obtained by the way as follows. Let g are some numbers from the
interval (0,1}, i.e. 0< g <1. The particle that has been captured in the

potential well of the mode n, when crossing the separatrix in the well U,

will have a velocity (Qn / qn) + Z(An f’gﬂ)m . This wvelocity should
correspond to the particle velocity that has been captured by the (n+7) mode
/2

(Q,m / q,m)— 2&:,,*_1(/1n+1 / qm) . Hence, when choosing the mode
parameters it is necessary to have in mind the condition of the mating of the

137



captured charges velocities intervals,
1/2

(Qn fgn)-l-z(Aﬂ /q, )”2 > (Qn-u fgu«}—l)_zgrs-ﬂ(An-t-I ’fqn-n) 4

Even, for exciting the particles oscillations by (n+1) mode —
particles that has been captured into a potential well U, - it is necessary to

ensure a second — order resonance, i.e. to satisfy the condition
Qrz+1 - Qrs g;ﬂ = 2‘V‘ QnAn (5)
H

at the frequency of the (n+7) mode in a system of coordinates that moves
with phase velocity €, /¢, and also at the bounce — frequency of particles

oscillations captured in the potential well U .

Besides the conditions (4) and (5) let determine the amplitude 4,
choice. First of all we notify that usually the amplitudes E(k) change
considerably at Ak ~ k for an sufficiently wide wave spectrum. In the case
under consideration An ~1 is connected with a lower change of the wave
vector Ak << k. That is why A could be regarded to be a slowly changing
Aﬂ
conditions of wave package generation, 4 could decrease as well as
increase when increasing n. Here we will study the case of 4, decreasing
when increasing n. The rate of A4, decreasing is determined by the number
of modes that take part in the charged particles acceleration as the minimum
A, will not ensure yet enough exciting of the nonlinear oscillator in the
condition of the second order resonance.

The last question left is the choice of the mode phases ¥, . Below,

functions of the mode number #, i.e. IA << Anl. Depending on the

ntl

they have been chosen by an experimental way from the interval (-x,7).
But we should notice that, accordingly to the calculations made for each
mode n, there exist several subintervals of favorable phase ¥, that further

charges acceleration,

2, Numerical study of charge acceleration by wave packages
In the course of numerical study of Eq.(3), the starting point was the
consideration of the influence on the oscillator y(r) with two modes r = 1

and n = 2 having parameters as follows:
4, =08, ¢ =085 Q =187, ¥ =x/4 Q,/q =22 ©)
4,=06, q,=0.65 Q,=308, ¥, =x/2, Q,/q,~4.738

The initial conditions for the oscillator y have been taken to be
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¥(0) = y(0) = 0. The calculations have showed that the mode 1, exciting
the oscillator due to the second order resonance, throws it away from the
potential well U, . We have an analytical approximation for the average

position ( y(r)) in the time period 7 <380 presented in the form:
{¥{(r)) 2722 +2.2(r ~342). This corresponds to the capture of the particle

by the modc 1, i.e. into the potential well U, (p,7). Further on, the particle

is captured by the mode 2 and the averaged by the fast oscillations charge
position is  described by an  approximation as  follows:

{¥(r)) 2 703.25 + 4.7384(r - 356),, where 7 & (380,1700).

Taking into account the dispersion, in the onset of the mentioned
interval by t it was |( y1)— < y(1) >| < 0.4 while by the end 7 ~1700 the

oscillation amplitude in the potential well U, was decreased down to the
level |(y— <y >| <0.26.

Afterwards, taking into account the mode 3, the Eq.(3) became to be
characterized with parameters
4, =035, ¢,=055 Q,=3855 ¥, =237/80, Q,/q,=7.009.
Parameters (6) have been used for the modes 1 and 2. The calculations have
confirmed the acceleration scenario presented above: gaining energy in the
potential wells U _,U ,U,, thereafter charge is captured by the mode 3. For

T>936 its average position can be determined by an approximation as
follows: {y(r)) 2 2026.23+7.009(r —947). At 7>1274 the amplitude of

frequency deviation in the potential well, created by the mode 3, is not
large: |( y{(7)— < y(1) >| <0.5. The diagram presented in Fig. | illustrates the

charge position y(r) when acting with three modes having parameters

indicated above and at the interval 7 <2600. The character of charge
oscillations after its caption by the mode 3 is shown in Fig 2. The phase

dy

plane (v, p), where p = e is presented in Fig. 3 for the interval z < 200
5

and in the Fig .4 — for the end of the calculations interval ¢ e(l 700,2000) .

The method of wave parameters selection that has been described
above convincingly demonstrates the possibility of increasing of the mode
number that take part in the process of charged particles acceleration and
furthers increasing of accclerated charges energy. In the following paper we
intend to analyze a non-diffusive acceleration by a package of ten modes.

139



3. Conclusion

The results of the analysis presented can be summarized as follows, A
mechanism has been proposed of non-diffusive charged particles
acceleration with a package of electrostatic waves. The mechanism is
caused by a process of growing oscillations of the particle that has been
captured into the potential well. The latter is due to the second order
resonance at the neighbor mode that has a larger phase velocity with a
transition throughout the separatrix, and particle capturing by another wave.
The process described repeats cyclicly so as the consequence of resonance
interactions to correspond to the ever increasing waves phase velocities. A
method is formulated of selecting parameters of the wave sequence that
realizes the acceleration mechanism described above, Supporting numerical
calculations have been made. The developed method for analysis allows
adding by a simple enough way new modes to the rest and in this way —
increasing the charged particles energy. For the mechanism under
consideration the nonlinearity of dispersion equation (k) is of a principle
importance,

2
d . d t ; i
—d?y(t) + sin(y() + b-;tjl(t) = (U.I + m-é—;-—t)sm[ky(l) - [Q =007 100+ t)‘t-i- @}

¢:=% A=0l k=06 Q=198 b:=0005 =05 $=100 wO=0 yO=0
2 T | T T T
ol
TR H'Il '!|Hw W? i
Sl 1111 O e
= " "”,"\ | l.i il |"."M
-t | AT
-2 1 1 1 ] |
a 100 200 300 400 500 600

140



detrapping

] L l I L
B e 1] 108 150 200 230 300

Fig. .2

fro”
1]

2
d q d t . t
;tny(t) + sinly(D) + b-;«ty(i) = (0.1 + m-m)-su{ky{t} - (Q ~-011 e t)-t-{- {I

¢= AmO] km0§ Q=2 t=001 o=03 p=130 =D y(H=0

- i
S OF m?(t)

2 I 1 I I I
W) ¢
-2 | 1 1 | 1
0 50 100 150 200 250 300
t Ja
p;
pih G
- | | 1 1 ] 1 1
~2 -15 -1 =05 0 ns 1 15 2
3
yt) =
Fig. 3

141



[ 1 1 I I 1
200 400 600 800 1000 1200 1400 1600 1800

2000
Fig. 4

Particle accalaration by waves

2
vt + sinyc) + b-%ty(t) » A2 sin{k2. (1) - Q21+ §2) + A3-sin(I3-yiy - Q34+ 48) +
d

+ Adsin(kiy(h) - Q4L+ )
2= A2=03 2= 085 =187 22 _30  peom
20 2

Bt AIm0E  13:m065
10

G2=308

13
_ Bm G4
M S A4:=05 1= 0.55 04 = 3855 1

B() = 2026.23 + T.009-C1 - 947)

References

1. V.N. D am g o v. Nonlinear and Parametric Phenomena in Radiophysical
Systems. "Prof. Marin Drinov" Academic Publishing House, Sofia 2000, 456 p
(in Bulgarian},

142



HEJU®Y3UOHEH MEXAHU3BM HA YCKOPSIBAHE
HA 3APEJIEHH YACTHIIM IIO/I JEIICTBUE HA
EJIEKTPOCTATUYEH BBJIHOB MAKET

Braoumup Hamzos, Huxorait Epoxun, H. 3onvruxosa, Ilnamen Tpenves
Pezrome

PasriefaH ¢ HOB MEXaHH3BM 3a HeIM(DY3IMOHHO YCKOpDABaHE Ha
3ape/IcHH YACTHLH OT MaKeT €IeKTPOCTATAYHM BBJIHH, 0OYCHOBEH OT
B3aHMOJCHCTBEETO BRJIHA-JaCTHIA IPH pe3ocHaHC OT BTOPH ped,
CHOTBETCTBAIl Ha BB3OYXIaHETO Ha HEWHEHHUA OCLMAATOD OT BLHIIHA
cuna.  YHCIeHM MNpecMATaHHA € TMOKa3aHo, d4e B IIpoleca Ha
PE30HAHCHOTO B3aUMOJCHCTBHE c€ IIOJy4aBa JpexXBBPIAHE Ha
yCKOpABaHATA YacTHLa OT ejHa IIOTEHUMAIHa sMa B Apyra, ABIKeIa
ce ¢ no-rojsMa ckopoct. Ilopeaniara OT TakHBa NPEXBBPIAHHUS 1TPE3
celapaTpuUcaTa JOIpPHHAcCS 34 YCKOPIBAaHETO Ha 3apiAjuTe <
MHOIOKPAaTHO yBEIMYEHHE Ha TAXHAT4 KWHETHUHA CHepruf. 103
MEXaHM3BM 33 YCOKOPABAHE Ha 3apefieHUTe JacTHLHU ¢€ pPeanu3upa OpH
U3NBIAHEHHE Ha CAeJHUTE YCIOBHA. AKC 3apagbT € IIPHXBaHAT B
NOTCHIINANHATA AMa HA # - HATA XapMOHWYHA OT BRJIHOBHS IAKET ¢
UECTOTa Wy, BBIHOB BEKTOD K, ¥ aMILIMTYAA £, cileABa /1a ce pealusupa
pe30HAHC OT BTOPH pef ¢ (k+]} -6a XxapMoHHUHa. Pa30BaTa CKOPOCT HA
XapMOHWYHATa w,lk, ciellBa a HapacTBa C YBEIMYCHUETO HA H, T.€.
Wni/Kns, Zoplk,. 3a checeaHuTe XapMOHMUHM OOXBaTHTE Ha
CKOPOCTHT¢ Ha HpHXBaHATHTe HacTHOM TpsbBa udacTHYHO Ja c¢e€
NpenoKpHBAT. AMIUINTYAUTE Ha BBIHKTE CICHABA [a ¢a JAOCTaThYHH 3a
BB30YXKAaHe Ha OCLHIIATOPA M MPESXBEPJSHE Ha 3apeleHaTa YacTHIA IIpes
cenapaTpucata. llogpo6HO € onMcaH TO3¥ HOB MEXaHMIBM Ha
HeOHDY3IHOHHO YCKOPABAHE Ha 3apsiM OT IIaKEeTH EJCKTPOCTATHYHH
BBIAHH ¢ Majika, HO KpaifHa ammnuTyga. QopmynupaHa € IMpoLesypa 3a
oT0Op Ha UTapaMeTpuTe 3a peAMIaTa OT XapMOHHYHM B IIaKeTa,
YYACTBAIIH IIpH YCKOPSABAHETO Ha 3apeleHUTe YacTUIM. JlageHnaT edekT
IpeACTABIABa MHTEPEC, B YACTHOCT, NIpHM pelliaBaHe Ha npobnema 3a
reHepallMaTa Ha KOCMHYECKM JIBYH H IIPH HMHTEPIpPETalNATA Ha
MEXaHHU3MMTE Ha NPOU3XO0] Ha TOTOUH YCKOPEHH JacTUIM {eIEKTPOHY K
ftonu), HabnogapaHM B KOCMHYECKATa [11a3Ma.
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