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Abstract. Average equations of motion of relativistic charged particles in the field of HF (high frequency) wave
packets are obtained in the range of cyclotron resonance in the case of strong LF (low frequency) electric
field. Strong electric field means that the characteristic velocity of the particle comparable with the electric
drift velocity (v ~ vg). It is shown that with taking into account the electric drift velocity, new mechanisms
of damping of longitudinal waves become possible. The effect of a strong electrostatic field on the resonant
interaction of relativistic particles with high-frequency waves, as well as the relativistic effect, on cyclotron
resonance for a longitudinal wave, is analyzed. The analytical solution of the averaged system of equations in
the quasi-relativistic approximation is analyzed, as well as a numerical experiment for the Langmuir wave under
the condition of cyclotron resonance in the case of a strong electric field.
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1. Introduction

In the drift theory of the motion of charged particles in electromagnetic fields, two cases are
distinguished: a “weak” electric field, when the velocity of electric drift is 1z ~ ¢V, and a “strong”
electric field, when V; ~ V. Here V is the characteristic velocity of the particle, ¢ is a small parameter
equal to the ratio of the gyroradius of the particle to the characteristic scale of inhomogeneity of
a strong magnetic field. The case of a strong electrostatic field is fraught with certain difficulties even
in the non-relativistic approximation [1]. In [1-4], a theory of the motion of charged particles in the
field of wave packets in crossed electric and magnetic fields was constructed taking into account
weakly relativistic effects.

In this paper, the interaction of cyclotron resonance for longitudinal waves propagating along
a strong magnetic field is considered. It is assumed that the rate of electric drift is small compared to
the speed of light in vacuum. Such a proposal is quite sufficient for solving many applied problems.
The equations of motion of an advertising charged particle averaged over fast oscillations are obtained,
taking into account the effects of quasi-stationary electric drift under the condition of cyclotron
resonance.

2. Basic equations

The motion of a particle with charge q and rest mass m under the influence of HF (high frequency)
electromagnetic field EL,B)N and LF fields EO,EO is described by the equations [1]

v 2 1. o = -
T =oF — c—zv(v -F)+a[Q - 0], (1)
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where Fy ; = %EO’S, Q5= %, a=1-— %, F=F+ ) F, Q= Q4+ ), Q, c-the speed of light.
The velocity vector has the form

{)” = UHé’l + l_;E + al(gz Ccos 60 + 83 sin 60), (2)

where 0, is the gyrophase, &,(7, t) = By/By, & (7, 1), &(#, t) are the unit vectors. 0 = c[E, - &,]/B, is the
electric drift velocity. The electromagnetic fields E._,B.., are considered in eikonal approximation as:

E, = > £ t+cc, By= D Beel® +cc, 1<s<m. (3)
Here gs,ﬁs are slowly varying complex amplitudes and 6y is the fast phase (eikonal) of the s'* wave

packets (s = 1,2,3, ..., M).
Phases O, are considered as the independent variables which are described by the equations:

d@ r - o s - N
dtS = w, + % kg =vg + %(e_e‘@0 + c.c)kg + kU (4)
The quantities
- d@S 25
w,(r, t) = 3 ky(r,t) = VO, (5)

are the local frequency and the wave vector of the s" wave packets, respectively.
Equations (1)-(4) together with Eq. (3) constitute a multi-periodic system, which can be simplified
by smoothing over fast and nonresonant phases [1].

3. Average equations

In the range of cyclotron resonance, the corresponding combination of the phases ¥, = 0, + Oy,
shold be corresponded as an “semifast” variable and an equation for resonant phases ¥, should
be added to the equations for slow dynamic variables of particles. Smoothed equations of motion
for a single particle interacting with the arbitrary s'* wave packet at the condition of the cyclotron
resonance v + w 2 0 have the form:

dl_é - - -
E = Ug + QIUH = Ugp, (6)
2
D _ g0+ Laive,+ (- ) gy -
dt c2 Il
i = v 52 oo V=)
- {EUJ_.Q + Z—Clz(FsH + e, [QUE])vg + Z—CZFS}e_e"’bres +cc, (7)
dv Ul g o o s n o vy
d_tL = %(leuo — (er(er Viup)) + 2 Fy +
1 - i = o - 7 2 1 = - - >
+ {§F<Fs + - (v”[kSFS] +i [vE[kSFS]])) ~ 32 (viFS + (uOFS)vE)}e_e““res +cc., (8)
S
dy 1, I N vE s
ﬁ =w0+v—§e1-rotu0—Ee_~é”+—(20ﬁ+ks~vE+

i 1 - i - o - 7 =2 Uy [é’l,lzs] N SRS R
+{E(EF(E‘§+w—s(UH[ks’Es]+l[UE[ksaF:v]]>>>_2—cz<w—s+lw0 F'UE e e +c.c., (9)
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where " " R
vfj + vl +vg

wy=IQy, I'=1- 22 , P;,OH

-, S
=FKo-ep, ks|| = kyey,

- . -

Vs = —wg + kg vy, €x = xie;, () = < +v||e1 V + Ug - )(...)

note, that Egs. (6)-(9) take place only in the case of quasilongitudinal propagation of the wave with
respect to By.

4. Cyclotron resonance for a longitudinal wave

For simplicity let us consider Egs. (6)-(9) in the case of the cyclotron resonance ¥, = @, + O, for

a longitudinal wave §S||ks||§0, Yr = 6y — 6, ﬁo = const, EO = const, ky = const, 81 = &el%, & = (0,0,8).
Then

% B e€ugy)|

@) - dv|  efvgy,
d dt = 2me?

T =l 3 T e sin(y, + o),

dt 2me? sin(yr + a),

dy 02 s et (10)

ro_

T_QO(F_Z )+cu ka+2C2 ECOS(I{)F"'(X).
System (10) shows that the cyclotron resonance is possible, when the relativistic effects and the Uy

drift velocity are taken into account, such a resonance is impossible in the case of a weak electric

field v > vg. To explain physical mechanism of this resonance it is necessary to use a new system,

which is moving with a drift velocity. One can get the energy integral from Egs. (10):

; _1 1
2 = (272 +sin’ &) 72, &= 5 (& +a), (11)
where
. 2U 1 . U= ke€vy, vg v
TH+U 27 77 T 2mc? 0L

is an initial velocity of the transversal velocity v, , H is the Hamilton function of the system (10).

If |x| > 1, the particle is trapped by the wave and if |x| < 1, the particle is untrapped by the wave.
The sign of x is chosen to coincide with the sign of .

The equation (11) has the same form as the equation for resonant particles in the case of electrostatic
wave [2].

Then by standard methods [1-6] one can calculate the coefficient of cyclotron damping of the
longitudinal wave under consideration:

—27n - sin (”—m) 2n + 1)7? sm(M>
Xkt Xkt

t) = — d + s
r(®) VL; P -/(; T5k2(1 — @2)(1+ q2n)  k2(1 + g2n*+1)(1 + g-2n-1)

12)

where 1
q= eXP(%{), K =K()1-x»2, K(x)= F(g’}{)

is the complete of elliptic integral of the first kind, y; is Landau damping coefficient.

5. Conclusion

Numerical solving the equation system with initial conditions and parameters match the ones in
works [7-11], Langmuir wave was selected with frequency in the range from w = 1.38 X 10°s~! to
2.39 x 10's~! and girophase Q, = 4.60 X 10%s7! to 4.60 x 10''s~! with a wavelength of 2 = 2.28 cm to
2.5cm. The electric drift velocity between the values vg = 3.0 X 105— and 5.0 x 10822

The results of the numerical solutions of the averaged equations for cyclotron resonance confirm
the possibility of cyclotron resonance in longitudinal wave in the case of a relativistic particle. The
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development of energy the graph in figure 1, shows the resonant leg with growth of energy (|x| > 1),
which is unstable so the particle goes shortly out of resonance (|x| < 1) with partly retention of the

gained energy.
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Figure 1. The graphs show the behavior of the particle’s energy (bright green line), as well as the longitudinal and transverse
velocities of the particle along the x axes (green and blue lines, respectively). The phase 3, is shown in graph by red line.
The X-axis for velocity, energy, and resonant phase has dimension twg. The Y-axis for velocity has dimension v/c and for

energy has dimension v?/c?
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O UMKNOTPOHHOM 3aTyXaHWUU NPOAO/bHON BOJHbI
fIxpsa H. Illaap?, C. I1. Kapaunosu4?, K. I1. Jloenxkwuii!, JI. A. CeBactbsinos’?, C. B. CrpamHnosa’

! Poccuiickuil ynugepcumem dpyac6ul Hapodos, ya. Mukayxo-Makaas, 0. 6, Mockea, 117198, Poccuiickas ®edepayus
2 06BedunénnbLil uncmumym sdephulx uccaedosanutl, ya. XKoauo-Kiopu, 0. 6, JIy6na, 141980, Poccuiickas ®edepayus

AHHOTauus. BriBeZleHBI ycpefHEHHBIE YPaBHEHUS JBIDKEHN U1 PeIITUBUCTCKUX 3apsDKeHHBIX YacTul B BU
1oste (BBICOKOYAaCTOTHBIX) BOJTHOBBIX [TAKETOB B JUalla30He [[UKIOTPOHHOrOo pesoHaHca B ciayyae HU (Hu3koda-
CTOTHOTO) CHJIBHOT'O 3JIEKTPHUYECKOTO I10JIs1, Tle CUJIbHOE JIEKTPUYeCKOoe I10JIe 03HAYAET, YTO XapaKTepHas
CKOPOCTbB YaCTHUIIBI CPABHUMA CO CKOPOCTBIO 3JIEKTpUUecKoro Apetida (v ~ vg). IlokasaHo, YTO IIpU y4eTe CKO-
POCTH 3JIEKTPUIECKOTO fpetiha CTaHOBITCS BO3MOXHBIMI HOBBIE MEXaHU3MbI 3aTyXaHHUsI IPO/IOIBHBIX BOJIH.
IIpoBesieH aHAIN3 BIUSHUS CUIBHOTO 9JIEKTPOCTATUYECKOTO [0/ Ha pe30HAaHCHOE B3aNMO/eHCTBIe pels-
TUBUCTCKHUX YaCTHI] C BBICOKOYaCTOTHBIMU BOJHAMHU, a TAKXKe BIMSIHNE PeJITUBHU3Ma Ha ITUKJIOTPOHHBIH
Pe30HaHC JJIs IIPOA0IbHO BOTHBI. II0/Ty4eHO aHATUTHYECKOe PellleHNe YCpeJHeHHOM CUCTeMbl ypaBHEHUI
B KBa3HPeSITUBUCTCKOM IIPUOIIDKEHUH, a TAK)Ke IIPOBe/IeH YUCIeHHBIN 9KCIIePUMEHT /Jis JIeHTMIOPOBCKOM
BOJIHBI B CJIydae IIMKJIOTPOHHOIO Pe30HaHCa C yIeTOM CUJIBHOTO 9JI€KTPUIECKOTO IO,

Kntouesble cnoBa: CKOPOCTB 9/I€KTPHUYECKOro Apelida, 3aTyxaHue, peJsiTUBUCTCKYE 3apsDKeHHbIe YaCTHUIIB,
CUJIBHOE 3JIEKTPHYECKOe I10JIe, IIPOJOIbHEIE BOIHBI, BLICOKOYACTOTHBIE BOJTHOBBIE IIAKETEI, IIKJIOTPOHHBIN
pesoHaHC



