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Abstract Keywords

This article continues the study of the motion and Plane electromagnetic wave,
radiation of a charged particle in the field of a high- polarization modulation,
intensity polarization-modulated wave already in the charged particle, magnetic field,
presence of an external constant magnetic field. high-power laser radiation
Formulas for the average kinetic energy of a particle

are obtained without considering the rest energy in

the case of circular and linear polarization of a

modulated electromagnetic wave. The peculiarity of

the energy characteristics of a charged particle was

demonstrated on the graph of the dependence of the

average kinetic energy on the magnitude of the ex-

ternal magnetic field. The solution of the equation of

motion of a charged particle in a given combination

of fields is of interest in studies of the interaction

between laser radiation and plasma, in the develop- Received 28.11.2022

ment of multifrequency lasers and in laser modula- ~ Accepted 27.02.2023

tion technology © Author(s), 2023

Introduction. Over the past 60 years, rapid development in the field of laser
physics has allowed to introduce a number of innovations into nonlinear optics,
including frequency transformation, ultra-suffering optics and completely
optical modulation. Record intensities in the focus of a laser beam were achieved
~ 10® W/cm?® [1, 2]. The solution to the problem of managing such laser
impulses is of great interest, but for this it is necessary to overcome a number
of difficulties [3]. In [4, 5], the authors using plasma modulators changing the
polarization of radiation control laser impulse. The polarization modulation,
which creates a two-dimensional signal, unlike amplitude and frequency
modulation, is used in the often in the optical range [6] than in the radio
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diapause. Its practical value is found microscopy [7], emitter condition
monitoring, diversity reception, interference suppression, and more [8, 9]. This
type of modulation gives good indicators of noise immunity, and the speed
of information transmission. Polarization modulation is carried out by turning
the polarization plane [10] or a change in the type of polarization [11], such
modulation is called polarization optical.

In this article, the study of the acceleration of the charged particle will
continue with the ultra-short polarization-modulated (PM) laser impulse of
high intensity 10" W/cm® [12]. The work will reveal the influence of the
external magnetic field on the energy characteristics of the particle moving in
the PM electromagnetic wave field. The results will be of interest, since the
influence of the external physical field on the oscillating particle in the wave field
is an important task for the development of real technical systems, such as
multi-frequency lasers and ultra-suffering modulation equipment.

The work does not take into account the influence of radiation friction.
From the article [13] it is known that the loss of electron energy due to rigid
radiation is achieved with energy of 1 GeV, which corresponds to the intensity

of the laser field ~10%2 W/cm?. In this work, the calculations of all characteristics

were carried out with intensity 10" W/cm?

. However, with prolonged
interaction of a wave with a particle, even a small parameter of radiation friction
can give a significant contribution to the dynamics of the particle, therefore it is
assumed that the PM electromagnetic wave in the operation is presented as an
ultra-short laser pulse.

Statement of the problem. The paper [12] presents the formulation
of the problem of the following form. Assuming that the amplitude of the
electromagnetic wave is modulated according to the harmonic law
b(E) = b1o {1+8am cos[ @&+ 8py sin (cwpE+yo)+Co ]}, and we apply the
Jacobi — Anger expansion [14], then we obtain components of electromagnetic
wave vectors:

|=—-© n=-—o0

Ex:Hy:bx(1+8AM > ]1(8pM)cos<131] > Jn(8pm ) cos Dy,

Ey:_Hx:_ﬂ?y{l"'SAM Z ]l(SPM)COS(ﬁl} Z ]n(SFM)sin@n, (1)

[=-0 n=-ow
E,=H,=0.

The z-axis is the direction of propagation of the electromagnetic wave, when the
x and y axes coincide with the direction of the semiaxes of the wave polarization
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ellipse b, u b,, moreover b, >b, >0; the relativistic case corresponds to the
condition £=t—(z/c); o is carrier frequency of the wave; f=+1 is polarization
parameter: the upper and lower signs in the expressions for E, correspond to
right and left polarization; 84, is amplitude modulation depth, 8, €[0,1]; @,
is modulation frequency; &py is polarization modulation depth; o=/ o)
is coefficient modulation, ce[0,1], 8y is frequency modulation depth;
is initial phase of the wave, v, €[0,2n]; J,(8ry), Ji(8py) are n-th order and I-th
order Bessel function; @, =(o+nw') &+ o+ ney; & = (o+100 ) E+ou+Io.

Motion of a charged particle in the field of a polarization-modulated
electromagnetic wave. The equation of motion of a particle of mass m and
charge g has the form:

d—p=q(E+l[vaz]), (2)
dt c
where Hy =H+Hy, Hy =kH;, H is electromagnetic wave magnetic field
tension vector, H; is external magnetic field tension vector.

The solution of Eq. (2) applying system Eq. (1) gives particle momentum
components:

N
px:qu{ > —]n( FM)sm(D +
O | -y l+na
5AM Z Z ]n(SFM)]I(5PM)Sin(q—>n_i)l)+
2 pZNI=-L no—log

Sam N L Ju(Brm) i (Bpm) . (= qHO
T D, +P s
2 n:Z_N,:Z_L 2+nd + I sin (@, + & ) |+ (y=y0)+1

N
py:¢qb)[ > Jn (S )COS(D +
O |,-—N l+na
+5AM z Z Jn (&M ) J1 (8pm) os(@n—é)l)+

2 NI na—Ioy

L Sam % i ]n(5FM)]l(5PM)C

D +d qHo
D+ ) |——(x— .,
n=—-NI=-L 2+7’l(3£ + Z&O OS( n l)j| c (x X()) Xy

Pz =78

ISSN 1812-3368. Bectaux MI'TY um. H.9. baymana. Cep. EcrecTBennble Hayku. 2023. Ne 5 75



D.I. Kudryavtsev, G.Ph. Kopytov, V.A. Brazhko

Here

mvox _qu{ N ]n(SFM)SiI‘I@O +
n=-N

Xx:\/l_V(Z)/CZ ® 1+nd
+5AM % i ]n(SAF]\;I)]l(SPfVI)ZX
2 p=—NiI=—L(1+na) = (1+140)

x[(nd—ldo)sin((ﬁon +@01)+(2+nd - ldo)sin(@)n —(ﬁol)]};

mv, b N J.(6 —
Xy:\/ 2y 2+fqy{ )3 In(%em) F]YI)COS%n+
1-vg/c ®

n=-N 1+na
+5A_M N i Jn (8am ) J1 (8pm )

2 u-TNI=L (1+n&)2—(1+l&0 )2

x[(nd—l&o)cos((ﬁon +(ﬁ01)+(2+nd + ldo)cos(@(m —(ﬁol)]};

y_mc(l—voZ/c)
\/1—1/%/62

In order to obtain particle coordinates in the form of a clear dependence
on time, it is necessary to obtain and solve a system of differential equations of
the second order:

N
5c'+03§x:£ > M[bx(l+nd)$byn]cos@n+

Y n—_Nn l+na

N L
+£5A_M D Jn (8em ) J1 (8pum

2 n=-NIl=—L l’ld_ldo

)[bx (nd—l&o)ibyn]cos((f)n—(fbl)+

+£8AM % L Ju (8rm) Ji (3pm )
2 n=-NI=—L 2+7’l(§t+ld0

T (Xy"‘ymc xoj,
y ¢

qc < Jn (85Mm )
Z_N 1+nd [

[bx (2+nd+ldo)$byn]cos(qsn+(151)+

J+oly=— bxniby(l+n&)]sin(13n—

n=

_q¢ dam % i]n(SFM)]l(SPM)

2 n=—Nl=—L T’ld—ldo

[bxn-T-by (néc—ldo)]sin(qsn—(f)l)—
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_qcday X Jn (8 ) J1 (8pm)
» )3 Z

2 n=-NIl=-L 2+nOL+lOL0

[T by (2+na+160 )] x

xsin(d_)n+d’>l)—a;)c (xx+y(fc j, (3)

where o, =qHj /y is cyclotron frequency; n= o, / ®.

The solution of the system (3) is the sum of the solution of a homogeneous
equation and the partial solution of the heterogeneous equation, considering
the initial conditions:

x=Rcosd, -1 Ju(Beu) [bx (1+16)Fbym]
Yok ,Z7n 1416 (14n6)" —n?

q dam % i]n(SFM)]l(SPM)[bx(n&_l&0)¢b)’n]x

cos CD

yok 2,y 2 na-lé (né—1ég )* —n?
xcos(d) ch) 4 SAM
Yok 2
<y 5 In(em)] J(8em) [ x(2+na+l&oz)$byn]x
ne-Nl=-p 2+na+ldg (2+n6+180 )" —n?
D, +D; )+ + X0,
xcos( M 1) o %y + X0

g N Ju(8em) [bxnFby (1+n4)]

y=Rsin®. +—— : sin @, +
Yok "y 1410 (14+n6)" —n2
q dam ¥ T (853) Ji (8pu ) [b:F by (né=160)]
EEUES > )],
yok 2 n=-NI=-L noL— lOLo (I’ld—ldo) —1’]2
xsin((f)n—(f)l)JrisA—Mx
Yok 2
y Z Z Tn (8n) Ji (8pm) | leJ_rby(“”dz”dO)]x
n=-Nl=-L 2+nd+I10g (2+1’l(§t+ld0) —T]2
xsin((]_bn+(151)— Yx + V0o (4)

YO

where R is a constant set by the initial conditions [15].
From the system (4) you can get expressions for the particle pulse in the
form of a clear dependence on the time:
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e

q< % ]n(5FM){bx+ﬂ[bxﬂ¢by(1+"d)]}sm(§n+

pe== :
"o\, Sy 1+nd (1+n6)* -2

+6A_M N i ]n(SFM)]l(SPM){x n[bxnFby (né— lao)]}x
(né—16g)> = 1?2

2 4= NI=L no—Idy

xsm(@n_qs,)ﬁgfwx

" z Z ]n(SFM)]l(5PM)

Ni——1L 2+na+log

X 2 l D I
b n[b n¥b, ( +no+ ao)] sin(®n+®l) +&ysin®c,
(2+nb+160 )" =172 ¢

N AN —
pyi< 3 JH(SFM){ﬂ? +n[bx(1+”a)+byn]}cosqgn+

o\, "y l+nb 4 (1+n6) -1
N b, (na—10y )Fb
+8AM T Z ]n(SFM)]l(SPM) +by+ﬂ[ (A”OCA O‘(2))+ yﬂ] »
2 n=-—Nl=-L noL— lOL() (I’IOL—ZOL()) —nz

x cos (D, (DZ)JFSA_M > z]n(SFM?]z(§pM)X
ne-Nl=- 2+no+log

by (2+n0+16o)Fb
y $bern[ o (2+nd+ oc;))+ ]
(2+na+169)" —n?
The expression for the longitudinal component of the particle pulse is
adjusted to the relativistic factor y will be:

q* (b2 -b?)
— " Ix

. R
}cos(@n +®1)>ﬂy cos D,.
c

:h—
& 472 w?
% Ji®e) |y, n’ i (1ené) ot cos 20, +
A A n
N (ne)” | (s 0 [(1ena) o |
L M % Z T (8km ) J7 (Spm)

4 p=Ni=-1  (nG- Zoco)

2 4

n _nz(nd—ldo)z—n

Xe1+2—— 5 3
(n6=léo ) =" | (né~1dy ' 7 |
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S % i]%(SFM)]lz(SPM)X

4 NI (24nG+1d )

><cos2((1_3n —(151)

2 2 A A 2_ 4 _ .
x<1+2 - ﬂA 5 2_11 (2+na+loc0) le cosZ((DnJr(Dl) +
(2+nd+lGo)"—n [(2+nd+ld0)2—n2}
qz(bﬁ%+b2)5AM N ]n(SFM)]l(SPM)
+ Z Z
2'Y2(,02 2 _Nl=-L I—H’IOL
b, L, bby
1 112"‘252 b n(l1+nd) m*F b2+b§ n(né—Idyo)
X4 ——11+ > + — +
na—log (1+nd)" —n? (n&—160)" —m?

[n2+(1+nd)(n&—ldo)]$2bf <by |

[(14_”&)2_1]2}[(”&_1&0) _an +2+n<§c+ld0><

; n(1+2n6—1dy)
2

gl

bb by
r2—2on(1+nd) P F2
o el na)+n e X
(1+n6)* -2 (2+na+ld0)2—n2

by : N(2+na+1ay)

[n + 1+na)(2+na+la0)]+2bs bbz

[(1+nd)2 —nz}[(2+na+lao) —an

+q2(b§+b§)5§w NooLo Jr(8em) 7 (8em) y
2% 4 NI (14nd) — (14160 )

N(3+2na+1dy) )
cos O +

+1?

b.b byby
2y XV a-1& 2
T b%er%n(n 0) WF

e ) be bzn(2+n6c+léc0)+
(né—16o )* -1 (24164160 )* —n?

(14 nd) (14160 ) F4b2b2n (14 nd)
| (néi—lé ' =12 || (2160 ) —? |

+1 cos 2(131 -

ISSN 1812-3368. Bectaux MI'TY um. H.9. baymana. Cep. EcrecTBennble Hayku. 2023. Ne 5

79



D.I. Kudryavtsev, G.Ph. Kopytov, V.A. Brazhko

eWB) Ry §E RGP G)

272 w? 4 T NI-——L (1+nd)2—(1+ld0)2
x< 1+ " + n’ -
(n—160)> =2 (2+na+1d0 ) —n?

2 [(1+n&)z—(1+1a0)2}_n2 i
-1 [(nd_ldo)2—n2:|[(2+nd+ldo)2_112} cos 29, —

_qz(b,%—bﬁ) daM % Lo JA(8rm) 1 (8pm) y
2v20? 2 N1 (1+nb) (na—1dyp)
2 2
xq1+ nz + N 3 -
(1+n&) -n? (na—16o) —n?

A *_ A —_— 2 A
L (s (ni—16e) - cos (28, - &) -

[(1+n&)2—n2}[(n&—l&0)2—nz}

_qz(bazc_b)%)SAM % L ]%(SFM)]I(SPM)

272 w? 2 N1 (1+nb) (2+n6+160)
xq1+ n22 + "’ 3 -
(1+n&)" -n* (2+na+160)" —n?

5 (1+n6)(2+nb+1d0 )—n?

[(1+n&)2—n2}[(2+n&+l&0)2—nz}

Ro. q [ & Ju(Bem) 1 _
20 9 [ s L) L gy VoL s (&, -, )—
c 2y(o<1:z_:N 1+ nd {( y){ (1+n€x)+n}os( )

}cos((fn +cbc)}+

cos(2cf)n +ci>,)+

—(bxiby){n(

1+nd)—n
N L
+5AM 5 ]n(SFAA/I)]lA(SPM) (by£by)| 1-— lA y
2 L NiIsL na—1ay (nd—1dg )+m
. 3 1 .
XCOS((D;/[—(Dl—(Dc)—(bx+by)|:l+m:|COS((pn—(Dl+(DC)}+
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 dam % z ]"(SFM)]I(SPM){(bxiby){I—( ! }x

2 N1 2+nd+ldg 2+n0+10o)+n

xcos((f)n+(ﬁl—®c)—(bx$by)x

1 _ .
1+ D, + D+ D, , 5
TR
h:m262 _1+R2m3+q2(b§+b§) N ];%(SFM)><
2vr 2 27 e’ \uSN(1+nd)
byb . . byb .
n2$2b2x+)l;2n(1+noc) 2[(1+noc)2+n2}$4bzx+22n(l+noc)
X X X X
1 (1+n&)2— 2 o 22T "
n [(1+noc) -M J
byb
2_2 xOy 5 —16
oy X J#(8em ) J? (8pm) Zﬂ * b,%+b,%n(na %)
+—4 > Z > + EECE +
n=-Nl=- (né—1dy) (n—1dy)"—m
((né—tig )42 )74 55 (néi—laio)
2 b +bx
+1 5 +
((né—td ' ~?)
> N L 2 2 n?¥2 i)bezn(z“L”dH&O)
5AM y ¥ Ji (8em ) J7 (8pm ) 142 b2 + b2 N

4 N1 (24nG+160 ) (2+nb+1dg )" -2

A byb,
[(2+noc+loc0)2+n }+4b2

[(2+ni+ia)—n? |

bzn(2+nd+ld0)
2

+n

The expression for the z coordinates in the form of dependence on time
can be obtained by interpreting the Eq. (5) according to the spatio-temporal
component &.

Influence of a constant magnetic field on the energy characteristics of a
charged particle. The expression of the average kinetic energy of the charged
particle moving in the field of the PM wave and in a constant homogeneous
magnetic field will look as follows:
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2
10 gy, T 8) { ¥ JhEem) {Hz( L

€= -
1+h 327 ne-n (1+né)* 1416 )" —n?
2
A \2 2 4 N
, (1+né)" —n S Jn (3eat ) J}' (3pm)
- S0t )Y Z

16 ,—“ni=—1  (nd-— lao)

[(1+néc)2 —nz}

2 2

(né—16o )" =1

xX<1+2 - 1:1 3 2_n2 3 +
N L e
L Sam % Z Jn (8em) Ji' (Spm)

16 ,2"N127L (24 n6+1d )

2 A A 2_ 2
J1io n . (2+n6+1o)" —m .

Y 2
(2+n6+160 )" -7 [(2+n&+ldo)2—n2}
2.2 2 N 72 2
ST A
> 87%0% \ nZON (1+nd) (1+n&)+n

_ 2 1 ?
+(byFby) {H—(Hnd)—n} }4‘
Sim Z Z Jit (8em ) J7 (8pm)

4 n—Ni=-1 (nG- loco)2

x{(bx +b, ) {1—m}2+(mz@ § {HWT%

IZM g“ Z Ji (8rm ) I} (5PM)

n=-Nl=-L (2+noc+lao)2
X 2
be+b, )| 1- +
X{( * y) [ (2+n&+ldo)+n}

+(b"$by)2[l+(z+nd+lldo)nﬂ>>' ©)
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We write down the Eq. (6) in cases of circular and linear polarization of a
modulated wave, provided that the initial speed of the particle is not absent.
Circular polarization. In this case, the semiaxes of the wave polarization

ellipse are equal (by =b, =b/ V2):

ey u N Ja(Bem)|, fn ’
b= Cz2<e+4(1+(u/2)9){n21\1(1+nd)2{1 (1+”d)+f‘1} "

2
o ¥ f,%(sFM)Jf(ssz)[l_ __fm }
4 pNi=—L (nd-1ldy) (né—160 )+ fn

4 N1 (24nb6+160 ) (2+na+1a0 )+ fn

X S ]%(BFM)[ _ f T
{n35¢@+naf : (1+né)+ fn]

GO § 5 Ji(m) 7 (Beu)

4 NiTL 0 (na-lag )

e § if%(SFM)Jf(SPM){I_ fn ”

2
x[l— fn }Jﬁfm sy JiGm)Ji (Bem)
(né—16g)+ fn 4 N1 (24nb+1be)

x{l— /m T}>
(2+na+1ao)+ fn

Here p = q*b? / (y2@? ) = IN*2g° /(nm2c5);

1{](“ T

% J7 (8rm) (I+né)+fn] fn
n=—N (1+I’l(§t)2 1+ fn (1+”&)+f11
(1+n&)+ fn

+5§\_M g L ]%(SFM)JZZ(ESPM)X

4 N (nd-16p)

0=

3
1+{ fm }
y (nd—léco)+fn _ f]’] 4
" fn (na—160 )+ fn
(I’l&—l&o)-i-fn
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+5124_M % i]%(SFM)JZZ(SPM)X

4 u=Ni=-1 (2+nd&+1dy )2

1{ fm T
y (2+nb+100)+n ~ m _
L4 fn (2+né+16)+ fn |’

(2+n&+100 )+ fn

¥ =% —mc? is the energy of a particle without considering its rest energy.
Linear polarization. In this case, one of the semiaxis of the wave polariza-
tion ellipse is zero, and the other is equal to b (by =b; b, =0):

A2
21/, NoTa (8em) . 212 +n2(1+noc) +n?

Y =mc 5 > 5
n=-N (1+nd) (1+nd)" —n? [(1+nd)2—n2}

LS s Ji (8em ) J7 (8pm)

2 N1 (na-lag )

) 2 A gaA 2 4
e 2A11 : 2+1‘| (né&—1d ) +112 N
(n6=160)* =1 [ (né—1ig ) —2 ]

e § 0§ ()7 (Beu)
2 ,IINI--L (2+nd+ld0)2
s e N2
) m? +n2(2+na+l(xo) +n? L

T N A 2 2 2 2
(2 matlio ) =n* [ (24na+160) 7 |

+2 % Ji (Beu) [1— ! j2+(1+;j2 +
n:—N(1+nd)2 1+n0+n 1+n0—n

+5,24_M % i]%(spM)]lz(fSpM)x

4 o NI=L (ﬂ&—ldo)z

2 2
x 1—% + 1+% +
no—Ilag+mn no—lag—mn
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Now it is possible to display the influence of a constant magnetic field on the
energy characteristics of a charged particle moving in the field of polarization-
modulated electromagnetic wave.

Figure shows that in the case of a modulated wave polarization, there are
five sections of autoresonance instead of three sections, as is observed in the
case of amplitude or frequency modulation [14].
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The influence of the magnetic field on the energy characteristics
of the particle in the PM electromagnetic wave of the linear (—)
and circular (right (——) and left (~)) polarization

Conclusion. This paper presents an analytical solution of the equation of
motion of a charged particle in the field of a PM electromagnetic wave and an
external permanent magnetic field. The energy characteristics of a charged
particle moving in this configuration of fields are determined and it is shown on
the graph of the dependence of the average kinetic energy of the particle on the
magnitude of the external physical field that in the case of modulation of the
polarization of an electromagnetic wave and the presence of an external
homogeneous magnetic field, five sections of autoresonance are observed
instead of three, as occurs in cases of frequency or amplitude modulation of the
wave. Note that in the absence of a magnetic field (n=0), the formulas for the
energy characteristics of the particle change to the form presented in [11].
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