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Abstract. Of interest is a solution of the equation of motion of a charged particle in the
field of amplitude-modulated electromagnetic waves in order to investigate the interaction of
high-intensity laser pulses with solid targets in relation to the practical development of mul-
tifrequency lasers and the development of the technology of laser modulation. The reason for
this study is due to the wide practical application of high-temperature plasma formed on the
surface of the target and the search for new modes of interaction of the laser plasma. Powerful
laser pulses are currently being used as an effective tool for the collective acceleration of charged

particles, producing high-energy particles by exposing the target to a thin foil.

Objective. An analysis of the motion of a particle in an electromagnetic field, analysis of
the modulated amplitude oscillations in the case of circular polarization of the radiation, and
the derivation of the formulas for the mean kinetic energy of the particle.

Presented in this paper are the exact solutions of equations of motion for a charged particle in
a flat amplitude-modulated wave, as in the case of circular polarization, and the expressions for
the average kinetic energy of the particle. The results obtained can be used for the interpretation
of experiments with plasma in an external magnetic field.

Keywords: plane electromagnetic wave, modulation frequency, energy averaged over time.

Brenenue
Pemrerne ypaBHeHUWSI JIBUXKEHHS  3apsi-
JKEHHOM JaCTHUIIbI B I10JI€e AMIJIATYIHO-

MO/YJIMPOBAHHON  3JICKTPOMAIHUTHONH BOJIHBL
IIpeJICTaBIdeT NHTEPEC JJIA UCCJIEIOBAHNA B3a-
UMOJIEICTBUA JIa3€PHBIX HUMIIYJILCOB OOJIBIIOHN
NHTEHCUBHOCTU C TBEPJAbIMU MHUIIICHAMU B CBA-
31 C TPAKTUIECKO pa3spabOTKO MHOIOUIACTOT-
HBIX JIa3€POB U PA3BUTHEM TEXHUKHU MOIYJISIIAN
JIa3E€PHOIO U3JIyYCHUIL.

B [1, 2] paccmorpeno nBUMKEHUE 3apsizKEH-
HOU 9aCTHUIBI B JICKTPOMarHUTHOMW BOJIHE IIPO-
N3BOJIBHOM MNOIApU3alNN, TapMOHUYECKHA MO-
JIyJTUPOBAHHOM 10 aMmIIuTyie Kojebanmit. O-
Hako B |1, 2] He OBLIO TPOBEJEHO yCpejHe-
HHEe KIHEeTHUYeCKO QHEPIruM JaCTUIbI 110 IIepu-
o/ly KoJiebaHWii B TOJI€ IJIOCKOM aMILIATY/IHO-
MO/IYJIMPOBAHHON 3JIEKTPOMArHUTHOW BOJIHBI,
9TO IIpeJICTaBjIsdeT HECOMHEHHBIN IIpaKTHYe-
ckuit nuarepec. lesp nacrosimeit paboTbl — aHa-

JIU3 JIBUKEHUS YACTHIBI B 3JIEKTPOMATHUTHOM
10Jie, MOJLYJINPOBAHHOM 110 aMILIUTY/le Kojeba-
HUIl B CJlydae KPYroBOii MOJISIPUAIN U3JLy e~
HUsT U BBIBOJ, (DOPMYJI JIJIst CPeJHEel KUHEeTHIe-
CKOW 3HEpruu 4aCTHUILbI.

AKTyaJIbHOCTb 9TOr0O WCCJIe0BaHus 00y-
CJIOBJIEHA MIMPOKUM MPAKTUIECKUM IPUMEHE-
HHUEM BBICOKOTEMIIEPATYPHOI IJIa3Mbl, 00pasy-
fomeiicss Ha MOBEPXHOCTH MUIICHH M ITOUCKA-
MU HOBBIX DEXKHMOB B3aMMOJIEHiCTBHsI Jia3ep-
wiasma [3,4]. Mormmble Jla3epHble UMITYIbCHI B
HACTOSIIEE BPEMs UCHOJIL3YIOTC Kak 3ddek-
TUBHOE CPEJICTBO JIsl KOJJIEKTUBHOIO yCKOPE-
HUsI 3aPsIZKEHHBIX YACTHII, II0JIYYEeHUs] BBICOKO-
SHEPreTUYHBIX YACTHUIL IlyTeM BO3JefCTBUSA HA
MUIIIEHU U3 TOHKON dosbru [5-7].

YpaBHeHue JIBUKEHUS YaCTHIBI C MAaCCOi m
U 3apsAJIOM ¢ UMeeT BUJL

dp _

= _q<E—|—i[va]>, (1)
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e P MMILYJIbC YaCTHUIIbl U €e CKOPOCTh V CBsl-
3aHbI PaBEHCTBOM [8]

(2)

1. ITocranoBKa 3ama4m

DHeprusi, UMILYJIbC U CKOPOCTh YACTHUIIHI
CBSI3aHBI PABEHCTBOM

B pabote nojiaraercst, 4To aMILIATY/Ia SJIEK-
TPOMArHUTHOMN BOJIHBI MOJLYJINPOBAHA IO FapMO-
augeckoMy 3akony A = AA(1+ dcos(wif)),
rie AA — MOCTOSIHHAST YACTh aMILIATYIbl. By-
JIEM CUHTaTh, YTO BOJIHA PaCIPOCTPAHSIETCS
BJIOJIb OCH z. B 9TOM cilydae KOMIIOHEHThI BEK-
TOPOB 3JIEKTPUIECKOTO ¥ MAIHUTHOTO TIOJIsT BOJI-
HBI OIPEJIEJIAIOTCS BBIPAYKEHUSIMHE

E,= H, =
= by (14 6 cos (w1§)) cos (w€) ,
E,=—H, = (1.1)
= fby (1 + 6 cos (w§)) sin (wf) ,

E.=H,=0,

rjie & — TIyOuHA MOJIYJIAINN; OCH £ U i COBIA-
JIAIOT ¢ HAIIPABJICHUEM TIOJIyOCei JIIUIICA [TOJIs-
pusanuu BojHb! by u by, npuuem b, > by = 0;
¢ =t—2z/c; w— gacroTa HeCyIIet BOTHBI, W] —
gacrota Momyssiiuu;, f = +1 — mapameTp mo-
JISPU3AIMYU, IIPH 3TOM BepXHMil 3HaK aisa k)
COOTBETCTBYET IPABO IOJISIPU3AIUN, & HUXK-
HU — JIeBOM.

Taxum 0O6pazoM, rapMOHUIECKH AMILTUTY,IHO-

MOJLy/INPOBAaHHAsl BOJIHA €CTh COBOKYIIHOCTD
TpeX MOHOXPpOMAaTHUYIECKHUX BOJIH C YacTOTaMK
W, w+ W] ¥ W — W], COBOKYIHOCTb KOTOPBIX
COCTABJISAET 3aJAHHYI0O HEMOHOXPOMATHIECKYIO
Bosny (1.1).

2. Pentenue ypaBHeHUsI JIBUXKEHUS
3apaaa 4Jd
aMILIUTYJHO-MOAYJINPOBAHHOU BOJIHBI

Pemennst ypasrenuit (1) u (2) ¢ yuerom
(1.1) mmeroT Bu,

gbs . 1 ogbe

pe =" sin () + 5=

sin (wi€) + Xa,

cos (w&) —

1f5Qy
2 w;

_fqby
w

Py =

cos (wif) + xy, (2.1)

p.=7vg9; e=cy(1+g),

rjae 1o uHiuekey ¢ = 2, 3 B (2.1) npoBoauTh-
¢ CyMMUPOBaHIE; Wy = W + W1, W3 = W — Wi}
Xz, Xy» 7 — HocrognHble, npudem 7y = 0, T.e
€= mc2.

31ech UCIOIB3YIOTCs 0003HAYEeHU

g=h+—5- o (Xabe sin (w€) F xyby cos (w€)) +
+ ﬁ (Xzba sin (wi€) F xyby cos (wi€)) —
— (b2 —02) Zlvqu? cos (2wé) +

) s (- w)©) -

2 oy ¢°0°
— (b7 —b) 822 cos (2w;€) ,

7 -1

b2 b2 2
+(x+y)<q>+
yw

m2c? + x2 —i—x;) N

2
8 Yw; ’

mapaMeTp -y paBeH

Ilocrognuble X, Xy U 7Y OUPEIEIAIOTCS Ha-
JaJsibHO# bazoii BoHbL {) = a — 2p/C U HAYAJb-
HOI CKOPOCTBIO YACTHUIIBI V() U OIPEIEIISIOTCS
dopmyamu

by .
Xz = _P= sin (w&p) —
w

=) » sin (w;&p) + 703’ (2.2)
T2
qb
Xy = % cos (w&p) +
1dqgb muv
Z 0 o (wi&o) + ¥ =.
Wy v
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U3 (2.1) onpeesisieM KOOPIMHATHI YaCTUIBI
KakK (DyHKIHNH [Mapamerpa &

m=x0+§xx(»s—5o)—

B C;i’;: (cos (wE) — cos (wp)) —
B Cziqj; (cos (wi€) — cos (win)), (23)
y=yo+§><y(5_£°)Jr
+ fycfiy (sin (w€) — sin (wéo)) +
+ fQng?y (sin (wig) = sin (wio))

z =29+ ch({—¢&)—
fq (Xabs (cOs (wE) — cos (wEp)) +

20.}2
EXyby (sin (wE) — sin (w&p))) —
cq

3z (Xabz (cos (w;§) — cos (wibp)) £

+xyby (sin (wi€) — sin (wi€o))) —

2
cq . .
— (bi — bz) m (Sln (2(,05) — Sin (2(,050)) —+
2
q°6
+ (b3 +b7) X

292 (w; — w) ww;

x (sin ((wi —w) &) —sin ((wi —w) &o)) —

252
(= bz) 32727 (sin (2w¢) — sin (2wép))

3. JIBu>KeHune 4acTullbl, YCPEeJTHEHHOE IO
nepuony KoJiebaHuii B moJie
aMILIUTYJHO-MOAYJINPOBAHHOM
9JIEKTPOMATHUTHON BOJIHBI

[IpuBesieM pe3ynbTaThl yCPETHEHUsT KOOP-
JIMHAT, UMITYJIbCa P U SHEPruu & (t) YacTHIlbl
no mepuony 1 = 27m/® ee KosebaHuii B 1O-
Jie aMILIATYIHO-MO/IYJIMPOBAHHON 3JIEKTpOMAr-
HUATHOI BOJIHBIL.

U3 (2.3) mosydaem pesyiabTaT yCpeTHEHs
KoopMHAT yacTunbl Z(t), £(t), Z(t) mo nepmo-
1y eé KojebaHuil, KOTOPBIi 3aBUCUT OT CPeTHIX
3HaYeHUit KOOPAWHAT T, 4, Z 110 (hase Korebanmit

_ o T\
y(t) =17+, (t+2>+u,

rie cpelHee 3HAUYCHHE IIEPUOINICCKON (PyHK-
i i (t) naercss dyHKimeit

1,8
w3 Qw? '

YunreiBast, urofi = 0, 1moydaeM BbIparke-
uue st Z(t)

cq2 baby Xy

H= 31 +h)

st cpenHuX 3HAYEHWH KOMIIOHEHT Pg(t),
Dy(t), P-(t) umiyiabca gactuipt (eM. (2.1)) mo-
JIydaeM

|
212 212
(w2 * w-2> babe +xby] +
KA

1,y o2 a9\
+2(bx+by) <2,72wwi o

1 2 22 q2 2 1 (52
L) (w) Ftie) |

,HJIH 9HEPIruu € JaCTHUIIbl UMeeM

cy 2
1+h{( U
1(q 2/ 1 272 272
+2<72) <w2+w§’) [Xaby + x;by] +

RN
Yrww;

NEEE
w? | 4w? '

(3.1)

+
N
—~
o
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+
o
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U3 (3.1) Buano, 9TO £ 3aBUCHT OT HHTEH-
CHUBHOCTHU BOJIHBI, €€ HOJISIPU3AIIN, HAYAIbHOI
asbl, a TakKe 0T HAYAIBHON CKOPOCTH YacTh-

ITBI.

4. Caydaii KpyroBoi MmoJisipu3ariuy npu
OTCYTCTBUU Y YACTUIHI HAYAJIbHOMI
cCKOpoOCTH

PaccmorpuMm caydait Kpyrosoit mosisipuza-
U, KOTJIa 3apsKeHHas JacTUIla B HaYaJIbHBIH
MOMEHT BPEMEH MMeeT CKOpOCTh V. JIJist BOTHEBI
KpYroBoii nosisspusanuu b, = b, = b/ V2, Torma
u3 (2.2) Haxonum

_ g B
z= wﬁsm(%o)
1 6gb . '
T 2o sin (w;o) ,
_ fab 1 fogb ,
Y w\@co ( §)+2wifcos(wz.£0)a
16g%b°
() 4 () = 57 cos (wi — w) &) +
1, o(1 52
212
h= ;{; e cos (@i~ w) &) +

2 2

qb 1 0
+(L) (5+—) b (2
(7) <w2 dw? 2
Ioncrasmss (4.1) n (4.2) B (3.1), mo-
JydaeM 3HadeHHe CPeJHEeH SHepruu IepBOHa-
JaJIbHO HOKOﬂmeﬁcﬂ JaCTUIIbl B aMIIJIUTYIHO-

MOJYJINPOBAHHON BOJIHE KPYTOBOU IIOJISAPU3a-
1005078

__“
C1+h

qb
i <7

{ (h+1)*+

2 2

1 6
<w2 + 4w2> b +xg] +

(2

1 q>ob 2
+2<272wwi) } (4.3)

[Tpu ycoBun w = wy Beipaxkenue (4.3) npu-
HUMAEeT BH/I

1/ qgb 2 52
h = — _ 1 — =
: (55) (%)
1/ 2¢ 2\ _H
_2<7rm205b\>_2' (4:5)

Buecw I = (cb?) (1+6%/2) /87 — nurencus-
HOCTBb aMILIUTY/IHO-MO/[yJINPOBAHHON BOJIHBI, &
A = 27¢/w — JyInHA BOJIHBIL

ITepuos oCIIUISIU JACTHIBL JJIsT CIIydast
Wy = W3 paBe€H

T:T(1+h):T<1+%). (4.6)

[Moncrasisis (4.4) u (4.5) B (3.1), noyuaem
CPEJIHIOI0 SHEPIUIO [EPBOHAYATIBHO IOKOSIIETi-
sl 9ACTUIIBI B BOJIHE KPYTOBOil MOJISAPU3AIAN

g —mc =

2
o) (e

1+ 5

q2b%s
272&}2

+ (4.7)

Kaxk Buzano u3 (4.6) u (4.7), nepuoz ocnu-
JISIIUI IACTHUIBL U €€ CPEJIHsIsA SHEPIUs He 3aBH-
CSAT OT HAYAJIBLHOM (hasbl.

st caydasi, Kormga IVIyOHMHA, MOLYJISIINHI
0 = 0 dopmynsr (4.4)—(4.7) npuHEMAIOT BHJ,
[pUBE/ICHHBI B [9].

3akJ/royeHmue

B pabore upuBeneHbl TOYHBIE PEIIECHUST
YPaBHEHUI JIBUXKEHUSI 3apsAKEHHOU YaCTHUIlbI
B [OJIE€ IIJIOCKOW aMILJIATY/IHO-MOLYyJINPOBAHHOMN
BOJIHBI B CJIydae KPyTrOBOHU NOJAPU3AUA, 10Ty~
YeHbl BbIPazKEeHUs JJI CPeJHel KUHEeTUYeCKON
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SHEPTUU YACTHIBI. B 9acTHOM CiIydae OTCyT-
crBust mMopyasiuu (& = 0) Bce GopMyIIBI 116~
PeXOIAT B COOTBeTCTBYIOMME (popMyssl pabdo-
ot [9]. TlostyyeHnble pe3ysibTaThl MOy T HCIOJIb-
30BaTbCA JIJI1 MHTEPIPETAIINA SKCIIEPUMEHTOB
C IJTA3MOM, MOMEIIEHHOI BO BHEIIHEE 3JIEKTPO-
MaIl'HUTHOE€ IIOJIE.
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