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Results of integration of Lorentz force equation for a relativistic electron, moving in the field of running, plane, linear
polarized electromagnetic wave are presented in the paper. It is shown that electron velocities in the field of the
wave are almost periodic functions of time. Expansion of the electromagnetic field in a wave zone into generalized
Fourier series was used for calculations of angular spectrum of electron radiation intensity. Expressions for the
radiation intensity spectrum are presented in the paper. The derived results are illustrated for electron and laser
beam parameters of NSC KIPT X-ray generator NESTOR. Simultaneously, derived expressions give possibilities
to investigate dependence of energy and angular Compton radiation spectrum on phase of interaction and the
interacting wave intensity.

PACS: 29.20.Dh, 29.27.Bd

1. INTRODUCTION presented work is derivation of the accurate solutions
of a Lorentz force equation for a relativistic electron,
moving in the field of running, plane, linear polarized
electromagnetic wave that are almost periodic func-
tions of time. As a result of this fact, the expansion in
generalized Fourier series can be used instead Fourier
integral in the radiation spectrum derivation.

Now, the method of generation of intense, short-wave
radiation under interaction of an intense electromag-
netic wave with relativistic electrons moving toward
the wave front (Compton backscattering) is discussed
widely [1-3]. Analytical investigations of interaction
of an electromagnetic wave with a relativistic electron
can be carried out as well with quantum electrody-
namics as with classical electrodynamics approaches 2. ELECTRON TRAJECTORIES IN THE
[4]. According to the generally accepted quantum FIELD OF ELECTROMAGNETIC WAVE
electrodynamics approach interaction of an electron

with an electromagnetic wave is described by Klein- Let us consider a relativistic electron with energy Eo,
Nishyna formula that is applicable only for an inter- moving in laboratory coordinate frame under angles
acting wave with low intensity [5, 6]. In other words, @1, @2, a3 toward plane, linear polarized, electromag-
the model is adequate when one electron interacts si- netic wave with field intensity E.

multaneously with one photon only. If external field s
is more intensive (the number of photons in an os-
cillation mode N, are >> 1) the further derivation
should be produced. At the limit (at Np, — 00 ), ac-
cording to Bohr correspondence principle, scattering
of an electromagnetic wave on an electron should be
described as with quantum as well as with classical
electrodynamics. However, it is worth mentioning,
that development of theory of interaction of an in-
tense electromagnetic wave with an electron is a very
time-consuming and complicated way [see for exam-
ple 7]. In the same time, as it seems to us, use of
the classical electrodynamics approach allows to con- )
sider the task with simpler methods and to investi- Fig.1.
gate both an electron dynamics in the field of ex-

ternal electromagnetic field as effect of the external The wave is running along x axis (Fig.1), ¢ and 6
field intensity on spectrum and intensity of the gen- are polar angles to an observer. Lorentz force equa-
erated radiation. The characteristic feature of the tion for a relativistic electron moving in the external
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electromagnetic field can be written in the following
form:

d _ L e =
g(mv)—cEJrE[vH], (1)
where m = mg/y/1— 5%, f = v/c, mg is the rest
mass of the electron, c is velocity of light, e is electron
charge, is an electron velocity vector, ¢ is time,ﬁ, ﬁ
are vectors of electric and magnetic field. Electrical
component of the field can be written as the follow-
ing:

(2)

where v is the field frequency, ¢ is an initial value of
the wave phase relative to the interacting electron,
E, is projection of electrical components of the field
onto axis z. Other projections are £, = 0,E, = 0.
Let normal to the front of the running wave n will
have direction that coincides with z axis. Vector of
magnetic field is:

E, = Ecos [27r1/ (t— %) —|—5} ,

(3)

where 77 = 7, i, is unit vector of x axis. Projecting
(1) in to coordinate frame axes, we obtain:

H= [ﬁﬁ] ,

1d T
E%(Sﬂzt) = e(1— Byut)E cos [27w (t — E) + 6} ,
1d
Ea(aﬁwt) ef3.+F cos {27”/ (t - %) + 5} ,
1d
car ) = 0, (4)
: _ 1ldzx __1ldz
where € is electron energy, Byt = <57, Bat = 15
Byt = %%’. Each out of 4 equations can be integrated
at least one time and as a result we obtain:
5, - 1F?+1-B? 6., = 1 2FB
T CF2414 B2 T cF24 1+ B2
1 2B
= ~“T9 1 n2 5
Pyt cF2+1+ B2 (5)
where:
F = Psin |:27TU (t— E) —l—(ﬂ + N,
c
p = B2
0 = MocBy(to)
1-— ﬂfo ’
1 — B (t
B = = Bri(to) S = Const,
V1= B2(to) — B2(to)
N — mocfzi(to)
J1- B (t)/mi + @
— Psin[2mvse + 9],
x(t
s = o Mlto)
c

In integration of the equation (5) the following for-
mula for energy variation was used:
de

— = e@Ecos [Qm/ (t — %) + (5} .

dt dt (6)
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For integration of the equations (7-9) we introduce a
new variable:

g:27w(t—£)+6. (7)

Cc

Introducing notations:

_ ldx ~ 1dz B 1@
/Brt(g) - Edigaﬂzt(g) - cdgaﬂyt(g) - cdg .

And substituting 7 into 8, we obtain:

Ble) = gy 1+ P20~ B,

Bule) = 5o 5 Fl0), o
1 a

ﬁyt(g) 2nvB \/m

Integrating, we obtain the following:

1 1

1

Ex(g) = 47TVBQ(1—B?+§P2+N2)g2 (10)
1 1

747“/732(2PN7 §P2 Sing) Ccos g ,
1z() = ! N 7;])608 (11)
c 9 = 2nvB g 2nvB g

Ly = i (12)

Y\ 2rvB/m2c +a?

It is seen from expressions 9 that components of
electron velocity at its motion in a wave field are
rational functions of function F', that satisfies a wave
equation. Expressions (10-12) describe completely an
electron motion in the field of electromagnetic wave.
As one can see, an electron trajectories are not just
?SIN” or 7COS” like trajectories as it was supposed
for example in [8,9], but have a strong dependence on
intensity of an interacting wave, phase of interacting
and angles of interaction.

3. PARAMETERS OF GENERATED
RADIATION

On the base of the derived expressions for elec-
tron trajectories, let consider characteristics of the
generated radiation and compare them with results
produced with quantum electrodynamics formulas.
According to results of [10] functions satisfying a
wave equation are almost periodical functions of ¢ in
Hilbert space. So, we can make obvious supposition
that rational functions of almost periodical function
are almost periodical functions of time too. And, as
it is known from Fourier series theory, almost period-
ical functions can be expanded in generalized Fourier
series. According to the mentioned above, magnetic
component of the field radiated by the electron on
far distance (distance is longer than radiation wave-
length) can be expressed in the following form [10,

11]:
- L
H =Y Hye ™",
f

(13)



where:

T

1 /ew(t—rm/c) (fdF()] |

0

- 2eiwy etk R I
= ———— lim
wf C2R0 T—o0

Ry is distance from point of origin to point of ob-
. —_— . . . . .
servation, 7 is unit vector in the same direction, wy

. C - .7 wr —>
is frequency of the radiation harmonic, £k = =L'n

N
is the wave vector. For H .y calculating it is neces-
sary to change over from time ¢ in expression (13) to
parameter (11). After change of variables we obtain:

kR T
— eiwse .1 .
H, ;=4 2R glLH;O 5/0 exp (iwAg) x
exp (U — xsingcosg) [Adr(t)], (14)
where:
P S S I
C dnv 4nvB? 0 8nvB? 0 4nvB2
N S P N2 )
— cosy1 —
4y 4nvB?  8nvB?  4nvB2? n
N2 cos acos 3
2B 2rvBvVa? + m2c2
COS Y2 N N cosvy
= - P
(27TZ/B 2mv B2 2w B2 7,
P2
X = W(l —cos1) -

Expanding vector production and oscillator part of
exponent exp (iwAg + (¥ — xsingcosg)) in 14 one
can find harmonic frequency wy = f/A, where f is
integer. The harmonic radiation energy one can find
from the following expression:

(15)

Eph = hwf .
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Fig.2. The energy of the first harmonic of scattered
radiation depending on initial energy of electron
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Fig.3. The energy of the first harmonic of scat-

tered radiation depending on
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interaction angle

Let us compare obtained results with quantum elec-
trodynamics formulas for the first radiation harmonic
(f = 1) [12]. Fig.2 shows the energy of the first
harmonic of scattered radiation depending on ini-
tial electron energy for operation energy range of
NSC KIPT X-ray generator based on Compton scat-
tering NESTOR [13] for both approaches. Fig.3
shows energy of the first harmonic of scattered ra-
diation depending on interaction angle for initial
electron beam energy equal to 100 MeV. As one can
see from the figures the coincidence of the results
of the obtained classical electrodynamics formulas
and quantum electrodynamics formulas is practi-
cally ideal. But under small interaction angles (elec-
tron and wave move in the same direction) there
is a difference in radiation energy value that was
caused by the fact that formulas 9 did not take
into account relativistic factor 8. Such consider-
ation was carried out in [14]. The natural result
is that under zero interaction angle the energy of
scattered radiation is equal to initial wave energy.

Fig.4. The energy of the first harmonic of scattered
radiation depending on observation angles (interac-
tion angle equal to w/2, Ey = 100 MeV)

Fig.4 shows the energy of the first harmonic of scat-
tered radiation depending on observation angles 6,
© at interaction angle equal to /2 and electron
beam equal to 100 MeV. As it is clear from ex-
pression (22) there is dependence of the energy of
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scattered radiation on initial energy of interact-
ing electromagnetic wave and phase of interaction.
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Fig.5. The energy of the first harmonic of scattered
radiation depending on intensity of initial wave
(interaction angle equal to 7, Ey = 100MeV')

Fig.5 and Fig.6 show these dependences for the fol-
lowing parameters of interaction: photon beam ra-
dius R = 107*m, laser flash length L = 1072m,
interaction angle equal to 7, electron energy Ey =
100 MeV. With such parameters of laser flash the
flash energy equal to 1J will correspond to electric
field strength 1.89 x 101°V/m. As it is shown in
Fig.5-6 dependence of scattered radiation energy on
initial wave intensity becomes essential only for very
intense initial wave but it has to be taken into account

i wEikr P w n N( 1) 1 a N o
wf =€ COSs — — ——— | COS —(COS — COS — —F———— — COS —_— Ny
I =R, 98~ 2B V3 eS8 9BV 1 m22 5B
ikr N
we wP [N 1 9 =9 1 -
Ry | 2Bmv (ECOS“_U> (COS”B@“‘B N >‘C°S”1ﬁm> TSIy | Tt
ikr PN P N N 1 ~
eujj?%o OS2opE T 227w (COS% g leosm = 1) cosmgp = cosm gy (1= B+ NF) ) = cosmgp | .
(17)

Fig.7.The scattered radiation intensity depending
on observer angles (interaction angle equal to
m, Fo =100 MeV, A=0.001J, I =0.01 A)
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at consideration of interaction with new type of ter-
awatt lasers. To determine intensity of the radiation
we will use the following well known expression [12]:

180
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Fig.6. The energy of the first harmonic of scattered
radiation depending on intensity of initial wave
and phase of interaction (interaction angle equal to
7, Eg = 100MeV )

alr ¢

o = IR (16)

It is necessary to make integration in expression (17),
then:

And then, we change over direction to observer angles
Y1,72,73, and in the laboratory coordinate frame to
angles in spherical coordinate frame 6 and . Thus,
substituting square of module from expression (20)
and using expression (23), we obtain radiation inten-
sity. Dependence of scattered radiation intensity on
observer angles is shown on Fig. 7 for the interacting
beam parameters mentioned above and laser beam
intensity equal to A = 0.001.J.

4. CONCLUSION

Thus, using classical electrodynamics approach we
succeeded to obtain trajectories of an electron motion
in the field of electromagnetic wave. Then, using a
fact that the obtained solutions are almost periodi-
cal functions we used generalized Fourier series and
derived expressions for frequencies of the scattered
radiation harmonics and spectrum of the radiation
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KOMIITOHOBCKOE U3JIYYEHUE 3JIEKTPOHA B ITIOJIE BET'VIIIEN ITJIOCKON
JIMHEVHO IIOJIAPU30BAHHO SJIEKTPOMATHUTHON BOJIHEI

U. JIpebom, IO. I'puzopves, A. 3eauncruii

IIpuBenennl pe3ynbTaThl MHTETPUPOBAHNUS ypaBHEeHUS JIopeHma /I peIITUBUCTCKOTO JIEKTPOHA, JIBUKY-
Ierocst B moJie Oerytieil mIoCKoi JUHEHHO MOIsIPU30BAHHON 9JIEKTPOMArHUTHOM BOTHBI. [loKazaHo, 910 CKO-
POCTB JIEKTPOHA B II0JIE€ TAKOU BOJIHBI SIBJISIETCS [IOYTHU Ilepuojnydeckoil dbyuknueit Bpemenn. st pacaera
YIJIOBOTO CIIEKTPa MHTEHCUBHOCTU U3JIYUE€HUS IJIEKTPOHA ObLIO MCIIOJH30BAHO PA3JIOKEHUE JJIEKTPOMATHUT-
HOT'O 1I0JIsI B BOJIHOBOII 30He B 00001eH b1 psify Pypbe. Boipakenus: j1jis MHTEHCUBHOCTH CIIEKTPa, H3JLyde-
HUS TIpesicTaB/ieHbl B pabore. [lomydennbie pe3yabTaThl WLIIOCTPUPYIOTCS Mt TAPAMETPOB 3JIEKTPOHHOTO 1
doronHOrO My9YKOB UcTOYHUKA penTreHoBckoro uzinyderus HHI XOTU "HECTOP". B To xe Bpems mosty-
YeHHbIe BbIPaXKeHUs JIAI0T BO3MOXKHOCTDH HCCJIE/IOBATH 3aBUCUMOCTD HEPreTUYEeCKOr0 M YIJIOBOI'O CIIEKTPOB
KOMIITOHOBCKOI'O U3JIy4eHus OT (pa3bl B3AUMOJIENCTBUS U NHTEHCUBHOCTU B3aUMOIEHCTBYIOIIEH BOJIHBI.

KOMIITOHIBCHKE BUIIPOMIHIOBAHHY EJIEKTPOHA B II0JII BITYYOT§
IIJIOCKOT JITHIMHO TTOJIIPU30BAHOT EJTEKTPOMATHITHOI XBUJII

1. Ipebom, FO. I'pueopwves, A. 3eaincvruti

[IpuBeneno pesyabraT iHTErpyBaHHs PiBHAHHSA JIOPEHIIA [IJTsT PEIATUBICTCHKOTO €JIEKTPOHA SIKUI PYXAE€THCS
B 110J1i 6iry<oi mI0cKol JIHIHO MoasTpru30BaHol eTleKTpoMaruiTHol xBui. [lokazamno, 1Mo MBUAKICTE €JIeKTPOHA,
B IIOJIi Takol XBWJII € IPAKTUYHO IlepiognyHa DyHKIA dacy. ns po3paxyHKy KyTOBOTO CIEKTPa IHTEHCHUB-
HOCTi BHIIPOMIHIOBAHHSI €JIEKTPOHA OYyJI0 BUKOPHCTAHO PO3KJIAJ] €JIEKTPOMATHITHOI'O IOJISI B XBHJIBOBIN 30HI
B y3arajbuenuit psyg @yp’e. Bupasu st iIHTEHCHBHOCTI CITeKTpa BUMPOMIHIOBAHHS TIPEJCTABJIEHI B POOOTI.
Orpumani pe3ysbTaTh LIIOCTPYIOTHCS JjIs TapaMeTPiB eJIeKTPOHHOIO Ta (DOTOHHOTO ITYyYKIB JIZKepeJia PeHT-
reriBebkoro sunpominioBantss HHIT XOTI "HECTOP". ¥V Toit ke yac oTrpuMani BUpa3u JA0Th MOXKJIUBICTH
JTIOCJTIT2KYBATH 3aJI€2KHICTh €HEPTeTUIHOTO Ta KYTOBOI'O CIIEKTPIB KOMIITOHIBCHKOT'O BUITPOMIHIOBaHHS Bif ba-
31 B3aEMOJIil Ta iIHTEHCUBHOCTI XBUJIi 110 B3AEMO/IIE.
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