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We consider the problem of electromagnetic emission when an electrically charged particle crosses a peri-
odically stratified structure following an arbitrary linear trajectory. A theory generalizing a recently developed
method[Phys. Rev. 63, 016613(2001)] is presented in the framework of the classical theory of electromag-
netism in continuous media. It allows one to account for both the so-called parametric radiation and the
resonant transition radiation. We implement our model to interpret the experiments performed byeKalin
[Appl. Phys. Lett.76, 3647(2000] in the x-ray domain with a stack of 300 W/8 bilayers irradiated by 500
MeV electrons.
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[. INTRODUCTION netic emission by a periodic multilayer structure crossed by
an electron at normal or oblique incideniEL] has shown
When an electrically charged partigia practice, an elec- that beside the classical RTR, an enhancement of emission
tron) crosses the interface separating two different materialccurs when conditions close to the Bragg condition are sat-
electromagnetic radiation is emitted, mainly in the x-ray do-isfied; this emission was called Bragg resonant transition ra-
main. This radiation, called transition radiatiéfiR), is the  diation (BRTR). This kind of radiation is similar to the so-
consequence of the readjustment of the field associated wif!led parametric radiation forecasted by Dial¢tig] and
the charged particle, when it moves in a material showing &Vvidenced by several teams in the hard x-ray domain from

ot : diation of natural crystals by electrons3—16.
sudden change of polarization; it has been discovered bgyra .
Ginsburg and Frankl]. The emission takes place in a cone Standard RTR was observed by a Japanese team, which

. : : .~ has irradiated a Ni/C multilayer structure of peribequal to
centred on the trajectory of the parucle with an OPENING397 nm with 15 MeV electrongl7]. Their measurements are
angle practically equal to 2/ wherey is the Lorentz factor

iated 1o th £ th ticle. N ¢ in close agreement with the values given by a rigorous clas-
associated 1o the energy of (ne particle. INumerous teamg, theory of standard RTR emission from periodic strati-

have observed the TR by means of radiators consisting of gaq stryctures recently developed and using a matrix formal-

set of thin foils[2]._ If _the arrangement of foils |s period_ic,_ ism commonly implemented in optics of multilayer media
coherent x-ray emission, called resonant transition radiatiofy g,

(RTR), resulting from constructive interferences between the \oreover, in conditions similar to those proposed in Ref.
waves emitted by each foil can be obsery8d] when the  [6], i.e., with electrons impinging the periodic multilayer
following resonant condition is satisfied: structures at oblique incidence, so that the x-ray emission
satisfies the Bragg condition, an relatively intense emission
cos{a]=£—p£ (1) of hard x-ray (around 15 keV from 500 MeV electrons
B T d’ crossing a W/BC multilayer with a periodd equal to 1.24
nm has just been observgt9].
where « is the angle of emission with respect to the trajec- The purpose of this paper is to generalize the theory pre-
tory of the particle,8 is the reduced speed of the partiale, sented in Ref[18] to the case where the incident particle
the period of the arrangement,the wavelength of the co- enters the multilayer stack from any direction. This theory
herent radiation, ang the order of interference. Such peri- must account both for the RTR and the BRT&R parametric
odic radiators with thin films separated by vacuum are veryradiation). Our approach is rigorous in the framework of the
difficult to realize for mechanical reasons. Alternatively, it classical theory of electromagnetism in continuous media. In
has been proposed to use as radiators, periodic multilayer similar way as in Ref.18], it calls upon the matrix formal-
structures similar to x-ray multilayer interferential mirrors to ism introduced in optics to deal with the wave propagation in
produce RTR in the x-ray domafh]; to match the angle for multilayer media; the main difference from the model pre-
which the TR emission by a single interface is maximum, thesented in Ref[18] is that we use the matrix method initially
periodd of the multilayer structure must be in the microme- introduced by Abelg[20], which makes it possible to treat in
ter range to produce soft x-rays and simple calculations shown elegant manner, the problems of polarization.
that in this condition, the multilayer-based RTR is a rela- The paper is organized as follows:
tively intense source of x-ray$,7]. The modelization of the Section 1l is devoted to the derivation of the equation
RTR emission by periodic stratified structures has been dongoverning the electromagnetic field produced by an electron
by different groups, both in a classical and quantum contextrossing two homogeneous media separated by a plane inter-
[8,9,10. More recently, a dynamical theory of electromag- face.
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Section Il introduces the matrix formalism. _ 1 )
Section IV presents the calculations of the field emitted E[k,®,z]= WJ J J E[p,zt]e' kPt ebdt d?p,
from the radiator in the far zone and of the corresponding (5)

intensity in terms of energy radiated by unit frequency inter-
val and per unit solid angle. _ 1 .

In Sec. V, we apply our model to account for an experi- H[k;,»,z]= z—gf f f H[ p,z,t]e'"kireteddt d?p.
ment conducted recently and reported in R&f)]. (2m)

The conclusion and the perspectives are given in Sec. VI. ©
It can be shown in Appendices A and B that the above quan-
Il. EQUATION OF THE ELECTROMAGNETIC FIELD tities are given by
PRODUCED BY AN ELECTRON CROSSING .
TWO HOMOGENEOUS MEDIA SEPARATED Erk _ 1 q
BY A PLANE INTERFACE Lk w.2]= v, 27l w]

We consider the electromagnetic field associated with an elw] slo] w—kv
electrically charged particle of chargg crossing at a con- w?Vu—kﬁ AT A A A
stant speed the interface between two homogeneous media. % . . =
If e[w] denotes the dielectric constant and if the magnetic K2t w—Kj-v @ elo]
permeability is assumed to be equal to unity, then the Fourier I c?
transforms of the electric and magnetic field read, in the K

; w—k;-v
Gauss unit system, ><exp(i . [ z), @
1
kxfo— 2flely 9] K 2
= c c a2 de—kvly, (28 and
i Ak o] = — =
C ,(J),Z e
k.E:-zﬂ_z—g[w]qé[w—k-v], (2b) ! v, 2ms[w]
elo] w=Kj-v
~ W ~ — kllva+kavl+—2Vl><VH
kXE= < H, (20 % Uy
((l)_k|'V||)2 (1)28[(1)]
- K%+ -
k-H=0, (20 vy c
where E, H are, respectively, the generic symbols for the ><exp(i mz) (8)
electric field intensity and the magnetic field intensityis Uy

the speed vector of the particle with a compongrgarallely

to the interface and a component along the direction per- These expressions are the generalization to the oblique case

pendicular to the interfaceg is the velocity of light in of Egs. (12), (13) of Ref. [18]. The general solution of the

vacuum;w andk are, respectively, the angular frequency andprob_lem is obtained as the sum of '@he particular soluti_on of
the wave vector of the fieldjis the Dirac distribution. In the the inhomogeneous Maxwell equatlons_ ar_ld the solution O.f
following, we use the notatioky= w/c. the homogeneous equations. The latter is, in terms of electric

By combining the above equations it follows that field intensity,

welo] Eo[p,z,t]:f f fEo[k”,kl]ei(kﬂ'”*"LZ‘“’t)dzkHdki,
. i c?
Elk,w]= 2772(1[0)] e R C ©
k?— c2 wherew, k;, andk, are related by the dispersion relation:
2 w’ 2
“ _l qi kXv ki=—7¢e[w]—Kkj. (10
c? As shown previously, one introduces the partial Fourier

transforms
To apply easily the boundary conditions of optics, that is, in

our context, the continuity of the tangential components of — 1 ket o) g 42
the electric and magnetic field, it is convenient to introduce a Eolk, @,2]= (ZTPJ f f Eolp.z,t]e" " "IrPm“Vdt d°p,
partial Fourier transform of these fields; these quantities, em- (12)
bellished by overbar are defined by the following expres-

sions: and
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— 1 . and
Ho[k”,w,z]=wf f f Hol p.z,t]e! ket ebdt d2p,
oKXV v, Xy
Then one obtains from calculations similar to the ones of 1 di vl exp(i w_ku'Vu)
Appendices A and B: cv, 2m? 2r o—k-v)\? w’slo] v,z
v, c?

Eo[kuiwaz]:fffﬁo[k']eikizﬂkﬁ_ku]

X ol w' —w]d%k dk] , (13

+H ik, w]eelkelza g o Tk wle kelkielz  (20)

are conserved at the interfaces.
and similar results for the magnetic field.
After some manipulations, one gets
Il. MATRIX FORMALISM FOR THE PROPAGATION
Eo[ K, w,Z]=E’ o[ K, , ][k @2 OF THE FIELD IN A PERIODIC STACK
OF PLANE LAYERS

+E o[ ky,w]e kilkielz 14 _
orl ki, @] (149 One consider a laboratory reference systgmy, 2, for

— — ; © which the interfaces between the layers are parallel to the
Holky,,2]=H’ o[k, w]e <12 plane (x, y); the z axis is orthogonal to the stratification
Y —iK, [k 0]z planes(x, y). In fact, the relevant system of referencet Y,
+H'olky wle el ek, (19 Z) that makes it possible to introduce conveniently the am-
where one has plitudes of the different waves will be called the canonical
system. In this system, which depends on the tangential com-
_ ponent of the wave vector, the tangential component of the
E'alk), w]= m(zws[w] field has only aY component, th&X component being null.
LUK This system of reference can be obtained as follows:
) de[w]

w

+w )EOt[k| ], (16) The unit vector of theZ axis u, is along the direction
normal to the stratification planes, that is, along treis.
The unit vector of theY axis u is colinear with the tan-
gential component of the wave vector

H' o[y, @]. The unit vector of thé&X axisu, is obtained from the cross
The boundary conditions state that the tangential compoproductu, = Uy X U, .

nents of the electric and magnetic field intensities must be
continuous at each interface. In this canonical system, an electromagnetic plane wave
If one denotes by can be decomposed in a transverse magri€tit) wave and
a transverse electridE) wave. For the TM wave, the mag-
Eou[ku aw1z]:E/OHt[kH ,w]ekilkelz netic field has only a component along tKeaxis and the
o electric field can be determined from the magnetic field by
+E o[ ky,w]e keltkiolz (170  means of a Maxwell equation. For the TE wave, it is the
electric field that has only a component along ¥haxis, and
and the magnetic field can be calculated by means of a Maxwell
_ _ _ equation. The waves that propagate with a given tangential
Hol K, ®,2]=H' gk ,w]e* k12 wave vectork, can be split into a transmitted TM compo-
— 4 nent, a reflected TM component, a transmitted TE compo-
+H' o[ ky,0le "kl (18)  nent, and a reflected TE component, which can be presented

. . . .._inthe form of a quadrivector
the tangential components of the electric and magnetic fields

associated to the homogeneous equation, the continuity con-

and similar expressions de’Or[kH,w], ﬁ’m[k”,w], and

ditions require that the following quantities: Tk, w,z]
| Roulky,,7]
elw] TRk, w,z]= Tk, ,2] (21)
- w—7 VK 0KV TEL T
i ql c ei%z Rrel K, @,Z]
v, 27%e[w] , [@— Ky 2 w%lw] *
I v, Y

In the following, we will be led to use the tangential compo-

= ik, [k o]z =7 —ik, [k @]z nents of the homogeneous electromagnetic field and to ex-
B onlky @] B gLk o] T, press them in the form of a quadrivector in the canonical
(19 reference system:
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ﬁ0x[ku ,Z] _ iq
Eoulky,,2] S w—kyvy)?
Flk,,w,z]= ZoyR R . (22 27728”2(( ) _k22>
Eoul Ky, ,2] vz
Hoylk), o,2]  p vy(w—kyvy)
yVz
The matrix that transforms the quadrivectoR into the ¢ vz
quadrivectorf, that is,F=M TR, is given in the canonical & x
system by 2%y Z(w—kyvy)
e v,
1 1 0 0 Eiwvx
_k_i k_l 0 0 € Ux(“’_kyvy)
ko ko P
M= 0 o 1 E (23 z
(27)
k k
0 0 k_i — ki The stack consists of an arrangement of plane layers charac-
0 0

terized by their dielectric constants and their thicknesses
In the canonical system, the total electromagnetic fiet, d;. Atthe mtelrface, whose absm_ssazlsl and V_Vh'Ch sepa-
inhomogeneous field plus homogeneous jielan be totally rqtes the layej —1 from the Iay'en, the continuity relations
known from a quadrivectof built by the means of the 9ive the set of recurrent equations,

corresponding tangential components of the electric and

magnetic fields, Fioalky, @,z _]+S_1[k;,0]e* - 1=Fj[kj,0,2j_4]
_ + Sk Jw]e*i-1, (28
Hilky,.2] By introducing the following quantities,
B[k, 0,7]
Q[ kH ,(I),Z]: — . (24)
E([kn,waz] Aj_1=5-1—S (29)
Hylk,@,2] one has
From the results of Sec. Il, it follows that tl¢¢ quadrivector a
reads Filky,w,zj—1]=Fj_a[Kj,@,zj_ 1]+ Aj o[ K, 0] -1,
(30)
Qlk,w,z]= 9k, L w]eZ+ Flk,,w,2], (25) The Fj_q[k,0,7j_4] can bg deduced from
Fi_1[ky,w,zj_,] by means of the Abegeformalism[20,21]:
with
Filki,@,zi_1]=A[K),0,2j 1—=7; 5] Fj_1[kj, 0,7} ]
kzzm' (26) +A;_q[k ,w]e'kZi-1, (31)
Uz

whereA[k,,w,z; 1=z ,] is the Abels matrix for a single
The quadrivectof can be expressed in the canonical systemayer. In the canonical system, this matrix takes the following

as simple form:
iek
cogk, d;] —Esir[kidj] 0 0
ik,
——sikody] codk.dj] 0 0
AlK,w,d;]= ik . (32
0 0 C0$kldj] k—Slr[de]]
1
ik, .
0 0 —sintk.dj]  cogk,dj]
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X IV. DETERMINATION OF THE RADIATION INTENSITY
IN THE FAR ZONE

The electric fieldEp[D,t] seen by a detector located at

Electron beam D=(p,D) in the laboratory frame can be calculated by Fou-
rier transform
Vacuum Vacuum ED[D,t]=f j dzknj do Eg,[k;, ]
& x g ”kL[kHv“’]ZBei(kH'P*M[ku~w]D*wI)M
0 Jw ’
(40)

Zo 7j Z2N

o . whereEB,][kH ,w] is the partial Fourier transform of the elec-
FIG. 1. Scheme of a periodic multilayer stack made up of alteric field calculated at the appropriate boundary situatg at
nate layers of a material of dielectric constaptand thicknessl; The presence of the symbalis due to the fact that disper-

and of a material of dielectric constasj and thicknessl,. The ~ — gjon volation[Eq. (10)] admits the two solutions-k, and
number of bilayers iN. The electron enters the stack with an inci- K
L

dent angled. In fact, we shall be interested in the time Fourier trans-

Now, one handles the case of a periodic multilayer staclzorm for the calculation of the radiated intensity,

immersed in the vacuurtsee Fig. 1L We suppose that the 1
stack consists of an alternate arrangement of two material§ [ D,w’]= —j dteiw’tj J dzk”j dow EBn[kH 0]
characterized by the dielectric constantsand e, and the 27

thicknessedd; and d,, respectively. We denote bg, the . ‘ ok, [k, ]
periodd; +d,, and byN, the number of periods. The num- X el 7K1 [k w)zagi (k- pk [k @)D —wt) L1 20
ber of the first medium is 0 while the one of the last medium Je

is equal to N+1. (41

Using twice, the Eq(30), one obtains,
FaialKi @, 255]= ulky,0,dy,da]- Fo_1[ Ky, 0,25 5]
+ k), @,dq,dy K], (33
with
F'z;+1:e_ikzzz“lej+1[ku ,0,2Z5;], (34)

plk;,w,dy,dy]=e *AUr ATk w,d,] ALK, @,d4],
(395

and
8Ky, ,d1,dy, K, ]=AlK; ,0,d5]- A[k,w]e™ ka1
— Ak, w]e*%, (36)
where
A=A,. (37)

In this derivation, we have used the fact that, ;= —A,. A
little algebra leads to a linear relationship betwd€p;  ;
andF'q:

Floj+1=S[p]o+Pi[u]F'q, (38)

where

ji—1
Slul=2, p' and Pjlul=p. (39

The integrations over and w give

ED[D'w/]:J f dzkIIEBn[ku Lo’ Jetkilki o'z

x @l (Ki-pt ki [k rw']m—&ki[k“ '] . (42
dw'

Now we calculate the field at an observation pd@nsituated
in far zone, the spherical coordinates of which Brea, ¢;
note that the reference frame is chosen so @@ab0°, when
the observation poinD is located in the incident plane
formed by the speed vector and the normal to the stratifica-
tion planes. Provided that the values@$ are large enough,
the integralg42) can be performed by using the method of

stationary phase generalized at two dimens[@2$ The cal-
culation gives

. o - :
Ep[D,w]=02i ECOQ a]Eg, ks, w]e i ks w2

ePkisl gk, [kis, @]

D Jw (43

where ¢ is the so-called stationary phase dqd is the sta-
tionary wave vector given in the canonical system by

0
kHsz ko Sir[a] , (44)
0
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o is an irrelevant quantity that depends on the geometry anc Vacuum

whose modulus is equal to unity. The problem at this stage i< Multilayer target Electron{Beam
to calculate the electric field at the bounda@[kus,w].

To do it, one needs the homogeneous field quadrive€t8rs  pegector

at the two boundarie&g=z7=0 andzg=1z,y) of the stack.

According to Eq.(38), they are connected by the following o
vector equation:

F'[Kis,0,Zon] =S\ 1] oKy, 0]+ P u]-F'[Kys, @,20].
(45)

Detector

Reflection case (input) Transmission case (output)

Moreover, at the two boundaries, these homogeneous field
quadrivectord='s are related to the corresponding amplitude
quadrivectorsTR[ Kk, ,w,zy] and TR[k;,w,zon] by means of
the matrixM, which in the canonical representation, is givenby each bilayer. This resonant condition reduces to the clas-
by Eq.(22). sical resonant conditiofcf. Eq. (1)] for the RTR when the
To solve the problem, one has to take into account the fadhdices of refraction are small enough; this case corresponds
that there are no incoming waves in the extreme media, sto the so-called x-ray regime studied in REF1].
that the Eq.(45) becomes: The present generalized model was, in fact, developed to
account for the so-called Bragg resonant transition radiation
Fo=Snlu]- olkis, 0]+ Py u]-F'i, (46)  or, to use a more common vocable, the parametric radia-
tion(PR).
We consider the experiment recently performed in the
T,[TM] x-ray domain with 500 MeV electrons impinging at oblique
incidence, a stack of 300 W/E bilayers[19]. The geometry
TITE (470  was choosen to observe x-rays around 15 kEld. 2). Fig-
ol TE] ure 3 shows the intensity in terms of number of photons/
0 electron/eV/sr calculated versus the photon energy within
our model, corresponding to this experiment; the azimuthal
angle of observatiow retained for the calculation is equal to
0 90° (it means that the observation is done in the incident
R[TM] plane formed by the electron speed vector and the normal to
' 0 (48)  the stratification plangsThe intensity is calculated for the
TM polarization since the contribution of the TE polarization
RI[TE] vanishes for this value of the azimutal angle because of sym-
metry reasons. The spectrally integrated intensity calculated
from our model is about 100 photons/electron/sr, while the
experimental value is about 0.22 photons/electron/sr. The au-
thors of the paper reporting the experimental da& claim
that this latter value is in agreement with a calculation based

FIG. 2. Geometry for the observation of the emitted radiation.

with

Fo=exd —ik,d]M
and

F=exd —ik,d]M

T,[TM] andT,[ TE] stand for the amplitude of the transmit-
ted TM and TE waves &=z, , respectively, whildx;[ TM]
andR;[ TE] stand for the amplitude of the reflected TM and
TE waves atz=z,, respectively: the suffix 8" is for out-
going while the suffix 1”is for incoming in relation with the
direction of propagation of the electrons with respect to the
stack. Intensity

The resolution of the systertd6) gives the values of 3 A
TJITM], T, TE], R[TM], andR;[ TE] from which one can :e
calculate the reflected and transmitted intensities of the radi- 2-5
ated far-field per unit angular frequencyw and per unit

2 Dol

solid angled() according to their different polarizations, by R

using the relationship 1.5 Y
R0l D¥|Ep[D, w]|? 49
“witq ~CDED @]l (49 0.5 /

Energy
15.5515.6 15.65 15.7 15.75 15.8

V. APPLICATIONS
) ) ~ FIG. 3. Calculated TM spectrum of the parametric radiation
First, we have checked that our generalized approach igmitted by a target consisting of 300 W@® bilayers crossed by a
able to retrieve the results obtained in the case of RTR witf00 MeV electron. The thickness of the W layer is 0.5 nm and the
the previous modé€l18]. RTR occurs when one of the quan- thickness of the BC layer is 0.7 nm. The incident angle of the
tities Sy involved in Eq.(45) presents a resonant behavior: electron is 88°. The spherical angles of the observation point are:
there are constructive interferences between the RT emittegl=1.9° andp=90°.
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Intensity: photons/(electron/steradian/eV) Intensity
7
.7
6
. .
. .5
3 .4
2 .3 .
1 0.2 .
15.22 15.24 15.26 15.28 15.3Energy 0.1 ’\/\ﬁ\l‘:

FIG. 4. Spectrum of the parametric radiation emitted by the 14.7 14.75 14.8 14.85 14.9 14.95 15 Energy

same target as in Fig. 3, calculated from the virtual-quanta model
presented in Ref11]. FIG. 6. TM reflectivity versus the photon energy of the
multilayer interferential mirror equivalent to the target used for the

on a simple model of virtual-photon reflection. Unfortu- c2lculation of Figs. 3, 4, and 5. The incident angle of the x rays is
88°. Thea observation angle is equal to 2°.

nately, no reference concerning this model is given. A theo-
retical approach connected to the method of virtual quanta, ) ) S

that we have previously developétil], gives a spectrally muthal angleg: the dlff_erence in th_e spatial distribution for
integrated intensity in agreement with the present theoryn® TM and TE cases is clearly evidenced. _

(See Fig. 4 We have observed that the calculated intensity Parametric radiation occurs when the periodic multilayer
is very sensitive to the value of the observation anglea  Stack is in the Bragg regime for the emitted radiation. The
shift of 10~ ! degree on this value with respect to the Optima|observatlon angle for which the _PR emission is maximum
a value leads to a fall in the intensity by a factor about 100.d0€s not follow the Snell law, which means that the optimal
The fact could explain the discrepancy between theory any@lueaqp Of the anglea is not equal tor/2-6 (that is, 2° in
experiment. Moreover, the multilayer structure is likely notthe case of interestbut to 1.9% this latter value is exactly
ideal (interfacial roughness, small irregularities in the sfack the value of the position of the detector reported in iReS).

so that these imperfections lead, in practice, to a reduction diote that we have observed that the value of the optimum
the emitted intensity. In Fig. 5, we have plotted for the opti-€Nergy depends drastically on the electron energy. Figure 5

mal energy(about 15.58 ke, the intensity versus the azi- shows the TM reflectivity of the multilayer mirror corre-
sponding to the multilayer target, for an incident angle

equal to 88°. One sees the shift between the Bragg energy

™ Intensity (around 14.85 keYand the optimal photon energy of the TR
emission(15.58 keV. It is interesting to note that the theo-
2 !\ retical spectral bandwidtiSBW) of the Bragg reflection
(about 56 eV as shown in Fig. 6 is considerably broader
1.5 than the theoretical SBW of the PR emissiafout 29 eV.
1
HE VI. CONCLUSIONS AND PERSPECTIVES
0.3 / k We have developed a rigorous theory, in the framework of
Angle the classical theory of electromagnetism in continuous me-
83.5 90 90.5 91 dia, which modelizes both the RTR and the PR emission
TE from periodically stratified targets. The model makes it pos-
Intensity sible to account for the main results of recent RTR and PR
. experiment§17,19.
0.8 In a forthcoming paper, this model will be systematically
) A used to study the influence of the different parameters on the
0.6 i = PR emission; the polarization of the radiation versus the ob-
HEI servation direction will be especially examined. The influ-
0.4 R ence of the electron energy, of the number of bilayers, and of
Pl the interfacial roughness will be also studied. Careful experi-
0.2 . Lo -
P mental investigations would be useful to check the validity
i Angle of our model.
89.5 90 90.5 91
FIG. 5. Azimutal angulafe) distribution of the parametric ra- APPENDIX A
diation emitted by the same target as in Fig. 3. The calculation is
done for the TM and TE polarizations at the optimum endfdy58 The transverse spatial and temporal Fourier transform of
keV). the field is defined by
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Eﬂhw5”:E%?J fJEWJMé“HWWWMd%.
(A1)

Taking into account Eq3) yields

el ] ] e

we[w]
—z v~ k

x w’e[w]
k?— ez

E(k\i ,w!,z)

S w—k-v]e'kT=ebde d3k

X elki-pre'tgt g2, (A2)

Performing the integration over the timend the variable
gives

ws[w]

-k
HM“Z)ffff2wqw ~oPslw]
c?
X Sl w—k-v]e 25k —k/]
X8 w'—w]dw d?k,dk, . (A3)
The integration ovemw leads to
w'e[w']
—z VK
Bl 0" 2)= fff2wqw Zs[w']
c?

X ol w' —k-v]e*?s(k,—k/)d%k,dk, .

(A4)
The integration ovek; gives,
w'elw']
B ki =k,
E(k|l yo' Z) J' 277_ S[w - , w/28[w/]
ki*tki-——mz—
X 8(w'—K|-vj—k, v, ek, .
(A5)

After a last integration ovek, , ones obtains the expression

of E,,
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, qi
Ei(K[,0',2)= v, 2n%elw’]
w'elw'] ,
_Z_Vn K
8 kv (o]
w - . CU 8 w
ku/2+ I ) _ 2
v, c
o' —kj-v
Xexpi———z]. (AB)
v,
APPENDIX B

The transverse spatial and temporal Fourier transform of

the magnetic field is defined by

N 1 . 2 ’

(B1)
Taking into account Eg4) yields
H(k/ ,0',2)
s[w]
(ZW)SJJJJJJJZW s[w] ws[w]
C2
X S w—Kk-v]ek =g d3ke!(Ki-PTe Vgt d2p.
(B2)

Performing the integration over the timend the variablg
gives

H(kH ,w',2)
8[w]k><v
fffwa s[w] w’e[w]
o

X Sl w—k-v]e 25k, —k/ ][0’ — w]dw d?k dk, .

(B3)
The integration ovemw leads to
elo] ——kXv
Ak 0 2= [ | [ 5 :
(ki o’ 27° s[w ] 0'%[o']
C2
X 8w’ —k-v]e* 2 k,—k/]d%k,dk, .
(B4)

The integration ovek; gives,
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elw'] — 1 qi
o ql T(ku—kkl)xv HH(k” N0 ,Z)ZZW
H(k\f ,w,,Z):f 2 ’ 12 ’
2n%e[0’] , o, o’lelo] : _
Kj "k ———=— efo’][ w — KV
c kHXVﬁLv—zVLXVu
. s
X olw' = ki -vj—k, v, Je' dk, . . K2 o' —ki-vi|? 0'?[o']
(B5) 1 v, -
; ; i ; o' =KV
After a _Iast integration ovek, one obtains the following ><exp(i I Vi z). (B6)
expression foH,: vy
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