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The evolution in space and time of localized high-energy electromagnetic wave packets, which take place in processes of radiation by
ultra relativistic electrons is considered. It is shown that high energies make stabilizing influence on the motion of such packets and
that the lengths, within which their dispersion and reconstruction into the packets of diverging waves occurs, can be macroscopic.
The electromagnetic field evolution in the process of ultra relativistic electron emission from substance into vacuum is considered. It
is demonstrated, that in this case the electron can be in ‘half-bare’ state with considerably suppressed low frequency Fourier-
components of the field around it during long period of time after the emission. It is shown that such state of electron can manifest
itself in significant dependence of further ionization energy losses of the electron in thin plate situated in the direction of the particle
motion on the distance between the plate and the scattering point.
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BbICOKOSHEPTETUYECKHE BOJTHOBBIE MAKETBIL. «I1OJIYTOJIbIi» SJIEKTPOH
H.®. lllyasra, C.B. Tpodumenko
Hnemumym meopemuyeckoui pusuxu um. A.1. Axuezepa HHI] XOTH
ya. Axademuueckas 1, Xapwvkos, 61108, Yxpauna

PaccmoTpeHa TPOCTPaHCTBEHHO-BPEMEHHAsI SBONIONHS JIOKATH30BAHHBIX BBICOKOIHEPIeTHUECKUX SIIEKTPOMATHUTHBIX BOJIHOBBIX
MIAKETOB, MMEIOMNX MECTO B IpoIeccax HM3IyUeHHUS YIBTPA PENATHBHUCTCKHMH JJIEKTPOHaMH. [oka3aHO, YTO BBICOKHE SHEPTHU
OKa3bIBAIOT CTAOWIM3MPYIOIIEee BIMSIHIE HA JBIDKCHHE TaKUX ITAKETOB M YTO JUIMHBI, HA KOTOPHIX MPOUCXOAUT UX PacIUIBIBAHUE U
IepecTpoiika B MaKeThl pacXO[IIUXCS BOJH, MOIYT HUMETh MAaKpOCKONMYEeCKue pasMmepbl. PaccMoTpeHa sBomronus
3JIEKTPOMArHUTHOTO 1OJIS B IPOCTPAHCTBE NIPU BBUICTE YJIbTpa PEIATUBUCTCKOIO 3JICKTPOHA U3 BelllecTBa B BakyyM. [loka3aHo, uTo
B OTOM Cllydae 3JEKTPOH B TEUCHHE JUIMTEIBHOrO MPOMEXYTKAa BPEMEHH IIOCIE BbUIETA W3 BEIIECTBA MOXET INpeObIBaTh B
«TIOJTYTOJIOM» COCTOSTHUH C CHJIBHO MOAABICHHBIMM HU3KOYAaCTOTHBIMU KOMIOHEHTamMH Dypbe B OKpYXKalolleM ero moie. Taxxe
MOKAa3aHO, YTO TAKOE COCTOSHHE 3MIEKTPOHA MOXKET MPOSBISATHCS B CYIIECTBEHHOH 3aBUCHMOCTH €0 MOCIEAYIOMNX HOHN3AIIMOHHBIX
MOTEPh HEPTUH B TOHKOH ITACTHHKE, PACHONOKEHHOH B HANIPaBICHUU ABI)KEHUS YACTUIIBI, OT PACCTOSHUS MEXIy IIACTHHKON U
BEILECTBOM.

K/IIOYEBBIE CJIOBA: 31¢KTpOMAarHUTHbIC BOJHOBBIC IIaKEThl, MOHM3ALUOHHBIC IIOTEPU SHEPIUU, MEPEXOAHOE HU3IydeHHE,
3¢ }eKT IIOTHOCTH, «IOIYTOJIBII IIEKTPOH

BHUCOKOEHEPTETUYHI XBUJIbOBI MAKETH. «<HAIIBI OJINiT» EJEKTPOH
M.®. lllyasra, C.B. Tpodpumenko
ITncmumym meopemuunoi gisuxu im. O.1. Axiesepa HHL] XDTI
eyn. Akademiuna 1, Xapxis, 61108, Yxpaina

Po3riisiHyTO TPOCTOPOBO-YACOBY EBOJIONIIO JIOKAIi30BAaHUX BHCOKOEHEPIeTHYHHX €JIEKTPOMArHiTHUX XBHJIBOBHX IIAKETiB, IIO
MalOTh MiCIle y IpoLecaXx BUIPOMIHIOBAHHS YIIBTPAa PEIATHBICTCBKMMH elekTpoHaMH. [loka3zaHo, IO BHCOKI €Heprii MaroTh
cTablIi3ylounii BIUIMB Ha pyX TAaKUX IAKeTiB 1 IO JOBXHHU, Ha SIKHX BifOyBaecThCs iX PO3IUIMBAHHS i mepeOymoBa y MakeTH
PO30IXKHUX XBHJIb, MOKYTh MaTH MaKPOCKOIIIUHI po3MipH. PO3IJISIHYTO €BOJIIONIO €IEKTPOMAarHiTHOTO MOJIS B IIPOCTOPI P BHIIBOTI
yIbTpa PENSTHUBICTCHKOTO €IEKTPOHA 3 PEYOBMHHM y BakyyM. Iloka3aHo, 110 B I[bOMY BHIAIKY €JIEKTPOH HPOTSITOM TPHUBAJIOrO
MPOMIXKY 4acy Iicis BUWIbOTY 3 PEHOBMHH MOXXE I1epeOyBaTH B «HAIMIBrOJIOMY» CTaHi 3 CWIIBHO 3ariIylIEHUMU HU3bKOYaCTOTHUMHU
komrnoHeHTaMu Pyp'e B oTouyrodomy moii. Takox mokasaHo, [0 TaKWH CTaH €JIEKTPOHA MOXKE BHSBIISTHCS B ICTOTHIH 3al€XKHOCTI
HOro MOJANbIINX 10HI3aLIHHUX BTpPAT €HEeprii B TOHKIH IUIACTHHII, pPO3TAIIOBAaHIH y HANPAMKY PyXy YaCTHHKH, BiI BiACTaHI Mix
IUTACTUHKOIO i pEYOBHHOIO.

KJIIOYOBI CJIOBA: enexkTpoMarHiTHi XBWJIbOBI IAaKeTH, IOHI3amiiiHi BTpaTH €Heprii, IepexifHe BHUIIPOMIHIOBAHHS, e(eKT
TYCTHHH, «HAIiBrOJINI €JIeKTPOH

A lot of high-energy physical processes develop within large domains of space along the direction of particle
motion (see, for example monographs [1-4] and references in them). In the case of electromagnetic processes the size of
these domains can substantially exceed sometimes not only interatomic distances of substance but the size of
experimental facility (detectors) as well [1, 2, 4-13]. Essential in this case is the fact that interaction of particles with
atoms and experimental facility situated within such domains and outside them can substantially differ. Such situation
arises, for example, when considering long-wave radiation in processes of bremsstrahlung and transition radiation by
ultra relativistic electrons [14-16]. Therefore, it is necessary to know what happens within such regions and what the
peculiarities of evolution of such processes in space and time are. In the present paper we consider the evolution of
transition radiation process during relativistic electron emission from dielectric substance into vacuum and
manifestation of transformation of electromagnetic field around the particle in this process during further interaction of
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this electron with matter.

The considered problem is closely related to the problem of study of the behavior of localized high-energy wave
packets. Therefore, firstly, we will consider some peculiarities of the behavior of such wave packets drawing special
attention to the questions of their stability and reconstruction into the packets of diverging waves. Further we show that
the discussed wave packets naturally arise in the process of relativistic electron emission from substance into vacuum.

The consideration is made on the basis of classical electrodynamics. In this case the moving electron is considered
as a charge with its own Coulomb field moving together with it. During the electron traversal of the medium-vacuum
interface the perturbation of this field occurs. This perturbation is treated here as appearance of a packet of free plane
electromagnetic waves, which reconstructs then into a packet of diverging waves of transition radiation. For ultra
relativistic particles, however, this does not happen at once. The distance from the interface, within which this process

develops, has a name of the coherence length of the transition radiation process [1, 2]. It is 22 times larger than the
length A of the considered radiated waves ( y is here the electron Lorentz-factor). We show that within this length the

field around the electron in vacuum substantially differs from the Coulomb one and the particle exists in so called ‘half-
bare’ state [17, 18] with suppressed low-frequency components of the field around it. It is possible to place thin
dielectric plate within this distance from the substance in the direction of the electron motion and consider ionization
energy losses of the particle in it. In the present paper it is shown that the electron energy losses in such plate
significantly depend on the distance between the plate and the substance, from which the electron is emitted, and are
defined by the magnitude of interference between the electron’s own Coulomb field and the packet of free waves.

The aim of the paper is to investigate some peculiarities of space-time evolution of the field of high-energy
electromagnetic wave packets and to consider the manifestation of such field evolution in the process of relativistic
electron ionization energy losses.

HIGH-ENERGY WAVE PACKETS

The general solution of the wave equation can be presented in the form of a wave packet, which spatially disperses
in course of time. In semiclassical approximation such packet does not disperse. It moves according to the laws of
classical mechanics (see, for example [2, 19]). It is going beyond the semiclassical approximation that leads to the
packet dispersion. The high-energy wave packets are of special interest because the speed of their dispersion decreases
with the increase of their energy. Let us pay attention to some peculiarities of dispersion of such packets. Significant
here is the fact that characteristic features of this dispersion are similar for all fields. Therefore it is sufficient to
consider just scalar field.

The general solution of the wave equation

2

— -V +m® |p(F,1)=0 (1)
ot
for a scalar particle with the mass m can be written in the following form of the expansion of the field ¢(7,t) over

plane waves:
- d’c e
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where @=+&%+m? and C. - are the expansion coefficients. Here and further we will use the system of units in

which the speed of light ¢ and the Plank constant 7 equal unit.
Let us consider the dispersion of the wave packet, which at the initial moment of time coincides with the Gaussian
packet modulated by the plane wave with large value of the momentum p [2, 20]. Moreover we will assume that the

initial widths of the packet ¢ and a, parallel and perpendicular to the particle momentum p are different. For such

packet at the initial moment of time the field ¢(#,7) has the following form:

= . ZZ 152
P(F.1) = expy ipF ——— — L 3)
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where z and p are the coordinates parallel and orthogonal to p . At the moment of time ¢ this packet will be defined
by the relation (2) with
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We can write the obtained expression for the field ¢(7,¢) in the form
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p(F,t)= 4" E0I(F p) Q)

in which 4 = aHai, g=+/p>+m* and

2 2 2 2
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Having made in this expression the variable substitution &« = p+¢ we find that
2 2 2 2
a
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In the case of large energies it is possible to make the expansion over |c7|/ p in the quantity (@;,; —¢) in (7).
Having preserved the quadratic terms of expansion we obtain
% . 4
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where v=p/¢ and y =(1— vz, Substituting this expression into (7) after simple calculations we obtain
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The formula (9) can be written in the following form as well:
2 2
1.0 = Ay explian) - 2”’) £, (10)
207(1) 227 ()
in which A(?) is a slowly changing quantity
1
A(r) = ; an
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a(7,t) is the real phase
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Ay(t) and A, (r) are the longitudinal and transverse widths of the packet at the moment of time ¢
2 2
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In the case of @ =a, the obtained above formulae coincide with the corresponding result of the paper [20].
The formulae (13) show that in longitudinal and transverse directions the squares of the widths of the packet Aﬁ @)
and A2 (1) grow with time proportionally to 2m* /&® and */&? . In nonrelativistic case these quantities do not depend

on the particle energy ( > 1&? =¢* /m*). In relativistic case the quantities *m*/&® and 1% /&% are substantially smaller
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than the corresponding values for nonreativistic particles. Let us note that the additional factor m*/&* exists for
longitudinal direction in Aﬁ (#) . It leads to the substantial decrease of the speed of the packet dispersion in this direction
compared to the speed of the packet dispersion in transverse direction. Thus the relativistic effects do the stabilizing
influence upon the wave packets.

Now let us consider high energy packets of free electromagnetic waves. Scalar and vector potentials of such
packets are the solutions of the wave equation (1) with m =0. Therefore in order to analyze the peculiarities of

dispersion of such packets we can use the previous formulae assuming that all the terms in them containing the Lorentz-
factor y equal zero. In this case for scalar potential we find that

(71 = 4" PO D [0 (14)

where k and @ are the wave vector and the frequency of the electromagnetic wave and

2 2
I(7,t) = A(t)exp iak(f,z)—(z_? L1 (15)
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Here
- p? t/o
At)=—1 , a(f,t)="————, 16)
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and
ANty =al, A @)=a +(t/a,0).

The obtained formulae show that the initially Gaussian packet does not disperse in the direction parallel to the k
vector. In transverse direction the square of the packet widths grows proportionally to (¢#/®)*. Thus the speed of the
packet dispersion decreases with the increase of the wave frequency @ .

When considering a process of radiation by relativistic electrons it is often necessary to deal with packets, which
are constructed of plane waves with wave vectors, which directions are close to the direction of a given vector k£ . Such
wave packets differ somehow from the ones considered above. Let us consider some peculiarities of dispersion of such
packets assuming for simplicity that at the initial moment of tome #=0 the distribution of the waves over the wave
vectors is Gaussian relative to the given vector k [21]. For such distribution in the initial moment of time the scalar
potential ¢, (7,0) has the following form:

2 A2 e
Ez 42905 185 ,ikF

P (7,0) =
Ay

; an

where 4 is the angle between the packet wave vector and the wave vector k, A% is the average value of the square of

the angle $, A% <<1.
The coefficients C; of the Fourier expansion (2) for such initial packet have the following form

2 _
C; :(2n)3jge*32“§5(1€—51) , (18)
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in which 5(/2 —q) is the delta-function. As a result we come to the following expression for the scalar potential

(kp/2)* A}
Wi
I+ikzAy /2 (19)
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where z and p are the coordinates parallel and orthogonal to k.
The given expression for the wave packet has the same structure as the corresponding expression for the packet
(14). If the substitutions (¢/a}&) — (@ zlé /2) and aHZ — oo are made in the latter expression the both formulae for the
wave packet will become identical.
The formula (19) shows that for @ zA%/2 <<1
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and for @ zA%/2>>1
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For z>> p the latter formula can be written in the form of a diverging wave

- 2i . p2
<¢Jk(r,t)> ~ —M%exp{za)(r—t)— ZzA?g}’ (22)

where r=+/z2 + p* ~z+ p*/2z . Thus on distances z from the center of the initial packet, which satisfy the condition

w zAG /2 <<1 (23)

the form of the packet (19) coincides with the form of the packet at #=0. Only on the distances, which satisfy the
condition

o zAy/2>>1 (24)

the transformation of the packet (19) to the packet of spherical diverging waves occurs.

Let us note that in the theory of radiation of electromagnetic waves by a moving electron the spatial region in
which the formation of spherical diverging waves occurs has a name of the wave zone (see for example [22]). In
particular, for nonrelativistic charged particles the wave zone begins on distances from the radiation region, which

exceed the length of the radiated wave A . However, the condition (24) shows that for Elzg <<1 the wave zone formation
occurs not on distances z >> 4 as in the case of a nonrelativistic particle but on distances

z>>24/A%, (25)

which are much larger than the wave length 4 =1/® . For sufficiently small values of leg the length z =21/ Zé can
reach macroscopic size.

ELECTROMAGNETIC FIELD OF ELECTRON AFTER ITS EMISSION FROM SUBSTANCE
The electromagnetic wave packets similar to the ones considered above arise, for example, in the process of ultra
relativistic electron traversal of boundary between two substances. In particular, let us consider some peculiarities of
evolution of such packets during the electron emission from dielectric substance into vacuum.
During the motion of a charged particle in substance with dielectric permittivity &, the screening of its own
Coulomb field on large distances from the particle takes place. It happens due to polarization of the substance by the
particle’s field. In transverse direction with respect to the particle motion such screening occurs on distances p 21/, ,

where ), is the plasma frequency. After the particle emission from the substance into vacuum the field around it is

defined from the solution of Maxwell equations with corresponding boundary conditions for electric field and induction
on the dielectric-vacuum interface. Taking into account these boundary conditions the electric field around the electron

in vacuum can be presented as superposition of the electron’s own Coulomb field in vacuum E °(¥,1) and the field of
packet of free waves ET(F,0): E(F,t)=ES(F,0)+E/ (F,1). Significant here is the fact that considerable interference

between these fields takes place, as a result of which on small distances from the interface the total field E (r,t) around
the electron significantly differs from the Coulomb one. With the increase of distance between the particle and the
interface such interference decreases and it is possible to consider the fields £¢ and E/ as independent electron’s own
field and the field of radiation. For the Fourier-components of these fields with different frequencies such separation,
however, occurs independently and on different distances. Therefore further we will consider the evolution of a single-
frequency Fourier-component of the surrounding electron field.

In the considered ultra relativistic case the field around the electron can be considered as transversal to the direction
of the particle motion (which is chosen to coincide with positive direction of z - axis), having just p - component.

Taking into account the mentioned above boundary conditions, the Fourier-harmonic of frequency @ of the transversal
component of the total field around the electron in vacuum can be presented in the next form (watch for example [1]):



64

«Journal of Kharkiv National University», Ne1040, 2013 N.F. Shul’ga, S.V. Trofymenko
- ie 5 ¢ - igp iz4/ ’—g® iwz/v
Ew(p,2)=—;§fdzqqe”p{ 0, (@)™ +0.(q)e" " } (26)
0
where

v v
[ 2 2 1+—1/a)25—q2 g+—\/a)25—q2
w —q w _ W
2 2 )

0,(q) =
: 2 2 2 2
\/a) &€—q +‘9\/‘0 4 ¢+ 6202—(6‘—1)602 q*+ 202
vy vy
1
0(9)=—F"
q2+L
V252

and ¢ is the orthogonal to z - axis component of the wave vector k . The first term in (26) defines the packet of free
waves in vacuum, which appears during the particle traversal of the substance-vacuum interface and gradually
transforms into the field of transition radiation. It is a packet of plane waves with different directions of wave vector k

(‘/g‘ =) of the similar type as the packet (19) (here we do not include the time-dependent factor ¢’ to the

expression for £, ). The second term in (26) defines the electron’s own Coulomb field uniformly moving in vacuum.

After integration over the angle between ¢ and p in (26) we receive:

2 r iz\la)z— 2 iwz/v
Em(p,Z)=Tejdqq2J1(qp){ Or(q)e T +0.(q)e } (27
0

where J,(x) is the Bessel function.
Let us note, that in the region ¢ > @ the term in (27), which contains the quantity Q,, exponentially decreases
with the increase of z . Therefore it is possible to neglect the contribution of the region ¢ > @ to the integral over ¢ in

this term.
In ultra relativistic case the frequencies @, which make the main contribution to transition radiation spectrum,

significantly exceed the plasma frequency of the substance @, . In this case we can use the following expression for

dielectric permittivity of the substance, from which the electron is emitted:
sw)~l-o, /o (28)

In the terms containing O, in (27) the main contribution to the integral over ¢ is made by values ¢ < ®, << and the

square roots in (27) can be expanded in parameter ¢ /@’ . At the same time due to convergence of the integral over ¢
the integration in terms containing Q, can be extended to infinity. As a result for the Fourier-component of the total

field we obtain the expression

2e o zOO ~ . @ : ’
E(p.2)=""e" | dqqul(qp){ Qf(q)eXP[—l 2 —z%}gc(q)}, (29)
0
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On very small distances from the interface between the substance and the vacuum (z — 0) the harmonic (29) of the
total field around the electron nearly coincides with the harmonic of the particle’s Coulomb field in the substance
screened by polarization:
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From (30) we can see that after the electron emission from substance the Fourier-components of frequencies @ < yw,

are suppressed in the field around the electron comparing to the corresponding Fourier components of electron’s
Coulomb field in vacuum, which are defined by the expression (30) with @, = 0. The electron with such field is known

as ‘half-bare’ electron [17, 18]. Such state of the particle also appears in the process of ultra relativistic electron
scattering to a large angle and can manifest itself, for example, during further collisions of such electron with atoms of
substance causing different effects of bremsstrahlung suppression (Landau-Pomeranchuk-Migdal effect [23, 24], the
effect of radiation suppression in thin layer of substance (TSF-effect [25, 26]), etc.). The ‘half-bare’ state of the
scattered electron should also manifest itself in the process of further transition radiation by such electron [14-16].

With the increase of distance between the electron and the substance the interference between the particle’s own
field and the packet of free waves decreases and the half-bare electron ‘dresses’ with its proper Coulomb field in
vacuum. The distance z from the substance, on which the ‘dressing’ of the particle and reconstruction of the wave
packet into the field of transition radiation occur is the coherence length of the radiation process. It is defined by the

relation [, ~2y* /@ and significantly exceeds the wavelength of the considered Fourier-component A =27/ . In the
considered case of ultra relativistic electron the transition radiation is mainly concentrated in the range of small angles
& between the radiation direction and the electron velocity [27]. For such angles in the region of distances from the
substance z >/, the integral over ¢ in the first item in (29) can be calculated with the use of stationary phase method.

In this case the Fourier-harmonic of the total field naturally divides into the harmonic of electron’s Coulomb field in
vacuum and spherical diverging wave of transition radiation:

Ew(p,z)=2—{ Kl[ pj Z/V+e—F(L9)}, (31
v vy vy r
where
2
9
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9=plz<<land r=+p* +z> ~z+p*/2z.

The spectral-angular density of transition radiation, associated with the second item in (31) is given by the formula

d& ‘/()‘

F2 9
da)do )

and coincides with the well-known expression of transition radiation theory [27].

IONIZATION ENERGY LOSSES OF ‘HALF-BARE’ ELECTRON IN THIN PLATE

Let us now consider how the reconstruction of the field around the electron after its emission from substance can
influence on further interaction of the electron with matter. In particular, let us consider how the ‘half-bare’ state of the
electron manifests itself in the particle ionization energy losses in thin dielectric plate situated close to the substance
from which the electron is emitted.

A fast charged particle in substance loses its energy on excitation and ionization of the atoms of the substance. In
the case of not very fast particles the value of such energy losses is defined by Bethe-Bloch formula [28, 29]. With the
increase of the particle energy Fermi density effect [30] becomes essential, which leads to the decrease of energy losses
in comparison with the correspondent result of Bethe and Bloch. This effect is caused by polarization of the atoms of
the medium by the field of the particle which moves in substance. During the particle traversal of the border between
two media due to reconstruction of the particle’s field its ionization energy losses in the boundary region can
significantly differ from the energy losses on large distances from the border. The possibility of such effect was
indicated in the paper of G.M. Garibian [31], in which it was shown that in the case of passage of ultra relativistic

electrons through sufficiently thin layer of substance (a layer of thickness less than 6 =17/ a) , where / is mean
ionization potential of the atoms of substance and @), is the plasma frequency) Fermi density effect is absent and

ionization energy losses are defined by Bethe-Bloch formula even in the case of very large particle energies.
Experimentally such effect was observed in the works [32,33]. Let us note that some deviation from Fermi density
effect was observed in the work [34] for ionization energy losses of ultra high energy electrons in relatively thick plates
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of substance as well.

Significant role in the process of ionization of the atoms of substance is played by Fourier-components of the
particle’s field with the frequencies close to the own frequencies of the atoms of substance. At the same time the
characteristic distances from the boundary between two media, on which the reconstruction of the field around the
electron occurs, are defined by the lengths of absorption of these Fourier-components in substance. By the order of the
magnitude these lengths correspond to thicknesses of the targets, for which the Garibian effect in ionization energy
losses takes place.

Let us consider now the ionization energy losses of the electron in thin dielectric plate, situated on distance z
from the point of the electron emission from substance (see Fig.). The peculiarity of the considered process is in the fact
that the reconstruction of the field around the electron after its emission occurs in vacuum in the absence of any
absorption. Hence in this process the effects associated with reconstruction of the field around the electron can be
observed in the particle ionization energy losses on large distances between the plate and substance, which significantly
exceed the distances, on which the effect of Garibian takes place.

The consideration of the given process is carried out on the basis of Bohr’s method [35, 36] of description of fast
particle ionization energy losses in substance associated with separate consideration of the process in the region of small
and large values of impact parameters. We draw the special attention in this case to the processes associated with large
impact parameters. In this case the particle interaction with electron subsystem of the plate is considered in Fermi model
of atoms of the medium [37], in which the bound atomic electrons are represented by a set of harmonic oscillators. In
the region of large values of impact parameters the excitation of the atoms of the plate by incident electron is caused
mostly by the Fourier-harmonics of transversal component of the electromagnetic field around the electron inside the
plate, with frequencies @ of the order of characteristic frequencies of electron vibration in atoms @y . At the same time

if the plate thickness is less than the absorption length of electromagnetic waves with frequency @ ~ @, in substance,

the energy transmitted to the electron subsystem of the plate will be defined by the Fourier-component (27) with the
frequency @ = @, of the field falling on the plate. In the simplest model of atoms of the medium, in which the own

frequencies of electron oscillators @), are taken to equal mean value of atomic ionization potential of the substance, the
energy transfer to each atomic electron is defined by the relation [38]:

>

e2 2
Ag = %‘Ewo

where e and m are charge and mass of the electron and E, — Fourier-component of the field around the incident
electron transverse to the direction of the particle motion. Let us note that the electric field £, includes both electron’s

own Coulomb field in vacuum and the packet of free waves, which appeared as a result of electron emission from
substance.

The energy transmitted to the electron
P subsystem of the plate per unit path of the incident
electron inside the plate is defined then by the
following expression:

7
dE me’n
---------------------------- = m _[ dpp|E,, (P, (32)
AR, ,
Y z . o
------------------------------------- where n is the electron density in the plate. If the
/ ~~~~~ condition @, >>w, is fulfilled, for calculation of
/ the energy losses it is possible to use the expression
(28) for dielectric permittivity of the substance,
from which the electron is emitted. In this case the
considered Fourier-harmonic of the field around the
Fig. Traversal of thin plate by an electron after its emission from electron is defined by the expression (29) with
substance ® = w,. Substituting it into (32) we obtain the
following expression for the energy losses
4
d‘g e ”jd ‘Q, +20, ReQ exp—i—_j +0? (33)
vy 2a)0

The term in (33) containing Qf , defines the contribution to the energy losses associated with Coulomb interaction
of the moving particle with the electron subsystem of the plate. On the upper limit in this term the integral over g
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diverges and it should be restricted by some maximum value ¢, defined from the condition of applicability of the used

here model of the atomic electron subsystem as a set of harmonic oscillators. The latter is still valid if R~ > g, > @,

where R is the radius of screening of the atomic potential. As a result we come to the following formula for restricted
energy losses, for which g < ¢, :

A& 4ze'n | T ~ ~ @Yz 2z
—_— = quq}QC2 +J.aqu3 Q} +20,0, cos > v 3 + 2200 (34)
0 0

dz mv> V27 2,

Let us consider several limiting cases of the formula (34). For z — 0, as can be easily verified,

d&€ _ dmen {lnq—o IJ.

ac : _Z
dz my o,

This formula shows that the energy losses in the plate situated close to the border of the substance, from which the
electron emerges, are defined by Fermi density effect like in substance, in which the particle moved before the collision
with the plate.

In the region of distances z, which satisfy the conditions @/ a); <<z << 72 / @, , the energy losses in the plate

are defined by the formula

4 ®,z
£:4ﬂezn in 20%p% —l+G ,
dz my @y

where G =0.577 is the Euler’s constant. Let us note that in the considered range of distances the logarithmic increase
of the energy losses with the increase of z takes place. This effect is caused by the reconstruction of the field around
the electron after its emergence from substance.

On sufficiently large distances from the point of the particle emission from substance z > 292/ @, , according to

(34),
d 4re” 1 W,V
LA R DA A N WA | 69)
dZ my a)o 2 0)0
The energy losses in this case do not depend on z . The first term in (35) corresponds to ionization produced by the
particle’s own Coulomb field and coincides with the corresponding result of Bethe and Bloch for contribution to energy
losses associated with large impact parameters. Fermi density effect is not presented in ionization energy losses in the
considered case of thin plate. The second term in (35) defines the contribution to ionization by the packet of free
(radiated) waves. In the considered logarithmic approximation in (35) the interference term does not contribute to
energy losses.

Let us draw attention to the fact that in the present paper we considered the energy transmission to bound electrons
in the atoms of medium, for which @, >>w,. The used here method is not applicable for description of energy

transmission to free particles (@, — 0 ), to which the paper [39] is devoted.

Thus with the increase of the distance in vacuum between the point of electron emission from substance and the
plate there occurs the logarithmic increase of ionization energy losses per unit path from the value defined by Fermi
density effect to the value defined by corresponding result of Bethe and Bloch complimented by contribution to
ionization of radiation field. The distances z , within which such reconstruction of energy losses takes place, by the
order of magnitude are defined by relation

z=2y% .

In the case of ultra high energy particles these distances can reach macroscopic size. In particular, for electrons with the
energy of the order of 100 Gev the length z ~2y?/ @, can reach several tens of meters and consequently the predicted
effect of reconstruction of ionization energy losses can be observed at energies achievable on CERN accelerators.

CONCLUSION
The behavior of localized high-energy electromagnetic wave packets, which take place in processes of radiation by
ultra relativistic electrons has been considered. It is shown that with the increase of the energy the stabilization of
characteristics of motion of such packets takes place, which consists in substantial decrease of the speed of their
dispersion. Essential here is the fact that at high energies the lengths on which the reconstruction of the form of such
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packets into packets of diverging waves takes place can reach macroscopic size, which can exceed the size of
experimental facility.

Such situation takes place, for example, after ultra relativistic electron emission from substance into vacuum. It is
shown that as a result of such emission a localized packet of free electromagnetic waves appears and transforms into a
packet of diverging waves of transition radiation on large distance from the emission point. The transformation of a
certain Fourier-harmonic of the packet field takes place within the coherence length of the radiation process, which
substantially exceeds the length of the considered wave of radiation and can be macroscopic. On small distances from
substance-vacuum interface the interference between the considered packet and the electron’s own Coulomb field leads
to suppression of low frequency Fourier-components in the field around the electron in the same way as inside the
substance from which the electron was emitted. The electron with such field is known as ‘half-bare’ electron. It is
shown that such state of electron should manifest itself, for example, in the particle ionization energy losses during
further interaction of the electron with a plate situated in the direction of the electron motion on distances from the

substance less than 2y /1 . In this case the effects in ionization energy losses associated with reconstruction of the field

around the electron may be observed on distances, which considerably exceed the distances, on which the effect of
Garibian takes place. It is shown that for small distance between the plate and the point of the electron emission from
substance the particle ionization energy losses in the plate are defined by the formula, which takes into account the
Fermi density effect. Then with the increase of this distance the ionization energy losses in the plate logarithmically
increase, reaching the maximum value on distances, on which the separation of the Fourier-components of the particle’s
own field and the field of radiated waves takes place. In the case of ultra high energies of the particle these distances
may be macroscopic, which opens new possibilities for investigation of manifestation of the electron in ‘half-bare’ state
with suppressed low-frequency components of the surrounding field.

REFERENCES

1. Ter-Mikaelyan M.L. High-Energy Electromagnetic Processes in media. — Yerevan: Publ. of Acad. of Sc. of Arm. SSR, 1969. —
457 p.

2. Akhiezer A.I,, Shul’ga N.F. High Energy Electrodynamics in Matter. — Moscow: Nauka, 1993. — 344 p.

3. Dokshitzer Yu. L., Khoze V.A., Mueller A.H. and Troyan S.I. Basics of Perturbative QCD. — Gif sur Yvette Cedex: Editions
Frontiers, 1991. — 274p.

4.  Garibyan G.M., Shi Y. X-Ray transition radiation. — Yerevan: Publ. of Acad. of Sc. of Arm. SSR, 1983. — 320p.

5. Ginzburg V.L., Tsytovich V.N. Transition Radiation and Transition Scattering. — Moscow: Nauka, 1984, 360 p.

6.  Rullhusen P., Artru X., Dhez P. Novel radiation sources using relativistic electrons. — Singapore: World Scientific Publ., 1998.
—202p.

7. Shibata Y., Hasebe S., Ishiki K., et al. Observation of coherent diffraction radiation from bunched electrons passing through a
circular aperture in the millimeter- and submillimeter- wave length regions // Phys. Rev. E. — 1995. — Vol. 52. — P. 6737.

8. Dobrovolsky S.N., Shul’ga N.F. Transversal spatial distribution of transition radiation by relativistic electron in formation zone
by the dotted detector // Nucl. Instrum. Methods B. — 2003. — Vol. 201. — P. 123-132.

9. Gorham P. et al. Radio-frequency measurements of coherent transition and Cherenkov radiation: implication for high energy
neutrino detection // Phys. Rev. E. — 2000. — Vol. 62. — P. 8590-8605.

10. Verzilov V. A. Transition radiation in the pre-wave zone // Phys. Lett. A. —2000. — Vol. 273. — P. 135-140.

11. Akhiezer A.l,, Shul’ga N.F., Fomin S.P. Landau-Pomeranchuk-Migdal Effect . — Physics Reviews. — 2005. — Vol. 22. — P. 1-
215 (Edited by I. M. Khalatnikov), Cambridge Sci. Publ., Printed in UK.

12. Potylitsyn A.P. Electromagnetic Radiation of Electrons in Periodic Structures. — Berlin: Springer, 2011. — 213 p.

13. Naumenko G.N., Potylitsyn A.P., Sukhih L. G. et. al. Macroscopic effect of shadow of electromagnetic field of relativistic
electrons // Pis’ma v Zh. Eksp. Teor. Fiz. — 2009. — Vol. 90, Iss. 2. — P. 105-110.

14. Shul’ga N.F., Trofymenko S.V., Syshchenko V.V. On transition radiation and bremsstrahlung by relativistic electron with
nonequilibrium field // Pis’ma v Zh. Eksp. Teor. Fiz. —2011. — Vol. 93, Iss. 1. — P. 3-7.

15. Shul’ga N.F., Trofymenko S.V., Syshchenko V.V. The Space-Time Evolution of the Process of Transition Radiation by
Relativistic Electron // Visnyk of Kharkiv National University. — 2010. — Ne 916, phys. series “Nuclei, Particles, Fields” Iss.
3(47). — P. 23-41.

16. Shul’ga N.F., Trofymenko S.V., Syshchenko V.V. The prewave zone effect in transition radiation and bremsstrahlung by
relativistic electron // Problems of atomic science and technology. — 2012. — Nel series: Nuclear Physics Investigations. Vol. 57.
—P. 134-138.

17. Feinberg E.L. Consecutive interaction at high energies // Zh. Eksp. Teor. Fiz. — 1966. — Vol. 50. — P. 202.

18. Akhiezer A.I, Shul’ga N.F. Radiation by relativistic particles in single crystals / UFN. — 1982. — Vol. 137. — P. 561-604.

19. Miller W. Classical Limit Quantum Mechanics and the Theory of Molecular Collisions. — New York: Wiley, 1974. — P. 69-
177.

20. Blokhintsev D.I. In the book: High-Energy Physics and Elementary Particles Theory. — Kiev: Nauk. Dumka, 1967. — P. 778.

21. Shul’ga N.F., Syshchenko V.V., Shul’ga S.N. On the motion of high-energy wave packets and transition radiation by ‘half-
bare’ electron // Phys. Lett. A. —2009. — Vol. 374. — P. 331-334.

22. Landau L.D., Lifshitz E.M. The Classical Theory of Fields. — Moscow: Nauka, 1967. — 460 p.

23. Landau L.D., Pomeranchuk I.Ya. Electron-cascade processes at ultra-high energies // Dokl. Acad. Nauk. SSSR. — 1953. — Vol.
92.-P.735.

24. Migdal A.B. Bremsstrahlung and pair production in condensed media at high energies // Phys. Rev. — 1956. — Vol. 103. — P.
1811.



69

physical series «Nuclei, Particles, Fields», issue 1 /57/ High-energy wave packets...

25. Ternovsky F.F. On the theory of radiative processes in piece wise homogeneous media // Zh. Eksp. Teor. Fiz. — 1960. — Vol.
39.-P. 171.

26. Shul’ga N.F., Fomin S.P. Suppression of radiation in an amorphous medium and a crystal / Pis’ma v Zh. Eksp. Teor. Fiz. —
1978. —Vol. 27. - P. 126.

27. Landau L.D., Lifshitz E.M. Electrodynamics of Continuous Media. — Moscow: Nauka, 1982. — 621 p.

28. Bethe H.A. Theory of the passage of rapid corpuscular rays through matter / Ann. de Phys. — 1930. — Vol. 5. — P. 325.

29. Bloch F. Bremsvermdgen von Atomen mit mehreren Electronen // Zs. Phys. — 1933. — Vol. 81. — P. 363.

30. Fermi E. The ionization loss of energy in gases and in condensed materials / Phys. Rev. — 1940. — Vol. 57. — P. 485-493.

31. Garibian G.M. On the theory of transition radiation and ionization energy losses of a particle / Zh. Eksp. Teor. Fiz. — 1959. —
Vol. 37. - P. 527-533.

32. Alikhanian A.L., Garibian G.M., Lorikian M.P., Walter A K., Grishaiev I.A., Petrenko V.A., Fursov G.L. Ionization energy

33.
34.
35.
36.
37.

38.
39.

losses of fast electrons in thin films // Zh. Eksp. Teor. Fiz. — 1963. — Vol. 44. — P. 1122-1124.

Alikhanian A.L., Garibian G.M., Lorikian M.P. et al. lonization energy losses of fast electrons in thin layers of polystyrene //
Zh. Eksp. Teor. Fiz. — 1964. — Vol. 46. — P. 1212-1215.

Andersen K.K., Esberg J., Hansen K.R. et. al. Restricted energy loss of ultrarelativistic particles in thin targets — a search for
deviations from constancy // Nucl. Instrum. Methods B. — 2010. — Vol. 268. — P. 1412-1415.

Bohr N. On the theory of the decrease of velocity of moving electrified particles on passing through matter // Phil. Mag. — 1913.
—Vol. 25.-P. 10.

Bohr N. On the decrease of velocity of swiftly moving electrified particles in passing through matter / Phil. Mag. — 1915. —
Vol. 30. - P. 581.

Fermi E. Nuclear Physics. — Moskow: Publ. of foreign lit., transl. from English, 1950. — 346 p.

Jackson J. D., Classical Electrodynamics. — Moscow: Mir, first ed., 1965. — 702 p.

Shul’ga N.F., Syshchenko V.V. On ionization energy losses of relativistic particles created in matter // Nucl. Instrum. Methods
B.—-2000. - Vol. 164-165. — P. 180-185.

Shul’ga Nikolai Fyodorovich — D. Sc. in physics and mathematics, academician of the National Academy of
Sciences of Ukraine. Currently working as a Director of Akhiezer Institute for Theoretical Physics of National
Science Center ‘Kharkov Institute of Physics and Technology’ and as a Deputy Director of this Center. His
research interests are in quantum electrodynamics and physics of interaction of high-energy particles with
crystalline and amorphous media. He is the author of more than 250 scientific publications.

Trofymenko Sergii Valeriyovich — Currently working as junior research worker at Akhiezer Institute for
Theoretical Physics of National Science Center ‘Kharkov Institute of Physics and Technology’ and is a post-
graduate student in this Institute. His research interests are in electromagnetic radiation and ionization energy
losses of relativistic particles.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


