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The processes of transition radiation and bremsstrahlung by an ultrarelativistic electron as well as the
effect of transition radiation influence upon the electron ionization loss in thin layer of substance are
theoretically investigated in the case when radiation formation region has macroscopically large size.
Special attention is drawn to transition radiation (TR) generated during the traversal of thin metallic plate
by the electron previously deflected from its initial direction of motion. In this case TR characteristics are
calculated for realistic (circular) shape of the electron deflection trajectory. The difference of such
characteristics under certain conditions from the ones obtained previously with the use of approximation of
anglelike shape of the electron trajectory (instant deflection) is shown. The problem of measurement of
bremsstrahlung characteristics in the prewave zone is investigated. The expressions defining the measured
radiation distribution for arbitrary values of the size and the position of the detector used for radiation
registration are derived. The problem of TR influence upon the electron ionization loss in thin plate and in a
system of two plates is discussed. The proposal for experimental investigation of such effect is formulated.
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I. INTRODUCTION

At high energies the electromagnetic processes, which
take place during a charged particle interactions with
matter, develop within large macroscopic distances along
the direction of the particle motion. These distances are
known as formation or coherence lengths of the electro-
magnetic processes [1-3]. Within these distances from the
interaction region the particle exists in the state with
significantly nonequilibrium electromagnetic field around
it. This field lacks part of Fourier-components (virtual
photons) comparing to equilibrium Coulomb field of a
moving particle. The possibility of manifestation of such
state of the particle in different processes involving both
electromagnetic and strong interactions was firstly pointed
out in [4] in the framework of quantum consideration. In
[5,6] the examples of such manifestation were qualitatively
considered with the use of classical electrodynamics. In
these papers such particle with incomplete or suppressed
electromagnetic field was named ‘“half-bare” particle. The
size of the coherence length can sometimes substantially
exceed not only the size of the region of the particle
interaction with matter or external field but the whole size
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of the experimental facility as well. Therefore within the
formation length the particle, being half-bare, can undergo
further interactions with matter (for example, detectors).
The character of such interactions should significantly
differ from the character of interaction with matter of a
particle which has equilibrium Coulomb field.

The manifestations of large size of the formation length
and the half-bare state of a particle were previously
investigated for the process of bremsstrahlung by relativ-
istic electron during its motion through substance. It led to
the prediction of the Landau-Pomeranchuk-Migdal effect
[7.,8] of Bethe-Heitler spectrum suppression at low frequen-
cies as well as the Ternovsky-Shul’ga-Fomin effect [9,10]
of bremsstrahlung suppression in thin layers of substance.
The experimental investigations of these effects, which
confirmed the theoretical predictions, were recently carried
out at SLAC [11,12] and CERN [13-15].

In the present work we consider a series of processes
involving low-energy relativistic electrons (several tens of
MeV) in which the half-bare state of electron or the
nonequilibrium state of free electromagnetic field (radia-
tion) produced by electron can manifest itself in measured
characteristics of these processes. This involves millimeter
wavelength TR by the half-bare electron and the prewave
zone effect in the electron bremsstrahlung in the same
wavelength region. The situation in which the nonequili-
brium state of the electron’s field manifests itself in the
particle ionization loss in thin layers of substance is
considered as well for the case of higher particle energies
(several hundred MeV).
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In the usual statement of the problem about TR by a
charged particle the incident particle is supposed to move
uniformly and rectilinearly during long period of time
before impinging upon the target and have equilibrium
Coulomb field around it. The change of the motion state of
such particle (e.g., deflection) before hitting the target
significantly disturbs its electromagnetic field. It results in
modification of characteristics of TR generated by this
particle. Such situation takes place, for instance, in the
problems about TR produced by the beams consisting of
particles extracted from the initial linear beam by deflection
(e.g., with the use of bent crystal) or the beams extracted
from accelerating storage rings.

Previously the characteristics of such TR were inves-
tigated with the use of the simplifying approximation of
anglelike shape for the trajectory of the deflecting electron
(instant deflection) [16,17]. In the present work, along with
the further analysis of such approximation, the calculation
with the use of realistic (circular) shape of the electron
trajectory is made and the applicability of the considered
approximation is discussed.

At sufficiently high energies of the particles or in rather
long wavelength region of the considered radiation its
formation length may exceed the size of the whole labo-
ratory. In this case the necessity of making measurements
within the formation region (in the prewave zone) arises. For
the case of TR such situation was first theoretically con-
sidered in [18,19]. The experimental investigations of TR
characteristics in the prewave zone are reported in [20-22].
In these papers it was shown that radiation spectral-angular
distribution registered by a pointlike detector in this situation
significantly differs from the one registered in the wave zone
(outside the formation region).

In the present work the analogous effects of the prewave
zone are investigated for the case of bremsstrahlung which
is emitted in the process of the electron deflection to a large
angle. Both the spatial distribution of radiation energy and
its distribution over wave vector directions in the prewave
zone are studied. Special attention is drawn to investigation
of the dependence of the results on the size and the position
of the detector. The expression for the radiation spectral-
angular density, which can be obtained with the use of
detector of arbitrary transversal size, is derived.

The third problem, which the present paper deals with, is
the influence of the nonequilibrium state of the electron’s
field upon its ionization loss in thin films. Such state of the
field around the electron in the considered cases is caused
by the interference of the electron’s own Coulomb field
with the field of TR produced either during the particle
traversal of the thin film itself or during the electron
interactions with the other media before impinging upon
the film. In this case both the effects of reduction (when the
electron is half-bare) and enhancement (“overdressed”
electron) of the ionization loss in thin film are possible.
The proposal to investigate experimentally the influence of

both half-bare and overdressed states of the electron upon
its ionization loss is formulated. Such study may be of
interest in connection with the development of noninvasive
techniques of particle identification on the basis of ultrathin
detectors [23,24].

II. TRANSITION RADIATION BY AN ELECTRON
WITH NONEQUILIBRIUM FIELD

TR is one of the effective tools for analysis of various
characteristics of relativistic particle beams. Different
techniques are based on registration of TR generated by
charged particle bunches during their traversal of thin plates
(conducting or dielectric) in different frequency domains:
X-ray, optical, millimeter wavelength etc. Under certain
conditions such radiation characteristics significantly
depend on the size of the bunch, particle energy and spatial
distribution within the bunch, beam divergence etc. It
allows defining such parameters of the beam on the basis
of the observed radiation characteristics.

In this respect naturally arises the problem of the
applicability of such techniques for extracted beams con-
sisting of particles which deflect from the initial direction
of motion before the moment of diagnostics through TR
production (i.e., before impinging on the plates). The
perturbation of electromagnetic field around the particles
caused by such deflection can be rather long lasting. It
results in modification of characteristics of TR generated by
such particles even for macroscopically large separations
between the radiating plate and the deflection area.' These
make the investigation of characteristics of TR generated
by particles with perturbed electromagnetic field required.

Let us consider a process in which the electron moves
along the z-axis and in the point z = 0 deflects to a large
angle (Fig. 1). Such simplified model (instant deflection) of
the deflection process is usually used for consideration of
electromagnetic fields produced in this process with the
wavelengths having rather large radiation formation dis-
tance. Namely, such distance should significantly exceed
the size of the region in which the deflection occurs (the
spatial size of the deflecting field). The dependence of the
formation length in the direction of the electron velocity
(both initial and final) on the radiated wavelength 4 is
defined by the expression: [ ~y?A, where y is the
electron’s Lorentz-factor. For example, for 50 MeV elec-
trons and the measured wavelength of 1 mm such formation
distance reaches 10 m.

After the deflection the total electromagnetic field in space
splits into two parts, the first of which as if tears away from

'For instance, the modification of characteristics of millimeter
wavelength TR produced by deflected several-tens-MeV elec-
trons should be observed even for 10 m of such separation, while
for several TeV protons in the same wavelength region such
distance reaches several kilometers (in the optical frequency
region—several tens of meters).
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The traversal of metallic plate by deflected half-bare

the electron and, moving in the initial direction, gradually
transforms into spherically diverging waves of forward
bremsstrahlung. The second part is the nonequilibrium field
of the deflected half-bare electron which gradually recon-
structs into equilibrium Coulomb field. The deflection angle
 1s supposed here to have the value which allows neglecting
the interference between forward bremsstrahlung and the
field of half-bare electron and consider the evolution of these
fields separately. This imposes the following condition upon
this angle: y > 1/y. For instance, for 50 MeV electrons this
gives y > 0.01 (y> 0.6°). Such deflection should be
reached within the distance L < [.

Since the distance from the deflection area within which
the electron exists in the half-bare state is very large (it is
~I[) it is possible to place a conducting plate in the final
direction of the particle motion and observe the backward
TR generated when the half-bare electron traverses the
plate. The spectral-angular density of such radiation is
defined by the expression derived in [16] (for more detailed
consideration see [17])2:

W e’ 0? wl

EM T ol —cos| 22+ L,

dodo  7°c (0> +y2)? { COS[ZC( tr )]}
(1)

where [ is the distance between the plate and the deflection
point. Let us note that in the considered case the electron
becomes half-bare due to destructive interference of its
Coulomb field with the bremsstrahlung emitted in the final
direction of the electron motion during its deflection. The
discussed modification of TR characteristics is nothing else
than the result of interference of TR produced by electron
having a Coulomb field with such bremsstrahlung reflected
from the plate.

*The similar expression was obtained in [25] for distribution of
TR generated by an electron traversing a system of two metallic
foils.

Let us analyze in detail the influence of the electron
deflection upon the spectral-angular characteristics of its
TR. The expression (1) has the structure of a product of the
formula for distribution of TR by the electron having
equilibrium Coulomb field and the interference term in
braces with coefficient two in front of it. It shows that,
unlike the TR by the electron with equilibrium field, the
characteristics of radiation by the half-bare electron
depend on the frequency @ = 2zc /A of the radiated waves.
The value of the interference factor also depends on the
distance between the plate and the deflection point / and
on the angle @ between the observation direction and the
plate normal. Figures 2(a),2(b) show the difference between
the distributions of TR by the half-bare electron (red lines)
and by the electron having equilibrium Coulomb field
(green lines) for y = 100. Here we use a denomination
F,o= (cx*/e*)d®W/dwdo.

Namely, Fig. 2(a) shows that the angular distribution of
TR by the half-bare electron is wider than the one by the
electron with equilibrium field. In this case the angular
position of the main radiation maximum is approximately
defined by the relation 6,,,, ~ \/T/l .For [ < y?)itis larger
than the value 1/y for the electron having equilibrium field.
Moreover, additional maxima in the angular distribution
appear in this case.

From Fig. 2(b) we see that for small values of distance /
between the deflection point and the plate the TR intensity
is suppressed while for larger / it may significantly exceed
the intensity of TR by the electron with equilibrium field.

Previously we considered characteristics of TR by the
half-bare electron with the use of the approximation of the
anglelike shape for the real (circular, for instance) trajectory
of the electron (approximation of instant deflection). Such
approximation can be violated in the case when the distance
between the plate and the deflection region is comparable
with the size of this region. In this case it is necessary to use
the real shape of the electron trajectory. Let us obtain the
expression defining TR characteristics in this case.

Let the electron move along the x-axis with the velocity v
and in the origin of the coordinate system at the moment of
time ¢ = 0 begin deflecting along the circular trajectory
with the curvature radius R (without changing the absolute
value of the velocity) (Fig. 3). Let the total deflection angle
be y. After the deflection the electron moves again
rectilinearly along the final direction during some period
of time and covers distance / before impinging on the plate
situated in the plane perpendicular to the electron velocity.

In the millimeter range of radiated wavelengths the
metallic plate can be considered ideally conducting. This
allows using the method of images [3,26] for calculation of
the spectral-angular distribution of the radiation outburst
which takes place at the electron impinging upon the plate.
In this method the backward TR produced by the electron is
considered as radiation (bremsstrahlung) produced by the
electron’s image, which moves the mirror symmetrically to
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the electron with respect to the plane in which the plate is
situated and abruptly stops at the point of its “collision”
with the electron on the plate surface.® The calculation of
such radiation spectral-angular density can be made with
the use of the well-known expression for the distribution of
radiation by a particle with a known law of motion [29,30]:

[ amitenioi- )1

(2)

PW P
dodo  4r*c3

W e?
dwdo  4r*c

1 —fcos(@+y)

psind

where f=v/c, T = (Ry +1)/v is the moment of time
at which the electron (and its image) impinges upon the
plate, w = wR/c = 2zR/A and 6 is the angle between the
radiation direction and the direction normal to the plate. 6
is positive to the left of this normal and negative to the
right (see Fig. 3). For simplicity we consider the radiation
in the plane of the electron trajectory where in ultra-
relativistic case the major part of radiation is concentrated.

The first term in (3) describes the bremsstrahlung which
is emitted in the direction close to the electron initial
velocity during its deflection and reflected by the plate.
Provided the deflection angle is rather large (y > 1/y), if
we consider TR at rather small angles to the plate normal
(6 ~ 1/y), this term can be neglected.

*Let us note that radiation produced by a particle moving along
the arc of a circle (without traversal of a conducting plate
afterwards) was considered in a series of papers. See, for
example, [27] as well as [2,28] and references therein.

i———— |expy iwy l—cos«S’ —exp iwE l—(:059 gw(sin &+ cos6) ’
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(a) TR angular distribution for / =2 m, 4 =2 mm; (b) dependence of TR intensity on / for = 1/y, A =2 mm.

where 7 is a unit vector in the radiation direction, while
7o(t) defines here the image position at the moment of
time .

The integration region in (2) splits into three parts. They
respectively correspond to rectilinear motion of the image
before the deflection along the circular trajectory (¢ < 0),
deflection (0 < r < Ry/v) and rectilinear motion after the
deflection before impinging upon the plate surface
(Ry/v <t < (Ry +1)/v). Calculating some of these inte-
grals we can present the expression for the backward TR
spectral-angular density in the following form:

X
in(o iwsin(6+y)
iﬁsm( e + w/ dasin(a —y — 0) exp{iw(% —sin(a —y — 6’)) }
0

(3)

|
Figures 4(a) and 4(b) show the difference between the
TR angular distribution given by the expression (3) and the
corresponding distribution (1) obtained with the use of the
approximation of anglelike trajectory.
Here we see that the TR distribution given by (3)
significantly differs from the one defined by (1) in the

0(\

FIG. 3. Normal incidence of the deflected electron upon thin
metallic plate.
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FIG. 4. Half-bare electron TR angular distribution for y = 100, A = 3 mm, y = z/4, R = 50 cm (electron path within the deflection
region 6 = Ry ~ 40 cm) and (a) [ = 40 cm, (b) [ = 2 m. Red lines—calculation with the use of (2), black lines—with the use of (1),

green line—TR by electron with equilibrium field.

case when the distance [ between the plate and the
deflection region is close to the size 6 of this region itself.
With the increase of [ the distribution (3) gradually
approaches (1).

Let us note that the formula (3) was obtained for the
case of a plate of infinite size. Such approximation is
valid for the description of radiation from a finite plate in
the case when the sources (surface currents on the plate)
of the TR waves generated by an infinite plate (which we
consider instead of the finite one) are mainly concen-
trated within the region occupied by the real plate of
finite size. In the case of impinging electron having
equilibrium field it means that the characteristic linear
size of the plate should exceed the effective transverse
size Spesr ~ yA/2x of the electron’s field (at the consid-
ered wavelength). In the present case of the half-bare
electron impinging on the plate the expression (3) is
applicable for the description of the TR distribution if
one more additional condition is fulfilled. It represents
the requirement that all the waves emitted by the electron
during the deflection, which fall on the infinite plate and
are reflected into the direction defined by the angle 6,
should fall on the region (of the infinite plate) occupied
by the real plate of finite size. In this case the interfer-
ence pattern (from TR and bremsstrahlung reflected from
the plate) will coincide with the one in the case of an
infinite plate. Simple geometrical considerations lead to
the following expression for such condition:

[ < dctgb. (4)

Let us choose a plate of square shape with the width
d = yJ/x. In this case the condition (4) is still valid for the
angles of the order of the first radiation maximum
@~ \//1—/—[) for the following distances [ between the
deflection region and the plate:

I <y*A/n* ~ g /7% (5)

For instance, in the case of 3 mm wavelength this leads
to condition / < 3 m. For the case of smaller wavelengths
the distances [ defined by (5) can become close to the size o
of the deflection region. In this case there appears inter-
mediate region of distances [-/n* << L, in which
already neither expression (3) and still nor (1) are not
strictly valid for radiation description. Here L denotes some
characteristic distance at which the results of expressions
(1) and (3) can be considered equal with the given accuracy.
Additional consideration on the basis of the solution of the
boundary value problem for Maxwell equations for the
plate of finite size is required in this case.

As far as the absolute value of the radiation signal is
concerned it can be estimated as follows (the estimation
is made for TR by an electron with equilibrium field
for the case of complete coherence of radiation by
n = 10° particles in the bunch for the bunch length
Al~x15mm<l1=2 mm)4:

aw e 0 0>

5 13V -sec
=n ~n
dwdo e (P +y72)? (*+772)

10~ ,
2 ST

which for the angle of the distribution maximum 6 = 1/y
gives for the energy emitted by a single bunch:

aw ) keV - sec
dwdo st

If we assume that the detector for radiation registration
has the transverse area 2 mm x 2 mm and is situated on the
distance 1 meter from the plate, the total radiation energy
from a single bunch in the wavelength range 2 mm <
A< (2+40.1) mm, which falls on the detector, can be
estimated as

*These are the parameters characteristic to the electron beam
delivered, for instance, by 3-5 MeV photoinjector PHIL at LAL
Orsay and approximately coincide with the ones planned to be
achieved at 50-70 MeV ThomX injector at the same laboratory.
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AW ~ 100 MeV.

It is necessary to note that 1 m separation between the
plate and the detector means the measurement in the
prewave zone. In this case additional equipment as, for
example, a parabolic mirror focusing the radiation on the
detector [21] could be used for eliminating the prewave
zone effect (see the next section). Otherwise expressions (1)
and (3) should be modified to take into account the
considered effect.

III. PREWAVE ZONE EFFECT FOR
BREMSSTRAHLUNG

A. Spatial distribution of radiated energy

A series of other interesting effects associated with the
manifestation of the nonequilibrium state of electromag-
netic field produced by electron concern the influence of
the size of the transverse radiation formation length upon
radiation characteristics measured in the prewave zone. Let
us consider such effect for the case of forward brems-
strahlung emitted by a relativistic electron being deflected
to a large angle in an external field (the process considered
in the previous section) (Fig. 5). In this case by the
transversal (with respect to the direction of electron initial
velocity) formation length /; we mean the effective linear
transversal size of the region of space in which the Fourier-
component with the wavelength 1 of the electron’s
Coulomb field is concentrated: I; ~yA/2z. During the
electron’s deflection this whole region is responsible for
radiation of the waves with the wavelength A.

For the case of 50 MeV electrons in the millimeter
wavelength region of the radiated waves the longitudinal
formation length [~ is macroscopically large and the
detector used for radiation registration may be situated
within this distance from the deflection point (in the
prewave zone). The electromagnetic field (packet of free
waves) which forms the forward bremsstrahlung pulse is
the part of the field around the electron outside the sphere
(as well as on its surface) of radius R = ¢t with the center
situated in the deflection point. After the particle deflection
this field continues moving in the initial direction along the
z-axis. In the ultrarelativistic case the angles @ at which the
most part of radiation is concentrated are much smaller than
unit. At such angles the electric field of the discussed
packet can be considered transverse (having only compo-
nent orthogonal to z-axis). A single-frequency component
of this field can be presented in the form of the following
Fourier integral [17]:

—»P a

- ie iwz/c q iqp—ig*cz/2w
Ew( 92)2—*6 2/ /dzqqzﬂoz/czyzeql g ez/2m,

(6)

Here the expansion of the expression in the exponent
with respect to gc/w is made. It is possible due to the fact

XX detector

5 [ P
\ 4

AN

] / forward
bremsstrahlung

FIG. 5. Measurement of forward bremsstrahlung by a point
detector in the prewave zone.

that the characteristic values of the transverse components
q of the wave vectors in the considered packet are much
smaller than the absolute value k = @/ ¢ of the correspond-
ing wave vectors (which stipulates small values of radiation
angles 0). The magnetic field of the considered packet is
orthogonal to the electric one and equals it by the absolute
value. Thus, from (6) the expression for the spectral-
angular density of the energy flux associated with this
field can be directly derived (see [16,17]):

% 2] ez
/dq‘ll(‘”’) S )
0

e
q2 + 6()2/6'2}/2

AW %72

dwdo - rc

where J;(x) is the Bessel function which appeared in the
result of integration in (6) with respect to the angles
between ¢ and p (which lie in the same plane). The
expression (7) describes the value of the bremsstrahlung
spectral-angular density which can be obtained if the
measurement is made by a small (pointlike) detector
situated in the point with the coordinates p and z
(Fig. 5). Such detector registers the total radiation energy
(in the vicinity of the considered frequency w) which falls
on its surface. As could be seen from (6) and (7), the
electric field in the point (p, z) consists of the components

with different directions of the wave vector k (different g).
The total electromagnetic energy in the considered point is
defined by the sum of the energies associated with each
component with the given value of g as well as by
interference of the components with different g. It is such
interference pattern which the point detector registers in the
prewave zone. In this case the measured radiation charac-
teristics will significantly differ from the corresponding
characteristics obtained by the measurements in the wave
zone.

Namely, in order to describe the results of the brems-
strahlung spectral-angular distribution measurement by a
point detector in the wave zone (z > /) the stationary
phase method can be used for calculation of the integral
in (7). As a result we obtain the well-known expression:
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dodo  rc (0> +y2)? ®
In [16,17] the analytical expression for the radiation
spectral-angular density on very small distance from the
deflection point was derived from (7). Here, on Fig. 6, we
present the results of numerical calculations with the use of
(7) for larger values of this distance (however, still much less
than y?1). It illustrates the dependence of the radiation
angular distribution on the detector position along the
z-axis for y=100 and A=3mm calculated with the use of
the expressions (7) (red and blue lines) and (8) (green line).
Figure 6 shows that in the prewave zone the point
detector registers wider radiation angular distribution than
in the wave zone. The angle of the radiation distribution
maximum can be estimated as 0,,,, ~ \/m, which in the
prewave zone (z < y?A) exceeds the corresponding value
1/y which can be obtained by measurements in the wave
zone (z > y?A). Let us note that the bremsstrahlung dis-
tributions in the prewave zone presented on Fig. 6 resemble
the corresponding distributions for TR presented in
[18-22]. This fact is associated with the structural analogy
(see [16,17]) of the electromagnetic field generated in the
considered bremsstrahlung process with the one produced
in the TR process discussed in these papers.

B. Radiation energy distribution over
wave vector directions

Let us now consider a somewhat different approach to the
problem of bremsstrahlung spectral-angular distribution
measurement in the prewave zone. The idea of this approach
presupposes the measurement of the radiation energy
distribution over components with different directions of
the wave vector (which is the distribution over a = g/k,
where « is the angle between the wave vector k and the z-
axis). Such approach coincides with the one considered
previously if the measurement is made in the wave zone of
the radiation process (z > y24). Indeed, in the wave zone the

radiation field is a spherical wave diverging from the point
in which the electron deflection occurred. The direction of

the wave vector & in each point of the spherical wave front
coincides with the direction of the radius-vector 7 of this
point, which originates from the point of the electron
deflection. Hence, in the considered case the angles a =
q/k and @ = p/z are the same and the distribution of the
radiated energy over a coincides with the one over 6.

This is however not the case if the measurement is made
in the prewave zone. Here the radiation field consists of both
the spherically diverging wave (the field on the surface of
the sphere) and a part of a Coulomb field outside the sphere.
The latter one is a superposition of the waves with different
wave vector directions in arbitrary point of space. Therefore
in the prewave zone there is no unique correspondence
between the observation point position and the radiation
wave vector direction in this point. Each point contains a
whole “bunch” of wave vectors with different directions.
This leads to difference between the results obtained with
the use of different approaches to radiation distribution
measurement in the prewave zone considered here.

In order to measure the radiation energy distribution with
respect to a each set of waves with the given value o =
gc/w should be collected together and separated from the
waves with the different values of a. As was shown in [21]
for the case of TR, such problem can be solved by using a
large parabolic mirror (Fig. 7). It collects all the waves with
wave vector directions parallel to its axis in its focal point
(in which a pointlike detector can be placed). By rotating
such mirror (by changing the direction of its axis) it is
possible to collect the waves with different directions of
wave vectors and thus measure the considered radiation
energy distribution. Therefore further we will use the
example of measurement with the use of a parabolic mirror
in our investigation of the problem of the dependence of the
results obtained in the prewave zone on the size of the
detector used for radiation registration.5

The approach considered here provides certain advan-
tages for the measurement of radiation distribution in the
case when the radiation formation length (prewave zone) is
rather large. In this case the measurements of radiation
characteristics in the wave zone® require large separations
between the radiation source and the detector. It often

°In the prewave zone a pointlike detector registers all the waves
with different wave vector directions arriving at the point of the
detector location and, thus, measures radiation spatial distribu-
tion. By a detector of arbitrary finite size we mean a detector
which collects the radiated waves with a certain wave vector
direction, falling on its surface, and allows measuring radiation
energy distribution over the wave vector directions (e.g.,
detecting system including lens or collecting parabolic mirror).

®which is convenient (e.g., for beam diagnostics purposes)
since the radiation distribution (8) in the wave zone does not
depend on frequency and the distance between the detector and
the deflection point.

112801-7



S. V. TROFYMENKO and N.F. SHUL'GA

PHYS. REV. ACCEL. BEAMS 19, 112801 (2016)

FIG. 7. Parabolic mirror with the edge of radius p, lying in the
plane z = z,.

makes such investigations impossible because of the
limited size of the laboratory, huge radiation background
from the accelerator collected by the detector in this case
etc. As was pointed out in [21], the use of a parabolic mirror
in the prewave zone allows obtaining here the result (8) for
the radiation angular distribution which a pointlike detector
would register in the wave zone. Such effect is caused by
the fact that the detector situated in the focal point of the
mirror collects all the waves with a certain wave vector
direction « just like the detector situated in the wave zone in
the direction @ = a. Indeed, the expression for radiation
distribution over @ measured with the use of the mirror in
the prewave zone can be obtained in the following way.
Integrating (7) with respect to do =270d6 (where
6 = p/z) we can calculate the spectral density of the total
radiation energy flux which falls on the mirror (the total
flux which traverses the circular region in the plane z = z,
restricted by the edge of the mirror):

2.2 12 izgwa®/2c
aw _ o 40 a o izowe? /2 da'a e
do 723 a’ +y~? o? +y72
Po

x / dppJ(wap/c)J,(wd'p/ 6)}, )
0

where d) = 2zada. If the mirror has infinite transverse
size (py — oo0) the integral with respect to p gives
5(a—d)c*/w*a, where §(x) is the S-function and the
expression (9) can be presented in the following form:

dw  ¢é? a>
— = [ dQ——, 10
do 7#*c / (@® +y72)? (10)

which shows that the distribution of the radiated energy
over the directions a of the wave vectors

aw e? o? (11)
dwdQ)  7*c(a® +y7?)?

equals the radiation angular (over ) distribution (8)
registered by a pointlike detector in the wave zone. Let
us note that for the distribution (11) to be registered in the
prewave zone the mirror does not need to be infinitely
large. It should just significantly exceed the effective
transversal size I; ~yA/2x of the region responsible for
radiation of the considered wavelength. In this case all the
energy radiated at certain frequency is collected by the
mirror and the distribution (11) is registered.

The transversal radiation formation length /7 is propor-
tional both to the incident electron energy and the radiated
wavelength. With the increase of the particle energy or at
larger values of the considered radiation wavelengths [/
may reach and exceed the transversal radius p,, of the mirror
used for the measurement of the radiation distribution in the
prewave zone. In this case the problem of the radiation
angular distribution measurement with the use of the mirror
of arbitrary radius (which cannot be considered infinitely
large) arises. Let us consider this case more properly and
derive the expression for radiation spectral-angular distri-
bution registered in this case.

It might be thought that the considered angular distri-
bution in this situation is defined by the integrand in (9) (the
expression in braces) as in the case p, — co. However, this
is not the case. The point is that for arbitrary values of p,
this integrand is complex and both its real and imaginary
parts are not positively defined (being integrated with
respect to df) it becomes real and positive as the quantity
dW /dw should be). This fact does not allow considering
such expression as the angular distribution of radiation
spectral density. The considered integrand with a certain
value of a describes not only the amount of energy
associated with the waves having such a. It also contains
the result of interference of such waves with the waves
having different wave vector directions « in the plane
Z = z¢. Such interference pattern disappears after averaging
over the whole considered plane (which includes the
integration with respect to 0 < p, < o0). Only “diagonal”
terms (with a = &), which define the energy density at
certain value of @, survive in this case and the expression
(11) for radiation energy distribution is obtained.

For arbitrary values of p, a somewhat different approach
should be used for calculation of the bremsstrahlung
spectral-angular distribution with respect to wave vector
directions registered by a pointlike detector situated in the
focal point of a collecting mirror. Such approach consists in
calculation of the part of radiated energy with a certain
wavelength A, which is reflected by the mirror of finite size.
It should be presented in the form of an integral with
respect to wave vector directions (with respect to df2). The
integrand in this case will be the considered distribution.

Let us note that the amount of energy carried by the
electromagnetic waves with the certain wave vector k
collected by the mirror in the focal point can be calculated
in the following simplified way. Namely, it can be
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considered as the amount of energy carried by the waves

with the wave vector 7€ which are reflected from an
imaginary circular plane mirror in the plane z = zo with
the radius py. Such mirror is the projection of the parabolic
surface of the real mirror on the plane z = z;. Such
imaginary substitution of the parabolic mirror by the plane
one simplifies the calculations of the radiation field
reflected from the mirror. The plane mirror, however, does
not collect all the waves with a definite wave vector
direction in a singular point on finite distance from itself.
Therefore in order to calculate the distribution of the
reflected radiation energy over the wave vector directions
it is necessary to consider the angular (over &', see Fig. 7)
distribution of such radiation in the wave zone (in the
region z < —y’1). As was pointed out, such angular
distribution coincides with the distribution of the reflected
part of the bremsstrahlung energy over the wave vector
directions a.

Let us consider the problem of impinging of the wave
packet (6), radiated by the electron at its deflection, upon
the circular mirror of radius p situated in the plane z = z,
with the center lying on the z-axis. The total field in space

in this case consists of the field of the considered packet Ef,

and the field 755 reflected from the mirror. The latter one
can be presented in the following form [1,31]:

o 1 -
Ef)(p,z) = (2ﬂ)3/d3kE£a,5(a)2/c2—kz)e’/”, (12)

where o-function restricts the integration region by the
values of k satisfying the dispersion relation for electro-
magnetic waves in vacuum. The integration of (12) with
respect to k, leads to the following representation of the
field of the packet of the reflected waves:

- - 1 jud ) 2 2
ER(,2) _W/Lﬂquwequlm/w [F=F(13)

- Ef,a)/|2kz||kzz 2=

The total field should satisfy the boundary condition on
the surface of the mirror, where it should equal zero.
Outside this surface (for z = zy and p > p,) the total field
in the considered ultrarelativistic case can be approximately
set to equal the field of the incident packet (6). This leads to
the following form of the boundary condition:

where we denoted Eq o

ES(p.20) = —h(po — p)Ew(p, 20), (14)

where h(x) is the Heaviside step function, which equals
unit for x > 0 and zero for x < 0.

In order to derive the expression for a single Fourier
component E » in the decomposition (13) of the reflected
field over wave vector directions (since g = wa/c) we
should rewrite the condition (14) in the terms of such

Fourier components. Making the Fourier decomposition of
the relation (14) with respect to p, we can finally obtain the

quantity E® in the following form:

q.w

q/2€i20\ [ 0?2 —q”

q/2 + (1)2/C2}/2

2. -
ER :_SJTCzegel.ZO /—wz/cz_qz/dq,

q.0
q
20

X / dp'p'Jy(ap")J1(d'p"). (15)
0

As was pointed out before, in the ultrarelativistic case it
is possible to make a decomposition in such expression
for radiation field with respect to small radiation angle
a = gc/w. Substituting (15) into (13) and integrating it
with respect to the angle between ¢ and p we obtain the
following expression for the field of the reflected radiation:

ER(p.7) = 25 emiot220)/c L
¢ p

X/ dqqJ(gp)F(q. pp)e'd =)/ (16)

where
by ez 2c/2w e
F(q.po) /d oy /dxle(qX)Jl(r/X)- (17)
0

The field (16) is a packet of free waves with different
directions @ = gc/w of the wave vector k. In order to obtain
the distribution of the reflected radiation energy over a we
have to calculate the radiation angular distribution with
respect to & = p/|z — zy| (see Fig. 7) in the wave zone for
the reflected radiation field (for z < —y?4). Such distribu-
tion will coincide with the required one since in the wave
zone it is only the wave with the direction @ = @' of the

vector k that arrives at the observation point in the direction
defined by @'

The reflected radiation angular distribution in the wave
zone can be obtamed with the use of the asymptotic
expression for E at large negative values of z. It can be
derived from (16) with the use of the stationary phase
method. As follows from (9) and (10), such distribution can
be also calculated in a simpler way by integration of the
expression for reflected radiation spectral-angular density7

a*w N C(Z - Z())2
dodo  4x?

ES(p. ) (18)

with respect to do’' = 270'd0' = 2zpdp/(z — zy)* in the
limits 0 < p < oo. The result of such integration should be

"For @ < 1 we use the approximation r’ & |z — z,|, where // is
the distance from the mirror center to the observation point.
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presented in the form of an integral with respect to
dQ2 = 2zada. In the considered case this gives:
aw e’w?
d(u 2 3

/ dOUF(q. o) (19)

From (19) we finally obtain the required distribution for
the reflected radiation energy:

(e8]

/ dppJ(wap /

0

LW 2w
dodQ) ¢

i ( wnp
n”+y?

*lWZOI’IZ/Q

’

(20)

where w = w/c = 2x/A. The result (20) is calculated as the
energy distribution of radiation reflected from a circular
plane mirror of radius p,. It describes the bremsstrahlung
energy distribution with respect to wave vector directions
measured with the use of the parabolic mirror of arbitrary
transversal radius p, situated on arbitrary distance z, from
the point of electron deflection to a large angle.

In the case py — oo, the expression (20) coincides with
the result (11) for the radiation distribution obtained with
the use of the mirror of infinite transverse size.

For arbitrary values of p, the integrals in (20) can be
calculated numerically. Nevertheless it is possible to
simplify the expression (20) if p, is not much smaller than
Iy ~yA/2x. Indeed, the integral with respect to 77 converges
both due to the presence of the exponent and the corre-
sponding Bessel function depending on 7 in the integrand.
The latter one defines the values of # which make the main
contribution to the considered integral as 7 < . ~ 1/wp.
At such values of 5 the expression in the exponent is of the
order of z,/2wp?. In the prewave zone 7z, < y>A and the
considered expression is much less than (y1/2zp)?. Hence
for the values of p of the order of y1/2x the exponent in
(20) can be set to equal unit. In this case all the integrals in
(20) can be calculated analytically and for the radiation
distribution we obtain:

WO 2 a?

_ 2
dodQ — 72c (4 y72)? SO, D)

where

wp,
SO (a, w,py) =1 +7012(W05P0)K1(Wpo/7’)

wp
—Tofl(waﬂo)Kz(Wﬂo/Y)
Yy a

and K(x) is the Macdonald function.

The approximation which is used here (we will call it
0-approximation), in which the exponent in (20) is set to
equal unit, corresponds to the situation when the dispersion
of the wave packet (6) ‘torn away’ from the electron at its
scattering is neglected. In such case this field equals the

Coulomb field of the electron moving along the z-axis.
Thus the distribution (21) coincides with the spectral-
angular density (measured in the wave zone) of backward
TR produced by the electron during its normal traversal of a
circular conducting mirror of radius p, [31].

Let us now simplify the expression (20) taking into
account the dispersion of the field (6) (its difference from
the Coulomb field) more accurately (1-approximation). The
integral with respect to # can be identically presented as

2
dl’] Jl (Wﬂp) —lWZOi] 22 _

=P —P,, 22
7472 1~ 12 (22)

o\g

where

¥ 2
wp 420
0

and

d J (W”p) —lWZ()i’]z/z'

1
Pe=pa o=

/4

o\g

The values of # which mainly contribute to the integral
P, do not exceed 1/y. For such values of # in the prewave
zone the expression in the exponent is much less than unit
(for arbitrary p) and the exponent can be set to equal unit.
The integral P, in this case is defined by the following
expression:

Py =1/wp—K (wp/7)/7-

Substituting (22) into (20) we can finally present the
expression for the radiation distribution in the following
form:

——[S© + s,

(23)

where

Po

S (a, @, py) = . (@ +7y72) / dpJ | (wap)e™?/ %
a
0

Figures 8 and 9 represent the distributions of the
bremsstrahlung spectral density with respect to the wave
vector directions, which can be measured with the use of a
parabolic mirror of a certain transverse radius p,, for
different values of p, and the mirror position z, along
the z-axis. The distributions are calculated for the case of
3 mm radiation wavelength and the energy of the incident
electrons equal to 50 MeV (y = 100). In this case the size
of the longitudinal formation length can be estimated as
lc~y2/1~30 m, while the size of the transversal one
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FIG. 8.

line—asymptotic distribution (11) for py > yA/2x.

Iy ~yA/2m ~5 cm. The results of precise numerical cal-
culations on the basis of the expression (20) as well as the
approximate results obtained from formulas (21) and (23)
are presented here.

The figures show that for the values p, < I the radiation
distribution significantly differs from the distribution (11)
registered with the use of the mirror of infinite transverse
size (or a pointlike detector in the wave zone). Such
difference grows with the increase of the distance gz,
between the mirror and the electron deflection point. It
is stipulated by the fact that for larger z; the smaller part of
radiated waves hit the surface of such restricted mirror and
are directed to the focal point. With the increase of p, the
radiation distribution approaches the asymptotic one (11)
and ceases to depend on z, since the sufficiently large
mirror catches almost all the radiated waves irrespective of
its position. However, as the presented figures show, even
for py > Iy the parameters of the measured radiation
angular distribution may still significantly differ from the
ones of the asymptotic distribution (11). For instance,
Fig. 8(b) illustrates the situation in which the radius of
the mirror is two times larger than /;. Nevertheless, the
angular position of the radiation distribution maximum in
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FIG. 9.
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Radiation distribution with respect to a for y = 100, A = 3 mm, zy = 20 cm and (a) pg = 3 cm, (b) py = 10 cm. Red lines—
numerical calculation with the use of expression (20), blue lines—O0-approximation (21), dashed lines

1-approximation (23), green

this case is still nearly twice as large as the corresponding
position of the asymptotic distribution maximum.

The presented figures show that for the considered
values of z, < [ the formula (23) approximates very well
the exact expression (20) for arbitrary values of p
(particularly for z, < 1 m the results completely coincide).
The expression (21), which does not take into account the
dispersion of the packet of radiated waves, is valid only for
rather large values of p.

In conclusion let us note that all the results obtained in
the present section for bremsstrahlung distributions in the
prewave zone are also valid for description of the corre-
sponding prewave zone distributions of TR produced by
charged particles traversing conducting plates. This state-
ment originates from the previously mentioned structural
analogy of the fields generated in these processes.

IV. IONIZATION ENERGY LOSS OF AN
ELECTRON WITH NONEQUILIBRIUM
FIELD IN THIN LAYER OF SUBSTANCE

The nonequilibrium state of the electromagnetic field
around electron results in modification of characteristics of
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The same as in Fig. 8 but for z, = 100 cm.
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electromagnetic processes during the interaction of such
electron with substance. Previously (Sect. II) we considered
such modification with the use of the example of TR
generated by the electron which was partly “undressed” in
the result of deflection. The electron’s field may also
become significantly perturbed if the electron moves
through substance with inhomogeneous dielectric proper-
ties. The simplest situations corresponding to such case
include the electron entrance into a substance from vacuum
and its emission to vacuum from substance. In this case the
reconstruction of the electromagnetic field around the
electron occurs which leads to generation of TR. Such
reconstruction, however, can influence upon the electron
ionization loss in the vicinity of the boundary of the
substance as well. Such influence is mostly pronounced
in sufficiently thin layers of substance, in which the
boundary effects are significant within the whole volume
of the layer.

The value of the low-energy relativistic particle ioniza-
tion loss during its motion through the substance is defined
by the Bethe-Bloch formula, according to which the
ionization loss grows logarithmically with the increase
of the particle energy. This happens due to relativistic
increase of the maximum impact parameters pya. ~ 7 ¢/1
(I is the mean ionization potential of the atoms of the
substance) at which the particle still effectively interacts
with the atoms. However, at higher energies partial screen-
ing of the particle’s own field by the polarization of the
substance (comparing to the vacuumlike field which is used
for derivation of the Bethe-Bloch formula) leads to satu-
ration of pp,, to the value pp. ~ ¢/@, (@, is the plasma
frequency of the substance) and further independence of
this quantity and of ionization loss on the particle energy.
Such effect is known as the density effect. The particle
ionization loss in this case is defined by the Fermi formula
(or the Bethe-Bloch formula with the additional term taking
into account the density effect).

Let us note that we consider here the so-called restricted
ionization loss. It is defined by the particle collisions with
atoms at which the momentum transfer does not exceed
some maximum value ¢,. For relativistic electrons in
solids, for instance, the density effect becomes significant
at the energies of the order of 10 MeV. Bethe-Bloch and
Fermi formulas are valid in homogeneous media in which
the effect of finiteness of the medium (the influence of the
boundary conditions upon the ionization loss) is negligible.

This is however not the case for sufficiently thin layers of
substance. Namely, if a particle traverses the border
between two different media the reconstruction of the
particle’s electromagnetic field takes place. Such field
reconstruction leads to TR generation which changes the
value of the particle ionization loss in the vicinity of the
border. In this case we deal with ionization loss of either
half-bare or overdressed particle. The half-bare situation
may take place, for example, in the case of the particle

emission from solid into gas. In this case at the very
beginning of its motion through gas the particle still has
significantly screened electromagnetic field (as it had in
solid) which lacks part of Fourier components comparing to
the equilibrium field of the particle in gas. The overdressed
case corresponds to the opposite situation of the particle
entrance to solid from gas or vacuum. In such case the
particle still has vacuumlike field around it in the boundary
layer of the solid.

A. Overdressed case

According to theoretical predictions by Garibian [32],
the boundary effects may cause the total absence of the
density effect for particle ionization loss in sufficiently thin
plates at arbitrary energies of the particle. So far only a
single experimental investigation [33,34] confirming this
effect was made and it has never been repeated in other
laboratories.® A series of similar experiments was made in
connection with investigation of characteristic X-ray emis-
sion during electrons traversal of thin plates (see references
in [36] dedicated to theoretical consideration of this
problem), however not with investigation of the restricted
ionization loss.

Thorough experimental investigation of Garibian effect
(suppression of the density effect in thin plates) is desirable
since thereby the process of the particle electromagnetic
field reconstruction during its traversal of the boundary
between different media can be visualized and the influence
of this reconstruction upon ionization loss could be studied.
Such information might be valuable for elaboration of
ultrathin detectors for noninvasive particle identification
purposes [23,24].

Among one of the controversial questions in this respect
is the question about the distance a from the border (or,
analogously, the thickness of thin plate) for which the
boundary effect is significant for ionization loss. On the one
hand, this distance can be thought of as the distance within
which the transition radiation contribution to ionization of
the substance is significant. In this case a is defined by the
absorption length of TR photons of frequencies which
make the main contribution to ionization and should not
depend on the particle energy. On the other hand, according
to Garibian’s estimations, this distance should grow log-
arithmically with the increase of the particle energy. This
may occur, for instance, if, along with absorption, TR
formation effects play their role in this process.

The absorption length of about 100 eV photons (those
with frequencies of the order of mean ionization potential)
in solids is estimated as ~10~> cm. Therefore in order to
measure the distance a a series of plates of different

®Let us note that recently the investigation of such kind at much
higher particle energies was also reported in [35]. However, very
thick plate (535 pm thick silicon detector) was used here and the
observed effect was very small.
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thicknesses in the range L ~ 1075-10~* c¢m is needed (in
the experiments [33,34] luminescent polystyrene foils of
thickness 10 nm (< a) and 20 ym (> a) were used). The
dependence of ionization loss on the plate thickness is the
necessary data on the basis of which the considered
distance could be directly determined.

Since the predicted energy dependence of a is rather
weak, in order to investigate it, it is necessary to have the
possibility to make the measurements at significantly differ-
ent values of the particle (namely, we will consider electrons)
energies. Besides, at each chosen value of the energy there
should be a detectable difference between the ionization loss
with the density effect and without it. Such conditions could
be fulfilled, for instance, if the energy of the impinging
electrons is changed from 20 MeV to 500 MeV (which
corresponds, for instance, to the operation energy range of
the accelerator in LNF, Frascati). According to [32], the
considered distance a in this case should increase by 50% of
its magnitude. At 20 MeV the value of the ionization loss
without the density effect is about 50% larger than the loss
with such effect, while for 500 MeV this difference reaches
100%. The estimations were made for @, =31 eV and
I =175 eV (the values of the corresponding parameters for
silicon). Moreover a “free parameter” ¢, influences the
estimation value as well. It depends on the physics of the
process used for the measurement of the ionization loss in
certain detector. For estimations it is usually chosen to equal
the inverse mean interatomic distance of medium (solid)
go ~ 108 cm™!. The considered differences between the
values of a at different energies increase for lower ¢.
Besides, higher w), values provide larger difference between
the ionization loss with the density effect and without it.

The mean value of the electron restricted ionization loss
(without the density effect) in thin plate can be estimated as
follows:

de wie® c
R % . (24)

For the case of 20 MeV electrons this gives for a single

electron

d
€ MeV/cm.
dz

However, from the known value of the most probable
ionization loss in thin layer of silicon de/dz~
30 keV/100 um (which grows faster than linearly with
the increase of the layer thickness) and the fact that the
average loss in thin layer exceeds the most probable one we
may assume that the considered value should be higher.

For the thinnest plates proposed to be used in the
experiment (L ~ 107 cm) the total signal from a bunch
of n=10% electrons (provided the signals from single
particles can be integrated) should be ~200 MeV.

B. Half-bare case

An interesting case concerning ionization loss of an
electron with nonequilibrium field can take place during
the electron normal traversal of a system consisting of
two plates of different thickness (Fig. 10) situated in
vacuum.’

Let the plate thicknesses satisfy the conditions a; > a
and a, < a, where a has the same meaning as in the
previous subsection. In this case within the major part of its
path inside the first plate the electron will have equilibrium
partially screened by polarization Coulomb field around it
and the density effect will be present in its ionization loss.
After the electron traversal of the first plate the
reconstruction of its field in vacuum takes place. In the
result of such reconstruction the electron restores its
equilibrium Coulomb field in vacuum and TR appears.
Since the second plate is sufficiently thin, the electron
ionization loss in it is defined by the electric field around
the electron in vacuum immediately before its impinging on
this plate. It is stipulated by the continuity of the electric
field tangential component on the plate surface.

In [38] the solution of the boundary problem for the
electromagnetic field created by the electron, emerging
from the thick plate, has been presented. It shows that in
the vicinity of the first plate the Fourier components with
the frequencies @ < yw, are still suppressed in the field
around the particle in vacuum (like it was inside the thick
plate) which makes it half-bare. The process of the
electron field restoration in vacuum takes place within
much larger distances than in substance. It is stipulated by
the fact that at high energies the transition radiation
formation length /- in vacuum is much larger than in
substance and the absorption of the radiation field, which
plays an important role in the field reconstruction process
in substance, is absent. At rather high energies the TR
formation length can be macroscopically large. Thus it is
possible to place the second plate within this
reconstruction area and observe the half-bare electron
ionization loss in it.

The expression for the electron ionization loss in the
second plate per unit path in the considered case is
presented in [37] in the form of an integral over transferred
momenta. The analytical estimation of this expression leads
to the following formula:

2) \ 2
de wp’e qovy 1 ®,Y
—=|— In———-+In—-—

( v ) {n I 2

— cos z,,Ci(z,, + z,) —sinz,Si(z, + z,)

+ Ci(z,) + z,Si(z,) + cos zy}, (25)

*This process is analogous to the one studied in [37,38] where
the thicker plate was considered as a semi-infinite medium.
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FIG. 10. Schematic picture of evolution of the electron’s field
during its traversal of a system of two plates.

where z, = zowg)z/ch, z, = Izo/2y*c, I—is the mean
ionization potential of the atoms of the second plate, v is the

electron velocity, wg 2 are the plasma frequencies of the

plates and Si(x) and Ci(x)—are Sine and Cosine integrals.
Here we see that the value of electron ionization loss in thin
plate significantly depends on the distance z, between the
plates.

From (25) it follows that in the case when the separation
between the plates satisfies the condition z; < c¢y/ a)ﬁ,l) the
Garibian effect is suppressed and partial density effect
manifests itself in the electron ionization loss in thin plate.
For sufficiently small values of the separation between the

plates zy < 2cl/ aog,l)2 the full value density effect takes
place (like inside the thick plate) and the expression (25)
can be estimated as follows:

2) \ 2
d (”ye) n 40 (26)
dz c w,

and does not depend on the electron energy. The depend-
ence of the value of the electron ionization loss in thin plate
on the particle energy is mostly pronounced for distances

20 > cy/ a)g,” between the plates. Especially it is the case
for separations z, > cy?/I at which the density effect is
completely absent and the expression (25) is simplified to
the following form:

de wg,z)e : qocy
d_z ~ c lnT + ETR (- (27)

Here erg ~ln(w£,1>cy/1) describes the contribution to
ionization yield in the plate from TR, while the first term
coincides with (24). Here we see that for the values z, >
cy?/I of the separation between the plates the ionization
loss does not depend on z, reaching its asymptotic
form (27).

E(zo)

zg (pm)

FIG. 11. Dependence of the electron ionization loss in the
second (thin) plate on the distance between the plates for the
electron energy 500 MeV.

At high energies the distance I ~ y*>c/I, within which
the considered change of the ionization loss takes place, has
large macroscopic size (for 100 GeV electrons, for instance,
it can reach 10 m). The minimal electron energies at which
such change could still be observed may be considered as
several hundreds MeV. For example, for 500 MeV electrons
the distance /- is about 1 mm and it is still possible to make
measurements with the use of thin plate of submicrometer
thickness situated on different distances within /.

Figure 11 shows the dependence of the electron ioniza-
tion loss in the second plate on the distance z, between the
plates calculated for 500 MeV electrons. Here we use a
denomination E(z) = (v/ a)ﬁ,z) e)zde/ dz (which is a
dimensionless value).

From Fig. 11 it can be seen that at 500 MeV it is,
probably, impossible to observe the manifestation of the
density effect in thin plate (higher energies are required for
this) which takes place for the values of the distance z,
between the plates less than 10 ym. However, in this case it
might be possible to detect the ionization loss increase
above the value without the density effect for distances
10 ym < z5 < 1000 pm.

V. CONCLUSIONS

In the present paper a series of electromagnetic processes
involving transition radiation (TR), bremsstrahlung, and
ionization loss of ultrarelativistic electrons has been con-
sidered. The consideration was made under conditions
when the size of the spatial region in which such processes
develop (formation region) is macroscopically large. In this
case it might be impossible to make the measurements
outside this region (in the wave zone) and neglect the
effects associated with the formation length. Therefore the
theoretical description of the results which could be
obtained during the measurements made within the for-
mation region (in the prewave zone) is required.

In the second section of the present work such descrip-
tion was presented for the case of TR on thin metallic foil
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produced by an electron which had undergone deflection
from the initial direction of motion and became half-bare.
The special attention was drawn to the consideration with
the use of realistic (namely, circular) trajectory of the
electron motion in the deflection process. It was shown that
the TR spectral-angular distribution noticeably differs from
the one obtained with the use of previously considered
[16,17] approximation of the anglelike trajectory (instant
deflection) in the case when the size of the deflection area is
comparable to the distance between this area and the
radiating foil. The numerical estimations of the radiation
yield are made for the beam parameters which approx-
imately correspond to the ones planned to be achieved at
ThomX injector at LAL Orsay. The obtained results might
be important in connection with the problems of TR-based
diagnostics of the extracted beams.

In the next section the theoretical aspects of the problem
of measurement of bremsstrahlung characteristics in the
prewave zone is considered. Following [19,21] we distin-
guish two different approaches to measurement of the
radiation spectral-angular distribution in the prewave zone.
The first approach consists in measurement of the radiation
spectral density distribution over the spatial observation
angle which can be made with the use of a pointlike
detector successively placed in different points of space (at
different observation angles). The second approach pre-
supposes the measurement of radiation energy distribution
over the wave vector directions and requires the use of a
large optical device (for instance, lens or parabolic mirror)
in order to separate the waves with different wave vector
directions in the prewave zone. In the present work the
results for radiation distribution which could be obtained in
the second approach are derived for the general case of the
mirror of arbitrary transverse size (not necessarily infinitely
large). The obtained results are also applicable for the case
of the prewave zone measurements of characteristics of
transition radiation generated by particles traversing con-
ducting plates.

In the fourth section the effects of manifestation of TR
formation process in the electron ionization loss in thin
layers of substance are considered. The proposals for the
experimental investigation of one of such effects, predicted
by Garibian [32], as well as the other one, considered in
[37] are formulated. The estimations of the expected
possible magnitudes of the considered effects are made
for the energy range of the electrons which corresponds to
the one of the accelerator in LNF, Frascati.

Finally let us note that a series of experimental inves-
tigations of TR [20-22,25] and ionization loss [33,34] of
multi-MeV (and multi-GeV in [35]) electrons indicated the
possibility of measurement of characteristics of such
phenomena in the range of parameters (radiation wave-
length, beam current, plates thicknesses etc.) appropriate
for the study of the effects considered in the present paper.
Sufficiently large magnitudes of these effects allow, in

principle, using the same detecting facility for such study as
in the case of the considered experiments.
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