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A brief historical overview of one of the direction of investigations of high-energy particle interaction with matter at
large values of the effective coupling constant is presented. The treatment is based on an example of ultra relativistic
electron bremsstrahlung in an amorphous target and in a crystal when the coherence length is much greater than the
particle free path in matter and when the multiple scattering can have a significant impact on the bremsstrahlung
process. The comparison of the results of theoretical calculations with the data of recent experiments carried out in

SLAC and CERN is given.
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1. INTRODUCTION

Petr Ivanovich Fomin, in addition to his wide eru-
dition and profound knowledge in many areas of mod-
ern physics, had also subtle physical intuition, which
allowed him, as he used to say, "to see an answer,
even without solving a problem”. One of examples
of his physical sagacity is the work devoted to the
analysis of the contribution of higher orders of per-
turbation theory in the coupling constant of quan-
tum electrodynamics with respect to the problem of
coherent bremsstrahlung in a crystal [1]. This work
played an important role in the development of a new
direction in the research of high energy particles in-
teraction with matter at the large effective coupling
constant. As it often happens in scientific investi-
gations, this story began with a paradoxical experi-
mental result, which had not an explanation by the
existent theoretical concepts at that time.

Almost half a century ago the electron linear ac-
celerator LUE-2 GeV was build and put into opera-
tion in Kharkov Institute of Physics and Technology.
It was the largest linac in Europe at that time. In ad-
dition to electron beam, the gamma-quanta beams,
preferably monochromatic and polarized, were very
needed for carrying out research in nuclear physics.
The coherent bremsstrhlung (CB) at relativistic elec-
tron passing through the single crystals at small an-
gles to the crystallographic axes and planes was used
for producing such a gamma-quanta beams. The the-
ory of CB has been developed earlier in works of
B. Ferretti [2], M.L. Ter-Mikaelian [3] and H. Uberall
[4], and this technique had already been used suc-
cessfully in some accelerator centers such as Frascati
(Italy), DESY (Germany) and others.

Due to efforts of accelerator specialists, the rel-
ativistic positron beam with energies up to 1 GeV
and small enough beam emittance, was also obtained
by the end of the 60s. This made it possible to ex-
tend significantly the range of experimental research
in nuclear physics at the LUE-2 GeV in Kharkov. By
this time it was discovered the phenomenon of ion
channeling in crystals [5-9]. It is interesting that this
phenomenon was theoretically predicted by J. Stark
in 1912 [6], and then rediscovered by M.T. Robinson
and O.S. Oen in 1963 [5] almost accidentally in com-
puter simulation of particle passage through a single
crystal. This phenomenon is abnormally large pen-
etration of positively charged ions moving along the
densely packed by atoms the crystallographic axes
or planes. The essence of the channeling phenom-
enon, as anomalous penetration, is the reduction of
ionization losses of ions due to a significant decrease
the probability of close encounters with the atoms
of the crystal at the ion’s ”sliding incidence” and
”full reflection” by the averaged field of positively
charged atomic chains and planes of a crystal lattice
in comparison with the scattering in an amorphous
medium [5-9]. In one of the first reviews on this sub-
ject M.Thompson [9] pointed out that it would be
interesting to investigate also the positron channel-
ing in crystals.

Working in the positron beam-line group at
Kharkov accelerator LUE-2 GeV young researcher
V.L. Morokhovskii decided to check experimentally
the availability of the orientation effect at the rel-
ativistic positron beam passing through a crystal.
Without special equipment for the crystal orientation
with the required accuracy (~10~%rad), he made the
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”improvised goniometer” of original designed. The
first measurements of orientation dependence of the
bremsstrahlung intensity at electron and positron
beams incident along the crystallographic axis in sin-
gle silicon and niobium crystals showed a signifi-
cant difference between the emission by electrons and
positrons. This was contrary to the predictions ex-
isted at that time the CB theory, which was based on
the use of the first Born approximation of quantum
electrodynamics, that means using the first terms of
the perturbation theory in the coupling constant of
the interaction. The use of this approach was consid-
ered justified, since the coupling constant of electrons
and positrons interaction with the Coulomb field of
the atomic nucleus, Ze? ~ Z/137, much less than
unity. The bremsstrahlung cross section in the first
Born approximation is proportional to the particle
charge in square, and, therefore, there is no depen-
dence on the sign of the particle charge in this case,
and thus, the electrons and positrons have to radiate
alike.

What did the experiment showed? With the grad-
ual reduction of the angle between the direction of the
incident particle beam and a crystallographic axes
there was observed the increasing of the intensity of
gamma radiation for both electrons and positrons,
according to the predictions of the CB theory. How-
ever, starting from a certain value of the orientation
angle and with a further its reduction, the experiment
showed a striking difference in the emission of elec-
trons and positrons. The intensity of electron emis-
sion continued to increase, reaching a maximum at
zero orientation angle, but the emission of positrons
thus falls almost to zero, or at least below the level
of radiation in the disoriented target and even lower
than radiation on the electronic subsystem of a crys-
tal. This looked as the positrons "not see” the atomic
nuclei located in the crystal lattice points, and pass
through a crystal practically without radiation!

From the beginning, these results were consid-
ered by colleagues with great disbelief. Fellow experi-
menters have expressed complaints about the method
of measurements. There were serious objections from
the theorists also. So, academician A.I. Akhiezer, au-
thor of the world famous book ”Quantum Electrody-
namics” [10], expressed doubts about the reliability of
the results of this experiment, because the CB theory
of Ferretti-Ter-Mikaelian-Uberall perfectly describes
all available at that time experimental data on the
coherent radiation of electrons in crystals, and ac-
cording to this theory, the differences in the emission
of electrons and positrons should not be. So, it was
decided not to publish the results of these measure-
ments.

Repeated checking and rechecking of ”strange” re-
sults conducted with improved equipment and experi-
mental method was followed, however, indicate a fun-
damental difference in the emission of electrons and
positrons in aligned crystal. And V.L. Morokhovskii

decided to discuss the situation with P.I. Fomin.

In those years, P.I. Fomin, was a scientific fellow of
the theoretical department headed by A.I. Akhiezer.
His scientific interests were mainly devoted to the
problems of quantum electrodynamics at small dis-
tances (see, for example, his review [11] and refer-
ences therein). As a ”social duties”, he was also the
head of the seminar ”The philosophical problems of
natural science” for accelerator department fellows.
This seminar, in contrast to most such events in those
years, was quite informal and enjoyed great popular-
ity among his listeners. P.I. Fomin, himself a philoso-
pher by nature, fond of history of science, had an ex-
tensive personal library on the subject, preferring the
original works of the great thinkers, their correspon-
dence with colleagues, thus trying to understand the
phenomenon of the ”birth of a new knowledge”. In
addition, for some time, along with other KIPT the-
orists P.I. Fomin gave a course of lectures for the ex-
perimenters on current issues in high-energy physics
[12], in which the coherent radiation in crystals was
discussed, as well. Therefore, addressing the young
researcher for advice to the P.I. Fomin was not acci-
dental.

P.I. Fomin, familiarized with the essence of the
problem, suggested that the dependence on the sign
of the charge of the incident particle can occur in the
following terms of the expansion in the coupling con-
stant, and because it is a coherent interaction with
the atoms of the crystal lattice, the correction may
be not so small. First it is necessary to calculate the
contribution of the second Born approximation, and
then it will be clear what this is about. Carrying out
these quite time-consuming calculations P.I. Fomin
instructed his graduate students, one of the authors
of the present article (N.F.S.), because at that time
he was wholly absorbed in his ideas of spontaneous
creation of the universe from a vacuum [13], as well
as preparation for the defense of the doctoral thesis
[14 ].

The results of the calculations showed that, in-
deed, in the second term in the coupling constant
expansion the dependence on the sign of the parti-
cle charge appears. These results were published in
1971 in JETP letters [1] and, in fact, have been the
starting point for the development of a new direction
in the study of interaction of high-energy particles
with matter at a large effective coupling constant.
The article [1] is still cited in almost all the reviews
and monographs on the subject, as a pioneer work.
Following the publication of these results, both the-
oretical and experimental research in this area has
gained impetus not only in KIPT, but in many other
research centers as well.

In subsequent, a great number of theoretical and
experimental investigations in this direction has been
done in KIPT already without P.I. Fomin! (see, for
example, reviews and monograph [15-17] and refer-
ences therein). First, the detailed analysis of the

1P.1. Fomin shortly after defending his Doctoral thesis moved to Kiev to the Bogolubov Institute for Theoretical Physics,
where he headed the department of the theory of gravity and elementary particles.
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conditions of applicability of perturbation theory to
the problem of coherent interaction of high energy
charged particles with crystals was carried out. A
number of new physical effects resulting from viola-
tion of these conditions were predicted. In particular,
it was shown that in the case of small-angle particles
passing to the crystal axis, instead of the normal cou-
pling constant of charged particle interaction with
the atomic field, Ze?, there is an effective coupling
constant, NZe?, where N is the number of atoms
in the crystal chain within the coherence length (IV
can reach hundreds or thousands). There is no small
coupling constant is this case, and it requires the de-
velopment of new approaches. Such approaches have
been developed on the basis of the eikonal and the
quasi-classical approximation of quantum electrody-
namics and in the framework of classical electrody-
namics [15-17].

Going beyond the Born approximation made it
possible not only to describe the experimental re-
sults obtained previously for the radiation of elec-
trons and positrons in oriented crystals, but led to a
number of predictions of new effects associated with a
large effective coupling constant of fast charged par-
ticles interaction with the strong external field, such
as the crystal lattice field, etc. Among these effects,
the coherent radiation of above-barrier and channeled
electrons and positrons in crystals, the coherent pro-
duction of electron-positron pairs and development
of electromagnetic showers in crystals, coherent ef-
fects in multiple scattering of relativistic particles in
straight and bent crystals and a number of others.

One of these effects, associated with a sig-
nificant influence of multiple scattering on the
bremsstrahlung of ultra relativistic electrons, namely,
the suppression of radiation in a thin layer of mat-
ter was predicted and studied theoretically in [18-
20]. In spite of the close physical nature with the
formerly known Landau-Pomeranchuk-Migdal effect
(the LPM effect) [21-23], this effect in its manifesta-
tions, however, is very different from the LPM effect.
In recent SLAC and CERN experiments devoted to
the studying the effect of multiple scattering on ra-
diation [24-31], in addition to confirming the basic
predictions of the theory of the LPM effect, the ex-
perimental confirmation of the existence of the effect
of suppression of radiation in a thin layer of matter
was also obtained. In [27-31] this effect was named as
the Ternovskii-Shul’ga-Fomin effect (the TSF effect)
after the names of the authors of the first theoretical
papers, in which this effect was predicted and studied
theoretically [18-20]. A brief review of the history of
the theoretical prediction and experimental observa-
tion of this effect is the subject of this paper.

2. THE COHERENCE LENGTH OF
BREMSSTRAHLUNG

The process of radiation of a relativistic electron de-
velops in a large spatial region along the direction of
particle motion, which is called the coherence length
of radiation process. This length is determined by

the expression [3,17,23,33]

le = 2e¢’ /mPw, (1)
where m is the electron mass, € and ¢’ = € —w are the
initial and final electron energies and w is the photon
energy. (We use the system of units for which the
light velocity and the Plank constant are equal to
unity.) The ratio between the coherence length and
characteristic dimensions of the scattering potential
determines the intensity and spectral characteristics
of the bremsstrahlung.

For example, if at the motion of a fast electron
along a chain of N-atoms in a crystal, the coherence
length . is less than the distance between atoms in
the chain, d, the radiation on these N-atoms can be
regarded as independent. In this case, the total inten-
sity of radiation is the sum of the intensity of the ra-
diation on each individual atom, i.e. is proportional
to N, as in the case of radiation in the amorphous
medium, in which the atoms are arranged randomly.

If I. = d, then the strong interference in the emis-
sion by an electron in subsequent interactions with
atoms in the chain will takes place, and characteristic
interference maxima will be observed in the emission
spectrum at w = 2e¢’ /m?d and multiples to its value.
Such type of radiation is called the coherent radiation
type B.

If the condition [, >> Nd is fulfilled, then the
radiation will have a coherent character, and the to-
tal intensity of radiation at the N-atom chain will be
proportional to N2. In this case, the radiation at
the N-atoms, with the Z|e| charge of each, is equiv-
alent to the radiation of one hypothetical atom with
a charge of NZ|e|. The effective coupling constant is
equal to NZe? and can be significantly greater than
unit.

The concept of coherence length naturally arises
in the description of bremsstrahlung in the framework
of classical theory of radiation as well, but with the
only difference being that the particle energy change
during the radiation process does not take into ac-
count, i.e. ¢/ = ¢ and therefore, the coherence length
in classical electrodynamics is defined by expression

(2)

where v = ¢/m is the Lorenz factor of an electron.

To demonstrate this, let’s consider the motion of
a fast particle in a medium along a trajectory close
to a rectilinear one. Such a particle radiates electro-
magnetic waves. In this case, the difference of phases
Ay of the waves radiated by the electron under the
angle ¥ to the momentum of the particle at the time
moments ¢t and ¢ + /v is equal to

le= 272/0}’

I - -
Ap =w——k-Ar(l/v), (3)
v
where Ar(l/v) is the distance passed by the particle
in time {/v.
For high energies, the deviation of the particle
trajectory from a rectilinear one is small. Since the
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scattering angle of the particle on the time interval
(t,t + 7) is small, we find that

1 -
It +7) m?(l - 203) + 9., (4)
where 7 = #(t) is the electron velocity and ¥, is the
scattering angle for the time 7. Here, v+ 9, = 0 and

10| < 1.
Using relation (4), we find that

7 l/v l/v .
_7/ dtﬁt2+/ dtd,.  (5)
2 0 0

If the scattering angle of a particle at the length [
is sufficiently small, then we can keep only the first
summand in (5). Then, the difference of phases (3)
is

(6)

Defining the coherence length [(w, ) as the length at
which Ap =1 we find that

A(pzw%—klcosﬂ.

l(w, ¥) = (f —kc0519>_1. (7)

v
The typical radiation angles of the relativistic elec-
tron are small in comparison with one; therefore,
cos? in (7) can be expanded in small values of .
Keeping only the first two terms of this expansion,
we obtain

le
1+~202 ®

While deducing (8), we also neglected dielectric prop-
erties of the medium, i.e., we assumed that k = w/c.

For v¢ < 1, we have [(w,?¥) ~ l.. Hence, the
length at which the interference of waves radiated by
the electron is essential is defined in order of mag-
nitude by relation (2). This length is the coherence
length of the radiation process in classical electrody-
namics. In the region of small frequencies, where the
recoil effect of radiation can be neglected w < ¢, the
length [, coincides with the appropriate result (2) ob-
tained on the basis of the quantum radiation theory.

If in the limits of the coherence length of the radi-
ation process an electron interacts only with one atom
of a medium then interference of the waves radiated
by an electron at different atoms is not important for
radiation. In this case the radiation spectral density
is determined by the Bethe-Heitler formula [17,23,32]

at ¢ 3 w?
= —— 1 + _— y
3Xg € 4 ge’
where ¢ is the target thickness, Xy is the radiation
length

l(w,¥) ~

dEpH
dw

9)

Xo =m?/(4Z%e5n « In(mR)), (10)

n is the density of atoms in a medium and R is the
screening radius of atomic potential.

The coherence length grows fast with particle en-
ergy increasing and with decreasing of emitted pho-
ton energy. Landau and Pomeranchuk paid attention
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to the fact that if in the limits of coherence length of
radiation process an electron interacts with a large
number of atoms, the radiation of low energy pho-
tons can be considered on the basis of the classical
theory of radiation [17,21,23].

3. THE LANDAU-POMERANCHUK-
MIGDAL EFFECT

Landau and Pomeranchuk showed in [21] that if
the root-mean-square angle of electron multiple scat-
tering J,,s at the distance of a coherence length I,
exceeds the characteristic angle of relativistic par-
ticle radiation 0 ~ ~y~!, where v = ¢/m is the
Lorentz factor of an electron, then the radiation
power spectrum will be suppressed in comparison
with the Bethe-Hietler result given by formula (9).

To describe the bremsstrahlung spectrum at
7219_2ms > 1 in the easiest way, Landau and Pomer-
anchuk use some significant simplifications at the av-
eraging of radiation spectrum over multiple scatter-
ing of electrons in amorphous medium. The detailed
analysis and corrections of their calculation scheme
can be found in [17,23,34]. Thus, their final formula
had only quantitative character.
e? [3wq

dELp =
= t,qg =192/l
dw 2V 2z V1 /

(11)

Comparing (11) with Bethe-Heitler formula (9) we

see that

dw dw
Thus, Landau and Pomeranchuk showed that charac-
ter of high energy electron radiation in an amorphous
medium has changed considerably at v292,,s ~ 1,
e.g. in the region of electron energies and photon
frequencies for which the mean square angles of mul-
tiple scattering in the limits of coherence length is
compared with the square of the typical radiation
angles of relativistic electrons 6,2 ~ ~~2. However
the formula (11) has only qualitative character.

The quantitative theory of the multiple scatter-
ing effect on an electron radiation in an amorphous
medium was offered by Migdal in [22]. This theory
was based on the application of the kinetic equation
method to the given task. Migdal obtained the fol-
lowing formula for a spectrum of electron radiation
in an amorphous medium at w < ¢

dFE dFE
2= (1), o)

where (dE/dw)o is the spectrum of radiation with-
out taking into account the multiple scattering in-
fluence on radiation (this value coincides with the
corresponding result of Bethe and Heitler (9) with
a logarithmic accuracy) and ®,(s) is the function,
obtained by Migdal, which describes the influence of
multiple scattering on radiation

(12)

(13)

Q(s) = 245> {/ dt cotht e 2% sin 2st — Z} .
0
(14)



The parameter s is determined by the expression

1 w
s=—— Y 15
2v2 \ wrpm (15)
where
wrypp = 1672%e*nm™4e%In(mR) . (16)

The value wppp determines the range of gamma
quanta energies, starting with which the multiple
scattering influences radiation spectrum essentially.

The Migdal function is close to unity at s > 1, i.e.
at w > wrpyr. The spectrum of radiation in this case
coincides with the corresponding result of Bethe and
Heitler (9).

Ifsk1,

(I)]y[(S) ~ 6s. (17)

The intensity of radiation in this case is much less,
than the corresponding result of Bethe and Heitler.
The formula (13) with the asymptotic (17) differs
from the qualitative result (11) only by numerical co-
efficient. Considering the important Migdal’s input
to the theory of this effect it is now called the Landau-
Pomeranchuk-Migdal effect (the LPM-effect).

The quantitative theory of the LPM-effect was
developed by Migdal for a boundless amorphous
medium [22]. This approach is quite applicable if the
thickness of the target is rather big in comparison
with a coherence length of radiation process t > I..
However, at rather high energies of electrons and
small energies of radiated photons the opposite con-
dition can be realized:

l.>t, (18)

i.e., if the coherent length of radiation is greater than
the target thickens t. The radiation process in this
case was studied on the basis of kinetic equation
method [18], the classical theory of radiation [19,20]
and the theorem of factorization for radiation cross-
section in QED [35]. Here, we outline briefly the sec-
ond one as the easiest way to analyze the physics of
the multiple scattering effect on radiation is this case
and to obtain the quantitative results and to compare
them with the experimental results.

4. RADIATION IN A THIN LAYER OF
MATTER

In classical electrodynamics the spectral angular
density of radiation is determined by the formula (see
d’E e?

[17,21,23])
. 2
dwdo _ 4n2 ko ﬂ ’

where k = wil is the wave vector in the direction of
radiation 77 and

f:/ dt §(t)ei@t=R7(0)

(19)

(20)

Here ¢(t) and 7(t) are the velocity and the position
vector of the electron at a moment of time ¢, and do
is the element of solid angle near the unit vector 7.

Integrating (20) by parts, it is easy to show that

i Z-/oo geitet—Fry 4 T

dt w—Fk-9(t) 2D

— 00

This representation of T is rather convenient, since
the integrand in (21) is different from zero only in
the region of an external field, i.e. within the target,
when the acceleration of the particle is nonzero.

For high energies, the typical angles of the particle
scattering in the external field are small. Thus, the
vector of the particle velocity ¥(t) can be represented
in the form

U(t) ~ T (1 - ;vf_(t)) +TL(t), (22)
where ¢ is the initial velocity of the electron and
¥ (t) is its transversal velocity in the external field,
vi(t) < v, ¥, (t) L v. If, in the region of action of the
external field on the particle, the phase factor of the
exponent exp [i(wt —k- F(t))] is small in comparison
with unity, the exponent in (21) can be replaced by
unity and

— —
- U U
(),
w—k- v w—k-U

where ¢ and ¢ are the velocities of the electron before
and after its interaction with the target.

Substituting this relation for I into (19), after in-
tegrating over solid angles of radiation do, we obtain
the following expression for the spectral density of
radiation:

(23)

dE  2€?
— =" [ d?0f(6,t
dw 7_‘_/ f(,))(
262 +1

(24)

gmln@—&-m)—l},

where £ = v0/2, 6 is the angle of particle scattering
by the target and f(6,t) is the distribution function
over particle scattering angles 6 depending on the tar-
get thickness t.

The formula (24) shows that at realization of the
condition (18) the spectral density of radiation is de-
termined only by the scattering angle of a particle
and does not depend on the details of its trajectory
in a target. Therefore, the formula (24) can be used
when studying radiation of particles, both in crys-
talline, and amorphous targets. The difference be-
tween the processes of radiation in these cases is de-
termined only by distribution function of scattered
particles on angles.

The formula (24) has simple asymptotes at small
and large values of a mean square angle of multiple
scattering of particles by the target 92,,, :

dE  2e? -
~ 192777/87 2/1927718 1’
dw 3 K K <
(25)
dE  2¢? - -
= i 1n(72192ms)a 721927715 > 1.
dw T
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In the amorphous target the value 92,,, is propor-
tional to the thickness t. Thus, if ¥202,,; < 1, the
formula (25) transforms into the corresponding result
of Bethe and Heitler (9). If 4292,,, > 1, then accord-
ing to (25), the linear dependence of dE/dw from L
is replaced by a weaker logarithmic one. It means,
that at realization of the condition 7292,,, > 1 the
effect of suppression of radiation as contrasted to the
corresponding result of Bethe and Heitler takes place.

The root-mean-square angle of electron multiple
scattering on atoms in an amorphous medium at the
depth t is inversely proportional to the electron en-
ergy ¢ [23,36]

\/19?% (t) = (£5/)\/t] X0 [1 + 0.038In(t/ Xo)] |

g2 =4r-m?/e?, (26)

so, the  target thickness I[,, at  which

Vi 52,,Ls(l7) = ~~! does not depend on the electron
energy ¢ and is determined by the target material
only 1, ~ 0.15%X.

Thus, the condition of the suppression of
radiation due to the multiple scattering effect
V192,,5(1) > v~ (so-called non-dipole regime of ra-
diation) can be written in the following form:

le >1,. (27)

If t <1, ie. the target thickness t is less than
0.15% Xy, the spectral density of radiation for all pos-
sible emitted photon energies is defined by the Bethe-
Heitler formula (9).

If ¢t > [, there are three possible regimes of radi-
ation in this case depending on the energy region of
emitted photon.

For the relatively hard part of emitted spectrum,
when [, < [, we have a dipole regime of radiation
describing by the Bethe-Hietler formula (9) too.

For the non-dipole radiation, . > [, there are
two regions, defined by the ratio between the coher-
ence length [. and the target thickness ¢, with quite
different behavior of radiation spectrum. If the tar-
get thick enough, ¢ > [. > [,, the Migdal theory
[22] of the LPM effect, which describes the suppres-
sion of radiation in a boundless amorphous medium,
is applicable. For relatively thin target, I > t > [,
(intermediate case), the TSF mechanism of radiation
[18,19] is realized.

The condition (27) determines the photon energy
region, where the LPM effect is essential:

5
< =, 28
e P (28)
2,2
ELPM = e4m Xomr17.7TeV - Xg(cm).
m

It means that for ultra high electron energy (e >
erpym) the whole radiation spectrum is suppressed

due to the LPM effect: wrpy = €.
2 160042

If e <eppm, then wppn ~ Xo

22

The upper limit for the emitted photon energy
for the TSF regime of radiation TSF follows from the
TSF effect condition

le>t>1,. (29)
It is defined by equality ¢ = [, and can be written in
the following form:

€

1+ersr/e’
m2t
ersF = 5 & 6.6 PeV - t(cm).

WrTsSEF — (30)

If € > epgp, one can use simpler expression for
the TSF effect threshold wrgr ~ 272 /t.

Modification of character of electron radiation in
a thin layer of substance happens under the same con-
ditions, as in case of the LPM effect. However, the
radiation spectral densities (13) and (24), essentially
differ (the dependencies from ¢, ¢ and w are differ-
ent). It is related to the fact that the formula (24) is
valid at realization of the condition [. > t, whereas
the formula (13), describing the LPM effect is valid
at l. <« t.

In an amorphous target the function f(6,t) is the
Bethe -Moliere distribution function [36] which takes
into account both single and multiple scattering of
particle in a medium. Thus the formula (24) takes
into account both single and multiple electron scat-
tering in a target. At ¢ — 0, when we can neglect the
influence of the multiple scattering on radiation, the
formula (24) transforms into the corresponding result
of the Bethe-Heitler theory. (We need to note that
the Bethe-Heitler result is obtained with logarithmic
accuracy in the Migdal theory.) The analysis of the
formula (25) has shown [37,38] that the Bethe-Heitler
result is also true at the condition y292,,, < 1.

If 7292, > 1, as it was shown in [38], first sev-
eral terms of the distribution of the formula (24) on
the parameter =2, where a = 72, have the following
form

dE  2¢? 2 2 C
Pl {(lnaz—C’)) (1—}—@2) +a2+B—1],
(31)
where C is the Euler constant, B—In B = In (x2/x?)+
1—2C, x? = 4mnZ?%e*t/(pv)? and x1 = 1/pR.

We want to emphasize that consideration of sev-
eral terms of distribution in (31) is very important
for comparing the theory predictions with the SLAC
experimental data [24-26].

The asymptotes (25) show that at ¢t <« [, (that
means { < 1) the formula (24) gives the Bethe-
Hietler result with the linear dependence from the
target thickness. In the opposite case, i.e. at t > [,
the formula (24) gives the only logarithmic increas-
ing of radiation power spectral density with the target
thickness increasing.

Such a strange behavior of radiation power (the
scattering angle still increase linearly with thickness,
but radiation no) can be explain by relativistic delay



effect during regeneration of the own Coulomb field
of relativistic electron after its scattering on a big an-
gle V/02,,, > ~v~1, and it can be treated as a radia-
tion of the "half-bare” electron, i.e. the electron with
non-equilibrium own Coulomb field (see [20,23,39] for
detailed discussion). This logarithmic behavior will
be changed for the linear one again when the target
thickness reaches the value of coherence length for
the given photon energy w.

The quantum treatment of the TSF effects was
done in [35,40-42] using different approaches and it is
became an important for ultra high electron energy
€ > ergr), when wrgp ~ € and the whole radiation
spectrum is suppressed due to the TSF effect.

There are two additional factors that have essen-
tial influence on radiation process in matter, namely,
the dielectric suppression (or the Ter-Mikaelian ef-
fect [33]) and the transition radiation from the tar-
get bounds [26,33]. Both these effects could be ne-
glected, if we consider the photons energy higher than
wo = 7wy , where w, is the plasma frequency [33].
For tantalum target and the electron beam energy
e = 150 GeV this threshold is about wg ~ 25 MeV.

The qualitative difference between the different
regimes of radiation in amorphous matter, namely
the BH, LPM and TSF regimes and their conse-
quent changing clear demonstrates the thickness de-
pendence of the radiation power spectrum dFE/dw.
The results of theoretical calculations of such depen-
dence are represented in Fig.1.
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Fig.1. The radiation power spectrum of 150 GeV

electrons in tantalum target via target thickness t
(% Xo). The detailed description of curves is given
1 text

For t < l,, i.e. when the target thickness ¢ is too
small that the multiple scattering of relativistic elec-
trons in target is not enough to fulfill the condi-
tion (27), the radiation process has a dipole char-
acter and the radiation power spectrum is described
by the Bethe-Hietler formula (9). The soft part of
the Bethe-Hietler spectrum (w < €) does not de-
pend on w and describes by a very simple formula
dEpy/dw = 4t/3X,. The corresponding curve is pre-
sented in Fig.1 by dashed straight line "BH”.

At the target thickness increasing the condition
t = I, could be fulfilled, and at this point the di-
pole regime of radiation is changed for the non-dipole
that leads to suppression of radiation comparing with
the Bethe-Hietler formula predictions. For relatively
soft photons, for which [, > ¢, the radiation power
for this part of radiation spectrum is determined by
the formula (31) that means the TSF regime of ra-
diation with a logarithmic dependence on the target
thickness ¢ (solid line "TSF” in Fig.1). As it fol-
lows from eq. (31) dErsr/dw does not depend on
the emitted photon energy w , however, the validity
condition of the TSF regime (29) depends. It means
that for different w,, the transition from the TSF to
LPM regime of radiation takes place at different val-
ues of target thickness ¢, = l.(w,). In Fig.1 there
are three such points market by arrows for different
photon energies w, , namely w; = 150, ws = 350
and w3 = 800 MeV. There are also three different
dot-dashed lines "LPM”, which are calculated using
the Migdal formulae (13) and (14) for these values
of photon energy respectively. Thus, changing the
target thickness one can consequently observe three
different mechanisms of radiation of relativistic elec-
tron in amorphous target such as the BH, TSF and
LPM.

5. THE EXPERIMENTAL STUDIES OF
THE LPM AND TSF EFFECTS

Besides the theoretical interest, the LPM effect is
relevant in a variety of physics areas, ranging from
the design of calorimeters for the LHC to ultra high
energy cosmic rays. Many nuclear effects, including
the ”colour transparency” suppression of nuclear re-
actions, are closely related (see, e.g., [26] and refer-
ences therein).

The first experiments on detection of the LPM ef-
fect were conducted using of cosmic rays [40,41] and
secondary electron beams with the energy of 40 GeV'
on the protons accelerator of IHEP (Protvino, Rus-
sia) [42]. Because of the insufficient statistics of mea-
surements these experiments could only deal with
qualitative confirmation of the LPM effect existence.

The detailed experimental investigation of the
LPM effect was carried out only 40 years after its pre-
diction. This experiment was carried out in 1993-95
on SLAC accelerator at the electron energies 8 and
25GeV [24-26]. In this experiment (SLAC E-146)
there were measured the spectra of bremsstrahlung
in the region of relatively small energies of gamma-
quanta w (from 200 keV up to 500 MeV) for targets
produced from different materials (from carbon to
uranium) and in a rather wide interval of target thick-
ness t (from 0.1 % up to 6 % of radiation lengths Xj).

The analysis of the data obtained showed a good
agreement between the predictions of the Migdal the-
ory of the LPM effect and the experiment for rela-
tively thick targets and not very low photon ener-
gies. For theoretical description of experimental data
at the photon energy region from several MeV and
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below it was necessary to take into account the su-
perposition of several effects, such as the LPM effect,
the Ter-Mikaelian effect (or ”dielectric suppression”),
transition radiation (see [26]). However, even after
that for the case of golden target of 0.7% of radiation
length thickness there was a significant disagreement
between theory and experiment. Such ”unexpected”
behavior of the radiation spectrum at low frequen-
cies was named in [24] as ”edge effect” and there was
an attempt to exclude it by subtraction procedure,
because "no satisfactory theoretical treatment of this
phenomenon” (see [24]) was found for that moment.
Actually, they found out the Ternovskii article [18],
in which the Migdal theory of the LPM effect de-
veloped for boundless amorphous medium was im-
proved for the finite target thickness case. However,
when they tried to use the Ternovskii formula to de-
scribe the ”edge effect”, they obtained the excess of
the Bethe-Heitler result [32] instead of the expected
suppression, and they wrote in [24] that this formula
gives "unphysical result”. The discrepancy observed
in SLAC experiment stimulated a new wave of theo-
retical investigations of the multiple scattering effect
on radiation (see [34,35,37,38,40-45]).

In [37] it was shown that the deviation from pre-
dictions of the Migdal theory observed in [24-26] takes
place when the target thickness t is small in compar-
ison with the coherence length of radiation process
lc, and the "unphysical result” obtained by the Ter-
novskii formula in [24] is connected with the usage
of the asymptotic formula for a mean-square angle
of multiple scattering, which is not applicable for the
SLAC experiment E-146 conditions.

The most demonstrative example of the presence
of different mechanisms of radiation at the SLAC E-
146 experiment gives by measurements of radiation
spectrum from golden target of different thicknesses
represented in Fig.2.

The quantitative theory of the radiation suppres-
sion effect in a thin layer of matter was developed
later in [34,35,37,38,40-42] using different approaches.
The results obtained in these works are in a good
agreement with the SLAC experimental data for the
thin golden target (see, for example, reviews [23,26]).
However, it was the only one explicit manifestation
of this effect during the SLAC experiment E-146 and
it took place in a relatively narrow photon energy re-
gion for 25 GeV electrons. That is why it was neces-
sary to carry out a special experimental investigation
of this effect at higher electron energy that gives a
wider photon energy region for observation of this ef-
fect and, that is even more important, to study the
thickness dependence of radiation intensity in a thin-
target case, which is essentially differ from the BH
and LPM regime of radiation (see [26]). The higher
energy of electron beam gives also a possibility to sep-
arate the radiation spectrum regions, where the in-
fluence of the above mentioned different mechanisms
of radiation is overlapped.

A new experimental study of the LPM and analo-
gous effects at essentially higher electron energies (up
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to e = 287 GeV') was carried out recently at CERN by
the NA63 Collaboration (see [20,21] and also [27-31]).
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Fig.2. Radiation spectra of 25 GeV electrons in
the golden targets of thickness 0.1, 0.7 and 6% of
radiation length X0. The solid curves in these fig-
ures correspond to the results of calculations under
the Migdal formula (13), histograms are the results
of the Monte-Carlo simulation of radiation spectrum
including dielectric suppression and transition radi-
ation [26], straight line is the result of calculations
using formula (31)

The results of measurements for Ir, Ta and Cu tar-
gets with thicknesses about 4% of the radiation length
showed good agreement with the Migdal theory of the



LPM effect [22]. The effect of suppression of radia-
tion in a thin target, named in these papers as the
Ternovskii-Shul’ga-Fomin (TSF) effect, was also con-
sidered, however, the photon energy region, in which
the TSF effect could be observed for chosen target
thicknesses, was below the energy threshold of mea-
sured photons wy,;n, = 2GeV for both experiments
[27,28]. The condition for the successful observation
of the TSF effect in radiation spectrum was realized
later in CERN for 206 and 234 GeV electrons radia-
tion in Ta targets of 5...10 um thickness [29].

Finally, the most important measurements for
demonstration of the TSF effect essence, namely
the logarithmic thickness dependence of radiation
intensity in a thin target, were successfully car-
ried out recently by the CERN NAG63 collabora-
tion [30]. In spite of all difficulties connected with
a very complicate experimental installation and by
operating with a set of very thin targets of sev-
eral micrometers thickness, this experiment gave a
conclusive proof of the suppression effect of rela-
tivistic electron radiation in a thin layer of mat-
ter predicted many years ago [18,19] and per se it
gave the unique demonstration of the space-time
evolution of the radiation process in matter as an
example of radiation of ultra relativistic electron
with non-equilibrium own Coulomb field [20,23,32].

Ta

¢ =149 GeV
o = 347 MeV

t %Xo

dE Xo Ta ¢ =149 GeV
do ¢ =795 MeV

t %Xo

Fig.3. The radiation power per unit length for
149 GeV electron radiation in tantalum target via
target thickness t (% Xo). The detailed description
of curves is given in text

The comparison of experimental data with the re-
sults of calculations using different approaches repre-

sented in [29,30] shows a good not only qualitative,
but also quantitative agreement. In this short pa-
per we present the comparison of the results of our
calculation with the experimental data [30] only for
two values of the emitted photon energy w = 347
and 795 MeV (Fig.3). Following [30] we present here
the radiation power spectrum per unit length, i.e. as
dFE/dw multiplied by Xo/t. In these units the linear
dependence of the radiation power spectrum for the
BH (dot-dashed line) and LPM (dashed line) regimes
of radiation are the constants (see Fig.3). The curves
TSF shows the logarithmic behavior of the radiation
power spectrum in the intermediate region [, >t > [,
for given w.

For numerical calculations we used the original
Fortran code based on the same formulas as the calcu-
lations of the SF curves presented in figures in [29,30].
Following [30] we took into account the multiphoton
effect by corresponding normalization on the BH ra-
diation spectrum. The results of our calculations give
a little excess (about 10%) over the results presented
in [29,30] by SF curves in all figures, thereby they
have a good agreement with experimental data (see,
for example, Fig.3). The essential discrepancy ob-
serving around the point ¢ = [, is easily explainable
by the fact that the Migdal theory of the LPM effect
is applicable at ¢ > [, while the eq.(24) for the TSF
regime of radiation is derived for ¢ < [.. In the in-
termediate region (21, >t > [./2) we have a smooth
transition between these two regimes.

To summarize (Fig.4), the bremsstrahlung power
spectrum level has been computed in the t, [, and
l, parameter space for a fixed electron energy ¢ =
200 GeV and tantalum target. The relative areas
of applicability of different mechanisms of radiation
at high energy region are shown in Fig.4, which is
taken from the H.Thomsen’s PhD dissertation [31].
The above discussed bremsstrahlung regimes: Bethe-
Heitler (BH), Landau-Pomeranchuk-Migdal (LPM)
and Ternovskii-Shul’ga-Fomin (TSF) are in the plot
bordered by black lines. The abscissa shows the foil
thickness in units of the multiple scattering length
ly, while the ordinate shows the formation length,
also in units of [,. Following the definition of consid-
erable multiple Coulomb scattering within the for-
mation length, only the BH regime is located be-
low l./l, < 2. This regime is also present for very
thin target, t/l, < 1. The diagonal line illustrates
the characteristic threshold between the TSF and
LPM regimes ¢t = [, . Generally, the matching be-
tween the TSF and LPM regimes is not complete,
as this transition is not described by any analyti-
cal expression. Moving along a horizontal line in
the figure corresponds to the thickness dependence
for a fixed value of w, while a vertical line gives
the photon energy dependence for a fixed thickness.
The direction of growing w is indicated by the ver-
tical arrow, I, ~ 1/w. The special LPM photon en-
ergy dependence, ~ y/w, is distinct. Also, the log-
arithmic thickness dependence in the TSF regime
is very different from the linear one in the case of
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BH and LPM. The plot is for illustration purposes
only and encapsulates the tendencies shown in Fig.4.
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Fig.4. The bremsstrahlung power spectrum level
(in arbitrary units) in the t, l. and 1, parameters
space [31]. The contour lines trace lines of equal
bremsstrahlung yield. Upper horizontal axis shows
the equivalent tantalum thickness

As it was shown later in [43] the non-dipole regime
of radiation changes essentially not only spectrum of
emitted gamma quanta, but also their angular distri-
bution. In [44] it was proposed to use special features
of angular characteristics of non-dipole coherent radi-
ation in a thin crystal for production of the intensive
photon beams with high degree of linear polarization.

This idea is based on the fact that the non-dipole
regime of radiation, when the scattering angle be-
comes bigger than the characteristic angle of radi-
ation of relativistic electron v~!, gives a possibility
to avoid a mixture of the radiation emitted under
the different (more than v~!) angles. Using the pho-
ton collimators with angular width about v~! one
can organize the space-angular separation of photons
emitted by electrons that were scattered at essentially
different directions.

6. CONCLUSIONS

We have shown only a small part of the results ob-
tained while developing the new methods of descrip-
tion of high energy electron radiation out of the con-
dition of applicability of the Born approximation.
It was demonstrated that on the basis of developed
methods it is possible to describe the effects con-
nected to the large effective coupling constant, and
to obtain not only qualitative, but also quantitative
results.

One of the most interesting physical result ob-
tained using developed approach, which was recently
confirmed by SLAC and CERN experiments, is the ef-
fect of suppression of the radiation of ultra relativistic
electrons in a thin layer of matter [30,45]. The exper-
imental observation of logarithmic dependence of ra-
diation yield from the target thickness [30] is the first
direct demonstration of the suppression of radiation
effect for a relativistic electron with non-equilibrium
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own Coulomb field (TSF effect), which was predicted
and theoretically studied in [18-20]. This effect is an
example of the interaction process with a large effec-
tive coupling constant, and it should have its analog
also in QCD at quark-gluon interaction.

The theoretically predicted special features of an-
gular distribution of radiation and its polarization at
the TSF-effect condition [44,45] are proposed for a
new experimental study at SLAC and CERN.

References

1. A.L Akhiezer, P.I. Fomin, N.F. Shul’ga. Coher-
ent bramsstrahlung by high energy electrons and
positrons in crystals // Lett. Zh. Eksp. Teor. Fiz.
1971, v.13, p.713-715.

2. B. Feretti. Sulla bremsstahlung nei cristalii //
Nuovo Cimento. 1950, v.7, p.118-134.

3. M.L. Ter-Mikaelian. Interference radiation by
very fast electrons // Zh. Eksp. Teor. Fiz. 1953,
v.25, p. 296-306.

4. H.Uberall. High-energy interference effect of
bremsstrahlung and pair production in crystals
// Phys. Rev. 1956, v.103, p. 1055-1067.

5. M.T.Robinson, O.S.Oen // Phys. Rev. 1963,
v.132, p.2385.

6. J. Stark. Bemerkung uber Zerstreuung und Ab-
sorption von [(-Strahlen und Rontgenstrahlen in
Kristallen // Phys. ZS. 1912, v.13, p.973-977.

7. J. Lindhard. Influence of crysta lattice on motion
of energetic charged particles // Kgl. Danske Vi-
densk. Selskab. Mat. Fys. Medd. 1965, v.34, N14.

8. A.F.Tulinov. The crystal lattice effect on some
atomic and nuclear processes // Sov. Phys. Us-
pekhi. 1965, v.87, N4, p.585-598.

9. M.W. Tompson. The channeling of particles in
crystals // Contemp. Phys. 1968, v.9, N4, p.375.

10. A.I. Akhiezer, V.B. Berestetskii. Quantum Elec-
trodynamics. New York: Wiley-Intersciense,
1965.

11. P.I. Fomin. Some issues of Quantum Electrody-
namics at small distances // Sov. J. Particles
Nucl. 1976, v.7, p.687-725.

12. P.I. Fomin. Lectures of the Theoretical school
of high energy physics. Kharkov: KIPT AS
UkrSSR, 1972.

13. P.I. Fomin. Gravitational instability of vacuum
and cosmological problem. Preprint KITP AS
UkrSSR, 1973. (See the English version of the
Preprint in the present issue p.6-9.)

14. P.I. Fomin. Some issues of Quantum Electrody-
namics at small distances. Kharkov: Doctoral
thesis, 1971.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

A L Akhiezer, V.F.Boldyshev, N.F.Shul’ga.
Theory of elastic scattering and bremsstrahlung
of fast charged particle in crystals // Sov. J.
Particles Nucl. 1979, v.10, p.51-89.

A.L. Akhiezer, N.F. Shul’ga. Radiation by rela-
tivistic particle in crystal // Sov. Phys. Uspekhi.
1982, v.25, p.541-564.

A L. Akhiezer, N.F. Shul’ga. High-energy electro-
dynamics in matter. Amsterdam: Gordon and
Breach, 1996.

F.F.Ternovskii. On the theory of radiative
processes in piecewise homogeneous media //
Sov. Phys. JETP. 1961, v.12, p.123-130.

N.F. Shul’ga and S.P. Fomin. On suppression ra-
diation effect in amorphous media and crystals
// JETP Lett. 1978, v.27, p.117-120.

S.P. Fomin and N.F. Shul’ga. On the space-time
evolution of the process of ultra relativistic elec-
tron radiation in a thin layer of substance //
Phys. Lett. A. 1986, v.114, p.148-152.

L.D.Landau, I Yu.Pomeranchuk. Electron-
cascade processes at ultra-high energies //
Dokl. Akad. Nauk SSSR. 1953, v.92, p.735-740.

A.B. Migdal. The influence of the multiple scat-
tering on the bremsstrahlung at high energies //
Dokl. Akad. Nauk SSSR. 1954, v.96, p.49-52.

AL Akhiezer, N.F.Shul’ga, and S.P.Fomin.
Landau-Pomeranchuk-Migdal Effect. UK: Cam-
bridge Scientific Publishers, 2005.

S.R. Klein, R.L. Anthony, R. Backe-Szendy et
al. A measurement of the LPM effect: Preprint
SLAC-PUB-6878, 1993, p.1-13.

R.L. Anthony, R. Backe-Szendy, P. Bosted, et
al. An accurate measurement of the Landau-
Pomeranchuk-Migdal effect // Phys. Rev. Lett.
1995, v.75, p.1949-1952.

S. Klein. Suppression of bremsstrahlung and pair
production due to environmental factors // Rev.
Mod. Phys. 1999, v.71, p.1501-1538.

H.D. Hansen, U.I. Uggerhoj, C. Biino, et al.
Landau-Pomeranchuk-Migdal effect for multi-
hundred GeV electrons // Phys.Rev. D. 2004,
v.69, p.032001-11.

U.L. Uggerhoj, H. Knudsen, S. Ballestrero, et al.
Formation length effects in very thin targets //
Phys. Rev. D. 2005, v.72, p.112001-6.

H.D. Thomsen, J. Esberg, K. Kirsebom, et al. On
the macroscopic formation length for GeV pho-
tons // Phys. Lett. B. 2009, v.672, p.323-327.

H.D. Thomsen, J. Esberg, K.K. Andersen, et al.
Distorted Coulomb field of the scattered electron
// Phys. Rev. D. 2010, v.81, p.052003.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

. H.D.Thomsen.

Taming GeV photons and
antimatter. Part I Formation length-related
bremsstrahlung  effects. PhD  Dissertation,
Aarhus University, Denmark, 2010.

H. Bethe, W. Heitler. On the stopping of fast par-
ticles and on the creation of passive electrons //
Proc. Roy. Soc. (London) A. 1934, v.146, p.83-
125.

M.L. Ter-Mikaelian. High-energy electromagnetic
processes in condensed matter. New York: Wiley
Interscience, 1972.

R. Blankenbacler and S.D. Drell. The Landau-
Pomeranchuk-Migdal effect for finite targets //
Phys. Rev. D. 1996, v.53, p.6265-6281.

N.F. Shul’ga and S.P. Fomin. Bremsstrahlung of
ultra relativistic electrons in a thin layer of mater
// Nucl. Instr. Meth. B. 1998, v.145, p.180-184.

H. Bethe. Moliere’s theory of multiple scattering
// Phys. Rev. 1953, v.89, p.1256-1266.

N.F. Shul’ga and S.P. Fomin. On experimental
verification of the Landau-Pomeranchuk-Migdal
effect // JETP Lett. 1996, v. 63, p. 873-877;

N.F. Shul’ga and S.P. Fomin. Multiple scattering
effect on radiation by ultra relativistic electron
in a thin layer of mater // JETP. 1998, v.86,
p-32-38.

E.L. Feinberg. High energy successive interac-
tions // Sov. Phys. JETP. 1966, v.23, p.132-147.

B.G. Zhakharov. Structured targets and Landau-
Pomeranchuk-Migdal effect for finite-size targets
/] JETP Lett. 1996, v.64, p.781-787.

R. Baier, Yu.L. Dokshitser, A.H. Mueller,
S.Peigne, and  D.Schiff. The Landau-
Pomeranchuk-Migdal effect in QED // Nucl.
Phys. B. 1996, v.478, p.5b77-597.

V.N. Baier and V.M. Katkov. Landau-
Pomeranchuk-Migdal effect and transition
radiation in structured targets // Phys. Rev. D.
1999, v.60, p.076001-12.

S.P.Fomin, N.F. Shul’ga, S.N.Shul’ga. Spectral-
angular distribution of relativistic electron radi-
ation in a thin layer of matter // Phys. Atomic
Nuclei. 2003, v.66, p.396-399.

A.S. Fomin, S.P. Fomin, and N.F. Shul’ga. Mul-
tiple scattering effect on angular distribution and
polarization of radiation by relativistic electrons
in a thin crystal // Proceedings SPIE. 2005,
v.5974, p.177-184.

A.S.Fomin, S.P.Fomin, N.F.Shul’ga. Radiation
of a relativistic electron with non-equilibrium
own Coulomb field // Nuovo Cimento. 2011,
v.34C, p.45-53.

27



K TEOPUU U3JIVUYEHUS B YCJIOBULX BOJIBIIION S®OEKTUBHOM
KOHCTAHTHI CBA3U

C.II. ®omun, H.D. IlTyavea

[Ipencrasien KpaTKuit ICTOPUIECKUIT 0030 OHOTO U3 HAIIPABJICHUI NCCIEI0BAHUN B3ANMOIECTBUS YACTHI],
BBICOKOI 9HEPTWH C BEMIECTBOM TpPH OOJBINMMX 3HAUYEHUSX dPMEKTUBHON KOHCTAHTHI CBI3U. PaccMmorpenme
BeJIeTC Ha IIPUMEPE TOPMO3HOI'O M3JIyYeHUs YIbTPAPEIATHBUCTCKUAX JIEKTPOHOB B aMOPMHON MUIIEHN U B
KPUCTAJIJIE B CJIy4ae, KOTJa JJINHA KOI'ePEHTHOCTH U3/IydYeHUs 3HAYUTEIbHO IIPEBBIIIAeT JJIUHY CBOOOIHOIO
rpobera YacTHUIIBI B BEIIECTBE U MHOIOKPATHOE DacCesHIe OKa3bIBaeT CYINECTBEHHOE BJIMSIHUE Ha IIPOIECC
TOPMO3HOrO m3JryueHus. [IpoBeieHo cpaBHEHNE PE3YIHTATOB TEOPETHIECKUX PACUETOB C JAHHBIMU HEJIABHUX
sKcrrepuMenToB, BeimoHenabix B CJTAK u IIEPH.

J0 TEOPIi BUIIPOMIHIOBAHHSA B YMOBAX BEJINKOI EOEKTUBHOI
KOHCTAHTUA 3B’A3KY

C.II. ®omin, M.D. IlTyavea

IIpecraBiieHO KOPOTKHI iICTOPUIHUN OIS OJHOTO 3 HAIPSAMKIB JIOC/TIPKEHb B3a€MOJIil YACTUHOK BUCOKOL
eHepril 3 PeYOBUHOIO IIPHU BEJNKAX 3HAYEHHSX e(PEeKTUBHOI KOHCTAHTH 3B’s3Ky. PO3rism BeIeTbCst Ha MpHU-
KJIa/li TaJbMIBHOTO BUIIPOMIHIOBAHHS YILTPAPEIITUBICTCHKAX €JEKTPOHIB y aMopdHiit MimmeHi y BUMIAIKY,
KOJIN JIOB2KMHA KOT€PEHTHOCTI BUIPOMIHIOBAHHS 3HAYHO IIEPEBUIILYE JOBXKUHY BLIHHOIO IPODITY YaCcTUHKH
B PedoBHUHI If OaraToKpaTHe PO3CIIOBaHHs BIJINBAE HA IPOIEC TaJbMIBHOrO BUIIpOMiHIOBaHHs. [IpoBeseno
MOPIBHSIHHSI PE3YJIHTATIB TEOPETUIHUX PO3PAXYHKIB 3 JIAHUME HeJIaBHIX eKcriepuMenTiB, Bukonanux y CJIAK

i IIEPH.
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