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Abstract

Anomalous phenomena in the relativistic electron bremsstrahlung are investigated theoretically for the case when an
emitting particle crosses a thin layer of amorphous medium. Peculiarities in the manifestation of Ter-Mikaelian effect as
well as unexpected oscillations in the spectral-angular distribution of emitted photons are shown in this work. © 2001

Elsevier Science B.V. All rights reserved.
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1. Introduction

The fundamental aspects of the relativistic
particle emission processes in condensed media
have been under discussion for a long time, but the
experimental verification of such theoretically
predicted effects such as the Landau-Pomeran-
chuk effect [1] and Ter-Mikaelian effect [2] has
been obtained within recent years only [3,4].

The results of experiment [4] performed for the
case of a thick enough target are in good agree-
ment with the theory [2] describing the brems-
strahlung of a particle moving in an unbounded
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medium. But the situation changes very essentially
for the case of a relativistic particle bremsstrah-
lung in a thin layer of a medium. The anomalous
manifestation of the Ter-Mikaelian effect has been
shown in the experiment [5] devoted to 150 MeV
electron bremsstrahlung in Al foil with a thickness
of 30 um. A complicated form of bremsstrahlung
spectrum strongly different from that predicted by
the theory of Ter-Mikaelian effect in an un-
bounded medium has been observed in this ex-
periment. It is important to note that the result [5]
is not explained by the traditional theory of rela-
tivistic particle bremsstrahlung in a target with a
finite thickness [6]. Therefore the problem of ade-
quate theoretical description of an emission by
relativistic particles crossing a thin layer of a me-
dium cannot be treated as solved.



The last experimental research of relativistic
electron bremsstrahlung [7] (particles with energies
of 600-900 MeV and foils of different materials
and thicknesses have been used in this experiment)
confirmed the existence of peculiarities in the X-
ray region of bremsstrahlung spectrum. The sig-
nificant increase of the radiation intensity in the
soft part of a spectrum has been observed for the
case of a thin target with a thickness smaller than
an emission formation length. In addition to this
result, the oscillations of a spectral intensity have
been observed in the wide spectral region. The
authors of the mentioned work [7] assume the
coherent bremsstrahlung of incident particles on
macro non-uniformities of a target as the physical
reason fof the observed phenomena.

The aim of this work consists in the detailed
theoretical analysis of the emission process by
relativistic particles crossing a thin layer of an
amorphous medium. The strong difference be-
tween Ter-Mikaelian effect manifestation in the
cases of thin and thick targets is shown within
the framework of the developed theory as well as
the essential influence of an interference between
transition radiation and bremsstrahlung giving rise
to the existence of coherent oscillations of a spec-
trum in the emitted photon energy range more
wider than that for the ordinary transition radia-
tion manifestation.

2. General expressions

Let us consider the structure of an electro-
magnetic field emitted by the flux of relativistic
electrons crossing a thin layer of amorphous me-
dium. The solution of Maxwell equations for the
Fourier transform of an electrical field E, = 1/
n)* [ErdeE(r, e,
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where g(w) =1 — w}/w? is the dielectric perme-
ability in the X-ray region, o, the plasma fre-
quency of a medium, j,, the Fourier transform of
an emitting particle current density j(r 1) =
eVe(£)o(r — re(1)), ro(1) the particle’s trajectory, V.
18 its velocity is found in the form
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Expressions (2a)-(2¢) determine the transverse
components of the electric field E; = Zﬁ:l
ey Ly (key, =0, ey is the polarization vector,
k=k +eLkLaeLkH =0, e, is the normal to the
target surface) in front of the target (E\Y “i ), inside
the target (£ EY +) and behind the target ( E) i) Re-
flected waves are neglected in (2a)—(2¢) in accor-
dance with the general approach of X-ray
transition radiation theory (see for example [6] and
the literature presented there).

Determining unknown coeflicients by, and
ai, by the use of ordinary boundary conditions,
one should obtain the expression for an emission
field by the calculation of Fourier integral
ER — [ @kEDe® In order to find the field
ERX* in the wave zone it is necessary to calculate
this integral by the use of the stationary phase
method. The result of the calculations has the
form
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where n is the unit vector along the direction of
emitted photon propagation, ¥; the initial (before
scattering in a target) particle’s velocity, ¥; the
final (after scattering) velocity, L is the target
thickness (the difference between L/¥; and the time
of a particle motion in a target is neglected because
of Vi=e V ~e (1l —1y?)~e and a small en-
ough value of a particle multiple scattering angle
on the exit of a target).

Defining the angular variables @ and ¥, by the
formulae
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one can rewrite the expression for emission am-
plitude 4, from (3) in a more convenient form
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The last formula allows to obtain the following
expression for the emission spectral-angular dis-
tribution:
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where the brackets () mean the averaging over
particle’s scattering angles.

Before beginning the analysis of the derived
formula one should define the conceptions of
thin and thick targets. In accordance with the
general approach of relativistic particle emission
theory a target is thin in case the total scattering
angle of emitted particle @, (the angle of a
particle multiple scattering on a target) is less
than the characteristic emission angle of relativ-
istic particles @, ~ 7', Since O ~ (g2/m*y?)
(L/Lpaa) (er =21 MeV, Lp, is the radiation
length) a target may be assumed as thin under the
condition

m2
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which does not depend on the particle energy.

In the case of a thick target L > Lg, the emis-
sion process has a non-dipole character caused by
multiple scattering of an emitting particle and the
Landau—Pomeranchuk effect takes place (sup-
pression of an emission spectral intensity in the
range of small emitted photon energies). Since the
existing experiments are in agreement with
the theory for the case of a thick target, and on the
other hand, the essential discrepancies were ob-
served in experiments devoted to the relativistic
particle bremsstrahlung in thin target, condition
(7) is assumed to be valid in the calculations of this
work.






Ter-Mikaelian effect in a thin target predicted by
the traditional theory of a relativistic particle
bremsstrahlung in a thin layer of a medium [6].

The obtained result consisting in a nonmonot-
onous shape of the spectral distribution (11) per-
mits to explain the result of experimental
researches of a relativistic particle bremsstrahlung
in a thin layer of a medium [5]. The spectrum
shape can be interpreted by the competition of two
tendencies. On the one hand, the difference be-
tween the velocity of emitting particle
V =~ 1—1/2y72 and the phase velocity of emitted
photon ¥y ~ 1 +1(wj/w?) increases in the fre-
quency region o < yayg, with the decreasing of .
This effect causes the bremsstrahlung suppression
(Ter-Mikaelian effect). On the other hand, there is
the growth of the emission formation length with
the decreasing of w. Therefore, in the @ — 0 case,
for a rather thin layer the emission mechanism is
effectively equivalent to that realizing for a particle
moving in a vacuum along the trajectory of the
angle form. As it is well known that (see for ex-
ample [8]) the spectrum of this radiation does not
depend on the frequency o and is determined by
the deviation angle of the particle velocity (ac-
cording to formulae (8) and (10), this is the angle
of multiple scattering Oy, = /(¥;) =(1/7)/L/Lo
for the case considered).

Thus the manifestation of the Ter-Mikaelian
effect in bremsstrahlung for the real experiment
can essentially differ from that predicted by the
original theory [2]. At the same time the result [6]
should be considered as asymptotic. As it follows
from (11) the result [6] is correct, when y <« 1.

4. The coherent oscillations in the emission spectrum

Let us return to the formula (6) and consider
the emission properties in a more general case
when the emission angle @ is not much less than
the characteristic emission angle of relativistic
particles @, ~ y~!. Assuming the conditions (7)
and (9) to be valid one can obtain from (6) the
following expression:
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where z = y0, & = x(1 +x72 + 7).

The first term in (12) describes the spectral-
angular distribution of transition radiation emit-
ted by a particle crossing with a constant velocity a
layer of a medium. The second one corresponds to
the particle’s bremsstrahlung without taking into
account the influence of medium electrons’ polar-
ization, The last terms in (12) should be considered
as the result of the interference between brems-
strahlung and transition radiation because they
contain the coherent oscillations typical for the
transition radiation in a layer of a medium and
reduce to zero without taking into account the
effect of medium polarization.

It is easy to see that the contribution of tran-
sition radiation to total emission yield is concen-
trated in the small frequency range x <1 (this
contribution is proportional to x~* in the range
x > 1). The most important property of the inter-
ference terms in (12) consists in the essential ex-
pansion of the frequency range, where the
coherent oscillations in a spectrum take place. The
simple formula
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observed recently in the spectral-angular distri-
bution of X-ray emission by relativistic electrons
crossing a thin layer of a medium.

Suppression of the Ter-Mikaelian effect in a
relativistic electron X-ray bremsstrahlung may be
observed in the condition when a target thickness
is smaller than an emission formation length.

Interference between bremsstrahlung and tran-
sition radiation of a relativistic particle crossing a
thin layer of amorphous medium causes the man-
ifestation of strong oscillations in an emission
spectral-angular distribution.

Growth of an emission yield in a small fre-
quency range observed in the case of a relativistic
particle interaction with a very thin target may be
explained by the contribution of transition radia-
tion.

Acknowledgements

The author thanks Prof. B.M. Bolotovsky and
Prof. M.L. Ter-Mikaelian for their helpful dis-
cussions on the emission processes in condensed

media. This work was supported by the grant 99-
02-18183 RFBR and the grant 97-07-2.151 of the
Russian Ministry of Education.

References

[11 L. Landau, I. Pomeranchuk, Dokl. Akad. Nauk SSSR 92
(1953) 735.

[2] M. Ter-Mikaelian, Dokl. Akad. Nauk SSSR 94 (1954)
1063.

[3]1 P. Anthony, R. Becker-Szendy, P. Bosted, M. Cavally-
Sforza, L. Keller, L. Kelley, S. Klein, G. Niemi, M. Perl,
L. Rochester, I. White, Phys. Rev. Lett. 75 (1995) 1949.

[4] P. Anthony, R. Becker-Szendy, P. Bosted, M. Cavally-
Sforza, L. Keller, L. Kelley, S. Klein, G. Niemi, M. Perl, L.
Rochester, I. White, SLAC-PUB-95-6996, 1995.

[5]1 U. Arkatov, S. Blazhevich, G. Bochek, E. Gavrilichev, A.
Grinenko, V. Kulibaba, N. Maslov, N. Nasonov, V.
Pirogov, U. Virchenko, Phys. Lett. A 219 (1996) 355.

[6] G. Garibian, S. Yang, X-Ray Transition Radiation,
Erevan, Arm. Acad. of Science, 1983.

[71 V. Versilov, 1. Vnukov, V. Zarubin, B. Kalinin, G.
Naumenko, A. Potylitsin, Pis’'ma Zh. Eksp. Teor. Fiz. 65
(1997) 369.

[8] L. Landau, E. Livshitz, Field Theory, Nauka, Moscow,
1974.



