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1 Introduction

There are many different mechanisms responsible for an emission by fast charged parti-
cles moving in a medium. As arule, yields of such emission processes are considered
separately. Meanwhile simultaneous manifestation of two or more emission processes
may change substantially characteristics of the total emission. In well known experiment
[1] devoted to the study of Landau-Pomeranchuk-Migdal (LPM) effect in bremsstrahlung
by relativistic electionsin a thin layer, observed form of the emission spectrum was dif-
ferent from that given by the theory of LPM effect in unbounded medium [2]. Later it was
shown that the mentioned difference was caused by the contribution of transition radiation
(TR) [3].

Modification of several emission processes due to the influence of TR is analyzed
in this work. Such modification can be manifested variously by: independent TR contri-
bution to total emission yield; interference of TR amplitude with that of another emission
mechanism; TR contribution to the formation of aternative emission process. TR influ-
ence tends often to new phenomena in emission processes. This paper reviews some of
these phenomena.

Section 2 is devoted to the study of density effect in a new emission mechanism
known as polarization bremsstrahlung (PB) [4,5]. Suppression of this effect due to TR
contribution to the formation of PB yield from a thin amorphous target is shown in the
paper.

Strong modification of the structure of coherent PB from relativistic electrons cross-
ing athin crystalline target (the coherent part of PB iswidely known as parametric X-ray
radiation, or PXR [6,7]), caused by diffracted TR, is considered in Section 3 in the case
that observed photons propagate to Bragg scattering direction.

The theory of PXR predicts an existence of two PXR peaks propagating along both
Bragg scattering direction and the velocity of an emitting particle. Second peak (forward
PXR) is presently the subject of intensive experimental studies [8],[9],[10]. It turns out
that TR contribution is competitive with PXR one. This circumstance may influence
substantially on the interpretation of experimental dataasis shownin Section 4.

Section 5 of the paper is devoted to the description of anomalous Ter-Mikaelian
effect of dielectric suppression of bremsstrahlung from thin layer of amorphous medium.
This effect different from the ordinary Ter-Mikaelian effect is caused by the interference
between bremsstrahlung and TR emission amplitudes.

Analogouseffect but due to theinterference between TR and coherent bremsstrahlung
from relativistic electrons crossing an aligned crystal isconsidered in Section 6. Peculiar-
ities in the emission spectrum caused by the coherent azimuthal scattering of emitting



electrons by atomic strings are studied in this Section.

Studies of thiswork isaccomplished in an analysisof the LPM effect in the coherent
bremsstrahlung from relativistic electrons. It is shown in Section 7 of this paper that the
Migdal’s function describes correctly the spectrum of coherent bremsstrahlung in high
enough frequency range and for high enough emitting electron energy only.

Conclusions are collected in Section8.

2 Suppression of density effect for polarization bremsstrahlung in athin target

Fast charged particle transversing medium produces polarization bremsstrahlung due to
the excitation of medium’s electrons by electromagnetic field of a projectile [4,5]. In
the case of condensed medium, the projectile field is screened due to polarization of the
medium. This effect (the density effect) causes moderation of relativistic particle ioniza-
tion energy losses (Fermi effect [11]). An analogous effect has been predicted for PB of
relativistic particles moving through an unbounded medium [12].

It is well known that the Fermi effect is suppressed in the case of a relativistic
particle crossing a sufficiently thin target [13]. The physical reason for such suppression
isvery simple. The particle's field in vacuum in front of the target is transformed to the
screened field inside the target over the emission formation length I, ~ ~%/w [14], 7 is
the Lorentz factor of the projectile. Therefore, the structure of the particle field does not
change substantially in the frequency range where the inequality .., > L isvalid (L is
the thickness of the target).

One can expect suppression of the density effect to occur as well in PB from
relativistic particle crossing a thin layer of a medium. To elucidate this question let
us consider the structure of electromagnetic field excited by a relativistic particle mov-
ing with a constant velocity V' along the axes e, which is normal to a plate of amor-
phous medium with thickness L. To find the Fourier transform of the electric field
E.x = (27)7% [ dtd3re“*"*"E(r, t) by means of Maxwell equations, it is necessary
to determine the induced current density for medium electrons. We use the following
simple expression in this paper
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which is generally accepted within the framework of X-ray scattering theory [15]. For-
mula(1) isvalidin thefrequency range I << w << m (I isthemean ionization potential
of an atom, m isthe electron mass). These relations allow usto consider atomic electrons
as free during the emission process and to neglect the Compton shift of the frequency of



emitted photon. It is very important that electron coordinatesr s are approximately con-
stant during the process of relativistic particle collision with an atom. Informula(1) A is
the vector-potential of electromagnetic field, « isthe index for individual atoms, while 3
istheindex for electronsin a given atom of atomic number Z.

Substituting (1) into the Maxwell equations permits usto obtain the following equa-

tion for the transverse component of the electrical field Ef% =32 exBEa:
iwe W
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where e, are the polarization vectors, ke, = 0.

The function G(k’ — k) describes both reflecting and scattering properties of the
target. Considering PB as being due to the scattering of total electromagnetic field asso-
ciated with penetration of afast particle consisting of the primary projectile field and the
generated transition radiation field on the fluctuations of the target electron density, one
may separate the average and random quantitiesin Eq.(2),

Ex=FEx+FEx, GK —k)=GK —k)+G(K —k),

sin(k’y — ky)L/2

v k. ©)

Here the brackets () mean averaging over the coordinates r,, and r,s, ng is the atomic

density of the medium, F'(k’ — k) is the formfactor of an atom, k|| is the k component
paralel to the target surface.

To find PB field £, in a vacuum behind the target one should solve the system (2),
(3) and corresponding equations outside the target. Thistask has been solved earlier [16],

where the general expression for PB spectral-angular distributions has been obtained in
theform
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where thefirst item describes the ordinary PB caused by the scattering of the fast particle

Coulomb field, the second item corresponds to scattered transition radiation field and last
oneisinterference term. Very simple formulamay be obtained for w < dN " inthe range of
observation angles ©
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where wy is the plasma frequency, R is the screening radius in the statistical model of
the atom. On condition (5) the contribution of transition radiation and bremsstrahlung is

4



Figure 1. The influence of density effect on ordinary polarization bremsstrahlung in an
unbounded medium (z = w/ywg). wdNTB/dwd*© = NyFF'B, Ny = Z2e%ngL/mm?,
woR = 5w3. 1: without taking into account the density effect; 2: taking into account the
density effect.

small relative do that of PB and coherent part of PB from a single atom, proportional to
Z* dominates. The formula
PB 2,6
de :ZenoL n (- 1 ) -2, ©)
dwd?© Tm?2 wi R (1 + w?/y2wg)
takesinto account the density effect, which isillustrated by the curves presented in Fig.1.

Formulafor w% , obtained in the same conditions has the form

dANSTR Z2667”LOL w? ’)/2(4)2
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In contrast to the broad spectrum (6) due to scattering of the spectrally wide pro-
jectile Coulomb field, the spectrum (7) is concentrated within the narrow frequency range
w < ~ywy corresponding to the TR spectrum.

It should be noted that in the frequency range w < ~wg, Where the ordinary PB
saturates due to the density effect, the sum of (6) and (7) is given by the expression

dN Z2e5nyL ( 72 )

u)du)cp@ = Tm2 w2 R2

(8)

which coincides with the distribution (6) for ordinary PB without taking into account the
density effect, that isto say, the density effect is suppressed in PB from relativistic particle



crossing athin layer of amedium. To explain thisresult it should be noted that in the fre-
quency range w < ywy the screened field of penetrating particleis suppressed, but the TR
field becomes similar to the vacuum field of a particle. Therefore, the main contribution
to total emission yield determined by the scattered TR field becomes comparable to that
due to the scattering of fast particle Coulomb field in vacuum. Obviously, nature of the
effect considered isthe same as that in atomic K -shell ionization by relativistic electrons
crossing athin layer of adense medium [17].
Very important is the presence of interference term in ageneral formula (4)
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wheren = o (wao + %) o = wol/2v. Thisterm is responsible for the dependence
of discussed effect on the target thickness. Such dependence has been illustrated by the
curves presented in Fig.2, where the thickness dependence of the PB spectrum is shown.
In accordance with Fig.2 suppression of the density effect in PB process takes place for
rather thin targets only, when the thickness L is less than the maximum value of the

emission formation length ({.on)maz = 27/wo-
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Figure 2: The spectrum of total polarization bremsstrahlung versus the target thickness
L. 1: FFB without the density effect; 2: F©'8 + FSTE - FINT for oy = woL /2y = 0.1; 3:
FPB L pSTR L PINT for ¢ = 1.



3 Madification of parametric X-ray angular distribution dueto the contribution of
diffracted transition radiation

As above mentioned, PB from crystalline medium has a coherent part known as paramet-
ric X-rays or PXR [6,7]. In the case of relativistic emitting particles, PXR is observed
as an intense X-ray peak with very small spectral and angular width. It isimportant to
keep in mind that a zeroth-order electromagnetic field associated with relativistic particle,
penetrating a target with afinite thickness, consists not only of the Coulomb field, but of
the TR field as well. Obviousdly, the contribution of TR diffracted by the same system of
crystalline atomic planes that are responsible for the PXR generation, may be substan-
tial. Strong modification of the PXR angular distribution caused by the contribution of
diffracted transition radiation (DTR) has been predicted in [18] and confirmed in further
theoretical [19,20] and experimental [21] works.

Traditionally, the total emission amplitude describing the coherent emission from
relativistic particle moving in a crystal is not separated into PXR and DTR parts. Mean-
while, such separation allows one to elucidate the relative contributions of above emission
mechanismsto total emissionyield [19,20]. Thiscircumstanceisof particular importance
for the case when the DTR contribution dominates [21].

To demonstrate strong modification of the PXR angular distribution at the condition
of substantial DTR contribution let us consider the emission from relativistic electrons
crossing a boundary of a semi-infinite absorbing crystal with reflecting crystallographic
plane parallel to the surface of acrystal (see Fig.2).

The equations for electromagnetic field excited in a crystal E®;, may be obtained
from (2) with account of regularity of the crystalline lattice. Within the frame of typical
for PXR description two-wave approximation of the dynamical diffraction theory these
equations have the form

we

(k‘2 — w2(1 + XO))E)\k - CUQX_gOé)\EMH_g = ﬁe,\kVé(w — kV)

((k + g)2 - wz(l + XO))EAk—i—g — wzxga,\EAk = 0, (10)

where g is the reciprocal lattice vector, e;, ~ [k, gl, eax ~ [k, e1y], dielectric suscepti-
bilities x, and x, are determined as

2 2
w . W .
Xo=——5 +iX0: Xg =3 +iXg, (11)
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where w? = wi(F(g9)/Z(S(g)/No))e 28 "r, F(g) is the atom form-factor, Z is the
number of electronsin an atom, S(g) isthe structure factor of elementary cell containing



Ny atoms, ur is the mean square amplitude of thermal vibrations of atoms, a; = 1,
ay = (k,k+g)/klk +g|.

The task considered is well known [20,21], and we present here the final results
only. The spectral-angular distribution of total emission has the form

dNy PXR DTR|?
Vw0 <‘AA + A7 >
Oy 1

APXR — _5
A T ’\7—2+v—2+Q2§+szgn(§ kA fA—o—ifl’

APTR_ €5 ¢ 1 1 1
A T TR 2 422 1 Q2 ) €+ sign(€ — Gk S} —i(77+f£(’%’2

where §, = wgoz,\/wg ~1, Q=0 -V, O =20+0+ ¥, Q=07+ Q3,
the angle ® = ©, + ©) describes the emission angular distribution, the angle ¥ =
W, + W describes the angular speed in emitting electron beam, ¢’ is the orientation
angle describing a possible turning of the crystal by goniometer (seeFig.3), 7. = w/wg ~
wp/wo, wp = g/2sin(p/2) isthe Bragg frequency in the vicinity of which the emission
spectrum is concentrated, n = w?x{/wi, Kx = Xjon/X0, 0 = V(Y2 + 0% + Q2),
the brackets () mean averaging over the angles ¥, and ¥, the very important quantities
¢, f1and f{ are defined by the formulae
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In accordance with the expression for PXR amplitude this emission appears due to
the scattering of screened Coulomb field of emitting particle. Asaconsequence, the max-
imum in PXR angular distribution is located at the point ©PXE ~ | /y~2 4 42 (without
account of multiple scattering), corresponding to the maximum in the angular distribution
of screened transverse component of fast electron’s Coulomb field. On the other hand,
DTR angular distribution coincides practically with that of TR, therefore the maximum
in DTR angular distribution is located at the point ©PTE ~ ~~1 < ©PXE Thus, DTR
contribution leads to effective narrowing of the angular dIStI‘Ibutlon of total emission.

This effect depends strongly on two parameters: -/, and n/d,. Obviously, DTR
contribution is negligible as well as TR one if v < . (see the expression for AP7% in
(12)). Within the range v > ~, relative contribution of PXR and DTR depends strongly

on the parameter n/4, which is approximately equal to the ratio l..;/lap (lext ~ w/wg is
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Figure 3: PXR for Bragg geometry. e; and e, are the axes of emitting electron beam and

X-ray detector respectively, ©’ isthe orientation angle, describing the possible turning of
the crystal by goniometer.

the extinction length, on which DTR isformed, PXR isformed at the distance of the order
of absorption length [, ~ 1/wx¥).

Let us consider the orientation dependence of a strongly collimated photon flux
(collimation angle A® < ~~!) emitted from an electron beam with a small divergence
(A¥ < 4~ 1). Assuming X-ray detector to be placed in the plane © ;| = 0 (w-polarization
contributes mainly at specified conditions) and neglecting the Bormann effect (x, = 0)
from (12) after integration over photon energies w one can obtain the following expression

dN  2e*wiy? cos(p)

20 g (290, v /s, 1/5s), ® = DPXE 4 @PTE L INT — (14)

Thefunctions (14) calculated for great values of the parameter ~v/~.., when maxima
in PXR and DTR orientational dependencies differ substantially, are presented in Figs.4
and 5. In accordance with presented figures the form of rocking curves can be changed
dramatically at various photoabsorption coefficient val ues because of corresponding change
of relative PXR and DTR contributions. It should be underlined that PXR angular distri-
butions with one and two maxima have been observed experimentally [22].

4 Dynamical diffraction effect in TR from athin crystal

PXR aong the Bragg scattering direction has been considered in section3. The theory
predicts an existence of additional PXR flux propagating along the velocity of emitting
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Figure 4: Dependence of the total emission on orientation. The functions ®, ®P7E HPXE
and 7T are determined by Eq.14

electron [23]. This PXR flux known as the forward PXR was intensively studied theoreti-
cally and experimentally during more than 30 years, but the problem of the forward PXR
observation has been solved recently [9,10].

The experimental observation of the forward PXR is complicated mainly due to a
small width of PXR spectrum compared to a typical energy resolution of X-ray detec-
tors (Aw > 150eV) that results in efficient averaging of the forward PXR against the
background of broadband bremsstrahlung and TR. TR contribution can be suppressed by
using a negative interference between TR waves emitted from in and out surfaces of the
target. But it isin this case TR can make the contribution as a very intense and narrow
peak located at the same with the forward PXR angular and spectral region [24]. To show
this let us consider an emission from relativistic electrons crossing a single crystal with
a reflecting crystallographic plane arranged perpendicular to in and out surfaces of the
target, so that the normal to the crystal surface liesin this plane. Assuming the velocity
of emitting particle to be oriented at angle ¢/2 relative to the reflecting plane and using
equations analogous to (10) one can obtain the solution of discussed task in terms close to
that obtained in previous section of this paper. Particularly, the general formuladescribing
the total emission spectral-angular distribution has the form

dN)

Y lwd20 (15)

= (Jagsn g,

close to (12). TR emission amplitude A7 we are interesting in is determined by the
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formula
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where©, = 0,0, = O, ©* = ©7 + Of, the quantity £ coincides with that in Eq.(13),
but it is well to bear in mind that wy = wp(1 — O)cot(p/2)). Aninfluence of multiple
scattering and a photoabsorption has been neglected in (16) for simplicity.

It should be noted that there are two different dependencies of TR amplitude on
the emitted photon energy w and the observation angle ®. The "fast dependence” is
concentrated in the function ¢{(w, ©) and has the characteristic scales A© ~ Aw/w ~
wi/g* < 1. This dependence manifests in the narrow vicinity of the Bragg frequency
wp, or || < ) ~ 1 dueto dynamical scattering of TR wave emitted from in surface of
the target by the same crystallographic plane which is responsible for PXR generation.
Obviously, the”slow dependence” isrealized in therange || > 4, or far from the Bragg
frequency where TR amplitude (16) takes the simple form

1 1
ATR E@ -
AT 72402 42402+ wE/w?
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Figure 6: TR peak caused by dynamical diffraction effects. The presented curves have
been calculated for fixed values of the parametersoc = 27 and 6, = 0.9. 1. p = 3; 2
p=238.

X ll — exp <-#§/2)(72 + 02+ wS/aﬂ))] ’ a7

coinciding with the well-known emission amplitudefor the ordinary TR emitted by arela-
tivistic particle crossing alayer of amorphous medium [25]. Dynamical diffraction effects
manifest in the close vicinity to the Bragg frequency only, where the TR contribution can
be presented by the formula

ANTE g2 2< 1 1 )2

Ydwd0 T w2 M1 e T 21 02 + w2

X |:(COS(O' + p€) — cos(py/ &% + (5,2\))2 + (sin(a +pg) — \/% sin(py/&2 + (5,2\)) ] ;

£ + 03
(18)
following from (15) and (16). Here o = QCO:@/Q) (Y 2+ 0%+ wi/w?),p= %@/2).
Obvioudly, in the range |{(w,©)| < 1 the energy of emitted photon w and the
observation angle ® may be assumed to be constant in the formula (18) with the exception
of the "fast variable” £(w, ©)).
Let us consider the expression in square brackets (18) T'(¢, o, p, 0,) asafunction of
€. Itiseasy toseeinthelimit || > §, ~ 1 (far from the vicinity of Bragg frequency) the

function 7 is described by the formula

T — 2(1 — cos(0)). (19)
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In accordance with (19) the function 7'(¢) appears as an isolated peak, if o = 27k.
But thiscondition correspondsto negativeinterference between TR waves emitted fromin
and out surfaces of the target (see formula (17)). The form of this peak depends strongly
on the value of coefficient p as may be seen from Fig.6. Its natural spectral width Aw =
w(2w2/g*) < w corresponds to the scale of Darwin table [15].

Since the peak considered appears in the frequency range where the forward PXR
peak manifests, its existence must be taken into account in experimental studies of the
forward PXR.

5 Anomalous Ter-Mikaelian effect in bremsstrahlung from relativistic electrons

Above considered emission processes are based on emission mechanisms corresponding
to the scattering of afast particle equilibrium electromagnetic field (the particle velocity
change is not of principle). The modification of bremsstrahlung properties due to the
contribution of TR is considered in this section.

L et us consider emission from relativistic el ectrons crossing a thin amorphoustarget
near parallel to the normal e to its surface. Defining the unit vector n to the direction of
emitted photon observation and the time-dependent velocity of emitting electron V; by
angular variables ® and &

1 1 1
n:e<1—§®2>+®, (e,@)zﬂ,Vt:e<1——y_2——\I'f)+\Il, (e, ¥) =0,

2 2
(20)
one can obtain within the frame of well-known approach [25] the following expression
[20] for the total emission amplitude

Atot — ABS —|—ATR,
L . t
iw o | d  ug
/dt exXp (E/dT(’}/S + uT)) am,
0 0 s
€ 1 1 1 1

A :_;[ui<2+u2_ 2 2>_uf<2 2 2 2

Y i Vs u;j Y + Ug Vs + ug

. L
X exp (% [+ u)ﬂ , (21)

where 7,2 = 772 + w2 /w? uy = ¥y — O, u; and ug are initial and final values of uy
respectively. ABS in (21) is the bremsstrahlung amplitude. Obviously, ABS = 0 for
the particle moving with a constant velocity. The quantity A ™" describes TR emission
amplitude. It iseasy to seethat AT® — 0 inthelimitw, — 0.

ABS —

S0
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Formulae (21) allow to elucidate the problem of Ter-Mikaelian effect manifesta-
tion in bremsstrahlung from relativistic electrons crossing a thin layer of medium. Ter-
Mikaelian effect in the bremsstrahlung generated in an unbounded medium appears as
suppression of the bremsstrahlung yield in the frequency rangew < ~yw, dueto the change
of emitted photon phase velocity because of the polarization of medium electrons [14].
On the other hand, bremsstrahlung emitted from very thin layer of a medium is not sup-
pressed by Ter-Mikagelian effect in accordance with the analysis performed in [25]. It
is clear that there is bound to be the intermediate region of thickness where one should
expect an existence of peculiaritiesin the manifestation of Ter-Mikaelian effect.

Using the general expressions (21) let us consider the spectral-angular distribution
of total emission in the frequency range w ~ ~w,, where Ter-Mikaelian effect mani-
fests. Since TR can change very substantially characteristics of the total emission, the
contribution of TR must be suppressed in the experiment devoted to observation of Ter-
Mikaelian effect in bremsstrahlung. This problem can be solved by the collimation of
emitted photon flux, because TR angular distribution has a dip gap in the range of ob-
servation angles © < ~~! (it is clear that this property can be used under condition of
weak multiple scattering only, when 4?92 = L/Ls. < 1, Ls. = (¢?/47)Lg, Ly isthe
radiation length). Assuming the thickness of the target L to be small enough, so that the

L
shift of the photon phase (w/2) | dtW? caused by multiple scattering is much less than
0

L

unity ((w/2)(f dtW?) = 3(L/Lsc)(L/lcon)s leon = 27*/w), one can obtain from (21) the
0

following expression for the spectrum of strongly collimated radiation:

AN ey o o1 —cos(y(x+z71))
0 (1+ 22)?

ViwdQ T w2
L 222 sin(y(x +z71))

" I [1_ (1+a2)? <1_ y(z +at) )” )
where ¥ isthe initial angular spread of emitting electron beam, y = woL /2y istheratio
of the thickness of the target to the maximum possible value of the emission formation
length, © = w/~ywy.

The first term in (22) describes TR contribution appearing due to electron beam
divergence, the second one, proportional to L./ Lg. corresponds to the contribution of
bremsstrahlung, TR (this TR contribution is due to multiple scattering only) and an in-
terference term. It is this contribution describes the modification of Ter-Mikaelian effect

being considered. The function in square bracketsin (22) is presented in Fig.7. Presented
spectral curves (22) calculated for different values of the parameter y differ substantially

14



from that following from both Ter-Mikaelian theory [14] for unbounded medium (curve
1) and Garibian, Yang theory [25] for thin layer of a medium (curve 2).

In order to explain the unexpected shape of presented spectral curves it should be
noted that in the case of very thin target with the thickness L less than the effective for-
mation length [.;; ~ 2v/w, what isthe same asy < 1, the equilibrium electromagnetic
field of emitting electron is not changed substantially in the target. As a consequence, the
emitted field in must be close to the ordinary bremsstrahlung field generated in a vacuum.
Such ”vacuum bremsstrahlung” appears in (21) due to the strong interference between
bremsstrahlung ABS ~ £~2®y, and transition radiation ATR ~ £(4% — 72)Wy, taking
place with the proviso that y < 1. Thus, a Garibian-Yang theory isvalid, if y < 1.

Inthe case y > 1 the electron’s electromagnetic field is screened in the target and,
therefore, the bremsstrahlung contribution is suppressed in the frequency range w < ~ywy
due to Ter-Mikaelian effect. Since TR contribution decreases quickly in the range w >
~wo and the interference between TR and bremsstrahlung is negligible due to phase oscil-
lations in (21) [20,26], the total emission yield is suppressed in the vicinity of w = ywq
(see Fig.7).

Figure 7: The emission spectrum under condition of anomalous Ter-Mikaelian effect.
wdN/dwd) = (e*~*/m?)(L/Ls.)T(x,y). The curve 1 describes Ter-Mikaelian effect for
unbounded medium (77 = z*/(1 + 2%)?). The curve 2 corresponds to Garibian-Yang
theory (1, =1). 3y =1;4: y = 2.

On the other hand, ABS ~ w?/w2 < 72 ~ ATR asisclear from (21) (ATR ~
ing

%yztI!L exp (_W) in the frequency range w < ~wy) and the spectrum of strongly
collimated emission increases in the range w < yw, due to the scattering of TR photons
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to the range of small observation angles.
It issignificant that the discussed anomal ous Ter-Mikaelian effect has been observed
experimentaly [27].

6 Interference between TR and coherent bremsstrahlung from relativistic elec-
tronsin aligned crystals

It should be noted that the target’'s atomic structure is not fixed in the general formula
(21), therefore we can use thisformulafor estimations of both incoherent bremsstrahlung
in amorphous media and coherent bremsstrahlung in crystals.

Starting from (20) and (21), let us consider the total coherent emission from rel-
ativistic electrons crossing a thin aligned crystal, assuming the axis of a set of parallel
atomic strings to be parallel to the normal e to the crystal surface, so the scattering angle
¥, issimultaneously the orientational angle of the emitting particle velocity V (t) to the
string axis.

Since the velocity V (t) might be changed substantially during small time intervals
only, corresponding to collisions of this electron with atomic strings, one can represent
the total emission amplitude as a sum of elementary amplitudes describing the emission
on different strings. Within the small frequency range

wR
2920

<1, (23)

when the emission formation length /.., exceeds essentially the effective electron path
in a string’s potential R/W (R is the screening radius in Fermi-Thomas atom model,
R determines the effective transverse size of an atomic string) and, as a consequence,
the emission appearing in k-th collision of the emitting electron with a single string, is
determined by the scattering angle ¥y ; — Wy only (¥ .; and ¥, are the values of the
angle ¥, after and before k-th collision, respectively) the total amplitude (21) reduced to

s © 1 1 1 1
AT = s | W T e T T
Q Y +ui s _'_ui g +uf Vs +uf

w _9 2 Uk Uk-1
X — — — X
o < y 20 uk)T’“) 2 <v;2 tul ot ui_1>

k k

X exp (% 2(75_2 + u?)Tj)] , (24)

J<k

where 7, isthe interval between k£ — 1-th and k-th collisions.
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The averaging of the general formula for the emission spectral-angular distribu-
tion wdN /dwd?0 = (|At°t|*) must be performed over accidental quantities 7, and W,
Taking into account an independence of different quantities 7, and using the distribution
function f(7) = (1/7) exp(—7/7) (F = 1L/ ¥, [, = 1/v/nod, ny isthe density of atoms,
d isthe distance between neighboring atomsin the string), one can obtain the formula

1
V2 ug)

e (3 2+ ) = 7

(25)

which will be used in further calculations.

When averaging over ¥, one should take into account the unique property of elec-
tron coherent scattering by the average potential of atomic string consisting in the conser-
vation law: U7 = U7, = W2 Itiswell known that only azimuthal angle x, of the vector
W, ischanged due to electron collision with atomic string. Therefore,

Uy = U (excosxk +eysinxe), xe=xXi+ Y AXj (26)

i<k

where Ay; is the change of azimutha angle x; in j-th i collision. It is clear that all
Ax; are independent accidental quantities. To average the expression for the emission
spectral-angular distribution over Ay ; one should use the following formula

(cos xx) = (cos Ax>k, (sin xx) = 0,

, (27)

(cos Ay) = %/OOO dbcos (Ax(b)), Ax=m—2b poo de -

* 1 5 % )
where 1 — % + g—éf(po) = 0, b istheimpact parameter of electron collision with a string,
the string potential isdefined as p(p) = pof(p), f(0) =1, V%, = 27;92—0

It should be noted that the procedure of averaging is very complicated in general
case. Such procedure can be performed completely within the frame of dipole approxi-
mation of the emission theory (the scattering angle achievable at the distance of the order
of .., must be small relative to characteristic emission angle v~1). In the case being
considered the corresponding condition can be presented as

leoh
V(AW eon)®) = 29 W2[1 — (cos Ay) 7]

1-— A
~ 27202 [1 — exp <—M[cah>] < 1. (28)
T

Assuming that the condition (28) is fulfilled let us consider an interference between TR
and coherent bremsstrahlung. Performing the necessary expansion in (24) one can obtain
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the following expression for the spectral-angular distribution of coherent bremsstrahlung:

BS 2\1s2 —4 N4 2
w d]\f — = ATV 7, +@~ (1-— <COSAX>)W7~£, (29)
dwOdO T (yss72 4+ ©2)4 w2+ w(O)T
where ©® = © — ¥;, the very important quantity ws(0) is defined by the formula
~ 21— {cos A
(@) = 21 tem 20 (30)
T v7°+06

Two effects are responsible for the emission yield suppression in small frequency range,
as it is evident from (29) and (30). The well known Ter-Mikaelian effect of dielec-
tric suppression is manifested within the frequency range w < ywy. More unexpected
suppression effect appears in the frequency range w < w,(©) (obviously, the condition
w4(©) > ~w, must be fulfilled for real observation of this suppression effect).

The nature of this effect consists in a limitation by the value of emitting electron
scattering angle achievable in the process coherent azimuthal scattering by atomic strings
[28,29].

Spectral-angular distribution of TR is described by the formula

dNTR_4eQ< 1 1 )2

w ~ = — =~ — =
dwOdO ™ \y 2402 472+ 06?2

Rl

X [@)2 (1 — cos CL)TL(’ysz + (:)2)) + U?(1 — (cos Ax) )} : (31)

Where the first form in the brackets proportional to ©2 corresponds to the ordinary TR
from relativistic electron moving with a constant velocity. The second one describes an
influence of coherent azimuthal multiple scattering of emitting electron.

To estimate the influence of azimuthal scattering on thetotal emission propertiesitis
necessary to take into account an interference between TR and coherent bremsstrahlung.
The corresponding interference term following from the general formula (24) isvery com-
plicated and therefore is not presented here (see [30]). But in conditions anal ogous to that
considered in the previous Section (strong collimation of emitted photon flux and small
value of the averaged azimuthal scattering angle, achievable in a single collision with
atomic string, or (cos Ax) ~ 1—2(A?x), thecondition Ay < lisfulfilledif U2 > ¥2)
the formula describing the total emission yield including coherent bremsstrahlung, TR
and interference term has the simple form

dNtot 462

= .= — 2\IJ2G y I 9
“obde ~ Y E@y.)
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1
(1+ x2)2+
(1 B e‘yz) 22221+ cosy(z + 7)) — zz(1 + 2 siny(z + z71)
(1+22)2 + 2222
where the parameters = and y were determined in (??) and the new parameter z is de-
termined as z = v(A%y) /w,7. The physical meaning of this parameter follows from the
formula

.T4
(14 22)% + 2222

G=yz + (1 - e’yz)

: (32)

ws(0) x?
=z <z
YwWo 1+ 22

Asoutlined above, the field of existence of the effect coherent bremsstrahlung sup-
pression due to azimuthal multiple scattering of emitting electrons is determined by in-
equalitiesywy < w < ws(é) < wy, so that the discussed effect manifestswith the constant
z > 1 only in accordance with (33).

Let us analyze the function G(z, vy, z) in (32). As evident from this formula, the
contribution of coherent bremsstrahlung (the first termin (32) is suppressed in the range
r < 1lorw < ywy duetothe normal Ter-Mikagelian effect. The shape of the total spectrum
isintherange x < 1 depends strongly on the values of parametersy and z. In the range
z < 1 the spectrum is determined in the main by the relationship between TR (second
termin (32)) and coherent bremsstrahlung contributions. Thisrelationship depends on the
coefficient y> (obviously, the coefficient 2y> = (A%x)L /7 isequal to mean square of the
total azimuthal angle of multiple scattering). Inthe special casethat yz < 1 (the emission
process being considered is close to that in amorphous target) contributions of coherent
bremsstrahlung and TR are comparable in the range x < 1 and the shape of the total
spectrum takes the form characteristic for the spectrum under condition of anomalous
Ter-Mikaelian effect (see Fig.8).

In the case of thick enough target so that yz > 1 the contribution of coherent
bremsstrahlung proportional to full number of electron’s collisions with atomic strings
L/7 dominates in the frequency range w > ~vw,. AS a consequence, the shape of the
spectrum comes close to that for coherent bremsstrahlung suppressed by the normal Ter-
Mikaelian effect (see the spectral curve presented in Fig.9).

The emission spectrum is changed substantially in the case z > 1. The spectral
curve presented in Fig.10 hasbeen calculated fory > 1and z > 1. Since L /lcon, = y(x+
r~1) > 2y > 2, the interference term in (32) oscillates in the case under consideration.
Therefore the effect of strong suppression of coherent bremsstrahlung due to azimuthal
multiple scattering in a wide frequency range is attended by oscillationsin the spectrum.

It is interesting to note that the averaging of the general expression for emission
spectral-angular distribution can be performed exactly beyond the frame of dipole ap-

(33)
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Figure 8: The spectrum of strongly collimated emission. The function G(z,y, z), de-
pended by (32) is presented here, v = w/ywo, y = woL/27v, z = v(A%x) /Tw,. The curve
has been calculated for fixed parametersy = 0.1 and z = 0.4.

proximation. Let us consider the characteristics of photons emitted along the atomic
string axis and detected by X—ray detector with small angular size A® < y~!. Such
conditions correspond to the experiment [31].

The expression (24) may be simplified very essentially on condition under consid-
eration because of the important property of afast charged particle coherent scattering by
atomic string U7 = 7, , = U2 Thefollowing from (24) expression

1 1 iw
Atot — E _ ‘I’i — W (A2 \:[12
- [(7_2 T9? 52 +\Il2> ( £ €Xp ( 5 (vs =+ ¥%) Ek Tk))

_ Z lI’k _+‘I’\11;21 exp (%}(752 + \112) Z Tj)] 7 (34)

J<k

allowsto calculate the emission spectral-angular distribution without complementary ap-
proximations. For example, the contribution of coherent bremsstrahlung is described by

the formula
dNPs  4e*W? 1 — (cos(Ax)) w? L

dwd2® T (v72 4+ U2)2 w? 4+ w2(D) 7
where the quantity w, () is defined by the formula (30) with precision of © — .
Comparison of the exact result (35) with dipole distribution (29) shows that the
main characteristics of the collimated dipole coherent bremsstrahlung (the form of spec-
tral distribution and the magnitude of this distribution in the frequency range whereit is
saturated) are presented for the emission beyond the frame of dipole approximation.

(35)
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Figure 9: Thesamebut for y = 12 and z = 0.2.

L et us use the result (35) to estimate the coherent bremsstrahlung yield from above-
barrier fraction of an electron beam crossing the crystalline target along a string axis.
The function wd NP /dwd?©, calculated by (35) with account of incoherent multiple
scattering changing the orientation angle ¥ for Si < 110 > crystal with fixed thickness
and different electron energies, is presented in Fig.(11).

The curve 1 has been calculated for experimental conditions [31]. The theory and
data correspond to each other with an accuracy of about 20 — 30% within the range
30KeV < w < 150KeV, but the discrepancy increases in the range w > 150KeV,
where the cal culated emission density is saturated in contrast with obtained data showing
the continuing growth of the emission density. Such a discrepancy may be connected
with the contribution of channeling particle emission in small photon energy range due to
incoherent scattering processes.

7 Landau-Pomeranchuk-Migdal effect in coherent bremsstrahlung

As indicated above, the spectrum of strongly collimated coherent bremsstrahlung from
relativistic electron, crossing an aligned crystal, is suppressed in a small frequency range
due to the saturation of emitting particle scattering angle achievable in the process of
coherent azimuthal scattering by atomic string’s potential. On the other hand coherent
bremsstrahlung can be suppressed due to Landau-Pomeranchuk-Migdal effect [32] ap-
pearing with the proviso that the scattering angle of emitting particle achievable at the
distance of the order of emission formation length exceeds the characteristic angle v 1.
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Figure 10: Thesamebut for y = 4 and z = 4.
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Figure 11: The spectrum of strongly collimated coherent bremsstrahlung. The presented
curves have been caculated for Si(110), ¥y = 0.25 - 1073rad, L = 0.523mm. The
curves 1-3 correspond to the electron energies 500, 1000 and 20000 eV respectively.
Experimental data [31] are presented here.
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It is clear than in genera case the spectrum of coherent bremsstrahlung in small photon
energy rangeisformed by two mentioned effects. To consider the relation between contri-
butions of these effects let us start from the most general expression for spectral-angular

distribution ,
1w ( )n,re)
dwdQ 47T2 <L dt[n, vi]e >, (36)
describing the bremsstrahlung properties within the frame of classical electrodynamics,
herer, = r(t) isthe emitting electron trajectory, vy = Sr¢, € = 1 — w3 /w?, nisthe unit

vector to the direction of emitted photon propagation. Integrating (36) over observation
angles and using the approximations (??) one can obtain the following formula for the
spectral distribution of the emission intensity

2 [e.e]
wﬂ - </ di [vf + U2 - 2 COS(AXt)} [sin(2wt)—

dtdw = t
> | 37)

Averaging in (37) can be performed analytically in the case of small azimuthal
scattering angles Ay < 1 [28]. To perform a qualitative analysis in the general case we
use the Landau-Pomeranchuk approach [32], replacing the function cos(Ay) in (37) by

v
— sin (g(”ys_Q + W)t — wT /dT(t —7) COS(AXT))
0

[ 2
theaveraged onecos(Ax;) = [ dAx; cos(Axy) f(t, Ax.), wherethedistribution function
0
f(t, Axy) = (2m) S exp(ik Ay, — aut) is presented, for example, in [28]. Obviously,
k
cos(Ax;) = exp(—aqt), a; = LS(AX)). (38)

7_-

Substituting (38) into (37), one can reduce this formulato simple one

dN V2w [ oo dt N L. W 29202 t—1+4et
w = / — (1 —e ) sin t— —
dtdw T o t ws(P) 14 22 t

T 1 oo (t w 29202 t—1+4e!
1 - —/ T t— 39
2 75\112[ Tl ws (W) < 14 ~2w2 t | (39)

Theresult (39) allowsto obtain simple asymptotical formulae for the emission spec-
trum in different frequency ranges. For example, in the range of very small frequencies
w < ~ywo formula (39) is reduced to the expression

dN  2¢? 1 — {cos Ay) w?
w ~ _,72\112 < - > —
dtdw s T Y2W§

(40)
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describing the Ter-Mikaelian effect in coherent bremsstrahlung.
It isvery important that the spectrum of coherent bremsstrahlung is described in the
frequency range ywy < w < w, = 27%(1 — {cos Ax))/(1 + v*¥?)7 by the formula

dN s 7?1 —(cosAy) w

~

w ~e ,
dtdw 14 ~2P2 T Wi

(41)

which is correct independently of the energy of emitting electrons.

Formula (41) describes the above studied suppression effect, caused by the limita-
tion on the value of azimuthal scattering angle.

LPM effect in the coherent bremsstrahlung can manifest in the range w > w;,
where the formula (39) can be reduced to more simple one

dN 22
w— =
dtdw T

T 1 2 roodt wr,
I 1= [T 5 (Qt —t2) 42
2 22 ( mJo t S * w (42)

wherew;, = $7*¥2(1 — (cos Ay))/7 isthe frequency of LPM effect. In the special case
that w, < wy, the formula (42) is reduced within the frequency range w, < w < wy, to
the expression [ 28]

w [zﬁ(l + 72\112)/ dt sin <2t + ﬁ#)—
w 0 w

dN 222 1- <C?S Ax) [2 w

Yitdw ~ T Twr (43)
describing LPM effect in coherent bremsstrahlung.
In the opposite case w > w;, the emission yield saturates
N 2e? 1-— A
AN 2€ e p L = (05 AX) (44)

Ydtdw 7
Thus, the spectrum of non-collimated coherent bremsstrahlung consists of several
segments, where spectral properties are very different; in this case the boundaries between
these segments depend strongly on the emitting electron energy m-y, orientation angle ¥
and the crystal parameters. Among other things, the field of existence of LPM effect
appears only with the proviso that
W d2ger 4 4202 50 (45)
wr, 3
In accordance with (45) LPM effect is not realized if v < 1. Thisconclusion is
well founded because the inequality vW < 1 impliesthat the condition of dipole approxi-
mation (28) isfulfilled.

24



8 Conclusions

In accordance with performed analysis, the transition radiation from relativistic electron
crossing athin target can modified substantially the characteristics of other emission pro-
cesses considered usually without account of contribution of TR.

Scattering of TR field by atomic electrons causes the suppression of the density
effect manifestation in polarization bremsstrahlung from relativistic electrons crossing a
thin layer of amorphous medium.

Similar process but in a crystalline target may change very substantially the angular
distribution of parametric X-rays from relativistic el ectrons.

In the process of parametric X-rays along the emitting electron velocity (forward
PXR) TR contribution may consist in the strong peak with small angular and spectral
width. This peak caused by dynamical diffraction effects arranges near to the forward
PXR peak and hampers therefore the observation of PXR peak.

Interference between TR and bremsstrahlung contributions is responsible for the
manifestation of anomalous Ter-Mikaelian effect in the bremsstrahlung from relativistic
electrons crossing a thin layer of amorphous medium.

Analogous and other effects take place in the process of coherent emission from
relativistic electrons crossing a thin crystalline target near parallel to the axis of a set of
atomic strings.

The manifestation of Landau-Pomeranchuk-Migdal effect in the coherent bremsstrahlung
from relativistic electrons in aligned crystal differs substantially from that in amorphous
medium due to the competition from the side of another suppression effect caused by
the limitation by the angle of coherent azimuth scattering of emitting electron by string’s
potential.
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