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The polar and azimuthal angle dependence of the intensit,

and polarization of high energy electron coherent radiation i

crystals is investigated. It is shown that the angular disir

bution of the bremsstrahlung in crystal differs strongly from

that for amorphus media.
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1.Introduction

At present the quasimonochromatic and polarized photon
beams produced by high energy electrons passing through crys-
tallic targets have found a wide application in elementary
particle photoproduction experiments. In this connection it
is of great interest to carry ocut detailed investigation of the
production mechanism of the coherent bremsstrahlung in order
to improve the charcteristics of such beams,

5till in the work [1] it has been mentioned that the
polarization and monochromatic charcteristics for the photon
beams emitted in certain narrow angular intervals are better
than for beams emitted in the whole radiation cone, Then the
angular distribution and polarizetion of the coherent bremsstrah-
lung have been investigated by the pseudophoton method in [2].
The same problems have been considered in [3«3] taking into
account the cryestal structure more accuratelyr. In particular

in the work [3] it has been shown that the polar angle, 91 2
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dependence of the radiation intensaity for certain photomn ener-
gies (after integration over the azimuthal angles,‘fl) has
sharp peaks at certain values of 91 » while the spectral dis-
tribution of the radiation emitted in a narrow interval Ael
differs from that of emitted in the whole radiation cone and
has a high monochromaticity. In [4] it is given the radiation
spectra and the results of polarization calculations for the
case of very narrow axial collimation taking into account the
angular divergence and multiple scattering of the electron beam.
fipally, in [5] the azimuthal angle dependence of the radiation
emitted in certain polar angle interval Aes. is investigated
and it is shown that the beam polarization increases signifi -
cantly for the case of nonaxial cocllimation.

The experimental investigation of the polar and azimuthal
angle dependence of the coherent bremsstrahlung is a difficult
problem not only for the smsa’lness of the radiation cons but
also due to the multiple scattering and angular divergence of
the primary electron beam. Nevertheless such experiments have
already begun [6] . On the other hand the knowledge of_the
angular dependences is necessary for the calculation of the
high energy photon beam polarization since usuwally the degree
of polarization is computed uzing the experimentally measured
gpectral distribution., For instance in the work [7] in which
a Monte Carlo method for polarization calculation is developed
it i3 assumed that the coherent part of the radiation just as
the 1incoherent :.art has a Gauss polar angle distribution and ~
does not depend on the azimuthal angle.

The aim of the present work is to derive of the expres -
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gions for the cross sections and polarization differential witth
respect to the both polar and azimuihal angles to carry out
numerical calculation on the angular distributions of coherent

bremsstrahlung.

2.Kinematicse

The energy and momentum conservation laws for the process

of bremsstrahlung on nucleus have the form 2

£L=t1+u’— ?

- -Y‘P — —y (1)
EL= A q
_.g. B
where fL ' 21 ) El '&2 ) —K \ wr are the momenta
and energies of the primary, final electrons and photons,rea-
-
pectively, (V ig the momentum transferred to the nucleus

(‘h = = wms ) Coming out frem (1) in the high energy and

small angle approximation one obtaine the following relation

between the parallel, qV , and prependlcular, cv components of
H e

FW’ with respect to 4t
Y, - g.(-hr \f) _ q\li/iﬁl- 1{\.&%35(‘{1-{%\):0 @

Here é; w'/i'iii‘i iz the minimal momentum transfer
u=t,0, is the photon emissioun angle, ‘e‘_ and ‘QQ' ar.
the azimuvnal angle of the photorn and momentum transfer, reéh
pectively, For the interference part of the radiaticn one has

- - b d
q, = g where 3 is the resiprocel lattice vector. The
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direction of the primary electron motion (along Z_axis) is

defined by the enirance angles g and oL witl respect to
the crystal axes Q’i ) %1 and Qy_s {see rig.1). Then for

A
small angles a one may write the following relations for

the parallel , g ) and perpendicular ’& componsnts of the
— h 1-'

vector g

8": %3‘*9{%1&&“3\_39\%3\\) '
g, =3¢1M5\ T 3{"“"1‘ ‘

gj —_—gxy‘fno\ + gluwl .

-
where g DX and g are the components of along the
Ly 3 0 .
cryytallographic axes Ty (oz and %'5 .

For the given values U and Qi equation (2) repre -
- R
sents the known paraboloid in Uv (g\ - 8pace, while for s

(3)

given resiprocal lattice vector Iy equation (2) is a circle
<
%=

-uu%'{iand U.a\; - -U;’);N\‘Pi'

with respect to the varisbles \_l .

X 9 2 '

\Uy -4 *;\u‘&'ga) :%{%u'&" 3}_/121) W

Por the given 3' and certain values of Ei and x=‘*’/21_
equation (4) connects the values of the angles U and \Pi with
each other, 'The possible values of the azimuthal angle "(71
under which the eumission of photon with polar angle u takes
place are _determined by the crossing point of the circle (4)

with the circle L\:wwﬁ and one may obtain them solving

eq.(4) with respect to ‘91 .
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"Pi“‘ = \‘Ji +\r '
N A 4

%Pﬁ‘-q = -\h_ +*,~1
AR

for 33>O ¥

for 334 0 )

where

Y, =Q“L‘-w”(gﬁ/33) | :
£, - ane MU&‘ [5.-4- - i_/ﬁ)/m;ﬂ? )

Since ‘?L varies in the limits 0= 2% then it is neces-

B T
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sary to add 21 to the negative values of ‘{t'
Eq.(4) determines also the angular interval umﬁ USUM

into which the glven resiprocal lattice vector gives contribu-

U 3, (o, C- 81 /20)/ 0 () l/

If in the right hand side of eq. (2) one neglects the second
and third terms proportional to the small magmtude and its
gquare then eq. (4) takes the form a“ /{‘
and .n this case there is no dependence of Y on ?1 .There-
fore we shall not neglect these terms for a more correct ana~
lysis of the radiastion angulér characteristics,

For illustration let us consider eq.(4) in more detail for

a particular cage of diamond crystal oriemtation wnen ) Qi =

"[0011 Q “Eil._] Q.’_kfu'g' In this case:




813‘_‘: Y\ifff);\ +n1ﬁWl) ) D

¢ _ AT K_niw\,\)\ ..‘.\!\.1\5? (.e‘::)\) )

=’

where Q4 is tne lattice conmstant , N, , Ny are integral
numbers., In #ig.2 ithe zircles {4) zrec anown in the plane

KAK Y\Aa tor electrons with energy Ey = 1 GeV and
pwn values of X kwflii . [he figure reminds diffraction
pattern, For lne gilven case ihe numbers of the bands a:e Jeter-

mined by thez value of “Q . for the given KX the minimgl

.

and maximal vaiues of 4 (The eirecles 1,173;2,2%;3,3" in ¥ig.2

8

are detomuined vy the meximal values of ?\1 up to which ‘Yhe
calculaticna are cerried out, {1 is necessary tc note that the
intznsiiy ducrensesg sharply whzn in the given band (ni:LDwSk}
ane increas2s the values of “1’

Iw fig.3 the ecirclas {4) are shown in th: plane iA}'LRZ
Tor eizctrons with energy ¢ = 1GeV, for three values o X for
the cade when crystall orientation is chusen in such a way ihot
wainly one reciprocal lattice vector (220) gives contributiomn.
fhe contribution of_othar cnes intoe the intensity is negligibie,
‘he boundary circles 1,1'; 2,2%; 3,3' correspond to the minimal
and maximal values of {A in the limits of which the cohereat
badiaticn doninates,

Thus, the kxinamatics taxing into account the small terms

allows to egtablish the discrete cLaaracter of the coherent
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radiation angular distribution and determine the angular inter-

val All into which the emission of coherent photons takes

place for the given E1 )X , % and J\ .

3, Differential Cross Sections and

Polarization

Let us obtain the cross section for bremsstrahlung in crys-
tal, differential with respect to the energy and angles of the
emitted photon, as well as the photon Jiockes parameters. The
calculations are carried out in tue Born approximation with ex-
ponential screening of the nucleus field by atomic electrons.
The initial electron is assumed to be polarized while a sum -
mation over the polarization of the final electron is carried

out. #e come out from the expression for the differential cross

gection on single atom given in the form [5,10]:
L's - o% e o St o) B4, »\v,
vhere o/m Aoz e, d,-9400, 9—?./111

T is & unit polerization vector of photon,
\'A'"*\l-.éi. AT 2e\Telts (%)
5% (8,003 (5] S[1-85%)-w MENTexe),
4% - V- \qgu}_) (10)
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L . . . )
nereE;s the prlmar; eln‘tron polarlzatlon,

u-— (E ‘q ) "\7""—?*1’(?1,\2'}%)
bed/led) e biev).

10 the sorn approximation one obtains the bremsstrahlung cross

section in erystal multiplying (8) by the diffraction factor

.
and uveraging ovar thermal oscillationz of atoms L?]} . As
q result the cross secticn may ve reprevented as a sum of the

incoherent and coherent cross sections:

Se < fua) dﬂio\?., , (1)

2)

v,

where aﬁ- is the mean square thermal displacement of the

DY CLlE __Jg( §)4e (e, -Ey-) 2 49,00
)

lattice atoms,' S(ﬁ) is the crystal structure factor,

.,

cell, bf is the number of atoms in crystal.

{\0 are the volume and number of atoms of slementary

s
Lt us carry out integration over le in (11) and
(12). #or the imcoherent part of the cross section this

integration is carried out just as for single stom (gge[9.1Q])4

-10-
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+pltet) b b LA TE R) K{wwj
~hwt,8(28-4)T(8) (5,8) (% [;.zm})} .

This expression coincides with the formula (7.1) of the work

[9] » In the case of exponential screening with a good accu-

racy we have:

ra)=-2 -t (p)-5B(ET), o

where B(X is a known function [‘-1] the numerical value of

-t
which B(?;L\,\] = 4.44 for diamond at T = 300%.
In order to integrate the coherent part of the cross sec-
tion (12) over -g it is suitable to change the variabdle
Vo B o : .
9 - ?1 ,.“ — % and then carry out integration over
’q . Due to the presence of the delta function (c“ a}

-
the integration over % is replaced hy a summing over

Omitting the detailed calculations one may represent the result
in the following form:
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T A TS (8 A A AAAAL . oo

S




where ‘ 9\ R
b(a%%? Sno QC:L“)

\A Q_*\ has the form of (9), however, now

% —
AR TR R . _& V- . (6
ad = VL i 'L- 3 2‘{ Y v~ &

3» - 3.\./ 4
The argument of the ( - function is the left hand side
-~
of eq.{(2) with the replacement of cv by g . The limits
of summation over g in (15) are determined by the equation
— '
(%8)=0.
The formulae (13),(15) allow to calculate the main charace
teristics of the electron bremsstrahlung in crystal. Carrying

out the summation over the photon polarizations we obtain

3 i
bremsstrahlung angular distribution d 6‘[9_5_ ‘\-L. . To
obtain the degree of polarization f we calculate the
Stockes arameters choosin

P /é %1_ ) '2)3 &
the main orts in the plane (YL ) and perpendicularly

to this plane (see Fig.1). Let us note, that the Stockes
parameter ; corresponds to the photon linear polarization

in the plane (Ei Q) ) while 31 corresponds to the

linear polarization along a direction making 45 to the plane

(ﬁ E) U“ and ¢ ) are the circular photon polariza-
LB
tions from 1ongitud1nally (f&% = % 1) and transversally

A
(g 51 -0) polarized electrons. Since in general case the

direction of maximal linear polarization may differ from the

chosen directions for % and %1 then the degree of linear
3
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polarizaticen asd the angle ﬁ’ between the plzne of meximal
——t
polarization and the pliine (Y 1?) \\ are Zeterminad by the
4,°3

expresasions:

‘i? = }‘ %1 '1"3: ) EQ\\J - ig:\-/é\} ] 10

Omitiing the detailed cglculations let us give the expressions
for the radiation angular distribaticua =g well as for Stockes

paxrameters in the following standart form:

0\% Mk ) N(o c‘.u.- o\\l H ‘X-{Q; )’ (1o

347 D=2l &, -@;)/1 7,9,

4,00 X)) (&) /TER

B0, R bl o) 1R,

T b)) - S8 4 )
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42 ol R

48 = A z;#\&K_\B ’\) Wt - v by 4
a0 8 o\t 4] SRR &\

5? I\%b\c&\ - v\}\ W awmd s - mgxwi‘ecw
+2nlk-n) 0 g sl ta)] € {g&\z \

Q?s; ‘-?%D\fx Vo 3\&\3-%\ *’L\%_\EJX g\ég\\a {0
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The expressions (158-24) are the basic formulse for calcu-
lating the angular :distribution and polarization of the radia-
tion emitted in certain solid angle as for axial as well as
nonaxial colliuations. They are equivalent to the corresponding
differential expresgsions obtained for amorphus media in [Q] .

The expression for the cross section (18) differential
with respect to 1Y) and \Qi was given by us in the work
[13] . After simple transformations the fcrinulse {18} and (13}
come to the corresponding formulae (©-Y) of the work [41. In-
tegrating (15) in the interval W VYRV one may obtain
the *? -~ dependence and polarization of bremsstranlung in
crystal which are studied in (5]. tf'inally, the integration of
the corresponding expressions (15-23) over the angles results
in the well known formula for the spectrum and polarization of
bremsstrahlung in crystal [8,11,12]:

It is necessary to note that the presence of SJ-function
in the differentizl expressions for cohersnt bremsstrahlung
makes difficult the analysis of the angular distributions and
for this reason in the works dcvoted to the coherent oremsstrah-
lung usually the g--functions do not manifest themselves
aftgr carrying out integration in certain angular intervals.
The formulae (15-24) allow to obtain not only the known
results [§,5,8,11,12] but also the unstudied charcteristics
of coherent bremsstrahlung, for instance, the radistion polar

angle distribution (see below).

-15-
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4, Ragults and Riscussion

The main advantagz of writing tne radiation formulge in
the form (18-24) is in the posaibility to determine the azimu-
thal angle of the ewitted coherent shoton for the given u

-
and \\ . To obtain the W  and ‘Q -~ dependences as
rd

well as the polarization of the radimtion lst us represent the
¢
6 - function in {24) in the tTollowing form:
4 .
- Q Ay 4 LWy
- \C ‘\E} - - \: ( / — i
‘s’&“ %, kki\).x 3 qa L - RN
\kGﬁ-&h wzA

where 3 and & are determinad from the é‘-function argu=

ment: }
1 /jag

2 ) ¢,
R i N o
Q :ié\Agl 1

() .
and \Yi are given by ths formulae (5).

In our numerical calenlations we formally carry out in-
tegration of {1824, over q?i using tne expresegion (25),
nowever, during the summation over the reciprocal iattice vec-
tor EK gach time we fix the value of azimuthal angle for the
given \A . Let us note that the limits of summation over

Z§ are determined by the condition that the expression under
square root in (25) is to be positive. Thus giving the values

of the parameters E ) '7(’ % \ cL we obtain the radia -

tion U and ‘e - dependences.

16—
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In Pig 48 it is given the dependence of the radiation in-
tensity 1 on the polar angle \J  after integration over \?L
1 GeV passing through diamond.
=d.295

for electrons with energy Ei =
The coherent radiation intensities (curves 1,2,3) at
0.25; 0.2 are given only in that U  intervals in which they
dominate over the noncoherent radiation intensity (curve 4,
which ie almost independent of X for this case). The radia-
tion intensity integrated over all the angles las maximum at

X4 = 0.3 (see Fig.18b of the work [8]).

As it is seen from Fig.4a the essential difference bet -
ween the coherent and 1ncoherent radiation intensities is in
the fact that for the given velue of X the coherent inten-
gity is higher than the incocherent one more than some order
only in certain narrow angular intervals A\ . For the given

c R | %) \ pl there is a minimal value of
below which there is no coherent radiation., The regions Al
in Pig. 4a correspond to the bands in Fig.2. Let us, however,
note that as it is expected the coherent radiation intensity-
integrated over all U is only some times higher than the
corresponding 4incoherent intensity.

In Pig.4b it is given the depandence of the radiation pola-
rization 'E upon U after integration over ‘Q& « As it was
expected the degree of polarization for X = 0.29 (closer to

*& ) is higher than for X = 0.25 and X = 0.2.

The \ - dependences of the radiation intensity and pola-
rization for "one point" eflect when the contribution of the
reciprocal lébtice ;éétor (i.iﬁ)) doﬁiﬂateé (the.pgrgmeters

are the same as in Fig.3) are shown in Fig.5a and b,respecti-




vely for A = 0.29 (curvel), X =0.25 (curve 2) and % =0.21

(curve 3). As it is seen from Figs 4b and S5b in spite of the
case when many reciprocal lattice vectors give contribution in
the case of "one point"” effect there is no narrow dip in the
polarization curves at values of U correaponding to the in-
tensity maxima.

To obtain the azimuthal angle | “V,, dependence of the ra-
diation intensity we carry out computer numerical integration
of (18-24) over U  in certain intervals AW , 1In prin -
ciple one may carry out such an integration for any interval

Au, however, to obtain stronger ‘?,_ dependence and higher
degree of polarization it is natural to carry out integration
in that intervals A\l where contribution of the coherent ra-
diation dominates significantly over that of inmcoherent ra -
diation (gee Figs 4a and 5a ).

48 it has b-en mentioned above for each value of \\ the

computer gives certain values of \?4_ . for the below given re-

sulte the whole interval of \?L from O up to 27 Vwe have

in particular divided into 12 equal intervals, Thus, the com~
puter provides the intensity, Stockes parameters ii and 33,
polarization f and angle ‘f for radiation emitted into

12 solid angles equal each to other and defined by A“:\Xm';\x,.;,

and A“stﬂ/b
In Fig.oa and b it is given the azimuthal angle L?L depen-

dence of the intensity 1 and corresponding polarization E

~-18+




for clectrons and crystal with same values of parameters as

in I';z,2 and 4. As it 18 szen from fig.oa in the case when
many reciprocal lattice vectors give contribution the azimuthal
dependence of the radiation intensity is weaker for K =0.23
{hystogram 1) than for X =0.25 and % = 0.21 (hystograms 2
and 3). Though the degrees of polarization (iig.db) for X =

= 0.29 (hystogram 1) is less than for % = 0.25 and KR =0.2
(hystograms 2 and 3), nevertheless, a3 it was expected the‘in—
tegrated over all the poasible 4& degree of polarization :is
higher for X = 0.29 than for X = 0,25 and X =0.2, Tnis
is a consequence of the fact that when ‘91 varies in the in ~
terval O & 2T the angle Y changes its eign more frequent-
ly in the cases of the hystograms 2 and 3 than for the case of
hystogram 1. The values of degree of polarization after inte-
gration of all ‘Q& are 0.38; 0,35 and 0.25 for the hystograms
1,2 and 3,respectively. OSuch behaviour for azimuthal angle Je-
pendence of radiation intensity and polarizstion is obtained
also for "one pcint" effect.

Thus, the calculations carried out by the methud aud for-
mulae developed in this work show that the polar angle depen-
dence of the coherent bremssirahlung differs strongly from the
corresponding dependence cf the i1ncocherent radiation. The
study of the azimuthal angle dependence confirms the fact that
in principle one may improve the characteristics of photon
beams by a proper non axial collimation.

The authors thank N, 4.Akopov for help during the numericsl

calculations and discussion.
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Figure Captions

?ig. 1. Orientation of the coordinate frame Y , ‘A , 2 rela-
tive to the crystallographic axes Q:{ ’&1'&5.

Fig.2. Diagrems W= u\\ﬂ at various g .or electrons
with energy E =1 GeV in diemond., The direction of

the electron entrance into the crystal is chosen so

L

that © = 11,3 mrad, o =0, Q,f{om] ,Qolz[i 0],
6,={440]-

Bands I ~X=0.29; fly=-1; N, =51, g
II-X = 0.25; W,==1; W=t 1 ... T
III-% = 0.2; nf-g; = 0,%4, ¥ 8.

?ig.3. Diagrams u :U\H) for the reciprocal lattice vector
(220) for electrons with € = 1GeV in Jiamond. The
airection of the electron entrance into the crystal is
chosen so that e = 50 mrad; .y( = 0.899 rad,

Qf[wo] N Qsi{mo] ,Q‘,}:[Om]("one point" effect). The
bands I,II and III are for K =0.29; 0.25 and 0.21,
respectively.

1
Fig.da. Dependence of the intensity 1:\*/‘1“‘\((,&) ’T/Axew\g

on “ « The curves 1,2,3 are for coherent radiation

[

with X = 0.29; 0.25 and 0.2, respectively. The

curve 4 418 for d4ncoherent radiation, The parameters

of the electréns and crystal are the same as in vig.d.
Pig.4b, Dependence of the polariza'ion E on \} for the

case of rFig.4a.

Fig.5a. Dependence of the intensity T_:(ﬁ/ﬁ'ﬁ Nﬂ;) Aif/o\;%ﬁ@i

25




Fig.5b.

Fig.b6a.

Fig. 6b-

on L\ . The curves 1,2,3 are for coherent radiatior
for X = 0,23, 0.25 and 0.21, respectively. The
curve 4 is for incoherent radiation. The parameters

are the same as in Fig.3.

Dependence of the polarization E on \X for the

a4
&uio\“?i

case of fig.5a. . b
do
on ‘-Q& . The hystograms 1,2,3 are fof X =0.29,

: . . X
Dependence of the intensity I':

V.25 and 0.2, respectively., The parameters are the

same as in Pig. 2.

Pependence of the polarization E on \)‘ for the

case of Fig.ba.
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