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1 .Introduction »•

I I
At present the quasiraonochromatic 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 out detailed investigation of the

production mechanism of the coherent bremsstrahlung in order

to improve the charcteristics of such beams.

Still in the work [i] it haa been mentioned that the

polarization and monochromatic charcteri3tics for the photon

beams emitted in certain narrow angular intervals are better

than for beams emitted in the whole radiation cone. Tnen the

angular distribution and polarization of the coherent brema3trah-

lung have been investigated by the pseudophoton method in [2^.

The same problems have been considered in Г.3— 5j taking into

account the crystal structure more accurately. In particular

in the work Г3J it has been shown that the aolar angle, \3J Ч
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dependence of the radiation intensity for certain photon ener-

gies (after integration over the azimuthal angles, "̂f ) has

sharp peaks at certain values of ф^ , while the spectral dis-

tribution of the radiation emitted in a narrow interval AOj,

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.

I'inally, in [5] the azimuthal angle dependence of the radiation

emitted in certain polar angle interval Д н 1з investigated
< i

and it is shown that the beam polariaation increases signifi - i \

cantly for the case of nonaxial collimation. j j
I

The experimental investigation of the polar and azimuthal I

angle dependence of the coherent bremsstirahlung is a difficult f

problem not only for the smeJ.lness of the radiation cone but «

also due to the multiple scattering and angular divergence of \

\

the primary electron beam. Nevertheless such experiments have ;

already begun £bl . On the other hand the knowledge of the

angular dependences is necessary for the calculation of the

high energy photon beam polarization since usually the degree

of polarization is computed using the experimentally measured

spectral distribution. For instance in the work Г?1 in which

a Monte Carlo method for polariaation calculation is developed

it is assumed that the coherent part of the radiation just as

the incoherent -/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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sions for the cross sections and polarization differential with

respect to the both polar and azimuths1 angles to carry out

numerical calculation on the angular distributions of coherent

bremsstrahlung.

2.Kinematics

The energy and momentum conservation laws for the ргосезз

of bremsstrahlung on nucleus have the form :

р* с. .'9 с • ТГ . ._.

where J.
 r

 c^ , J-« , L
 (

 jS
 v

*-
r
 are the momenta

and energies of the primary, final electrons and photons,res-

pectively, СЬ is the monentum transferred to the nucleus

Г \ - С s W^X-L). Coming out from (1) in the high energy and

small angle approximation one obtains the following relation

between the parallel . Cj,
 t
 and prependicular

/
 0. components of

Qi with respect to X. \

3 s- , , X*.
^ V?) - ̂ /1VU.U^(V^\,0 . (2)

Here c.- UX / Х и ^ в is the minimal momentum transfer

U s C ^ ^ is the photon emission angle, *\. and \«
 a r

the azimuofial angle of the photon and momentum transfer, res'

pectively. For the interference part of the radiation one has

Q. - 4 where 4 is the resiprocal lattice vector. The
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direction of the primary electron motion (along 2-axis) is

defined by the entrance angles V and CN. with respect to

the crystal axes and (see yig.1). Tiien for

small angles и one may write the following relations for

the parallel
 f
 Q

 (
 and perpendicular <t components of the

vector

п с and 4

eryutallographic axes

where are the comoonents of

п
For the given values U and

and

aljng the

> •

equation (2) rspre -

sents the knov/n paraboloid in QJ I Д \ - space, while for a

given resiprocal lattice vector "? equation (2) is a circle

with respect to the variables Ц
ч
- -«<JSJ\i and U u - -Ulv^* \±'

Рог the givea 4 and certain values of Ci and X-

equation (4) connects the values of the angles Ц and Ti with

each other. The possible values of the azimuthal angle i«

under which the emission of photon with polar angle Ц takes

place are determined by the crossing point of the circle (4)

with the circle 01 s ООллХ and one may obtain them solving

eq.(4> with respect to *P ;



40 Ы ^ О/ ^
for -i »̂ v «

where

(5)

for

Since Ti varies in the limits О- 2ТГ then it is neces-

sary to add 2 IT to the negative values of T^ •

Eq.(4) determines also the angular interval ««i^^^^mAfc

into which the given resiprocal lattice vector gives contribu-

tion:

(6)

If in the right hand side of eq. (2) one neglects the second

and third terms proportional to the small magnitude

square then eq. (4) takea the form U г (А ~~о-

and its

and in this case there is no dependence of Ц on *f. .There-

fore we shall not neglect these terms for a more correct ana-

lysis of the radiation angular characteristics.

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

a particular case of diamond crystal orientation when tb-д z.

Ш & . 1 * this case:



m

2 = 1
whei-e C\ is the lattice constant fl^ i ̂ i

 a r e

пшпЬегз. In /ig.2 the circles (4) are shown in the plane

Ц x î *i *'
or
 electrons with energy U. = 1 GeV and

two values of X ~ ^/1.1 . fhe figure reminds diffraction

;;atterr., Jj'or 'trie given case the numbers of the bauds aje jeter-

iuined O'j tha value of f\ . e'or the given "X the minimal

and maxizml vo.iues of Ц (The circles 1,1' ;2,2' ; 3, 3' in Pig.2)

are detoj-;:;iKed by the maximal values of ft. up to which the

calculations are carried out, ^ is necessary to note that, the

intensity Jecreasbs sharply when in the given band f *t- z LOV̂ V.)

one increases the values of X\, .

In -'"ici.3 the circles (4) are ahown in tb-э plane U.̂
 (
 *Лч

far electrons with energy rf = 'iUeV, for three values of У for

the cans when crystal! orientation is ehusen in such a way that

mainly one reciprocal lattice vector (220) gives contribution.

The contribution of other ones into the intensity is negligible.

1'he boundary circles 4,1'; 2,2'; 3,3' correspond to the minimal

and maximal values of ^ за the limits of which the coherent

fcadiation dominates.

Thus, the kinematics fcaKing into account the small terms

allows to establish the discreta слаг-scter of the coherent



radiation angular distribution and determine the angular inter-

val All into which the emission of coherent photons takes

place for the given £. , X , V and JL •

3. Differential Cross Sections and

Polarization

Let us obtain the cross section for breusstrahlung in crys- j

tal, differential with respect to the energy and angles of the j

emitted photon, as well as the photon Jcockes parameters. The j

calculations are carried out in t*ie Born approximation with ex- i

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 I j

out. We come out from the expression for the differential cross [

section on single atom given in the form ^

is a unit polarization vector of photon,
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:!eregii3 the primary electron polarization
 y

JO the dorn approximation one obtains the bremsstrahlung cross

section in crystal multiplying (8) by the diffraction factor

anJ цчегя.з:1и
(
>-, over thermal oscillations of atoms p 1J . As

a result tho cross section may be represented as a sum of the

incoherent and coherent cross sections:

.vhere Ц
4
- i3 the mean square thermal displacement of the

lattice atoms, S(*\j is the crystal structure factor,

Vc Й
о
 are the volume and number of atoms of elementary

cell, (y is the number of atoms in crystal.

Lot us carry out integration over £ in (11) and

(12). j?or the iAcoherent part of the cross section this

integration is carried out just as for single atom (see[_y,10j)
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This expression coincides with the formula (7.1) of the work

r^l , In the case of exponential screening with a good accu-

racy we have:

. (14)
\J I '

where О \У ) is a known function fill the numerical value of

which в ( й
г
^ | = 4.44 for diamond at T = 300°K.

In order to integrate the coherent part of the cross sec-

j I tion (12) over £ it is suitable to change the variable

О ^ ^yi _ д^ and then carry out integration over

"A . Due to the presence of the delta function о I 0; -*U

the integration over Qt, is replaced by a summing over О .

Omitting the detailed calculations one may represent the result

in the following form:
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where

I Ĵ  ̂ *l has the form of (9), however, поя

& ~ function

ement of 7Г

of summation over Д in (15) are determined by the equation

The argument of the & ~ function is the left hand side (

of eq.(2) with the replacement of 7Г by ~£ . The limits I

The formulae (13), (15) allow to calculate the main charac*- i

teristics of the electron bremsstrahlung in crystal. Carrying j

out the summation over the photon polarizations we obtain

bremsstrahlung angular distribution Сл 6~l j_. V» J . To

we calculate the

atockes parameters Д \ A choosing

the main orts in the plane I J I \ and perpendicularly

to this plane (see Fig.1). Let us note, that the Stockes

parameter \ corresponds to the photon linear polarization

in the plane (p У | while 4 corresponds to the

linear polarization along a direction making 45° to the plane

(l? Xn \ • «4 and 4 ' are the circular photon polariza-
\Н

|Л0
1| д% Ч

 л А

tiona from longitudinally ( P. ̂ч — - 1) and transversally

IP X =oy polarized electrons. Since in general case the

direction of maximal linear polarization may differ from the

chosen directions for «§,, and Я then the degree of linear

12-



polarization nod the angle *у" between the plane of maximal

polarization and the plane ft? ^ \ are dete.rnin-'
j
d b.y the

expressions:

Omitting the detailed calculationa let as give the expression?

for the radiation angular distribution as iveii as for :Jtockss

parameters in the following standart form:

(13)

(20)

(22)

where
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The expressions (13-24) are the basic formuJae for calcu-

lating the angular distribution and polarization of the radia-

tion emitted in certain solid angle as for axial as well аз

nonaxial colligations. They are equivalent to the corresponding

differential expressions obtained for amorphus media in ГзJ .

The expression for the cross section (18) differential

with respect to U and Лл was given by из in the work

113 I After simple transformations the formulae (18) and (1J)

come to the corresponding formulae (6-9) of the work: j41. In-

tegrating (15) in the interval U ^ \X-vAVA one may obtain

the ^ - dependence and polarization of bremsstrahlung in

crystal which are studied in [ 5\. finally, 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 18,11,121;

It is necessary to note that the presence of о -function

in the differential expressions for coherent bremsstrahlung

makes difficult the analysis of the angular distributions and

for this reason in the works devoted to the coherent Dremsstrac-

lung usually the о -functions? do not manifest themselves

after carrying out integration in certain angular intervals.

The formulae (15-24) allow to obtain not only the known

results I 4,5,<3,11,12 I but also the unstudied charcteristic.3

of coherent bremsstrahlung, for instance, the radiation polar

angle distribution (see below).
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4. Hasults and Discussion

The main advantage of writing the radiation formulae in

the form (18-24) is in the possibility to determine She azimu-

Shal angle of the emitted coherent photon for the given U

and M „ TO obtain the VA and 4; - dependences as

well as the polarization of the radintion let us represent the

6 - function in (24) in the following form:

1

\ \\±~~ Ч j ) (25)

0 - - - - - -

where i\ and \y are determined from the о -function argu-

ment :

' (26.

and 7
4
 are given by ths formulae (5).

In our numerical calculations we formally carry out in-

tegration of (18-24) over î  using the expression (25),

however, during the summation over the reciprocal lattice vec-

tor ^ each time we fix the value of azimuthal angle for tha

given \A . Let us note that the limits of summation over

A are determined by the condition that the expression under

square root in (25) is to be positive. Thus giving the values

of the parameters t , ^ . tj , Js. we obtain the radia -

tion w and 4 - dependences.
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In Pig 4a it is given the dependence of the radiation in-

tensity X on the polar angle VV after integration over ^

for electrons with energy £. * 1 GeV passing through diamond.

The coherent radiation intensities (curves 1,2,3) at =0.29;

0.25; 0.2 are given only in that U intervals in which they

dominate over the noncoherent radiation intensity (curve 4,

which is almost independent of % for this case). The radia-

tion intensity integrated over all the angles has maximum at

)(д = 0.3 (see Pig.18b of the work [в]).

As it is seen from Pig.4a the essential difference bet -

ween the coherent and incoherent radiation intensities is in

the fact that for the given value of X the coherent inten-

sity is higher than the incoherent one more than some order

only in certain narrow angular intervals & Ц . Рог the given

£ | "X ^ X there is a minimal value of U

below which there is no coherent radiation. The regions & U

in Pig. 4a correspond to the bands in Pig.2. Let us, however,

note that as it is expected the coherent radiation intensity

integrated over all VA is only some times higher than the

corresponding incoherent intensity.

In Pig.4b it is given the dependence of the radiation pola-

rization Y. upon W after integration over ii . As it was

expected the degree of polarization for )t =0.29 (closer to

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

The U - dependences of the radiation intensity and pola-

rization for "one point" effect when the contribution of the

reciprocal lattice vector (3.2.0) dominates (the parameters

are the same as in Pig.3) are shown in Pig.5a and b,respecti-
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vely for X = 0.29 (curvel), у =0.25 (curve 2) and f =0.21

(curve 3). As it is seen from Pigs 4b and 5b 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 corresponding to the in-

tensity maxima. j

Го obtain the aiimuthal angle , i
4
 , dependence of the га- j

diation intensity we carry out computer numerical integration i

of (18-24) over U in certain intervals AvJt . In prin - ]

ciple one may carry out such an integration for any interval ]

Д О , however, to obtain stronger л» dependence and higher I

degree of polarization it is natural to carry out integration i
i

in that intervals A\A where contribution of the coherent ra-

diation dominates significantly over that of Incoherent ra -

diation (
s
«* P1.gs 4» and 5a ).

As it has b*en mentioned above for each value of Ц the

computer gives certain values of ij. . For the below given re-

sults the whole interval of ^ from 0 up to 2"\T we have

in particular divided into 12 equal intervals. Thus, the com-

puter provides the intensity, Stockes parameters Я. and 4
 }

polarization \ nnd angle ^ for radiation emitted into

12 solid angles equal each to other and defined by A^-^roZJ; wU

ana

In Pig.6a and b it is given the azimuthal angle ^ depen-

dence of the intensity \ and corresponding polarization
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for electrons and crystal with «ame values of parameters as

in .fig.2 and 4. As it ia зееп from i'ig.oa in the case «vhen

many reciprocal lattice vectors give contribution the asi:nuthal

dependence of the radiation intensity is weaker for- X -0.2}

(hystogram 1) than for X =0.25 and % = 0.21 (hystograma 2

and 3). Though the degrees of polarization (^ig^obj for X -

= 0.29 (hystogram 1) is leas than for X = O.?5 and X =u.2

J (hystograms 2 and 3), nevertheless, а;з it was expectsd the in-

tegrated over all the possible 4^ degree of polarization is

higher for X = 0.29 than for X = 0,25 and X -0.2, Tr.ia

is a consequence of the fact that when ^ varies in the in -

terval О ~ 2ТГ the angle f̂ changes its sign more frequent-

ly in the сазез of the hystograms 2 and 3 than for the case of

hystogram U The values of degree of polarization after inte-

gration of all т. are 0.38; 0,35 and 0.25 for the hystograms

1,2 and 3,respectively. Such behaviour for a^imuthal angle de-

pendence of radiation intensity and polarization is obtained

also for "one point" effect.

Thus, the calculations carried out by the method and for-

mulae developed in this work show that the polar angle depen-

dence of the coherent bremsstrahlung differs strongly from the

corresponding dependence cf the incoherent radiation. The

study of the azimuthaX 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 M.^.Akopov for help during the numerical

calculations and discussion.
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Figure Captions

?ig. 1, Orientation of the coordinate frame У , Ч , 1 rela-

tive to the cryatallographic axes K> ± , л».
 (
\o^ .

Pig.2. Diagrams \\^Ц\^| at various ft лог electrons

with energy t =1 GeV in diamond. The direction of

the electron entrance into the crystal is chosen so

that Ф = 11,3 mrad, j. =0, ^=[001] , ̂ - j

Bands I -X =0.29; f\
x
=-l i ^ = ± 1 . . . - 9 ;

II-X = 0.25; УЦ=-1; Л^=- 1 ... - §;

III->. = 0.2; ^
a
=-2; Лд_= 0,±4, i 8.

?ig.3. Diagrams Ц : Щ л for the reciprocal lattice vector

(220) for electrons with .£. = 1GeV in diamond. The

airection of the electron entrance into the crystal is

chosen ao that В = 50 mrad; Д. = 0.899 rad,

«l
=
t

1OO
3 ) ̂ Ф

1 0
] ) ч =[

001
1 ("one point" effect). The

bands I,II and III are for >( =0.29; O.?5 and 0.21,

respectively.

^ig.4a. Dependence of the intensity X -г

on Ц . The curves 1,2,3 are for coherent radiation

with )( = 0.29; 0.25 and 0.2, respectively. The

curve 4 i'S for incoherent radiation. The parameters

of the electrons and crystal are the same as in f'ig.2.

i?'ig.4b. Dependence of the polarization j_ on \A for the

case of Fig.4a.

.5a. Dependence of the intensity X - i*/2ft Vi6'
c
 j Л <Г1 ̂ ^ d t i ^
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on Ц . The curves 1,2,3 are for coherent radiatior

for y, = 0.23, 0.25 and 0.21, respectively. The

curve 4 is for incoherent radiation. The parametern

are the same as in Pig,3.

Fig.5b. Dependence of the polarization J_ on U for the

case of .Fig.5a.

.Fig.6a. Dependence of the intensity iz

on ^ . The hystograms 1,2,3 are""for X =0.29,

0.25 and 0.2, respectively. The parameters are the

same as in Fig. 2.

Fig. 6b. Dependence of the polarization у on \\ for the

case of Fig.6a. ] j
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