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Ahatract

A general approach is developed to a description of the
radiation emitted by high energy particles in aligned single
crystals. At small angles of incldence, this theory describes

the radiation in the field of separate axes and, al large an-
gles of incidence, go over to the coherent bremsstrahlung

theory.

-

In the case when the initial particle is incident at
a small angle /B:, to the direction of the axes or the planes
of a single crystal, the processes of photon emission by a
charged particle and of electron-positron pair creation by a
photon are essentially modified compared with amorphous medi-
um. R-ecently the authors have developed an approach to des-
cribe pair creation by photons of ultrahigh energy in single
crystals, which is valid at uny energies and angles of inci-
dence -9.3 /1,2/. This approach is based on a general quasi-
classical formalism suited for describing the phenomena occu-
ring in extermal fields /3/. At small angles of incidence
,90<'< ‘\/ﬂ-/m (T/ﬂ- is the scale of the axis (plane) potential
and ™ ig the electron mass) the approach describea the
pair photoproduction in the field of an axis (plane), and at
490» W/m it transforms into the theory of coherent pair
production. A similar approach is possible to develop for
the radiation problem, too. However, in this case these appe-
ars & number of complications mainly relating to the range of
small 3;. « One of them is associated with the necessity to
take into account a redistribution of the flux of incident
particles.

ILet us introduce the parameters determining the radiation

prﬂpertiea*:

g=2y"[<v -<{}7z£_(:f’£> , X = Ve

m3Q (1)

& 5
where Y: (ﬂ, & 1a the energy of a particle, @ is the
2
radius of potential action and () ((tf))is the aversge va-

The system of units i = ¢ = 1 is used.



lue of the (squared) velocity of the particle. The parameter
Q determines the radiation multipolarity; at @ << i

(P, << m) the radiation is dipole, while at e» 4 it is of
maghetie

sbremsatrahlung nature. For rather small angles of incidence,
9 o=p.= 2Voe
o 1€=Cc ——

tum properties of the radiation. Note that already at X =

. The parameter \.X determines the guan-

= 0.1 the classical intensity is roughly 1.5 times higher
than the correct result. Here we will be mainly interested in
the energy range where the value crf_x is not too low. Then,
%gﬁgtmu 4 we have Qc >? { , and at fairly small /% the
sbremsstrahlung 1imit holds for the description of the radia-
tion. For the angles of incidenca&)ha._ EV‘ZE ( ’an is
the depth of the potential well) we have ©Q ~ (,;@25-%7 :
This means that at ,&}) WKH the parameter P(&:L and the
dipole description is valid, which coincides with the cohe-
rent bremsstrahlung theory, for this case /4/. It ia this ran-
ge of energies for which we are here developing the approach
intended to describe the radiation, which holds at any angles
of incidence /9.’:, of the electrona and positrons on the crys-
tal.
Making use of the formalism of Ref. /3/, we have got

- a convenient representation for the spectral distribution of
radiation intensity on a given trajectory (see Sect. 2 in
/5/)« This expression needs to be summed up over all of the
particle trajectories in the crystal. In what follows we will
consider mainly {the thin crystals where, by definition, the
distribution function over the {ransverse coordinates of par=-
ticles is determined by the initial conditions of incidence
the crystal by the particles., For definiteness, we will analy-
ge the axial case. For this purpose, the amount of particles

4

2
within dQ ig given by the expression /6/

dN(9) = /V Lo A5, 9('&%)-4/@»‘) "

S & (g,)

whereN is the total number of particlea, ,8/ is the areas
of the transverse cross section per ome axis, Z( ($) is the
potential dependent on the tranaverae cgardinate ; 2

S (4@):}@9@@-2@ &(e,) = %’9"+ UR), end % is
the angle of incidence of the particle (with reapect to the
axis under consideration). Note that at 495 >42=V@" we

?Ed(: Eii?l ‘S
ha _N'g) N,S’

The crystal potential may be represented as follows:

)= > G(_‘_?)E_EEE

L

(3)

At Q. { , for any ,Qa one can make use of the straight-
-path approximation (see /1,2/). This is associated with the
fact that there exist f9;, such that %)‘),9‘5» /-9": . Y
both the bremsstrahlung description and the gtraight-path ap-
proximation are valid for the particles moving high above the
barrier (the approach accuracy is ~ 5?;). In this approximati-
on let us represent g{f}=u‘;+ AV () (cf. formula (2.5) in

o

/2/) in this approximation:

.df({'/*"-'“é-' D G@)eﬂc*?f(edd?”éi) f.r.
g

. P

(4)

where ?ﬁsz.; and ?Lr. -iI;(?c.G,/. Substituting eqs. (1) and



(4) into the quasiclassical expression for intensity (formulae
(2.1}-{2.5) in /5/) we have (cf. eq. (2.8) in /2/):

T m? (o ofan (o o e (@)~ 2UE) ( ote {1_

2nes Vv Ny 7-(0
6G)q, <% e e é"(?:‘?{@
“Yle); —' e ST |- T y—L70 -
T i | " Z <& Z:m % ?ﬂ
g - (5)
. Sin (ﬁ,-ﬁ-%fr- : L
GOGEJg) St shaz ?,
i o X (2’*'1#?’()?: %rt
: 82 4 /
where ol = | — )'5-;-" £ =f-&W, W 1is the photon energy,
tp(g):é-i_ , and 'V' is the crystal volume. Formula (5) des-

cribes all the radiation properties including its orientation
dependence. Its applicability region coincides, as will be de-
monstrated below, with that of the quesiclassical approximation.
As far the spectral distribution derived from (5) is concermed,
if we omit the integration over &« in it, it valid only at
. »i » A comprehensive analysis of the spectrum for this case
is made in Ref. /7/. For the case considered in Ref. [1,2] the
radiation and pair production have been conaidered also in
Refs. /8,9/, using the original general expressions of Ref. /3/
and making further calculations only numerically for the parti- {
cular caseas,
Let us choose now the z-axis alung the chain of atoms for-

ming the axls. In the case when 9 << /, we have ?ﬂtz'-'-u

L
andd:f ~iE — Y { for the rest ot _::-:,' (with 7 # 0). By virtue
of this, one should remain only the terms with g, =0 in the I

for the vectors q lying in the (x,y) plane

double sum in eq. (5) (the contributions with ?; # 0 are sup-
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pressed in the powers of {V} )). Expanding in powers ?
in eq. (5), we find

a;igwmgd%{sdeaﬂ%@o) )

S(e (p.)

K ()-

SK%,(Q é‘f] £h "Z'b) (e)Zf{z,O) Ké@m
5’* [y’ 3(5(.,4 v)%) ][K N-7K, () +
r ) (K0 -Ky()) - Z.K, w)}

where A =2Zm? % ,H K . is the McDonall Iu.nctlon and
bzv Q[{p}/ ; here the potential ﬂ(’(_’P)—ZG(‘?)e' is depen-
dent only on the transverse coordinate 9 B TR V— 99 ¢
The first two terms in formula (6) (which contain no b } im
independent on ,9- and, due regard for a rediatrihutian of
the flux of charged particles (the coefficient at [ _7)
give the spectral intensity of raediation in ﬂleﬁrll:?remsstrahlung
approximation (if the integral over <« is omitted). The re-
maining terms in eq. (E)W(ﬁ%)aand are the corrections
of order to this approximation {se: formula (3.6) in Ref. F2l).
In eq. (6) we have beared :Ln mind the fact that since at
.Q—~ ‘9- we hava(%m) ~ @, end thia accuracy is ensured by
the validity of the mitial fomula (5), the corrections of
the order ~~ @ should be taken into account only at '9;,}‘9‘._
when the distribution of the flux does not change.

The expression (6) can be further simplified if the po=-
tential of the axis is axisymmetrical and one can perform in-
tegration over the angles of the vector @ + Introducing the

W :
variable U = 5‘:“] and integrating by parts in (6), we obtain



for the total radiation intemsity (cf. eq. (3.7) in /2/):

s Cud O /(43 Slale)-UR)
I".S\’S‘ﬁxda (J_’-i-u)‘f‘Sd AS/(EL)( D (4‘_, -*\S‘H'*)@:)

9, 5 = o (7)
ﬁ'; KOX@ r4)? %()Zgﬂ(“)* 2?5(“)* ‘SMC(‘*{/}

where

Alu) = Y3 -4 L9 -1 5(ﬂ)=~4ag+27a2~2u+22;

Clu) = Z6u3_-43u%+ 38u-93
F%ﬁ% is the
screening radius, :::;f: f‘afnc{ ¢l is the average distance be-

Here we have proceed to the variable X —=

tween the atoms in the chain forming the sxis, and v is the
density of atoms in the crystal. We define U ﬁr)'l‘g(t}(for
the potential of the axis we are using /6/ g{cz) (?_+ :J:) -')f

- (’{4-?4.1)*{ and '(C';f_".:*?u,/aa g U

de of thermal vibrations), then

i

is the amplitu-

3,)(5{53(“‘) > X = h'\3<25

Just as in the pair creation theory /2/, as _Xs increases
the contribution to the radistion comes from the larger region

of transverse coordinatea whose boundary is determined by the

relatianf(:c)-— lf_;{ﬂ‘-') QX‘—-'j{iI) Hj So we have that at

b |
Lx Sy 4 the cuntributiun is given by the region :rm)( )}j
s

etic
On the other hand, at such oC the remgstrahlung approxima-

i) . Vo 554

Do mf&,x
mst be satisfied. Thus, at X >4 the validity region of the

tion must be applicable, i.e. the condition

bremsstrahlung radiation is limited by the anglea of incidence

V%‘ng@ 2 ,9_{:r - In addition, note that for large X when
the inequality X 5<{{.I; is not satisfied, the axial symmetry
can be violated and :Enrmﬁla (6) should be used.

Similarly to the pair creation theory /2/, for the angles
%2’ -V;Ah one can derive, from the general expression (5), ap-
proximate formulae for the spectral intensity of radiation who-
se applicability region is far wider than that of the standard
coherent bremsstrahlung theory, at high energies /4/:

dIM =5 t.u.}dn} e q_j_
{ e 92 ("?”

255'*)}’9( ?‘"1 i ﬂ;;:’#) (8)

where 3
2 2 i © G C E-?J
my =m (4+§),_,=Z [ ?” -l
Fong B0 o5 T 12
In the siandard theory, m f—bng Integrating in (8) over

W  we have for the total radiation intensity:

Toh= 521601 2 ), 22 250,
. g
where [© —ld Z(2+32) P23+
(2) = (&) - EMJZ)({ Ez{(gﬁ)ﬂ
= ;- A Z(3+2z)

Equation (5) has been derived assuming that P Ho-
wever, for the total radiation intensity it holds in a much
broader range and its validity region is the same as that of
the quasiclessical approximation. This is due to the fact that

9



at the e'nerg‘:ll.lzgn:l;g:é Qc _5 1 and the description of the radi
atlon using the,bremsstrahlung formulae fails, for the angles
of incidence /9’.:. —.‘Er 19'{._ the classical description of the radia-
tion (jé:i’ ) is walid, the total intensity of which is ex-
pressed via local characteriastics /6/. In this case, the ap-
plicability region of the classical theory is bounded by the
engles ,9,, when the characteristic energy of the emitted
photon is comparable with the electron energy: a~%2{%~£(z~i).
In this case —9&“-‘1’/:4“}.»1"};"“ and the formulae of coherent
bremsstrahlung theory (9), directly follewing from (5), are ap-
plicable (@K 1 ).

Thus, at X <4 in thin crystals and for the angles of
incidence,ga«v%-x. the results of Ref. /6/ are valid, where
at _495 = 0 the eslectmn radiation intensity has been shown
to have a maximum and the positron radiation intensity to have
a minimum: the former and the latter are amssociated with a re-
distribution of the flux of charged particles at fﬁ'd £ 49": . A%
,5:!'.} ,9‘: the radiation intensity reaches the plateau, while at
,%NV%},SHH decreases, which is described by eq. (9). When

ﬂ > .S the radiation intensity is equal for electrons end
positrons. The applicability regions of eqs. (7) and (9) are
overlapped at XS &4 so that at Xsdc'f the orientation de-
pendence of the radiation intensity is completely described by
these simple fnmulae*. With increasing the parameter ._Xs this
plateau narrows, and disappears when XSN T A% f;k«i the

intensity of electron rediation is maximum, as previously, at

’90 = 0, and decreases monotonously as -9‘;. grows. For posi-

For the case of planar channeling, the orientation dependen=-
‘ce was traced in the authors' paper /10/ for this situation.
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trons, the intensity also is minimum at r&_-, = 0; then with
increasing rSa the intenasity grows, achieves its meximum af
’Sa:"' r9¢ and coincides with that of electron radiation when
’96 h - “95: . Fig, 1 demonsirates the typical behaviour of the
angular dependence of the electron and positron radiation in--
tensity in a thin crystal, for ‘Xs ~ 1+ Curve 1 has been obtai-
ned according to the formulae of the present paper. It is seen
that at ”9:':.'{’9:: the intensity depends considerably on the kind
of particles and on the angular width of the beam ADy : cur-
ves 1 and 3 represent, correspondingly, the positron and elec-
tron redistion uifﬂ, = 0). Curve 2 shows the case of a uniform
distribution with respect to the coordinstes and this corres-
ponda to a wide, with respect i{o the angle, incident beanm
( ﬁ%,,rv%). At all these curves coincide at /9":,)»9‘ (curve I).
The curvea in Fig. 2 have been obtained after calculations on
the basis of the derived results. The experimental data =sre fta-
ken from Refs. /11,12/ where the orientation dependence of s
relative energy loss ﬂfl/éa has been measured (Ge crystal:
T = 100 K, < 110> exis, initial energy <&, = 150 GeV, crys-
tal thickness L = 1.4 mm). The crystal used in the experiment
cannot be considered now to be thin because in an appropriate
emorphouns medium the angle of muitiple scattering {’9‘;>’3—'55}4?ﬂ4
=08 /9c . Besides, the angular width of the incident
beam wa.sﬂ%.‘:i‘ﬁﬂfaaad and the quality of the crystal could cor-
respond to the overall curvature less than 10 aurad (Ref. /11/).
One should bear in mind that the multiple scattering of elect-
rons intenaifles while the same process for positrons weakens
at :9,_,( "91: » what is due to the flux redistribution mentioned
above. Since (c¢f. /T/) for the indicated effective divergence
aQn ~ {301-40}‘“::'&.6. most of the electrons populate immediate-

11



ly the above-barrier states and the intensified multiple scat-

tering makes the rest of electrons leave t

dlN
tron distribution ,/dzg has taken uniform at all angles of
incidences. On the contrary,

he channel, the elec-

for positrons in the first appro-
ximation one can neglect multiple scattering and the calcula-

tion has been performed for a thin crystal with the effective

width of the incident beam taken into account. Note that in

thinner crystels and for a smaller angular divergence of the

incident beam the orientation dependence of the intensity at
496< ,9:: can be observed for electrons as well, while for

positrons the effect becomes more "contrast™. Purther calcula-

tions of the enmergy losses has been performed aes in /7/. The

S0lid parts of the curves are

lae (7) and (9).

consiructed according to formu-
The dashed part is the result of interpolati-
on made in the same way as in Ref. i a®
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Fig. 1.

Fig. 2.

Figure Captions

The orientation dependence of the radiation intensity
in the thin germanium gingle crystal (<110) axis, T =
=100 K, & = 150 GeV). Curve I is obtained according
to the formmlae of the present paper: according to

eq. (9) to the right from the dashed line, to eq. (7)
to the left and the dashed part is interpolation: bran-
ching of curve I at small angles: 1 - positrons, 3 -

- electrons, 2 - uniform dist®ibution. Curve IT is cal-
culation according to the standard coherent bremssirah-
lung theory.

The relative energy losses vs. the engle of incidence
with respect to the (¢ 110) axis (Ge crystal, T = 100 K,
initial energy €, = 150 GeV, L = 1.4 mm). The numbers
of the curves denotes the same as in Pig. 1. The experi-
mental results were taken from /11,12/; full circles:

electrons, open circles: positrons.
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