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ABSTRACT

A model of kinetic phenomens in-ainglé crystals conside-
ring both radiative effects and multiple scattering of the
electrons is ﬁropﬁ#ed. The model allows one to déséribe the
radiation of ph&tons by high—Enargy électrﬂnﬂ starting with
crystal thicknesses, where & hard peak appears in energy loss

spectra of aligned electrons.

The radielion oi photons by high-energy-electrons in
aligned single crystals attracts a continual attention. This
is owing to the fact, that et energies of the projectiles
available now the uniqe.opportunity to investigate the QED .
in intense external field is permitted just by erystals. Ali-
gned single crystals are besides the most effective radia-
tors, since corresponding radiation lengths become much shor-
ter than in an amorphous case. An additional interest in the
process was stimulated by the observation of a hard peak in
electron energy loss distribution [1]. An origin of this peak
is due to multiple photon emission by an electron traversing
a crystal of sufficient thickness and to actual addition of
photon energies by the detector. This explanation was given
in Ref. 2 and then confirmed by re-analysis of the experi-
mental data [3]. It should be emphasized that although soft
photons are mainly emitted, the radiation under conditions of
Ref. 1 represent a rare example of the QED process where the
quantum effects induced by an external field are of the order

of unity. Remind that the magnitude of the quantum effects is

determined by the parameter %5:. B'E(QS)/EQ (E(as,‘a is
= =

E L o

=”"2/e = 1.32'14:}16 V/cm, h” = 'E/J-h y = (m) is the ener-

gy (mass) of an electron) which also is of the order of unity:

the electiric field of the axis at screening radius a

?t; ~ (0.8 under conditions mentioned. The radiation of =
photon by an electron side by side with the electron-positron
pair creation by a photon is a component of the specific cas-
cede [4] which is generated over length one or two order of
magnitude shorter than in an appropriate amorphous medium. A

deteiled investigation of these cascades sterted in Ref. [5]



(theory) and Ref. 6 (experiment) is a necessary step towards
a high energy electron and photon detector [TJ based on sing-
le crystals.

The radiation characteristics contain indirect informa-
tion about kinetics of electrons traversing a crystal. This
kinetics is mainly determined by the multiple scattering and
radiation processes. The magnitude of multiple scattering and

radiation energy losses can be characterized by energy depen-

dent dechanmeling length €y (£) and radiation length & (€).

At some energy &, fE_T these two lengths become equal (e.g.
for Ge, &€¢p == 40-60 GeV depending on axis and temperature).
At &€ < &., the multiple scattering dominates in the kine-
tica, but at & > £, a part of the radiation becomes mo-
re and more important. In turn, a correct descrip‘i:iun of the
radiation is possible only with an adequate allowance for the
kinetics. This is especially important for crystals of inter-
mediate thickness, where the radiation from particles initial-
ly captured into a channel is very essential [2]. According

to Ref. 2 there is a group of electrons, which while tra-
versing a crystal are svaying all the time close to the axis.
In this region of distances @ from the axis both multiple
scattering and the radiation Gncluding bremsatrahlung) are

enhanced by a factor about 10 as compared to above-barrier va-

lues. Multiple scattering results on the average in increase of

trensverse energy &£; in contrast with the radiation action
decreasing on the aversge E; e These processes together
caugse a strong intermixing of electrons belonging to this gro-

up (first one in terms of Ref. 2 ) over g, » leading to

the uniform distribution over transverse coordinate Q for

theni. Therefore the approasch of the type used in Ref. 9 ,
where this kinetics was completely ignored can not be adequa~
te*).- Kinetic equations with allowance for radiation and scat-
tering may be solved by using numerical simulation El{}J, LT].
The most advanced calculation of this type was carried out in
Ref. 12 under conditions of Ref. 1 .

In the present paper a simple model, based on the appro-
ach developed in Ref. 2 is stated, which permits one in par-
ticular to predict the energy loss spectra of electrons tra-
versing a crystal of intermediate (and larger) thickness.

For the seke of succession, we use an axially symmetric appro-
ximation {2((9:) of a crystal potential in the region per

_ 2 -1
one axis with an area ,S::-' Frg = fﬂa/) , where N is
a density of atoms in a crystal, a[ is a mean distance

between them along the axis. A generalization onto arbitra-
ry potential Q{ (Q) is straightforward. For electrons

Ue) =V G [ L+ Yolfi+ 1/exp)],

where X = g%f 3 -V-‘-:; Gs , D are fitting parame-
ters (see e.g. Table I in Ref. 14 ).

For given £, the scattering magnitude may be cha=-
racterized by the parameter ‘é:/ (E.L) :

O,e) = 1) [Ha ) + IUe) oot lfon) [
Here & (€)= C’féf) ﬁgfdm /“2 S

neling length, U, = /Z((crﬂ) is the potential well depth,

2 2
i 2 is the boundary value of is
e =154 /C35 . o éﬁad’

*)Very recently the conventional point of view was accep-
ted by these zuthors (see e.g. [13])-



the radiation length in a corresponding amorphous medium. The
dependence of 2C in eq.(2) on &, ig defined by the
equation /Z((’I) = E_‘{ . Relation (2) denotes that for chan-
neld ( &; f"Z(o ) particles the length fgﬂ, (£, ) decreases

- practically ( 2 << i } in proportion to the area (E_d
accesaible for motion: lf;fﬁc /Sjéj:)/,sz. The similar beha-
viour shows the radiation length in the continious potential
écf; (é}) = E/I-(é‘.,éjr where I(E,‘EJ_) is the radiation
intensity from the ele-.::trnn with total energy & and trans-

verse energy & g - A

Px+4 ’
Ly (&)= Lot (&) 9 2)+ -5 )z 7o

ere 8 e radlaclion L3 § 724 or apove-=parrlier
h a;,(e is th dietion length f b b i

(&> 6{0 ) particles.
Let us remind main points of the approach of Ref. 2 . The

particles having initial values of £  smaller than some
boundary value E‘f" belong to the first group (I), all
the others, including above-barrier ones belong to the second
group (II). The radiation from electrons of the second group
ig described by the simulation of a éaﬂnade under sbove-bar-
rier motion conditions, when within the constant field appro-
ximation the probability (and the intensity, see eq.(3)) of
photon emission is independent of f_{ «.1In view of a strong
intermixing in the transverse phase space of particles belon-
ging to the first group, & photon emission from them is des-
eribed by the simulation of s cascade at some intermediate
value of é_ﬁ = £ Efc;‘" é‘j[" « The simulation is carried

ol
| =
out with the probability corresponding to this value & =4&;

for gll particles of the first group. Then radiation characte-

b (&
j, /q”[l'/éd,(@‘{)]-i] S Crief) 1{2

¥

ristics (energy loss spectrs, photon multiplicity, etc) are
presented as & sum of the contributions from two groups multi-

plied by the fraction of particles in every one of them:

E..=ak, . (-a)Fy .(4)

The constant field approximation is valid for incident angles
/90 smaller than /9'1,/ = VE/ . Then orientation dependen-
ce of the yield ' in this interval of A s mttrely
due to that of the fraction a of electrons belonding to the
first group, since the parameters £J£ and cfff depend on-
ly on initial electiron energy &, , the type and the thick-
ness of the crystel.

Generally speaking the parameters cf“‘ and df‘e'{were
used in Ref. 2 as fift:ing ones. Now we can propose anslyti-
cal expressions for them basing on carefully investigated time
dependence of & and &y mean values described by Eq.(2)
in Refs 2 ; the allowaﬁce for arising widths of distribu-
tions, and numerous simulations developed. Let us formulate
the prescription.

1) The parameter E'_f' is given by the solution of the follo-

wing equation:

exp [LA’;;L; (sffj] -t (éff)/L (5)

:
where L is the crystal thickness, the functions éf({{},
an-’, (& ) are detined by Eqs. (2), (3).
2) The equation on the parameter <, reads

(6)

e - s

LA (E)\U ).



1t is important, that only above-barrier values of the radia-
tion L’ck (Eq) and dechanneling dr('é‘ﬂ) lengths at initial
electron energy &o are sufficient for calculation of the
parameters E_,_Ef and gf « The meaning of eq.(5) is in
selfconsistent determination of the <, domain boundary,
below of which the transverse phase space distribution gets
uniform for given crystal thickness. A detailed analysis of
this problem was performed in Ref. 8 without allowance for
the radiation action. Let us suppose, that some initial elec-
tron state is narrow over ¢&; . VWhile particles are tra-
versing a crystal the width of the state is increasing beca-
uge of both scattering and radiation effects. Relation (6)
determines a boundary of the &; domain, from which par-
ticles are captured into the first group, just because of
the mentioned spread of atates.

For fixed &£, a peak like that observed in Ref. 1
appears in the electron energy loss distribution for crys-
tall thickness /4 larger than L o  defined by the equa-
tion AWef ( La):.i (Q((:I'q{)=£ff, see eq.(5)). Note,
that the thilkneas Lo under conditions of Ref. 1 esti-
mated in Ref. 2 by using similar arquments was then confir-
med experimentally [ 5].. For [ < Lﬂ a separation of
all particles into two groups becomes insufficient (see a
footnote in Ref. 2 ). Indeed, for very small thicknesses
Z. « L o Do intermixing occurs and one has to use conti-
nuons initiel distribution over &y corresponding in
our terms to the infinite number of groups. Thus, the propo-
sed model is valid for 4 > /, , + Begiming with the thick-
ness A’i , defined by the equation gy (Z.i) e YN I |
particles belong to the second group.

Let us compare energy loss specira calculgeted by means of
this model to experimental date [‘I'G]an radiaton from 150 GeV

electrons traversing aligned Ge (axis <110). L = 0.205 mm) and
si 1100, L = 0.5 mm) crystals. The approximate potential (1)
was used. The results are shown iIn Figs.1-2. The values of
the parameters Xef , X were obtained from Egas.(5), (6)
being Kef = 2.39 and XY = 5.08 for Ge, ey = 2.75 and
X' = 4.53 for Si. The fractions of particles captured into
the first group (the quantuty a in eq. (4) are found to be res-
pectively 0.29, 0.193, 0.124, 0.082 for incident angles 0-9,
9-15, 15-21, 21=-25 prad in Ge and 0.246, 0.156, 0.107 for inci-
dent angles 0-9, 9-13, 13-17 Praﬂ in Si. The peak disappears

at some incident angle of narrow (over f&_—,) beam. Thias occurs
for a0, at 119‘,_, connected to relative magnitude of derive-
tives of two groups contributions with respect to ¥y (3: ‘"‘Zﬂ,
AL is the energy loss) near the peak position. The values

of parameters OCe # obtained for Ge and Si correspond +to
transverse energy EJ_E:F = 0.88 “Z(p in contrast with a sta-
tement of Ref. 16 , that only low-lying states, give rise to
the pesak.

The influence of the potential choice on theoretical des-
cription of QED - processes in crystals is of evident inte-
rest. We have analyzed this problem for cold (T = 100 K)

Ge (110,2 i.e. under conditions of Refs. 1 , 15 . In Fig. 3
iz shown the energy dependence of inverse radiation length
[,;f: _T(E) /é calculated for various potentials of separa-
te atom: (a) Doyle-Turner, (b) Moliere,and (c) Moliere with
additional axially symmetric approximation in the form of (1).
Let us stress that in all three cases the field not of the se-

parute axis, but of the whole crystel is taken into account.



10

Hear the axis the potential is axially symmetric with a good
accuracys. Therefore at moderate energies, when just this re-
gion of most strong fields E(SJ contributes mainly into
radiation, the &escription of processes by using the poten-

tial (1) is rather accurate, This applies also to the radia

tion from pdrticles of the first group staying all the time
close to the axis, Theﬁ local value of the quantum parameter
% {g) increases with energy, extending the region of
contributed distences g_ s Althongh the mentioned symmet-
ry of the potential holds for (111>E.Xis practically in the
whole area per one axis, it is not fhe case for (11{}') axige.
As a result the difference between curves (b) and (c¢) in

. Pig.3 characterizing the accuracy of axielly symmetric appro-
ximation (1) increases with energy. Let us note also the sys-
tematic difference between curves (a) and (b) in Fig.3, owing
to use of different atomic potentials. Our analysis shows,
that calculations using Dayi_e-Tumer potential agree with all
experimentel data obtained in cold Ge ¢110) better than for
other approximations. So, the QED processes may test the po-
tential at different ¢ (ac) depending ﬁn particle energy.
In particular, the nre;iﬂn of eTe” pair by a photon in near-
threshold region is very sensitive to the potential for

o SO ' '

In Fig.4 are shown the calculated energy loss specirum
in Ge (T = 100 K, {110 axis) crystal for L = 0.185 mm and
experimental dats (_—1 5]. The Doyle-Turner potential with-out
additional epproximetion was used. By using the potential (1)
the region of g < 0.5 rises about 20%. The mein contribu-
tion to. this region is given by particles of the second group.

The scale of the alteration approximately corresponds to the

11

difference between curves (a) and (¢) in Fig.3., The dependen-
ce of the type presented in Fig.3 for Si and Ge at room tem-
perature will be investigated elsewhere. However, it is clear
from above consideration, that the use of the Doyle-Turner
potential may result mainly in some lowering of theoretical
curves in Figs.1=2 in the region of J 05

The agreement between theoretical a:mi experimentel data
may be amlways improved by letting :‘."ief and E_L'é be
fit.ting parameters. The loss of prediction ability of the mo-
del is a price to pay for. In this way one can obtgin, in
particular quite satisfactory description of the data EE]
for Ge crystal with the thickness L = 0,07 mm, which is some-
what smaller then the boundary value Zla of the model.

In the Table are listed for some crystals thicknesses ch.
and ‘Z‘i determining an interwval, where the kinetics of ini=-
tially channeld particles is important, causing an appearan-
ce of the peak in energy loss spectira, Wé expect the most
pronounced peak at crystal thicknesa ‘4 ﬁf&o. The phenome-
non exista for £ > c_(':r, , which values are tabulated as
well. In addition the energy should be sufficiently high pro-
viding essentially quantum character of a radiation process
determined by the parameter y's « In tungsten the peak may
be observed at relatively low energy & = £ = 30 GeV, where
all necessary conditions are fulfilled.

In conclusion it can be stated that the presented model
gives not only qualitative, but also quite satisfactory quan-
titative description of the phenomena, The model permits one
to find regions of thicknesses and énergies where the peak
appears and to predict the shape of spectra without any fit-
ting parocmeters. It allows one to estimate a physical situa-

tion, in particular while planning new experiments.
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+ll quantities were calculated at room temperature, thickncsses
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Figure Captions
Energy loss spectra for 150 GeV electrons traversing
a 0.205 mm Ge {110 crystal at indicated incident
angles, ¥y = .dE/ea « Experimental data from Ref, 16 .

As fig.?, but for a 0,5 mm Si {110) crystal.

Inverse radiation length depending on electron energy

for different potentials (see text).

Ag figel, but for a 0.185 mm, Ge <ﬁ10} crystel,
T = 100 K. Experimental data from Ref. 15 .
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