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Abstract

The modern status of the theory is presented and a comparison
with +the whole set of experimental data is made. General conclu-

sion: the theory describes the data satisfactorily.

1 The process of photon emission by charged particles and of
electron-positron pair creation by a photon are egssentially modi-
fied in comparison with an amorphous medium when the initial par-
ticle is incident at a small angle e, to the direction of the axes
or planes of a single crystal. This is due to a collective inter-
action of some subset of regularly situated atoms of a crystal
lattice with the projectile. These problems have been under active
investigation during the last years.' '’ Recently, the authors
have developed a general theory of pair creation by photons and
radiation of high-energy particles in oriented single crystals

. . B-lU.-lE.-
which is wvalid kd

for any energy and any angle of incidence
an.It is shown that the 4important characteristic angle of the
problem is aﬂﬁhvsvufm, where vu is the scale of thg axis (plane)
potential and m the electron mass.

AL au>>vufm, the general theory transforms into the theory of
coherent radiation and pair photo-production which was developed
in the fifties. From this theory follows that at some particular
angles of incidence there is a constructive interference of the
contributions to +the radiation or pair production at different
centers. At definite angles e and energies, the probability of
coherent radiation and pair photo-production (see Refs. 18 and 19
and references therein) differ substantially from the probability
of independent (incoherent) radiation and pair production at
separate centers, which occur in an amorphous medium {the Bethe-
Heitler mechanism). If the angle e  is decreasing but still
en>vﬂ;m, cne obtains from the general theory a modified theory of
coherent processes, which has not been discussed earlier. Note
+hat in the coherent theory the perturbation theory is wused just

as for +ne Bethe-Heitler mechanism.

At small angles of incidence eﬂ<¢vnfm, the mechanism of radi-
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ation and pair production in a constant external field is acting
(for radiation the terms "magnetic bremsstrahlung”™ or “synchrotron
limit® are often used). In this situation the effects of the
external field should be taken into account exactly by not using
the perturbation theory. Constant field mechanism means that the
field of the axis-{cr plane) can be considered constant over the
radiation or pair creation formation length lf"*masfvu {where 8.
is the effective screening radius), see Refs. 20 and 6. The rest
of the problem then reduces to selecting an adeguate potential and
performing appropriate averages (see Refs. 20-21 and 12-13 for
radiation and 6-10 and 14-17 for pair creation). For pair creation
it was assumed that capture cof the particles of the created pairs
into channels play an.impcrtant role,ﬂz'zd this assumption was,
however, not confirmed. In +this region o©of the general theory
follow both the constant field 1limit and the correction to it is
- eoz. It is important that for high energies the characteristic
lengths of the processes of radiation or pair creation appear to
be one or two orders of magnitude shorter than that in a corres-
ponding amorphous medium. Due to this fact, specifiq electron-
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photon showers will occcur in the oriented single crystals.z Most

strongly, these effects manifest themselves at small angles o
when they are occurring in the external constant field.

For the time being, a series of experiments have been made in
which photon and electron beams of SPS at CERN have been used.}"®

In the present paper the experimental data will be compared with

theory.

Ha

<A The behaviour of the pair production probability in the

crystal depends essentially on the parameter
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where w is the photon energy, E the electric field (at a given
distance from the axis), and Eﬁ the critical field
ED=mzfe=1.32‘lﬂlﬁ?fcm. For 4<<1, the probability wz of the pair
production in the field (averaged over the distances from the
axis) is exponentially small [Hﬁ-exp(-&fﬂxl} and in single crys-
tals only coherent pair production is a specific effect. For -1

the probability wz

becomes egual to +the probability of the
incoherent pair production in a corresponding amorphous medium WEH

=
& and for 2>>1 one has he>>wEH. An
)

orientation dependence of +the pair creation probability Weia
reflects the discussad behavior: for <<l the function Wa(an} has

at a photon energy w=e

o

a minimum at ED=D, increasing with e, up to a coherent maximum and
then decreasing. With a further increase of the energy, the mini-
mum at 9a=0 goes over to a maximum (for ®.>1) and with a further
increase of energy, the width of <this maximum narrows. This
rebuild of the picture of orientation dependence is due only to
the interrelation between values of probability in the external
field WZ{@] and in the coherent region W:Oh(m} (at a given photon
energy w or ¥). This problem was analysed in detail in Refs. 9-10.

The dependence of the total probability of pair production
Wz{u} on a photon energy @ was measured experimentally’ "®°° as
well as the orientation dependence WE{GDJ for some intervals of w
in the cooled (T=100K) Ge single crystal aligned near the axis

<110>». In this s=ituation wi:w at u:ut=SD GeV and a rebuild of

BH
the orientation dependence picture occurs at w*230 GeV (see Fig. 3

in Refs. 9 and 10).



The function Wi {at au=ﬂj was presented in Fig. 1 of Refs. 8-
10. The same curve is shown here in Fig. 1 (the modified incoher-
ent contribution® WﬁH-D.ZEcm'% is added, note that HBH=G.32¢m’l].
The data are taken from Ref. 5. There is guite a good agreement
between theory and experiment. The same conclusion is contained in
Ref. 5. Now there is a complete agreement also in the theoretical
caelculation of WZ(H}. The orientation dependence measured in Ref.
5 was there compared only with calculations in which the field of
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one axis was taken into account _

applicable for enavojm-
0.2mrad only. Unfortunately, there is no comparison in Ref 5 with
t+he orientation dependence HE(EQJ found in Refs. 9-10 (see Fig.
4), walid for any e, - The curves of orientation dependence are
presented in Fig. 2, they are obtained using Reis. B-10 with
additional averaging over the energy intervels, just as in the
data of Hef. 5. In general, & Quite satisfactory agreement is
observed between theory and experiment. Though, for the energy
intervals 40-60 GeV and 120-150 GeV there are some discrepancies
(not exceeding 20%). It is necessary here +to increase both the
accuracy of the data (there is also & discrepancy in the coherent
region) and improve the theoretical calculations (some approxima-
tions were made in the region saﬂvnfmj. It was mentioned that the
shift to the left of the maximum of the curve Wetaﬂ} is due to the
more rapid increas with energy w, the '.robability Wztu] compared

with w:°h

{w). As a result, the functior e{En) has a maximum at
e,=0 starting with an energy where 2 “(5.1-5.3)/M [Eg-uvnfmaas, n
being the potential parameter for th. estimations q=2u12fasz, and
u. the amplitude of thermal vibrations). For the case under consi-

deration this energy is w#230 GeV. Thus, 1) the position of the

maximum of the function we{en} :s specific for a given crystal and

axis; 2) starting from some energy functions, Wefen} has the

maximum at anzﬂ. This result is in disagreement with the claim of
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Ref. 5 that the function Hﬂ{aﬂ] has the maximum at eﬂv{ay}'
meaning that the position of the maximum is not dependent on the

crystal and the axis and if shifted to eu=D at y = = only.

3 There are two parameters determining the radiation proper-

13,15
ties.

The first one of them, E-Zyz[{gé>—<g>2] where y=£/m, £
being the energy of the particle, and <V> {<£2>} the average value
of the (sguared) wvelocity of the particle, determining the
radiation multipolarity; at ¢<<1 the radiation is & dipecle while
at p>>1 it is of a magnetic bremsstrahlung nature. The second

parameter

E E
X = = =
m ED

determines the quantum (recoil) properties of the radiation; note

that already at X=0.1 the radiation reccil is significant and at

%=1 it dominates. The wvalue of p and the radiation behaviour are

dedendent on &, the angle of incidence respect the given axis.
Belcw, we will be mainly interested in the region euﬁehz vuja,

then g-gc-zvnefmz and for energies under discussion, gc>bl.
Indeed, for cooled (T=100K) Ge, axis <110», what corresponds to
the conditions of the Experiment,i" ocne has for the e;ttgy'
£=150 GeV ch132.

A local description of the radiation is possible in the

magnetic bremsstrahlung limit and due to this for the summation of

the radiztion contributions of different ).wticles it is encough to

* All the estimates below will be done for this condition.



know their distribution in the transverse to the axis phase space.
The dominant processes that change this distribution are radiation
and multiple (incoherent) scattering. One can characterize the
multiple scattering by the length 1d(£)=muﬂ:Lradf2nm2 |[L1_mi being
the radiation length in the corresponding amorphous medium and TJ0
the depth of the potential well) at which the increment of the
angle due to multiple scattering.isﬁfac. The characteristic length
at which the particle loses its energy Lch{£}=EKIEE}, where I(g)
is +he total intensity of the radiation. If the energy increases,
ld{z} increases too while Lch decreases (up to its minimum of
e~1TaV), so +hat +there is a particular value =t when

cr

E T ) (see Ref. 26). For Ge one hss ecff{dﬂ-ﬁﬂj GaV

d ik

£ E
i ch( cr

depending on the axis and the temperature. For s>£cr the radiation
angles are inside the angle e&_. In this region it is impessible to
neglect +the influence of the radiation on the kinetic of the
pDrocess; indeed, under the conditions discuszed,
ld[15D GeVi=0.51lcm, Lch[lED} Cev)=0.1lcm. However, one should take
into account that +these wvalues of 1d and Lch are,  strictly
speaking, for above the barrier moticn, i.e. for particles with
transverse energy e,>U , for which any distance from the axis is
accessible and the distribution over the transverse coordinates is
uniform. To be definite, 1let wus wuse the axially symmetTic

potential of the axis, introduced in Ref. 27, which for the

electrons is convenient to write in the form

Ulx) = Vv In[(L1+41/n)/(1+1/%+n])] . (1)

2 2 3 . y
where x=p" f2_, o being the distance from “the " axis, a_ “the
screening radius. The guantities UD, n, a_ * are the potential
parameters M see the Table of Ref. 13), UD=U[xE},' in "Gur Ccase

x =15.8, n=0.063.

:""\

An electron with definite transverse energy t; when EL<UQ is
moving in the region X<X where X is defined by U{x1}=cL. Assum-
ing that the distribution over Xx igs uniform in the whole acces-
sible region, one obtains that with the decreasing of £, (or xlh,
the multiple scattering increases proportionally Ex°+n}f{xl4n] due
to the increase of the mean nucleus density and at xf:i multiple
scattering may be a dozen times more intense than for above the
marrier electrons. The intensity of the radiation alsoc 4increases
but snmwébat slower and, for example, at xl=1 i+t 18 12.5 more
intense then for above the barrier of particles. Thus, the crystal
may be thin for above the barrier electrons and in the same time
thick for the part of the channeled electrons. The situation foro
positrons is opposite: With the decreasing of ¢ starting frcm tc,
decreases both the multiple scattering on the nucleus and the
intensity of the radiation since the region near the axis becomes
for these positrons less and less accessible. S0 if one excludes
very thin crystals, in which the menticned mechanisms have no time
+o manifest themselves, we have To consider tThe camflicatei
kinetic problem which is still not solved, even witﬁféﬁiatioz
effects. In the present paper we will make a gqualitstive analysis
of +he situation, 1looking for the evolution of the mean value
z:{eL}KUQ. 1+ is supposed +that <the initial particles have
z=2z(0)<1l. Variation of the functions z and ¢ is described by a set
of eguations

dz _ i Ku+ﬂ = £ e 5]
¥ Tag 1gte) % +n gt

(2)
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X
dx YxYy, I(x)
£(e,z) =] ' 2= (z - )
i ™ xy li.l':i £
{3)

¥ ax I{x)
s e i I o
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Here, I(x) is the local value of the total radiation intensity in
the field of the axis. In eg. (2) we used the variable X, defined
by eguality z=U(x1}fUa. We have analysed the set (2) under some
simplified assumptions. For example, functions f:L and f2 in the
considered interval of energy £ depend weakly on £ and in a first
approximation, this dependence may be neglected. For
zEE:(D}=15D GeV, the first term in eq. (2), which takes intoc ac-
count the influence of multiple scattering, is larger than f1 if
x:[G}<l.3 (z(0)<0.81). This means that for particles which possess
the lower values of xl(D}, the mean transverse energy is increas-
ing f£from the wvery beginning (starting from 1=0). For particles
possessing somewhat larger wvalues of xliﬁ}, the guantities x, and
z first decrease as a result of radiation but afterwards due tc
the decrease of x  and mainly due to the energy 1losses, they
become increasing at some depth 1. It follows from the solution of
eg. (2) that particlesg losing tnhe main part of their energy in
relatively thin crystals, have the "trajectories” xltl} which is
confined by some X, for all 14iL. For example, in a crystal of
thickness L1=1.Eﬁ‘lﬂ'2cm all electrons losing energy aabﬂ.ﬁcn have
x1(1}<4.2 and for L2=4'10'2cm one has x1{1}<1l for the same ac.
Thus, there is a group of electrons which, all the time when
crossing the crystal, is at significantly shorter distances from
the axis than from the maximal distance X i.e. in the iregion of
the higher electric field. The radiation intensity and the

probability of +this group are enhanced significantly e.g. for

xl-2.5 and €£=150 GeV one has seven times the enhancement for
intensity and five times for probability. The radiation spectrum
of this group is somewhat harder than that of above the barrier
electrons, but the large energy losses are mainly due to & high
multiplicity rate of the radiation. A high rate of the multiple
scattering and the sizeable dispersion in energy distribution of
radiated electrons 1lead to a strong mixing of the electrons of
this group, so that for them distribution over x effectively be-
comes uniform.

From the analysis fulfilled, one obtains the following simple
model which takes into account the influence of the radiation on
kinetics. Let us divide all the particles into two groups using an
initial distribution in ¢,. To the first group belong particles

xl{D}<xb{x {xﬂ} and to the second group &1l the other particles as

b
channeled as well as above the barrie- ores. It is assumed in the
following that the particles of tha £:irst group have the uniform
distribution over the coordinate for the whole crystal thickness
corresponding to some particulzr wvalue X, =X <Xy and the
distribution of all other particles is the same as of the above
barrier cnes.

Now, knowing the particle distribution, we can calculate the
characteristics of the radiation. C{ne can estimate the walue of Xy
using the solution of the set of eguetions (2) with allowance for

disperson of the distribution in ¢ and =£,. However, strictly

speaking, in the frame of the used consideration both Xy and X ¢

* In a more detailed model one can divids all the particles into
three groups: 1) with xl{D}<xb, 2) 8ll1 other channeled par-
ticles, 3) above the barrier parsicles, and define their own Xoe

for the first and the second grocup.
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are the fitting parameters.

When the thickness of the crystal is increasing the wvalues Xy
and Xo¢ B8re increasing too and when X becomes egual to 2, { for
the conditions under consideration this thickness is L=8' 10 *em)
energy loss of the particles of the second group become similar to
those o©of the particles of the first group such that the
contribution of the particles of the first group into spectral
distribution over Ae stops to be distinguished. One should take
into account that the number of particles in the first group is
always small. So, for au=ﬂ and ﬁan=3Durad, only 12% of the - par-
ticies are channeled from the beginning and, of course, a smaller
part of the particle has xl(ﬂ}cxb. A peak (due to the first group)
in the spectral distribution over ae disappears also in the case
of a very small thickness of the crystal because the decrease of

the number of the particles in the group (x, is decreasing) but

b
mainly because of the decreasing multiplicity rate of the radia-
tien. In the conditions of the exf&riment,4 it occurs at L-(5-
?}'ID'Ecm- The value of Xy will be decreasing with the energy
Aincrease for the crystals of the fixed thickness and for the zbove
the barrier particles may become significant for their radiative
capture into the channel.

Starting & comparison of the theory and +the experimental
data, let us recall that the detector used in Refs. 2-4 actually

gsum up the energies of all the radiated photons during the passage

so that the distribution of energy losses y=&zf:a are really

measured. We will present in some figures the photon spectra which
significantly differ from the energy loss spectra because of high
multiplicity rate. In this case it will be y=w/¢, where e is the
photon energy. We will present function

aN aN
. 1 {1-a) 2
S a Lo b s gt & T RE (%)

where, according to the model used, a is the part of the electrons
in the first group {index 1). For L=0.l4cm we have to put a =0, as
it was explained above. The calculation of the orientation depend-
ence of +the total energy loss for this thickness was carried ﬁut
in Ref.]2 and agrees well with experiment.z‘3 The distribution
szfﬂy was found in Ref. 25, where in Fig. 5 is shown the distri-
buticn of the particles over energy, which differs from szfdv by
a substitution of ¥y = l-y only. These results are presented in
Fig. 3 in form (4) as well as the experimental data.?"? Quite
satisfactory agreement of the theory and data is seen and a
drastic difference of the true photon spectra (curve 1) and the
energy loss spectra (curve 2) being due to the high multiplicity
rate (see discussion in Ref. 25).

For L=0.04cm we use xb=11 and xefzﬁ. Then, for 9D=G and the
angular divergence of the beam ﬂeﬂ=3ﬂuraﬁ, one obtains a=0.15. The
first group particle contribution is demonstrated in Fig.
4. We present the value F at a=0 (curve 2) and a=0.15 (curve 3) as
well as the true spectra (curve 1). The data taken from Ref. 3 and

also represented in Fig. 4, argue in favour of the existence of

the particles of the first group. There are some discrepancies in

* Let us note that the position of the peak (for L=0.l4cm) coin-
cides with the theoretical one in Fig. 3 if one takes the data

from Fig. III-15 in Ref. 28.



absolute values, possibly connected with the fact that normaliza-
tion of the curve for L=0.04cm in Fig. 2 of Ref. 3 differs essen-
tially from 1.

For L=1.85'10"*cm we use xb=4.2 and xef=2.5. Then for eu=D
and aeusaﬂprad one obtains a=0.087 and for eu=l?urad one has a=
0.073. Unfortunately, the spectral distribution in Fig. 3 of Ref.
4 are presented éihout background subtraction. To avoid this
problem, we compared with theory the difference of data for enzﬂ
and eungﬁuraﬂ as well as for annl?prad and ﬁurgﬁurad. All the
particles are above the barrier for au=95urad, even with allowance
©of angular spread in the incident beam (a=0), so that the men-

tioned difference in the model used is given by the expression

oF = 24 {le - sz) (3)
L oy cy p

This value for ao=0 is shovn in Fig. 5 {(curve 2) and for
aﬂtl?urad in Fig. 6. There is guite a good agreement between the
calculatiorns and the data, what one can consider as a confirmation
of the proposed model of the kinetics. The peak itself in the dis-
tribution over 8t appears due to a high multiplicity rate of +the
radiation of the particles of the first group. It clearly follows
from a comparison of the distribution over 4 in Fig. 5 with true
photon spectra of the same group (curve 1). An additional illus-
tration is shown in Fig. 7 where for thickness 1=1.85'10"?cm the
calculated dependence o©f the multiplicity (for photon energies
w>l GeV) on a relative energy loss ﬁtfﬁu is presented: n, for the
particles of the first group (curve 1) and n, for the particle of
the second group (curve 2). The observed distribution of the mul-
tiplicity is given by the expression n-an1+{l+a}n2. In Fig. 8 the
spectral distribution of the energy loss (curve 4) and true photon

spectra (curve 3) are shown for eu-gﬁmrad, where electrons and
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positrons should radiate in the same manner. As it was mentioned,
for positrons at au=ﬂ the crystal with L=1.85'10"°cm is a thin one
sc that we calculated the energy loss distribution (curve 2) and
the true photon spectra (curve 1) using the initial particle
distribution. It is seen that due to a flux redistribution the
radiation of the positrons at e, =0 is much weaker than that of the
above barrier particles and because of the low multiplicity rate
curves £ and £ nearly coincide.

Thus, the analysis presented in the present paper shows that
the theory guite satisfactorily describes the whole set of +the
pair production and radiation experimental data in oriented
crystals. It should be stressed, however, that the explanation of
the radiation data, especially the "new channeling effect",® has
required a2 deeper understanding of the kinetic phenomena.Further
investigations, both theoretical and experimental, are needed to
obtain a complete picture of the radiation in oriented single
crystals. It would be worth to diminish the angular width of the
incident electron beam; it 4is also desirable to continue the
measurements using crystals of different thicknesses. It would be
interesting to make measurements for some particular thicknesses
at different energies. In our opinion, the £final processing of %he

existing data is desirable too.

b
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FIGURE CAPTIONS

Figure 1:
The dependence of +the total probability of the pair
production on photon energy. The curve is taken from Refs. 8-10,

the data from Ref. 5.

Figure Z:

The orientation dependence of the total probability of the
pair production in given energy intervals. The theory is from

Refs. 9 and 10, the data from Ref. 5.

Figure 3: The  spectral distribution for ervsital thickness
L=0.14cm from eq. (4£). Curve 1 is a *true photon spectra, curve 2
an energy loss distribution. The theory is from Refs. 9, 10 and

25, the data from Refs. 2 and 3.

Figure 4: %
in the
The spectral distribution for crystal thickness L=D.U4cmﬂfnrm
{4). Curve 1 is the true photon spectra. Curves 2 and 3 are
the energy 1loss distribution, curve 2 for a uniform distribution

and curve 3 contains also the contribution of the particle of the

first group. The data are from Refs. 2 and 3.

Figure 5: g
in the
The spectral distribution, form (5) for L=1.85"10"%cm and

the angle of incidence aﬂ=ﬂ. Curve 1 is the true photon spectra,

curve Z the energy loss 'spectrum. The data are from Ref. 4.

I6

Figure 6:

The same as in Fig. 5 for e =17urad. Curve 2 only.

Figure 7;

The dependence of multiplicity on energy losses. Labels 1 and
2 are for the particles of the first and second croup,

respectively.

Figure 8¢
d i F " : g e
The spectral distribution in the form (4), L=1.85"10 "cm. The
true photon spectra, curve 1 for positrons at eG:D and curve 3.forxr

both electrons and positrons at 90=G=56urad. The energy loss dis-

tribution in the same conditions, curves 2 and 4, respectively.
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