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The experimental dependences of the intensities of secondary electrons and positrons of energy E on the 
orientation angle (J are compared with Born-approximation calculations for silicon and niobium crystals 
(E = Eo-w. Eo is the initial beam energy. w is the emitted-photon energy. and h = c = I). Satisfactory 
agreement between the experimental data for electrons and positrons in the silicon crystal is obtained in the 
first Born approximation at orientation angles e ;;. 10-3 rad. The effect of electron and positron channeling 
is observed at angles (J < 10- 3 rad. There is a discrepancy between the experiments and the first-Born­
approximation calculations for the niobium crystal. The discrepancy can be resolved by taking the 
bremsstrahlung into account in the eikonal approximation. A description of the coherent bremsstrahlung in 
the first Born approximation may be insufficient for crystals with Z ~ 40 in the energy range under 
consideration. Allowance for the dynamics of the process leads to a decrease of the bremsstrahlung 
interference peaks and to a shift of the principal peaks towards larger angles. 

1. INTRODUCTION 

Interference phenomena U-3J connected with the 
periodic structure of the crystal appear in the brems­
strahlung spectrum of relativistic charged particles in 
single crystals. Experimental results on coherent 
bremsstrahlung of electrons were obtained with 
cyclic [4,5J and linear [6,7J accelerators for diamond and 
silicon crystals. The large divergence of the primary­
particle beam (10-3 rad) and the background radiation 
greatly influence the coherent effects at small crystal 
disorientation angles, and make the comparison of the 
theoretical and experimental results in this angle region 
difficult. In addition, the Born approximation can no 
longer be used to describe coherent bremsstrahlung 
when the initial particle energy is increased, since the 
intensity at the maximum of the interference radiation, 
obtained with the aid of perturbation theory [1-3J, in­
creases without limit with increasing energy, and this 
leads to violation of unitarity [8, 9J . In this connection it 
is necessary to consider coherent bremsstrahlung in a 
crystal without the use of the Born approximation, and 
with greater accuracy than in the wide Weizsacker­
Williams method. Allowance for the second Born ap­
proximation [10J in the theory of coherent bremsstrahlung 
leads to a dependence of the emission cross section on 
the sign of the charge. At the same time, the fact that 
perturbation theory is no longer valid for the description 
of elastic scattering of fast charged particles in a crys­
tal[llJ, and the effect of channeling of relativistic elec­
trons [12J and positrons [13 , 14J, call for a new formulation 
of the question of bremsstrahlung of electrons and posi­
trons at small crystal-orientation angles. In light of 
these factors, interest attaches to a more correct com­
parison of the experimental results for coherent brems­
strahlung of electrons and positrons with the theory. 

2. EXPERIMENTAL PROCEDURE AND RESULTS 

The energy dependence of the bremsstrahlung cross 
section at a fixed angle of rotation of the crystal, and 
the measurement of the angular dependence of the 
bremsstrahlung cross section for a fixed energy, can be 
effected by two methods: 

1) Determine the intensity and energy of the photons 
by measuring the production of electron-positron pairs 
with a converter, followed by a subsequent analysis. 
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2) Measure the intensity and energy of the secondary 
electrons after the emission of the photons. 

Each of these methods has advantages and shortcom­
ings. Among the advantages of the second method is the 
rapid accumulation of the information, among the short­
comings is the decrease of the coherent effects as a re­
sult of scattering of the secondary electrons in the crys­
tal target. 

A comparison of the cross sections of the coherent 
bremsstrahlung of electrons and positrons becomes pos­
sible if one excludes effects connected with the charac­
teristics of the beams, or if the contribution of these 
effects is the same for the electrons and positrons. In 
the present experiment we obtained beams of positrons 
and electrons with nearly equal characteristics. 

The experimental setup is shown in Fig. 1. A posi­
tron beam [15J obtained by converting the main electron 
beam was accelerated to an energy Eo = 1 GeV and was 
directed to a crystal target secured in a goniometer. 
After emission of photons of energy w, the secondary 
positrons of energy Eo - W were separated with a spec­
trometer and registered by an ionization chamber. To 
obtain an electron beam from the crystal, it is necessary 
to change the phase of the accelerating field and the 
polarities of the solenoid, of the lenses, and of the cor­
rections. The measurements of the characteristics of 
the beams of the electrons and positrons have shown that 
this sequence of operations makes it possible to obtain 
beams whose parameters do not differ within the limits 
of the measurement errors. 

From the point of view of obtaining minimum beam 
divergences, it is preferable to perform the experiment 
with a straight beam, but an adverse phenomenon ap­
pears, namely the presence of background particles in 
the working energy range. An appreciable decrease in 
the intensity of the background particles could be ob-

FIG. I. Experimental setup: 
I-accelerator, 2-collimator, 3-
crystal, 4-goniometer, S-spec­
trometer, 6-ionization chamber. 
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tained by careful phasing of the sections of the accelera­
tor and of the beam path, and subsequently by shortening 
the duration of the current pulse. 

The goniometric system used in the experiment makes 
it possible to rotate the crystal about 2 mutually perpen­
dicular axes and about the beam axis. The vertical rota­
tion axis of the goniometer always remains normal to 
the beam. The accuracy of rotation about the goniometer 
axis is 5 x 10-5 rad, and around the beam axis it is 
3.5 X 10-4 rad. The alignment of the crystallographic 
axes of the sample with the goniometer rotation axes 
was not worse than 10-3 rad. The goniometer was cali­
brated with an LG-55 laser and a long-focus optical sys­
tem. The distance between the goniometer and the screen 
was 75 m. The calibration accuracy was ~ 10-5 rad. 

The single-crystal targets were secured in a clip. 
Three single crystals could be secured simultaneously 
in the clip. Preliminary orientation of the crystals was 
carried out by an x-ray procedure. The orientation of 
the targets relative to the clip was carried out also with 
the aid of a laser. The accuracy of the preliminary 
setting was 10-3 rad. The clip with the crystals was 
placed in the goniometer. Rotation around the beam axis 
was used to set the crystal in the beam and to align its 
crystallographic axes with the goniometer rotation axis. 

The use of a multicrystal goniometer makes it possi­
ble to investigate coherent bremsstrahlung from several 
crystals at fixed beam parameters. 

Silicon and niobium crystals were used in the experi­
ment. Their principal characteristics are listed in the 
table. 

Important factors in the experiment are the energy 
resolution and the vertical and horizontal angular accep­
tances of the spectrometer. The angular acceptances of 
the spectrometer were 6 x 10-3 rad in the horizontal 
plane and 10-3 rad in the vertical plane. The energy 
resolution was 0.5%. 

The secondary electrons (positrons) were registered 
with an ionization chamber. The chamber signal was 
amplified and fed to the (y) input of an automatic record­
ing potentiometer PDS-21. The other (x) input received 
a signal proportional to the crystal rotation angle. This 
yielded the orientation dependences of the secondary­
electron (positron) yields. These dependences were 
subsequently reduced with a computer in accordance with 
the "Speedball" program. With this program, the graphic 
material was converted into numerical printouts which 
were compared with the theoretical calculations. 

Figures 2 and 3 show the orientation dependences of 
the intensities of the secondary electrons and positrons 
for silicon and niobium crystals. The initial particle en­
ergy here and in the subsequent figures is Eo = 1 GeV. 
The abscissas are the angles between the beam direction 
and the crystallographic axis (for sili~2n [110] in the 
(001) plane, for niobium [111] in the (112) plane), and the 
ordinates represent the ratio 1/10 , where I is the inten­
sity of the secondary electrons (positrons) as a function 
of the crystal rotation angle, while 10 is the intensity of 
the secondary electrons and positrons from the dis­
oriented crystal. The disorientation angle was 2.B 
x 10-2 rad for silicon and B x 10-2 rad for niobium. 

The errors connected with the uncertainty (on the 
order of 10-3 rad) of the direction of the rotation axis 
relative to the direction of the crystallographic axis, and 
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Crystal I Atomic 
number 

Plane normal 
to the beam I Rotation axis I 

Silicon 

Niobium 

14 

41 

(110) 

(111) 

FIG. 2. Dependence of the 
yield of the secondary electrons 
and positrons on the angle be-
tween the beam direction and the 
crystallographic axis [110] in the 
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(00 I) plane for the silicon crystal: 
dashed-electrons, solid-positrons. 10 

FIG. 3. Dependence of the 
yield of the secondary electrons 
and positrons on the angle be­
tween the beam direction and 
the crystallographic axis [Ill] 
in the (112) plane for niobium 
crystal: dashed-electrons, 
solid· . positrons. 
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with the errors in the determination of the principal 
characteristics of the beam, were determined by aver­
aging the series of diagrams obtained in different meas­
urement runs, corresponding to definite values of the 
initial and secondary energy and also to the sign of the 
particle. The maximum deviations of the curves from 
the averaged curve did not exceed 5%. 

3. ANALYSIS OF EXPERIMENTAL RESULTS 

For our experimental conditions it is necessary to 
take into account the influence of the scattering of the 
primary and secondary particles on the coherent effect. 
The small angular acceptance of the spectrometer in the 
vertical plane makes it possible to take into account the 
influence of the particle scattering on the coherent 
bremsstrahlung only in the horizontal plane. 

Figures 4 and 5 show the orientation dependences of 
the yield of the secondary electrons and positrons with 
energies 700 and BOO MeV for the silicon crystal. The 
initial electron energy is 1 GeV. The same figures show 
the orientation dependences with allowance for the scat­
tering of the primary and secondary particles in the tar­
get. The rms multiple-scattering angle is given by 

(e')"'=,z1t"'Eo-', (1) 

where t is the thickness in radiation units of length, Eo 
is the energy of the particle in GeV, and e is the angle in 
mrad. Allowance for the multiple scattering leads to a 
decrease of the coherent effects and to a shift in the 
position of the coherent maxima towards larger angles. 
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FIG. 4. Dependence of the 
yield of secondary positrons on 
the angle of orientation of the 
silicon crystal: I-theory with al­
lowance for multiple scattering of 
primary and secondary positrons, 
2-experiment; dashed-influence 
of the dependence of the multi­
ple-scattering angle on the crystal 
orientation. 

FIG. S. Dependence of the 
yield of secondary electrons on 
the silicon crystal orientation 
angle: I-theory with allowance 
for multiple scattering of primary 
and secondary particles, 2-experi­
ment; dashed-influence of the 
dependence of the multiple-scat­
tering angle of the electrons on 
the crystal orientation. 

For secondary electrons with energy E = 700 MeV, 
allowance for multiple scattering shifts the first coher­
ent maximum by 10-3 rad. 

Calculations for the niobium crystal differ only in 
allowance for the actual crystal structure. The crystal 
lattice is body-centered. Each cell contains 2 atoms, 
The structure factor of this lattice is 

ISI'=2(Hcos ,,(h+k+l)), 

where h, k, and l are the Miller indices. 

Ter-Mikaelyan [16J has investigated the dependence 

(2) 

of the scattering angle on the orientation of the beam of 
charged particles relative to the crystallographic axes. 
In later studies by others [4-6J , however, the rms multi­
ple-scattering angle was assumed to be independent of 
the crystal orientation angle. When account is taken of 
the spectrometer characteristics (large angular accep­
tance in the horizontal plane and small acceptance in the 
vertical plane), even a slight dependence of the scatter­
ing angle on the crystal orientation leads to significant 
changes in the measured orientational dependences of 
the yielded secondary particles and positrons of fixed 
energy. The dashed lines in Figs. 4 and 5 show the influ­
ence of the dependence of the multiple-scattering angle 
on the orientation effects. The dependence of the multi­
ple-scattering angle on the orientation for the electrons 
and positrons was determined experimentally. Allowance 
for the dependence of the multiple-scattering angle on 
the orientation angle for the electrons and positrons 
leads to a much better agreement between theory and 
experiment in the angle region e > 10-3 rad[16,17J. 

The theoretical expressions for the cross section for 
the coherent bremsstrahlung in the Born approximation 
do not depend on the sign of the charge of the initial par-
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ticle [1-3J. A comparison of the experimental results of 
the coherent bremsstrahlung of the electrons and posi­
trons yields information on processes that depend on the 
sign of the charge. It follows from the obtained experi­
mental data that the orientation dependences for the elec­
trons and positrons differ most strongly in the region 
e :::=: 10-3 rad. In the region e > 10-2 rad, the orientation 
dependences for the electrons and positrons practically 
coincide. In the angle region e < 10-3 rad one observes 
for the electrons an increase in the intensity of the 
secondary electrons, and for the positrons a decrease in 
the number of positrons. Figure 6 shows the orienta­
tional dependences of the yield of the secondary electrons 
and positrons for different silicon-crystal thicknesses. 
The range 01 angles where a difference is observed be­
tween the electrons and positrons coincides with the 
region of angles in which the effect of channeling of 
electrons and positrons is observed [14J. Therefore, 
when coherent emission of fast charged particles is in­
vestigated in relatively thick single crystals (L > La), it 
is necessary to take into account the effects of the chan­
nelling on the process of bremsstrahlung. The length La 
characterizes the minimum thickness of the single crys­
tal over which the channeling regime is established: 

£,-2E,(,,'+E,'O')-', (3) 

where K = me 2 Z1/3 is the reciprocal screening radius. 

If the angle at which the particle is emitted into the 
single crystal is less than the limiting channeling angle 

e<Bcr= (2"Ze'/"a'E,) "'. (4) 

where Z is the atomic number of the single crystal and 
a is the lattice constant, then the overwhelming number 
of beam particles is captured in the channeling regime. 
The wave function of the channelled particle in the single 
crystal differs greatly from the incident plane wave, and 
near the lattice sites the wave function of the positron 
attenuates exponentially [18J. In this case the brems­
strahlung probability decreases strongly, since the chan­
neling leads to a suppression of processes with small 
impact parameters. Therefore a narrow minimum ap­
pears in the distribution of the intensity of the interfer­
ence bremsstrahlung. The angle width of this minimum 
is determined by the limiting channeling angle (4). The 
main contribution to the bremsstrahlung in the forward 
direction is made by pOSitrons that are not captured into 
the channeling regime; the fraction of these positrons is 

N,-Nchan (" " ) 'I, ----1 --- ~1 
No E,4Ze' . 

(5) 

The contribution made to the coherent bremsstrahlung 
by the channelled particles is small. 

For electrons it is also possible to realize a chan­
neling regime in the angle range ~ ecr ' However, the 
electrons move in the channeling regime predominantly 
near the lattice sites. Therefore a peak is produced in 
the spectrum of the coherent bremsstrahlung of the elec­
trons in the forward direction at zero entrance angle 
(the peak width is ~ecr)' The height of this peak is 
smaller than the depth of the minimum for positrons of 
the same energy. With increasing particle entrance angle 
relative to the crystallographic plane, the bremsstrah­
lung spectrum goes over into the usual spectrum of the 
interference bremsstrahlung [9J . 

Figure 7 shows the orientational dependences of the 
yield of the secondary electrons and positrons, as well 
as the theoretical values in the Born approximation, 
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with allowance for the particle scattering, for niobium 
single crystals. For secondary particles with energy 
E = 800 MeY, a discrepancy is observed between theory 
and experiment. With increasing secondary-particle en­
ergy (E = 700 MeY), the theory describes well the ex­
perimental results. This discrepancy may be due to the 
dynamic shortening of the coherence length of the brems­
strahlung when fast charged particles interact with single 
crystals, which leads to the suppression of the maxima 
of the interference bremsstrahlung by a factor 

{ I +~ Eo(Eo-w) }-t 
a m'lw 

and also to a shift of the principal maxima towards lar­
ger angles by an amount[B] t.e ~ Ze2/aK. 
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