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Abstract

Simulations concerning radiation in oriented silicon and tungsten
crystals of different thicknesses are worked out. Running conditions
are those of experiments done at Kharkov (Ukraine) and Tomsk (Rus-
sia) with electron beams in the 1 GeV range. Systematic comparisons
between experimental and simulated spectra associated to real spec-
trum, radiation energy and angular distribution of the photons are
developed. The ability of the simulation program to describe crystal
effects in the considered energy range is then analysed.



INTRODUCTION
The channeling radiation of photons by high-energy electrons in aligned

single crystals discovered during the late seventies continues to attract the
attention of physicists. This phenomenon may be used as intense source of
directed photon radiation with energy of the order of tens MeV for incident
electrons of a few GeV [I]. During the last ten years many experiments using
different crystals at various energies were made. To facilitate the analysis of
the experimental results a global program of simulation of this phenomenon
was developed in France[2, 3]. This program allows to make simulations
in a large range of initial conditions: energy range of incident particle -
from hundreds of MeV up to tens of GcV, different crystals (for instance for
tungsten, silicon, germanium etc) with thicknesses from hundreds of microns
to tens of millimeters and for different axes and planes. Implementation of
this program in the shower code GEANT permits to take into account all
the physical processes in the material outside the channel [3j.

During the last years, investigations on new high intensity and small
emittance positron sources dedicated to linear colliders were going on. One
of the promising ideas made use of channeling radiation to generate electron-
positron pairs [4]. It is important to proceed with experimental observation
of positron production; as a step in this direction an experiment with a 2
GeV electron beam was proposed to be made in Orsay with a crystal of
tungsten [5]. For that experiment the same program of simulation is used.
To analyse its ability to describe axial channeling experiments in the energy
range of concern, it was decided to make comparisons between the results of
simulation with this program and the experimental data obtained at Tomsk
and Kharkov at energies of 900 MeV-4-1.2 GeV with a crystal of tungsten
and with a crystal of silicon.

1 Channeling in the crystal of tungsten

Some experiments with an electron beam having an energy of 900 MeV
were made in Tomsk and Kharkov. In both experiments they used the same
crystal of tungsten 1.18 mm thick with the beam directed along the < 100 >
axis. The internal structure of this crystal was tested on the 7-diffractometer
in Institute of Nuclear Physics (St.Petersburg). The mosaic structure was
less than Lindhard angle for this energy of electrons ( ^ = l.5mrad).



1.1 Experiments in Tomsk and Kharkov

The spectra of total intensities of channeling radiation were measured on
Tomsk synchrotron with the spectrometer of total absorption using a NaI(Tl)
detector [6]. During the measurements with the spectrometer the accelerator
current was held at such a level that the number of photons interacting with
the detector for the equivalent time of the electron beam being on the target
(10-15 ms) was less than 15-20. In this situation the probability of simulta-
neous registration of photons from two different electrons was negligible.

The real photon spectra were measured on Kharkov accelerator by the
method of Compton scattering of photons on a thin target [7]. As the Comp-
ton scattering at small angle does not change the spectrum of photons, the
photons scattered on 5.14° were cut by two collimators and after that their
energy was measured.

In both experiments the measurements were made with several angles
of collimation of photons radiated from the crystal: 0.25 mrad, 0.5 mrad,
1 mrad and 1.5 mrad. The comparison was made with the spectra with a
collimation angle of 1 mrad (Figure !,extracted from [8]).

On the basis of the results of both experiments the authors made an
estimation of the multiplicity of photons/per one electron. The method con-
sisted on the following: if G(w) - is the real photon spectrum (curve 1 on
figure 1) and S(w) - is the spectrum of total intensity (curve 2) and assuming
that the photons radiated simultaneously have the same spectrum, one can
write

S(to) = PiG(w) + P2 H G(w')G(w - w')dw' +
Jo

P3 H dw' r G(w")G(w' - w")G{w - w') + ... (1)
Jo Jo

where f\, P2, P3 are the probabilities to have 1,2,3... photons. It was consid-
ered that the number of photons for one electron in an angle of 1 mrad might
be less than 3 so only the first three coefficients were included. The proba-
bilities were calculated by fitting the total radiation spectrum measured in
Tomsk with function (1). The result is:

P1 = 7.8%, P2 = 2.5%, andP3 = 0.6%.



1.2 Simulations made with our program

The simulation was made under the same conditions: thickness of the crystal
1.18mm, electron energy 900 MeV, axis < 100 >. As in a collimation angle of
1 mrad the average number of photons is rather small, then big statistics are
required. The total number of 10000 electrons was simulated. The resulting
number of photons radiated in 1 mrad was 3155. The spectra of these photons
are shown on figure 2.

On figure 3, one can see the superposition of these two spectra. As the
spectra present differences, we can assess that the problem of the multiplicity
of photons in the channeling conditions even for electrons with energy of 900
MeV exists.

A clearer comparison of the resulted spectra was made through fitting.
This is shown on figure 4(a) - fitting of real spectrum, and figure 4(b) -
fitting of the total intensity spectrum. The fitted curves are superimposed
on figure 4(c).

As one can see the maximum for curve 1 in experiment and simulation is
situated near 16 MeV. But the simulated spectrum is narrower as its width
at the half height is 65 MeV while for experimental curve it is 80 MeV. For
curve 2 the agreement is worse: in the experiment the maximum is situated
near 40 MeV while in simulation it is situated near 30 MeV and for the width
we have 150 MeV for the experimental curve and 90 MeV for the simulated
one. The ratio of the heights of these curves (real spectrum/total intensity)
is 1.6 - for experimental, and 1.3 - for simulated ones.

The analysis of the multiplicity in the simulation gives the following num-
bers:

P1 = 19%, P2 = 4%andP3 = 0.8%

These numbers are quite different from "experimental" ones. But the ratio
of probabilities to have more than one photon and to have only one photon
is rather close: 30% for simulation and 35% for experiment.

As there are some differences between experimental and simulated spectra
of total intensity of radiation while the real photon spectra are quite alike
and the multiplicity are also different, we can suppose that in the Tomsk
experiment the number of incident particles was not well known which leads
to some problems with normalization.



2 Channeling in the crystal of silicon
The experiment with crystal of silicon was made in Kharkov using the same
method of radiation measurement as for tungsten crystal. In this experiment
with an electron beam of 1.2 GeV, a crystal 1.5mm thick with an axis < 1] 1 >
was used. As amorphous target the same crystal was used but disoriented
by an angle of 2° along two axes perpendicular one to each other. The
spectrum of photon intensity was measured for crystal and amorphous cases
with collimation angle of 0.4 mrad which corresponds to the solid angle of the
target for Compton scattering of photons radiated in silicon. These spectra
are represented on figure 5 [9]. The angular distribution of radiation intensity
for some fixed energies of photons radiated in crystal and for integrated
spectrum from amorphous silicon were measured by changing the position of
the target for Compton scattering (figure 6, [10]).

The simulation of channeling in silicon crystal was made under conditions
similar to the experimental one. The statistics at the level of 20000 incident
electrons was reached for crystal case and 30000 electrons for amorphous one.
The simulated spectra for photon intensity are shown on figure 7 and for the
angular distribution on figure 8.

The spectra of photon intensity in experiment and in simulation are very
similar. The maxima are situated near 18-20 MeV and the width at the half
height is between 45-50 MeV for both cases. The ratio of maximum level of
photon radiation intensity in the crystal case on the same for the amorphous
case is also in good agreement: 25 for experiment and 22 for simulation as
could be observed on spectra showed on figures 5 and 7. The large value
of ratio is the consequence of the very small collimation angle because the
average angle of radiation in the case of crystal target is less than in the case
of the amorphous one. The effect of rising of the tails of distribution is the
result of small statistics in the angle of 0.4 mrad.

The angular distributions are determined for photon energies of 10 and
50 MeV. For photon energy of 100 MeV the statistics were too small to make
any curve. The half-width on the half height for the photons of 10 MeV is
slightly narrower for simulated spectrum: 0.4 mrad in comparison with 0.45
mrad for experimental one. As to the curve of the photons of 50 MeV one can
see that the shapes are rather alike: there is a minimum for angle of 0 mrad.
The positions of maxima are also not very different: 0.5 rnrad for experiment
and 0.7 mrad for simulated curves. The ratio of maximum levels for 10 and



50 MeV is 4.5 for experiment and 4.1 for simulated curves. The width of
angular distribution for amorphous target is difficult to establish. The ratio
of maximum levels for 10 MeV photons and amorphous distribution is 19 for
experiment and 20 for simulation.

On the basis of this comparison one can say that the program of sim-
ulation describes almost correctly the channeling radiation processes inside
silicon.

SUMMARY AND CONCLUSIONS

On the basis of the comparison just made we can derive the following con-
clusions: the simulation program describes in a satisfactory way the channel-
ing radiation in crystals of tungsten and silicon in the energy range 900-^1200
MeV and for the thicknesses between 1 and 1.5 mm. This ability holds also
for different axes: < 100 > and < 111 >. The simulation gives good agree-
ment for photon intensity and angular distribution spectra and slightly worse
for total intensity spectrum. The only point for which the difference is impor-
tant is connected with the probabilities to have one or more radiated photons
per one electron; these multiplicities were not measured but calculated us-
ing real photon intensity and total photon intensity spectra. Such a method
is very sensitive to the normalization of the measurements with the flux of
electrons through the crystal; so, it is not surprising that the uncertainties
in electron beam intensity determination lead to some discrepancies with the
simulations.

Our simulation program is also used for 2 GeV channeling experiment
using a tungsten crystal. As it turns out that recent experimental results
are almost close to the simulated ones [11], the ability of our program to
describe channeling in crystal covers the domain up to 2 GeV. The reliability
of this program will be improved after making systematic comparison with
experimental results in the energy domain of some GeV.
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Figure 1: Experimental spectra from [8]:

1 - spectrum of real photons from Kharkov experiment,
2 - spectrum of total radiation intensity from Tomsk experiment,
3 - spectrum fitted with formula (1).
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Figure 2: Simulated spectra: a - real photon spectrum, b - total intensity
radiation spectrum; in brackets here and below - the angle of collimation
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Figure 3: Superposition of simulated spectra.
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result8 of fitting
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Figure 4: (a) Fitting of real photon spectrum.
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results of fitting

0.235?E+06
Û.693ÔE+O6

0.02 0.04 0.06 0.08 0.1

!energy spectrum of photons (<1mrad)

Figure 4: (b) Fitting of total intensity spectrum.
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comparison in the range of small eneraies
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Figure 4: (c) Comparison of fitted spectra.
1 - real photon's spectrum
2 - spectrum of total intensity
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Figure 5: Spectra of intensity (from [9]) of the 7-ray emission from an oriented
on < 111 > axis (points) and disoriented (histogram) Si crystal.
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Figure 6: Angular distribution (from [10]) of the 7-ray emission from an
oriented Si crystal: 1,2,4,5,6 - the energy of the 7 is 10,20,30,50,100 MeV,
respectively (points from experiment, curves calculated from theory); 7 - an-
gular distribution of the 7-ray emission from a disoriented crystal (integrated
over the spectrum); 3 - angular distribution of electrons (in arbitrary units).
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Figure 7: Simulated energy spectra of the 7-ray emission from an oriented
Si crystal(non-filled) and amorphous Si target(filled).
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Figure 8: Simulated angular distribution of the 7-ray emission from an ori-
ented Si crystal: 1,2 - the energy of the 7 is 10 and 50 MeV, respectively; 3
- angular distribution of the 7-ray emission from a amorphous target (inte-
grated over the spectrum).
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