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Abstract—In this paper, we present the simulation results of Cherenkov radiation in the soft X-ray
range using the GEANT4 software package. The effect of Cherenkov radiation cone transformation is
demonstrated.
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1. INTRODUCTION

As is known, Cherenkov radiation (CR) is formed when the charged particle velocity in a transparent
medium becomes above the light phase velocity in this medium, i.e., the condition n > 1/B, B = v /c should
be satisfied. Here, # is the refractive index, v is the charged particle velocity, and c is the light speed in
vacuum. In the visible spectral range, CR is well studied theoretically and experimentally; based on CR,
charged particle detectors are developed for identifying and determining particle energies in accelerator
beams.

The CR existence in the X-ray region was considered to be impossible. In 1976, it was shown [1] that
CR with an energy of ~250 eV can be generated in narrow spectral ranges due to the resonant behavior of
the refractive index at photoabsorption edges.

Later, the possibility of CR generation in the X-ray region was experimentally confirmed by several
groups [2, 3]. Interest in CR in the X-ray region is caused by its quasi-monochromatic spectrum and high
spectral density. These properties make it possible to consider the CR mechanism applicability to new
sources of soft X-rays in the carbon transmission window range [4, 5]. One of the obstacles for developing
such sources is the low angular radiation density caused by large apex angles of the Cherenkov cone. One
of the solutions of this problem is the use of the sliding interaction of emitting particles with the target sur-
face plane [6, 7]. In this geometry, the particle path length in a material increases; hence, the number of
generated photons increases. Furthermore, the effect of CR cone transformation [7] was predicted, which
is implemented in the case where the sliding angle becomes less than the angle between the generatrix and
CR cone axis. In this case, the radiation cone narrows, and the radiation angular density significantly
increases. The effect of CR cone transformation was considered in the case of a charged particle emission
from a semi-infinite target [7] and in the case of an electron emission from a material layer [8].

CR in the X-ray region near photoabsorption lines was simulated using the Geant4 software package
[9] which represents a platform for simulating physical processes based on Monte Carlo method. Previ-
ously, the Geant4 platform applicability to CR simulation in the X-ray region [10] was demonstrated, the
consistency of simulation results with theoretical calculations by the polarization current model was
shown [11].

In this paper, we present the results of the study of CR in the X-ray region, generated by an electron
beam passed through a material layer. The effect of the target geometry on the CR vyield is demonstrated.
The previously predicted effect of the CR cone transformation was shown for carbon and aluminum tar-
gets [7].
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Fig. 1. (a) Experimental geometry: yis the CR propagation directions, e~ is the electron beam propagation direction, 0 is
the “Cherenkov” angle, @ is the target orientation angle. (b) Model visualization window in the Geant4.

2. SIMULATION GEOMETRY

To study CR in the Geant4, a model of irradiation of thin targets (25 X 25 mm in size and 300 nm thick)
by an electron beam with an energy of 7 MeV at various angles in the range from 3° to 90° was developed.
The simulation geometry and visualization window of the model in the Geant4 is shown in Fig. 1. The
electron beam with an energy of 7 MeV is incident on the target at an angle ¢. The beam interaction with
the target generates CR which propagates from the target at a “Cherenkov” angle 0 and is recorded by
a virtual detector placed at a distance of 20 mm from the target. In the simulation, it was supposed that
the target, electron source, and X-ray detector are placed in a common vacuum volume. The photon
detection efficiency of the detector is 100%. For an accurate analysis, all processes generating electromag-
netic radiation, e.g., bremsstrahlung or transition radiation, were disabled in the simulation, except for CR.

3. SIMULATION PARAMETERS

One of the parameters used in the CR simulation in the Geant4 is the material refractive index (see
Table 1) determined using a real part of the scattering factor depending on the photon energy [12].

Figure 2 shows the calculated refractive indices for carbon near the absorption K-edge and aluminum
near the absorption L-edge.

Figure 2 shows that there exists a region in which the refractive index becomes more than unity; for
carbon this region is from 281.5 to 286.7 eV, for aluminum, from 64.8 to 98.8 eV. In these spectral regions,
the condition n > 1/ is satisfied; hence, CR can be generated.

The next parameter affecting the radiation yield is the photoabsorption length in material (L,,, = 1/up,
where L is the linear attenuation factor and p is the material density), characterizing the photon absorp-
tion process in a target material, which is also considered in the simulation.

The photoabsorption lengths in the region of soft X-rays from 20 to 350 eV for carbon and aluminum
are shown in Fig. 3. The real part of the scattering factor and attenuation factors were taken for calcula-
tions from the Henke database [13].

Table 1. Characteristics of materials used in the simulation

Target material Photoabsorption Dens1t§/, Photon energy Cherenkov 1 for @y,
edge g/cm Oppaxs €V angle, deg
Carbon K 3.51 284 4.85 1.0059
Aluminum Ly 2.7 72.5 15.28 1.0354
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Fig. 2. Refractive indices for carbon (red curve) and aluminum (black curve).
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Fig. 3. Carbon (diamond) (red curve) and aluminum (green curve) photoabsorption lengths.

4. CR SIMULATION IN THE GEANT4

To observe the effect of CR cone transformation, the electron beam incidence on the target was sim-
ulated for various angles. Figure 4 shows the CR energy spectrum obtained in the simulation of the inter-
action of the 7-MeV electron beam with carbon and aluminum targets for the various target orientation
angles: 3°, 5°, 7°, 15°, 45°, and 90°. The CR yield maximum is observed at the energy of ~284 and 72 eV
for carbon and aluminum targets, respectively.

The obtained full widths at half-maximum (FWHM) of spectral lines in the simulation are listed in
Table 2. It may be noted that full widths at half-maximum do not exceed 1 eV for the carbon target and
2.5 eV for the aluminum target for all electron beam incidence angles, which shows the CR spectrum
monochromaticity.

Figures 5 and 6 show the thermal maps of the angular distributions of recorded photons in the detector.
We can see that the CR shifts to the beam axis as the electrons incidence angle decreases. When the elec-

Table 2. Full widths at half~-maximum of spectral lines (eV)

Angle ¢
Target material
3° 5° 7° 15° 45° 90°
Carbon 0.84 0.82 0.90 0.86 0.84 0.68
Aluminum 1.95 2.25 2.40 3.0 2.10 1.95
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Fig. 4. CR spectra from carbon and aluminum targets taking into account photoabsorption.

tron incidence angle becomes smaller than the “Cherenkov” angle (see Table 1), the angular radiation
density increases; this phenomenon is called the CR cone transformation [7].

Figure 7 shows the transverse profiles of the CR angular distribution at £ = 0; these results show an
increase in the angular radiation density and photon shift to the central beam axis with decreasing the
electron incidence angle.

To quantitatively estimate the CR yield, the integration region enclosed by a rectangle in Figs. 5 and 6
was chosen. This region has an angular size of 12° X 6° for carbon and 7° X 14° for aluminum.

The summed number of photons was divided into the number of electrons (10® particles) passed
through the target. The result obtained is shown in Fig. 8.

Thus, it is shown demonstrated that the angular radiation density increases with decreasing electron
incidence angle on the target; the maximum value is at the incidence angle of 3°. The number of photons
in the selected area at incidence angles of 90° and 3° differs by a factor of 25.7 for carbon and by a factor
of 9.0 for aluminum.
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Fig. 5. Thermal maps of the distribution of radiation from the carbon target as functions of the incidence angle of the elec-
tron beam on the target. The number of incident particles is 108.
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Fig. 6. Thermal maps of the distribution of radiation from the aluminum target as functions of the incidence angle of the
electron beam on the target. The number of incident particles is 108.

CONCLUSIONS

(i) CR was simulated in the Geant4 software package for various target types at the electron beam
energy of 7 MeV. It was shown that the energy spectrum maximum corresponds to the photoabsorption
edge energy. The beam energy was chosen to make possible the experiment on the microtron of the
“Pakhra” accelerator complex using the “Rentgen-1" setup intended for low-background studies of
X-ray radiation [14, 15].

(ii) The effect of CR cone transformation is demonstrated. It was found that the maximum photon
yield is at the electron incidence angle on the target smaller than the “Cherenkov” angle.
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(iii) The presented simulation results in combination with the experimental [4, 5] and theoretical [6, 8]
data can be used to develop an intense CR source of soft X-rays in energy ranges from 70 to 300 eV.
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