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Abstract—The paper presents the results of an experiment on the generation of parametric X-ray radi-
ation (PXR) in the interaction of relativistic electrons with highly oriented pyrolytic graphite.
The measurements are performed at an observation angle of 180° relative to the electron velocity.
For the first time, the spectrum of parametric X-ray radiation formed in highly oriented pyrolytic
graphite in the backscattering geometry was recorded. The dependences of the radiation output on the
orientation angle of the irradiated target are measured.
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1. INTRODUCTION

Parametric X-ray radiation (PXR) is coherent radiation formed in a medium with ordered structure
upon exposure to beams of accelerated charged particles. Of particular interest is PXR of relativistic elec-
trons, since this radiation type makes it possible to develop an intense source of quasi-monochromatic
X-rays with tunable energy [1]. Throughout several years, theoretical and experimental studies devoted
to PXR properties and its possible applicability considered crystals [2], polycrystals [3], metamaterials [4],
and powders [5, 6] as targets. The possibility of using PXR for diagnostics of charged particle beams [7],
the study of the structure of biological objects [8], X-ray tomography [9], and the study of characteristics
of emitting targets [ 10] was shown.

Currently, there are two stations using PXR as a basic mechanism for generation X-rays. The LEBRA-
PXR station [8] makes it possible generate quasi-monochromatic radiation in the energy range of from
4 to 33 keV during the interaction of a 100-MeV electron beam with a silicon crystal. The second similar
station [4] allows generation of radiation with energies from 60 to 300 eV by using Van der Waals structures
as targets.

The main disadvantage of commercial sources based on PXR is a rather low intensity of generated radi-
ation. The prospect of the use of highly oriented pyrolytic graphite (HOPG) as a target material was con-
sidered to solve this problem [11—13]. This target type has not an ideal structure, and is a mosaic crystal.

Such a crystal provides a higher yield of X-ray radiation in comparison with a perfect crystal, which
was demonstrated theoretically [ 14]. Powder targets and polycrystals are not considered as targets for PXR
sources because of a very low radiation yield [15, 16].

In this paper, we present the results of an experiment in which PXR of relativistic electrons, formed in
HOPG in the backscattering geometry was detected for the first time. The measured X-ray spectra contain
high-order PXR peaks, which was also observed in previous studies [17, 18]. In the present study, the
energy and the full width at half-maximum of PXR spectral peaks were determined.

A new measurement technique was proposed and an experiment was described, in which the depen-
dences of the PXR yield on the target orientation angle were obtained.
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Fig. 1. Photograph of elements placed within the target chamber: (1) goniometer, (2) frame for fixing the target,
(3) Faraday cup in the off position.

\ <

Fig. 2. Experimental geometry. 0 is the observation angle, @ is the target orientation angle.

2. EXPERIMENTAL SETUP

Measurements were performed on the “Rentgen 1” experimental setup [19] of the Lebedev Physical
Institute (LPI).

As a source of relativistic electrons, a microtron with a beam energy of 7 MeV, a beam dump frequency
of 50 Hz, and a dump duration to 4 us was used.

As atarget, HOPG with a mosaicity of 0.4° + 0.1° and 10 X 10 X 1 mm in size was used. The target was
fixed on a plexiglas frame (2) (see Fig. 1) placed on a goniometer (1) allowing target rotation revolution
about vertical and horizontal axes with an accuracy of £0.01° which was sufficient for measurements.

The goniometer was installed in the vacuum chamber, the working pressure in which during the exper-
iment was 10~ Torr.

The beam intensity was measured with a Faraday cup (3) and a nanoamperemeter; the measured aver-
age current was in the range of 1—10 nA. The beam position, size, and shape were determined using a gas-
filled proportional chamber. The beam size was 3 mm with an initial divergence of 15 mrad.

PXR spectra were measured at an observation angle 6 = 180°, i.e., in such geometry when measured
radiation propagates in the opposite direction with respect to the incident electron velocity vector (see
Fig. 2). The angle ¢ corresponds to the target orientation angle.

Emission spectra were measured using an Amptek X-123SDD X-ray spectrometer [ 18]. The spectrom-
eter calibration and the determination of its energy resolution under experimental conditions were per-
formed by the measured characteristic X-ray (CXR) spectra of silicon (K, = 1.740 keV), the titan (tita-
nium) (K, = 4.510 keV), nickel (K, = 7.478 keV), and platinum (L, = 9.442 keV) at a shaping time of 1 us.
Samples for calibration were placed instead of the target. The spectrometer energy resolution was 98—
177 eV in the energy range of 1—10 keV. The radiation emission beam light detection efficiency in the
energy range from 1.5 to 10 keV is within 70—100% (see Fig. 3).
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Fig. 3. Detection efficiency of radiation by the X-123SDD spectrometer; the data for constructing the curve are taken
from the manufacturer site [20]. The left panel shows the curve for all spectral energy range. The right panel shows the
curve for the energy range of interest.
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Fig. 4. Primary spectrum of PXR from HOPG with a mosaicity of 0.4°.

The spectrometer was surrounded by lead protection and was rigidly collimated by a tungsten collima-
tor with an aperture of 1 mm and a lead collimator with an aperture of 5 mm so that the detector would
“see” only the target. The solid angle was 3.22 x 10~7 sr. The signal formation time in all the experiments
was 1 us.

3. MEASUREMENTS

The first experiments revealed six diffraction orders from crystallographic planes of the series (OON),
where N = 2, 4, 6, ... in the spectra. Figure 4a shows the PXR spectrum of HOPG measured during
the experiment.

The PXR peak positions measured and calculated by the Bragg formula are listed in Table 1. The cal-
culated values were obtained under the following conditions: the observation angle 6 = 180°, the lattice
is hexagonal (alpha graphite) with the parameters @ = 1.418 A and ¢ = 6.71 A. As seen in Fig. 4 and Table 1,
there is good agreement of spectral peak positions for all crystallographic planes.

The measured PXR peaks during experimental data processing were approximated by the Gaussian
function, after which spectral widths at half-maximum were calculated. The calculated results are listed
in Table 2. We can see that the width at half-maximum of PXR peaks is comparable to the detector energy
resolution in the spectral region under study; an insignificant excess is observed for the third and fourth
orders, which is associated with poor statistics of the experimental data set. For higher diffraction orders,
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Table 1. Calculated and experimental PXR peak positions from HOPG

Crystallographic plane Calculated PXR, keV Experimental PXR, keV
(002) 1.859 1.869 £ 0.001
(004) 3.718 3.720 £ 0.002
(006) 5.576 5.564 £+ 0.003
(008) 7.435 7.409 £ 0.008
(00 10) 9.294 9.266 = 0.007
(00 12) 11.153 11.106 £ 0.012
(00 14) 13.012 12.979 £ 0.039

Table 2. Spectral widths of peaks PXR at half maximum (FWHM)

Energy, eV
Plane
Full width at half-maximum Spectrometer energy resolution
(002) 111 £ 0.7 109+ 1
(004) 127 £ 1.7 1272
(006) 159 £ 4.2 144 + 6
(008) 183 £ 7.0 159 £ 10

widths at half-maximum were not calculated in view of an insufficient statistics. Based on the presented
data, we can say that the spectral line broadening due to mosaicity was not observed. At the same time,
in [21], among two most appropriate HOPG and LiF targets, to achieve the optimum radiation yield,
LiF was chosen, since HOPG exhibits PXR line broadening. It is possible that the difference between
the results obtained is associated with the chosen observation geometry. It is known that the spectral width
is minimum in the backscattering geometry [22, 23].

However, during the experiment, in attempts to obtain the dependence of the PXR yield on the target
orientation angle, similar to the “rocking curve” in X-ray spectroscopy, the problem arose: the beam
intensity varied from 1 to 10 nA. To solve this problem, the normalization to the CXR target intensity pro-
portional to the beam current is used in some experiments with crystals and polycrystals. An X-123SDD
spectrometer with an input beryllium window 12.5 um thick was used in the experiment, which does not
allow observation of radiation with energies lower than 677 €V. Since the characteristic K, carbon line
energy is 277 eV which is below the possible detection energy for the used spectrometer, the normalization
of results to the carbon CXR seems impossible.

According to the calculation of the position of PXR peaks from HOPG, an optimum case is the nor-
malization to the copper CXR lines which are close to the energies K, = 8.048 keV and K = 8.905 keV.

An advantage of the use of copper in this experiment is also total absorption of copper L, = 0.93 keV

and partial absorption of copper K, in HOPG 1 mm thick, which makes it possible not to overload the
detector used in the experiment.

For the purpose of normalization, the copper foil 40 um thick was tightly fixed to the HOPG target
surface output for the electron beam. The normalization was performed by measuring the copper K, line
intensity. Figure 5 shows the PXR spectrum formed in HOPG with a mosaicity of 0.4° after placing the
copper foil. There are clearly seen PXR reflections from (002), (004), (006), (008) planes; there are also
peaks of characteristic copper K, and Kj lines. It should be noted that the copper CXR and PXR vyields
from HOPG are comparable, whereas, e.g., in experimental studies [24, 16], it was shown that the PXR
yield from polycrystals is several orders of magnitude lower than the CXR yield from the target.

After placing a copper foil, the orientation dependences of the PXR yield in the horizontal plane were
measured. The results obtained are shown as a heat map in Fig. 6. The two-humped angular distribution
with a dip at a target orientation angle ¢ = 0° is observed, which is typical of PXR formed in crystalline
targets.
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Fig. 5. Spectrum of PXR from HOPG with a mosaicity of 0.4° after placing a copper target.
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Fig. 6. Dependences of PXR yield intensity on the target orientation angle ¢. (a) Energy range from 1 to 10 keV, (b) energy
range from 1.5 to 2.2 keV.

Radiation yield maxima are observed at angle @,,,, = +2°. The maximum PXR yield angle can be

determined by the formula
2
f 2wy
+_
| Y W
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where vis the electron Lorentz factor, , is the plasma frequency, and o is the radiation energy. The factor
of two in the denominator of this formula is caused by the measurement geometry used in the experiment,
in which a crystal rotation by angle ¢ causes a PXR beam deflection in space by angle 2¢. Therefore, the

(pmax =

b
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measured angular dependence of the radiation yield appears “compressed” relative to angular coordi-
nates.

As seen in Fig. 6, the dip is explicitly observed for the first-order diffraction and is insignificant for the
second order; for other orders, orientation dependences are narrowed. We can see that the dip at 0°
is “smeared”; this phenomenon is associated with multiple scattering of electrons in the target under
study.

4. CONCLUSIONS

PXR formed during the interaction of a 7-MeV electron beam with highly oriented pyrolytic graphite
was experimentally studied.

(i) It was possible to reliably detect six PXR reflections from the 002 plane for the observation angle
of 180° and the electron energy of 7 MeV.

(ii) It was found that widths at half-maximum of observed PXR reflections do not exceed the detector
energy resolution for the first and second diffraction orders in the observed spectral region.

(iii) The measured orientation dependences of the PXR yield on the target orientation angle showed
a typical two-humped angular distribution for crystalline targets only for the first-order diffraction from
the (002) plane.
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