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ABsTRACT: Parametric X-ray radiation associated with the diffraction of virtual photons and the
diffraction of X-rays described as the diffraction of real photons are studied experimentally. The
diffracted radiation was generated by a 7MeV beam of electrons and an X-ray tube respectively.
Both diffraction mechanisms occur in a tungsten powder. The processes have been compared
excluding three key parameters: the attenuation in the target, the background of the diffracted
signal and the spectrum of the incident radiation. Remarkable differences between the diffraction
mechanisms of virtual and real photons are observed. The ratio between the PXR peak and the
XRD peak decreases when the peak energy increases.
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1 Introduction

Parametric X-ray radiation (PXR) occurs when a charged particle interacts with atoms of an ordered
structure such crystals. The Coulomb field of the incident particles excites the electrons of the target
which radiate coherently due to the structure. The mechanism of radiation has a quasi Cherenkov
nature [1-4].

At ultrarelativistic velocities of a charged particle its Coulomb field considerably shrinks in
the direction of the particle motion and stretches in the orthogonal one, resembling a flat ‘pancake’.
In this case both the electric and magnetic fields created by the particle are almost perpendicular
to its velocity and the whole proper field of the particle, moving almost with the speed of light,
strongly resembles a plane electromagnetic wave with a very broad frequency spectrum. Due to
this fact, many processes of the particle interaction with matter, involving the ionization loss and
various types of radiation emission, can be treated with the use of the Weizsacker-Williams method
of virtual photons [5, 6] (the idea of this method was initially proposed by E. Fermi [7]). In this
method the Coulomb field of the incident particle is considered as a flux of quasi-real (or virtual)
photons and the processes, taking place upon the particle motion in substance, are associated with
the scattering and absorption of these photons (treated as real ones) by the atoms. Particularly, in
this method the process of PXR can be treated as the Bragg diffraction of the virtual photons on the
crystalline structure [8].

The spectral and angular characteristics of PXR are determined by both the incident beam of
charged particles (Lorentz factor, divergence) and the parameters of the target (grain size and atom
structure quality and the unit cell parameter). It should be mentioned that the spectral and angular
characteristics of diffracted broadband X-rays (XRD) are similar to those of PXR if the angular
distribution of the incident X-ray beam is close to the angular distribution of the virtual photons of
the charged particle Coulomb field.

During a real process in which relativistic charged particles interact with matter, several
radiation mechanisms play an important role giving a contribution to the total radiation yield. This
feature complicates the separation between the contributions of virtual and real photons to the total
radiation. This issue was widely analysed in [9] where a method to separate the contributions of



virtual and real photons to the total radiation yield was proposed based on the velocities difference
of the charged particles (virtual photons) and free X-rays.

This work study more deeply the differences in the diffraction processes of virtual and real
photons.

2 Experimental setup

The experiments were performed in the Department of High Energy Physics of the Lebedev Physical
Institute of the RAS. In figure 1 is shown the scheme of the experiments. To guarantee an identical
geometry for the diffraction of both virtual and real photons, the sources were installed in the

same flange.
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Figure 1. Experimental scheme. The source indicates the place where were installed the vacuum channel
from the microtron in the first experiment and the X-ray tube in the second experiment. The path the photons
travel inside the target in the case of both XRD and PXR is illustrated by l, xrp and /o pxr. 8 — observation
angle, £ = n—0, B— angle between the direction of propagation of the incident radiation and the target normal.

The source of the incident radiation for the diffraction study of virtual photons was a 7 MeV
electron beam produced by a microtron. In order to increase the number of grains that takes part
in the radiation process the magnetooptical system was adjusted for the beam of electrons to have
a considerable large diameter 10 mm with an initial divergence smaller than 15 mrad at the target
position. The beam position and current were monitored by a Proportional Chamber and a Faraday
Cup respectively.

In the second experiment, the incident radiation to study the diffraction of real photons was
an X-ray beam produced by an Oxford apogee 5000 X-ray tube with a tungsten anode. The high
voltage and current were set to 25keV and 0.300 mA respectively. The X-ray beam was formed
by a 2 mm diameter and 0.5 cm thick Pb collimator installed in the input flange. The X-ray beam
transverse profile at the target position had an 8 mm radius while the divergence was 4° in both the
vertical and horizontal axes.



The observation angle has been set to 150°, because for this geometry the sources of the initial
radiation can be installed in the same flange. Also, because it is close to the backward geometry for
which the PXR peaks are more intense and their FWHM is smaller [10, 11].

A tungsten powder constituted of grains which have an average size between 0.8 pm and 1.7 um
has been chosen as target for three reasons. It has been demonstrated that in such target PXR can
be exactly described by the existing theories [10-12]. The contribution of the diffraction of real
photons when the electron beam interact with the target has been demonstrated to be negligible [9].
Finally, the diffracted peaks from tungsten are presented in a region free from background peaks
between 2.03 keV and 7.39 keV.

The powder was sifted in a rectangular cavity 20 mm X 9 mm made in 1 mm thick PMMA
(methyl methacrylate) supporter. Both sides of the cavity were closed by a 20 um thick mylar foil
(biaxially-oriented polyethylene terephthalate BoPET).

The incident radiation interacts with the target, which is mounted in a motorized goniometer
with three degrees of freedom. The Diffracted X-rays were registered by a silicon drift detector
Amptek X-123 FAST SDD. The effective area of detection is determined by the diameter 4.65 mm.
All experiments were performed in vacuum with a pressure smaller than 107 Torr.

3 Results and discussion

The results of both experiments are presented in figure 2. The intensity has been normalized for
the Characteristic X-ray Radiation L; line. It can be observed that the XRD peaks are more intense,
have a better peak to background ratio and the measurements show that the FWHM is smaller.
Additionally, more XRD peaks are detected, in the case of XRD the (321) peak is clearly visible
though it is absent in the PXR spectrum.
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Figure 2. Measured spectra of XRD and PXR normalized according to the intensity of the CXR W L; line.
The statistical error is shown.

In order to obtain a meaningful comparison, the XRD and PXR measurements should be
normalized to exclude the influence of three key parameters. The background, the absorption in the
target and the spectrum of the incident radiation are substantially different in both processes and
their influence should be minimized.



The background has been easily excluded subtracting it from both PXR and XRD spectra. The
absorption in the target is considered to be different since during XRD process, real photons enter
the material, are diffracted according to Bragg’s law and finally exit the target. The radiation is
attenuated in the path the photons propagate inside the target /¢ xrp. On the other hand, during
the PXR process, the Coulomb field of the incident particles excite the target electrons, which
vibrate emitting photons inside the periodical structure. Finally, these photons exit the target being
absorbed only at the exit [ pxr. These considerations have been illustrated in figure 1.

To exclude the influence of attenuation in the target, the spectra without background have been
divided by the following attenuation parameters:

(1 — exp (_lsecl[ﬂ)) Ly cos[é — B] sec[B] for PXR
att
[ (sec & — B] +sec[B])
(1 —exp (—

latt

)) Ly cos[& — B](cos[€ — B] + cos[B])! for XRD

For the experimental conditions, & = 30°, 8 = 0°, [ = 1000 wm, /, — the attenuation length has
been calculated for each energy according to [13].

Finally, PXR and XRD spectra without background and attenuation influence have been divided
by the incident radiation spectra. In the case of XRD, the initial spectrum was measured directly
from the X-ray tube installing the X-ray detector in the target position. A tungsten collimator 1 mm
thick with a 25 um aperture has been used to limit the intensity. The measured spectrum is presented
in figure 3.

On the other hand, the spectrum of equivalent photons constituting the Coulomb field of
an electron moving in substance can be obtained by the angle integration of the corresponding
spectral-angular distribution [14]:

d*N a 62

dwdd ~ 2w (62 + wIZ)/wz + 7—2)2

where N is the number of photons, « is the fine-structure constant, 6 is the angle between the electron
velocity and a photon wave-vector, w), is the plasma frequency. In the present case (w < m, where
m is the electron mass) the upper limit 8y of integration with respect to 6 should be chosen as 6y ~ 1.
It is different from the case w > m considered, for instance, in [15], where 6y ~ m/w is chosen (in
this case, such choice would lead to 6y > m/w being unphysical). The obtained result is:

dN 2« 1
— =—1n

do 1w ,wlzj/wz +y2

which at sufficiently low energies (y <« wf, Jw?) turns to % = X

=~ Iny as shown in figure 3.

Note that the presented expressions for dN/dw define the number of virtual photons with
logarithmic accuracy. It is associated with the fact that the discussed method of virtual photons
is not applicable at very small distances p from the particle trajectory and some lower restriction
po (which is not exactly defined) should be imposed upon the impact parameters for the particle
interaction with atoms. The presented expressions correspond to the case when the photon flux is

integrated with respect to p satisfying the relation p > pg with pg ~ 1/w. For the values of Aw
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Figure 3. Spectra of the incident radiation. The influence of this parameter has been excluded from the
results.

around several kev, py ~ 1078 cm, which corresponds to the typical interatomic distance in crystals.
It is a rather natural restriction for the distances at which the macroscopic treatment of the medium
(involving such quantities as, e. g., wy in this case) is valid. The expressions for the virtual photon
flux spectral density for arbitrary pg, as well as the tips for choosing the proper value of pg in various
cases, can be found in [16].

The spectra without the influence of background, attenuation in the target and incident radiation
spectrum are shown in figure 4. The spectra have been normalized to the intensity of the (310) peak
to achieve a better visualization.
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Figure 4. Spectra of XRD and PXR normalized according to the intensity of the (310) diffracted peak. The
influence of the background, incidence radiation spectrum and attenuation in the target has been excluded.

It can be observed that for the presented normalization the intensity of the PXR signal is bigger
than the intensity of the XRD signal for the lower energy diffracted peaks. However, this tendency
changes when the diffracted peak energy increases. Since the key parameters that determine the
differences in the diffraction processes have been excluded, one could expect the diffracted spectra
to be similar, nevertheless a clear difference exits.



In order to highlight this behaviour, the integral of each PXR diffraction peak was divided by
the corresponding integral of each XRD diffraction peak. Far from being similar, it can be clearly
observed that the ratio decreases when the energy increases as shown in figure 5. The results

evidences that some factors that influence in the diffraction processes have been omitted.
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Figure 5. The ratio between the integral number of counts of PXR by XRD diffracted peaks.

The influence of the formation length in the behaviour described in figure 5 can be excluded or
at least minimized, since it has been mentioned that the formation length for PXR is proportional
to the attenuation length [12]. In the performed experiment, the crystallites dimensions are larger
than the attenuation length for the peaks (110) and (200) as shown in figure 6. It is the ratio for
these peaks that decreases more sharply in figure 5.

Additionally, the absolute comparison of PXR from powders with theory showed a good
agreement which means that the diffraction occurs at saturation for this target [11]. The influence
of the formation length could be reflected in the absence of the (321) peak, since the crystallite
dimensions are smaller than the attenuation length for that peak.

Anyway, the formation length for PXR is a variable that should be analysed further.
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Figure 6. Attenuation length in tungsten according to the photon energy. The energy for diffracted peaks at
6 = 150° is shown by squares. The crystallite dimensions of the target are shown in the underlined region.



4 Conclusions

The ratio between the integral number of counts of PXR and XRD diffracted peaks decreases when
the peak energy increases. The influence of the formation length of PXR cannot be used to explain
the behaviour.

It is possible to suppose that the absence of the (321) PXR peak is a direct consequence of
the PXR peak intensity decrease when the energy increases. This effect could be related to the
crystallite dimensions, which are smaller than the formation length for the PXR peak.

The differences in the diffraction processes of real and virtual photons cannot be explained only
based on the background, the absorption in the target and the spectrum of the incident radiation.
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