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Abstract. The parametric X-ray radiation (PXR) is a new type of monochro-
matie, polarized, directed, tunable radiation arising in the vicinity of Bragg direc-
tions of a crystal when relativistic particles are passing through the crystal. For
the last ten years the PXR properties have been intensively investigated experi-
mentally at moderate incident electron current. In this paper we consider main
properties of PXR as a new source of a powerful monochromatic X-ray beam,
excited by short high-current electron bunch in a single crystal. It is shown,
that using a PXR, one can obtain X-ray beam power of about MW /sr during a
short period of time at moderate incident electron energy. Experimental setup
for generating pulsed PXR beam is suggested, and possibilities for application of
pulsed polarized monochromatic X-ray beams are discussed.

I INTRODUCTION

In recent years the interest for creation of new generation of powerful pulsed
X-ray source is increasing. Considerations and investigations of different meth-
ods of X-ray production for this purpose are in progress. Especially of interest
is creation of powerful source of polarized X-ray beam. In this paper we will
present and analyze properties of Parametric X-ray Radiation (PXR) as source
of powerful pulsed polarized monochromatic X-ray beam.

PXR is coherent type of radiation and it is due to the interaction of electro-
magnetic field of incident particle with electron subsystem of crystal. From the
theory [2] it may be seen that the PXR angular distribution has a sharp coni-
cal maximum (reflection) with the gap in the mlddle, found around the Bragg
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direction. The angular size of the PXR reflection is about or greater than
,ly, where v is the relativistic factor of incident particle. Earlier experimental
investigations have been performed at moderate electron beam current. Here
we will consider the case when PXR is excited by high current short pulse of
electron beam (bunched electron beam), e.g. as in [17].

The radiation generated by the charged particle moving through a medium
with a periodically varying permittivity was first predicted by Fainberg and
Khizhnyak [1] in 1957. Later, the radiation of charged particles moving
through a crystal in the X-ray band was investigated by Ter-Mikaelian [2]
and several versions of theoretical descriptions of PXR were proposed e.g., in
Refs. [3-6] . The experimental studies of PXR properties were began in the
late 80-ies e.g., in Refs. [7~12], continued in 90-ies e.g., in Refs. [13-15], and
are reviewed e.g., in Ref. [16].

II FORMULATION

In this section we will present some of the formulae we have used in our
calculations. By analogy with the ordinary diffraction of X-rays in a crystal,
there are two schemes for PXR generation: one is the Laue geometry and the
other is the Bragg geometry. In both cases, the beam of charged relativistic
particles with velocity vV passes through a crystal-radiator, and the narrow
PXR beam (reflection) of a conical shape is generated around the Bragg di-
rection with respect to the crystallographic planes. Most of the experiments
were carried out in the Laue geometry. This geometry, is shown in Fig. 1.

The PXR quanta energy may be calculated according to the formula from
ref. [2] :
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where £ is the Plank constant divided by 2w, &o is the constant part of the

medium permittivity, & is the reciprocal lattice vector, T is the unit vector
in the direction of the detector, c is the light velocity.

The width at half maximum of the PXR spectral peak for a detector of
small angular size is ?
Ab |

AEcr = ECRM, (2)

where A# is the polar angular resolution of the experiment. The A# value
should include the detector size and the beam spot size on the target, and
also the electron beam divergence in the target (including electron multiple
scattering). Formula (2) was derived and confirmed experimentally in ref. [9].



The differential yield is described by the formula for the number of quanta,
derived in ref. [9] from the kinematical theory [2]
2
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where dN is the number of quanta with frequency w = wer (see formula (1))
emitted in the solid angle df) as n particles with the charge e and relativistic
factor v pass through a crystal of a thickness L; x?}(w) is the Fourier com-

ponent of the variable part of permittivity; Q_f , §1 are the components of —Q),

& perpendicular to V.
The factor L with the attenuation of PXR in target taken into account

should be used in the form [11] i
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where T, = T(w) is the e-fold attenuation length of radiation with frequency
w; T is the target plate thickness; ¢ is the unit vector perpendicular to the

L=T,

target plane; ¥ = - - ‘ :

Calculations by formulae (1), (2), (3), (4) have been compared to experimen-.
tal data on differential PXR, yield in refs. [9,11,12,16] and a good agreement.
of calculated and measured data was found. ]

The background conditions in PXR spectra were discussed in ref. [12]. where
it was shown that the resulting PXR spectral peak/background ratio in the
vicinity of Bragg direction may be about or more than 100 even at a moderate
incident electron energy.

The linear polarization directions are oriented radially around the reflection
center. If the detector is of the same size or greater than the PXR reflections,
the average polarization should be generally close to zero. However, by col-
limating the corresponding differential part of the PXR reflection, the X-ray
beam with an arbitrary direction of linear polarization may be chosen for ap-
plications. This was confirmed experimentally in ref. [8]. In particular, if the
reciprocal lattice vector g is in the detection plane, the linear polarization
direction is in the detection plane too (parallel polarization [16]).

So, PXR is perspective source of monochromatic, tunable, polarized X-ray
beam with a low spectral background. The mentioned PXR properties have
been confirmed at moderate electron beam current for PXR quanta energies
5 - 400 keV at electron beam energy 15 - 1200 MeV [16]. '



IIT PULSED PXR

Below we will consider PXR as source of powerful monochromatic polarized
X-ray beam, generated in a crystal by short efectron bunch, when the intensity
of PXR beam will be high enough during a short pulse.

The suggested experimental layout is shown in Fig.1. The beam of accel-
erated bunched electrons (labeled as 1) passes in vacuum through a target
(labeled as 2). A thin silicon single crystal plate is used as a target 2. The
crystallographic plane (220) is parallel to the plate surface. The target is
placed in a 3-axis vacuum goniometer and is prealigned so that the < 220 >
axis should be parallel to the velocity vector V of the (beam) electrons, and
the crystallographic plane (111) should be perpendicular to the detection plane

and parallel to the vector V. At ¢ = 0 the crystallographic plane (111) is
parallel to the electron beam and the reciprocal lattice vector g =< 111 > lie
in the detection plane. The PXR reflection (labeled as 3) from planes (111)
has an asymmetrical conical form and the Bragg direction (labeled as 4) is
the cone axis. To obtain polarized X-ray beam we can use the part of PXR.
reflection, where PXR yield has maximum value. This part has conical form
with full cone angle 1/ (at moderate incident electron energy). The cone
axis is at angle § = 05 + 1/7. The angle of crystal rotation is ¢ = 05/2.
The direction of linear polarization lies in the plane of the figure. Detector or:
consumer (labeled as 5) of pulsed polarized X-ray beam is shown in Fig. 1.
Target thickness is chosen to provide electron beam divergency in the target
no more than 1/v . Target thickness T' = T, can be found from the equation

1
5= 9,(T) ()

where 8, is the electron multiple scattering angle [2] in silicon. Note, that
T, is independent of incident electron energy and is a function only of target’
material properties. For silicon single crystal T, & 60mkm. We will use this
thickness in our calculations. .
To calculate power of pulsed PXR beam, we used a typical (for an available)
parameter set for a bunched electron beam: charge of electron bunch 1nC and
bunch duration of 333 fs at electron beam energies 50, 100 and 200 MeV.
Target temperature is increasing when the target is working as crystal-
radiator in electron beam. It has been shown in ref. [14], that Si single crystal
can work as PXR radiator at average electron beam current of about 0.5
A at electron beam radius of 1 mm. In our case, average bunched electron
beam current is function of accelerator repetition rate and repetition rate of
real accelerators usually is much less than 0.54/(1.6-107°C) ~ 3. 108@13@.
Therefore we do not need to take into account crystal-radiator heating and
we use the room temperature for Si single crystal in our estimations. _
In calculations of bunched PXR beam properties we used Egs. (1), (3)
from refs. [2,9], which was confirmed experimentally in previous investigations



[9,11,12,16] at moderate electron beam current. Results of the calculations of
polarized X-ray beam power in units MW /steradian are shown in Fig.2, as a
function of required energy of X-ray quanta. These results may be used to
estimate the power flux in term of full cone angle of < 1/v. For every chosen
quanta energy it is necessary to provide a required setup geometry (angles
®,0, see Fig. 1). For the data, represented in Fig. 2, angles 8 are in the range
40 - 170 mrad. The width of PXR spectral line may be easily calculated using
formula (2). It is seen from Fig. 2, that intensity of polarized PXR beam is
high enough and it may be applied in different fields. Pulsed PXR with short
pulse, high intensity electron beam are discussed in refs. [17-19].

IV APPLICATIONS OF PULSED PXR BEAM.

During the last decades numerous applications of a monochromatic X-ray
beam have been developed. Now the most popular source of an X-ray beam is
synchrotron radiation. But synchrotron radiation usually is not able to provide
high power X-ray pulses. As can be seen from Fig.2, PXR is a perspective
source of powerful short pulses of polarized, monochromatic tunable X-ray
beam. Duration of X-ray pulses is determined by duration of electron beam.
bunch. Power of the X-ray pulse is proportional to the charge of electron
bunch. Direction of linear polarization of X-ray beam at consumer 5 is in the
plane of Fig. 2. '

A powerful polarized pulsed X-ray beam, suggested in this paper, may. be
applied in different areas of science and technology. Following are some of the
applications, where the polarized X-ray beam may be used: !

1. For measurements of bunched electron beam parameters

2. For measurements of short-time crystal-radiator properties

3. For medical and biological applications and diagnostics

4. For investigations of femtosecond processes in solid state.

5. For precision calibration of spectral, angular and polarization properties:
of new generation of astrophysical space X-ray and gamma-ray telescopes and’
other X-ray equipments. ’

6. For pumping of X-ray laser. Femtosecond pulses are especially convenient’
for this purpose, because pulse duration is comparable with lifetime of K-
and/or L-shell vacancy in atoms. '

7. For control and detecting of nuclear materials in cosmic space, atmo-
sphere, airports, railways and so on. Pulsed PXR monochromatic X-ray beam
is very convenient instrument for control of nuclear materials circulation and
proliferation in the world. For example, linac-based PXR source of X-ray
beam may be launched to cosmic space for remote detecting of nuclear ma-
terials in satellites. Scanning of X-ray beam energy around the absorption
K-edge may be applied for detection of nuclear materials.



8. For remote investigations of chemical composition of asteroids and
moon, using monochromatic X-ray beam for excitation of characteristic X-
rays. Linac-based PXR source of X-ray beam now is the only single perspec-
tive source of monochromatic X-ray beam i space. (Synchrotron may not be
launched now due to its geometry and size.)

Development and investigations of PXR as a source of powerful polarized
X-ray beam will be useful for the above mentioned and other applications.
Real crystals have sets of numerous crystallographic planes. As a result, a
set of numerous powerful polarized X-ray beams with different energies will
be propagated from a crystal, situated in the electron beam, in different di-
rections. Many of those X-ray beams may be utilized simultaneously much
like the synchrotron radiations is utilized from different parts of a storage
ring. Short X-ray pulses are very convenient for improvement of measurement
sensitivities at remote locations. Linear polarization of X-ray beam may be
utilized for the same purpose.
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V FIGURE CAPTIONS '

Fig. 1. The experimental setup for generation of powerful, pulsed,
monochromatic, polarized x-ray beam. Electron beam 1 is passing through
a crystal slab 2. Vector @ =< 111 > is the reciprocal lattice vector for the
crystallographic planes (111) shown by hatching on Si single crystal target
2. Target 2 is placed in a vacuum 3-axis goniometer and the angle ¢ is the
angle of crystal rotation. The PXR reflection 3 has asymmetrical conical form
around of Bragg direction 4. The X-ray beam polarized in the plane of figure:
is going at angle 0p + ;1/— to consumer 5 in full cone angle equal to 1/+.

Fig. 2. Power [MW/sr] of polarized monochromatic X-ray beam as function
of photon energy for incident electron beam energy of 50, 100, 200 MeV.
Duration of X-ray beam pulse is 333 fs. Charge of electron bunch is 1 nC.’
Angle § of X-ray beam generation is in the range 40-170 mrad. Thickness of.
Si single crystal is 60 mkm. :
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