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Design of a PXR experiment based on the NCEL"
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Abstract Parametric X-ray Radiation (PXR) can be used as a novel, quasi-monochromatic energy-tunable
and high-yield X-ray source. It is produced at the Bragg angle by a relativistic electron beam passing through
the periodic structure of crystal materials. This article concerns the PXR experiment using low energy electrons
(10 MeV) from NCEL (Novel Compact Electron-Linac). The difficulty of the experiment is to distinguish the
PXR photons form the background. The design of the experiment relies mainly on the yield of PXR, the
Bremsstrahlung background of the X-rays and the capability of the detector.
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1 Introduction

Parametric X-ray Radiation (PXR) is produced
at the Bragg angle by a relativistic electron beam
passing through the periodic structure of crystal ma-
terials. The pseudophoton theory can completely ex-
plain the PXR mechanism [1]: if a relativistic electron
is moving ahead, the electromagnetic field around the
electron can be described as a cloud of “virtual pho-
tons” covering a broad range of energies. These vir-
tual photons diffract from the crystallographic planes
according Bragg’s law. So the X-ray produced at the
Bragg angle is intense, monochromatic and highly-
oriented. The energy of the PXR is related to the
d-spacing of the crystal and the diffraction angle.
Therefore the PXR is energy-tunable through chang-
ing the diffraction angle and the crystal.
of these attractive features, the PXR can be used

Because

as a novel, quasi-monochromatic energy-tunable and
high-yield X-ray source in medical diagnostic imag-
ing, material science and so on.

The theory is confirmed by several experiments
using high energy electron beams [2-4] (above
30 MeV). In this article we will be concerned with low
energy electrons (10 MeV) from the NCEL (the Novel
Compact Electron-Linac). The NCEL works with-
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out the Triode Gun, whose function is substituted
by a special high power klystron. The cathode of the
klystron produces electrons with pulse lengths of 7 s
and a beam energy of 120 keV, which first magnify
the microwave (similar to be the common klystrons,
and are then injected into the accelerating tube after
energy modulation and phase modulation. After ac-
celeration the energy of the beam is about 10 MeV
and the current of the beam in a pulse of up to 100 mA
in magnitude can be controlled by a diaphragm.

The difficulty of the experiment is to distinguish
the PXR photons from the background which in-
cludes the dispersion of electrons, Bremsstrahlung,
Transition radiation and Cerenkov radiation. The de-
cisive part of this experiment is to control the mag-
nitude of the background such that it is less than the
yield of the PXR.

The design of the experiment relies mainly on the
production of the PXR, the background of the X-rays
and the capability of the detector. The detector of the
experiment is a 500 wm Si Amptek XR-100 detector
the dead time of (fast channel) 400 ns.

2 Energy and yield of the PXR

The energy of the PXR. depends on the d-spacing
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between the crystal planes and the diffraction angle.
It almost does not depend on the energy of the elec-
tron. The PXR energy is given by [5]
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where FE, is the photon energy, n is the diffraction
order, d is the interplanar spacing, 6y is the angle be-
tween the crystal plane and the particle momentum
(Bragg angle), 0 is the angle registration, g is the
velocity of the electron in units of the speed of light
and ¢ is the dielectric constant of the target material.
For relativistic particles, B 1, e=1, and take n=1.

The photon distribution of the PXR at positions
near the Bragg angle [photons per electron per stera-
dian] is given by [6]
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here 6, is the angular displacement from the Bragg
condition in the diffraction plane, and 6, is the an-

gular displacement perpendicular to the diffraction
plane, 0p is the Bragg angle, 6,, is approximately
1/7 (v is the Lorentz factor), « is the fine structure
constant, w is the PXR angular frequency, c is the
velocity, L, is the absorption length of the PXR in
the crystal, ¢ is the crystal thickness, v is the unit
normal to the velocity of electron, {2 is unit normal
to the velocity of PXR, x is the Fourier expansion of
the electric susceptibility, and 7 is the unit vector
normal to the crystal surface.

The yield of the PXR increases with a larger ab-
sorption length (L,), because it allows more pho-
tons to escape the crystal. Therefore lower Z tar-
gets are chosen for the experiment, which at the same
time leads to less unwanted Bremsstrahlung back-
ground. In general, to improve the PXR yield, a
larger thickness of the targets would be desirable,
but this would degrade the experiment by increasing
the Bremsstrahlung, electron beam divergence, crys-
tal heating and photon absorption [7, 8]. Si and LiF
crystals with a thickness between 0.1 mm and 1 mm
are attractive for the experiment. This article deals
with a Si crystal with a thickness of 0.1 mm. Table 1
show the plane characteristics at 5.7475 keV.

Table 1. Crystal plane characteristics, assumed at 5.7475 keV.
crystal plane L, /pm x(1079) d(10~1%m) heating/(mW/pA)
Si(111) 26.8314 2.271 3.14 195
Si (220) 26.8314 2.601 1.92 195
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Fig. 1. Si (111) crystal (thickness is 100 pm):

Energy distribution in the diffraction plane
and perpendicular plane vs the direction dis-
placement of the PXR from the Bragg angle.
The Bragg angle is 20° and the electron energy
is 10 MeV.

perpendicular plane
— —— diffraction plane

photons per electron per steradian/(count/e/sr) (10~%)

-20 —-15 —-10 -5 0 5 10 15 20
O(angle displacement of PXR from Bragg angle)/(°)

Fig. 2. Si (111) crystal (thickness is 100 pm):
Photon distribution in the diffraction plane
and perpendicular plane vs the direction dis-
placement of the PXR from the Bragg angle.
The Bragg angle is 20° and the electron energy
is 10 MeV.
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2.1 Energy distribution

Figure 1 shows the energy distribution of the PXR,
near the Bragg angle in the diffraction plane and in
the perpendicular plane for an electron (F =10 MeV)
passing through a Si (111) crystal (¢ =100 pm) with
an angle of 20°(fg =20°).

2.2 Photon distribution

The photon distribution of the PXR near the
Bragg angle [photons per electron per steradian] in |

the diffraction plane and the perpendicular plane is
shown in Fig. 2.

2.3 PXR yield

The integral yield of PXR at Bragg angles within
different solid angles are shown in the second row of
the Table 2. But the maximal yield occurs at 0.9°
displacement from the Bragg angle in the diffraction
plane, and —2.8° displacement from Bragg angle in
the perpendicular plane. The values are shown in the
third row of Table 2.

Table 2. The photon yields at different solid angles.
solid angle/mrad 0.001 0.0028 0.01 0.1 1
integral yield (counts) 1.1335e-11 2.1486e-11 1.1335e-10 1.1333e-09 1.1329e-08
maximal integral yield (counts) 2.8983e-007 4.8306e-007 9.1652e-007 2.8982e-006 9.1635e-006
distance/m 5 3 1.518 0.5 0.1518
absorption coefficient 0.13682e-07 0.19129e-04 0.32617e-02 0.16354 0.56409
detected photons (counts) 3.9655e-15 9.2405e-12 2.9894e-09 4.7397e-07 5.1690e-06

The area of the detector is 25 mm? and the dis-
tances between the crystal and the detector are shown
in the forth row of Table 2. Some photons are ab-
sorbed by air along the path. The absorption coeffi-
cients are shown in the fifth row of the Table 2. The
counts of the photons detected by the detector are
shown in the sixth row of Table 2.

2.4 PXR energy dispersion

As shown in Fig. 1, the space distribution (A#d,
and Af,) results in a PXR energy dispersion, which
will be increased by the electron beam divergence
(Afg) and electron energy dispersion (Af).

AE = a0, + A0, + cAby +dAS.

For instance, consider a real electron beam
(Afs=0, AB=0) with 10 MeV pass through Si (111),
then the energy of the PXR at a solid angle of
0.0028mrad is 5.4831 keV £19.9102 eV, and the en-
ergy dispersion is 0.73%.

3 Bremsstrahlung background

If an electron passes through a crystal, the X-ray
background includes the dispersion of the electron,
Bremsstrahlung, Transition radiation and Cerenkov
radiation. In the X-ray wave band the electric sus-
ceptibility (x.) is negative [9] and the relative static
permittivity (£,) is less than 1, such that Cerenkov ra-
diation is impossible. The Transition radiation occurs
mostly in the forword direction, peaking at an angle

| of the order of 1/~ relative to the particle’s path. The
X-ray background mostly is Bremsstrahlung.
The background calculation shown below was
done with the software of FLUKA for the configu-
ration just discussed.

3.1 Background at a solid angle of 0.01 mrad

If the detector is located at 1.518 m distance from
the crystal, the total X-ray background amounts to
1.5114 x 108 photons and 4.1385677 x 10~° photons
between 0 keV to 110 keV. The photon distribution
is shown in Fig. 3.
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Fig. 3. Photon distribution of the Bremsstrah-

lung background at an angle of 0.01 mrad for
the configuration described in the text. At the
upper right corner the distribution between 0
keV and 110 keV at a Bragg angle of 20° is
shown. The detector was placed 1.518 meters
away from crystal.
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3.2 Background at a solid angle of 0.0028
mrad

In this case the detector was located at 3m dis-
tance from crystal and a total X-ray background of
3.7187x10~? photons and 1.5x10~° photons between
0 keV to 110 keV have been obtained. The photon
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Fig. 4. Photons distribution of the Bremsstrah-
lung background at a solid angle of 0.0028
mradfor the configuration described in the
text. In the upper right corner the distribu-
tion between 0 keV and 110 keV at the Bragg
angle of 20° is shown. The detector was placed
at 3 meters away from the crystal.
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distribution is shown in Fig. 4.

In addition the total background of the environ-
ment should be considered. It is produced mainly by
the collisions of the electrons with the accelerating
tube.

4 Design of the experiment

In the RPI (Rensselaer Polytechnic Institute) of
USA one crystal is used in the PXR experiment [10]

and in the Nihon University of Japan two crystals are
used [11].

4.1 One crystal system

The electron beam coming from the output win-
dow is bent by 22.5° by a dipole magnet. Then it goes
through two beam dumps for collimation and decreas-
ing the radius of the beam. The detector, shielded by
a lead sheath, is located at a distance of 1.57 m away
from the Si (111) crystal at the Bragg angle, because
at this distance the detected PXR photons are of the
same order of magnitude as the Bremsstrahlung. It
is easy to distinguish the PXR from the background.
A schematic drawing of the experiment is shown in
Fig. 5.
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The single crystal system. The first and second beam dumps with a hole in the middle (about 25

mm?) are used for collimation and decrease the radius of the beam. The Bragg angle is 20°. The used crystal

was Si (111).
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Fig. 6.

The double crystal system. The PXR is distinguished form the background by the second crystal.
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The current of the beam is calculated according
to the following formula
1

1x10-° ,
15114 % 10-5+2.9894 x 10-°

1.6x 1072 =8.8 (nA).

The pulse current is 8.8 uA, and the radius of the
beam is 2.8 mm, the same as of the detector. The
beam current can be adjusted by a diaphragm of the
klystron.

4.2 Double crystal system

The double crystal system is composed of two par-
alleled crystals. It is shown in Fig. 6.
The first crystal produces the PXR and the sec-
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