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Parametric x radiation from thick crystals
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The parametric x radiation from thick Si single crystals with 0.5—5 mm thickness was investigated
at an electron energy of 900 MeV. As the crystal thickness increased, both intensity and angular
spread reached a plateau after their increase in the thin crystal region, resulting in more brilliant
x ray's than the Feranchuk and Ivashin's prediction [J. Phys (Pa. ris) 46, 1981 (1985)j for thick
crystals. This behavior is consistent with the incoherent model proposed in our previous paper
[Phys. Rev. Lett. 70, 3247 (1993)].
PACS number(s): 42.25.Fx, 78.90.+t

When relativistic particles pass through crystals, an
intense and monocromatic x ray is emitted into the Bragg
angle as if the crystal were irradiated by x ray instead
of particles. This phenomenon, known as parametric x
radiation (PXR), can be interpreted as Bragg diffraction
of virtual photons associated with incident particles. The
PXR has been attracting much attention since it is, with
an electron linear accelerator of modest size, a candidate
for a monochromatic and high-brilliance x-ray source of
continuously tunable wavelengths [1,2].

Experimental and theoretical works have shown that
most of the qualitative natures of PXR are well accounted.
for by kinematic theory [3—12]. However, a quantitative
description of the phenomenon is yet to be studied. In
fact, recent papers pointed out that the effects of multi-
ple scattering as well as mosaicity of the crystal were not
explained by existing theories [13,14]. From a practical
point of view, it is important to know to what extent
the crystal thickness can be increased without deterio-
rating the x-ray quality. It is to be recalled that the
Feranchuk-Ivashin (FI) model [15] predicts a drastic de-
crease of the intensity and an increase of the angular
spread of the PXR due to the electron multiple scatter-
ing in thick crystals. The purpose of this experiment is
to investigate the effect of electron multiple scattering by
observing the thickness dependence of the PXR in the re-
gion where the crystal is thicker than its x-ray absorption
length.

The experiment was performed at the 1.3-GeV electron
synchrotron at the Institute for Nuclear Study, Univer-
sity of Tokyo. The electron energy was 900 MeV. The
experimental setup is shown in Fig. 1. The target crys-
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tais were 20 x 20 mm monocrystalline silicon plates and
their thicknesses were 0.20, 0.50, 1.0, 1.5, 2.0, and 5.0
mm. The surfaces of the plate and one of the edges were
normal to the crystallographic axes [111] and [110], re-
spectively. The [112] axis was vertically aligned and the
(110) plane was used as a reflection plane. The crys-
tal was mounted on a three-axis computer-controlled go-
niometer whose angular resolution was 0.004 . A NaI
scintillation counter was used as an x-ray spectrometer,
which was placed at two different positions as described
later. The signal &om the NaI detector was fed into a
single channel analyzer (SCA) and the number of signals
in between two discrimination levels was counted by a
scalar. The discrimination levels of the SCA was chosen
to pick up signals &om either (220) or (440) reflection.
The number of electrons passing through the target crys-
tal was monitored by a thick-walled ionization chamber
placed downstream of the target crystal. The intensity
of the electron beam was approximately 10 s d.uring
the experiment. The electron beam extracted from the
vacuum chamber of the synchrotron reached the target
through the exit window of the vacuum chamber of 125-
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pm-thick Mylar followed by 39.8 cm of air. The size and
the angular spread of the incident electron beam, includ-
ing multiple scattering in the air and the window of the
vacuum chamber, were 0.8 mm and 0.5 mrad in a stan-
dard deviation, respectively.

The PXR was measured in a Laue geometry at two
diferent positions, i.e. , the far position 0D ——24.8', lD =
753 cm and the near position 0D ——19.0, L~ ——193 cm,
where 0~ is the x-ray detection angle with respect to
the electron beam axis and L~ is the distance between
the crystal and the detector. The data taken at the far
position were sensitive to the intrinsic angular divergence
of PXR, because the effect of the finite angular coverage
of the NaI detector and the spatial distribution of the
incident electron beam were small. On the other hand,
data at the near position were suited for the intensity
measurement thanks to its insensitivity to the angular
divergence of the PXR and the detector coverage.

An x-ray energy spectrum taken at the near position
with the 0.2-mm-thick crystal is shown in Fig. 2. Clear
peaks for the (220) and the (440) reflections were ob-
served. The peak energies of 20.3 and 39.2 keV obtained
by Gaussian fitting after background subtraction were
consistent with the expected values. The hatched areas
1 and 2 in Fig. 2 are the regions in which photons were
regarded as belonging to the (220) and the (440) reflec-
tions, respectively.

A PXR intensity as a function of angle 0 is shown in
Fig. 3, where 0 is the rotation angle around the vertical
axis. The curve in the figure is the fit to the data with
the following expression:
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FIG. 3. Crystal angle dependence of PXR intensity from
the (220) (circles) reHection at the far position. The curve is
the best fit to expression (1) in the text. The crystal thickness
is 1.0 mm.

fined in Fig. 2 and 0~ ——20D is the Bragg angle. M, 0~,
0, and B are fitting parameters. M is the peak height
after subtraction of the constant background B. 0~ and
0 are parameters related to the width and the shape of
the peak. The full width at half the maximum (FWHM)
of the angular distribution of the PXR is obtained from
the fitted parameters as

t Fw'HM —2 (~~ gr) + (6O, 9~) + ~fy.

The width of the angular distribution of the PXR can be
expressed in the form

where N(0) is the number of counts in each reflection de-

1000
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where 0
„

is the contribution from the detector accep-
tance and was 2 and 8 mrad for the far and the near
positions, respectively. 0&h is the angular width of the
PXR and can be expressed by kinematic theory [15] as
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FIG. 2. PXR spectrum obtained mith the crystal thickness

0.2 mm at E = 900 MeU in the near position. Hatched areas
1 and 2 define (220) and (440) reflections, respectively.

where p, u„,and u are the Lorenz factor of the inci-
dent electron, the plasma energy of silicon, and the x-ray
energy, respectively. The contribution from the multi-
ple scattering of the incident electron is represented by
OMs. The width parameter OFwHM for (220) and (440)
refIections obtained at the far position are plotted as a
function of crystal thickness in Fig. 4. It was shown that
the width for (440) was appreciably narrower than that
for (220) at any crystal thickness, which indicated that
the w~/ur term dominated in (2). The data showed that
the width of the PXR did not keep increasing with crys-
tal thickness but saturated at 2 mm for the (220) reflec-
tion, which was in contrast to the FI model prediction,
as demonstrated by the solid and the dashed lines in the
figure. Also shown in Fig. 4 is the Monte Carlo simula-
tion by the incoherent model proposed in our previous
paper [13] in which the electron multiple scattering was
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