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We present quantifiable images of the angular distributions (AD’s) of parametric x radiation (PXR), and
vacuum-ultraviolet transition radiation (vuv TR) from 230 MeV electrons interacting with a silicon crystal.
Both AD’s are highly polarized. The vuv TR and optical TR data provide measurements of the beam energy
and effective divergence angle. Using these quantities and separately known values of the electronic suscep-
tibility |xo|, we show that the measured PXR AD is in good agreement with the predictions of single crystal
theory. Our analysis suggests a method to measure |x,| using PXR AD’s.

PACS number(s): 41.60.—m, 78.70.Ck

The production of x rays via the interaction of charged
particles with crystals, known as parametric x radiation [1,2]
(PXR), can be described as the diffraction of virtual photons
of the electromagnetic field of a charged particle by the crys-
tal planes. The unique properties of PXR—tunability, quasi-
monochromaticity, and, for relativistic particles, high spec-
tral brightness per electron [3,4]—make it a potentially
useful source of x rays for a wide variety of applications.

Predictions [1,2] of the spectral and angular features of
the radiation have been generally verified for single crystals
[5-13]. However, some large quantitative discrepancies be-
tween theory and experiment have been shown with regard
to the effects of multiple scattering (MS) [12,13] and mosa-
icity [13].

Measurements of the angular distribution (AD) of PXR,
which is highly sensitive both to the properties of the beam
(energy, divergence, MS) and the crystal’s electric suscepti-
bility | xo|, can provide a stringent test of the theory. How-
ever, relatively few quantitative studies [5—8] of the AD
have been made because of the difficulty in making the mea-
surements. These are usually done at a fixed Bragg angle
0p, by scanning an aperture across the AD, and acquiring a
spectrum at each aperture position. The available data show
varying degrees of success in comparison to theory.

The desire for AD data, which is more easily obtained and
sufficiently quantitative to test the theory, has led to attempts
to image the complete PXR AD. However, previous efforts
have not been entirely successful [10,14]. Furthermore, in
order to input the beam divergence and multiple scattering
angle into the theory, it is desirable to independently deter-
mine these properties, which have not all been known for the
experiments reported so far.

Transition radiation (TR) [15], which is produced by
charged particles crossing a boundary between media with
different dielectric constants, is a related, but better under-
stood phenomenon than PXR. TR is broadband (microwave
to x ray), and like PXR, for relativistic particles, has a nar-
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rowly directed AD. In contrast to PXR, however, the angle of
peak emission and the width of the AD of TR are solely
determined by the properties of the beam. TR from relativ-
istic beams has been studied extensively both in the x-ray
[15-17] (XTR) and optical [18,19] (OTR) regions of the
spectra. XTR has been shown to be a useful high energy
particle discriminator [20], and radiation source [21]; OTR, a
precise beam energy [18], profile [18] and emittance [19]
diagnostic. Previous studies [15] of TR in the vuv have been
performed only at nonrelativistic electron beam energies
(=100 keV).

We report here clear, quantifiable images of the AD pat-
tern of PXR and vuv TR from relativistic particles. PXR is
observed at 90° from the (022) planes of a thin (20 wm)
silicon crystal in a Laue geometry. vav TR and OTR are
observed from the surface of the crystal. The experiments are
performed at the Saskatchewan Accelerator Laboratory
(SAL) with a 230 MeV, 15 uA electron beam. The PXR and
vuv TR AD’s are separately imaged with a cesium iodide
coated (5 um) microchannel plate detector (CsI MCP) under
identical beam conditions. An analysis of the vuv TR AD
provides an independent measure of the beam’s energy E,
and the effective divergence o due to the finite size of the
beam. The beam size is determined from a measurement of
the beam’s spatial distribution using OTR. Knowledge of
these beam properties is used to isolate the effect of suscep-
tibility on the PXR AD.

A schematic of the experimental setup is shown in Fig. 1.
The surface of the Si is parallel to the (100) planes, which
are perpendicular to the (022) planes. 65=45° with respect
to the latter, so that the PXR emerges on the far side (Laue
condition) of the crystal at 90° with respect to the beam’s
velocity vector v, . The crystal is mounted on a remotely
controlled goniometer. A He-Ne laser and a pinhole are used
to position the electron beam and orient the crystal planes
with respect to v,. The overall error in positioning the planes
is <1.0 mrad. The OTR produced by the beam from the
polished surface of the crystal facing the beam is so intense
that it can be imaged with a standard lens and vidicon cam-
era, and is observable within several degrees of the specular
reflection angle (45°).
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The CsI MCP imaging detector, manufactured by X-ray
Specialty Instruments Inc. (XSI), Ann Arbor, MI, is 42 mm
in diameter, and is located in vacuum at 90° to the beam line,
564 mm from the crystal. A 7-um aluminized Mylar filter,
which is used to block any optical or uv radiation from the
crystal, can be remotely inserted in front of the detector. The
detector converts the input x-ray or vuv AD pattern to a
visible light image on a phospor coating on the rear side of
the MCP, which is then focused onto a charge coupled device
(CCD) video camera. A maximum of 128 video frames can
be digitized and added dynamically by an integrator. These
are then transferred to the disk of a computer for further
processing.

Figure 2(a) shows an image of the AD of the PXR colored
coded with black as the lowest intensity value (0) and purple

the highest (256). The peak number of counts, Ny~ 30 is -

scaled to 256. The image is obtained by adding 1280 frames
(10x 128 integrations) and subtracting an equal number of
background frames. The background, which is dominated by
electronic noise in the CCD, is obtained by rotating the crys-
tal so that the PXR pattern is directed off the detector. The
pattern is nearly 100% polarized in the vertical (6,) direc-
tion, i.e., perpendicular to the plane formed by v, and the
(022) direction. This result is predicted from PXR theory
[1,2] when 65=45°.

Backward reflected TR is observed by the CsI MCP de-
tector at 90° with respect to v, by rotating the crystal 90°
clockwise from the position shown in Fig. 1. In this geom-
etry no PXR is observed from the surface (100) planes since,
as has been previously observed [12,13], PXR is not gener-
ated whenever the selection rules [22] for ordinary x-ray dif-
fraction forbid it. These rules exclude the (222) and (100)
reflections from face centered cubic crystals such as Si.

Figure 2(b) shows the AD of reflected TR. In this case
only 128 frames are required to obtain a useful image. The
same color coding described above for Fig. 2(a) is used. In
this image N pe,~ 240. We will show below that the TR ob-
served by the CsI MCP is in the vuv region of the spectrum.

Both the PXR and TR AD patterns, which are unfocused
in our experiment, are blurred by the finite extent of the
beam, since the AD’s produced from each segment of the
beam overlap when projected onto the plane of the detector.
The major effect, a filling in of the center of the AD, is
similar to that of true beam divergence, which we have ex-
tensively investigated for OTR [19]. The effective diver-
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gence o=d,/2z, where d, is the beam diameter and z is
the distance between the source and the imager. The mea-
sured profile from the OTR beam image is approximately
Gaussian with d,=1.6 mm full width at half maximum
(FWHM), so that the rms effective divergence op,=0.85
mrad.

Figure 3 shows a vertical scan of the TR pattern given in
Fig. 2(b) compared to a theoretical fit which incorporates the
convolution of a Gaussian distribution of effective diver-
gence angles [19]. The best fit to the data is obtained with a
divergence 0=0.8 mrad. The error in determining o is
<20%. The true beam divergence o, is not known, but ap-
parently o, <0, since 0=0,,s. The peak TR intensity oc-
curs at the angle y~!, where v is the Lorentz factor of the
beam. The fit produces a value for y which agrees with in-
dependent magnetic spectrometer measurements.

The perpendicular polarization shown in the image of the
TR AD is due to the combined effects of the reflection coef-
ficient of Si, and the response function of the CsI MCP. Since
we did not measure the spectrum of the TR in this experi-
ment, and do not have an absolute calibration of the detector
response, we have calculated the TR production and modeled
the response of the detector in order to obtain the fit to the
TR pattern.

The relative detector response function fpr(E,) was
modeled [23] simply by forming the product of the photon
absorption coefficient [24,25] for CsI and the photon energy
E, . The secondary electron quantum yield {; is proportional
to fpr and (> {p, the primary electron quantum yield [23].
Since the CsI MCP is sensitive only to photons with wave-
lengths A <200 nm, this establishes the long wavelength cut-
off. The effective short wavelength cutoff is determined by
the falloff of the TR intensity with A. The reflectivities of
silicon for parallel and perpendicular polarizations reflected
at 45°, R and R, , become very small for A=<41 nm. The
corresponding TR intensities are respectively proportional to
these reflectivities. Thus the detected bandwidth A\ is in the
vuv region of the spectrum.

Using fpgr, we determined the reflection coefficients [24]
averaged over AN: (R))=0.19, (R,)=0.40. The ratio
(R )/{R))=2.0 explains the strong vertical polarization ob-
served in Fig. 2(b). The fit to the total TR intensity, particu-
larly in the center of the pattern (see Fig. 3), is consistent
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FIG. 2. (a) Vertically polarized angular distribution of PXR from the
(022) planes of a 20 wm Si crystal, 45° Bragg angle. (b) Vertically polar-
ized angular distribution of vuv TR from Si, 45° incidence angle [both (a)
and (b) have the same angular scales].

with this ratio. If, e.g., (R, )=(R)), the pattern would not be
polarized, and a much smaller value of o would have been
required to fit the TR data.

As we will show, effects of MS and beam divergence in
our experiments have a negligible effect on the measured
PXR AD. In this case the angle of peak PXR intensity for a
given order is given by 0p=[772+ |X0(EP)|]1/2. At the
beam energy of this experiment (230 MeV), and from inde-

pendent measurement of the susceptibility [26], |xo|> ¥~ 2,
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FIG. 3. Vertical scan of intensity as a function of angle 6, measured
from the center of the vuv TR pattern; theory (solid line), data (dotted line).

so that 6, is determined principally by |xo|. This qualita-
tively explains the larger separation of the peak to peak in-
tensities observed in the PXR pattern compared to the TR, as
shown in Figs. 2(a) and 2(b). A similar result from a one
dimensional (1D) scan was obtained [7] at £, =900 MeV.

Theory predicts that the PXR intensity /oL ,, the absorp-
tion length, when the path length of the electrons through the
crystal, L>L,; and I*L when L,>L. We have shown in
our earlier work [13] on PXR from the (111) planes of Si
that a nearly monochromatic (single order) spectrum at 4.56
keV can be generated by choosing L~L"~'. The selection
rules forbid the (222) reflection, and higher order intensities
are negligible because L <L, for n>2. In the present experi-
ment, where PXR is produced from the (022) planes at
6p=45°, the situation is nearly the same, since
E;’,zl =457 keV, and again L,~L. However, the second or-
der (044), which is allowed by the selection rules for the
(022) planes, contributes about 10% to the total PXR inten-
sity. Higher order contributions are again negligible. In this
case, the AD’s of the contributing first two orders are super-
imposed, and the width of the AD for each order will be
determined by the corresponding value of | xo(E ).

Figure 4 shows a 6, scan of the PXR pattern compared to
theory. The AD’s for the individual n=1,2 orders and their
sum are shown. For inputs to the theory, we use |xo(4.57
keV)|=4.72X1075, and |xo(9.14 keV)|=1.16X10">, re-
spectively, which are obtained from the Kramers-Kronig re-
lations and measurements [26] of L,. As in the vuv TR
calculations, we have convolved a Gaussian function of di-
vergence with the single particle PXR distribution, using
o=0.8 mrad, which is obtained from the fit to the TR data.
The effect of o~ on the PXR distribution is indeed negligibly
small, as is the effect of MS of the electrons in the crystal
(6 5ou=4.8X10"* rad < o).

The fit to the data is good in the center of the pattern and
in the vicinity of the angle of peak emission 6, but the data
fall off faster than theory at angles |#|=1.56,. This is most
likely due to the response of the detector at low signal levels
for which we have only partially compensated using labora-
tory measurements of the CCD response. We have observed
a similar thresholding effect in our early measurements of
the AD of OTR, which is very similar to that of the PXR. In
these studies the wings and center of the AD were not well
observed at very low light levels. This condition increased
the errors in measuring the intensities in the wings of the
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FIG. 4. Vertical scan of intensity as a function of angle 6, measured
from the center of the PXR pattern. Theory: sum of =1 and n=2 contri-
butions (solid line); n=1 alone (dot-dashed line); n =2 alone (dashed line).
Data: dotted line.

distribution which, like PXR, fall off more gradually than
those in the center of the pattern. The situation was vastly
improved when the number of frame integrations was sub-
stantially increased. Unfortunately we were limited in these
first PXR AD imaging experiments to a maximum integra-
tion of 128 frames.

For the above reasons we have concentrated on the com-
parison of theory to data in the vicinity (50—100%) of the
peak PXR emission. By measuring the midpoints of the right
and left sidelobes of Fig. 4 at intensities 50—90% of the peak
value and extrapolating to 100%, we have determined
6,=6.08 and 6.61 mrad, for the right and left lobes, respec-
tively. The square of the difference in these values can be
used to estimate the error (~16%) that would be made in
determining a single value for | x,| from such data. The cor-
responding theory peaks at 6.4 mrad, which is very close to
the average of the measured 6,’s. Other calculations show
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that the PXR intensity at angles |§|=1.56,, is more sensitive
to | xo|, so that improved data in this region should reduce
the error in fitting |x,| for a single order to 5-10 %.

In order to achieve such a precision, the signal to noise
(S/N) must be improved, and the AD’s for each order should
be measured. The S/N can be increased by using a cooled
imaging detector to reduce background noise, integrating a
larger number of images, using higher beam energies, and/or
increasing the beam current to increase the PXR photon
yield. To isolate the contributions from multiple orders a
spectrally sensitive imaging device such as a cooled CCD
array used in a counting mode could be employed. With the
present detector, which integrates over photon energy, it may
also be possible to obtain spectrally resolved images by us-
ing filters to progressively eliminate the lower orders.

We have obtained quantitative images of the AD’s of PXR
and vuv TR. We have obtained values of the beam diver-
gence and estimates of the multiple scattering angle from the
vuv TR AD and OTR profile data. Using these, and measured
susceptibilities of Si at 4.57 and 9.14 keV, the photon ener-
gies produced in the first two orders, we obtain good agree-
ment between the PXR AD data and theory for the observed
polarization, angles of peak intensity #,, and scans of the
AD for angles [0|S1.59p. Our results indicate that, with
improved imaging, it should be possible to use PXR AD’s to
measure the susceptibility of a single order to an accuracy of
5-10 %. Furthermore, by varying the Bragg angle it should
be possible to measure | x| continuously over a wide energy
range.
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FIG. 2. (a) Vertically polarized angular distribution of PXR from the
(022) planes of a 20 um Si crystal, 45° Bragg angle. (b) Vertically polar-
ized angular distribution of vuv TR from Si, 45° incidence angle [both (a)
and (b) have the same angular scales).



