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A previously proposed technique for measuring the transverse sizes of an electron beam was verified
experimentally by comparing the angular distributions of parametric X-ray radiation in a thin crystal for two
distances between the crystal and the detector. The measurements were performed on a 255-MeV electron
beam incident on a 20 pm-thick silicon crystal. The angular distributions of parametric X-ray radiation were
measured using an imaging plate as a two-dimensional position-sensitive detector. The obtained horizontal and

vertical beam sizes were in good agreement with the results of measurements by optical transition radiation.
The proposed method would be useful for electron beam diagnostics for recently advanced linear accelerators
where optical transition radiation cannot be used as a beam profile monitor owing to the coherent effect.

1. Introduction

For electron linear accelerators, visible light from a fluorescent
screen or optical transition radiation (OTR) [1] from a metal foil is
often used for beam profile monitors. In particular, OTR monitors have
been employed as a reliable high-precision tool for measuring beam
profiles in many accelerator facilities. However, it has been reported
that the OTR intensity is not proportional to the beam intensity and
fluctuates shot by shot due to the coherent effect, i.e., beam profiles
cannot be obtained from the OTR measurements for linear accelerators
dedicated to X-ray free-electron lasers (XFEL) [2], because the bunch
length (longitudinal beam size) is ultrashort and approaches the wave-
length of the observed radiation [3]. For electron (positron) beams
with ultrasmall transverse sizes comparable to the wavelength of the
observed radiation, e.g., at electron-positron linear colliders [4,5], a
similar coherent effect would be expected to occur.

One of solutions to this problem is to employ radiation with a
shorter wavelength, and some groups, including ours, have proposed
the application of parametric X-ray radiation (PXR) [6,7] to beam
profile monitors. When relativistic charged particles are incident on
a single crystal, PXR is emitted in the Bragg direction and can be
regarded as the diffraction of virtual photons associated with the in-
cident particles ([8-13] and the literature cited therein). Since its first
observation in the 1980’s, PXR has been investigated theoretically and
experimentally, and some groups have performed studies applying PXR
as a new wavelength-variable monochromatic X-ray source [14,15]. A
number of experiments on beam diagnostic methods using PXR have
also recently been performed [7,16,17].
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In [18,19], we proposed a new method for determining electron
beam sizes from PXR angular distributions for two distances between
the crystal and the position-sensitive X-ray detector. In [19], it was
shown that the minimum beam sizes ¢, , measured using the proposed
method are determined by the conditions ¢,, > 6 and o,,/R >
0.10,;, where 6 is the pixel size of the detector and R is the distance
between the crystal and the detector. The characteristic angle of the

RXR angular distribution can be written as 6, = \/y~2 + (ha)p / hw)2 ~
2-5 mrad [13], where y is the Lorentz factor, %w is the X-ray energy,
and ho, is the plasmon energy for the crystal. The measurable min-
imum beam sizes are estimated to be 50-60 pm [19]. For electron
energies above 5 GeV, the PXR contribution in the Bragg direction is
negligible, and the contribution of diffracted transition radiation (DTR)
with a characteristic angle 6, ~ y~! becomes dominant [20]. In this
case, DTR can be used instead of PXR, and the measurable beam size
is limited by the pixel size of the detector and comparable to 10—
15 pm [19]. Following the work [18,19], we discussed the scheme
for determining beam sizes for XFEL linear accelerators [21], and
the scheme for determining emittances of 5-10 GeV electron beams
[22].

In this work, we have demonstrated a proof-of-principle experiment
on the method for determining transverse beam sizes from PXR angular
distributions measured for two crystal-detector distances, as proposed
in [18,19]. The measured values are compared with those obtained by
a conventional method by OTR and the validity of the present method
is discussed.

Received 12 December 2021; Received in revised form 9 March 2022; Accepted 12 March 2022

Available online 24 March 2022
0168-9002/© 2022 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.nima.2022.166619
http://www.elsevier.com/locate/nima
http://www.elsevier.com/locate/nima
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2022.166619&domain=pdf
mailto:vnukov@bsu.edu.ru
https://doi.org/10.1016/j.nima.2022.166619

A.V. Berdnichenko, Y.A. Goponov, R.A. Shatokhin et al.

Crystal

Detector

Fig. 1. Schematics of proposed method.

2. Principle of the proposed method

Here, we briefly describe the principle of the proposed method,
since the details are already discussed in [18,19]. Fig. 1 illustrates the
proposed method. A position-sensitive X-ray detector is placed in the
Bragg direction (205 with respect to the beam direction) at a distance
R from the crystal. As shown in Fig. 1, the effective size of the PXR
source on the target corresponds to that of the electron beam in the case
of such a symmetrical Laue arrangement. The PXR angular distribution
to be observed at the detector is blurred depending on the beam size
and the distance between the crystal and the detector. For R — o, the
PXR angular distribution to be observed at the detector converges to
that from a point-like source.

The PXR angular distribution from a beam with a finite size can be
written as:

Y(,.0,) = // Y(G;, 0;)0(0; - 0,0, > Gx)de;dG;, 1)
G(B; —0,.0. >6,)=
1 -6, -6 ~(6, -0,
27[(7;0; P [ 2(0;)2 ] xp [ 2(0}’()2 ] ’ @

where Y(Q; ,0") is the angular distribution for a point-like beam, o’ =
o,/ R are the effective divergence angles in the horizontal and vertical
directions, and o, , are the horizontal and vertical beam sizes on the
target.

The two-dimensional angular distribution YR(0,,.05) measured by
a detector at a distance R from the crystal can be expressed as follows:

Yr(0,.0,) = Yr(6,,0,)d6,do., 3)
vi*Ux; 400,5)) y v

where Yr(8,,0,) is defined by Egs. (1) and (2), and AQ(y;, x;) is the
solid angle spanned by the detector element located at the point (y;, x;)
on the two-dimensional detector.

In the present method, PXR angular distributions are measured at
two distances R, and R, from the crystal, where R, = k - R,. We
can assume that YRz(eyﬂng) is written as a convolution of the distri-
bution Y, ®,,.65,) with Gaussian functions having dispersions &, ;- To
determine G/, L we employ the least-squares method to minimize the
following equation:

n m n m
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Fig. 2. Schematic of experimental setup (top view).

where 5/ and E; are fitting parameters, and m, n are numbers of the
detector elements (pixels). The beam sizes o, and o, can be derived
as [18]:

k-Ry _,

[ ~ yx

X

)
k2 -1

3. Experimental

The experiment was performed using a 255-MeV (y ~ 500) electron
beam from the linear accelerator of SAGA Light Source (SAGA-LS)
in Japan. The pulse repetition rate was 1 Hz, and the average beam
current was ~7 nA. The divergence of the electron beam was 9, , ~ 0.1
mrad in terms of one standard deviation. The horizontal and vertical
beam sizes on the target were measured using OTR [16] to be ¢, =
0.28 + 0.01 mm and o, = 1.33 + 0.02 mm, respectively, in terms of one
standard deviation.

The experimental setup is illustrated in Fig. 2. A 20-pm-thick silicon
crystal was mounted on a two-axis goniometer in a vacuum chamber.
The <001> axis was perpendicular to the crystal surface, which was set
so that the (110) plane perpendicular to the crystal surface would be
directed vertically. To register PXR on the (110) plane, the crystal was
rotated by an angle § = O3 = 16.1° (the normal incidence condition
is defined as & = 0°). The radiation generated in the crystal passed
through a 250-pm-thick beryllium window and was recorded by a two-
dimensional position-sensitive detector located at an angle O, = 32.2°.

As a detector, we used an imaging plate with dimensions of 250 x
200 mm?, a chemical composition of BaSrFBrI:Eu>* and a working layer
thickness of 112 pm (type IPU, manufactured by Baker Hughes) [23]. As
shown in [24], such plates are very convenient for observing the PXR
angular distributions because of their large area, high spatial resolution,
and the linear dependence of the degree of local ionization in the
plate material on the intensity of the detected radiation. During X-ray
irradiation with the plate, Eu?>* was ionized to Eu**, and the released
electrons were captured by lattice defects [23,25]. After exposure of
the plate to the photon beam, the latent X-ray image was read digitally
by a photo-stimulated luminescence process using an imaging plate
reader (CRxVision, Baker Hughes). It takes a few minutes for this
reading process. The pixel size in the imaging plate was 35 x 35 pm?.
In our experimental setup, the distance between the crystal and the
output window of the accelerator vacuum chamber was 0.33 m. Taking
into account the need to install a Kapton absorber and additional
shielding of the imaging plate from the background (see below), we
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chose distances between the crystal and the detector as R, = 0.5 m
and R, = 1 m. For imaging plates, X-ray images stored in the detector
are not observed during irradiation, and the detector sensitivity is
lower than that for solid-state detectors such as X-ray CCD cameras.
For automation of the measurements, such solid-state detectors would
therefore be useful.

The background conditions depend on the operating mode of the
accelerator, the location of the detector, and the crystal orientation
angle [26]. To determine the angular distribution of the background
for each of the distances, the crystal was misoriented by +3° from the
Bragg angle. As the background distribution, we took the average of the
distributions for these crystal misorientation angles. The background
intensity did not exceed 20%-30% of the peak intensity of the PXR
angular distribution.

The photon path length in vacuum was 0.33 m; therefore, the path
lengths in air were 0.17 m and 0.67 m for R, = 0.5 m and R, = 1
m, respectively. The radiation recorded by the detector installed at a
distance R, = 1 m was absorbed more strongly than the radiation
recorded at a distance R, = 0.5 m. To compensate for this difference,
a 675-pum-thick Kapton film was installed in front of the detector at
R, = 0.5 m. The difference in transmission fraction, T = exp(—ut),
where u is the linear absorption coefficient [27] and ¢ is the length
of the radiation path in the substance, between a 0.5-m-thick layer of
dry air and the 675-pm-thick Kapton film does not exceed 0.5%-1%
for the photon energies of the three most intense orders of reflection:
(220), (440), and (660).

4. Results and discussion

Fig. 3 shows the observed PXR angular distributions for R, = 1
m and R, = 0.5 m, with the background not subtracted. The Bragg
direction corresponded to 6, = 6, = 0. The measurement time for each
distribution was 600 s.

Fig. 4 shows the cross-sections of the obtained angular distributions
passing through the center of the PXR reflection in the horizontal and
vertical directions for distances of 0.5 and 1 m, with the background
subtracted. The areas of the detector elements were taken to be 35 x 35
um? and 70 x 70 pm? for R, = 0.5 m and R, = | m, respectively, to
match their solid angles.

It can be seen from the figure that the distributions for different
distances practically coincide, except for the region near the reflection
center 0, , < 7-8 mrad, where the distribution for R; = 1 m is much
more prominent. Vertical distributions differ more, since the vertical
beam size is significantly larger than the horizontal one.

Determination of the beam size via Egs. (4) and (5) was carried
out by varying the convolution parameters G} , using the Monte Carlo
method. The fitting region of +25 and +20 mrad relative to the reflec-
tion center for the horizontal and vertical directions was chosen so that
the loss of radiation intensity at the edges of the distributions due to
smoothing would not affect the reliability of the fitting results. Fig. 5
shows the horizontal and vertical sections of the measured dependence
YR2(9yl,9x,) (triangles) and the fitted dependence (solid curve), as well
as the difference between them (circles).

As can be seen in Fig. 5, the fitted dependence coincides quite
well with Yg (@, ij), and their difference is roughly symmetric with
respect to zero, except for the region |6,| > 25 mrad, where there is
a decrease in the fitting distribution due to smoothing effects. At the
same time, it should be noted that the fitting dependence is slightly
higher than Yg, (9,,, 0y,) at the center of the PXR reflection.

The resulting beam sizes were o, = 032 + 0.02 mm and ¢, =
1.35+0.02 mm, where we took the scatter in the beam sizes obtained in
a series of repeated fittings as an estimate of the error in the fitting
results. The values obtained are in satisfactory agreement with the
results of measurements with optical transition radiation: ¢, = 0.28 +
0.0l mm and o, = 1.33 £ 0.02 mm. In this type of method integrating
many beam shots to obtain beam sizes, as in the case of wire scanners,
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Fig. 3. PXR angular distributions observed for (a) R, =1 m and (b) R, =0.5 m.

the stability of the beam position affects the beam size measurements.
The beam position fluctuation was approximately 1% of the beam
size, and thus its effect was negligible under the present experimental
conditions. However, for smaller beam sizes, this may have an effect
on the measurement results.

The difference between the beam sizes obtained using different tech-
niques, as well as the previously noted difference between Y, (0, ij)
and the fitted dependence, may be due to experimental errors and
the incomplete compensation of radiation absorption in a 0.5-m-thick
layer of air in the case of the Kapton film. The ratios of the radiation
transmission fractions in the 675-pm-thick Kapton film and the 0.5-m-
thick air layer vary from 0.995 to 0.991 for photons with energies w ~
11.64 keV, 23.29 keV, and 34.93 keV for the (220), (440), and (660)
reflections, respectively. That is, the angular distribution Yg,(0,,.05)
obtained using the Kapton film has a lower intensity than that obtained
if the experimental conditions are identical in both measurements,
with the exception of the distance between the crystal and coordi-
nate detector. To compensate for this difference, the fitting program
overestimates the effective divergence and the resulting beam sizes.
It should be noted here that the PXR photon energy depends on the
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Fig. 4. (a) Horizontal and (b) vertical cross-sections of PXR angular distributions for
R, =1mand R, =05 m.

photon emission angle relative to the Bragg direction and varies from
10.59 keV to 12.82 keV in the observed angular range for photons of
the first-order reflection, which changes the transmission fraction ratio
from 0.997 to 0.993. To mitigate this effect, a thorough vacuum path
from the crystal to the X-ray detector would be preferable.

The appropriate distance of the X-ray detector from the crystal is
mainly determined based on the resolution of the beam size measure-
ment and the amount of shielding of the detector from background
radiation. In [19], we investigated the relation between the experimen-
tal resolution during beam size determination and the distance R, of
the X-ray detector from the crystal, and found that the experimental
resolution is almost constant for R, < 1 m; therefore, the detector could
be placed closer to the crystal. In such case, however, the background
radiation must be carefully taken into account (see [17,19] for details).

5. Conclusions

The performed measurements confirmed the effectiveness of the
method for determining the electron beam size by measuring PXR
angular distributions from a 255-MeV electron beam in a thin crystal
for two distances between the crystal and the coordinate detector, as
proposed in [18,19]. The present method is model-independent, i.e., it
does not require information on the spectral-angular distribution of
the detected radiation, the X-ray energy dependence of the detector
efficiency, the divergence of the electron beam including the initial
angular spread and the multiple scattering angle inside the crystal, or
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Fig. 5. (a) Horizontal and (b) vertical cross-sections of PXR angular distributions for
R, = 0.5 m. A: experimental value, solid line: fitted result, and O: difference between
them.

the crystal quality. For electron energies above 5 GeV, covering the
beam energies for XFEL linear accelerators, the peak intensity of the
DTR angular distribution exceeds that of PXR [20]. Thus, the present
diagnostic method would be applicable to electron beams of XFEL
accelerators using DTR.
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