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We propose a new method for measuring electron beam profiles using parametric X-ray radiation. In this
method, a pinhole is placed between the source of parametric X-ray radiation and a two-dimensional
X-ray detector, and the beam profile can be reconstructed on the detector, i.e., based on the principle of
a pinhole camera. The profiles are in good agreement with the results obtained using a standard method
with optical transition radiation. This method may prove useful to measure profiles of electron beams
with short bunch lengths in recent advanced linear accelerators.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The measurement of beam profiles is indispensable in the field
of accelerators to determine the beam quality and condition of
the accelerator, so that many methods have been developed to
date. A fluorescent screen and a CCD camera comprises a simple
setup that is often used to image profiles of a beam from a lin-
ear accelerator. For a more precise measurement, optical transition
radiation (OTR) has been used instead of fluorescent light [1–4].
However, it was recently determined that OTR cannot be used as
an electron beam profile monitor at linear accelerators for X-ray
free electron lasers (XFEL), because OTR becomes coherent due to
the microstructure within the short bunch length of the electron
beam [5,6]. When OTR becomes coherent, the OTR intensity is no
longer proportional to the beam intensity; therefore, the beam pro-
file cannot be measured correctly. A similar effect is expected to
occur when the beam size is smaller than the wavelength of visi-
ble light, e.g., at the international linear collider (ILC).

Therefore, the use of photons with shorter wavelengths is re-
quired to avoid such coherence [7–11]. Recently, we proposed that
parametric X-ray radiation (PXR) could be used to monitor beam
profiles [11]. PXR is produced in the Bragg direction when a rel-
ativistic charged particle is incident on a single crystal, and this
radiative process can be regarded as the diffraction of virtual pho-
tons associated with the incident particle. Since its first theoretical
prediction [12], there have been extensive theoretical and exper-
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imental studies on PXR [13–17]. PXR has also been applied as
a tunable monochromatic X-ray source for many studies, such as
X-ray imaging [18,19].

In Ref. [11], we proposed two approaches: the local method and
the remote method. In the local method, a two-dimensional X-ray
detector is placed close to the target and measures the PXR pro-
file. In this case, the PXR profile mainly reflects the beam profile,
so that the beam profile can be extracted from the PXR profile by
a deconvolution step. We demonstrated a proof-of-principle exper-
iment for the local method in Ref. [11]. For the remote method, we
proposed the use of a Fresnel zone plate (FZP) as an X-ray lens and
designed the corresponding experimental setup. In this method,
the X-ray detector is placed far from the target, and the beam pro-
file at the target is focused on the X-ray detector using the FZP.
Although FZPs have high position resolutions (down to ca. 10 nm)
[20,21], they are expensive and their precise alignment is required
in the experimental setup.

In this Letter, we propose to use a pinhole to measure elec-
tron beam profiles instead of a FZP, based on the principle of the
pinhole camera. A pinhole is placed between the PXR source and
the X-ray detector, and a beam profile can be reconstructed on the
X-ray detector by X-rays that pass through the pinhole. A simi-
lar method is often employed as a profile monitor for the electron
beam of a storage ring using synchrotron radiation X-rays from the
electron beam, and beam sizes in the order of 10 μm are obtained
[22]. In the case of the X-ray pinhole camera, the position resolu-
tion is limited to ca. 10 μm due to the diffraction effect of X-rays
by the pinhole (see, e.g., [23,24]). Although the position resolution
of this method is lower than that of the FZP method, and the PXR
yield is restricted by the small size of the pinhole, a pinhole can be
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Fig. 1. Schematic diagram of the experimental setup for beam profile measurements
using (a) PXR and (b) OTR.

easily prepared and handled. Therefore, the “PXR pinhole camera”
would be useful as an alternative method to measure beam pro-
files.

2. Experimental

Fig. 1(a) shows a schematic diagram of the experimental setup.
Experiments were performed using a 255 MeV electron beam from
a linear accelerator at the SAGA Light Source (SAGA-LS) [25]. The
SAGA-LS is a synchrotron radiation facility, and the linear accel-
erator is used as an injector to the SAGA-LS storage ring. The
repetition rate of the beam acceleration in the linear accelerator
was 1 Hz and the average beam current was ca. 7 nA. A 20 μm
thick Si crystal with the 〈001〉 crystallographic axis perpendicu-
lar to the crystal surface was mounted on a two-axis goniometer
in a vacuum chamber and the crystal was set so that the (220)
plane was vertical. The rotation angle around the vertical axis was
defined as θ , where θ = 0◦ corresponds to the normal incidence
condition. The horizontal and vertical angular divergences of the
incident beam were σ ′

i,x = 0.2 mrad and σ ′
i,y = 0.3 mrad, respec-

tively, where σ represents one standard deviation. The multiple
scattering angle of the incident electrons in the target, which is
averaged over the path length in the target, is estimated to be
σ ′

MS = 0.35 mrad [26]. Accordingly, the angular spread of the elec-

tron beam can be calculated as σ ′
beam,s =

√
σ ′ 2

i,s + σ ′ 2
MS (s = x or y);

σ ′
beam,x = 0.40 mrad and σ ′

beam,y = 0.46 mrad.
The crystal was rotated by θ = 16.1◦ , and the (220) reflection of

the PXR produced around 32.2◦ was extracted through a 250 μm
thick beryllium window. In this case, the Bragg energy was calcu-
lated to be 11.6 keV. A 2 mm thick tungsten plate with a 200 μm
diameter pinhole was placed at a distance of d1 = 421 mm from
the target. A two-dimensional X-ray detector was placed at a dis-
tance of d2 = 210.5 mm from the pinhole. The magnification of
this pinhole camera setup is determined to be M = d2/d1 = 0.5.
A 200 × 200 mm2 imaging plate was adopted as an X-ray detector.
Imaging plates offer advantages such as high position resolution,
high linearity of intensity (dynamic range: 105), and flexibility for

Fig. 2. PXR angular distribution obtained without the pinhole installed. The circle
indicates the angular position of the pinhole installed in later experiments. Note
that the size of the pinhole is not scaled.

use [27,28]. The position resolution of the imaging plate was esti-
mated to be σIP = 48 μm [29].

For comparison, beam profiles were also measured using OTR.
The OTR does not become coherent for the SAGA-LS linear accel-
erator. A schematic diagram of the experimental setup for OTR is
shown in Fig. 1(b). As an OTR screen, the same Si crystal as that
for the PXR experiments was employed. The surface of the crys-
tal was mirror-polished for the efficient production of OTR. The
crystal was rotated by θ = −45◦ and the OTR emitted in the 90◦
direction from the target surface was extracted through a view
port. The profiles were imaged with a CCD camera. To evaluate
the position resolution of the CCD camera (including the contri-
bution of the CCD camera lens), the sharp edge of a plate at the
target position was imaged; the position resolution was evaluated
to be σCCD = 125 μm from the blurring of the edge. A comparison
with the PXR experiments is presented later.

3. Results

Fig. 2 shows the PXR angular distribution obtained without the
pinhole plate installed, where θs = sIP/(d1 +d2), s = x or y, and xIP
and yIP are the horizontal and vertical positions on the imaging
plate, respectively. The Bragg direction corresponds to θx = θy = 0.
The intensity is in arbitrary units. The measurement time was
600 s. A cone-like structure typical of PXR was clearly observed.
Ref. [29] gives a comparison of the observed angular distribution
with the theoretical distribution and a detailed discussion. After
this measurement, the pinhole was placed at the peak position
of the PXR angular distribution, which is indicated by a circle in
Fig. 2.

Fig. 3(a) shows a beam profile obtained using PXR, where the
positions were converted as s = sIP/M , taking into account the
magnification, M . The peak position was defined as x = y = 0.
The intensity is in arbitrary units and the background level was
∼ 1.0. The measurement time was 12 600 s, i.e., the beam profiles
were integrated over 12 600 beam shots. Fig. 3(b) shows a beam
profile obtained using OTR. The intensity is in arbitrary units and
the background level was close to 0. This image was acquired in
1 beam shot. The PXR image is in good agreement with the OTR
image, including the asymmetry of the profile.

For more detailed comparison, we plotted the beam profiles
projected onto the horizontal and vertical planes in Figs. 4(a) and
4(b), respectively. The background was subtracted and the peak
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