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Abstract
X-ray pinhole cameras are widely used for beam emit-

tance monitoring at synchrotron light sources. Due to the
reduction in beam emittance expected for the many fourth
generation machine upgrades, the spatial resolution of the
pinhole camera must be improved accordingly. It is well
known that there are many contributions to the point spread
function. However, a significant contribution arises from
diffraction by the pinhole aperture. Given that diffraction is
dependent on the spectral distribution of the incident syn-
chrotron radiation, the spatial resolution can be improved by
using a monochromatic beam. For optimal performance, the
photon energy should be matched to the pinhole aperture
size. Here we investigate the spatial resolution of the pinhole
camera as a function of photon energy using a multi-layer
monochromator.

INTRODUCTION
Emittance monitoring is a crucial diagnostic instrument

at synchrotron light sources. With the planned upgrades
to fourth generation synchrotrons such as Diamond-II [1],
which are in part motivated by a reduction in emittance to pro-
vide increased brightness on beamlines, the emittance moni-
toring capabilities must be upgraded accordingly. Given the
reduced emittance, the transverse size of the electron beam
in the storage ring will also decrease. Thus the spatial reso-
lution of the diagnostic instrumentation must be improved to
ensure accurate measurement of the emittance for feedback
systems [2].

The point spread function (PSF) defines the spatial resolu-
tion of the diagnostic instrument. For X-ray pinhole cameras
(XPCs), as shown in Fig. 1, it is well documented that each
optical element will contribute to the overall PSF. The PSF
from each optical element is assumed to be Gaussian such
that the overall PSF is

σ2
PSF = σ

2
pinhole + σ

2
camera (1)

with
σ2

pinhole = σ
2
diffraction + σ

2
aperture (2)

and
σ2

camera = σ
2
screen + σ

2
lens + σ

2
sensor (3)

where the subscripts denote the optical element of the PSF
contributions [3, 4].

The fundamental PSF of a pinhole camera comes from
the requirement of a pinhole aperture to form an image.
As shown in Eq. (2) this aperture causes geometrical and
diffraction effects to the propagating X-ray wavefront and is
∗ lorraine.bobb@diamond.ac.uk

Figure 1: Schematic of an X-ray pinhole camera. The source-
to-screen magnification is given by the ratio of the distances
di/do.

one of the largest contributors to the overall PSF. Although
the PSF contribution from the pinhole σpinhole cannot be
avoided entirely, it can be minimised by matching the pinhole
aperture size and photon energy [4].

PSF SIMULATION
Using XOP [5] a comparison of the spectral power distri-

butions for the bending magnet source points in Diamond-I
and Diamond-II is shown in Fig. 2. In all three cases similar
spectral distributions are observed from 15 - 60 keV with
the peak power in the 23 - 25 keV range. However due to the
weaker magnetic field strengths of the Diamond-II dipoles
(BD1 = 0.76 T, BD4 = 0.70 T), the total power is approx-
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Figure 2: Comparison of the spectral power distributions,
after 1 mm aluminium and 10 m air, of the bending magnet
source points of Diamond-II (D1 and D4) with Diamond-I
(DLS1:BM).
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imately one third of the power from a Diamond-I dipole
(BDLS1:BM = 1.4 T). It should be noted that the beam ener-
gies are 3 GeV and 3.5 GeV for Diamond-I and Diamond-II
respectively [1].

Using SRW [6] the vertical projection of the simulated
PSF from a 25 µm×25 µm pinhole aperture for different pho-
ton energies in Diamond-I is shown in Fig. 3. The source-
to-pinhole distance is 4.6 m. The pinhole-to-screen distance
is 11.8 m. At low photon energies the PSF is well approx-
imated by a Gaussian. As the photon energy increases the
degree of quality to which the pinhole PSF can be approx-
imated by a Gaussian is reduced. This can be understood
by referring to the Fresnel number NF = A2/(λdi) where
A is the aperture size. For NF << 1 Fraunhofer (far-field)
diffraction occurs, otherwise Fresnel (near-field) diffraction
occurs such that the pinhole PSF more closely resembles the
pinhole aperture and the flattop is more pronounced [4].
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Figure 3: SRW simulation of the vertical PSF from a 25 µm
pinhole aperture for different photon energies. This simula-
tion does not include the attenuation of the X-rays from the
1 mm aluminium window and 10 m air.

EXPERIMENTAL SETUP
In the storage ring of Diamond there are three X-ray pin-

hole cameras: XPCs 1 and 2 are used for 24/7 operation of
the vertical emittance feedback system, whereas XPC 3 is
purpose built for research and development. Figure 1 shows
the layout of the XPC where the distances do and di are 4.6 m
and 11.8 m respectively. The source-to-screen magnification
was measured to be 2.56. Approximately 4 m downstream
of the sourcepoint, the X-rays transition from vacuum to air
by passing through a 1 mm thick aluminium window. The
X-ray beam then propagates through a 25 µm × 25 µm pin-
hole aperture formed by an assembly of tungsten blades and
chemically etched shims [7]. The pinhole assembly is kept
under a nitrogen environment to prevent oxidation.

On XPC 3, a single-bounce multilayer monochromator
mirror was installed approximately 0.5 m upstream of the
scintillator screen. The multilayer coating is Mo/Si with

100 layer−pairs deposited on float glass and has a d-spacing
of 4.8 nm.

The full-width-half-maximum (FWHM) of a multilayer
peak (in radians) is

∆θ =
λ

mΛ
(4)

where λ is the X-ray wavelength, m is the number of layer-
pairs and Λ is the d-spacing (period) [8]. Using Eq. (4) at
20 keV the bandpass of the monochromator is 400 eV which
gives ∆E/E ≈ 2%.

The reflective surface of the monochromator is 300 mm×

50 mm. The horizontal size of the beam image σxi at the
scintillator screen is approximately 150 µm. At 12 keV the
estimated Bragg angle is approximately 12 mrad. If we as-
sume the horizontal footprint of the beam is 6σxi , the hor-
izontal footprint of the beam at the scintillator screen is
approximately 1 mm. For a monochromator orientated at
12 mrad with respect to the incident beam, the horizontal
footprint of the beam image will span a length of 80 mm on
the monochromator surface.

The monochromator is held under nitrogen inside a box
with kapton windows to prevent oxidation. This system
is then mounted on a rotation stage to select the photon
energy, and a translation stage so it can be fully retracted
from the beam path. Inside the box, the monochromator
is mounted vertically such that the beam is reflected in the
horizontal plane to preserve the vertical image distribution.
Although the monochromator is installed close to the scin-
tillator screen, due to the single-bounce setup the beam is
deflected horizontally and must be tracked with the imager.
In our case, the scintillator, mirror, lens and camera are
mounted together on remotely controlled translation stages.

Initially the monochromator was aligned to a position
parallel with the incident synchrotron radiation beam and
the angle set point on the rotation stage was recorded as
0°. To calibrate the the beam angle and photon energy a
Molybdenum filter with 0.1 mm thickness and an absorption
edge at 20 keV was inserted in the beam path and the rotation
angle at which the intensity reduced, i.e. at the absorption
edge, was recorded at 0.37°. The difference in angle between
these measured positions was consistent with the expectation
from theory given the Bragg angle for 20 keV is 0.37°.

RESULTS AND DISCUSSION
Due to the orientation of the monochromator, only the ver-

tical beam size is preserved at the image plane of the pinhole
camera. Images were acquired at different photon energies.
For the data analysis, image stacking was necessary due to
the low intensity after the monochromator. A Gaussian fit
was applied to each pixel column of the stacked image at
each photon energy. The average beam size at the scintilla-
tor screen is plotted with the standard error as a function of
photon energy in Fig. 4.

The PSF of the pinhole camera is calibrated using the
Touschek lifetime [7]. With the monochromator retracted
(i.e. white beam) the true vertical beam size at the scin-
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tillator screen was measured as 30.1 µm. From knife-edge
measurements the PSF from the scintillator screen, lens and
camera is 8 µm.

A Gaussian fit was applied to each simulated PSF from
SRW (see Fig. 3). The sigma of the fitted simulated PSF
was added in quadrature to the true vertical beam size at the
scintillator screen and the contribution from the scintillator
screen. The simulated beam size at the scintillator screen at
each photon energy is shown in Fig. 4.

15 20 25 30 35 40
Photon Energy [keV]

35

36

37

38

39

40

41

42

M
ea

s a
t s

cr
ee

n 
[

m
]

Simulation
White beam data
Monochromatic data

Figure 4: A comparison of the vertical beam size at the
screen from measurement and simulation.

Figure 4 shows a good agreement of the measured and
simulated vertical beam size at the scintillator screen for
photon energies greater than 22 keV. The vertical beam size,
from measurement and simulation, increases with photon
energy. Below 22 keV the vertical beam size from simulation
and theory diverge. Analysis proved more difficult over this
range due to a low signal-to-noise ratio.

The measured beam size for white beam is also plotted
alongside the monochromatic data. It is seen that a smaller
beam size is simulated and measured for photon energies
less than 30 keV in comparison to the white beam size mea-
surement. Given that the true beam size of the electron beam
in the storage ring was constant, with vertical emittance feed-
back enabled, the reduction in the measured beam size at
different photon energies arises from a decrease of the PSF
contribution. Thus it is demonstrated that the PSF contri-
bution to the vertical beam size measurement is reduced by
selecting a suitable monochromatic photon energy.

CONCLUSION
In this paper it has been demonstrated that the contri-

bution from the aperture of the X-ray pinhole camera to
the overall point spread function can be reduced by using
monochromatic light. These first measurements with the
recently installed multilayer monochromator have shown a
good agreement with SRW simulations above 22 keV.

Further investigations are planned to improve the
monochromatic X-ray pinhole camera. These studies will

include testing a different multilayer monochromator and
improving the capture efficiency of the photon yield using
the microscope imager described in [9].

For Diamond-II the suitability of a monochromatic X-ray
pinhole camera must be assessed. A lower flux is expected
due to the weaker dipole field, thus a higher efficiency imag-
ing system or direct X-ray detection will be needed especially
for emittance feedback. Alternatively, the monochromator
could be used for a complementary high resolution beam
size monitor using X-ray interferometry. These options will
also be investigated.
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