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Abstract

X-ray pinhole cameras are employed to provide the trans-
verse profile of the electron beam from which the emittance,
coupling and energy spread are calculated in the storage ring
of Diamond Light Source. Tungsten blades separated by
shims are commonly used to form the pinhole aperture. How-
ever, this approach introduces uncertainties regarding the
aperture size. X-ray lithography, electroplating and mould-
ing, known as LIGA, has been used to provide thin screens
with well-defined and high aspect ratio pinhole apertures.
Thus, the optimal aperture size given the beam spectrum
can be used to improve the spatial resolution of the pinhole
camera. Experimental results using a LIGA screen of dif-
ferent aperture sizes have been compared to SRW-Python
simulations over the 15—35 keV photon energy range. Good
agreement has been demonstrated between the experimental
and the simulation data. Challenges and considerations for
this method are also presented.

INTRODUCTION

X-ray pinhole cameras (XPCs) are a well-established di-
agnostic tool for measurement of the 2D transverse beam
profile of the electron beam in the storage ring [1]. From
the acquired beam size measurement, combined with knowl-
edge of the lattice parameters, the emittance and coupling
are calculated. The expected beam sizes in Diamond-II will
be smaller than the nominal operation of Diamond, particu-
larly for emittance measurement of the squeezed beam after
correction of the lattice using the linear optics from closed
orbits (LOCO) method [2].

The Point Spread Function (PSF) of the imaging system
should be minimised to improve the spatial resolution. The
overall PSF is represented by the contributions of the scin-
tillator screen, the lens, the camera sensor and the pinhole
aperture itself which is a fundamental component in the
pinhole camera. Reduction of the PSF can be achieved by
using the optimal pinhole aperture size for the given photon
beam energy of the synchrotron radiation [1]. For sufficient
contrast at photon energies in the 15 — 60 keV range, the
pinhole aperture must be formed using a material with a
high atomic number.

High Z-number materials are often difficult to machine,
especially to form high aspect ratio structures, e.g. a rectilin-
ear square aperture of I0um X 10 pm with a thickness of
250 um to 1 mm. Due to this, the pinhole aperture is often
formed by stacking two orthogonal sets of tungsten blades
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separated by precisely machined shims. The thickness of the
shims between the tungsten blades sets the aperture size [3].
Although the blades have surfaces that are easy to polish
and the shims can be manufactured to the specified thick-
ness, there are drawbacks to this stacked design. Firstly
the pinhole aperture, which from theory should be an in-
finitesimally thin screen is a 10 mm long tunnel, making
simulation challenging. Secondly, the effective aperture size
is typically larger than the shim thickness. And thirdly, the
absolute measurement of the effective aperture size in this
geometry is not trivial.

LIGA (X-ray lithography) technology [4] enables the fabri-
cation of high-aspect ratio structures using high-Z materials
such that the pinhole aperture size is known and control-
lable. Furthermore, the tunnel-like geometry of the aperture
is removed to provide better agreement with theoretical mod-
els. At the Karlsruhe Institute of Technology, unique LIGA
screens are produced. These are made from gold with a thick-
ness up to 250 um. Thus, allowing the comparison between
simulations of the pinhole camera with real acquired data on
the accelerator. This could enable simulation of the PSF of
the pinhole camera instead of PSF measurement using Tou-
schek calibration with beam which is time-consuming [5].

In this paper, simulations and measured pinhole camera
images from a bending magnet sourcepoint using a LIGA
screen are compared.

EXPERIMENTAL SETUP

Pinhole camera 3 is installed on the Diagnostics X-ray
beamline inside the storage ring tunnel for the purpose of
R&D. A schematic of the setup is shown in Fig. 1. The
pinhole-to-scintillator distance is 9.72 m, the source-to-
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Figure 1: Schematic of an X-ray pinhole camera from a
bending magnet sourcepoint.
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pinhole magnification was measured as 2.54, the source-
to-pinhole distance is 3.82 m and the scintillator-to-camera
magnification was measured as 1.02. Approximately 1 m
upstream of the scintillator is a multilayer monochromator.
The bandwidth of the Mo/Si multilayer monochromator is
< 1 keV [6]. The parameters of the multilayer monochroma-
tor are summarised in Table 1.

Table 1: Multilayer Monochromator Parameters

Parameter Value

Mirror dimensions 300 mm X 50 mm

d-spacing 4.8 nm
Coating Mo/Si
Substrate Float glass
Number of layer-pairs 100

A side effect of multilayer monochromator on micro-
imaging applications is the stripe pattern induced in the
image [6]. On the Diagnostics X-ray beamline the monochro-
mator reflects in the horizontal plane to ensure that the
vertical dimension of the imaged beam profile is not dis-
torted by this well-known banding effect. The single bounce
monochromator means it is necessary to track the reflected
beam with a camera mounted on translation stages. At
12 keV, the Bragg angle is = 0.67 degree, which gives a
beam-deflection of ~ 23 mm at a distance of 1 m.

Figure 2 shows the design for the LIGA pinhole screen.
The screen features square apertures with sizes ranging from
10 um to 50 um. For each aperture size there is a 3 x3 grid of
apertures. The apertures are separated to ensure independent
images are obtained from each pinhole. A 400 pm aperture
is included for initial alignment. Each pinhole aperture size
was checked using a scanning electron microscope (SEM)
to verify the size. Differences in the range of few microns
were revealed between the measurement and the specifica-
tion. This was taken into account for the comparison studies
between experiment and simulation.

SIMULATION

The Synchrotron Radiation Workshop in Python (SRW-
Python) [7, 8] was used to simulate the image of the photon
beam at the scintillator screen. The simulation settings were
defined according to the experimental setup. Firstly, the
SR emitted from a single electron sourcepoint propagated
through a square pinhole aperture was simulated for a fixed
photon energy. This was then extended using the partially
coherent wavefront propagation for 2000 individual elec-
trons with a Gaussian distribution representing the electron
beam profile.

The procedure was repeated for a set of energies from
15 — 35 keV for each pinhole aperture size. The simulation
assumes X-rays propagate in vacuum, therefore the 1 mm
aluminium window from vacuum-to-air and 10 m air are
omitted. The monochromator was also omitted from the
simulation since the photon energy is specified.
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Figure 2: Pinhole screen design of 3x3 arrays of square
holes.

The simulated beam intensity data from SRW was used
to construct the 2D image of the beam on the scintillator
screen. The image was convolved with the scintillator screen
PSF which was measured experimentally using the knife
edge method. The vertical projection of the beam on the
scintillator screen was fitted with a 1D Gaussian fit and the
sigma provided the vertical beam size on the scintillator
screen.

PINHOLE APERTURE MEASUREMENTS

Figure 3 shows an image acquired using the LIGA screen
with the monochromator retracted (i.e., with white beam).
Some leakage is seen of the SR fan through the ~ 250 ym
thick LIGA screen. Images were then acquired for a range of

Diagnostics Camera SRO3C-DI-DCAM-01

L‘ Camera SR03C-DI-DCAM-01 on SR03C-DI-PINH-01

0000 mm—

1250mm_

sobnm

config | [ Grey Scale

15000 mm

EXIT

Figure 3: White beam image using the LIGA screen.

Figure 4: Image from the pinhole camera at 23 keV using a
25 um aperture.
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Figure 5: Comparison of simulation and experimental data for different LIGA pinhole aperture sizes and photon energies.

photon energies using different aperture sizes. A typical im-
age is shown in Fig. 4. The expected stripe pattern from the
multilayer monochromator is observed, however the vertical
profile of the beam is preserved in the image.

of the stacked image was fitted with a 1D double Gaussian
profile, where one of the Gaussian curves represents the
beam profile while the second Gaussian describes the back-
ground.

To ensure reasonable fits, a signal-to-noise threshold was
applied to only include columns where the Gaussian peak
that represents the beam profile was 20 times greater than

MOP18

The vertical beam size was measured by stacking five
images from the pinhole camera. Hot pixels were removed
using a median filter. Due to the stripe pattern, each column
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the average background. The average background was taken
from a corner of the image where the SR fan intensity was
significantly reduced. The background in the region of the
image is significantly greater than the obtained average back-
ground, thus a threshold factor of 20 was found to be most
appropriate.

The experimental data for a range of aperture sizes is
shown in Fig. 5. For each data point the average measured
vertical beam size is presented with an error bar of the stan-
dard deviation from the Gaussian fits of the columns of the
image. The vertical beam size at the scintillator screen is
compared over a range of photon energies from 15 — 35 keV.
The standard deviations range from a few per cent up to
10% with respect to the average measured beam size at each
photon energy.

EXPERIMENT AND SIMULATION
COMPARISON

The experiment and simulation data comparison was con-
ducted for different aperture sizes from 11 to 47 um as shown
in Fig. 5. The aperture size used as the label in the plots is
according to the SEM measurements and not the specifica-
tion.

The relative difference between the simulated and exper-
imentally measured beam sizes over a range of photon en-
ergies for each aperture is summarised in Fig. 6. For most
cases, the mean value of the relative difference across the
energy range for each aperture size is below 5% with the
highest value being 8%, excluding the 11 um dataset.

Relative Difference [%]

15 20 25 30 35
Photon Energy [keV]
Figure 6: Relative difference between the simulated and
measured beam sizes over a range of photon energies for
each aperture size.

It should be noted that a small degree of disagreement
was expected since the simulation uses a bare lattice and
assumes perfectly monochromatic light, whereas the data
was acquired from the synchrotron with insertion devices at
gaps for nominal user beam and the multilayer monochro-
mator has finite bandwidth. Also, the photon absorption in
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the aluminium window from vacuum-to-air and the 10 m air
were not included in the simulation.

For the 11 um aperture the relative difference between
the simulated and measured beam sizes is much higher in
comparison to the other apertures. This discrepancy may
arise from the quality of the 11 um apertures, which were
observed to be visually poorer under the SEM, since these
apertures approach the aspect ratio limit of the LIGA fabri-
cation process.

CONCLUSIONS

LIGA offered the possibility to control the pinhole aper-
ture size and to compare the simulations with the experiment.
SEM measurements were important to validate the accuracy
of the specified aperture size and eventually to achieve a
good agreement between the experiment and the simulation.

The smallest vertical beam sizes were obtained from pin-
hole apertures in the range of 11 — 23 um. However, the
monochromatic photon flux at the image plane was low and
five images had to be acquired to improve the signal to noise
ratio. As the aperture size increases, the flux increases whilst
the spatial resolution of the pinhole camera decreases.

The experimental data shows a good agreement (< 8%)
with the simulation for the 15 — 47 um aperture sizes and im-
plies that the pinhole camera system performs as described
in the simulation. The remaining discrepancy between sim-
ulation and aperture size may be further reduced through
optimisation of the simulation and data analysis. Therefore
this work could be extended to simulate the broadband PSF
for white beam given the known aperture size, thereby re-
moving the need for time-consuming beam measurements
of PSF.

Excluding the 11 pm dataset from these measurements
and given the white beam spectrum peaks at 23 keV, the
optimal aperture size from simulation and experiment for
this pinhole camera is approximately 15 um.
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