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Abstract

A prototype of a beam-induced residual gas fluorescence
monitor (BIF) has been developed and successfully tested at
the Institute of Applied Physics (IAP) at the Goethe Univer-
sity Frankfurt. This BIF is based on ten single-board cam-
eras inserted into the vacuum and directed onto the beam
axis. The overall goal is to study the beam with tomography
algorithms at a low energy beam transport section. Recently,
we tested the detector with a 60 keV, 33 mA hydrogen beam
at 20 Hz and 1 ms puls length. In this paper we present the
ongoing investigations on image processing and application
of the algebraic reconstruction technique (ART).

INTRODUCTION

Beam-induced fluorescence (BIF) monitors are standard
detectors at accelerator facilities [1]. For ultrahigh vacuum
beam diagnostics, scientific cameras are commonly used in
combination with MCP photon amplifiers to determine the
beam position and profile. New BIF monitors have been suc-
cessfully tested at the low-energy beamline of the Frankfurt
Neutron Source at the Stern Gerlach Center [2]. These de-
velopments lead to new ways to study the beam. One idea is
to view the beam from multiple angles. This allows the use
of tomography algorithms to reconstruct the intensity dis-
tribution of the transverse beam profile. Beam tomography
has previously been studied using a camera and a rotating
vacuum chamber to rotate the camera and obtain any number
of views. Another approach is to view the beam through
viewing windows.

Our goal is to maximize the number of viewing angles
and develop a fast tomographic detector with minimal size
to be as flexible as possible. Our approach is to use non-
scientific single-board cameras with single-board computers
and integrate the system into the vacuum. Figure 1 shows a
photo of the cameras mounted on the holder. It is designed
to fit into a vacuum chamber with a diameter of 200 mm and
a length of 300 mm.

The detector is built for low energy beam transport sec-
tions in high vacuum regions of about 10~7 mbar. To amplify
the emitted light, a buffer gas can be introduced during image
acquisition. We introduced argon gas and tested the cameras
at a residual gas pressure of up to 1 x 10~ mbar. Figure 2
shows the position of the tomography detector. This position
is of particular interest since the RFQ will be placed at this
location.

There were several challenges to overcome in developing
such a detector. One challenge was to have all the cameras
work in parallel and transmit all the data from the vacuum.
Another challenge was to align all cameras so that the center
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Figure 1: The picture shows a photo of the tomography
detector with the Raspberry Pi Zero and its camera modules
attached to a stainless steel pipe.

of their field of view matched. For more information about
calibration and alignment, see [3].

HARDWARE SET UP

Raspberry Pi Zero and its Camera

The cameras you see in Fig. 1 are single-board cameras
with so-called Raspberry Pi Zero single-board computers.
The Raspberry Pi Zero is the one with the smallest dimen-
sions among the Raspberry Pi computer models. The com-
puter and especially its camera are gaining more and more
attention not only in the Maker scene, but also in the scien-
tific community [4]. Due to its compact dimensions and low
power consumption of about 15 mW, they are predestined for
projects like drones, robots or any mobile devices. The cam-
era consists of a 5 MP high resolution Omnivision OV5647
CMOS image sensor. The sensor size is 3.76 mm X 2.74 mm
and has a pixel size of 1.4 um x 1.4 ym. It has a focal length
(3.6 mm) with a single aperture (F2.9). The sensor sensitiv-

ity can be varied between ISO values from 100 to 800, and
it is possible to vary the analogue gain of the ADC for the

blue and red color pixels, i.e. to change the white balance
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Figure 2: The tomography detector is located in the vacuum
chamber behind the last solenoid of the LEBT section. Im-
mediately after the detector is a slit grid emittance detector
and a beam dump.

manually. The camera has been tested in high vacuum up to
1 x 1077 mbar and in strong magnetic field (up to 0.6 T) [5].

Powering and Communication with the Cameras

A wireless connection was used to control the cameras.
A Raspberry Pi with an external WIFI antenna was installed
as an access point. All ten cameras connect wirelessly as
devices to the access point. The controller sends the com-
mand to capture the image, and the devices send the image
back to the controller. At this point, initial image processing
can be performed before all images are sent to the main lab-
oratory computer for further processing and application of
tomographic reconstruction algorithms. The main controller
is not located inside the vacuum, only the external antenna.
Therefore, only two pins for the power supply and five pins
for the USB port were needed to control the tomography
detector. For beam operation, an electromagnetically com-
patible circuit (EMC) is required to transmit the data from
the vacuum and to protect the devices from flashovers.

TOMOGRAPHIC RECONSTRUCTION

The development of tomographic reconstruction algo-
rithms, especially in accelerator facilities, is a current scien-
tific topic [6]. Time and resource efficient software has been
developed in different laboratories. Here we use the python-
based software toolbox Tomopy [7]. Most of the commonly
used tomographic reconstruction algorithms such as Alge-
braic Reconstruction Tomography (ART) or Filtered Back
Projection (FBP) are implemented here. Unlike the usual
detectors with an X-ray source rotating over the object and
creating as many profiles as necessary, here we have lim-
ited viewing angles. The ART algorithm was developed for
iterative reconstruction of objects examined at a particular
viewing angle [8]. In contrast, the filtered back projection is
better suited for unlimited viewing angles. For this reason,
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the ART algorithm was used to evaluate detector calibration
for an initial test.

EXPERIMENTAL RESULTS

The proof of the detector concept was tested on a hydrogen
beam with 60keV, 33 mA at 20 Hz and 1 ms pulse length.
There is no momentum filter at the beamline, so all three
types of hydrogen beams (p, H;, H}) were transported. Fig-
ure 3 shows a false-color profile of the beam recorded by
camera 8.
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Figure 3: False color image of the beam profile.

After performing the tomopy algorithm, the reconstructed
section of the beam is obtained, as shown in Fig. 4. Here
one can see that the beam is not radially symmetric. This
asymmetry is due to the limited number of profiles. After
fitting the image with a Gaussian function, the beam center
is obtained at 41.7 mm in the x-direction and 41.4 mm in the
y-direction and a beam diameter of 3.6 mm.

An advantage of the tomography detector is the possibility
to examine an asymmetric beam or even two beams. Since
the hydrogen beam consists of three species, a magnetic
steerer was used to shift the beam. The three species are
then shifted depending on their momentum. Figure 5 shows
such a situation, where two of the three species are shifted
against each other and transported in parallel.

This can also be seen in the reconstructed slice. While
the study of two parallel beams from the x and y directions
would be difficult, the position and diameter could be studied
in a tomographic system. Figure 6 shows the reconstructed
intensity distribution. And Fig. 7 after fitting the intensity
distribution with two Gaussian functions.

CONCLUSION

In this paper, a tomographic BIF detector for ion beam
investigations is presented. This BIF is based on ten single-
board cameras on a tube concentric to the beam axis and
held by the outer vacuum tube. After securing the data
transmission by an EMC circuit and camera calibration for
real scaling, the detector was ready for the first beam test.
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Figure 4: A tomographic slice of the beam profile. The
asymmetry of the intensity distribution follows from the
limited number of profiles [9].
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Figure 5: Two species of the hydrogen beam are shifted
dependent on their momentum by a magnetic dipol steerer.

A hydrogen beam with its three species (p, H;, H3) was
successfully investigated with the detector. The tomographic
reconstruction algorithm ART could be applied to the data
set using the Tomopy software. The intensity distribution
of the reconstructed beam shows asymmetric artifacts. The
reason for the artifacts is the limited number of profiles.
Despite these difficulties, it was possible to investigate a
two-beam scenario where two types of the hydrogen beam
could be shifted against each other.

Studies are currently underway to improve image pre-
processing and the choice of the right tomography algorithm.
The tomography software even provides options to remove
the characteristic stripes that lead to an asymmetric intensity
distribution. This feature and different ways to filter the
images to improve the reconstruction process are current
topics of this project.
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Figure 6: Tomographic reconstrucion of the two beam sce-
nario [9].
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Figure 7: 2D contour plot of the two-beam distribution fitted
by two Gaussian functions [9] .
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