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A B S T R A C T

In the PANDA experiment’s hypernuclear and hyperatom setup, a positioning system for the primary production
target is required, which will be located in the center of the solenoid magnet, in ultra-high vacuum, and
exposed to high radiation levels. In this work, a prototype for a positioning sensor was built using a bisected
light guide for infrared light and a low-priced readout system based on microcontrollers. In contrast to many
modern positioning systems that require electronics in direct proximity, this setup has no active electronic
components close to the moving parts.

The prototype system was operated with a resolution of better than 5 μm, and with a repeatability of
better than ±18 μm in a total of 14 000 measurements. The demonstrated performance is by far satisfying the
positioning requirement of ±300 μm in the hypernuclear and hyperatom setup at PANDA.
1. Introduction

The large production cross section for hyperons and antihyperons
in antiproton induced interactions provides an unprecedented tool to
study strange baryons and antibaryons in nuclear system. The an-
tiProton ANnihilations at DArmstadt (PANDA) experiment, which is a
planned fixed-target experiment at the international Facility for An-
tiproton and Ion Research (FAIR) [1], is the ideal place for such
studies. PANDA is intended to operate at the antiproton storage ring
HESR and it will address various aspects of the strong interaction,
with strangeness nuclear physics being one of its research pillars [2–
8]. These studies are made possible by the modular structure of the
PANDA detector which allows to integrate a dedicated target station,
that combines a primary production target with a secondary target to
stop the produced hyperons and antihyperons. This paper focuses on
the positioning system for the primary targets in the center of the target
station.

2. The target system of the hypernuclear and hyperatom setup

The primary target will be made from a thin carbon filament
which will be moved into the halo of the antiproton beam. It will be
located inside the PANDA solenoid approximately 55 cm upstream of
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the hydrogen target position [6]. For the strangeness nuclear physics
measurements, 𝛯− hyperons will be produced in 𝑝 + 12C interactions
and subsequently stopped inside the secondary target. In case of the
planned 𝛯− hyperatom studies, this secondary target will be made of
a Pb barrel surrounding the beam and the primary target. The primary
target system has to meet several requirements:

• During the filling of the storage ring with antiprotons, the fila-
ment needs to be retracted from the circulating beam. This will
happen typically once per hour.

• During data taking, the number of antiprotons will decrease
monotonously. In order to keep the luminosity constant, the
filament has to be moved continuously closer to the center of the
beam by up to one millimeter.

• Carbon filaments are very filigree and radiation damage during
operation could require a replacement. Therefore, the system
must be able to remotely extract a damaged filament, move a
replacement into position, and insert it through a thin slit into
the beam pipe.

• The system must operate in ultra-high vacuum, inside a 2 T
solenoid magnetic field, and less than 10 cm away from the
antiproton interaction point.
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Fig. 1. CAD drawing of the target setup indented to be used at PANDA. The beam enters from the right and passes through a hollow Pb barrel (green) along its axis. Up to five
diamond filament targets are mounted on thin frames (red). A frame can be moved into the barrel through a thin slot by a piezo motor. In case a filament needs to be replaced, its
frame will be moved out of the barrel and a slide (gray) will bring another frame into position. The piezo motor for the movement of the slide in 𝑧-direction is mounted beneath.
• Because of the finite stopping time and their short lifetime, only
hyperons with momenta below typically 500 MeV/c have a siz-
able chance to be stopped within the secondary target prior to
their decay. For such slow hyperons it is important to mini-
mize the distance between the primary target and the secondary
absorber in order to reduce decays in flight. Furthermore, the
thickness of the secondary target should be minimal in order to
avoid the absorption of gamma rays emitted from hyperatoms
or hypernuclei. Together with the limited space at PANDA, this
requires a compact target system.

The environmental conditions pose severe restriction on the use of com-
mercially available active electronics for monitoring the movements.
Therefore, we developed a system based on piezo motors for positioning
and an infrared sensor with light guides for monitoring. In this system
there is no need for active electronics in the proximity of the antiproton
interaction point, and it is capable of operating under a wide range of
environmental conditions to satisfy the above requirements. Although
we refer in this paper to the target systems of the planned hyperatom
and hypernucei measurements at PANDA, a similar setup based on
piezo motors as driving systems may be used in other experiments
where similar conditions apply.

Fig. 1 shows a CAD drawing of the target setup indented to be used
at PANDA for the study of 𝛯−-Pb hyperatoms. The size of the setup is
indicated by the coordinate system on the left. The beam enters from
the right and passes through a hollow Pb barrel along its axis. The
diamond filaments are mounted on thin frames. A frame can be moved
into the barrel through a 2mm wide slot by a piezo motor. In case a
filament needs to be replaced, its frame will be moved out of the barrel
and a slide can be moved to an alternative position to move in another
frame. The slide movement in 𝑧-position is realized by a piezo motor
mounted beneath.

The overall thickness of the frame is about 500 μm. Considering the
possible side clearance of the moving rod and mechanical uncertainties,
the system is required to reliably position a frame within bounds of
about ±300 μm.

3. The infrared light-based positioning system

To monitor the slide position, light is injected perpendicular on a
reflector by a bidirectional light guide. In this way, the sensor and
electronics can be placed at a safe distance – up to several meters – from
the interaction point of the antiprotons. The light intensity collected
via the light guide depends on its distance to the reflector and on the
2

Fig. 2. Functional principle of the positioning system (top) and a corresponding
measured signal sequence during slide movement with constant velocity. Three
representative situations are shown.

surface characteristics of the reflector as illustrated in the top part of
Fig. 2. The signal sequence measured by a sensor while moving the
reflector with constant velocity over the light guide is shown in the
bottom part of the figure. In this study, time is a measure of the position
of the reflector with respect to the light guide. In situation (a), the
incident light hits the reflector (gray) perpendicularly, and the largest
intensity is reflected towards the light guide (black arrows). This results
in a maximum of the measured voltage signal as shown in the bottom
part of the figure. In position (b), the surface reflects a fraction of the
incident light out of the acceptance of the light guide (red arrows). A
suitable reflector geometry produces a minimum in the voltage signal
at this position. While reaching the top of the elevation the signal
rises again and forms a local maximum (c). Following this, the signal
sequence is reversed. Both minima are easy to identify and can be used
for positioning the target system. The height of the local maximum
however, depends strongly on the alignment of the plateau of the ridge



Nuclear Inst. and Methods in Physics Research, A 1056 (2023) 168684F. Schupp et al.
Fig. 3. Photographs of the Tippkemper-Matrix IRS-U2LA optical sensor and the bisected
light guide. The upper left part shows the head with the infrared emitter and the optical
sensor. The two ends of the light guide are shown in the lower left and upper right
parts. An enlarged view of the two combined sections of the fiber bundle is shown in
the insert. For this photograph the two sections were illuminated differently. In the
upper right part the adapter with the divided sections is shown.

with respect to the light guide. As a consequence, the signal shape and
amplitude will vary with each modification of the light guide setup.

4. The prototype setup

In a prototype setup we used a Tippkemper-Matrix opto-electronic
analog sensor of type IRS-U-2LA [9] using infrared light with 880 nm,
coupled to a 1m long bisected light guide with a diameter of 2mm
(up to 15m length available) and an optical aperture angle of the light
guide’s head of approximately 65°. Considering the availability and
cost, we have used standard optical fibers for our study which are in-
deed less radiation hard. Of course, radiation might induce attenuation.
In the situation at PANDA particularly the part close to the primary
target region will be affected by the produced particles. Of course, in
other situations the radiation environment may be even more severe.
Nevertheless, there are several points which will help to overcome
or minimize this problem. In the final setup for e.g. PANDA we will
replace this fiber by a silica-based fiber which will be sufficiently
radiation hard. Furthermore, in our present setup the intensity of the in-
frared light source is not a limiting factor and the intensity could easily
be enhanced in case of increased attenuation. Finally, for the position
measurement only short term variations of the attenuation during the
measuring time are relevant. Under most conditions it will be unlikely
that during such short periods the attenuation will be affected severely
since the beam will be stopped during the measurement.

Photographs of the Tippkemper-Matrix IRS-U2LA optical sensor and
the bisected light guide are shown in Fig. 3. The upper left part shows
the head with the infrared emitter and the optical sensor. The two ends
of the light guide are shown in the lower left and upper right parts
in Fig. 3. An enlarged view of the two combined sections of the fiber
bundle is shown in the insert. For this photograph the two sections were
illuminated differently. In the upper right part the adapter with the
divided sections is shown.

This system was mounted on the target setup actuated by a friction-
based piezo motor (Piezo LEGS Linear 6N, LL1011D [11]). It is im-
portant to note, that the infrared system does not offer directly an
absolute position information. To assess the stability and reproducibil-
ity of this system, a laser-based positioning system (MicroE Systems
M1000V [12]), which provides a direct position information with
adequate resolution was mounted together with the light guide. The
3

Table 1
Design and actual values in mm for the five different ridges of the reflector. All values
were measured using a ZEISS O-INSPECT 5/4/3 [10]. The uncertainty of the top width
is about 0.1mm for ridge no. 1–4 and 0.2mm for no. 5. Each ridge had a height of
approximately 1mm.

No. Total width Top width Slope 1 Slope 2

Design Actual Design Actual Actual Actual

1 2.5 2.5 0.5 0.5 1.0 1.0
2 3.0 2.9 1.0 1.0 0.9 1.0
3 3.5 3.4 1.5 1.5 1.0 1.0
4 4.0 3.9 2.0 2.1 1.0 0.8
5 4.5 4.5 2.5 2.3 1.2 1.0

encoder of that position monitor has a native resolution of 5 μm when
used without interpolation. However, since this encoder is not radiation
hard, it cannot be used during operation at PANDA.

A photography of the prototype setup is shown in Fig. 4. On the
left, the bi-directional light guide can be seen. The laser-based position
monitor is located in the center. In the background, the moving reflec-
tor with five vertical ridges is visible. At PANDA, the reflector will be
mounted on the 𝑧-position slide, see Fig. 1.

The prototype setup was controlled with Arduino Due microcon-
trollers using the onboard analog-to-digital converters for the measure-
ments. One microcontroller was used exclusively to process the signal
of the laser-based position monitor. The second microcontroller served
as a control system, measuring the signal of the Tippkemper sensor,
controlling the movements with the piezo motors, and to save the
recorded data of both sensors.

A milled and surface treated aluminium plate (surface roughness
𝑅𝑎 = 0.4 μm) with five different trapezoidal shaped ridges was used
as reflector. The parameters describing the geometry of the ridges
are defined in the top part of Fig. 5. In Table 1, the design values
of the 5 ridges on the reflector are listed, as are the actual values
of the produced reflector, measured with a Zeiss O-Inspect 543. The
width of the top of the shapes was varied in the range between 0.5mm
and 2.5mm. To verify the surface quality, photographs were taken
with a microscope, showing the aluminium surface with only minor
irregularities and well defined edges. As an example, the lower part of
Fig. 5 shows photographs of ridge no. 2.

Since the light guide was bisected in two distinct sectors, see Fig. 3,
care had to be taken of the light guide’s alignment: defined as the angle
𝜙 between the separation line of the two sectors of the light guide
and the direction of movement of the reflector. The positive value of
𝜙 means that the emitting sector approaches the ridge first. The head
of the light guide was placed in a bracket in front of the aluminium
reflector so that the incident light is perpendicular to the reflector
surface, while still allowing to vary distance and alignment. Even after
carefully inserting the light guide, a deviation of 𝛥𝜙 = ±15° from its
intended direction cannot be excluded.

In the following, the gap between the light guide and the flat top
of the ridges will be denoted as 𝑑LR. Due to the limited space available
in the prototype, the gap is limited to a ranges of 𝑑LR = 0 to 5mm. In
practice, a certain minimum distance of about 1mm is required for the
reflected light to be able to reach the receiving sector of the light guide.

5. Systematic study of the positioning system

In the following, the detected light intensity is studied when chang-
ing the gap 𝑑LR between the light guide and the reflector as well as
the orientation 𝜙 of the bisected light guide. The default value for the
gap was 𝑑LR = 2mm and the parting line between the two sections was
perpendicular to the ridges, i.e. 𝜙 = 0°.

The lower part of Fig. 6 shows the measured signal of the Tipp-
kemper sensor for one full pass of the setup over the entire reflector
at a gap of 𝑑LR = 4mm. The position information for the 𝑥-axis was
provided by the laser-based positioning system. If the injected light hits
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Fig. 4. Rear view of the positioning stage with the light guide seen on the left and the laser-based position monitor in the center. In the background the reflector with different
vertical elevations is visible.
Fig. 5. Top: parameters describing the ridge geometry (c.f. Table 1). Bottom: mi-
croscope photographs of ridge no. 2 viewed from the top (left) and from the side
(right).

the slopes of the ridges it is scattered out of the acceptance of the light
guide. The five ridges of the reflector have very similar slopes and differ
mainly in the width of the plateau, see Table 1. As a consequence, the
depths of the minima in the detected light are similar (c.f. situation (b)
in Fig. 2). Because of a high incident light intensity, the sensor reached
saturation of the analog-to-digital converter at positions away from the
ridges and in the center of the ridges where a significant fraction of the
injected light is reflected into the acceptance of the collecting section
(c.f. situation (c) in Fig. 2).

Fig. 7 shows the signal from ridge no. 3 for different gaps between
the light guide and the plateau. For all distances, the minima are clearly
visible. The adjustment of the gap required an intervention into the me-
chanical setup. To overlay the different measurements for the different
gaps, the relative positions were aligned at the midpoint between the
two minima. The relative position of the minima shifted only slightly
for larger gaps. Because of the bisected geometry of the light guide, a
major fraction of the reflected light does not enter the sensitive area of
the light guide for very small gaps ∼1mm. As a consequence, the sensor
did not saturate and a local maximum developed in the center between
the two minima (black points in Fig. 7).

The widths of the plateaus seen in Fig. 6 correspond to the widths
of the ridge as displayed in the upper part of the figure and listed in
Table 1. However, the observed plateaus also depend on the incident
4

light intensity and hence also on the gap. In fact, the locations of the
minima in Fig. 6 are less sensitive to the intensity of the incident light.
We evaluated the mean distance 𝛥𝑑𝑚𝑖𝑛 between two minima from 200
scans to characterize the observed intensity function and to study the
effect of the width of the ridge.

Fig. 8 shows 𝛥𝑑𝑚𝑖𝑛 as a function of the measured top widths (c.f. Ta-
ble 1). The different colors correspond to different gaps. The regression
line for a gap of 1mm illustrates a approximately linear dependency
except for the widest ridge. This irregularity may reflect the uncertainty
in the optical measurements.

6. Precision of the position determination

High accuracy and high precision of the 𝑧-position slide is re-
quired. Since the movement cannot be independently controlled, a
self-calibration procedure is needed which provides a low bias and a
high repeatability. To determine the quality of the prototype system,
the setup was moved repeatedly over all five ridges. The analog output
of the Tippkemper sensor and the position information of the laser-
based monitor was recorded simultaneously. The data could than be
used in an offline analysis to find all minima in the analog voltage
signal and their corresponding positions. The midpoint between two
corresponding minima was used as a measure of the 𝑧-position.

As an example, Fig. 9 shows the measured position of the first peak
for ridge no. 3. For this measurement, 1000 scans at a fixed gap of 2mm
were performed. The data are shown separately for the two directions
of motion. The measured position depends on the direction because
of the finite processing time of the Tippkemper module. The time to
process the optical information within the readout electronics of the
sensor is specified by the manufacturer with up to 5ms. Based on the
average driving speed of the setup, the difference between the two
positions in Fig. 9 corresponds to approximately 6.5ms. This difference
is within the specified value when considering that the delay affects the
motion in an opposite way for the two directions. Using an improved
sensor with less delay could reduce this effect. In the present setup we
can eliminate this bias by approaching a position always from the same
side, and calibrating each position taking the delay into account. It was
verified that the delay is constant over time by determining it for each
pair of left∕right movements. The root-mean- square (rms) width of the
peaks is 𝜎 ∼ 5μm, which proves the excellent precision of the setup.

100 scans over of all five ridges were performed. For a selected gap
of 𝑑LR = 2mm the achieved precision is given in Table 2. Since each
ridge results in two minima, both rms widths are listed. For ridge no.
3 the resolution seems to be slightly worse. In all cases, the resolution
is better than 5 μm. The light guide was first installed with a parallel
alignment of 𝜙 = 0°. Then, the light guide was rotated by 90° and
the measurement was repeated. Finally, the transmitting and receiving
side were inverted to 𝜙 = −90°. For each of the three alignment
angles 𝜙 at a fixed gap of 2mm, the rms widths for all five ridges
were determined. The weighted mean standard deviations, serving as
a measure of precision for each alignment, are listed in Table 3. A
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Fig. 6. Measured signal of the Tippkemper sensor for one pass of the setup over the entire reflector at a distance of 4mm. The position information for the 𝑥-axis was provided by
the laser-based positioning system. Except for the pair on the left, the signal saturated between the two related minima. Therefore, unlike in Fig. 2, the position of local maxima
could not be observed. The distance between the minima correlates with the plateau sizes listed in Table 1. The top part illustrates the geometry of corresponding ridges nos. 1
to 5 from left to right.
.

Fig. 7. Signal of ridge no. 3 measured at different gaps 𝑑LR. The position information
on the 𝑥-axis was deduced from the laser-based positioning system. The relative position
was chosen in such a way that the midpoints between the two minima lie on top of
each other.

Table 2
Position resolution for all 5 ridges at a fixed gap 𝑑LR = 2.0(2)mm and an alignment
angle of 𝜙 = 0° ± 15°. For this measurement, 100 scans were performed for each ridge

Ridge no. 𝜎min1 [μm] 𝜎min2 [μm]

1 2.6(2) 3.6(3)
2 2.5(2) 2.6(2)
3 3.2(3) 4.9(4)
4 2.6(2) 2.4(2)
5 2.9(2) 2.5(2)

parallel alignment is superior to a perpendicular one. In the parallel
case, the light guide is symmetric relative to the axis of motion of
the reflector and combined with the symmetric reflector shape this is
expected to lead to symmetric signals at the left and right slope. In the
perpendicular case, the distribution of light depends on whether the
slope is moved near the emitting or receiving sector first.
5

Fig. 8. Mean separation between two minima for the different widths of the reflector
plateaus and different gaps 𝑑LR. For each gap 200 scans in total (100 for each direction
of motion) were performed. As an example, the regression line for 𝑑LR = 1mm illustrates
the approximate linear dependency.

Table 3
Dependence of the measured precision for the position on the
alignment of the bisected light guide. The gap was 2mm. A
positive angle 𝜙 indicates that the emitting sector of the light
guide approached the trapezoidal shaped ridge first.
Alignment 𝜙 Precision 𝜎 [μm]

0° ± 15° 2.8(1)
90° ± 15° 8.8(2)
−90° ± 15° 10.9(3)

The dependence on the gap was also studied and the weighted mean
standard deviation of all measured minima was used as a measure of
precision. The results are listed in Table 4. For the setup used in our
study, a distance of 2mm was optimal, with a significant degradation
of the precision with increasing or decreasing gaps. In all cases, the
precision was better than 𝜎 ≈ 5μm.

In our test setup, the accuracy of the absolute position determina-
tion was limited by the resolution of 5 μm of the laser-based encoder.
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Fig. 9. Distribution of the position of the first minimum for ridge no. 3 separated for the two directions of motion. Here, a gap of 𝑑LR = 2mm and an orientation of the light
guide of 𝜙 = 0° was chosen. For each direction of the motor, 1000 scans were performed. One bin of the histogram corresponds to one step of the laser-based position monitor.
Table 4
Dependence of the measured precision of the position on the
gap between the light guide and the reflector. The alignment
angle was 0° ± 15°.
Gap 𝑑𝐿𝑅 [mm] Precision 𝜎 [μm]

1.0(2) 3.7(1)
2.0(2) 2.8(1)
3.0(2) 3.4(1)
4.0(2) 3.8(1)
5.0(2) 5.2(1)

Any further improvement of the accuracy would require the use of the
encoder’s interpolation feature.

To quantify the reliability with which a selected position can be
approached, we determined the maximum deviation from the mean
position for 1000 scans for ridge no. 3 as shown in Fig. 9. The base
widths are 11 μm and 25 μm for the two directions. Approaching a
position from the same direction, the largest deviation will be of the
order of ±15 μm.

During a long-term measurement, the five ridges were scanned 7000
times for each direction of motion. For the two directions, maximum
deviations of 35.4 μm and 30.4 μm were observed. Thus, the repeatability
was better than ±18 μm.

7. Summary

A positioning sytem was built using a bisected light guide with
infrared light and a low-priced readout system based on microcon-
trollers. The system was proven to operate with a resolution of better
than 5 μm, which is more than sufficient for use in the hypernuclear
and hyperatom experiments at PANDA. In 14 000 measurements, the
repeatability was better than ±18 μm and thus far better than the
maximum allowed deviation at PANDA of ≃300 μm.

Finally, it is important to note, that in case of a loss of the sensor
status, e.g. during long-time operation at PANDA, the position can be
re-calibrated by approaching the endpoints or by a scan over one or
more ridges with an accuracy of better than ±5μm. We, therefore,
conclude that the reliability of the system will be sufficient for a safe
operation at PANDA.

In future, several questions could be addressed for a further im-
provement of such a system.
6

• Alternative geometries of the ridges, e.g. different slopes or dif-
ferent shapes, could be investigated.

• Polishing or gold-plating the reflector could reduce local varia-
tions of the reflectivity.

• Improved sensor electronics could help to minimize the latency
of the readout.

• Using a statistically mixed light guide could reduce the sensitivity
to the direction of movement.

• The placement of the light guide relative to the reflector surface
could be optimized.

Commercially available solutions such as laser-based position en-
coders may offer better resolutions, however, the major advantage
of the presented system is its endurance under harsh environmental
conditions. The presented method could also be of interest for other
applications.
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