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A B S T R A C T

We are investigating the feasibility of a new detector concept for use in the beam line at the Facility for
Rare Isotope Beams (FRIB). The detector is designed to withstand the high ion beam intensities and the high
radiation environment while providing position, timing, and energy information. Based on the concept of a
fiber detector, the device uses YAG:Ce crystals as sensing material, chosen for their extreme radiation tolerance
to electromagnetic or hadronic exposure. The crystals are machined into long and thin rods which are laid
out in orthogonal horizontal and vertical arrangements to obtain spatial sensitivity to impinging particles. The
readout is performed at the extremities of the rods with strip Multi Pixel Photon Counters (MPPC) also referred
to as Silicon Photomultipliers (SiPM) arrays model S13552 from Hamamatsu mounted on ribbon cables with
connector ends.
1. Introduction

The Facility for Rare Isotope Beams (FRIB) is a scientific user facility
here a large variety of isotopes can be produced for research in the
ields of nuclear physics, nuclear astrophysics, and the study of the
uclear structure with applications in nuclear medicine and nuclear
cience [1]. FRIB will provide an unprecedented beam flux requiring
ew instruments with enhanced detection capabilities, particularly for
eam diagnostics, tracking, and total energy measurements. Tracking
etectors capable of withstanding FRIB intensities while providing high
osition, timing and energy resolutions are needed for almost every
xperiment. The ions to be detected range from 16O to 238U with
nergies from 40 MeV/u to 200 MeV/u and beam intensities up to10 12

ps (Fig. 1). Particle detectors play a crucial role as a beam diagnostics
ool during the beam tuning, by providing a full characterization of the
eam properties (i.e. 2D beam profiles, trajectory angles, and transmis-
ion efficiency through the beam line). In addition, they may provide
vent-by-event tracking/timing information (momentum, position, an-
le, . . . ) for the physics analysis of events recorded in the experimental
rea. Finally, they may also support long-term stable beam operations
y providing a monitoring service for beam transport and machine
rotection. Stopping power, time resolution and position resolution are
he critical parameters that allow for good particle identification.
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2. Detector concept

Our concept follows the design of an orthogonal ribbon scintillating
fiber detector [2] using radiation hard YAG:Ce scintillating fibers as
sensing material. The fibers are held in a rigid frame with a readout
sensor positioned at the fibers’ end.

2.1. Scintillating material

Yttrium Aluminum Garnet (Y3Al5O12) doped with cerium (YAG:Ce)
is one of the most radiation hard scintillator materials tested under high
fluence for use in high energy physics. During the tests, the samples
were exposed to extreme doses of proton and gamma radiation [3]
while their optical characteristics were monitored for signs of degra-
dation. Figs. 2 and 3 show transmission curves and optical absorption
measurements on YAG:Ce fibers before and after proton irradiation.
These crystals are grown at Crytur in large homogeneous ingots from
which long fibers can be machined (Fig. 4). The high refractive index
fibers are kept bare and serve as light guides, bringing the scintillation
signal to the MPPC strip sensor coupled at the fiber’s extremities. Fig. 5
shows Geant 4 simulations of 40 MeV 16O tracks into YAG material,
confirming that the lightest ions can travel beyond one fiber thickness
and deposit energy into the X and Y sensing fibers.
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Fig. 1. Range and rate of production of nuclear isotopes at FRIB.
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Fig. 2. From [3] Top: Transmission curves for YAG:Ce c2 crystals before irradiation
(green line) and after irradiation with protons (black squared dots). Bottom: The
calculated induced absorption coefficient 𝜇ind is reported for both irradiations, as a
unction of wavelength. Green line at 0.5 m−1 is drawn as reference value.

2.2. Detector layout

The detector consists of an array of scintillating YAG:Ce fibers
aligned along the vertical and horizontal orientations. The fibers are
separated from one another to avoid optical cross talk. A mockup
assembly was built with 1 × 1 × 100 mm 3 fibers arranged in a
supporting frame as shown in Fig. 6.
 m
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Fig. 3. From [3] Attenuation curves of YAG:Ce elongated samples before (green circles)
and after proton-irradiation (red squares).

Fig. 7 shows a sketch of the cross-sectional view of the fiber arrange-
ent relative to the ion beam and the position of the photosensitive
trips at the end of the fibers. Fig. 8 shows the alignment of the fiber
nds with the photosensor strips.

.3. Photodetector

A working prototype was built using SiPM strip sensors from Hama-
atsu, model S13552 SPL (with high quench resistance of 500kΩ).
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Fig. 4. YAG:Ce ingots and fibers produced at Crytur.
Fig. 5. Modeled range in YAG fiber for 40 MeV 16O ions.
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A sensor assembly, shown in Fig. 9, with flexible ribbon cable and
connector was developed at Ecole Polytechnique Fédérale de Lausanne
(EPFL) for the Large Hadron Collider Beauty (LHCb) large Scintillating
Fiber (SciFi) tracker at CERN [4]. A custom printed circuit board was
produced to connect to the sensor assemblies for biasing the SiPM strips
and reading out the signals. The sensor is comprised of a 128-channel
array of 1625 × 230 μm2 pixels. Fig. 10 a shows an acquisition with
simple charge to digital (QDC-MDDP-32 digitizer) where the multi
hotoelectron peaks are well resolved. Fig. 10 b shows the spectral
response of a single SiPM channel to a pulsed LED input.

3. Detector prototype and results

A functional prototype was built with shorter fibers using four
MPPC strips for read out to prove the concept and for testing with
3

radiation. Fig. 11 shows the prototype with its array of 40 mm fibers
nd four Hamamatsu S13552 SPL units mounted on flex ribbons with
onnectors. This detector unit was tested with 5.5 MeV alpha particles
rom a 241Am source to verify the functionality prior to testing with
ore energetic ions. Fig. 12 shows an oscilloscope trace acquired from

one to the fibers of the functional prototype (59V bias on SiPM), with a
rise time of 16 ns and 400 ns recovery time. A spectral acquisition for
a single channel using a 600 ns integration time window is shown in
Fig. 13 left. A curve fit indicates an energy resolution of 4.5%. Better
resolution can be achieved by acquiring the light signal from both ends
of the fiber. While the signal level is low for this 5.5 MeV alpha, the
energy deposited by the ion beam will be greater and will produce
larger signal levels as the least energetic beam is comprised of 40 MeV
16
O. The fibers do not have enough stopping power to completely stop
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Fig. 6. Full scale mockup assembly with 100 mm long fibers showing the fiber arrangement in the frame holder.
Fig. 7. Schematic view of the fiber arrangement showing that a beam particle will cross one X fiber and one Y fiber with scintillation light guided to the photosensor.
Fig. 8. Schematic view of the alignment of one row of fibers with the photosensor strip.
highly energetic particles and the detector is not expected to resolve
the energy of these particles.

Fig. 13 right shows the light recorded from the full array (32 fibers)
when the non-collimated alpha-particle source (241Am source) was
4

placed on top of the detector. The counts along the arrays are computed
by integrating the number of events around the 5.5 MeV peak recorded
in each channel. The profile of the source (10 mm wide) is clearly
defined and demonstrates the position sensitivity of the device.
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Fig. 9. Customized SiPM array produced by Hamamatsu (S13552) assembled on a ribbon with connectors (left) and custom PCB for signal readout and SiPM bias (right).

Fig. 10. Part (a) shows the discrete response of a SiPM channel under low level light illumination with distinguishable peaks for integer numbers of triggered cells Part (b)
illustrates the spectrum of a single SiPM channel as response to a pulse LED.

Fig. 11. Functional detector prototype built with 40 mm fibers and four Hamamatsu S13552 SPL MPPC sensors.
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Fig. 12. Oscilloscope trace from detection of a 5.5 MeV alpha particle from a 241Am source.
Fig. 13. Spectral acquisition for a single fiber channel 5.5 MeV alpha particle from a 241Am source. Resolution=4.5% (left) and spatial profile of the source recorded by the
detector (right).
4. Summary

The target beam conditions covered by our detector span a beam
intensity and energy range of many orders of magnitude making it a
potential diagnostic tool at FRIB for beam profile monitoring at dif-
ferent locations for cost effective beam tuning, beam particle tracking
in the target station where magnetic field is too high for traditional
tracking systems, beam diagnostics directly on the low intensity beam,
calorimetry measurement for reaccelerated facility (ReA3 and ReA6)
and at the FRIB Single Event Effects (FSEE) line, where beams have
moderate energy (up to 40 MeV/u for 16O at the FSEE line). This
detector concept is also being considered for proton beam measure-
ments in medical proton beam therapy. We are planning to continue
the development of this concept with a large functional unit to be tested
in the beam line at FRIB.
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