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a b s t r a c t

This paper describes the design, simulation, and prototyping of a scintillating-fiber (SciFi) beam hodo-
scope that enables real-time particle identification, momentum and position determination, and flux
counting in a low-momentum mixed beam of pions, electrons and muons for the MUon-proton Scat-
tering Experiment (MUSE) at the Paul Scherrer Institute (PSI), Switzerland. The experimental demands
and conceptual design are discussed, including the mixing scheme used to suppress cross-talk between
adjacent fibers. A comparison between different types of fibers is given. The timing resolution for 1 plane
of SciFis is 0:4070:05 ns, and for 2 fiber planes in coincidence, it is 0:2770:03 ns. The detection effi-
ciency when at least two planes are required to fire is 98%.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The proton radius extracted from muonic hydrogen spectro-
scopy is substantially different from the accepted value deter-
mined via electron spectroscopy [1] and electron scattering [2], a
discrepancy referred to as the proton radius puzzle [3–5]. The
underlying cause of this puzzle could involve either new physics,
problems in the experiments, or misunderstandings in the
extraction of the radius from the experimental data. The MUon-
proton Scattering Experiment (MUSE) will study the proton radius
puzzle by measuring elastic μ7p scattering and e7p scattering
simultaneously, using the πM1 muon channel at the Paul Scherrer
Institute (PSI), Switzerland.

A proposed beam-line detector setup for MUSE includes a
Cherenkov beam detector, three GEM chambers, a scintillating-
fiber (SciFi) detector, and, approximately 1 m downstream of the
target, a set of high-precision scintillators acting as beam flux
monitors. The MUSE target is a liquid hydrogen cryotarget. The
detection of scattered particles is achieved using two identical
spectrometers, each composed of straw chambers and scintillator
hodoscopes. The electronic readout will use the PADIWA/TRB3
TDC system developed at GSI in Darmstadt, Germany [6]. Equip-
ment construction and beam tests began in 2012. The physics of
MUSE was approved by the PSI PAC in January 2013. MUSE is
expected be ready to commence a two-year production run
starting in 2018.
2. Experimental requirements

The PSI πM1 beam line produces a mixed e=π=μ with a 50 MHz
time structure for MUSE. Every 20 ns, a bunch is injected into the
beam. The bunch width is 0.5 ns, and the bunch length is 50–
60 mm (1σ). The time jitter is 13 ps.

The large emittance demands the trajectory measurement of
each beam particle. The presence of several different particle
species in the beam requires that the type of each particle be
identified. The high contamination with pions and their large
scattering cross-section necessitate that they be rejected at the
trigger level with high efficiency. The beam flux, combined with
the poor time resolution of the GEM detectors, necessitates the
identification of the triggering tracks from within a background of
random coincidences. The requirements for the SciFi beam hodo-
scope, based on the above considerations, are as follows:

I It should operate at a beam rate of up to � 5 MHz for the
entire detector (� 0:5 MHz per fiber). This 5 MHz rate limit is
imposed to reduce the systematic uncertainties caused by the
presence of multiple particles in the same RF bucket.

II It should allow real-time particle identification (PID) (identi-
fication of μ and e events as well as suppression of π events).
Particle types are separated by 3–6 ns in their times of flight
(TOFs) with respect to the RF, and the beam endows the peaks
with an intrinsic width of 300 ps. Consequently, a 300 ps
resolution is needed for all purposes except muon decay
rejection. At the trigger level, a 1–2% rate of mis-IDentification
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Fig. 1. TASFID geometry: 160 SciFis arranged in 4 planes in a U�V�YY 0 config-
uration. See text for details.
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(misID) is acceptable. Note that in addition to the SciFi
detector, π rejection also involves the Cherenkov beam
detector, which provides better timing resolution but no
position resolution.

III It should have space and time resolutions that permit the
identification of the incident trajectory from among multiple
tracks in a GEM. The three GEMs are read in 3� 25¼ 75 ns
time windows (which are extended to � 100 ns because of
the long time scale of energy deposition). According to Monte
Carlo simulations, a 2 mm spatial resolution for the SciFi
beam hodoscope is sufficient.

IV It should have a minimal amount of material in the path of
the beam particles to reduce multiple scattering. At the two
high momenta proposed for MUSE (153 and 210 MeV/c), the
contribution of the material budget of the Cherenkov detector
to multiple scattering dominates. To reduce multiple scat-
tering at the lowest momentum (115 MeV/c), the Cherenkov
detector and one of the SciFi planes are removed. Because the
GEMs measure the angle after the SciFis, bin wandering in Q2

is unimportant, and the major consideration with respect to
multiple scattering is beam expansion.

V It should have maximal detection efficiency. The need for high
efficiency is driven by the desire to maximize the experimental
statistics. Each detection system will contribute to the accumu-
lated inefficiency, and for MUSE, an effort is being made to push
each of these contributions as low as possible.

The purpose of the MUSE experiment is to perform a precision
measurement of the proton electric form factor. As such, all
aspects of the experiment that might affect the systematics must
be minutely examined. The beam tagging/tracking system is one of
the key elements in determining the scattering kinematics;
therefore, its performance may contribute to the systematics in
significant ways. Below, we provide several crucial details that will
be useful to anyone seeking to validate claims regarding beam
misID rates, tracking efficiency, and resolutions.
3. Detector description

3.1. Geometry

The TASFID (TArget Scintillating FIber Detector) will be situated
0.9 m upstream of the target and will cover the full beam profile,
with active dimensions of approximately 8� 8 cm2.

One hundred and sixty SciFis will be arranged in four layers of
40 fibers each, of which the first two upstream layers will serve as
individual planes arranged in a U�V geometry and the next two
downstream layers will serve as a double-layered horizontal plane
in a YY 0 geometry with a relative offset of half of the fiber pitch
(see Figs. 1 and 2). This configuration was chosen to maximize the
detection efficiency while placing minimal material in the beam
particle path. The double layer is required to achieve good detec-
tion efficiency (see the discussion below). The third plane enables
the resolution of ambiguity in cases of multiple-hit events.

Geometric accuracy and rigidity are achieved by fixing the SciFi
detector to a plastic frame (see Fig. 2), fabricated from VeroBlack -
Fullcure 870 by means of 3D printing. The fibers are glued using
BC-600 gray epoxy adhesive (with a reflective index of n¼ 1:56) to
the plastic frame using suitable 2 mm half-circular slots in
the frame.

3.2. Fiber properties and optical transmission

SCSF-78M round SciFis of 2 mm in diameter from Kuraray were
chosen as the baseline fibers for TASFID. These fibers possess a
nominal emission spectrum extending from 420 to 550 nm and
peaking at 450 nm, and they have a bulk optical absorption
length of 42:7 m. The plastic scintillator (PS) core (polystyrene,
ρcore ¼ 1:05 g=cm3, ncore ¼ 1:59) is optically clad with 3% poly-
methylmethacrylate (PMMA, ρclad�1 ¼ 1:19 g=cm3, nclad�1 ¼ 1:49).
An additional 3% of fluorinated polymer (FP, ρclad�2 ¼ 1:43 g=cm3,
nclad�2 ¼ 1:43) is added as an outer layer for multi-cladding. The
inner cladding serves merely as a mechanical interface between
the PS core and the outer FP cladding, which are not well matched.

The fiber has a trapping efficiency for scintillation light emitted
isotropically in a hemisphere of at least 1

2ð1�nclad�2=ncoreÞ ¼ 5:4%
in each direction, with a very good numerical aperture offfiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
core�n2

clad�2

q
¼ 0:72. The fibers are non-S-type (the PS core

consists of almost non-oriented polystyrene chains) and are thus
optically isotropic and more transparent (with a longer attenua-
tion length) but less flexible than S-type fibers [7].

The decay time of the scintillation light is 2.8 ns according to
the manufacturer, and the light yield is 8000 photons/MeV, or
1600 photons per 2 mm of fiber. Because of the trapping and
collection inefficiencies, a minimum ionizing particle (MIP)
crossing the fiber will typically result in the detection of 15–20
photoelectrons summed from both ends of the fiber (8–10
per end).

The round cross-section of a SciFi contains approximately 12–
13% inactive material, including 6% multi-cladding, approximately
6% material at a large distance from the fiber center that yields
fewer photons then the discrimination threshold required to read
a signal above background, and gaps between the fibers.

The detection efficiency for a layer of such SciFis has been
found to be on the order of εU ¼ εV C87%, and that for a double-
layered configuration is on the order of εYY 0 C98%, primarily
because of geometrical considerations (as described in detail in
Section 4.2).

The photons produced in each fiber are collected from both of
its ends.

To suppress contributions from events originating from the
beam margins and from outside the beam, the scintillation pho-
tons are transmitted to the photomultiplier cathodes using Clear-
PSM round light-guide optical fibers (OptFis) of 2 mm in diameter
from Kuraray, with an average length of 20 cm. The main differ-
ence between the SCSF-78M and Clear-PSM fibers is that the latter
do not contain active scintillation material; the core and double-
cladding components are the same. The attenuation length
reported by the manufacturer is 410 m. Because of the short
lengths of the OptFis and SciFis, the differences in their light
attenuation properties are negligible.



Fig. 2. A photograph of a single plane of SciFis, coupled to OptFis on both sides. The OptFis on the left side of the SciFi plane are mixed to suppress optical crosstalk (see text).
A 60 cm ruler is also shown for scaling.

Fig. 3. Schematic layout of the OptFi mixing applied for crosstalk suppression.
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3.3. Optical readout

The scintillation photons are collected from both sides of each SciFi
using clear fibers coupled to a multianode photomultiplier tube
(maPMT) from Hamamatsu Photonics, model H8804; PMTs of this
type have also been used in previous studies (e.g., [8]). The maPMT
provides 64 different independent read-out channels, and each pixel
has 12 metal channel dynodes. The photo-cathode has an 18:1�
18:1 mm2 rectangular surface divided into an 8� 8 matrix with a
pixel size of 2� 2 mm2 and inter-pixel gaps. The spectral response is
between 300 and 650 nm, with a maximum at 420 nm – close to the
maximum emissionwavelength of the SCSF-78M fibers (450 nm). The
rise time is 1000 ps, and the transit time spread (TTS) is 380 ps [9].
The manufacturer indicates 2% crosstalk between adjacent channels
due to the amplification procedure and the photocathode structure.
Measurements by the ELSA collaboration have indicated 25–30%
optical crosstalk [10]. To suppress this crosstalk, a mixing scheme is
employed, which is described in Section 3.4.

The coupling between the SciFis and clear fibers is established
using plastic fiber separators with sufficiently large holes to comfor-
tably fit the fibers (see Fig. 2). The loss of scintillation light due to this
coupling has been studied and found to be approximately 30%, with
or without optical coupling grease (see, e.g., [11]).

The coupling between light-guide fibers and photomultipliers
has been studied in 3 main types of media: air, optical grease, and
silicone pads. Although slightly better light transmission is
achieved using optical grease or silicone pads [10], coupling
through air was chosen because it offers easier maintenance. The
light-guide fibers are arranged in a plastic separator matrix that
serves as a holding structure to ensure that the fibers are per-
pendicular and close to the entrance cathode of the photo-
multipliers. The fibers are fixed in position in the plastic matrices
by the gray epoxy.

3.4. Optical crosstalk suppression

Because there is a thin glass window in front of the maPMT
cathodes, light may leak between adjacent pixels. To reduce the
crosstalk between adjacent pixels at the maPMT entrance, the
light-guide fibers are mixed such that no adjacent pixels on one
side of the fiber readout are also neighbors on the other side (see
Fig. 3). By requiring a coincidence on both sides of the fiber, the
majority of crosstalk events can be rejected. Fig. 4 shows the
results of crosstalk suppression for a typical fiber: the timing
spectrum of each side of the fiber contains contributions that
originate from light leaking from adjacent fibers and, thus, are not
correlated. Upon requiring that both sides of the fiber fired during
an event, these crosstalk events are suppressed.
3.5. Fiber polishing

During the assembly of the Dec-2014 TASFID prototype, the
polishing of one fiber array plane (containing both SciFis and light-
guide fibers) was performed manually using sandpaper, following
the manufacturer instructions. The other plane of the fiber array
was polished using a polishing machine. The results from the Dec-
2014 test run indicate a significant advantage of the machine-
polished fibers, which is evident mainly in the charge deposition
(QDC) spectra: the main signal is larger for the fibers polished
using the polishing machine because of decreased light loss at the
fiber interfaces (see Fig. 5). This study led to the conclusion that
machine polishing is preferable from the perspective of both time
and light-collection considerations.
3.6. Electronics and data acquisition

The rear side of each maPMT is connected directly to a dedi-
cated electronic board developed at Tel Aviv University (TAU). On
this board, the analog signals are attenuated by 16 dB, and the
mixing of the OptFis (for crosstalk suppression) is disentangled
such that the signals from both sides of the same fiber appear in
the same corresponding order. The plan for the MUSE experiment
is to feed the output from this board into a PADIWA discrimination
board [12] and read it out using the TRB3 TDC system developed at
GSI, Darmstadt, Germany [6]. The TRB3 is read out directly over
Gbit Ethernet by data acquisition (DAQ) computers. The DAQ
software environment used for TASFID is the MIDAS acquisition
system, developed at PSI by Stefan Ritt (a detailed description is
given in [13]).
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Fig. 4. Crosstalk suppression for a typical fiber achieved by using the mixing scheme and requiring that both sides of the fiber fired in the same event. The data were
acquired during the July-2015 MUSE test run at PSI, with a beam momentum of 210 MeV=c.

1 The numerator and denominator are normalized with respect to the diameter
of each fiber.
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4. Studies and considered alternatives

Three MUSE test runs were conducted at PSI, and a different
prototype of TASFID was assembled for each run in order to study
the SciFi performance with respect to the experimental demands
and to enable a comparison between the alternative options
considered for the baseline fibers. The results of these tests and
measurements of cosmic muons are described below.

4.1. Alternative fibers considered

4.1.1. Alternative round fibers
Kuraray fabricates multiple types of SciFis, including several with

qualities comparable to those of the SCSF-78M fibers. We compared
2mm SCSF-81M fibers with 1 mm fibers of the 78M type (because of
availability issues).

The main differences between 78M and 81M fibers are their
peak wave emission, decay times and attenuation lengths. The
bulk emission of 81M fibers peaks at 437 nm, better matching the
H8804 instrument, which has a peak detection efficiency at 420
nm, compared with 78M fibers (the bulk emission of which peaks
at 450 nm). The decay time for 81M fibers (2.4 ns) is slightly faster
than that for 78M fibers (2.8 ns). The attenuation length of 81M
fibers (43:5 m) is smaller than that of 78M fibers (44:0 m), but
this difference is essentially insignificant because the TASFID fibers
are very short (o20 cm) [7].

A comparison of the light yield was performed between 78M
fibers of 1 mm in diameter and 81M fibers of 2 mm in diameter,
with a focus on light emission.

A prototype of TASFID was assembled, consisting of four 1 mm
78M fibers and two 2 mm 81M fibers, all of 5 cm in length.

The SciFis were coupled through air to an H8804 maPMT,
which was fed with HV ¼ �980 V. Two flat scintillating detectors
were placed above and below the detector to trigger on cosmic
muon coincidence events.

The effective SciFi photoelectric spectrum was obtained by
subtracting the pedestal from the mean value of the emission peak
for each fiber, and the mean number of photons per cosmic par-
ticle was obtained by dividing by one photoelectron (1PE) for the
corresponding maPMT pixel.

The 1PE spectrumwas fitted to a Gaussian distribution function
for each of the maPMT pixels. The analysis continued with the
extraction of the mean value of the emission peak from a Gaussian
fit of each clean SciFi spectrum (cutting off the pedestal and 1PE
signals).

Using the data collected for both the 81M and 78M fibers and
considering the fact that the tested 81M fibers were twice as large
in diameter as the 78M fibers, the light-yield comparison yielded
the following1:

Nð78M;1 mm diameterÞ
γ�detected =ð1 mmÞ

Nð81M;2 mm diameterÞ
γ�detected =ð2 mmÞ

¼ 1:1670:02

Because the 78M fibers yielded, on average, approximately 16%
more photons than the 81M fibers, we chose to use the former.

One potential alternative to the baseline SciFis is a multi-clad
version of BCF-12 fibers, for which the main difference in material
is the outer cladding (flour acrylic, nclad�2 ¼ 1:42). These fibers
possess a higher trapping efficiency of 5:6% compared with the
5:4% efficiency of SCSF-78M fibers, and their numerical aperture is
better (0.74). However, previous experience with multi-clad BCF-
12 fibers has indicated them to be less favorable for uniformity
reasons (see, e.g., [14]). Square-shaped BCF-12 fibers were con-
sidered as an alternative but were found to be undesirable for
TASFID, as described below.

A third alternative that was considered for the SciFis was a 3-
hydroxyflavone (3HF) green-emitting waveshifter fiber. Both Kur-
aray and Saint-Gobain market 3HF fibers, and both advertise the
3HF fibers as being more radiation-hard than blue-emitting fibers
because radiation damage primarily affects the optical transmis-
sion in the fiber core at wavelengths of λo500 nm. However, the
3HF material exhibits low quantum efficiency, and more impor-
tantly, its emission spectrum overlaps very poorly both with the
typical response spectrum of the blue-optimized Hamamatsu
photosensor and with the emission of the polystyrene itself [9]. All
of the above considerations indicate that 3HF SciFis are not an
attractive alternative for TASFID.

4.1.2. Square vs. round fibers
Single-clad scintillating fibers with square cross-sections are

fabricated by both Kuraray and Bicron, but because of their poor
light-trapping efficiency, these fibers were not considered as a
potential alternative. Bicron began fabrication of double-clad
square fibers in mid-2014, stating that their trapping efficiency is
higher by 2% on average than that of round fibers [15]. Conse-
quently, this option was considered a good alternative for TASFID
and tested in the Dec-2014 MUSE test run at PSI.

A square-fiber TASFID prototype was constructed, consisting of
one plane of eight 2� 2 mm2 square BCF-12 SciFis arranged in a y
geometry. Each SciFi was coupled on both sides to a suitable clear
fiber of 16–36 cm in length, which was then coupled to an
H8804 maPMT. Data were acquired simultaneously from a similar
round-fiber TASFID prototype consisting of two planes of 8 round



Fig. 5. ADC spectra for round SCSF-78M SciFis coupled to Clear-PSM light-guide fibers, where the fiber array was polished manually (upper panel) or using a polishing
machine (bottom panel).

Fig. 6. Double-layer tight-ribbon configurations considered for TASFID: Round
(round SCSF-78M fibers), Square (square BCF-12 fibers), and Rhombus (square BCF-
12 fibers).
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SCSF-78M fibers of 2 mm in diameter arranged in an x�y
geometry.

Three main issues were considered when comparing the data
from the round and square fibers: the timing resolution, the
detection efficiency for a single plane, and the amount of material
lying in the beam path.

Three different configurations for the construction of a double-
layer tight-ribbon SciFi array were considered, labeled Round,
Square, and Rhombus (using the square fibers), as shown in Fig. 6.
A list of the relevant considerations and the advantages and dis-
advantages of each configuration is provided below:

I The single-layer detection efficiency was found to be higher
by � 2–4% for the square fibers, primarily for geometrical
reasons. For a double-layer configuration, this geometrical
difference is negligible.

II The path length of a trajectory crossing a fiber in a double-
layer configuration lies in a range of 2.7–3.4 mm, with a mean
value of 3:270:2 mm for round fibers (Round configuration),
4 mm for square fibers (Square configuration), and 2.8 mm
for the Rhombus configuration. This makes the Rhombus
configuration the least preferable because the efficiency
decreases with a decreasing particle path length.

III The physical positioning in either the Square or Rhombus
configuration is worse than that in the Round configuration,
primarily because of the manufacturer's poor geometrical
control over the dimensions of the square fibers.

IV The spatial resolution of trajectory reconstruction is 2 mm for
both the Round and Square configurations, whereas it is
2.8 mm for the Rhombus configuration.

V The amount of material in the beam is minimal for the Rhombus
configuration (2.8 mm per double layer) compared with the
Round (3:270:2 mm) and Square (4 mm) configurations. This
property plays a role in efforts to reduce the multiple scattering
of the beam before its arrival in the target chamber.
VI The SciFi-to-OptFi matching is the best for the Round config-

uration because the square OptFis are larger than the SciFis by
� 2% in each dimension of the fiber cross-section; thus, this
mechanical mismatch would accumulate throughout a large-
scale device consisting of coupled SciFi-OptFi arrays.

VII The OptFi-to-maPMT matching is the best for the Round
configuration because a round OptFi fits comfortably inside
each maPMT pixel, leaving the edges unused, whereas a
square fiber can barely squeeze into a pixel and must also
use its less-efficient edges.

Based on all of the above considerations, we concluded that
round fibers are preferable as the baseline fibers for TASFID,
although further investigation of square fibers may yet be con-
sidered for future developments.
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4.2. Detection efficiency

Prior to the beam test, cosmic muons were used to study the
SciFi detection inefficiency for a trajectory crossing close to the
center of the fiber. This was done by using two SciFis of 1 mm in
diameter, in parallel to and on either side of a 2 mm diameter fiber,
as a coincidence gate, as shown in Fig. 7.

Using this method, it was found that the detection efficiency is
ε� 98%. This led to the decision to use a double-layer round fiber
plane, which has a detection efficiency on the order of 98% or even
higher, because in this configuration, particles will always cross
close to the center of the fiber in at least one of the layers.

We used the mixed π=μ=eπM1 beam at PSI to determine the
detection efficiency for a single SciFi plane. A scintillation bar S
with a surface area of 6� 80 mm2 was installed downstream of
the SciFi array, covering an area smaller than four active SciFis,
8� 100 mm2. The detection efficiency was measured to be � 87%.
Although this efficiency is very low with respect to the desired
value, this result is not unexpected; the SCSF-78M fibers contain
6% inactive cladding, and basic calculations indicate that
approximately an additional 6–7% of each round fiber at a large
distance from its center yields fewer photons than the dis-
crimination threshold required to read a signal above the back-
ground. This inefficiency was the primary motivation for the
attempt to switch to square fibers as the baseline choice for TAS-
FID, which was ultimately rejected for various reasons (see Section
4.1.2).
Fig. 7. Fiber configuration used to study the SciFi detection efficiency for particles
that cross close to the center of the fiber. The tested SciFis were SCSF-78M fibers
(see Section 3.2 for details).

Fig. 8. The time distribution between the RF and a single SciFi for the three proposed MU
in linear (top) and logarithmic (bottom) scales, wrapped into a 20 ns time window.
When events are required to be detected at least in two of the
individual planes (U�V�Y or Y 0), the total single-particle detec-
tion efficiency of TASFID can be estimated as follows:

εTASFID ¼ ðεUð1�εV ÞþεV ð1�εU ÞþεVεUÞεYY 0 þεVεU ð1�εYY 0 ÞC98%

ð1Þ

4.3. PID and time resolution

Fig. 8 shows the TOF spectra from a single SciFi, averaged over
both ends, at the three proposed MUSE momenta, 115, 153 and
210 MeV=c. Note that the timing resolution shown in the figure
includes the RF jitter contribution.

The MUSE trigger requires hits on at least two SciFi planes to
fire. As expected, with this two-plane coincidence requirement,
the timing resolution is reduced by a factor of �

ffiffiffi
2

p
compared

with that of a single plane.
The TASFID time resolutions for pions, electrons, and muons

are presented separately below, where PID was performed by
plotting the RF spectrum vs. the QDC spectrum in a scintillator
downstream of the SciFi, as shown in Fig. 9.

The measured timing resolutions at the trigger level (with no
software corrections) for π=μ=e ID using two planes of SciFis for
the three MUSE proposed momenta are given in Table 1.

Here, the RF time jitter was removed by taking the difference
between the average times for the two planes.

To estimate the pion contamination in the muon trigger (single
plane), we used the QDC vs. TOF correlation shown in Fig. 9. The
pion tail in the TOF spectrum was linearly extrapolated to the
muon peak. The misID fractions of pions incorrectly identified as
muons at the trigger level are given in Table 2. This is a rough
estimate but remains well below the 1% requirement defined in
Section 2.

4.4. Radiation length and multiple scattering contribution

The radiation length for scintillating polystyrene (the core
element of Kuraray SCSF-78 M SciFis) is 43.72 g/cm2 [16]. The mass
density of the core of a Kuraray SCSF-78M SciFi is ρ¼ 1:05 g/cm3.
SE momenta: 115 (left), 153 (middle) and 210 (right) MeV/c. The spectra are shown
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Table 1
TASFID measured timing resolution (no software corrections) for the three MUSE
proposed momenta.

Momentum (MeV/c) π μ e

115 300730 260720 340720
153 260730 270730 320720
210 220710 250720 200750

Table 2
The mis-identification fractions of pions incorrectly identified as muons at the
trigger level for the three MUSE proposed momenta. Note that at intermediate
momenta (153 MeV/c), some of this contamination consists of electrons, which are
less problematic.

Momentum (MeV/c) π=μmisidentified%

115 0.0470.01
153 0.4670.01
210 0.0070.01

Table 3
TASFID stand-alone contributions to multiple scattering – GEANT4 simulation
results (beam RMS) in units of milliradians.

Momentum (MeV/c) TASFID configuration e (mrad) μ (mrad) π (mrad)

115 U�V�Y 11.1 14.2 16.4
153 U�V�YY 0 8.8 10.2 11.5
210 U�V�YY 0 6.2 6.6 7.1
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The mean path length of a particle traversing a layer of 2 mm
diameter fibers is π=2 mm. By means of Monte Carlo simulations,
we estimated the mean path through a double layer (with the
second layer shifted by half a fiber) to be � 3:2 mm.

Consequently, the total amount of material through which a
particle passes while traversing a SciFi hodoscope in the 4-plane
U�V�YY 0 configuration is

xU�V �YY 0 C0:7 g=cm2 C1:6% X0

and that for the 3-plane U�V�Y configuration is

xU�V �Y C0:5 g=cm2 C1:3% X0

Using a GEANT4 simulation, the contribution of TASFID to the
multiple scattering of the incident beam was estimated: a pencil
beam was assumed to be directed at the target, and the beam spot
at the target position was calculated. TASFID was modeled as a set
of 4 SciFi planes (U�V�YY 0) or 3 planes (U�V�Y) upstream from
the target. The radii containing 68% of the beam are reported in
Table 3 in units of milliradians for the three experimental
momenta. The multiple scattering contribution from the SciFis is
consistent with the experimental demands.
5. Summary

This paper describes the design, simulation, and prototyping of
a fiber tracking detector, TASFID, for use in identifying muons and
electrons in a mixed-particle beam for the MUSE experiment at
PSI. MUSE simultaneously measures the scattering of electrons and
muons at low Q2 from a proton target, in search of a resolution to
the proton radius puzzle. TASFID is to be located 90 cm upstream
of the MUSE target. It identifies individual electron and muon
tracks based on their timing relative to the machine RF and
measures the transverse position of each track within the beam
volume with 2 mm precision. It consists of two orthogonal single
layers of 40 2 mm round scintillating fibers, followed by a third
staggered double layer at 45° to the other two. The fibers are read
out independently at both ends using multianode PMTs of the
metal channel type. The well-known issue of optical crosstalk
between neighboring pixels in these maPMTs is overcome by
requiring a coincidence between both ends of a fiber to recognize
a hit and ensuring that the fiber pixel maps for the readout of the
two ends are independently scrambled to minimize the chance
that crosstalk may generate false coincidences. We report beam
test results demonstrating that this scheme is effective.

The primary design concerns addressed in the paper are mul-
tiple scattering, time resolution, and track detection efficiency.
Square fibers of 2 mm in transverse size from Bicron were tested
and shown to offer a small improvement in efficiency relative to
round 2 mm fibers, but these fibers were not selected for use
because of their variation in size and the difficulties encountered
in attempting to couple them to the readout. Round fibers of 1 mm
in diameter were also tested and found to be less efficient. Round
Kuraray SCSF-78M fibers of 2 mm in diameter were found to have
the best combination of properties for this detector. Using a 2-out-
of-3-layers coincidence scheme, we were able to achieve an effi-
ciency of 98% for minimum ionizing charged tracks. The time
resolution measured using the prototype detectors is consistent
with the expectations for the stated light yield, namely, 8–10
photons per fiber per track.
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