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The Challenge
Detect minimum ionizing particles at high efficiency 
and good timing with so little scintillating material
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The Challenge
Detect minimum ionizing particles at high efficiency 
and good timing with so little scintillating material

Back-of-the-envelope calculation for a 30 cm long 250 µm multiclad fiber
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 Fiber Length [mm]
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The Challenge
Detect minimum ionizing particles at high efficiency 
and good timing with so little scintillating material

Ingredients for maximum performance (from our experience):

• Fiber end polishing
• Optical isolation of the fiber
• Good fiber-SiPM-alignment
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Optical Isolation
Fibers w/o optical isolation are subject to substantial light 
losses and fiber crosstalk 

Mu3e Meeting 5

6 R&D of a Scintillating Fiber Detector for Mu3e

6.1.3 Optical Isolation

At the beginning of the R&D it turned out that bare fibers su↵ered from significant light losses
whenever they were glued with optical cement. Already a centimeter of glue along the fiber
is enough to make the light yield drop substantially, as one can understand qualitatively from
Fig. 6.8a) and 6.7b). They show an example of the measured light yield for a bare fiber and a
fiber coated with 100 nm of aluminum, respectively, where both fibers were glued with BC600
[43] optical cement to the support structure depicted in Fig. 6.7c). These losses are actually not
surprising considering that the refractive index of the optical cement is n = 1.56, i.e. a value
which is adapted to the refractive index of the fiber core (n = 1.60). With such high a refractive
index of the glue, the second cladding (n = 1.42) has essentially no leverage anymore since no
total reflection can occur at the cladding-cement-boundary. A more quantitative measurement of
the e↵ect of having a material with a high refractive index surrounding the fiber was performed
using a setup resembling the one from the measurement of the attenuation length described in
Sect. 6.1.2: One end of the fiber (with a length of 23 cm) was coupled to the calibrated photodi-
ode, whereas the other end was fixed in a support such that one could illuminate the last few mm
of the fiber by a blue LED (Thorlabs LED430L). Once the fiber was mounted, the quantity of
light transmitted by the fiber was measured first without optical cement, then adding the cement
in situ. With the optical cement, the amount of light dropped by as much as 40 % in the case of
the bare fiber, and by 1 % or less for the aluminized fiber. The exercise was repeated also with
Araldite R� glue (n ⇡ 1.5) and with optical grease (n = 1.47), yielding light losses of 30 % and
20 %, respectively. The results of these tests are summarized in Table 6.2.

Table 6.2: Measured light loss (with respect to air) when surrounding the fibers by materials
with high refractive indices n. Bare fibers are prone to important light losses. An
aluminum coating of 100 nm is enough to mitigate this e↵ect.

Material n Light loss bare Light loss alum.
Optical cement (BC600) 1.56 40 %  1 %
Araldite R� ⇡ 1.5 30 %  1 %
Optical grease (BC630) 1.47 20 %  1 %

Thanks to the optically isolating aluminum coating, not only can one recover at least partially
the light which would normally be lost when bringing into contact the fiber with the cement, but
one is also able to suppress crosstalk among fibers whenever they are glued to form a fiber array
(see also Sect. 6.3.1). The crosstalk rate among fibers amounts to ⇡ 30 % without any optical
isolation of the fibers, and is reduced to < 1 % when the fibers are coated, as is clearly visible in
Fig. 6.9.

The aluminum can be deposited in di↵erent ways. One method is to sputter the aluminum
onto the fibers, a service which is provided by PSI’s Laboratory for Scientific Developments
and Novel Materials (LDM) [44]. Simply speaking, the scintillating fibers (= the substrate)
and an aluminum target are placed into a chamber filled with argon gas. By applying a neg-
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w/o aluminum

Fiber crosstalk (Sr90 measurements)
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“In situ” light loss measurements



Fiber-SiPM Alignment
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c.f. Mu3e Meeting Oct ‘14

Overall alignment precision: 250-300 µm
• Groove/ hole precision on plexiglass:  50-100 µm
• Precision Hole: 50 µm
• Pin holes on the SiPM PCB: 150 µm
• SiPM active area w.r.t. packaging: 200 µm

From MC simulations: Shifts up to 300 µm in 
both transverse directions affordable for 
1.3 x 1.3 mm2 SiPMs

Mu3e Meeting

Aligned every individual SiPM on the
PCB prior to soldering



Squared Fiber Ribbons
• Quality control (blobs, thickness variations, 

cladding damage, …)

• Fiber size: 240 x 260 µm2 → took special 
care about fiber orientation (240 µm along 
beam)
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Measured thickness and uniformity 
across a single fiber layer (256 fibers): 

265 ± 5 µm 



Fiber Alignment 

• Distances between fibers in y- direction 260-270 μm, consistent with fiber size
• 1st, 2nd and 4th layer aligned within 10-20 μm
• 3rd layer shifted by ≈55 μm compared to perfect staggering by half a cell  
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Collimated Sr90 source scans with Large Prototype

Fiber alignment both within an individual and among 
several layers is already at a good level, could most 
probably be improved by further efforts

Mu3e Meeting

scan along y



R&D History
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Single Fiber Telescosope "Large               
Prototype"

Bottom-up-approach
Single fiber � telescope 

structures

Extensive tests in the laboratory 
and at (mostly PSI) beam lines



The Large Prototype

Key Features
• 32 squared, 250 µm thin 

fibers with individual 
readout

• Aligned SiPMs

• Aluminum coating     
(100 nm)
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e+

The Large Prototype allowed to assess single- and multilayer 
efficiencies and timing resolutions, and to combine 
channels offline to emulate the SiPM array readout

e+ e+ e+ e+ e+ e+
� �

e+
�

e+ e+e+ e+ e+
� �
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Single Fiber Light Yield (Beam Test @ πM1)
Positrons @ 115 MeV/c

Light Yield – Straight Tracks
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Uniform detector response

<Nphe> for 31 out of 
32 fibers of the LP

Outliers: Two fibers at 
the edges of a layer

e+

e+ e+ e+

V V

SiPM logic AND
OR

AND logicOR logic

Mean NPhe ≈ 4.6 (AND) and 3.7 
(OR) with a threshold 0.5 NPhe



Light Yield – Inclined Tracks
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θ = 0° θ ≈ 45°
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Detection Efficiency
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Single and Multilayer Efficiency (Beam Test @ πM1)
Positrons @ 115 MeV/c

6 R&D of a Scintillating Fiber Detector for Mu3e

are staggered with respect to each other, introducing some extra dead material.

The detection e�ciency of three fiber layers was evaluated following a similar approach as
for the double layer; the trigger configuration is displayed in Fig. 6.40c). The measurements
yielded "triple

AND = 95 ± 2 (stat) % for the AND logic and "triple
OR = 98 ± 1 (stat) % for the OR logic,

respectively. As for the double layer e�ciencies, these values are a little lower than the expected
1 � (1 � 0.72)3 = 98 % and 1 � (1 � 0.96)3 = 100 %. However, these measured values should be
understood as lower limits to the detection e�ciency since we do not have perfectly under con-
trol the particle trajectories, meaning that even though most of the particles should pass through
the fiber detector in straight tracks, a few of them might scatter (and can still make it into the
external trigger, which is relatively big compared to the fiber dimensions).

Table 6.5: Detection e�ciencies "AND and "OR measured by the Large Prototype when triggering
at the indicated threshold (0.5 or 1.5 photoelectrons) on the respective SiPMs in the
AND and OR logic when irradiating the fibers perpendicularly to their central axes.
The numbers are shown for a single fiber as well as for two and three layers of fibers,
where every fiber is read out individually. The errors are statistical.

Single Layer Double Layer Triple Layer
"AND [%] (0.5 NPhe) 72 ± 1 89 ± 1 95 ± 2
"OR [%] (0.5 NPhe) 96 ± 1 99 ± 1 98 ± 1
"AND [%] (1.5 NPhe) 34 ± 1 52 ± 1 67 ± 1
"OR [%] (1.5 NPhe) 79 ± 1 93 ± 1 97 ± 1

Crosstalk

The crosstalk among fibers was estimated using the trigger configurations shown in Fig. 6.40d).
It was found to be less than < 1 % when requiring the logic AND of the two SiPMs and < 2 %
when asking for the logic OR, respectively.

6.7.3 Timing Resolution

The timing resolutions described in what follows are summarized in Table 6.6. The single fiber
timing resolution was evaluated by considering the distribution

Tsingle =
t1 � t2

2
, (6.19)

where t1 and t2 denote the time extracted from the SiPM’s waveform (c.f. Sect. 6.6.3.) on the
left and the right end of the fiber, respectively. The above defined distribution is described by a
double Gaussian, whose corresponding widths (RMS) �core and �tail are equivalent to the tim-
ing resolution on the mean time T̄ = (t1 + t2)/2. A typical measured timing distribution for a
single fiber is shown in Fig. 6.41a). The tails are associated to events in which only few photo-
electrons are detected, as can be understood from Fig. 6.41b). Measurements based on the ⇡M1

114

Measured a detection efficiency for MIP of 
� 95% for three layers 

of 250 x 250 µm2 squared multiclad scintillating fibers
at a threshold of 0.5 NPhe

*The double and triple layer numbers represent lower limits to the detection efficiency 

* Extrapolated
Double 

εAND ≈ 92%

Triple 
εAND ≈ 98%

c.f. Mu3e Meeting Nov ‘15
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• Positrons @ 115 MeV/c
• Offline constant fraction 

discrimination (20%),       
threshold 0.5 NPhe

• 30 dB preamplifiers

Timing Resolution



Entries  64894

Mean   0.007272± 0.004021 

Std Dev    0.005142±  1.843 

Integral  6.426e+04

) / 2 [ns]2 - t1t(
10− 5− 0 5 10

C
ou

nt
s

10

210

310

410
Entries  64894

Mean   0.007272± 0.004021 

Std Dev    0.005142±  1.843 

Integral  6.426e+04

(time_le.ch17-time_le.ch18)/2 {fmod(time_wide.ch30-time_le.ch31-6,19.75)<3.3&&fmod(time_wide.ch30-time_le.ch31-6,19.75)>0&&area.ch17*1.06>0.5&&area.ch18*1.06>0.5&&time_le.ch17>0&&time_le.ch18>0}

Entries  72074

Mean   0.004703± 0.06554 

Std Dev    0.003325±   1.16 

Integral  6.09e+04

Entries  64894
Mean   0.007272± 0.004021 
Std Dev    0.005142±  1.843 
Integral  6.426e+04

 / ndf 2χ  537.6 / 54
p0        89.2±  7447 
p1        0.00477±0.02706 − 
p2        0.0071± 0.6824 
p3        84.5±  5072 
p4        0.01540± 0.04757 
p5        0.024± 2.234 

) / 2 [ns]2 - t1t(
10− 5− 0 5 10

C
ou

nt
s

0

1000

2000

3000

4000

5000

6000 Entries  64894
Mean   0.007272± 0.004021 
Std Dev    0.005142±  1.843 
Integral  6.426e+04

 / ndf 2χ  537.6 / 54
p0        89.2±  7447 
p1        0.00477±0.02706 − 
p2        0.0071± 0.6824 
p3        84.5±  5072 
p4        0.01540± 0.04757 
p5        0.024± 2.234 

(time_le.ch17-time_le.ch18)/2 {fmod(time_wide.ch30-time_le.ch31-6,19.75)<3.3&&fmod(time_wide.ch30-time_le.ch31-6,19.75)>0&&area.ch17*1.06>0.5&&area.ch18*1.06>0.5&&time_le.ch17>0&&time_le.ch18>0}

Single fiber timing resolution (Beam Test @ πM1)
σcore ≈ 680 ps
σtail ≈ 2.23 ns
fcore ≈ 60%

8/2/17 15

40 dB preamp-
lifiers (lab  

measurement)
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• Positrons @ 115 MeV/c
• Offline constant fraction 

discrimination (20%),       
threshold 0.5 NPhe

• 30 dB preamplifiers

Timing Resolution



Single fiber timing resolution (Laboratory Test)
• MI electrons from Sr90
• Offline constant fraction 

discrimination (20%),       
threshold 0.5 NPhe

• 40 dB preamplifiers
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Single fiber timing resolution (Laboratory Test)
• MI electrons from Sr90
• Offline constant fraction 

discrimination (20%),       
threshold 0.5 NPhe

• 40 dB preamplifiers
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Extrapolation to Final Mu3e 
Hodoscope Performances
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Mimic the Mu3e hodoscope by combining offline    
the SiPM channels of three consecutive fibers

� “optimized” array readout

Optimized array readout:
•Good fiber-SiPM alignment
•Sufficiently large SiPM active area
•No saturation effects  

i.e. maximum light 
collection capability 

e+

realideal



Light Yield (Beam Test @ πM1)
Positrons @ 115 MeV/c
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a threshold 0.5 Nphe
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6 R&D of a Scintillating Fiber Detector for Mu3e

Entries  21670
Mean   0.03184±  11.01 
Std Dev    0.02251±   4.67 
Integral  2.152e+04

NPhe
0 5 10 15 20 25 30

C
ou

nt
s

0

50

100

150

200

250

300

Entries  21670
Mean   0.03184±  11.01 
Std Dev    0.02251±   4.67 
Integral  2.152e+04

area.ch9+area.ch17+area.ch25+area.ch10+area.ch18+area.ch26 {time_le.ch30>0&&time_le.ch31>0&&area.ch30>3&&fmod(time_le.ch30-time_le.ch31+1975,19.75)<10&&(area.ch9+area.ch17+area.ch25)>0.5&&(area.ch10+area.ch18+area.ch26)>0.5}

a) AND logic
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b) OR logic

Figure 6.47: Typical o✏ine array charge spectrum for the two SiPM logic configurations AND
and OR with the threshold set at 0.5 NPhe.

Table 6.8: Detection e�ciencies "array
AND and "array

OR for the o✏ine SiPM array channel readout com-
bining three consecutive fibers. These e�ciencies were measured with the Large Pro-
totype when triggering (o✏ine) at the indicated threshold (0.5 or 1.5 photoelectrons)
on the respective channels in the AND and OR logic. The fibers were irradiated per-
pendicularly to their central axes. The errors are statistical.

Triple Layer
"array

AND [%] (0.5 NPhe) 95.8 ± 0.2 (stat) %
"array

OR [%] (0.5 NPhe) 98.3 ± 0.2 (stat) %
"array

AND [%] (1.5 NPhe) 88.0 ± 0.3 (stat) %
"array

OR [%] (1.5 NPhe) 97.5 ± 0.2 (stat) %

Efficiency vs. Impact Position

Another interesting measurement consists in determining the e�ciency of the fiber detector as
we move axially along the fiber (x-direction), shown schematically in Fig. 6.48. The measure-
ment was performed in the laboratory, enabling the usage of a collimator which allows to have a
narrow beam and to control the impact position. The absolute detection e�ciency of the Large
Prototype is impractical to assess with the 90Sr source because the particles have di�culties in
passing the four fiber layers without scattering. So we limited ourselves to the study of the light
yield left vs. right, the detection e�ciency relative to the central position (x = 0) as well as the
timing resolution as a function of x (for the timing resolution, see the next section). The thresh-
old on the external trigger was set to a su�ciently high level as to select MIP. The position x was
varied in an interval of [�6 cm,+6 cm] around the approximate center of the fibers, the mechan-

122

Optimized Array
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Detection Efficiency (Beam Test @ πM1)
Positrons @ 115 MeV/c

Measured a detection efficiency for MIP of 
� 95% for three layers 

of 250 x 250 µm2 squared multiclad scintillating fibers
at a threshold of 0.5 NPhe
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Core fraction ≈ 75 %

6 R&D of a Scintillating Fiber Detector for Mu3e

extremal source positions amounted to about 30 cm. This implies that no big surprises are to
be expected in the Mu3e experiment in terms of detection e�ciency as a function of the impact
position, since the 30 cm correspond to the approximate fiber length foreseen in the baseline
design of the Mu3e hodoscope.

6.8.3 Timing Resolution

The timing for the optimized array (c.f. Fig. 6.46) was evaluated by summing o✏ine the wave-
forms of the concerned SiPMs on the left and the right side of the detector, respectively. The cor-
responding timing distribution is shown in Fig. 6.50. It is well-described by a double Gaussian
resolution with a core width (RMS) �core = 572 ± 6 (stat) ps and a tail with �tail = 2.36 ± 0.05
(stat) ns, where the fraction of the core amounts to ⇡ 75 %. The analogous analysis using a
leading edge rather than a constant fraction discrimination yielded �core = 601 ± 5 (stat) ps,
�tail = 2.91 ± 0.05 (stat) ns and a core fraction of 76 %. Not surprisingly, the two timing meth-
ods yield similar values, which is just symptomatic of the fact that very often the signal from
which one extracts the time consists in just one photoelectron, because even if more than one
photon is detected, they arrive with a certain temporal separation and thus do not produce a
waveform with an amplitude equivalent to two or more photoelectrons.

The results obtained with the Large Prototype and summarized in Table 6.8 represent an impor-
tant milestone, because they show that timing resolutions of < 1 ns with a detection e�ciency
> 95 % are achievable with as little as three layers of 250 µm thin fibers.

Table 6.8: Summary table of the Mu3e fiber detector prototyping described in this chapter. The
errors are statistical.

Single Double Triple Array
�t [ps] (0.5 NPhe) 1120 ± 10 820 ± 3 673 ± 4 572 ± 6
�t [ps] (1.5 NPhe) 803 ± 5 608 ± 5 504 ± 6 537 ± 4
"AND [%] (0.5 NPhe) 72 ± 1 89 ± 1 95 ± 2 95.8 ± 0.2
"AND [%] (1.5 NPhe) 34 ± 1 52 ± 1 67 ± 1 88.0 ± 0.3

Timing Resolution vs. Impact Position

Next to the light yield and the e�ciency, also the timing resolution of the array configuration
was studied as a function of the impact position. The largest di↵erence between the single fiber
timing resolutions (fitted with a single Gaussian) amounted to 10 % within the scanned interval
(see Sect. 6.8.2 for details on the scan).
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Measured a detection efficiency for MIP of � 95% and a timing 
resolution of < 1ns for three layers of 250 x 250 µm2 squared 

multiclad scintillating fibers at a threshold of 0.5 NPhe
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Relative detection efficiencies at the most extremal (± 6 cm) 
positions and the central position (0 cm) agreed within 6%.  
Timing resolution agreed within 10% in the scanned interval.

Fiber length Large 
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Showed that the proposed detector 
performances (efficiency and timing) 

are achievable
Extensive Studies:
• Fiber and SiPM Characterization

• Optical Isolation

• Fiber alignment, mechanics

• Light yield (straight and inclined tracks)

• Single and multilayer detection efficiencies

• Single and multilayer timing

• Extrapolated detection efficiencies and 
timing

• Temperature studies

• Detection efficiency vs. impact position
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