
Scintillator-based 
trackers

Masashi Yokoyama
Department of Physics, University of Tokyo



2

25

Important design choices: 2

● 6 scintillator-based detectors considered for the active 
target(s): FGD-like, 3D FGD, Super-FGD, Wagasci-like, 
Empty Wagasci, Scintillating fibers

● For the alternative configuration, the horizontal target could 
be totally active (Carbon only)

● Apart from the technology, other design choices for the 
target (granularity, bars geometry etc) need to be addressed

● Performances should include: efficiency for short hadronic 
tracks (includes high angle tracks), PID, gamma/nue, Michel 
electrons 



Objectives of target detector(s)

• Provide target mass for neutrino interaction

• Especially important for νe measurement

• Water target necessary or not?

• Acceptance for large angle tracks

• Reconstruct tracks inside the target detector

• Background reduction/control for νe measurement
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Need to be  quantitively defined 
in terms of physics requirements,

with consideration of the detector design



Extruded scintillator

• Can produce large amount with 
relatively low cost

• Ingredients are heated to be 
melt and extruded through a die

• Co-extrusion with a reflector 
layer (w/ TiO2) possible

• Hole/groove for a fiber can be 
shaped at extrusion

• Mechanical dimension difficult 
to precisely control

• Shrinkage during cooling after 
extrusion
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die for extrusion of WAGASCI scintillator



Examples
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SciBar: 2.5×1.3cm2

with a hole in center,
Fermilab

MINOS,  4×1cm2

groove,
NICADD/Fermilab

MINERvA, P0D
Fermilab

FGD, 
Made in Canada
based on Fermilab recepi

WAGASCI,
2.5×0.3cm2

Fermilab



Example cost (Fermilab case)

• Cost estimate in Jan. 2015

• $56k for 0.3×2.5cm2, (WAGASCI type) 6,000m

• $21k material, $35k labor

• $79k for 1.0×5.0cm2, (INGRID type) 3,000m

• $44k material, $35k labor

• New die for WAGASCI costed ~$55k including test 
production
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Wavelength shifting fibers

• Kuraray Y11 is commonly used

7http://kuraraypsf.jp/psf/ws.html

Trapping efficiency is a few %
3 4

Plastic Scintillating Fibers  | Plastic Scintillating Fibers | 

Plastic Scintillating Fibers
- Materials and Structures -

Materials Type of Polymer Orientation of PS Core     

Core

Cladding

Materials / Structures

for single cladding
inner for multi-cladding

outer for multi-cladding

Materials Refractive index

Polystylene(PS)

nD=1.42

nD=1.59

nD=1.49

Density
(g/cm3)

1.43

1.05

1.19Polymethylmethacrylate
(PMMA)

Fluorinated polymer
(FP)

Cross-section and Cladding Thickness

Single cladding fiber is standard type of cladding.    
Single cladding   

Standard type (Non-S type)

Multi-cladding   
Multi-cladding fiber(M) has higher light yield than single 
cladding fiber because of large trapping efficiency.      
Clear-PS fiber of this cladding has extremely higher NA than 
conventional PMMA or PS fiber, and very useful as light guide fiber.
Multi-cladding fiber has long attenuation length equal to 
single cladding fiber.

PS core is almost no oriented polystyrene chain and 
is optically isotropic and very transparent. 
This conventional standard type has good attenuation 
length, but it shows weakness against clacking 
caused by bending or handling during assembling.

Bending Loss and Minimum Bending Diameter
Bending Loss 
The following figure shows bending loss of 
Clear-PSM and Clear-PSMS.
S type is better than Non-S type.
The rapid increase of bending loss of non-S type is 
due to cracking of core.
S type does not show such cracking.

S type (S) 
Core has molecular orientation along drawing direction. 
This fiber is mechanically stronger against clacking at 
the cost of transparency.      
The attenuation length of this type is nearly 10% 
shorter than standard type.        

Dimensions and Tolerance         
Cross-sectional Dimension  
Minimum : 0.2mm
Maximum : 2.0mm, typically as follows.
Round (Single and Multi-Cladding) : 
　0.2, 0.5, 1.0, 1.5, 2.0mm dia.      
Square (Single Cladding) : 
　0.2x0.2, 0.5x0.5, 1.0x1.0, 2.0x2.0mm side      

We recommend minimum bending diameter as the following table on safety side and long term reliability.

Tolerance of Diameter

⊿D      < 2.0% for round fiber

Cut Fiber (1-5m long) :

Endless Spool Fiber :

D

C: 3.6x1022　H: 5.7x1022
O: 1.4x1022

C: 4.9x1022　H: 4.9x1022

No. of atom
per cm3

Minimum Bending Diameter

S type
Non-S type

2mmФ FiberType 1mmФ Fiber

200mm 100mm
200mm

0.5mmФ Fiber

50mm
100mm400mm

Round Fiber (D)

Square Fiber (SQ)

Single Cladding Multi-Cladding (M)

Cladding Thickness : T=2% of D1）

1）In some cases, cladding thickness T is 3% of D.　 2) In some cases, cladding thickness T is 6% of D, To and Ti are both 3% of D.

2）

Cladding Thickness : T=2% of S   
Numerical Aperture : NA=0.55   
Trapping Efficiency : 4.2%

Cladding Thickness : T=2%(To)+2%(Ti)
Numerical Aperture : NA=0.55

              
=4% of D

Trapping Efficiency : 3.1% Numerical Aperture : NA=0.72
Trapping Efficiency : 5.4%

D 

T 

Core(PS) 

Particle

Particle

Lost photon

Lost photon

Be
nd
in
g 
Lo
ss
（
％
）

Bending Diameter D（mm）

33.7゜

 69.6゜

 26.7゜   72.4゜

45.7゜

 20.4゜

Cladding(PMMA) 

D 

To 

T 
Ti 

Outer Cladding(FP) 

Not available

Inner Cladding 
(PMMA) 

Core (PS) 

T 
Core(PS) 

Cladding 
  (PMMA) 

S

Cladding and Transmission Mechanism

⊿S      < 3.0% for square fiber
S

3σ      < 2.5% (σ: rms, Spool Dia. : 900mm)
D

Measurement Method

D

1mmφ
Clear-PS fiber
Multi-Cladding

White Light
Source  Power Meter

S type

Non-S type

Dimensions available
0.2mm - 2.0mm

(0.2, 0.5, 1.0, 1.5, 2.0 typ.)



Photo-sensors

• Assume to use MPPCs

• Excellent performance in the current ND280

• Improved version available

• Need to define package and optical connection

• Typical cost ~2,000JPY/channel

8

1.3mm

36 CHAPTER 4. DEVELOPMENT OF MPPC CHARACTERIZATION SYSTEM

(a) An array of MPPCs (S13660(ES1)) (b) The circular photosensitive area of the
array of MPPCs

Figure 4.1: An array of MPPCs.

MPPC

Light source

EASIROC PC

Temperature controlled chamber

photon

Figure 4.2: The basic concept of characterization system.

array (S13660(ES1)) that has independent cathode channel by channel. A type number of single
channel MPPC is S13081-050CS(X1), which is the conventional ceramic packaged type and
crosstalk suppression type as mentioned in section 3.2.

4.2 Design of the characterization system
Figure 4.2 shows the basic concept of characterization system. MPPCs and a light source are
placed in a temperature controlled chamber. Photons are emitted from the light source and
detected by the MPPCs. The signals from the MPPCs are read out by using NIM EASIROC
module controlled via a PC.

4.2.1 NIM EASIROC module

NIM EASIROC module is general purpose MPPC readout module [24] as shown in Fig 4.3.
A front-end ASIC named Extended Analogue SiPM Read Out Chip (EASIROC) developed by
Omega/IN2P3 in France is used in this module. An EASIROC chip has 32 MPPC inputs and all
essential functions to operate many MPPCs such as amplifier, discriminator, and bias voltage
adjustment. Figure 4.4 shows a schematic of one channel in EASIROC chip. The bias voltage
applied to each MPPC channels is individually adjustable up to 4.5 V by using 8-bit input DAC.
An EASIROC chip has two amplifiers with high and low gain with a factor 10 of gain difference.
The amplified signals are shaped by the slow and fast shapers. The pulse height of the slow
shaper output is stored to the analogue buffer by using a sample and hold circuit. The external



Electronics

• Current FGD uses the same electronics with TPC

• Independent system or identical to HTPC?

• Important to have decay-e tagging capability

• Consideration on dead time requirement

• Timing synchronization with other detectors
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Sub-WorkPackages (preliminary)

• Definition of detector configuration [with simulation/physics]

• Water target necessary?

• WAGASCI-like? FGD-like? Else?

• Plastic scintillator

• WLS fibers

• Photosensors (MPPC)

• Mechanical structure [with WP1]

• [Water system (if necessary)]

• Electronics (frontend, backend)

• Monitoring system

10



WP6 group status

• Currently Japanese institutes + possibly LLR

• We need more people to cover all items

• More groups are necessary! your contribution is 
welcome, for any of items

11



Detector options

• Considering the timeline to write the proposal within 
by October, we need to define a “baseline” with 
robust and feasible design

• With “alternative” options that need to be studied

• In my opinion, 3D-FGD (and FGD-like) seems one of 
feasible options from construction view point, but not 
much studied so far

• Can we have a performance study?

12



Backup



Scintillator performance

• Also observed significant cross-talk:

• Improved version (fraction of TiO2 increased) just delivered.  
To be tested soon
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The beam is injected to the scintillator with machining as shown in
Fig. 4.15. The length of the fiber is 60 cm. For the data taking, the number
of events at the edge of the scintillator, X=6 mm in Fig. 4.16, is required to
be more than ten thousand to measure the efficiency with the 1 % statistical
accuracy. Figure 4.16 shows the mean light yield in each position. The posi-
tion of the fiber is at 8 mm(left plot) and 20 mm(right plot). The tendency of
the light yield is same as that of the scintillator without machining, however,
the light yield is a little low overall. The reason of it is under investigation
and maybe due to the effect of the machining or individual difference of the
scintillator. Figure 4.17 shows the mean light yield along with Y axis. The
attenuation length is 25 mm.

Figure 4.18 shows the detection efficiency in each position. The efficiency
is more than 99 % even at the edge. The right side edge of the scintillator
is also tested and there is no difference compared with the central part, as
shown in Fig. 4.19.

Figure 4.15: Position of the beam injected to the scintillator with machining
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Figure 4.16: Mean light yield of the scintillator with machining in each po-
sition. Left (right) plot corresponds to 1⃝ ( 2⃝) in Fig. 4.15.
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The beam is injected to the scintillator with machining as shown in
Fig. 4.15. The length of the fiber is 60 cm. For the data taking, the number
of events at the edge of the scintillator, X=6 mm in Fig. 4.16, is required to
be more than ten thousand to measure the efficiency with the 1 % statistical
accuracy. Figure 4.16 shows the mean light yield in each position. The posi-
tion of the fiber is at 8 mm(left plot) and 20 mm(right plot). The tendency of
the light yield is same as that of the scintillator without machining, however,
the light yield is a little low overall. The reason of it is under investigation
and maybe due to the effect of the machining or individual difference of the
scintillator. Figure 4.17 shows the mean light yield along with Y axis. The
attenuation length is 25 mm.

Figure 4.18 shows the detection efficiency in each position. The efficiency
is more than 99 % even at the edge. The right side edge of the scintillator
is also tested and there is no difference compared with the central part, as
shown in Fig. 4.19.

Figure 4.15: Position of the beam injected to the scintillator with machining
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Figure 4.16: Mean light yield of the scintillator with machining in each po-
sition. Left (right) plot corresponds to 1⃝ ( 2⃝) in Fig. 4.15.
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Figure 4.19: Mean light yield (left) and their efficiency (right) at the edge of
the scintillator with cut. They correspond to 3⃝ in Fig. 4.15.

Table 4.4: Measured parameters for the 3 mm thickness scintillator

Parameters without machining with machining
Light yield per MIP 24 p.e. 18 p.e.
Attenuation length 30 mm 25 mm

along with Y-axis
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Position 1 Position 2 Position 3

Light yield measurement with WAGASCI scintillator (2014)

Position dependence

From Master thesis
of T.Koga


