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Abstract In this paper, the design, construction, simula-

tion, and performance of a position-sensitive plastic scin-

tillator detector are presented. The readout of the detector

uses wavelength-shifting fibers coupled with multi-anode

photomultipliers (PMTs) for the x- and y-dimensions. After

calibrating the multi-anode PMTs, a two-dimensional

projection image of the square scintillator telescope hit by

cosmic muons is demonstrated. By performing a cosmic

test with the Micromegas telescope, the position resolution

of the detector was determined to reach approximately

8.6 mm, which is close to the value obtained in physical

simulation.

Keywords Plastic scintillator � Multi-anode PMT �
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1 Introduction

Plastic scintillators are commonly used in high-energy

physics owing to their excellent optical transmission

properties, simple production, low cost, and high perfor-

mance in particle detections [1–3]. They have often served

as an anticoincidence detector to provide a trigger signal

[4–6]. However, scintillators are seldom used in position

measurement owing to their poor position resolution [7].

Accordingly, a position-sensitive plastic scintillator detec-

tor is developed to realize position measurement and pro-

vide trigger information simultaneously.

A position-sensitive detector can be used for various

applications. For example, combined with muon tomogra-

phy, which is a technique that uses cosmic ray muons to

generate three-dimensional images of volumes, the detector

can be applied in the field of security imaging [8, 9]. In the

USA, the Decision Sciences International Corporation

(DSIC) has implemented muon tracker technology in a

multi-mode passive detection system (MMPDS) [10]. This

port scanner located in Freeport, Bahamas, can detect

shield nuclear material, explosive, and contraband. A study

of the image characterization metrics for MMPDS shows

that the spatial resolution is centimeter magnitude order

[10]. Therefore, a position-sensitive plastic scintillator may

be applied in the field of homeland security owing to its

large area and low cost. The spatial resolution must be of

centimeter magnitude order.

In this paper, the design of grooves on the top and

bottom sides of a plastic scintillator in which wavelength-

shifting (WLS) fibers can be embedded is proposed.

Alternate WLS fibers are gathered and routed to a multi-

anode photomultiplier (PMT) for each dimension [11]. The

scintillator detector is thus considered to be segmented into
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several small tiles in two dimensions. The design method

was tested using physical simulation and an experiment.

This paper is organized as follows. In Sect. 2, we

describe the design of the detector, including the plastic

scintillator, grooves, and WLS fibers. In Sect. 3, we present

a Monte Carlo simulation based on GEANT4 to estimate

the position resolution. Section 4 describes the fabrication

of the detector in detail. In Sect. 5, details of the calibration

of multi-anode PMT are provided, and the results of cosmic

test are presented.

2 Detector design

The size of the plastic scintillator used in this design is

320 9 320 9 25 mm3, with 16 grooves milled uniformly

on each side. Each groove is 9.5 mm in width and 1.1 mm

in depth, as shown in Fig. 1. They are approximately

19.32 mm apart from each other, and nine WLS fibers of

diameter 1 mm are embedded within each of them. Sixteen

of these WLS bundles in the x-dimension correspond,

respectively, to the 16 channels of the multi-anode PMT.

Therefore, the plastic scintillator is considered to be divi-

ded into 16 tiles in the x-dimension. Furthermore, the 16

WLS-fiber bundles in the y-dimension are arranged in the

same way as in the x-dimension and they correspond to the

y-dimension of the multi-anode PMT. Therefore, the

plastic scintillator is considered to be segmented into

16 9 16 tiles in two dimensions [12].

The outputs of the multi-anode PMTs are connected to

the front-end electronics (FEE) board and the data acqui-

sition (DAQ) system, with which the hitting position of an

incident particle can be reconstructed in two dimensions.

3 Physical simulation

To understand the scintillator detector with WLS-fiber

readout more intuitively, a model of the detector was built

using GEANT4, which is the most commonly used simu-

lation software in high-energy physics [13, 14]. The scin-

tillator detector was constructed according to the design

method described above.

Consider a muon of 2 GeV passing through the detector.

Its energy is deposited and converted into fluorescence in

the detector. Subsequently, fluorescent photons are trans-

mitted in the scintillator and absorbed by the WLS-fiber

bundles. The distribution of fluorescence transport is

shown in Fig. 2.

We subsequently counted the quantities of fluorescent

photons absorbed by each fiber bundle and reconstructed

the center of distribution of fluorescence, which is defined

as the hitting position of the muon event, by using the

barycenter method. The reconstructed position is not fixed

but obeys a Gaussian distribution, owing to system error

and other factors. In this study, the sigma value fitting with

Gaussian distribution is regarded as the position resolution.

As shown in Fig. 3, the position resolution of the detector

with WLS-fiber readout reaches approximately 5 mm in

the Monte Carlo simulation, which indicates the feasibility

of the design.

Fig. 1 (Color online) Structure schematic of the plastic scintillator in

the x-dimension. Each groove is 9.5 mm in width and 1.1 mm in

depth, and nine WLS fibers are embedded in each groove

Fig. 2 (Color online) Fluorescence transmission in the detector. The

green lines represent the fluorescence activated by the muons hitting

the center of the scintillator detector

117 Page 2 of 7 J.-N. Dong et al.

123



4 Detector fabrication

A piece of BC414 produced by Saint-Gobain with the

dimensions of 320 9 320 9 25 mm3 was milled using a

programmable milling machine according to the design

method described above. After the completion of milling,

the scintillator was annealed at 70 �C for 3 h to remove any

remaining stress in order to avoid crazing and consequent

performance degradation [15].

To optimize light collection [16, 17], the BCF-92 was

used to match the absorption spectrum of WLS fibers to the

emitting spectrum of the plastic scintillator. The BCF-92

[18], also produced by Saint-Gobain, is a kind of WLS and

light-transmitting fiber, with an emission peak at 492 nm.

The EJ-500 [19], produced by Eljen Technology, is a clear

and colorless epoxy cement and is ideal for optically

bonding plastic scintillators and fibers. The H8711 (man-

ufactured by Hamamatsu) was used to match the emission

wavelength of the BCF-92. Its quantum efficiency is

approximately 30% at 490 nm [20]. Moreover, the H8711

has 4 9 4 anodes correspondingly reading out the fluo-

rescent signals of the 16 WLS bundles. An adapter guides

the 16 WLS bundles to the corresponding 16 cathode cells

of the multi-anode PMT in the x-dimension. Another

adapter performs the same task in the y-dimension. By

placing this arrangement into a large black box of size

440 9 440 9 50 mm3 to protect the scintillator detector

from external light, the preparation was completed. The

fabrication process was as follows:

1. Cut the WLS fibers to the appropriate length and polish

the end surfaces.

2. Assemble nine WLS fibers as one bundle (16 bundles

in all).

3. Fix all the WLS bundles into an adapter and ensure

that their ends are all located in a plane; these are the

readout ends of the fibers.

4. Place the WLS bundles into the corresponding grooves

of the scintillator, and the other end of the fibers is

covered with the reflective material.

5. Glue the WLS bundles with EJ-500 and wait for them

to dry (approximately 24 h).

6. Combine the multi-anode PMT with the WLS bundles,

and thus, the fabrication of the x-dimension of the

detector is complete.

7. Construct the y-dimension of the detector by repeating

the above steps.

A photograph of the position-sensitive scintillator

detector is shown in Fig. 4.

Fig. 3 Position of the incident muons hitting the center of the

detector is indicated by the horizontal axis, and the count of florescent

photons is indicated by the vertical axis. The sigma value of the fitting

Gaussian waveform can be regarded as the position resolution. The

left graph shows the reconstructed position resolution in the x-

dimension, and the right graph shows the reconstructed position

resolution in the y-dimension

Fig. 4 (Color online) Prototype of the position-sensitive scintillator

detector
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With an appropriate multi-anode PMT base design, the

16 channels of charge signals from each multi-anode PMT

can be coupled to the FEE board consisting of a VA32

ASIC [21], which has 32 analog input channels for mea-

suring the charge signals. Each channel is composed of a

charge-sensitive preamplifier (CSA), CR-RC-shaping

amplifier, and sample–hold circuit. Therefore, the PMT

output charge signals are integrated by the CSA and

thereafter shaped into a semi-Gaussian pulse with a peak-

ing time of approximately 1.8 ls. Furthermore, a hold

signal is used to sample all the analog channels.

Subsequently, the output current signals obtained from

the VA32 chip are wired together and led to a current-to-

voltage conversion circuit, digitized using a 16-bit analog-

to-digital converter (ADC, AD976A [22]). When a trigger

is provided by PMT dynode signals or the telescope sys-

tem, the ADC digital output data are recorded by the DAQ

system [23].

5 Calibration and cosmic test

5.1 Calibration of multi-anode PMTs

As two multi-anode PMTs are used in the design, their

gain should be calibrated first. The peak of a single pho-

toelectron can be used as the calibration parameter because

of its linearity to the gain. Figure 5 shows a block diagram

of the LED calibration system.

The LED lights are driven by the pulse generator, whose

output voltage can be adjusted to vary the light intensity.

The photoelectron peak becomes the main part of the

spectrum for each anode channel of the calibrating PMT, as

shown in Fig. 6. A random trigger is used to obtain the

pedestal in the test.

After the calibration, 16 spectra of each multi-anode

PMT in the x- (and y-) dimensions were obtained. By

choosing one of the ADC peak channels as a gain refer-

ence, the others can be normalized. The relative ratios are

demonstrated in Fig. 7, and they can be used as the nor-

malization factors for the ADC counts of the corresponding

anodes in position reconstruction.

In addition, the cross talk of the multi-anode PMT is less

than 1%, as presented in the datasheet [20]. Therefore, it is

believed that the effect of cross talk for different anodes

can be ignored in the experiment.

5.2 Cosmic test

A telescope system is required to study the performance

of the detector with WLS-fiber readout [24]. First, two

small plastic scintillator detectors (20 9 20 mm2) were

used as the telescope system—one each placed above and

below the detector, as shown in Fig. 8.

Fig. 5 Block diagram of the multi-anode PMT calibration system.

The pulse generator drives the LED glitter, and the LED lights can be

collected by 16 entrance windows of the multi-anode PMT using 16

optical fibers. The LED light intensity can also be varied by adjusting

the output voltage of the pulse generator

Fig. 6 (Color online) Typical fitting of the photoelectron spectrum of

a channel of the multi-anode PMT. The ADC count of the signal is

indicated by the horizontal axis, and the event count is indicated by

the vertical axis. The peaks of pedestal, single photoelectron, and

double photoelectron are fitted

Fig. 7 (Color online) After the calibration of the multi-anode PMT,

the relative ratios of the anodes are indicated by the vertical axis, and

their channel numbers are indicated by the horizontal axis. The red

points represent the ratios of multi-anode PMT in the x-dimension,

and the blue triangles represent the ratios of multi-anode PMT in the

y-dimension
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Cosmic muon events were triggered by the small scin-

tillator telescope. When the logic (S1 * S2) equaled one,

the data of the ADC counts from each of the 16 readout

channels of the x- and y- dimensions were collected. First,

the response efficiency of the detector was obtained by

adjusting the voltage of the multi-anode PMTs. By com-

paring the event counts passing through the telescope and

the event counts passing through the test detector, the

detection efficiencies of the test detector under different

voltages can be calculated. As shown in Fig. 9, the

detection efficiency is over 90% when the voltage exceeds

790 V. The working voltage of the PMT in the following

test is set to 800 V.

Thus, the position where the cosmic muons pass through

the test detector can be reconstructed using the barycenter

method. Consider the x-dimension. When a triggered

incident muon (ith event) passes through the test detector,

its position can be reconstructed using the following

formula:

positioni ¼
P16

j¼1 wj xj � xo
� �

� 19:32
P16

j¼1 wj

;

where wj ¼
ADC countj�pedj

ratioj
indicates the corrected position

weight of the jth channel; ADC countj indicates the ADC

count of the jth channel; pedj represents the pedestal of the

jth channel; ratioj indicates the relative gain ratio of the jth

channel; and xj indicates the jth anode channel of the PMT

in x-dimension. The center of the detector ðxo ¼ 8:5; yo ¼
8:5Þ is defined as the zero point.

Figure 10 shows the scatter points of reconstructed

cosmic events passing through the telescope and test

detector. The distribution of scatter points is only a pro-

jection image of the telescope hit by cosmic muons.

To evaluate the position resolution of the detector, it is

necessary to consider another telescope with better spatial

resolution. In this case, Micromegas (MM) detectors with

submillimeter position resolution [25] were used as the

telescope system. During the cosmic test, two MM detec-

tors were placed above and below the detector, as shown in

Fig. 8, with MMI and MM2 replacing S1 and S2, respec-

tively. Both the DAQ of the test detector and the MM

telescope were synchronized by the trigger (MM1*MM2).

Hence, the track of an incident muon (ith event) can be

identified using the two Micromegas detectors. It is

regarded as the reference track (i) and is across the test

detector at ðxir; yirÞ for the ith event. Moreover, the hitting

position ðxit; yitÞ of the ith muon passing through the test

detector can be reconstructed using the ADC data from the

x- and y-dimensions of the multi-anode PMTs. The

Fig. 8 Block diagram of the cosmic test with two small plastic

scintillator detectors. The two detectors, S1 and S2, are placed above

and below the test detector, respectively, and used as the telescope

system

Fig. 9 Plateau curve of the detection efficiency. When the voltage

exceeds 800 V, the efficiency tends to be steady. A slight drop of the

efficiency after the voltage exceeds 850 V may be due to the

excessive voltage, and the maximum voltage of the multi-anode PMT

is * 1000 V

Fig. 10 Two-dimensional projection image of detector obtained

using the small telescope, and the data accumulated for ten hours.

The hitting position of the incident muons in the x-dimension is

indicated by the horizontal axis, and the position in the y-dimension is

indicated by the vertical axis
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residuals are defined as Dxi � xit � xir and Dyi � yit � yir
and are calculated event by event.

Figure 11 shows the histograms of Dx (left) and Dy
(right). The fitted position resolution of the detector is

approximately 8.6 mm.

6 Conclusion

In this paper, the design and fabrication of a position-

sensitive plastic scintillator detector with WLS-fiber read-

out were presented. The performance of the detector was

also studied. The results of the cosmic test showed that the

positions of the incident particles can be reconstructed in

two dimensions with a detector and the position resolution

can be as high as approximately 8.6 mm, which is close to

the simulation result (approximately 5 mm).
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