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scintillator for muon tomography
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The analysis of the different models of a plastic position-sensitive detector construction
for muon tomography is discussed. The key feature of the detectors is the ability of, a
passive registration of ionizing radiation from the inspected object. The optimal configu-
ration of the detector has been determined, and its main parameters in both modes of
operation has been assesed.
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IIpuBenen aHaaus PA3AUYHBIX MOJEJEH IIOCTPOEHHS ILIACTUKOBOIO IIO3HIMOHHO-UYYBCTBU-
TEJBHOrO AEeTEKTOpa IJA MIOOHHOU TomMorpaduu, o0JIamaroliero Takke BO3MOKHOCTBIO IIAC-
CUBHOM PerucTpaliu HOHUIHPYIOIIEro M3JIYYeHUs, UCXOLAIMIEr0 OT 00bEeKTAa WUCCIELOBAHUA.
BrisiBiieHBl OnTHUMANbHBIE KOHMUIYPAIIMH TAKOr'0 IETEKTOPa, a TAKiKe OIEHEHBI ero OCHOB-
Hble IapaMeTpPhbl B 000UX pexumax pabdoThI.

Ilo3uuiiiHO-YyTAMBHMI NEeTEKTOP HA OCHOBi IVIACTHKOBUX CIHUHTHJISATOPIB MJIA MIOOHHOL
Tomorpadii. O.I.Isanos, B.O.Tapacos, B.FO.Iledaus.

ITpuBemeno anaiis pisHux mMomgesel MoOyIOBU IJIACTUKOBOIO IIO3HUI[IMHO-UYTINBOIO IETEK-
TOpa IJis MIOOHHOI Tomorpadyii, 3maTHOro g0 HAaCHBHOI peecTpallili i0HiZ3yOUYOro BUIIPOMiHIO-
BaHHSA, 0 HAAXOAUTH Bij 06’c¢KTa mocaimxenHs. Busasineno ontumaibHi kKoH(pirypamii raxo-
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ro IEeTEeKTOpa, a TAKOMK OI[IHEeHO MOoro OCHOBHI mapamerpu B 000X peummax pobOTH.

1. Introduction

Muon tomography is a promising method
for the inspection of various shipping con-
tainers for the presence of smuggled ob-
jects. The advantages of devices for muon
tomography i.e. muon tomographs (MTs) in-
clude the absence of additional radiation
load on the object to be inspected. Such a
device does not require additional means for
personnel protection against ionizing radia-
tion. The main disadvantage of all the sys-
tems, which use naturally occurring muons
(p.e. muons arising in of extensive air
showers), including MTs, is a sufficiently
long scanning time. This characteristic,
however, becomes not to be decisive for
large-size inspected objects. For example,
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the scanning speed of high-capacity con-
tainer introscopes is 1-2 m/min, which cor-
responds to the screening time of 3—-6 min
for a 20-foot container. Available proto-
types of muon tomographs can conduct a
similar scan in 15 min [1-8]. So, MT can
become quite competitive in the market of
inspection systems provided that its cost is
reduced to a level comparable with X-ray
scanners.

Currently, attempts are being made to
develop a MT that based on plastic scintilla-
tion detectors [4, 5]. Unlike the similar sys-
tems using drift tubes, they do not require
periodic replacement of the gas mixture,
and can have a reduced number of position-
sensitive (PS) layers, because a drift tube
has positional sensitivity along one coordi-
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nate, but the scintillation plastic enables
the design of a two-coordinate PS detector.

It should also be noted that the muons
have a sufficiently high penetrating power
that puts the muon tomography in a row
with a neutron radiography which is ex-
tremely effective for cargo screening with a
large amount of dense material, but re-
quires enhanced protection and activate in-
spected cargo.

The possibility to use a plastic position-
sensitive detector for muon tomography is
investigated in the paper. We also discuss
operation of such a detector in passive mode
(as radiation portal monitor). The MTs are
not able to directly detect nuclear materials
in the inspected object. Large area plastic
scintillators allow this mode of operation.
The paper discusses three types of plastic
detectors and compares their performance
in both detection modes.

2. Subject and methods

Muon tomography is based on the meas-
urement of deflection angle and momentum
of the muon in a substance [1, 2]. If these
two values are known, the following for-
mula allows to estimate the atomic number
of the material through which the muon
passed [1, 2]:

() = \@%’\/L/LO [1 + 0.0381n(L/L0)],

where (6) — the deflection angle of the muon,
v =c¢ — the speed of the muon, p — its mo-
mentum, L — length of the muon track and
Ly — radiation length for a given material,
which depends on the atomic number. The
angle is measured using two PS detectors
mounted above the examined object and two
similar detectors installed just below it. At
least one more detector and a material layer
of a known thickness and density are re-
quired to measure the muon momentum. It
can be calculated from the results of a de-
flection of the muon in a known substance.

So MT can be built on the basis of iden-
tical PS detectors. Each of these detectors
must have:

— The best possible spatial resolution for
muons in the energy range 1-10 GeV. Most
of muons originating from extensive air
showers have such energies.

— Spatial resolution must be kept in the
largest possible range of zenith angles. The
distribution of muons along the zenith an-

gles 0 is proportional to cos20.
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Fig. 1. Detector with light collection from
the side faces.

— The least possible number of photode-
tectors, because it directly influences the
final cost of the MT.

— Sensitivity to gamma rays of energies
above 100 keV. It will ensure the possibility
of passive detection of most radioactive iso-
topes (radiation portal mode) by MT.

Since some of mentioned requirements
contradict each other, it is necessary to op-
timize the design of the detector. We chose
the Monte Carlo simulation package
GEANT4 to model main parameters of the
detectors. It is proved to be accurate and
efficient in modeling the interactions of
low- and high-energy particles. It also al-
lows paralleling of the modeling process.
The latter is extremely important because
the processes such as multiple Coulomb in-
teractions of muons with matter and propa-
gation of visible light photons in wave-
length shifting fiber require significant
computational resources.

The first option considered in the paper
is PS detector based on plastic scintillator
with the collection of light from the side
faces (Fig. 1). We used square 1 x 1 ecm?
surfaces as windows registering visible light
photons and simulating photodetectors. The
quantum efficiency of each photodetector
was assumed to be 0.5. The scintillator
thicknesses of 1-2 c¢m, dimensions of
20 x 20-30x 80 cm?2 were simulated. The
number of windows ranged from 3 to 5 for
each side face.

The second option considered is PS detec-
tor based on plastic scintillator with the
collection of light from the bottom face
(Fig. 2). In this case we also modeled scin-
tillators of 1—-2 cm thickness, and varied
number of windows per unit length of the
detector (from 3 to 5 to 20 em in length).

A third variant of the detector repre-
sents a strip plastic scintillator with cross
section of 1 x 1 cm2. The light collection is
carried out by WLS fibers (Fig. 3). Readout
photodetectors are placed at both ends of
the fiber. Since the collection of light by
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Fig. 2. Detector with light collection from
the bottom face.

the fiber brings to the photodetectors only
20 % of the scintillation photons, the detec-
tor becomes insensitive to gamma rays of
low energy. Therefore, auxiliary photodetec-
tors located directly on the plastic scintilla-
tor were added to the design. They are in-
tended exclusively for radiation portal
monitor (RPM) mode. Detectors with the
length 0.5 m and 1 m have been modeled, and
the number of photodetectors for RPM mode
has been changed from 2 to 6 per meter.

The third variant is similar to the two-
coordinate detector, considered in [5]. It is
based on continuous scintillator with WLS
fibers on both sides. The direction of the
fibers situated on different sides is perpen-
dicular. RPM mode in this detector can be
implemented by the installation of addi-
tional photodetectors at the side faces.

Spatial resolution is determined as fol-
lows: at the first stage each detector is cali-
brated by minimizing the mean-square de-
viation of the detector response from the
real position of the incident muon. Muons
are emitted strictly perpendicular to the de-
tector in a grid with a step of 3—5 mm. At
the second stage the muons are emitted in a
grid with larger steps. The distribution of
the incident zenith angles is assumed to be
equal cos? 0 and cut at 30 degrees. Each of
the peaks in detector response is approxi-
mated by a Gaussian distribution and a spa-
tial resolution is taken as the full width at
half-maximum of the Gaussian curve.

For each of the three variants we also
evaluated the feasibility of fast neutron de-
tection. New plastic scintillators with pulse
shape discrimination ability of neutrons and
gamma signals [6] make possible combining
neutron and gamma detectors for RPM
mode. The lower cutoff energy for the neu-
trons, as well as detection efficiency, how-
ever, should inevitably be lower than those
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Fig. 3. Detector with WLS fiber.

presented in [6], because of the deteriora-
tion of light collection.

The simulation used a list of physical
processes (so-called "physics list™) based on
the built-in GEANT4 list QGSP_BERT HP.
It includes high-precision neutron model
and standard package of electroweak inter-
actions. Additional physics processes have
been attached to support simulation of scin-
tillations, optical absorption and Rayleigh
scattering of visible light photons, as well
as their reflection and refraction at the
boundaries. Simulation of scintillations is
performed as follows: at each step of the
primary particle track the lost of energy is
calculated. In accordance with this wvalue
and the light yield of the scintillator (in
this paper it is assumed to be 12,000 pho-
tons/MeV for plastic) the number of gener-
ated visible light photons is calculated. Pho-
tons are uniformly distributed over the step;
emission assumed to be isotropic; emission
spectrum and decay time spectrum are de-
fined empirically at the initialization stage.

3. Results

Position sensitivity of the detector with
light collection from the side faces (Fig. 1)
is largely dependent on the light-reflecting
properties of the scintillator packaging. The
best results were obtained for blackened
scintillator faces. In this case the detector
showed the following spatial resolution in
the center (the muon energy was 4 GeV):
0.8 cm for a detector of 1 em thickness and
1.8 cm for a detector of 2 cm thickness.
The detector has zones without positional
sensitivity — the corners between the outer
photodetectors. The blackening of the faces,
however, significantly deteriorates the de-
tector sensitivity to gamma rays of low en-
ergy. To eliminate this drawback a diffuse
reflector should be placed on the faces of
the scintillator, though in this case the spa-
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Fig. 4. The dependence of the light output on
the coordinates for the detector with the col-
lection of light from the side faces.

tial resolution decreases. Figure 4 shows the
profile of light-collection for the detector
thickness of 1 cm, dimensions 20 x 20 cm?
and the energy of the incident gamma rays
of 100 keV. One can see the detector has a
sufficiently small non-uniformity of light
collection. Figure 5 shows the dependence of
the detection efficiency on the energy of
gamma rays for three thicknesses of detec-
tors. The increase in the thickness results
in increase of detection efficiency, but, at
the same time, it leads to reduced spatial
resolution.

The detector collecting the light from the
lower face (Fig. 2) showed the following
spatial resolution in the center (the muon
energy was 4 GeV): 0.7 cm for a detector of
1 cm thickness and 1.2 em for a detector of
2 cem thickness. Spatial resolution slightly
reduces near the sides. The detector has
more pronounced non-uniformity of light-
collection (Fig. 6) and therefore will provide
greater detection threshold at low energies.
Both of these results were obtained for the
case of a diffuse reflector on the faces of
the detector. By the combination of charac-
teristics the detector showed the better per-
formance than the one with the collection of
light from the side faces.

Detector with WLS fiber (Fig. 3) with
1 m width at normal incidence of muons
with energy 4 GeV showed a spatial resolu-
tion of about 1 mm. The light collection at
bottom-face photodetectors is about 0.25-
0.3 from the total number of photons of the
scintillation (the number of photodetectors
is equal to 5). This quantity is sufficient for
the detection of gamma rays with energies
of 100 keV and above.
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Fig. 5. The dependence of the detection effi-
ciency on the energy of gamma rays for the
detector with the light collection from the
side faces. The solid, dotted and dashed line
corresponds to the thickness of 1 cm, 1.5 cm
and 2 cm, respectively.
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Fig. 6. The dependence of the light output on
the coordinates for the detector with the col-
lection of light from the bottom.

Concerning the neutron detection, all
three detectors have approximately the same
sensitivity, which decreases from about
1.5 % for the neutrons with energy of
300 keV to 0.07 % for neutrons with energy
of 2 MeV (These results are valid when the
thickness of the detector equals to 1 cm).

4. Conclusions

According to the results of modeling, the
detector with WLS fiber shows the best per-
formance among the three considered de-
signs. It provides sufficient positional sensi-
tivity for MT, as well as sensitivity to
gamma rays with energy of 100 keV and
above. This detector can also be used for
fast neutron detection provided that it is
based on a plastic with gamma/neutron dis-
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crimination. Since the inspection of the con-
tainer by MT takes a few minutes, and the
area of the detectors is much larger than
the area of detectors in RPMs, it is ex-
pected that the sensitivity of the system in
passive mode will be several times greater
than the one of conventional radiation por-
tal monitors.
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