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Simulation Study of Using High-Z EMA to Suppress
Recoil Protons Crosstalk in Scintillating Fiber Array

for 14.1 MeV Neutron Imaging
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Abstract—This paper studies the effect of a high-Z extra mural
absorber (EMA) to improve the spatial resolution of a plastic
(polystyrene) scintillating fiber array for 14.1 MeV fusion neu-
tron imaging. Crosstalk induced by recoil protons was studied,
and platinum (Pt) was selected as EMA material, because of its
excellent ability to suppress the recoil protons penetrating the
fibers. Three common fiber arrays (cylindrical scintillating fibers
in square and hexagonal packing arrangements and square scin-
tillating fibers) were simulated using the Monte Carlo method for
evaluating the effect of Pt-EMA in improving spatial resolution.
It is found that the resolution of the 100 m square fiber array
can be improved from 1.7 to 3.4 lp/mm by using 10- m-thick
Pt-EMA; comparatively, using an array with thinner square fibers
(50 m) only obtains a resolution of 2.1 lp/mm. The packing
fraction decreases with the increase of EMA thickness. Our results
recommend the use of 10 m Pt-EMA for the square and the
cylindrical (hexagonal packing) scintillating fiber arrays with
fibers of 50–200 m in the cross-sectional dimension. Besides, the
dead-zone material should be replaced by high-Z material for the
hexagonal packing cylindrical fiber array with fibers of 50–200
m in diameter. Tungsten (W) and gold (Au) are also used as
EMA in the three fiber arrays as a comparison. The simulation
results show that W can be used at a lower cost, and Au does not
have any advantages in cost and resolution improvement.

Index Terms—Extra mural absorber (EMA), fusion neutron
imaging, Geant4, recoil proton crosstalk, resolution, scintillating
fiber array.

I. INTRODUCTION

I N INERTIAL confinement fusion (ICF) experiments, the
diagnosis of the spatial distribution of 14.1 MeV neutrons

emitted from the reaction area provides useful information
about the symmetry of implosion. The images of fusion neu-
trons are often obtained by using a scintillating fiber array
detector due to its inherent spatial resolution [1]–[11]. Thin
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fibers, such as those with a diameter of 65 m [1], are adopted
for better resolution. However, the fiber size is already much
smaller than the average diameter of the light response range
of 14.1 MeV incident neutrons in scintillation material, which
is calculated to be 500 m [2]. Substituting the fibers with
thinner ones may not effectively improve spatial resolution. In
the scintillator, an incident neutron mainly transfers its energy
to the light nuclei hydrogen through scattering. In the array
with thin fibers, the scattered neutrons and recoil protons can
easily penetrate into other fibers. This effect is called crosstalk,
which leads to deterioration of the image contrast and spatial
resolution.
Over the years, a number of methods have been employed

to alleviate the crosstalk effect. One of them is to improve the
scintillation material, such as increasing the ratio of carbon to
hydrogen [3] and replacing hydrogen with deuterium [4]. Nev-
ertheless, these materials are inherently of low sensitivity due
to the quenching effect. Another method, based on deconvolu-
tion algorithms, is developed for restoring the contrast and the
spatial resolution of fast fusion neutron images [12], [13]. Yet,
this unfolding method will give rise to an extra distortion on the
image when the neutron intensity is low.
High-Zmaterials, called extra mural absorber (EMA) are nor-

mally employed to reduce the cross-talk induced by photons or
gamma rays [14]–[16]. In fusion neutron imaging, high-Z paint
and aluminum cladding were used as EMA for preventing the
recoil proton cross-talk in the scintillating fiber arrays [5], [11].
However, to the best of our knowledge, there is no report on
the evaluation of EMA performance. Theoretically, the intrinsic
spatial resolution should be improved with the EMA thickness
if only cross-talk effect is under consideration. However, the use
of EMA enlarges the pixel (fiber and EMA) size and may result
in a reduction of spatial resolution. Since EMA leads to an extra
dead zone in the fiber array detector, the packing fraction [12],
which represents the sensitive area fraction of the array, should
also be taken into account. The cross-section of fibers and the
packing formation type also affect the performance of EMA in
scintillating fiber array detectors.
This study investigates the performance of high-Z EMA in

improving the spatial resolution of scintillating fiber arrays for
14.1 MeV neutron imaging. The Monte Carlo simulation toolkit
Geant4 [17], [18] is used to simulate the crosstalk effect, and
MCNPX [19] is adopted for the code-to-code verification. Plat-
inum (Pt) is selected as EMA material because of its excellent
ability to suppress the recoil protons penetrating the fibers. As
a comparison, tungsten (W) and gold (Au) are also used. Three
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Fig. 1. Brief demonstration of recoil protons generated by neutron scattering.

common fiber arrays, namely, cylindrical scintillating fibers in
square and hexagonal packing arrangements and square scin-
tillating fibers, were simulated for the evaluation of Pt, W, and
Au EMA performances. The applicability of the three kinds of
EMA on the spatial resolution and packing fraction under var-
ious conditions is presented.

II. CROSSTALK IN PLASTIC FIBERS

In plastic scintillating fiber, a fusion neutron may transfer
its energy through several competing interactions, in-
cluding that with hydrogen nucleus, such as and

, and that with carbon nucleus, such as ,
, , and [20]. The

secondary charged particles induced by the neutron will pro-
duce light along their tracks. Although the cross-section for
the interaction between the 14.1 MeV neutron and the
nucleus (1.5 barns) [21] is larger than that for the interaction
between neutron and hydrogen nucleus (0.7 barns), the neu-
tron can transfer less kinetic energy to than to hydrogen.
Furthermore, due to the quenching effect, the heavily charged
particles will produce less light than the recoil protons with
the same energy [20]. Elastic scattering of 14.1 MeV neutrons
is the principal light production mechanism in scintillation
material. Fig. 1 gives a brief illustration of light response
induced by recoil protons. When an incident neutron ends up
with an interaction in polystyrene, a recoil proton is generated.
The proton can travel a distance R from the line of flight of the
incident neutron. The energy and direction of the recoil proton
can be determined using a simple equation as follows:

(1)

where is the recoil proton energy, is the incident neutron
energy, and is the recoil proton scattering angle.
The light yield distribution produced by the 14.1 MeV neu-

tron impinged on a 1-cm-thick polystyrene ( , g/cm )
slab is simulated using Geant4 (version 9.3). The high precision
(HP) neutron physics models (G4NeutronHPElastic, G4Neu-
tronHPInelastic, G4NeutronHPCapture, and G4NeutronHPFis-
sion) are chosen which simulate the interaction of neutrons with
energies from thermal to 20 MeV. The neutron cross-section
data are provided by Geant4’s G4NDL3.13 library, in which
data are largely derived from the ENDF/B-VI evaluated data
library [21]. The standard electromagnetic process, called EM
package (G4EMLOW.6.9) [22], is used as well. Based on the

Fig. 2. Light response of a 14.1 MeV neutron impinging on polystyrene versus
the distance (perpendicular to the incident neutron direction) from the interac-
tion point for two cases with relative standard deviation 5% (RSD). The red
one shows the result of considering all secondary particles while the blue one
gives the result if only the recoil proton is involved.

various interaction models, the information about the neutron
and all of the secondary particles is recorded in each step along
their trajectories. In the scintillation process, the relationship be-
tween proton energy deposition and the light yield is nonlinear
due to the quenching effect. It follows Birks law and can be ob-
tained from experimental data [23]. In Geant4, the model for the
Birks law is described by a semi-empirical formula

(2)

where is the initial particle energy, is the specific
energy loss, and the constant parameter S is 8000 photons per
1 MeV electron energy (MeVee) absorbed. of polystyrene is
0.07943 mm/MeV [24]. The range cut is set to be 1 m. More
details about this cut will be given in Section III. Ten million
neutrons are used in the simulation.
Three-dimensional (3-D) light yields are recorded without

tracking the scintillation photons. Then, it is integrated along the
direction of incident neutron. The obtained 2-D distribution has
rotational symmetry about the scattering point. The dependence
of light yield on R, the distance from the scattering point, is cal-
culated and shown in Fig. 2. The red curve gives the total light
response of the neutron, while the blue one marked with an as-
terisk shows the contribution of recoil protons to light response.
The two distributions agree with each other well, except that
the red one is higher than the blue in a small range ( 0.05 mm)
close to the scattering point. This slight difference is mainly due
to the production of heavy charged particles, such as , , or

near the interaction point. The result also shows that more
than 90% of the light output of the incident neutron was gener-
ated by the recoil protons, which is in agreement with a previous
report [25]. One thing to note is that the actual light intensity of
a tiny pixel at distance from the scattering point is equal to the
light yield (red curve in Fig. 2) at divided by .
In Fig. 2, the range distribution of recoil proton varies be-

tween 0.0 and 0.65 mm, which means the recoil proton will
travel no more than 0.65 mm, the maximum value of R in Fig. 1.
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Fig. 3. Structure model of the fiber array detector for Monte Carlo simulation
in Geant4 and MCNPX.

Hence, if the diameter of the fiber is of the order of a submil-
limeter, the recoil proton may penetrate the neighboring fiber
and induce the crosstalk effect.

III. MONTE CARLO METHODS

A. Simulation of Proton Energy Deposition

The simulation of the crosstalk effect in a scintillating fiber
array is performed using Monte Carlo code Geant4. MCNPX
is also performed to verify the results. In the simulations of the
two codes, the scintillating fiber array used is the one previously
designed by us. Fig. 3 presents the cross-section of the fiber
array. The array is a 9 9 matrix containing 81 BCF-10 fibers
based on a single clad model. The fiber has a diameter of 500
m (450 m diameter polystyrene core and 25- m-thick acrylic
cladding). The densities of the polystyrene ( ) core and the
acrylic ( ) cladding are g/cm and g/cm , re-
spectively. The dead zone among fibers is filled with optical ce-
ment (resin epoxy , g/cm ) acting as EMA [26].
The gap between two adjoining fibers, that is, the EMA thick-
ness, is 50 m [Fig. 3(b)]. In later simulations, the modeled fiber
includes the polystyrene core (94% of the cross-sectional size)
and the acrylic cladding (thickness is 3% of the cross-sectional
size) [27].
A beam of collimated 14.1 MeV neutrons from outside the

array is vertically (into the page) impinged on the whole pixel
area where the fiber numbered 5 is located, shown in Fig. 3(a).
Ten million neutrons are used in the simulation. About 65%

of them will have interaction with fiber material, and the rest
that are transported outside the bounds of the array are killed.
In Geant4, the production threshold is defined for electrons,
positrons, and gamma rays as a range cut [28]. The code tracks
all particles until zero energy. For a recoil proton, when it can
no longer produce a -ray with energy above the production
threshold corresponding to the range cut, it is tracked until
zero energy by continuous energy loss. Here, the range cut
for the three particles is set as 1 m, and the corresponding
energy thresholds in individual materials of the fiber array
are all smaller than 3 keV. In MCNPX, the energy cutoffs of
gamma ray, electron, and positron are all set to be 1 keV, and
the energy deposition of the proton will be recorded until the
proton energy decreases to 1 keV.

Fig. 4. Maximum normalized light response in the nine fibers calculated by
MCNPX and Geant4 with an RSD smaller than 5%.

The energy depositions of the proton in the nine fibers, num-
bered as 1 to 9, are recorded by the two codes. The results of
Geant4 and MCNPX in this case agree well with a relative de-
viation of less than 3%.

B. Simulation of Light Output

The crosstalk effect exists in the light response signal. There-
fore, the light output is simulated by the two codes. In Geant4
code, the details about the scintillation model have been de-
scribed in Section II. The optical processes available in the code
are also used. Besides the scintillation process, transition radi-
ation and Cerenkov process are considered in the production of
optical photons. The propagation of the light in fiber is based
on the total internal reflection at the interface of fiber core and
cladding. According to [27], the refractive indices of the core
and the cladding are 1.6 and 1.49, respectively. The attenuation
length of scintillation light in the fiber core is set to be 2 m. The
absorption and emission spectra, as well as the fast and slow
components of the scintillation, of the fiber core are also set. A
photon-sensitive detector [17] is installed to tally the photons at
the end face of the fiber array. In Fig. 4, the light response ob-
tained only for the light produced by recoil protons is labeled
as Geant4-p. In addition, the light response of all the secondary
particles involved in the light production is calculated and it is
labeled as Geant4-all. We take advantage of symmetry (about
the irradiated fiber) of the light response curve to improve the
statistics. In later simulations, the same treatment is used for
the distributions with expected symmetry. Since MCNPX can
obtain only energy deposition of protons, further calculation is
carried out to convert the proton energy depositions to photon
yield in each fiber. The calculation process is based on the same
semi-empirical Birks formula as that used in Geant4. The spe-
cific energy loss is given by MCNPX and the required
of protons with different energies in polystyrene is provided by
Stopping and Ranges of Ions in Matter (SRIM) [29]. Then, the
light response produced by protons in the nine fibers is obtained
using (2). The curve of the maximum normalized light response
is labeled as MCNPX in Fig. 4. Good agreement can be seen
between the MCNPX and Geant4-p curves.
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C. Production and Detection Threshold

As previously mentioned in Section III-A, Geant4 code tracks
all particles until zero energy. If the energy of a recoil proton is
lower than the production threshold, no secondary -rays are
generated and the scintillation light is directly produced by the
continuous energy loss of the proton. To obtain a reliable simu-
lation result, the production threshold (range cut) should be set
as low as possible. In the later simulations, the range cuts for
electron, positron, and gamma ray are set to be 1 m.
In a real detector system, the detection threshold is often

used to guard against the noise signal. The production threshold
method in Geant4 is not a detector threshold, because it does not
kill the particles. To study the influence of detection threshold
on the useful neutron signal and proton-induced crosstalk signal,
a photon detection threshold is implemented in the simulation.
Only the photons above the threshold reaching the end of the
fiber will be recorded as the light signal. The simulated light
response shows that each incident neutron (not n-p interaction)
produces an average of 130 photons, and 17 photons, at the end
of the irradiated fiber numbered 5 and 4, respectively. Therefore,
a 25-photon detection threshold for single neutron imaging can
guard against the recoil proton-induced crosstalk signal (17 pho-
tons). Here, the 27-photon detection threshold and 0.1 MeVee
threshold are equivalent (8000 photons per MeVee and 3.4%
trapping fraction of the cylindrical fiber).
In an ICF experiment, the detection threshold is set to be

about one neutron per fiber [1], [30]. However, the actual
neutron yield and neutron flux distribution are unknown. The
number of time-unresolved neutrons impinging on each fiber
may range from dozens to hundreds [6], and the photon detector
is working at current mode [30]. Therefore, it is impossible to
discriminate the recoil protons-induced crosstalk signal from
the useful signal by a reasonable detection threshold. In later
simulations, the detection threshold is not used.

D. Fiber Length and Light Output

The recoil protons produced in the central fiber numbered 5
can hardly penetrate into the fibers far away, such as 1, 2, and
3. The number of photons produced in fiber 5 or its adjacent
fibers numbered 4 and 6 are two orders of magnitude higher
than those of fibers at a further distance. The weak light in those
far-away fibers is produced by the scattered neutrons, and it de-
grades image contrast [12]. This kind of scattered neutron-in-
duced crosstalk is hard to prevent by using EMA. Employing
the array with short fibers, for example, 5 cm in length, is a
good way to reduce this kind of crosstalk effect [3]. It should
be noted that the recoil proton-induced crosstalk is not sensi-
tive to the fiber length. The dependence of light distribution (all
secondary particles) of the array on fiber length is calculated by
Geant4 and shown in Fig. 5. It can be found that the crosstalk
effect, existing in the light response near the irradiated fiber, is
unchanged with the fiber length, when the length is several cen-
timeters which is much longer than the maximum trace (1.5 mm
by SRIM) of recoil protons in polystyrene. In later simulations,
the fiber length is set to be 10 cm.

Fig. 5. Dependence of light response (maximum normalized) in the nine fibers
on fiber length (1, 5, 10, and 15 cm).

IV. MODULATION TRANSFER FUNCTION AND SPATIAL
RESOLUTION

The implementation of EMA among fibers improves the
spatial resolution by reducing the crosstalk effect. However,
installing EMA inevitably extends the pixel (fiber and EMA)
dimension and, thus, deteriorates the intrinsic spatial resolu-
tion. To measure the performance of the scintillating fiber array
detector using EMA, it is necessary to implement a reliable
procedure for spatial resolution determination. Generally, the
full width at half maximum (FWHM) of the light response
distribution is regarded as the spatial resolution. However, as
shown in Fig. 2, the expected light response does not exceed
600 m, which includes no more than three data points. The
response shows step changes because the fiber has a diameter
of several hundred microns, which is too broad to reflect the
response continuously. This may lead to unreliable resolu-
tion. In a previous study [7], the resolution is calculated by

, where is the pixel size and is
the FWHM of average light response induced by the recoil
protons. It should be noted that this theoretical resolution can
only be achieved in a perfectly coherent capillary array, and
this formula is also unsuitable for a heterogeneous fiber array
containing plastic and high-Z EMA.
Using the slanted-slit method [31], a synthesized line-spread

function (LSF) of the detector can be calculated from the slit
image. The obtained LSF can be Fourier transformed to the pre-
sampling modulation transfer function (MTF) which describes
the resolution power of the detector. The greater the crosstalk
effect, the smaller the MTF value will be. The method is illus-
trated by simulation. A slit neutron source releases colli-
mated neutrons which are vertically impinged on an array with
6400 square plastic fibers of 100 m in side length. The sim-
ulation is repeated 30 times, and a slit image is obtained every
time. The obtained 30 images are stacked together to produce
the image for a total of neutrons, shown in Fig. 6(a). The
relative standard deviation (RSD) of Fig. 6(a) was obtained. The
middle row of the RSD is shown in Fig. 6(b). The number of in-
cident neutrons ensures the RSD to be smaller than 0.1.
Then, the 1D-LSF is synthesized and shown in Fig. 6(c). The
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Fig. 6. Graphical illustration of the calculation procedure of the MTF for the
array with 6400 square plastic fibers of 100 m in side length. (a) The slanted
slit neutron image (b) RSD of the image. (c) The synthesized LSF. (d) The pre-
sampling MTF.

corresponding presampling MTF with 0.02 is given in
Fig. 6(d). Therefore, is chosen to be the number of neu-
trons used in later simulations.
Rayleigh’s criterion [32] is employed here to define spatial

resolution. According to the criterion, two lines can barely be
resolved if the two line patterns overlap and the dip value be-
tween the same pattern peaks is 81% of the peak value. The cor-
responding distance between the lines is the resolution. In this
condition, MTF is 0.1 at the spatial frequency related to this res-
olution. According to [33], MTF is defined as

(2)

where and are the modulations of the captured
image by the array detector and the original image of neutron
distribution, respectively. and are the maximum
and minimum intensities of the captured image, while
and are of the original image.
In the case that two lines can barely be resolved, and
are 1 and 0.81, while and are 1 and 0, respec-

tively. The corresponding MTF is calculated to be 0.1 by (2).
Therefore, the frequency obtained when MTF decreases to 0.1
is the highest resolvable frequency. It can be read from Fig. 6(d)
that the resolution of the detector is about 1.7 lp/mm.

V. EMA AND FIBER ARRAYS

Fig. 7 shows the MTF of the array detectors, each composed
of 6400 square plastic fibers. The side length of the fibers in
each array is 50, 100, 300, or 500 m. The MTF of 50 m
fibers is in good agreement with the result in [34]. A common
way to improve the resolution is to use thinner fibers. Unfortu-
nately, for the array with thin fibers, the best resolution defined
by the Nyquist sampling theorem, which should be two pixel
sizes, cannot be achieved due to the crosstalk induced by re-
coil protons. For example, the spatial resolution of the 100 m
fiber array is not defined by the Nyquist sampling theorem to be
5 lp/mm, but only 1.7 lp/mm (MTF 0.1). Using thinner fibers
of 50 m, the resolution is improved by 23% to 2.1 lp/mm. In

Fig. 7. MTF as a function of the spatial frequency for 500, 300, and 100 m
(without or with 10 and 20 m Pt-EMA)-size square fiber array.

contrast, the use of 10 m Pt-EMA improves the resolution to
about 3.4 lp/mm.
In order to show the real resolution of the detector at the ex-

perimental condition [6] and the improvement by using EMA,
two radiographic images captured by the 100 m square fiber
array with 10 m Pt-EMA or without are given in Fig. 8(a) and
(b). The target source, as shown in Fig. 8(c), includes several
line-pairs releasing collimated incident neutrons. In Fig. 8(b),
the line pair of 1.7 lp/mm can be resolved. When the Pt-EMA
is used, the resolution is evidently improved and the line pair of
3.1 lp/mm can be resolved in Fig. 8(a).

A. EMA Material

For selecting the suitable EMA material, nine kinds of sub-
stances are set as candidates. The stopping power for the proton
is calculated by SRIM, and the results are shown in Table I. The
material with good performance in blocking protons shows a
small penetration depth. The penetration depth decreases with
the material density and atomic number. Therefore, the high-Z
material platinum (Pt) is used as EMA material in later simula-
tions.
The penetration depth of 10 MeV protons in Pt is more than

100 m. In practice, the direction of incident neutron is parallel
to the fiber axis, and the recoil protons are obliquely impinged
on the Pt-EMA. Therefore, the actual thickness of Pt-EMA
should be less than 100 m. It should be noted that the EMA
is an extra coat of the scintillating fiber. Each fiber has the
scintillation core and cladding. The light is guided along the
fiber core by total internal reflection at the interface between
core and cladding. So the optical properties as well as the
light propagation of the fiber will not be affected by the EMA
material.
There is a report about the use of high-Z paint as EMA [5].

The performance of this EMA should be highly dependent on
the mass percentage of the high-Z material in the paint. A sim-
ulation is performed by using the array detector composed of
6400 square plastic fibers with a side of 100 m and a length of
10 cm for a quantitative study. The MTF is obtained when 10
m paint of different Pt mass fraction is used, as shown in Fig. 9.
It can be observed that the pure (100%) 10 m Pt has the best
performance in improving the resolution from 1.7 to 3.4 lp/mm.
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Fig. 8. Simulated neutron radiographs captured by 100 m square fiber array
with 10 m Pt-EMA or without, 300 neutrons per fiber and one neutron detec-
tion threshold for simulating the actual imaging conditions. (a) The radiograph
with 10 m Pt-EMA. (b) The radiograph without EMA, (c) The binary colli-
mated source, including six line pairs (1.7 to 3.6 lp/mm).

TABLE I
PENETRATION DEPTH OF 10 MEV PROTONS IN SEVERAL MATERIALS

The improvement becomes insignificant with the decrease of Pt
mass fraction. Using 10 m 75% Pt cement, EMA can only im-
prove the resolution to 1.8 lp/mm. When Pt mass fraction is less
than 75%, the 10 m EMA may not improve the resolution as it
fails to effectively stop recoil protons. In the later simulations,
we use pure 100% Pt as EMA material.

B. Gamma Response

Admittedly, the high-Z material affects the sensitivity of the
array detector to gamma rays. In our simulation using an array

Fig. 9. Dependence of MTF on the Pt mass percentage of EMA of the array
with 6400 square plastic fibers with a side of 100 m and without or with 10
m EMA of different Pt mass percentages.

with 6400 100 m square fibers and 20- m-thick Pt-EMA,
the gamma energies are set as 0.1, 1, and 10 MeV. The corre-
sponding LSF and MTF of the array with or without EMA are
obtained and shown in Figs. 10 and 11, respectively. In Fig. 10,
all of the LSFs are normalized to the peak (position 50) of the
distribution labeled as 10 MeV 20 m Pt. For the irradiated
fiber position 50, the light response to 0.1 gamma ray is nearly
unchanged when EMA is used, whereas the responses of 1 and
10 MeV gamma rays are increased by about 7% and 5%,
respectively. Photoemission and Compton scattering can count
for the extra light response to the 1 MeV gamma ray, because
extra secondary particles, including scattered gamma rays and
electrons, are generated by the two interactions between the
incident gamma ray and the Pt-EMA. For the 10 MeV gamma
ray, the extra light is also produced by the extra secondary
particles, while the main interaction is the pair production.
Although Pt-EMA provides extra scattered gamma rays and
electrons, it absorbs them as well when they penetrate the EMA
and travel into other fibers. For the three gamma ray energies,
the light signals produced in the fibers that are far from the
irradiated one are suppressed when EMA is used. The use of 20
m Pt-EMA will result in 30%, 70%, and 40% reductions of
total light outputs of the array for 0.1, 1, and 10 MeV gamma
ray detections, respectively.
In Fig. 11, the improvement ofMTF and resolution can hardly

be foundwhen EMA is used in 0.1 and 10MeV gamma imaging.
For the 0.1 MeV incident gamma rays, the scattered gamma
rays will have a short trace in the array and produce photons
mainly in the irradiated fiber. For the 10 MeV gamma, 20-
m-thick Pt-EMA cannot effectively minimize the gamma-in-
duced crosstalk near the irradiated fiber. One thing to note is
that the EMA can suppress the crosstalk signal far from the ir-
radiated fiber in Fig. 10.

C. Neutron Response

The impinging of a neutron on Pt-EMA may give birth to a
scattered neutron and gamma rays by (n, 2n) and (n, ) re-
actions with cross section 3 and 1.5 barns, respectively. These
secondary particles may produce an extra light signal in the
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Fig. 10. Dependence of LSF of the 6400 square plastic fibers (100 m in side
length) array on the gamma energy without or with 20 m Pt-EMA. All of the
distributions normalized to the peak of the LSF are labeled 10 MeV 20 m Pt.

Fig. 11. MTF as a function of spatial frequency of the array with 6400 100 m
square fibers without or with 20 m Pt-EMA for a gamma of different energies.

array and deteriorate the image contrast. To study this influ-
ence, simulations are performed using arrays comprised of 6400
square 100 m fibers without Pt-EMA and with 10- or 20-
m-thick Pt-EMA, respectively. Fig. 12 shows the dependence of
LSF on EMA thickness. The improvement of MTF is shown in
Fig. 14(b). The presence of Pt-EMA reduces the light response
of the irradiated fiber by 25% (10 m) and 40% (20 m). It
decreases the recoil proton crosstalk near the central irradiated
fiber. In the fibers far from the irradiated one, the signal induced
by the scattered neutron is also suppressed. This occurs because
the recoil protons, produced by the scattered neutrons, are ab-
sorbed in EMA.

D. EMA Performance

The resolution is limited by two issues: MTF and the Nyquist
sampling theorem. When MTF is smaller than 0.1, the line pair
at the corresponding spatial frequency cannot be resolved. In

Fig. 12. Dependence of LSF of the array with 6400 100 m square fibers on the
Pt EMA thickness. The distributions were normalized to the max light response
without EMA (labeled 100 m).

Fig. 13. MTF as function of the spatial frequency for the square fiber array
with a fiber of 300, 500, and 1000 m in the cross-sectional dimension without
or with Pt-EMA (10 and 20 m).

this case, the resolution is related to the frequency when MTF
decreases to 0.1. When MTF is larger than 0.1, it will be cut off
at the highest frequency defined as by the Nyquist
sampling theorem. In this case, EMA may deteriorate the reso-
lution since it increases the pixel area. For example, in Fig. 13,
the MTF of the array with 1000 m fibers is larger than 0.1.
The highest spatial frequency, that is, the Nyquist frequency of
the array is 0.5 lp/mm. The corresponding resolution is there-
fore two pixels, namely, 2 mm. The use of EMA will enlarge
the pixel size and decrease the resolution. For the arrays of
fibers with a cross-sectional size larger than 500 m, the primary
factor limiting the resolution is not the recoil protons but the
Nyquist sampling theorem. As a result, it is not recommended
to use Pt-EMA in this case.
We can infer from Fig. 13 that EMA is more suitable for the

arrays of fibers with smaller cross-sectional dimensions, less
than 300 m here in our simulation. Using EMA, instead of
replacing the fibers for thinner ones, improves the resolution.
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Fig. 14. Simulation results (MTF (Pt), resolution (Pt, W, and Au) and packing
fraction) of square scintillating fiber array with a fiber cross-sectional dimen-
sion of 50, 100, and 200 m and without or with EMA. (a) MTF of 50 m ar-
rays versus spatial frequency. (b) MTF of 100 and 200 m arrays versus spatial
frequency. (c) Resolution versus EMA (Pt, W, and Au) thickness. (d) Packing
fraction versus EMA thickness.

Nevertheless, it leads to extra dead zone in the arrays and de-
creases the packing fraction. The packing fraction here is de-
fined as the proportion of the area occupied by the core (94% of
the fiber cross-sectional size) of scintillating fibers. To study the
overall performance of Pt-EMA, we simulate three prototypes
of a scintillating fiber array, which are composed of cylindrical
fibers in square and hexagonal packing arrangements and square
fibers, respectively. The cross-sectional dimensions of the fibers
are set to be 50, 100, and 200 m. Both spatial resolution and
packing fraction are taken into account.
The simulation results for the square fiber arrays are pre-

sented in Fig. 14. Fig. 14(a) and (b) gives the MTF of the three
arrays with or without EMA. Fig. 14(c) shows the dependence
of the resolution on Pt-EMA thickness. As a comparison, the
performances in resolution using pure tungsten (W) and gold
(Au) EMA are also given in Fig. 14(c). Fig. 14(d) demonstrates
the change of packing fraction with respect to EMA thickness.
The Pt-EMA shows the best performance and can evidently im-
prove the spatial resolution, especially for the 50 m fiber array.
The resolution using Pt-EMA is roughly 10% higher than that
with W-EMA of the same thickness. Compared with Au-EMA,
W-EMA is better. For the three EMAs, the growth tendency
of resolution is slower when the EMA thickness gets larger.
The packing fraction decreases with the EMA thickness, es-
pecially in the 50 m fiber array. For EMA thickness, 10 m
makes a suitable tradeoff between packing fraction and spa-
tial resolution. The use of 10 m Pt-EMA for the 50, 100, and
200 m square fiber arrays can increase the resolution by about
300%, 200%, and 50% on the cost of losing 28%, 20%, and 18%
packing fraction, respectively.
Fig. 15 illustrates the simulation results for the square packing

cylindrical (SPC) fiber arrays. For cylindrical fiber arrays, re-
gardless of how the fibers are packed, there will be an original
dead zone among fibers. In Fig. 15(a), the curve marked 50 m
(cement) represents the MTF of the 50 m array with cement
in the dead zone, and the curve marked 50 m (Pt) represents

Fig. 15. Simulation results (MTF (Pt), resolution (Pt, W, and Au), and packing
fraction) of the square packing cylindrical scintillating fiber array with a fiber di-
ameter of 50, 100, and 200 m and without or with EMA. (a) MTF of 50 m ar-
rays versus spatial frequency. (b) MTF of 100 and 200 m arrays versus spatial
frequency. (c) Resolution versus EMA (Pt, W, and Au) thickness. (d) Packing
fraction versus EMA thickness.

the MTF when the dead zone is filled with Pt material. (The
EMA thickness is zero.) It is similar in 100 and 200 m arrays,
shown in Fig. 15(b). It should be noted that the EMA thickness
defined for the cylindrical fiber array is the gap between two ad-
joining fibers. Therefore, even if the Pt-EMA thickness is zero,
the Pt material in the dead zone can also block the recoil protons
and improve the resolution. For example, the spatial resolution
of the 50 m fiber array is improved from 2.1 to 5.8 lp/mm
by changing the dead-zone material from cement to Pt, when
the EMA thickness is zero [Fig. 15(c)]. The dependence of the
resolution on W-EMA and Au-EMA thickness is also shown
in Fig. 15(c). The Pt-EMA shows the best performance as ex-
pected. When extra EMA (Pt, W, or Au) is added, the resolution
first increases and then decreases with EMA thickness. Using 10
m Pt-EMA for the 50 m fiber array, the resolution increases
from 5.8 to 8.2 lp/mm on the cost of losing 22% packing frac-
tion [Fig. 15(d)], and then decreases to 7.1 lp/mm with the ad-
dition of an extra 10 m (20- m-thick) Pt-EMA. For the arrays
of fibers with larger diameters, extra EMA (i.e., EMA thickness
that is more than zero) deteriorates the resolution [Fig. 15(c)].
Therefore, it will be a good choice that the material, such as op-
tical cement, in the dead zone is replaced by the high-Z material
without introducing an extra dead zone.
Fig. 16 shows the results for the hexagonal packing cylin-

drical (HPC) fiber arrays. Substituting Pt for cement can also im-
prove the resolution. The difference of the simulation results be-
tween HPC and SPC fiber arrays is due to the difference in their
packing formations. The HPC fiber array has a higher packing
fraction [Fig. 16(d)]. The energy loss of the recoil proton in the
surrounding dead zone is lower in the HPC fiber array, although
the gap between two contiguous fibers, which is actually the
EMA thickness, is the same in the two packing formations. It
can be concluded from Fig. 16(c) and 15(c) that the improve-
ment in resolution using Pt-EMA is higher for the HPC fiber
array than for the SPC one.
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Fig. 16. Simulation results (MTF (Pt), resolution (Pt, W, and Au) and packing
fraction) of the hexagonal packing cylindrical scintillating fiber array with a
fiber diameter of 50, 100, and 200 m and without or with EMA. (a) MTF
of 50 m arrays versus spatial frequency. (b) MTF of 100 and 200 m arrays
versus spatial frequency. (c) Resolution versus EMA (Pt, W, and Au) thickness.
(d) Packing fraction versus EMA thickness.

Fig. 17. MTF as a function of the spatial frequency for the array of the square
packing cylindrical (SPC) and hexagonal packing cylindrical (HPC) fiber array
and the square fiber (S) array (with or without 20 m Pt-EMA).

The dependence ofMTF on the detector prototype is shown in
Fig. 17. The HPC fiber array has a higher packing fraction than
the SPC fiber array. It has greater crosstalk and lower spatial res-
olution. The employment of Pt-EMA demonstrates higher res-
olution improvement in the HPC fiber array than in the SPC
fiber array. The square fiber array with the same fiber dimen-
sions displays the highest packing fraction and the worst reso-
lution. Moreover, the improvement of resolution using Pt-EMA
for this kind of array is the most evident.

VI. CONCLUSION AND DISCUSSION

The use of Pt-EMA in a scintillating fiber array detector
shows a desired crosstalk suppression effect. However, it is not
universally applicable. Regarding the fiber arrays simulated in
this paper, the improvement of resolution by using Pt-EMA can

hardly be found in the arrays with a fiber cross-sectional dimen-
sion larger than 300 m. A decrease in the fiber cross-sectional
size leads to an appreciable increase in the crosstalk and a
more evident effect of EMA. Hence, EMA is more suitable for
the arrays of fibers with cross-sectional dimensions that are
smaller than 200 m. Installing Pt-EMA thicker than 20 m
can suppress the crosstalk effect more effectively. However,
the thicker EMA is not always the right solution, because it
decreases the packing fraction.
Compared with a hexagonal or square packing cylindrical

fiber array, the array of square fibers with the same cross-sec-
tional dimension has the highest packing fraction. Employing
10- m-thick Pt-EMA for the array with a square fiber size
smaller than 200 m can improve the resolution up to 100%.
Furthermore, the square packing cylindrical fiber array presents
the lowest crosstalk, and its spatial resolution decreases fol-
lowing the introduction of Pt-EMA. It may be a good choice to
replace the material in the dead zone, such as optical cement,
by high-Z materials for this kind of array.
The dead zone filled with EMA will lead to a missing area in

the grid pattern on the light image [35]. Further studies need to
be conducted for the recovery of the missing area.
Pt has the best performance to stop recoil protons, while it

may cost tens of thousands of dollars to fabricate pure Pt-EMA
for an array. Tungsten is a good lower-cost candidate EMA ma-
terial of about several hundred dollars. Substituting W-EMA
for the Pt-EMA in an array will result in 5%–10% resolution
loss. Gold is not considered EMA material because it has no
advantages in cost and resolution improvement. The two mate-
rials–platinum and tungsten–will be manufactured as EMA in
small arrays to compare their performance on resolution im-
provement, cost, and so on.Magnetron-sputtered deposition and
electroplating technology are promising methods to fabricate
the EMA film for scintillating fibers. A multiobjective optimal
design of the fiber array detector with EMA will be carried out
according to the experiments in the near future.
In addition, the method in this research could serve as a ref-

erence for the study of EMA performance in multipixel gamma
or X-ray detectors.
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