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Abstract A new architecture consisting of ZnO nanowires
embedded in a polycarbonate nanoporous membrane was
proposed, fabricated and simulated as a high spatial reso-
lution alpha particle imager. The experimental and Geant4
simulation results showed that ZnO nanowires could act as
scintillating fibers to prevent spread of the generated opti-
cal photons inside the imager. This property can be used to
precisely determine alpha collision coordinates. An array of
these nanowires can be also applied as a new high spatial
resolution alpha particle imager.

1 Introduction

Monitoring flux of alpha particles using techniques such
as autoradiography and imaging plates plays an important
role in detecting radioactive nuclides and polluted parts in
the processing facilities which generate uranium and plu-
tonium [1, 2]. It is very essential to design a monitoring
system which is capable of extracting precise information
on energy, direction, flux, etc. of alpha particles. Recently,
many researchers have attempted to introduce a compact
and portable alpha imager based on scintillator crystals com-
bined with a position sensitive detector to provide real time
monitoring of alpha and probably other heavy charged parti-
cles [3]. In designing such a monitoring system, ZnO has at-
tracted attention as a scintillating material. ZnO has promis-
ing properties [3-9] including high internal quantum effi-
ciency, short decay time, good linearity, fast decay time be-
low 1 ns [10, 11], high radiation hardness, lack of toxicity,
medium ionization energy of 9.0 eV and small fano-factor
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[12—-14]. More recently, ZnO in the form of nanowires has
been proposed as a high spatial resolution X-ray detector
[15, 16].

In this work, a new scintillating screen based on ZnO
nanowires was introduced as a high spatial resolution imager
to monitor alpha particles. The proposed electrochemically
synthesized imager consisted of ZnO nanowires embedded
in a polycarbonate nanoporous membrane. In this structure,
each nanowire could act as a scintillating fiber guiding the
generated optical photons to end of the detector along the
particle path inside the detector.

Using Monte Carlo simulations, ability of the proposed
structure as a high spatial resolution imager was evaluated.
The simulations were performed by Geant4 toolkit [17],
which was capable of considering the interaction of high en-
ergy particles with matter and transport of the optical pho-
tons generated inside the scintillating crystals. Scintillation
and optical response of the fabricated screen were tested by
a photomultiplier tube (PMT) and its spatial resolution was
extracted by a charge coupled device (CCD) sensor.

2 Material and methods
2.1 Detection setup and principles

The detector’s assembly is illustrated in Fig. 1. It consisted
of a 10 um thick polycarbonate membrane with pore di-
ameter of 200 nm. The membrane’s pores were filled with
ZnO to form nanowires. Due to the manufacturing process
of a real polycarbonate membrane, its pores are not ideally
perpendicular to the membrane surface, which was consid-
ered in the simulation [18]. The membrane’s pores had max-
imum tilt angle of 30° with respect to normal vector of the
membrane’s surface. Porosity of the membrane was 6 x 103
pores/cm?. This structure was called “the Nanowire Based
Detector” (NWD).
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Fig. 1 Structure of the NWD

The light spreading inside the NWD was expected to
decrease due to the light guiding effect of the nanowires.
The nanowires acted as optical fibers in the NWD. Since
the membrane had a different refractive index from ZnO,
the optical photons which had incident angle of smaller
than critical angle were reflected and guided to the end of
the nanowires and others were scattered inside the detector.
Also, some of the generated optical photons might be ab-
sorbed inside the detector.

2.2 Monte Carlo simulation
2.2.1 Geant4 setting

To perform the simulation, previous simulation methods
were strictly followed [15, 16]. Geant4 (version 4.9.4) was
employed to perform the Monte Carlo simulation. Geant4
simulation toolkit includes a series of packages to simu-
late electromagnetic interactions of particles with matter and
is specialized for different particle types, energy range and
specific physics models. To simulate the whole process of
detection for alpha particles, the physics list includes low
energy electromagnetic physics, scintillation and transporta-
tion of optical photons. The G4AEMLOW 6.23 data library,
which is low-energy electromagnetic (EM) package con-
taining data files for EM processes down to very low ener-
gies (eV scale), was used in this simulation. The UNIFIED
model in Geant4 was also applied for modeling reflection
of photons at surfaces between two dielectric materials [19—
21]. In photon reflection modeling, surface roughness be-
tween the dielectrics was neglected.

2.2.2 Input optical parameters
Accurate Geant4 simulation of ZnO scintillator required op-
tical properties of ZnO such as absolute light yield, emis-

sion spectrum, optical absorption length, optical scattering
length and refractive index to be included to the modeling.
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Refractive indexes of ZnO for different wavelengths rang-
ing from 300 to 900 nm were extracted from [22]. Scin-
tillation light yield of ZnO was set to 9000 photon/MeV
[23]. Also, X-ray induced luminescence spectrum and op-
tical absorption/scattering coefficients of ZnO were similar
to what previously reported in [24, 25]. The parameters re-
quired for modeling light transport in the polycarbonate in-
cluded its refractive index, optical scattering length and ab-
sorption length [26-28].

2.3 Experimental setup
2.3.1 Synthesis of aligned ZnO nanowires

Typical synthesis of the nanowires was carried out by elec-
trodeposition of ZnO in a polycarbonate membrane. Aver-
age pore diameter, pore density and thickness of the polycar-
bonate membrane (Whatman) used in this experiment were
200 nm, 6 x 108 pores/cm? and ~10 um, respectively. In or-
der to ensure a good electrical contact for electrodeposition,
a 60 nm gold layer was sputtered on the membrane’s bot-
tom in rate of ~26 nm/min. Electrodeposition system was
based on a classical three-electrode apparatus. A saturated
silver/silver chloride electrode (Ag/AgCl in saturated KCI)
was used as the reference and connected via a salt bridge.
A stainless steel plate (high purity) served as the anode. The
electrolyte used for fabrication of ZnO nanowires was 0.05
M, Zn(NO3)2-6H70 (99 %, Chem-Lab). Copper tape served
as the cathode substrate for the nanowires’ growth. Elec-
trodeposition was carried out at 1 V and 70 °C for 3800 s.

2.3.2 Characterization

The synthesized ZnO nanowires were examined by X-ray
diffraction (XRD) and scanning electron microscopy (SEM)
analyses for structural and morphological identification.
Thin film XRD spectrum of ZnO nanowires was obtained
perpendicular to the growth direction on a Thermo Electron
diffractometer (Inel-EQUINOX3000) operating in the 626
Bragg configuration by using a Cu-Ka X-ray source with a
step size of 0.031° and a wavelength of 1.541874 A. Fig-
ure 2 presents the XRD data for the sample. It describes the
crystalline nature of the ZnO nanowires with the peaks cor-
respond to reflection from 100, 002, 101, 102 and 103 crys-
tal planes. All the peaks could be indexed to ZnO hexagonal
phase with a Wurtzite structure and unit cell parameters of
equal to a = b =3.285 A and ¢ = 5.126 A. According to
the XRD result, the nanowires had a polycrystalline nature
with particle size of around 20 nm, which could be esti-
mated from full width at half maximum (FWHM) of the
XRD peaks using Scherer formula [29].

A top image of the nanowire arrays grown in the template
(Fig. 3a) was observed by SEM (Seron-AIS2100). To obtain
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this SEM image, the membrane was dried in air followed by
brief etching in chloroform (SeccoSolv®, Merck). In addi-
tion, to extract length of the nanowires, the membrane was
completely dissolved in chloroform. The resulted SEM im-
age is shown in Fig. 3b. As demonstrated in this figure, the
nanowires had average length of about 10 um.

2.3.3 Testing setup and methods

PMT test A Hamamatsu PMT (R1828-01) was used to
survey scintillation behavior of the fabricated screen in the
presence of alpha particles. For this purpose, the sample was
attached to the PMT and its optical response was recorded
for 300 s by a multichannel analyzer (MCA) with and
without an alpha particle source. The difference between
the recorded results showed scintillation response of ZnO
nanowires to alpha particles.

CCD test To extract spatial resolution of the fabricated
screen, it was attached to a 5 mega pixel CCD (sensitive to
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Fig. 2 XRD diffractogram measurement made perpendicular to
growth direction of electrochemically grown ZnO nanowires at 70 °C
and 1 V for 3800 s

Fig. 3 SEM image of ZnO
nanowires grown at 70 °C and
1V for 3800 s: (a) top view of
the nanowires after brief etching
of the membrane, (b) observed
length of the nanowires after
complete removal of the
membrane

ultraviolet photons) with pixel size of about 2 um. A col-
limated alpha emitter (>*3Pu) was placed in front of the
nanowire-based screen. The setup was optically sealed and
an image was taken by the CCD sensor. To evaluate the
background noise, an image without alpha particle source
was also taken. Based on this information, alpha particle in-
teraction point with the detector and also strength of scin-
tillation and spatial resolution of the fabricated imager were
extracted.

3 Results and discussion
3.1 Simulation results

Surface dimensions and thickness of the simulated NWD
were considered 2 x 2 cm? and 5-20 um, respectively. Sim-
ulation was done using a 5.5 MeV pencil beam alpha parti-
cle source. Alpha particles impinged at the detector center,
parallel to the normal vector of the detector surface. Projec-
tion of the output light from backside of the detector was
recorded to extract spatial resolution. Figure 4 shows the
simulated projections for the NWD with thickness of 5, 10,
15 and 20 pm.

The projections showed an increase in spreading the out-
put light with increasing the detector thickness, which was
because increase in the detector thickness increased spread-
ing probability of the optical photons inside the nanowires.
To investigate performance of the proposed imager (Fig. 1),
the simulation results were compared with a single crystal
ZnO detector, called “Macro Detector” (MD), which was
the same size as the NWD. The generated optical photons
inside the MD could spread to any direction inside the de-
tector and this problem could affect spatial resolution of the
detector. The same simulation was also performed for the
MD and the results are shown in Fig. 5.

As shown in this figure, for different thicknesses, the light
spreading in output of the MD dramatically increased in
comparison with the NWD (Fig. 4). To understand role of
the nanowires in preventing spread of the optical photons,
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Fig. 5 Simulated projections of a 2 x 2 cm? MD for different thicknesses of 5, 10, 15 and 20 um
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Fig. 6 Radial distribution of the light intensity extracted from the projections at different detector thicknesses (solid lines indicate the MD and

dashed lines indicate the NWD)
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Fig. 7 FWHM (um) of spatial resolution of the NWD and MD as a
function of the detector thickness

radial distribution of light intensity was also extracted as
a function of thickness, the results of which are shown in
Fig. 6. According to this figure, the light spreading at the
backside of the NWD was less than 100 um; but, it was
around 1 cm for the MD.

Figure 7 shows FWHMs of spatial resolutions for the
simulated geometries, which were carried out with different

Table 1 The number of recorded counts using the PMT during 300 s
related to scintillation of the ZnO nanowires and background

Background and scintillation Background Scintillation

145128 13578 131550

detector thicknesses. The results presented in Fig. 7 show
enhancement of FWHM of the NWD compared to the MD.
FWHM of the spatial resolution for the NWD with thickness
of 10 um was about 5 times smaller than that of the MD.

3.2 Experimental results
3.2.1 Results of PMT test

To test performance of the imager, the number of net alpha
detections from a 2.775 kBq 23¥Pu source during 300 s was
measured by a combination of the NWD and an ultraviolet
sensitive PMT. The recorded counts in 1024 channels of the
MCA during 300 s related to scintillation of ZnO nanowires
and background are represented in Table 1.

Figure 8 shows a recorded spectrum in the first 150 chan-
nels of the MCA for the background and scintillation counts
during 300 s.
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Fig. 8 Recorded spectrum in the first 150 channels of the MCA for
background and scintillation counts during 300 s

The results showed that, out of 832500 emitted alpha par-
ticles, around 131500 ones were detected, which meant that
quantum efficiency of the detector was around 16 %. This
efficiency was close to ratio of total nanowires cross-section
area to the sample surface area.

3.2.2 Results of CCD test

For assessing spatial resolution of the imager, the number
of optical photons was recorded in each pixel of a five mega
pixel CCD. The obtained results showed that FWHM of spa-
tial resolution of the NWD was less than a single pixel di-
mension (1.86 um). The number of optical photons recorded
in each pixel of the CCD considering effect of background
for a typical imaging is shown in Fig. 9. In this figure, a pixel
located in row 467 and column 2480 had maximum inten-
sity and its neighboring pixels had intensities of lower than
half of the maximum,; i.e. for thickness of 10 ym, FWHM
of spatial resolution of the fabricated imager was less than
2 um, which was in good agreement with the simulation re-
sults (Fig. 7).

4 Conclusion

The results showed that ZnO nanowires in a polycarbon-
ate membrane could act as a high spatial resolution alpha
particle detector. The experimental data demonstrated good
agreement with simulation results, indicating that the pro-
posed imager had less than 2 um FWHM of spatial resolu-
tion, which was about 5 times smaller than the bulk scintil-
lator. Nonetheless, for the same thickness of ZnO, the NWD

@ Springer
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Fig. 9 The number of optical photons recorded in each pixel of CCD
for a short shot during incident of alpha particles

had smaller detection efficiency compared to the MD, be-
cause the NWD had less scintillation material. A higher den-
sity of the nanowires could overcome this drawback.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.
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