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ABSTRACT

A large category of nuclear radiation detection systems are based on scintillation detectors. One of the most
important and effective subsystems in performance of scintillation detectors is photomultiplier tube.
Photomultiplier tubes with plasmonic photocathodes increase efficiency and decrease dead time. In this
research, in order to improve the efficiency and optical response of the photocathode, the plasmonic
phenomenon has been used and a new photocathode has been designed and simulated. By periodic circular
nanocavities on the surface of aluminum metal, a structure is presented that by making it possible to pair the
incoming light to an electron density wave on the surface, plasmonic intensification is created in the desired
wavelength range and the field intensity increases greatly. In this way, the quantum efficiency of the
photocathode is improved and the detection efficiency is increased up to 15 times compared to the previous
cases.
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1. Introductions

Today, nuclear radiations are present in many
aspects of human life and are inevitable. In addition
to the advantages and disadvantages of the
presence of nuclear radiation, there are some
disadvantages and challenges that must be
overcome properly. Extensive use of nuclear
radiation in various industries, agriculture, health,
medicine, etc. It is necessary to pay attention to
new methods for measuring radiation-related
indicators. Among the many methods, tools, and
systems available for detecting and measuring
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nuclear radiation are scintillation detection systems
One of the most important and effective
components of the scintillation detector system is
the Photomultiplier tube (PMT). The performance
indicators and characteristics of the above
detection system, such as efficiency, resolution,
and dead time depend on the photomultiplier tube.
A photomultiplier tube is an optoelectronic device
that converts light into measurable current. This
device offers very high sensitivity and fast
response and is used in various fields of light
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detection, especially for very low intensities [1].
An optical amplifier detector consists of three main
parts: a light-sensitive cathode (photocathode),
electron amplifiers (dinodes), and an electron
collector (anode). When light enters the
photocathode and wunder special conditions,
photoelectrons will be emitted from the
photocathode. These photoelectrons are moved by
the concentrator to the electron amplification
system and will be amplified based on the emission
of secondary electrons. The amplified electrons are
collected by the anode and eventually converted
into an output pulse [2].

The most important part of a photomultiplier tube
is the photocathode, which affects the performance
of the device in terms of quickness and photon
sensitivity. Photocathode converts light flux into
electron flux based on the photoelectric effect. In a
photocathode exposed to light, the electrons are
separated from the surface as long as the radiant
photons have enough energy to pass through the
cathode function. This principle is the basis of
creating an electron beam or the phenomenon of
electron emission. The phenomenon of electron
emission can be divided into three stages: photon
absorption, electron transfer to the surface, and
crossing the metal-vacuum barrier [3].

In recent years, surface plasmon polaritons (SPPs)
have been considered very suitable options for
trapping light in nanometer dimensions. By
adjusting the properties of surface plasmons, by
controlling the geometry of nanostructures, light
reflection at selected wavelengths can be greatly
reduced and light absorption can be increased [4].
Among different plasmonic  nanostructures,
plasmonic structures based on aluminum, silver,
and gold metals have received much attention due
to their unique optical and electronic properties,
which are related to the intensification of surface
plasmons [5]. Robert et al. in 2010 were able to
increase the intensity of light in the active region
by 18 times by stimulating plasmons through gold

in a photocathode structure [6]. In 2013, Li et al.
increased the absorption of light at 800 nm
wavelengths by using nanopores in copper [7].
Aluminum is a suitable option for use in nuclear
radiation detectors due to the possibility of
plasmonic excitation at visible and shorter
wavelengths [8].

There are several methods for modeling the
interaction between nanostructures  and
electromagnetic waves, which ultimately lead to
solving Maxwell equations in the problem space.
Among them, we can mention the computational
modeling tool of the Finite-difference time-domain
method (FDTD), which is a powerful method for
simulating the optical behavior of nanostructures.
Finite-difference  time-domain  methods are
powerful engineering tools for simulating different
types of optical devices, which are widely used to
study nanostructured systems.This technique is
able to simulate models of light propagation,
scattering, and refraction of light, as well as the
effects of reflection and  polarization
simultaneously and in combination while
providing high accuracy and acceptable speed in
calculations [9]. The FDTD method was first
proposed by Yee and included the spatial and
temporal discrete lattice of each of the electric and
magnetic field components induced by the
Maxwell equations in the Yee cubic cell. Today,
the FDTD method is one of the most popular
methods for solving electromagnetic problems due
to its simple formulations, which has been
successfully used in a wide range of applications
such as scattering of electromagnetic waves from
metals and dielectrics, antennas, integrated circuits
and etc [10-11]. In this research, a nanostructured
photocathode is presented which has the advantage
of fast metal response and improves the
performance and efficiency of the metal
photocathode. This is done by creating periodic
circular nanocavities on the surface of the
aluminum metal.
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2. Theoretical Foundations

The response of metal to electromagnetic radiation
is determined by the complex dielectric function
e=¢'+ig". The real part shows the amount of
polarization with the external electrical field and
the reduction of the wave phase speed due to the
internal polarization effect of the metal, and the
imaginary part determines the amount of electrical
field attenuation and metal absorption. In general,
the study of light propagation in metallic structures
is based on accurate modeling of the dielectric
function. Wavelength When a light wave lands on
the diffraction lattice structure, plasmon surface
polaritons are excited at the joint metal-dielectric
surface. In this case, the plasmon surface polaritons
absorb the incident light and reduce the light
reflection. By solving the Maxwell equations, the
dispersion relations in the metal-dielectric joint
surface as well as in the metal-dielectric-metal
layer are calculated and by using those relations,
the excitation conditions of plasmon polaritons for
the desired structure can be obtained [12-13]. The
dispersion relation of the emitted plasmon surface
polaritons at the interface between conductor and
dielectric is expressed by Eq.(1) [14].
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Where, A, is the wavelength of plasmon surface
polaritons, A4, is the wavelength of the incident

light, &, is the dielectric constant of the metal and

&, 1s the dielectric constant of the non-conductor.

Eg. (1) states that the wavelength of the surface
plasmon polaritons depends on the dielectric
constant of the metal.

Quantum efficiency is an important measure of
photocathode performance and is defined as the
ratio of output electrons to input photons. This
characteristic is described by the three-stage model
of absorption, transport, and escape from the

surface and is calculated by multiplying the
probability of all three stages by each other. The
qguantum efficiency of a metal photocathode is
expressed by Eq.(2)
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In this relation, E is Fermi energy, R(w 6) is the
surface reflection coefficient depending on the
angle of incidence and frequency. Where @ is
work function, # is Planck constant, @ is the

angular frequency and F,_, is the probability of
electron transfer to the surface without scattering
with other electrons [15].

Relative quantum efficiency can be used to
measure the increase in quantum efficiency of
nanostructured surfaces compared to flat surfaces

[Eq.(3)] [16].
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One of the factors influencing quantum efficiency
is the depth of field penetration in the metal 4,,;,

which is inversely related to F,_, (Eq. 4) [17].

1
Foee = — (4)
I

If photons are adsorbed on the metal surface, the
depth of field penetration decreases and increases
F,_. , and ultimately the quantum efficiency
increases.

Therefore, using plasmonic structures, incident
light can be trapped by surface plasmon plasmons
(SPPs) near the metal surface. So as to reduce the
depth of field penetration [17].

3. Structure design
One of the methods of stimulating the surface
plasmon on the metal surface is to design a network
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of regular structures with specific dimensions on
the metal surface. At certain wavelengths, surface
plasmons are intensified and produced depending
on the design parameters and metal type.
Therefore, in this paper, a network design of
circular nanocavities was proposed and created on
the surface of aluminum metal. Circular
nanocavities on the surface of aluminum metal
stimulate the surface plasmon polaritons.

The schematic of the circular nanostructure is
shown in Fig.(1-a) and the cross-sectional area of
this structure is shown in Fig.(1-b). By adjusting
depth(height) of cavities h, width of the cavities W
and the periodicity p, the pairing of the input
photon wave functions and the surface plasmon is
obtained.

Lumerical software based on a finite difference
method has been used to analyze the optical
behavior of the structure.The periodicity of the
proposed structure, periodic boundary conditions
are used in the horizontal direction and perfectly
matched layer (PML) boundary conditions are used
in the vertical direction. To stimulate the structure,
a flat wave light source with TM polarization in the
wavelength range of 300 to 600 nm was used. In
simulating the proposed structure for the dielectric
function of aluminum, Palik experimental data are
used [18].
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Fig. 1 a. Photocathode scheme consisting of circular
nanocavities, b. cross-sectional area of a circular
nanocavity.

4. Results and Discussion

In this paper, a circular nanocavities structure with
awidth of 10 nm, a spacing of 400 nm and different
heights of 36 to 44 nm is considered in order to
compare the spectrum of light reflection and its

diagram is shown in Fig.(2). It is observed that the
nanostructured surfaces compared to the flat
surface, greatly reduce the reflection so that in
proportion to the height of the cavity, the spectrum
has deep valleys in the range of 400 to 500 nm. As
the height of the nono-grooves increases, the
resonant wavelength shifts to longer wavelengths.
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Fig. 2. Reflective response spectrum of Al circular
nanocavities with variable cavity height as well as
reflection response spectrum of Al metal flat surface.

The electric field density in the circular nanocavitie
can be obtained through FDTD simulations. For
this purpose, the intensity of the electric field as a
sample for h = 40 nm at the resonant wavelength of
441 nm is shown in Figure 3. It can be seen that in
grooves and sharp edges, the field density increases
significantly, which will lead to maximum
absorption and reduced light reflection.
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Fig. 3. Electric field profile of an annular aluminum
nano-groove structure for h = 40 nm at a resonant
wavelength of 441 nm.

Using Eq.(3), the relative quantum efficiencies for
photocathodes with a structure consisting of
circular nanocavities are calculated and shown in
Fig.(3). In comparison with flat surfaces, quantum
efficiency has almost 15 times increased for every
5 heights.As a result, the resonance of surface
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plasmons is an effective way to rise quantum
efficiency by increased of the absorption,
enhancing, limitation and localization electrical
field near the metal surface.
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Fig. 4. Relative quantum efficiency of aluminum metal
photocathode with circular nanocavities structure (with
different heights) compared to photocathode with flat
surface.

After investigating the effect of the height of the
nono-grooves on the reflection spectrum, it is
necessary to examine the changes in the width and
repetition period of the nono-grooves and evaluate
its effect on the location of the created valleys and
the amount of light reflection from the metal
surface. Therefore, first, the width of the
nono-groove is changed so that the height (40 nm)
and periodicity (400 nm) are constant. In Fig (5),
the light reflection spectrum for three widths of 8,
10 and 12 nm is presented.
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Fig. 5. Reflectance response spectrum of Al circular

nanocavities with variable grooves width.

According to Fig (5), it can be seen that for the
height of 40 nm, with the change of the width of
the nono-groove from 8 to 12 nm in the wavelength
range of 400-500 nm, the reflection spectrum of the
nono-groove has different valleys. In general, it can
be concluded that the widening of the valleys of the
reflection spectrum decreasesas the width of the
NoNo-grooves increases.

10

As mentioned, the repetition period of the nono-
groove is effective in determining the valleys
wavelength of the reflection spectrum. Therefore,
by changing the repetition period with the
condition of constant height (40 nm) and width of
nono-groove (10 nm), the reflection spectrum
diagram of Fig (6) is obtained. It can be seen that
as the repetition period increases, the wavelength
of the reflection spectrum valleys increases.
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Fig. 6. Reflectance response spectrum of Al circular
nanocavities with different repetition period.

With the investigations that were done on the
structure parameters of the circular nanocavities,
including the width and height of the grooves as
well as the repetition period, it can be concluded
that by changing each of the parameters, a proper
selectivity can be created for the formation of
surface plasmon polaritons, and as a result, the
wavelength optional control of the plasmonic
valleys can be possible.

5. Conclusions

The photocathode is one of the most important
parts of an optical detector. Although metal
photocathodes are fast, due to the free path of the
short electron average and high reflectivity, they
cause low efficiency and are an important
limitation in detection. By replacing the
nanostructured metal photocathode in the optical
detector, the efficiency is increased and the
efficiency limitation is improved. The circular
nanocavities designed on the surface of the metal
photocathode, stimulate the surface plasmon
polaritons and increase the absorption of light on
the surface of the photocathode, and so increasing
the quantum efficiency of the photocathode. A
metal circular nanocavity photocathode can
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increase quantum efficiency up to 15 times over a
flat surface photocathode. The advantage of this
structure is its symmetric nature so that it does not
depend on the type of polarization of the incident
light. Therefore, both types of S and P polarization
will have the same response; even light with
annular polarization will be able to pair with
surface plasmons.
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