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Abstract—An electron cloud spectroscopy system consist-
ing of a microring and Bragg grating Fabry-Perot is proposed.
It has the form of a Panda-ring formed by an add-drop fil-
ter with nonlinear two-phase modulators. The input light of
1.50um center wavelength is fed into the system. By using
suitable two-phase modulator parameters, the whispering
gallery mode (WGM) of light is formed at the center ring. The
gold plate at the center microring illuminated by light leads
to electron cloud oscillations forming the electron density
that results in the spin up and spin down of electrons. The
electron cloud spins (spin up and spin down) form the qubits
which can be transmitted to the Fabry-Perot sensing unit by
the spin waves. The Fabry-Perot sensing unit measures the
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spectral profile of the electron cloud spins. To observe the spectral profile of the electron cloud spins a large bandwidth is
employed. The space-time function is applied to distinguish the electron cloud spins, which leads to having the selected
spin switching time and sensor sensitivity resolution. By varying the input power and the gold grating gaps, the change
in optical path difference formed in terms of the electron cloud spins at the center ring, where the optimum of ~10Pbit is
obtained. Both the reflection and transmission schemes of the microring Fabry-Perot circuit have bit rates of ~6Pbits~1.

The reflection and transmission spectra have a free spectral range of ~0.04-0.14um. The optimum sensitivity of the

microring Fabry-Perot sensor is 0.31x m~!

Index Terms— Fabry-Perot sensor, microring sensor, gold grating sensor.

|. INTRODUCTION

PECTROSCOPY involves studying the behavior of light
when it is emitted, absorbed, transmitted, or reflected
by materials, which can be molecular or subatomic particles
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depending on the wavelength [1], [2]. The emitted, absorbed,
transmitted, or reflected light by molecular or subatomic
particles can be measured. The principle behind spectroscopy
is the response of a material to light when the light illuminates
such material. By plotting the response of the material as a
function of the wavelength gives the spectrum. Many tech-
niques and instruments are employed in spectroscopy [3]-[8].
Zvanovec et al. [10] used the Fabry-Perot interferometer to
study the behavior of some selected gases. The Fabry-perot
interferometer [11] can be used for sensing, telecommu-
nication, and spectroscopy studies. The spectral resolution
of the selected gases was obtained and compared with the
results of other studies, which shows a good agreement.
Yulianti et al. [12] designed a Fabry-Perot sensor, which was
applied for humidity and temperature sensing. The reflection
spectrum is in the range of 0-0.7. A narrow bandwidth has
been employed for the sensing. The wavelength is in the range
of 1549.6-1551.5nm. Pospori and Webb [13] had used the
Fabry-Perot sensor for stress sensing study. The Fabry-Perot
sensor consists of the Bragg gratings. The stress sensitivity
exhibits linear relationship with the length of the Fabry-Perot
cavity. The reflection spectrum is in the range of 0-1.0. A nar-
row bandwidth is employed for the study. The wavelength is
in the range of 1.549-1.551um. Wang et al. [14] designed a
Fabry-Perot sensor for sensing application. The Fabry-Perot
sensor consists of Bragg gratings. The study focused on the

republication/redistribution requires IEEE permission.
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measurement of temperature and concentration of liquid. The
reflection spectrum is in the range of 0-1.0. A narrow band-
width is employed for the study. The wavelength is in the
range of 1548-1552nm. Tosi [15] applied the KLT method to
study the sensing characteristics of the Fabry-Perot sensor. The
KLT method is the Karhunen-Loeve transform method. The
reflection spectrum is in the range of 0-90% (0-0.9). A narrow
bandwidth is employed for the study. The wavelength is
in the range of 1549-1551nm. Wada et al. [16] designed a
Fabry-Perot sensor. The Fabry-Perot sensor consists of Bragg
gratings and has the sensing ability to measure multi-point
strain. The reflection spectrum of output signals is in the range
of 0-3(arbitrary units). A narrow bandwidth is employed for
the study. The wavelength is in the range of 1548.5-1552.0nm.
Madan et al. [17] designed and fabricated a Fabry-Perot sen-
sor for sensing application. The Fabry-Perot sensor is based
on the Bragg gratings. The study focused on the measurement
of strain and temperature. The reflection spectrum is in the
range of 0-1.0. A narrow bandwidth is employed for the study.
The wavelength is in the range of 1548.5-1552.0nm. The
cost-effective Fabry-Perot interferometric micro-cavities are
also interesting for applications [18]. In this work, the Fabry-
Perot sensor is formed by Through port embedded gold
grating. Change in optical path difference in a gold grating
will be related to the electron oscillation on the sensing
island. The microring Fabry-Perot structure is employed for
the electron cloud generation, where the matching between
the electron cloud optical path difference and the Fabry-Perot
is the measurement. The circuit structure has the form of a
Panda-ring [19], which has the advantage of the two-phase
modulators, from which the whispering gallery mode (WGM)
can be formed and used to trap the electrons and oscillate.
Firstly, the Optiwave FDTD program will be applied to obtain
the whispering gallery mode [20]. The used parameters will
be extracted for the Matlab program. Secondly, the Matlab
program is employed to simulate the spectral profile of the
electron cloud spins where other results are obtained. The
related theory is given, and simulation results are discussed.

Il. THEORETICAL BACKGROUND
The schematic and fabrication structure of the electron cloud
spectroscopy is shown in Figure 1. The gold plate is embedded
to form a sensor probe at the center microring coupled with a
Bragg grating Fabry Perot sensing device. The interference of
the Fabry Perot is coupled with the electron cloud generated
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Fig. 1. A schematic diagram of a microring Fabry-Perot structure, where

PM is the nonlinear phase modulator, the 1st space input source is the
electric field. Gold plate is at the center ring with the Bragg gratings at the
tips of the bus waveguide. The electrical fields of the input, throughput,
add, and drop ports are Ej,, Eiy, Ezqq and Eg, respectively. Ky — Ky:
coupling constants. The isolator is applied to protect the feedback.

by the silicon-gold layer given by [17]:
f (Ag) =1+ cos (Ap (V) (1)

where A¢ (A) = M#,Aqﬁ is the phase difference, 4 is the
light source center wavelength, 7. is the refractive index of
the waveguide, and g is defined as the gap between two Bragg
gratings which are identical. The Bragg wavelength is 1p =
2nerr A, where negr is defined as effective refractive index, and
A is defined as the grating period. The phase difference and the
optical path difference relationship is given by OPD= (1/2x).
A¢, where A¢ is the phase difference of the Fabry Perot
interferometer.

The amplitude reflection coefficient is given in equation (2),
shown at the bottom of this page, while the amplitude trans-
mission coefficient is given in equation (3), shown at the
bottom of this page,

where k, o, and Lay are the ac coupling coefficient,
dc coupling coefficient and length of grating.

The reflection and transmission spectrums [14] are given in
equations (4 and 5), respectively.

R=f(Ap)r )

1
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The electric field is the input light given as [21]:

Ein = E, - exp (—ik;z) ©)

where wavenumber is defined by k, = ZT”, and initial ampli-

tude of the field is given by E,, the propagation distance is

defined by z, and 4 is the input optical field wavelength.
The space-time function is applied for polariton spin-wave

projection, which is given by
Eqga = A e )

where ¢ is defined as time, w is defined as the angular velocity,
and A is defined as the amplitude. The £ sign indicates both
axis of time. The nonlinear effect known as the Kerr effect,
is given as n = no+nz I = n0+n2P/Aeff, where ng and np
are the linear and nonlinear refractive indices respectively. I is
the optical intensity, P is the optical power, A.rs is defined as
the effective core area of the waveguide.

The coupling between light and electron in metal is
described by the Drude model [22], which is given as:

ne2

€(w)=1-— (3)

€omw?
where €p is defined as the relative permittivity. The electron
density, charge and mass are defined as n, e, m respectively.
w is the angular frequency. At resonance, angular frequency
becomes plasma frequency given as:

1
o ne? -h
L €gym

(€)]

2
From equation (9) the electron density n = %eom. The
output fields of the structure are described as [23].

(10)
(11)
where the terms my, m3, ms, mg in equations (10 and 11) are
defined in the given [24].

From equations (10 and 11), the normalized intensities of
the system output are given by

Eq = myEi +m3E 44
Ej = msE qq +mgE;y

L _ [E_} 12
Iin E;y,
I_d — [ﬂ]z (13)
Iin Ein

I1l. SIMULATION RESULTS

The microring Fabry-Perot structure in Figure 1 is simulated
using the Optiwave FDTD program, which is 32-bit version
12.0 [25]. The grid size for the simulation has been imple-
mented automatically by the program. The number of mesh
cell are 209, 37, 269 for the three axes (x, y, z). The structure
has one input port, two output ports (throughput and drop
ports), and one port (add port) for modulation or multiplexing.
The input light of 1.50um is fed into the structure via the
input port. The structure has a Panda-ring form, which enables
to exhibit its nonlinearity effect. The waveguide material is

TABLE |

THE SELECTED SIMULATION PARAMETERS [19], [26]
Parameters Symbols Values Units
Input light power P 100 mW
Gold plate radius Ry 0.2-2.8 pm
Gold plate thickness Thu 0.1-7.5 pm
Ring resonator radius R, 3.0 pm
Gold conductivity G 4.11x107 Sm~t
Gold resistivity p 2.44x10% Qm
Coupling coefficient K 0.06-0.70
Insertion loss 4 0.50 dB
Au refractive index n 1.80
Si refractive index ng; 3.42
Si nonlinear refractive index n, 1.3x108 m’W!
Optical centre wavelength A 1.50 um
Au grating gap g 200-1000 nm
Au grating width Wau 13 pm
Au grating thickness d 0.5 pm
Au grating length Lau 1.5 um
Plasma frequency w, 1.299x10' rads™?
Core effective area Acrr 0.30 pm?
Free space permittivity € 8.85x1012 Fm!
Electron mass m 9.11x10*! kg
Electron charge € 1.60x10"° Coulomb
Waveguide loss o 0.50 dB.(mm)~!
Grating period A 1.5-23 pm
Si-Waveguide length Lye 18.0 pm
Si-Waveguide width Wae 1.5 um

Input port

g

=l
o
w
=2
B0
o
=
2

Drop port

Fig. 2.

electron cloud of the circuit.

Throughput port

) PSR N Tl Pt B T

Waveguide length [pm]

(b)

Plot of the Optiwave FDTD results, where (a) the WGM
formed at the center of the microring Fabry-Perot structure using suitable
parameters in Table |, (b) the electric field distribution of the trapped

silicon. The geometric parameters of the waveguide are given
in Table I. The two small rings at the size of the center
microring act as phase modulators, which can induce the
nonlinearity effect that results in the trapping of light at the
center microring to form the whispering gallery mode (WGM)
as shown in Figure 2(a). The suitable parameters are as given
in Table I. The electric field distribution of the trapped electron
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cloud in the microring system is shown in Figure 2(b). The
gold plate embedded at the center of the microring forms the
polaritons and oscillation of plasmonic waves. The simulation
results from the Optiwave FDTD program are extracted and
used by the Matlab program. The interference signals of the
structure are given in equation (1). The input light (electric
field) as described in equation (6) is fed into the system
(as described in equations (10 and 11)) via the input port and
at the add port, the input light (space source) is multiplexed
with time to form the space-time function as described in
equation (7).

The input light excites the gold plate at the center of the

microring leading to electron cloud oscillations that forms the
electron density [n = “ r€om] Wthh results in the spin-up

. . 510 —
[1) (Jo}) with the spin matrix 0

, and spin-down |} (]{))

. . . 1|01
with the spin matrix 5 10

electron cloud can be transported via cable connection through
the throughput and drop ports. The microring Fabry-Perot
sensor has the Bragg grating. The amplitude reflection and
transmission coefficients for the Fabry-Perot Bragg gratings
are described in equations (2) and (3). Both the amplitude
reflection and transmission coefficients are a function of
the wavelength (4). The reflection and transmission of the
Fabry-Perot Bragg gratings have strong coupling interaction
only in the range of the gap between two Bragg gratings which
are identical. The resonance of the reflection and transmission
sensing schemes is formed by the range of the optical path
length of the two Bragg gratings.

The reflection and transmission spectra of the microring
Fabry-Perot structure are described in equations (4) and (5),
which are a function of the wavelength. The interference
is a function of the phase difference A¢(1) of the Bragg
gratings reflected light, which is related to the optical path
difference of the electron cloud density. Figure 3 is the plot
of the interference spectrum formed by the electron cloud and
the normalized ED at the output described in equations (12)
and (13). The interference spectra of the transmission and
reflection with a varied Bragg grating gap of 200-1000nm are
plotted, and the interference fringes are seen. The spin-wave
components are the spin-up (blue colour) at the through-
put port and the spin-down (red colour) at the drop port.
Figure 4 is the plot of the normalized reflection spectrum.
The reflection spectrum gives the measure of the reflected
electron cloud as a function of OPD (wavelength) with a
varied Bragg grating gap of 200-1000nm. Figure 5 is the plot
of the normalized transmission spectrum with a varied Bragg
grating gap of 200-1000nm. The transmission spectrum gives
the measure of the transmitted electron cloud as a function
of the wavelength. The plot of the sensor sensitivity is shown
in Figure 6. The sensor sensitivity is 0.31(xm)~!, which is
useful for electron cloud microscopic investigation in terms
of optical path difference (OPD). In application, this system
can be used for different sensing technology, where the gold
plate presents the sensing probe, the Fabry-Perot acts as a
spectroscopic sensor in terms of the optical path difference
measurement.

'. The electron density of trapped

IEEE SENSORS JOURNAL
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Fig. 3. The plotof the Fabry-Perotinterference fringes. The Bragg grating
gaps are varied from 200-1,000nm. The transmission fringes are plotted
from (a)—(e), where the blue color is spin-up, and red color is spin-down
of the transmitted spin-waves. The input power is fixed at 100 mW.

In this work, the Fabry-Perot sensor is used in the sensing
and measurement related to the change in electron cloud
spin waves (spin up and spin down), in which the change
in optical path length of light within the gold grating causes

227

228

229

230



ARUMONA et al.: ELECTRON CLOUD SPECTROSCOPY USING MICRO-RING FABRY-PEROT SENSOR 5

0.6

T T T
(a)
= 04 .
=
3
=
i
= 0.2 I‘
L .
0.8 1.0 1.2 1.4 1.6 1.8
Wavelength (num)
0.6 T T T T
(b)
= 04 .
2
2
=
i
e 0.2 I‘
L) .
0.8 1.0 1.2 1.4 1.6 1.8
Wavelength (m)
0.6 T T T T
(@
= 04 .
2
2
=
i
e 0.2 I‘
L) .
0.8 1.0 1.2 1.4 1.6 1.8
Wavelength (um)
0.6 T T T T T
(d)
= 04 .
2
3
=
=
e 0.2 I‘
il .
0.8 1.0 1.2 1.4 1.6 1.8
Wavelength (um)
0.6 T T T T T
(e
= 04 .
2
8
=
o
e 0.2
0 I

L
0.8 1.0 1.2 1.4 1.6 1.8
Wavelength (um)

Fig. 4. Plot of the normalized reflection spectrum for 200-1000nm Bragg
grating gaps, where the blue color is spin-up and red color is spin-down.
The optimum free spectral range of the output signals is ~0.14 pum.
The changes in interference fringes are seen and used for Fabry-Perot
sensors. The free spectral range (FSR) is the spacing between two
successive qubits (spin-up and spin-down), which is 0.14um for the
optimum determined from the graph. The increase in the FSR gives a
clearer picture or representation of the electron cloud spins.
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Fig. 5. Plot of the normalized transmission spectrum for 200-1000nm
Bragg gratings gap where the blue color is spin-up and red color is spin-
down. The optimum free spectral range of the output signals is ~0.14 um.
The changes in interference fringes are seen and used for Fabry-Perot
Sensors.
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Fig. 6. Plot of the relationship between the input power and wavelength = 0.6F
shifted. The sensor sensitivity is O.31p.m—1, which is useful for elec- 2
tron cloud microscopic investigation in terms of optical path difference é’ 04 /]
(OPD) in the Fabry-Perot sensors. The grating gaps are varied from @
200-1000nm. The normalized intensity is equal to the power transferred E
per unit area. 0.2 T
0 I | | 1
the change in the electron cloud density(spin number). The 0.8 10 W1'21 th(1'4) 6 L5
change in optical path length of light within the Fabry-Perot 08F : ool :
cavity (gold grating) can introduce the change in electron '
cloud density (spin number) at the center ring, which can be 2
balanced by adjusting the OPD. The change in OPD is related 3
. . N
to the electron spins, which becomes the measurement. The =
central wavelength is 1.50um, while the bandwidth of the gold §
grating in the wavelength domain is from 0.8-1.8 xm. By using z 02 ]
the large bandwidth, the large spin number of the electron 0 . . . | |
cloud can be obtained. The increase in the number of qubits 1.0 1.2 1.4 1.6 1.8 2.0

(spin-up and spin-down) can be observed in terms of electron
density (ED) at the reflected and transmitted output ports.
Large bandwidth optical field is employed to obtain large
number of trapped electrons (electron cloud) properly. Grating
bandwidth can be increased by a short grating length with a
long period is applied. The ac and dc coupling coefficients can
be increased, as shown in equations (2) and (3). The grating
period and specific parameters are given in Table I. There
is no specific effect of the spin matrix on the Fabry-Perot
interference fringes. The spin matrix is the representation of
the electron cloud spins (spin up and spin down) in matrix
form.

As shown in Figure 7(a)-(b), the free spectral range (FSR)
of the reflection and transmission spectra are obtained directly
from the graph, which is the spacing between two successive
qubits (spin up and spin down). The optimum FSR is 0.14um.
As shown in Figure 7(c)-(e) the number of bits per second is
obtained from the relation %. From Figure 7(c)-(e),
the number of bits in one femtosecond (10~13s) is 10 bits.
The number of bits per second is 10Pbits~! for the interfer-
ence spectrum, while for both the reflection and transmission
spectrum is 6Pbits~!. The electron cloud density is transmitted
by the spin waves to the Fabry-Perot sensing unit. The
space-time function distinguishes the electron cloud spins by
the time sequence known as quantum cellular automata [27].
The electron cloud is transmitted by the spin-waves to the
Fabry-Perot sensing arm and as a result, coupled with the
interference of the Fabry-Perot. The phase difference A¢ of
the Fabry-Perot interferometer and the optical path difference
of light results the change in the electron cloud density. The
phase difference A¢ of light in the Fabry-Perot interferometer

Time (fs)
T T

Reflection

0 ! L ! !
1.0 1.2 1.4 1.6 1.8 2.0
Time (fs)
0.9 T T T T

Transmission

0.4 1 1 1 1

1.0 1.2 1.4 1.6 1.8 2.0
Time (fs)

Fig. 7. (a-b) the plot of the normalized reflection and transmission
spectra, where the optimum FSR of 0.14. m is obtained, (c-e) the plot of
the interference, reflection and transmission spectra in the time domain,
where the transmission bits of 10Pbits™!, and 6Pbits~ are obtained,
respectively.

introduced by the optical path difference results in the change
in the electron cloud density. The plot of the spins and the
optical path difference is shown in Figure 8(a). The increase
in the amplitude coefficient, transmission coefficient, and inter-
ference function increase the number of electron cloud spins
of the spectral profile of the microring Fabry-Perot structure.
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Fig. 8. (a) the plot of spins and OPD, where the sensitivity of 0.2 pm=1
is achieved, (b) the BER of 0.35 is obtained, where Eb/No: Energy per
bit/noise spectral density.

The schematic structure shown in Figure 1 is configured
with realistic parameters and is tested using the AWGN
(Additive White Gaussian Noise) communication channel.
The calculation of the bit error rate (BER) is employed to
validate the simulation. The AWGN communication channel
is applied with a 10dB signal to noise ratio. The input signals
are modulated, from which the demodulated signals can be
retrieved. The BER validates the operational performance of
the circuit. The lower the BER, the better the operational
performance of the circuit. From Figure 8(b), the BER value
of 0.35 is obtained.

IV. CONCLUSION

A microring Fabry-Perot structure is proposed for the
sensing and measurement of electron cloud spins. The gold
plate at the center ring induces the polariton that forms the
plasmonic wave oscillations. The light excites the gold plate
leading to electron cloud oscillations that forms the electron
density resulting in the spin-up and spin-down switching.
The electron cloud spins transmitted by spin waves and the
spectral profile of these spins can be observed in a large
bandwidth. In manipulation, the gap between the two Bragg
gratings is varied from 200-1000nm with the change in optical
path difference where the free spectral range is obtained. The
interference spectra of the electron cloud with a varied Bragg
grating gap of 200-1000nm have been obtained. By using
the given space-time control, the optimum reflection and
transmission free spectral range are ~0.14 um. Both the reflec-
tion and transmission spectra of the microring Fabry-Perot
sensors with a varied Bragg grating gap of 200-1000nm are
~6Pbits ! in terms of quantum bits, while for the interference

spectrum has ~10Pbit s ~!. The microring Fabry-Perot sensors
has a sensitivity of 0.31(um)~!, however, the sensitivity can
be changed by changing the space-time control function.
In application, the microring Fabry-Perot sensor can be used
for quantum spectroscopy, and quantum sensor, especially for
a microscopic regime, where the interference fringes of the
spin-waves can be related to the optical path difference and
interpreted.
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