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Design of a fiber optical sensor for atmospheric electric field measurement
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Abstract. All-optical sensor for atmospheric electric field detection and measurement is suggested and numerically modelled. Thin elec-
tro-optical crystal sandwiched between two distributed Bragg reflectors (DBRs) forming multilayer Gires-Tournois (G-T) microresonator
is used as a sensitive part of the electric field sensor. In the sensor device, an optical fiber delivers the wideband light spectrum to the
sensing multilayer structure of G-T microresonator. The reflectance spectrum of the sensor contains information on the electric field
strength and direction. The relevant reflectance peaks’ shift in the reflected spectrum can be observed by an optical spectrum analyzer
(OSA). Numerical modelling has been done by the method of single expression that is a suitable tool for multi-boundary problems solu-
tion. The obtained results of modelling will be useful in a new type of non-distorting sensor’s elaboration for atmospheric electric field
detection and measurement.

1. INTRODUCTION The wide range of atmosphere electric field’s variation

The magnitude of atmospheric electric field is an im-  complicates the operation of electro-optical sensor and re-
portant parameter in evaluation of the atmosphere state [1-  quires thorough computer simulations before specific de-
3]. Measurements of the atmospheric electric field provide  Vice realization. In this paper the relevant method for simu-
information about the thunderstorm activity and are useful ~lation of light propagation and reflection in the proposed
for weather forecasting and lightning alert. Conventional ~ Optical design is presented.

instrument used for measuring the strength of electric fields > CONSTRUCTION AND MEASUREMENT

in the atmosphere near thunderstorm clouds is the “field
mill” [4, 5]. Different types of “field mills” and E-field SCHEME OF ELECTRO-OPTICAL SENSOR

probes for electric field measurement and relevant devices For measurement of atmospheric electricity the follow-
are under exploitation [4-9]. However, all these devices are  ing construction of all-optical sensor is suggested (Fig.1.):
prepared by or contain metallic parts and wires, which dis- Sensor

tort the electric field distribution [10, 11]. Use of electro- . N

optical sensors makes possible creation of metallic free Lot emiting C@ e

electric field meters. Devices of this type are widely used in S

high voltage (HV) engineering, antenna and electromagnet-

ic compatibility (EMC) measurements, etc. [9, 12-14]. \

Photonic field meters utilize the Pockels effect or linear optical
electro-optic (EO) effect, which produces birefringence in spectrum
an optical medium. Substances such as KDP (Potassium analyzer
Dihydrogen Phosphate), KD*P (Deuterated KDP) and  Figure 1. All-optical sensor for atmospheric electric field measurement.
LiNbOs (Lithium Niobate) show large Pockels effect and A wideband optical source (light-emitting diode) illu-
are very popular in electro-optic modulators [15]. minates reflective microresonator and the spectrum of re-

Electric field measurement by use of the Pockels effect ~ flected light is observed by optical spectrum analyzer
implies some means of measuring a change in refractive ~ (OSA). The sensor is a reflective type of Fabry-Perot mi-
index caused by the applied electric field. Change in refrac-  croresonator (Gires-Tournois (G-T) [21]) where electro-
tive index causes phase change of light passing through the  optical crystal is sandwiched between DBR mirrors (Fig. 2).
EO crystal. Therefore, the problem reduces to the determi- F
nation of the phase shift. There are devices exploiting direct

measuring of phase shift by means of non-resonant interfer- ,
ence methods [13, 16, 17]. Fiber E'ecz:;::'ca'
We consider another type of electro-optical sensors us- = AR :
ing nonlinear resonator. These sensors contain an optical
fiber and electro-optical crystal within micro-resonator d
mounted on the end of the fiber [10, 11, 13, 18-20]. Change R i

in the refractive index induced by an external electric field

causes shift of the reflectance spectrum. Resonator is irradi-  Figure 2. All-optical sensor consists of optical fiber and Gires-Tournois
ated by a wideband optical source via optical fiber and op- microresonator formed by electro-optical crystal sandwiched between
tical spectrum analyzer is used for detection of the reflected ~ W DBR mirrors of high (DBR 2) and medium reflectivity (DBR 1).
light. The same configuration can operate by using mono-

chromatic light source performing phase shift measurement. The z-cut electro-optical crystal is sensitive to the elec-
In this case, phase shift is more sensitive than that in non- i field strength E directed parallel or anti-parallel to the
resonant case. z-axis. Let us consider an application of electro-optical
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crystal LiNbO3 as a sensitive part of micro-resonator. It is
known that the variation of the refractive index of LiNbO3
crystal by the amplitude of applied electric field is ex-
pressed as:

An=n’rE /2, (1)

where n =+/g is the refractive index at the absence of ex-

1

ternal electric field, 3 ~30.8-10" 2 m/V is an electro-

optic coefficient of the material [22]. The sign of the index
change depends upon the polarity of the voltage applied to
the crystal [15].

Atmospheric electric field is changed in the range of
E =102 -10° V/m and relevant interval of permittivity
change by (1) is: A¢ -079-10 7% ~0.79.1073. Here n=2
is taken at the light wavelength 45 =1.55 um.

Multilayer DBR mirrors are alternating quarter-
wavelength bilayers of low and high permittivity providing
high reflectance of mirrors necessary for microresonator
operation. To determine optical characteristics of the micro-
resonator the numerical simulation by means of the method
of single expression (MSE) is carried out [23-28]. In the
MSE, the solution of Helmholtz equation in each layer of
the structure is searched in the form of a single expression,
but not in the form of counter-propagating waves as in the
traditional approach. Due to this, a prior assignment of the
waveform in each layer of the structure is not required,
which makes the MSE a convenient tool in studies of opti-
cal structures consisting of layers with any complex values
of permittivity and permeability. The MSE is a valid tool
for solving intensity-dependent non-linear problems since it
does not rely on superposition principle.

3. CONCISE DESCRIPTION OF THE MSE

The backbone of the MSE for wave normal incidence
on a multilayer structure is presented [23-28]. From Max-
well’s equations in 1D case the following Helmholtz’s
equation can be obtained for linearly polarized complex

electric field component Ex (2):
d?E, (2)
dz?
where k, =w/c is the free space propagation constant,
£(2)=¢&'(2)+ je"(2) is the complex permittivity of a
medium. The essence of the MSE is presentation of a gen-
eral solution of Helmholtz’ equation for electric field com-
ponent EX(Z) in the special form of a single expression:

Ey(2) =U(2) - exp(- jS(2)) ®3)
instead of traditional presentation as a sum of counter-
propagating waves. Here U (z) and S(z) are real quantities
describing the resulting electric field amplitude and phase,
respectively. Time dependence exp(ja)t) is assumed but

suppressed throughout the analysis. Solution in the form (3)
prevails upon the traditional approach of counter-
propagating waves and is more general because it is not
relied on the superposition principle. This form of solution
describes all possible distributions of electric field ampli-
tude, corresponding to propagating or evanescent waves in
a medium of positive or negative permittivity, respectively.
No preliminary assumptions concerning the Helmholtz’s
equation solutions in different media are needed in the

+kg£(2) Ex(2) =0, O]
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MSE. This gives advantages in investigation of wave inter-
action with any longitudinally non-uniform linear and in-
tensity dependent non-linear media that can be done with
the same ease and exactness.

Based on expression (3) the Helmholtz’s equation (2)
is reformulated to the set of first order differential equations
regarding the electric field amplitude U (z), its spatial de-
rivative Y (z)and a quantity P(z) - proportional to the
power flow density (Poynting vector) in a medium:

du (z)
d(kyz)
d¥(z) _P(2)
d(k,2) U3(2)

dP(z) _ 4y 142
d(koz)_g (2)-U“(2)

ds(z)
d(ko2)
ther positive or negative describing relevant electromagnet-
ic features of dielectric or metal (plasma), correspondingly.

The sign of ¢"(z) indicates loss or gain in a medium.

The set of differential equations (4) is integrated nu-
merically starting from the non-illuminated side of a multi-
layer structure, where only one outgoing travelling wave is
supposed. Initial values for integration are obtained from
the boundary conditions of electrodynamics at the non-
illuminated side of the structure. Numerical integration of
the set (4) goes step by step towards the illuminated side of
the structure taking into account an actual value of struc-
ture’s permittivity for the given coordinate at each step of
integration. In the process of integration any variable of the
set (4) is possible to record in order to have full information
regarding distributions of electric field amplitude, its deriv-
ative and power flow density inside and outside of the
structure. At the borders between constituting layers of the
multilayer structure ordinary boundary conditions of elec-
trodynamics bring to the continuity of U(z), Y (z)and

P(z) . From the boundary conditions of electrodynamics at
the illuminated side of the structure the amplitude of inci-
dent field Ej,. and the power reflection coefficient R are

restored at the end of calculation. The power transmission
coefficient T is obtained as the ratio of the transmitted
power to the incident one.

=Y (2)
0]

£'(2)-U(2)

where p(z)=U?(z) The sign of &'(z) can take ei-

4. NUMERICAL ANALYSIS OF A GIRES-
TOURNOIS MICRORESONATOR WITH DBR
MIRRORS AND LiNbOz LAYER AS A SPACER

The electromagnetic modelling of the G-T microreso-
nator structure presented in Fig.2 is performed. Correspond-
ing permittivity profile and distribution of optical wave’s
electric component along the structure are presented in
Fig.3.

In Fig. 3, the thickness of the electro-optical layer be-
tween DBR mirrors is taken about 5 4m for demonstration
only. In the modelled structure, the thickness of the electro-
optical crystal is taken asd =200 gzm. The character of
internal field distribution in the microresonator at
d =200 um looks like in Fig.3, only the increased number
of field oscillations within the electro-optical crystal is ob-
served. Highly reflective DBR mirror consists of 13
SiO,/N-LASF9 bilayers and the front mirror consists of 7
bilayers.
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Figure 3. Permittivity profile ¢ and distribution of the amplitude of

optical wave’s electric field component E along the G-T
microresonator at the point of the lowest reflectance (R = 0.766 ). Here
the thickness of the electro-optical crystal is d =5.115 zm, the layers

of the mirrors are: | = 258 nm of permittivity ¢ =2.25 and

S0 ,

Ly _iase o = 212 nm of permittivity &£ =3.34 at ; =1.55 um .

For detection of atmospheric electric field, the sensor’s
z-axis should be oriented along external field. To model
electric field influence on spectral dependences relevant
calculation has been done for unperturbed permittivity of
the electro-optical crystal (¢ =4.5) and at its change at the
value ¢ = 4.505. This permittivity change is relevant to the
change under the highest electric field amplitude. The re-
sults of calculations are presented in Fig.4.
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Figure 4. Spectral dependences of reflectance of microresonator (1) at
unperturbed (& =4.5) and (2) perturbed (& =4.505) permittivity of
electro-optical crystal. The right shift of spectral dependences stipulated
by electrical field directed along crystal’s z-axis.

At the change of external field direction, the permittivi-
ty of the crystal decreases and spectral peaks are shifted to
the left.

The modelling permits to obtain information on
the optimal multilayer mirrors suitable for the best observa-
tion of spectral peaks’ shifts and information regarding in-
fluence of crystal thickness on the sensitivity of the sensor
from the value of external electric field.

The obtained results will be useful in design and
realization of all-optical atmospheric electric field detecting
and measuring device. The directional sensitivity of the
electro-optical crystal will permit to detect also the direc-
tion of atmospheric field that is also important in atmos-
pheric field monitoring.
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