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Abstract

A fiber optic electrometer with oscillating element is described in this paper. The non-contact interferometric
interrogation system of eleciromcicr provides high-sensilivity mcasurement of voliage and charge, inducing very
small disturbances in the measured object. The sensitivity of 2- 107*V/ (H2) /2 was achieved, while the sensitivity of
3uV/ Hz)'? is predicted from the thermal flucfuation limit. An order of magnitude estimations indicate that the
sensitivity to an electric charge close to the eleciron charge may be achieved with electrometer of considered type.

1, Introduction

Up to present time the interferometric optical systems have found a wide application in research and industry as
providing the sensitivity to displacements as small as parts of angstrom. New possibilities for developmeni of
resonator-based devices have appeared with creation of fiber optic interferometers' . In this paper a new fiber optic
electrometer with oscillating element is considered. The main advantages of this device are high electrical resistance

¢ 10*2 {2) and small capacity (< | pF) that allows to measure the vollage and the charge while inducing extremely
small disturbances in the measurcd object.

In many cases the physical limitation for the sensitivity of intcrferomeler-bascd sensors is related (o the presence
of thermally generated vibralinns‘t's. [t is shown in this papcr that the thermal vibrations of the sensilive resonator
lead 1o fluctuations of the electrometer output signal comparable to the noises of other types. The expressions for the

clectrometer transconductance and threshold sensitivity are derived. The ways for improving of the technical charac-
teristics are discussed.

2. Principle of operation

The simplest scheme of clectrometer was realized in this work (Fig.1). The resonator in the form of cantilever
beam made of metallic glass is placed in the center of the gap formed by the capacitor plates. The alternating voltage is
applied to the capacitor so that the alternating electrical field emerges between the plates. When the measured voltage
U is applied to the resonator, the elecirical charge appears on it. In this case the cantilever beam is acted upon by the

alternating electrostatic force, giving risc to excitation of resonator flexural vibrations. The amplitude of oscillation is
proporiional to the value of e

The partially reflecting surface of the beam and the output end of the fiber form a Fabry-Perot cavity. Oscillation
of the beam modulates reflectivity of this cavily so that an intensity-modulated light is propagating back to (he
photodetector when the cavity is illuminated with a CW laser source. The alternating electrical signal on the output of
photodetector is rectified by lock-in amplifier, DC output of which will be proportional to the amplitude of cantilever
beam vibrations. To improve the signal-lo-noise ratio the oscillation was excited with the resonator natural frequency.

In the simplest scheme of the device the mean separation between the reflectors of interferometer was adjusted
applying the magnetic field perpendicular to the resonator plate.



Fig.1. The scheme of fiber optic electrometer.,
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3. Experimental results

The mechanical resonator with length ! = 6.65 mm, width 4 = 2.5 mm, and thickness A = 40 um was made of
metallic glass. The met-glass was chosen as a material of the resonator because of its excellent mechanical properties,
high reflectlivity, and possibility to change the mean separation between interferomcter mirrors by applying the
magnetic field to the capacitor. The oscillation was excited with the resonator natural frequency f= 072 Hz. The
oscillator quality factor Q = 134 was observed. The alternating voltage of amplitude u_= 56 V was applied to the

w
capacitor, The distance between the capacitor plates was 2d = 2.46 mm,

Oscillation of the resonator y(1) modulated the reflectivity of the Fabry-Perot cavity formed by the partially
reflecting surface of the resonator and the end of single-mode fiber. Therefore, an intensity-modulated light
I(D) ~ sinp(f) was returned along the fiber to the photodetector when this cavity was illuminated with CW radiation of
IlmW laser source with wavelength A =085 um. The resonator oscillates harmonically and, consequently,
w(f)= Py t+ P50 Wi, The value of ¢, Wwas adjusted by applying the magnetic field perpendicular to the resonator

plate to maintain o= 2nn (where 2 is an integer constant). The value of ¥, is proportional to the applicd voltage

u,. The coefficient of the conversion of applicd voltage into the interfecrometer phase modulation was measured to
be S,=¢,, / uy=0.519rad/V.

Fig.2 shows the clectrometer outpul signal when the measured voltage u, is increased temporarily by a small value

of 2 mV. We can se¢ from the figure that the oulput signal fluctuates cven without changes in u, . Fig.2 allows o
cvaluate the minimal detectable voltage u a8 2 10*v/ (Hp /2,

Fig.2. The response of the electrometer

W to a temporal change of u,.
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4. Theoretical modeling

When an alternating voltage u,, is applied to the capacitor, the electric field E_, appears belween the capacitor
plates

i

)
Jn':':m = Tcoswt (1)

where d is the distance between the resonator and one of the plates of the capacitor. Under the action of electric field
E,, the charged resonator is acted upon by a force F,, distributcd uniformly along the length of the resonator

- 25:0[.6

Fw = 2 g U, co'fwf (2)

where g, is the dielectric constant.
The Fourier projection ¢ of exciting force F,, on the fundameatal flexural mode of oscillation y(x) is given by

41
the following expressionﬁ
l
f F(x) dx
=2 = 0.57% (3)
{ v (x) dx

Thus, the resonance displacement of the cantilever is described by the expression

Wx,t) = Q¢ Y(x) sinw! (4)

" w?

where u=~m/l, and m is the mass of resonator.
From (1)-(4) we find the expression for the amplitude of resonator tip vibrations ¥y

Qequ,, u,

(3)
2 g2

y, = 3.1—
@ hpw

The oscillation of the resonator modulates the phase of interferometer output signal. The coefficient of
conversion of applied voltage into the interferometer phase modulation is

' 4 y
S = @ _ 4131:':.-1 6)
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where 4 is the wavelength,

Substituting the parameters of electromeler into (5) and (6) we find the theoretical prediction of the
conversion coefficient 31-0.522 rad/V, which appeared to be in a good correspondence with the coefficient

§,=0.519 rad/V observed experimentally.

The fundamental reason limiting the sensitivity of the electrometer is thermal vibrations of the resonator.



The power spectral density for thermally generated vibrations can be derived from the fluctuation-dissipation

theorem’. As a result we find the ex pression for the interferometer phase fluctuations generated thermally:
, V2
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where = m w? is the bend stiffness of the resonator beam, A f is the frequency band of lock-in amplifier. In the

first case described by (7.1) the electrometer response time depends upon the width of the resonance curve, while in
the second case the response time depends only upon the parameters of the lock-in sircuit. As can be seen from
formulas (7) the utilization of lock-in amplifier with bandwidth lower than the natural resonator band allows 1o
improve sufficiently the clectrometer threshold sensitivily.

With the aid of (5),(6) and (7.2) it is possible to find the electrometer threshold sensitivity limited by the thermal

vibrations of the sensitive eclement. The electrometer operating at the resonant frequency w with a deteclion
bandwidth 2#xA f <% exhibits a minimum detectable voltage described by the following equation

2
”mln _ Efldz kT w
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(8)

Substituting the parameters of electrometer in formula (8) we find the minimal detectable voltage of

2-107%y/ (Hz) e This thermal fluctuation limit coincides with the experimental result.

The alternating voltage may be increased up to flashover voltage of 3700 V in which case the sensitivity of
JuV is predicted. The further improvement of the sensitivity may be achieved by diminishing of the resonance
frequency and the distance between the capacitor plates. An order of magnitude estimations indicate that the charge
close to the electron charge may be measured in this case.

5. Discussion

The aim of the research work presented in this paper was 1o demonsirate the operation of a new type of
electrometer and to investigate its main characteristics. The simplest scheme of electrometer has been realized in
which the regulation of the mean separation between the interferometer mirrors is accomplished by magnetic field
deviating the resonator tip. The piezoceramic scheme of interferometer regulation was also investigated (Fig.J3).

optical fiber Fig.3. The piezoceramic scheme of
interferometer regulation
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The voltage of about 30 V changed the interferomeler separation by | micrometer.

The electrometer configuration in which the sensitive resonator is placed between the capacitor plates makes it
insensitive to the external electric fields. To the contrary, when the resonator was shifted out from the plates the
sensitivity to the external electric fields was high and it is interesting for the further investigations to explore this
effect in the context of creation of a new fiber optic sensor of electric field®:

Limitations to the electromelter sensitivily may originate from several sources including as laser and photodetector
noises, as an acoustic interference. Meanwhile, the thermal fluctuation limit is of a fundamental character since it can
not be eliminated by any technical improvements. So, if the thermal noise is dominating, there is no sense 1o improve
the interferometer performance or to isolate the resonator acoustically. In the case considered in this paper the valuc
of the thermal fluctuation limit coincides with ihe noise observed in the experiment. It is not a simple technical prob-
lem to prove, that it was exactly the thermal noise that was prevailing in the experiment. Meanwhile, the foregoing
analysis shows that the thermal vibrations of resonator is comparable with all other noise sources and inevitably
will limit the sensitivity of further-generation eclectrometers of the considered type.

6. References

1. Tudor M.J., Andres M.V., Foulds K.W.H., Naden J.M., "Silicon resonator sensors: interrogation lechniques
and characteristics”, /IEE Proc., v.135, P1.D, pp.364-368, 1988

2. Andres M.V, Tudor M.J., Foulds K.W.H.,"Analysis of an interferometric optical fibre deteclion technique
applied 1o silicon vibrating sensors”, Electron. Lett., v.23, pp.774-775, 1987

3. Churenkov A.V., Listvin V.N., "Microresonator fibre optic sensors” (overview), Advances in Optical Fiber

Sensors, SPIE, pp.125-134, 1992, Sclected Papers from the International Conf. on Optical Fiber Sensors, 9-11
October 1991, Wuhan, China.

4. Mermelstein M.D., "Fundamential limit to the performance of fibre-optic metallic glass DC magnetometers”,
Electron. Lett., v.21, pp.1178-1179, 1985

5. Listvin V.N., Alexandrov A. Ju., Kozel S$.M., Churenkov A.V., "Fiber optic sensor of magnetic field with

micromechanical ferromagnetic resonator”, Letters in the Journal of Technical Physics, v.16, pp.36-39, 1990 (in
Russian)

6. Timoshenko S., Young D.H., Weaver W., “Vibration problems in engineering”, John Wiley&Sons, Inc., 1974
7. Landau L.L., Lifshitz E.M., "Electrodynamics of continuous media", Pergamon Press, Oxford, Chap.VII, 1981

8. Vohra S.T., Bucholiz F., Kersey A.D., "Fiber-optic dc and low-frequency electric-field sensor”, Opt. Leit.,
v.16, pp.1445-1447, 1991

9. Imai M., Shimizu T., Ohtsuka Y., Odajima A., "An Electric-field sensitive fiber with coaxial electrodes for
optical phase modulation”, J. of Lightwave Technology, v.5, pp.926-931, 1987



