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Resumen

El Laboratorio de Desarrollo de Sensores Magnéticos del Observatorio Nacional
(LDSM/ON) desarrolla y construye sensores y magnetometros fluxgate de alta
sensibilidad utilizando aleaciones amorfas y nanocristalinas. El Equipo de Sismo-
logia del Observatorio Nacional conduce estudios sismicos con datos del Consor-
cio IRIS. Seis nuevas estaciones con sismoémetros de banda

ancha y magnetometros de alta resolucion estan siendo instalados en el Estado de
Rio de Janeiro. Para esto, magnetometros sensibles han sido especialmente desa-
rrollados utilizando sensores con nucleos nanocristalinos (FeSiCuNbB). El sistema
registra los datos magnéticos en un rango de (0,001-100) Hz, con resolucion de 0.1
nT y ruido de 800 pT (rms).

Palabras clave: Magnetometro, sensores nanocristalinos, seismo-magnetismo.

Abstract

The Laboratory of Magnetic Sensors Development (LDMS/ON) from the Observa-
torio Nacional develops and builds high sensitivity fluxgate sensors and magnetom-
eters using nanocrystalline and amorphous alloys. The Seismological Team of the
Observatorio Nacional leads seismic studies using data from the IRIS Consortium.
Six stations using broadband seismometers and high resolution fluxgate magnetom-
eters to work combined are being installed in the Rio de Janeiro State. The devel-
oped magnetometers have high sensitive ring-core sensors made using
nanocrystalline (FeSiCuNbB) alloy. The system records magnetic data in a range
(0.001-100) Hz with resolution 0.1 nT and noise: 800 pT (rms).
Key words: agnetometer, nanocrystalline sensors, seismo-magnetism.

*  Observatorio Nacional de Rio de Janeiro, Rua General José Cristino 77, CEP 20921-400, Sao Cris-
tovao, Rio de Janeiro, RJ, Brasil.
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Introduction

The Rio de Janeiro state, situated at Brazil southeast region, has a seismic activity
characterized by low magnitude events, although there are records of events with
magnitude exceeding 4.0 on the Richter Scale.

Due to increasing off-shore construction activities taking place at Campos Basin
near the coast of Rio de Janeiro, a detailed and systematic study of local seismic
activities becomes of great importance as a tool to help accessing potential impacts
and consequent risks over the human activities on the field. In order to start such
studies, a network of six broadband seismic stations were built and will be deployed
along the region, forming a sensing array focused on local and regional seismic
activity, with special attention to offshore originated sources.

The mobilization to install the necessary infrastructure for the seismic stations
created also an oportunity to include other instruments, without significative in-
crease in costs.

In recent works (Mueller and Johnston, 1990; Fraser-Smith, A.C., A. Bernardi et
al., 1990; Johnston, Mueller, and Sasai, 1994; Fregoso-Becerra, and Garcia-
Abdeslem, 2010; Hayakawa and Hobara, 2010; Takla, Yumoto et al., 2011) there
are increasing references to some degree of correlation between geomagnetic varia-
tion and seismic activities. Mainly for large earthquakes, there are evidence of pos-
sible event predictions as magnetic disturbances sometimes happen before the
seismic occurrence with a time span that goes from minutes to hours or even days.
Studies also show that some local geomagnetic variations may be related to seismic
activity as a side effect resulting from piezoelectric properties of magnetic and
geological sites (Eleman, 1965; Sasai, 1991). Based on these concepts it was decid-
ed to include in each of the six seismic stations a triaxial magnetometer capable of
detecting and recording magnetic signals.

The well known fluxgate topology was chosen due its compact size, low con-
sumption and great parameter flexibility (Primdahl, 1970). A range of DC up to 100
Hz was chosen aiming to match its spectrum with that of the broadband seismome-
ters used. This would allow the investigation of possible direct effects correlating
seismic and magnetic phenomena.

Development

The task for the LDSM was to develop and construct six fluxgate geo-
magnetometers capable to achieve the following main goals:
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Figure 1.  Location of earthquakes in the state of Rio de Janeiro from 1720 to 1995
(source: SBG).
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Figure2. New Rio de Janeiro state seismic network. Black triangles: new proposed
seismic stations with magnetometers. White triangle: broadband National
Observatory (ON) White star: first new broadband operating since 2012.
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* To create an infrastructure for monitoring seismic and geomagnetic variations
from very low frequencies, near dc to 100 Hz in order to observe possible corre-
lations between them.

* To lead detailed seismic and geomagnetic analysis on the structure and compo-
sition of the lithosphere of Rio de Janeiro state to increase the data set for geo-
logical and geophysical studies.

The upper frequency band of 100 Hz is an unusual high frequency for geo-
magnetometers and for such we start doing tests with different sensor sizes and
construction techniques. Special attention was also dedicated to the companion
electronics aimed to read and record the triaxial signal with the required speed, low
noise, high resolution and sensitivity.

Apart from the electronic processing, the main source of noise in a fluxgate
magnetometer is its core material. Three types of noises are produced by the ferro-
magnetic material: Barkhausen, thermal and magnetostrictive. All those are related
to alloy composition, magnetic structures, and mechanical tensions within the bulk
material (Nielsen, Petersen, and Herzer, 1994; Benyosef, Teodosio et al., 1995;
Benyosef, Teodosio et al., 1996; Perez and Benyosef, 2009).

Several amorphous and nanocrystalline sample materials available at the LDSM
were tested and compared searching for a low noise and fast response material,
adequate for the proposed sensor.

20nm

HV =200kV
Direct mag : 50000x
Cal: 5,886 pix/nm
XY

Figure 3.  Electron transmition micrography of a nanocrystalline FeSiCuNbB sample
Perez, Solorzano and Benyosef, 2009.
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The testes included hysteresis characterization at several frequencies, spectral
noise measurements under fluxgate mode (that encompasses the Barkhausen noise)
and magnetostriction induced vibration. Each sample under test was assembled as a
toroidal core and mounted inside a standard fluxgate coil sensor as Figure 3.
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Figure 4.  Single axis sensor arrangement for tests (source: LDSM/ON).
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Figure 5.  Block diagram for the open circuit fluxgate test bench (source: LDSM).
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The resulting test sensors were then connected to a specially developed open
circuit fluxgate. The measurements were performed with a Stanford SR830 DSP
lock-in amplifier and a SR760 digital spectrum analyzer (Figure 5).
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Figure 7.
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Based on our benchmar results the selected material was a nanocrystalline alloy
(74.3Fel14.2Si1Cu3Nb7.5B). This material has been subjected to a special thermal
treatment at the LDSM, presenting excellent noise and linearity parameters (Figures
7 and 8).
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Figure 8.  Nanocrystalline sensor (74.3Fe14.2Si1Cu3Nb7.5B alloy) linearity test result.
Measurement performed with an open circuit fluxgate test bench and a
Helmbholtz coil (source: LDSM/ON).
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Figure 9. Nanocrystalline sensor (74.3Fel14.2Si1Cu3Nb7.5B alloy) noise test result.
Sensor under test installed inside a five layers p-metal magnetic shield (source:
LDSM/ON).
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Figura 11. Measured frequency reponse for the developed magnetometer.

Figura 12. Magnetometer (sensor and electronics) developed by LDSM/ON.

The magnetometer electronics was based on a microcontroller that interfaces to
three individual analog to digital converters in a synchronized way producing sim-
ultaneous readings for the three components signals at a speed of 250 samples per
second. Three fast, high resolution 24 bits CMOS sigma-delta analog to digital
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converter (ADC) were used. The ADC readings are compressed and stored in a SD
memory card for posterior processing and correlation with seismic data.

After the core material selection and the electronics assembling, a frequency
response measurement was performed. To this test a variable field sweeping from
zero to 150 Hz was produced by a Helmoltz coil, drived with a signal generator and
a lab amplifier in current mode.

The final circuit includes also a real time clock for time stamping on recorded
data and a provision for connection through an Ethernet interface. This interface
can be used in the future for remote control and data acquisition.
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