% UMR 6072

%s

3

CNRS THEMATIC SCHOOL
PORT-BAIL - VVF CENTER
50580 PORT-BAIL
FRANCE

INTERNATIONAL SCIENTIFIC SCHOOL

HIGH SENSITIVITY MAGNETOMETERS

EUROPEAN OFFICE OF R&D OF THE USAF
UNIVERSITY OF CAEN
CONSEIL REGIONAL DE LA REGION BASSE NORMANDIE

"SENSORS & APPLICATIONS" pld
NOVEMBER 4-8, 2002 —

| —

<

| s—

>

SUPPORTED BY —

5

—~J

CTEBTRE RATIONAL
DE LARFUHER(HE
SCIENTIACUE

N 3
DISTRIBUTION STATEMENTA., ,a &7 %8
Approved for Public Release
Distribution Unlimited




REPORT DOCUMENTATION PAGE

Form Approved OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for
maintaining the data needed, and completing and reviewing the collection of information. Send comments i

¥
this burden esti

data sources, gathering and

including suggestions for reducing the burden, to D of Defense, Washington Head

or any other a;pect of this collection of information,

8ew§cestirecmfate for Information Operations and Reports (0704-0188), 1215 Jefferson

Davis Highway, Suite 1204, Adingion, VA 22202-4302. Respondents should be aw;re that nct;féthstanding any other provision of law, no person shall be subject to any penafty for failing to comply

with a collection of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE
31-01-2003 Conference Proceedings

3. DATES COVERED (From — To)
4 November 2002 - 8 November 2002

4. TITLE AND SUBTITLE

High Sensitivity Magnetometers 'Sensors and Applications'

Sa. CONTRACT NUMBER

Fe1775-02-WF077

5b. GRANT NUMBER

5¢c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)

Conference Committee

5d. PROJECT NUMBER

5d. TASK NUMBER

Be. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
University of Caen
Dept. Sciences Pour llingénieur
6, Bd du maréchal juin
CAEN, 14050
France

8. PERFORMING ORGANIZATION
REPORT NUMBER

N/A

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

ECARD
PSC 802 BOX 14
FPO 09499-0014

10. SPONSOR/MONITOR’'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT NUMBER(S)
CSP 02-5077

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The Final Proceedings for High Sensitivity Magnetometers 'Sensors and Applications’, 4 November 2002 - 8

November 2002

Magnetic sensors designed to operate both at room temperature and at cryogenic temperatures. Applications of these
sensors will also be addressed, including non-destructive evaluation of composite materials, magnetic anomaly

detection, space magnetism, and geomagnetism.

15. SUBJECT TERMS
EOARD, Magnetic Resonance Spectroscopy, Quantum Well Devices

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18, NUMBER | 19a. NAME OF RESPONSIBLE PERSON
+ REPORT b ABSTRAGT | c_ THIS PAGE ABSTIZ?CT OF ;AGES David M. Burns, Lt Col, USAF
UNCLAS UNCLAS UNCLAS

18b. TELEPHONE NUMBER (include area code)
+44 (0)20 7514 4955

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39-18

Gog 07




We wish to thank the following for their contribution to the success of this conference:

Centre National de la Recherche Scientifique

European Office of Aerospace Research and Development,
Air force Office of Scientific Research, United States Air Force Research Laboratory

University of CAEN

Conseil Régional de Basse Normandie




SCIENTIFIC COMMITTEE

G. BARTINGTON, P. SEIDEL, P. RIPKA, J. RANSON, K. MOHRI,
D. DURET, A. FERT, D. PLACKO CH. DOLABDIIAN, D. ROBBES,
M. LAM CHOK SING, D. BLOYET, S. FLAMENT, H. GILLES

LOCAL ORGANIZING COMMITTEE

CH. DOLABDIIAN, D. ROBBES, M. LAM CHOK SING, H. GILLES, S. FLAMENT

Contact:

Pr. CH. DOLABDIJIAN

GREYC (GROUPE DE RECHERCHE EN INFORMATIQUE, IMAGE ET INSTRUMENTATION DE
CAEN)

6, BD DU MARELCHAL JUIN

F-14050 CAEN CEDEX

EMAIL: c.dolabdjian@greyc.ismra.fr
WERB: http://www .greyc.ismra.fr/Equipelnstru/cdolabdjian/index.html




uoyvvdadd 421504

10afoad NVAdOINT
: 3jqe) punoy

SHHOC

61Yp] ‘24npvdaq

4auul(] doysy4op (0OHIZ-00HOZ)42uuid Aouur(q Jauuq 0£Y0Z-0£461
uolindadd 42150 00461-00UST

§9qQq0Y 'd
suopediddy SI0SUdS Lioma0qu) DATUD Jo uoyvpasasd | OOUST-OPULL

;uonejuadsaad J93sod

ruonpejuasaad 131s0g

ISUD 01 UIDL] BQIA [ OPULI-Q00YULY
R I 12YOUN S N D pjsuewng, ‘S u01393(3.1 32.1N0S ISION
UouDIS SAUSOIDA SuiSewnt YN PPY Mo AD “YAD AN 004LT-0TU9T
¥D2.4q 22fJ07) 410} Su12251Y 318 yvaiq 2afjo) ¥va4q 22[f0D 0ZY9T-00Y9]
oL myndug "y ‘suoyedlddy YWD YD YN uerlpqejod D
wispaugeuroryg s1yIQ OOHE[ -24nuvdaq :SI0SUIS JAIISISAI0)UTRIA uonedjIadg SI0sUag 00Y4Y91-0TUST
I H £ -24nuvdaq oyeIg 1oL ‘N puIuEg
Aydeadoipaedojaudejy S.10SUJS IAIIONPUIOIIUTBIA] exdry d 0ZUST-0tuUPT
BQIA [ Sunyos ‘W MIIAIIA() SI0SUIS
Aydeadoeydadugojousen amnos d1jeuBe A OPUPI-00UrT
SPYET-SPYTT
JonIqzInary ‘A ‘UonIdp UnBIN d uetlpqejod D
suogeoyddy :9|qe) punoy 109J9p parmnyg HAN J9j0uwojpudew H] X ‘uonponpoxyuj % SutwddQ | OTYZI-0EYTY
Joyoequopneq "J UBYSEX 'V ‘UO0I}IINIP O ——— IOSSOIN "A
A£d0dS0IDITA] d1JoUBEIA 199J9p eJans HAN 10SUdS [[eH 0EYTT-0SYOL
[meld 'v [yepwtid ‘o 3urg yoyD weT ‘W [qepWid "o
suonedddy s19y30 Anjpowojpusdeyy ddedg JIUYII ], UONONPIY ISION | SIdjawW0PUSeIA edxn| ] 0SUOT-0TYOT
yv2.4q 22[J0D ypa4q 22fJ0) Ap24q 224/0) yp24q 22{/0D 01401-0546
YemoN 'H uossey ‘f Joyoequapneq ‘o uBysex 'y warLLy 1]
SuIppRIYS A1V wISIUZBUI0dN) JI9)9wojugewry SJOSURS uondNpuy 0SU6-0TU6
rewenbrd "q ZaInog " X juswel 'S 10897 NI
suonpedndde [22130[01)9]A | UOIDINAP A[BWIOUE DIJOUSRIA] ando-ojaudey SI9ja10)uZeUl AN[OSq Y 0T46-0€U8
SIY§-SIYL

AepLij

AepsanyJ,

ACPSIUPIAA

Aepsang,

ABPUOJA

O0SHTZ-0EHOZ 3¢ Iouuip yyim (*y g1 I9)je) Suruasa Aepung uo uiariie syuedpnied 10y pague.Lie 3q [[I4 UOHEPOWIWIONDY

(Z00Z ‘8-t 412qQuIdA0N]) WDL304J




CONTENTS

SENSORS oottt ettt a4 s 4 e s e s em s ettt s st e s et et e e e e reneeeeanaeen 5
Magnetics sensors OVErview (P. RIPKa) .....cocucciiiiiee ettt eee e naeen 6
Magnetics Sensors Specifications (C. Dolabdjian) ..........ccoeuieieeereiirrreecceeececeeeeee e 8
Rejection of n0ise SOUICES (J. VIDA).....c.covuiiviireeeiirieirieeieeeiee ettt ne et seeeeeeseeneseen 10
Absolute magnetometers (JIM. LEZEI) . ..ottt st et eeeeeseseeasesssse e s ensanas 12
Inductive sensors: High-spatially resolved material characterisation with Barkhausen noise and Eddy
current MIcroscope — BEMI (A.YASHaN) ......cccoeuieiieeiiiieieirisiee e aes e s sessee e s ene e seneeean 13
Fluxgate Magnetometers (F. Primdahl) ........cccooeirinririneecicecr et sene s 15
Sensors & Use — Hall Effect SEnsors (V. MOSSEI)....ivuveiiiieeieeeeiiecciteceeeeeeeeseesssssessessssssssssrsssessesssssens 19
YIG magnetometer (P. NIKIN).....occoiiiiiiiiriiriiinneicsineneseecsese s sseseseeeresesseses s e e seseseseseeetesennssees 23
SQUID ”Superconductive Quantum Interference Devices”, Physics and Applications (M. Schilling)..25
Giant Magneto-Impedance in Structured Materials for Miniature Magnetic Sensors (L. Panina).......... 27
Thin Film Magnetoresistive sensors (S. Tumanski) ........coeeerieeiieeiieeccececcceeseeeee e eeene e 28
Magneto-optical magnetometry (S. FIAMENT) ....c.covmiiiiiiieeee et 30
Fundamentals and Applications of y Magnetometers (F. Baudenbacher) ......uovveuveeeeeeeeeeeeseeeeeeverenns 31
Noise reduction technic (M. Lam ChoK SINE) covvoiieeiiiiiiieecieeececeect e eceeeecasssessessessssssesesssssssssssens 32

APPLICATIONS ..ottt s e s e s e st e s s as s e s e se s s e atesmsta et e saasssonsonesssssaressas e erees 33
Magnetic anomaly detection —~Military Applications (Y. BOUIEZ).....ccoeeevruereuerirerereeieeeeeeeeeeeeeeeeeeeeenene 34
Use of “HiSen” Magnetometers in Geomagnetism (J. RaSSOM).....ucviviriiiieeierieeeeeeeeereeeeeesseessessessesnnes 35
Space Magnetometry (F. Primdahl) ..ot neeetecseress e ss e 36
Non-destructive testing and evaluation of materials using magnetic sensors: Surface and surface near
defect deteCtion (A Y AShaN) ..ottt et s e e s e e s e e e e s s e e s e e saeese e e erneeneenes 40
NDE: Buried defect detection using sensitive magnetometers (M. Kreutzbruck).........ccooevveeveveeveeeennene. 42
MagnetoEncephalography (J. VIDa) ....cccoiviiiiiiieceee et 43
Magnetocardiography (M. Ter BFaKe) ...c..occoiriiiiieieeeiet ettt en s essen st n e e e 45
Others Biomagnetic application:, SQUID System for Biological Immunoassays (K. Enpuku).............. 47
NMR and MRI with SQUIDs at Ultralow Magnetic Fields (J. Clarke)......oooveieeeeeeeeceeee e 50
Metrological applications (F. PIQUEMAL).......cccoriirimiiieiereeeesseee et ee s es et essene oo 52
Active Shielding to Reduce Low Frequency Disturbances (H. NOWaK)........oovevreeeereeeeeeeeseeeeeeseees 53
Others Applications (A. PLatil) .....c.cceeriiiiieeeee ettt ee et s st ene e 56
Magnetic Microscopy using SUID sensors (F. Baudenbacher) .......coouccvvcieiviceeiceii e 58
LSt OF SPEAKETS....cvreiiticc ettt bbbttt b s e nrnans 59
LISt Of PATTICIPANES.......cviiiiiiiieiiiccie bttt b bt se s et eaeabens e enes 60




SENSORS




Magnetics sensors overview (P. Ripka)

Pavel Ripka

Czech Technical University

Technicka 2, 166 27 Praha 6, Czech Republic,
Email: ripka@feld.cvut.cz

The main types of magnetic sensors are:

Semiconductor sensors (mainly Hall)

Permalloy magnetoresistors (AMR, GMR)

Resonant magnetometers (Proton, Cesium, Overhauser)
SQUIDs (LTS + HTS)

Induction coils, rotating coils

Fluxgate

Optical (Fibre optic and thin-layer)

Other principles (M1, GMI, magnetoelastic, force, ...)

0 N O R N

INDUSTRIAL SENSORS

Vast majority of produced magnetic field sensors are Hall devices and their main application is position
sensing with help of permanent magnets. Hall sensors are cheap and they can be easily integrated with
electronic circuits. However they will be gradually replaced by more sensitive ferromagnetic
magnetoresistors: AMRs (anisotropic) and GMRs (giant) and in the future also SDT (spin-dependent
tunneling) devices. These allow to use smaller or cheaper magnets and increase the sensing distance. Hall

sensors are the only practical semiconductor magnetic field sensors. Semiconductor magnetoresistors,
magnetodiodes and magnetotransistors are either outdated or exotic devices.

Magnetoinductive, magnetoimpedance (GMI), CMRs and magnetostrictive field sensors are unlikely to
become widely used by industry because of their questionable stability and high price.

HIGH FIELD SENSORS

They include optical and force sensors. Magneto-optical sensors have an application potential in the
measurement of large electrical currents (“optical transformers”). Also microfabricated force sensors can
work linearly in very high fields, but have poor resolution in low fields.

SENSORS FOR MAGNETOMETERS

Magnetometers are produced in low volumes and the price of the sensor is not so critical. The most
precise Earth’s field magnetometers can detect sub-nanotesla variations. They combine absolute precision
of resonant magnetometer with directional sensitivity of fluxgate sensors.

For sensor selection it is important to consider the following questions:

SCALAR VERSUS VECTORIAL

Scalar sensors measure the total value of the field, while vectorial sensors are directional. Scalar sensors
are based on resonant principles and usually measure absolute value with large precision. Their main
disadvantage is usually the sensor size and limited measuring range — they fail in zero field.




Magnetic field vector can be calculated from the readings of the scalar sensor if we add to it well defined
precise field steps of changing directions. Also total field value can be calculated from reading of three

orthogonal vectorial sensors. It is important to use instantaneous samples for this calculation to avoid
dynamic error. But these indirect techniques bring additional errors.

LOW- OR ROOM-TEMPERATURE

SQUID sensors measure only small field changes. Their full-scale range is very limited and they are
rarely used for direct measurements ~ they are usually configured as high-order gradiometers. Although
SQUID:s are in principle fast, flux-locked magnetometers cannot follow fast field changes. While the most
popular are the biomagnetic applications such as MEG, most of SQUID magnetometers are used to

measure magnetic properties of small and/or magnetically weak samples. High-temperature SQUIDs
which work in liquid nitrogen are noisy.

ACorDC

If induction coils do not move, they measure only AC fields. Most other magnetometers measure also DC
field component. Some induction magnetometers use the search coil in current-output mode. This makes
the sensitivity independent of frequency (in limited frequency range) and also can give low noise.

FERROMAGNETIC OR NOT

Ferromagnetic concentrators are sometimes used to increase the sensitivity of Hall sensors or
magnetoresistors. For the same purpose some induction coils use ferromagnetic core. This technique can
degrade the sensor linearity, but main danger is perming error caused by magnetic hysteresis. For proper
operation the core or concentrators should be periodically demagnetized, which is rarely implemented in
existing designs.

Fluxgate sensors are based on nonlinear properties of ferromagnetic material. The core is periodically
saturated which should remove the perming — nevertheless only very expensive fluxgates reach the
precision of absolute resonant sensors.

Many principles can be used for measurement of the magnetic field — but the selection of magnetic sensors
for practical applications is very limited.




Magnetics Sensors Specifications (C. Dolabdjian)

Christophe Dolabdjian

Groupe de Recherche en Informatique, Image et Instrumentation de CAEN

6, Bd du maréchal Juin, F-14050 CAEN Cedex
email : c.dolabdjian@greyc.ismra.fr

http://www .greyc.ismra.fr/EquipelInstru/cdolabdjian/index.html

INTRODUCTION

Besides other well known sensors, magnetic sensors have specific peculiarities. They can be
describes like classical electronic systems [1] and completed with their specific characteristics. In general,
manufacturer’s datasheet or researcher’s scientific publications give some of them, but do not mention

numerous others. The objective of this talk is to give an overview of the most important magnetic sensor
characteristics so as to clarify sensors comparison and use.

CHARACTERISTICS

Table I resumes magnetic sensor characteristics in homogeneous or in inhomogeneous magnetic
field detection with or without spatial filter configuration using gradiometric structure. In practice, all
these absolute specifications should be given in the units of the measurement. Some of them, like
sensitivity, should be referred to the sensor output information and the measuring conditions should be

specified.

Homogeneous magnetic field

Classical
- Sensitivity (V/T, Hz/T, A/T)
- Equivalent noise spectral density referred at the input,

including the white noise level and the low frequency
excess noise.

- Signal to Noise Ratio

- Dynamic range

- Bandwidth

- Slew-rate

- Linearity

- Working type (Open Loop or Flux Locked Loop)...

Static or Ultra Low frequencies

- Long term stability and ageing

- Sensitivity parameters to temperature drifts and other
external parameters inducing possible drifts

- Hysteresis, Perming (offset after an important magnetic
field perturbation)

- Field gradient sensitivity...

Spatial response

- Field Diagram (Ex: variable axis magnetic field response
versus a homogeneous magnetic field)

- External size of sensor, packaging, minimal distance
(source - sensors)

Electromagnetic Compatibility
- Electromagnetic  compatibility
perturbation sensitivity)

(Electromagnetic

“Real world” characteristics

- Main signal and noise characteristics of the sensor-
operating environment

Industrial

- Working temperature range...

- Power needed to operate the devices (Ex: with and
without cryogenic refrigerator)

- Portability

- Price...

Inhomogeneous response (Ex: magnetic moment response
versus a magnetic dipole) - “When sensors could not be
considered as a punctual sensor”

- Evolution of the classical characteristic
- Spatial resolution

Gradiometer
- Evolution of the classical characteristic

- Noise level rejection versus noise gradient
- Spatial filter characteristic...

Table I: Main magnetic sensor characteristics




It is possible to classify these characteristics in six groups (classical characteristic [2], “real world”
characteristic (open environment), static or ultra low frequencies characteristic [2], spatial response,
ElectroMagnetic Compatibility and industrial characteristic) (see Table I) and complete them by some
multi sensors parameters (see Table II).

MULTI SENSORS CHARACTERISTICS

Multi sensors evolution parameters

- Reproducibility
- Integrability of the technology
- Cross-talk...

Table II: Main magnetic multi-sensors characteristics

CALIBRATION

The main part of this characterization can be made with pre-calibrated Helmholtz coil pair. The
disturbing field should be small; the ideal calibration coil is located, ideally, in a thermostated
nonmagnetic house far from the sources of magnetic pollution. The noise measurement can be made in
magnetic shielding or shielded room. The sensor’s spatial resolution can be achieved with an equivalent
magnetic moment as source.

OBJECTIVES APPLICATIONS

Table IIl resumes needed sensor performances or specifications versus magnetic sensor
characteristics and environment.

Synthesis table: Application (Requested performances) - Allowed offset variation

- Amplitude of magnetic field perturbation

- Sensitivity - Field gradient level
- Noise level - Working temperature range
- Optimal signal to noise ratio - Accessibility

- Dynamic range
- Bandwidth
- Slew-rate

- Electromagnetic Perturbation
- Needed magnetic spatial resolution

- Linearity
- Time of measurement (integration)
Table III: Main needed sensor performances versus applications

In conclusion, sensor characteristics are numerous. Generally, only some or requested
performances are given according to the main objective sensor application. Meanwhile, to clarify the
sensors comparisons and use, it will be necessary to develop these characterizations and some new critera
like Merit Figure [3] can be introduced.

REFERENCES

[1] Analysis and Design of Analog Integrated Circuits, Paul R. Gray, Robert G. Meyer. Third Edition.
John Wiley and Sons, Inc. 1993. New York

[2] “Magnetic sensors and magnetometer”, Editor : P.Ripka, Artech house, 2001 Artech HOUSE, INC,
685 Canton street, Norwood, MA 02062

[3] C. Dolabdjian, A. Qasimi, D. Bloyet, Physica C 368(2002), 80-84




Rejection of noise sources (J. Vrba)

Jiri Vrba
CTF Systems Inc., A subsidiary of VSM MedTech Ltd., Port Coquitlam, B.C., Canada

Superconducting quantum interference device (SQUID) based magnetometers are the most sensitive
detectors of magnetic fields presently available. Their most important commercial application is to
magnetoencephalography (MEG). Modern multi-channel MEG instruments typically have several
hundred channels and the MEG alone is the largest consumer of the SQUID magnetic sensors with well
over 12,000 SQUIDs installed to date. The MEG systems are usually operated within shielded rooms. But
even within these shields a large residual environmental noise is present and deployment of highly
efficient noise cancellation techniques is required. This presentation will concentrate on these noise
reduction methods. First, construction of SQUID sensors will be briefly reviewed, followed by a
discussion of practically achieved sensitivities. The SQUID sensitivity will be contrasted with the typical
environmental noise magnitudes and answer to the question of “how much noise cancellation is necessary
for MEG applications” will be suggested. Then various noise cancellation techniques will be discussed,

including shielding, noise cancellation by primary sensors, reference based noise cancellation, active
shielding, and noise cancellation by spatial filtering.

SQUID SENSORS AND NOISE

The SQUID sensors themselves are usually not directly suitable for detection of the required magnetic
fields. For these reasons the SQUIDs are coupled to superconducting flux transformers, which consists of
pickup coils, leads, and coupling coil; the pickup coils are designed for a good match to the measured
fields. Because the flux transformer circuit is superconducting it does not contribute noise and its
frequency response is flat from dc up to the maximum operating frequency. The pickup coils play an
important role in noise cancellation and they can be configured to represent magnetometers, 1%-order, or
higher-order hardware gradiometers. The noise cancellation requirements, especially in unshielded
environments, dictate stringent performance parameters on the SQUID sensors and electronics: large
dynamic range, high slew rate, good linearity and good matching between SQUID channels (similar

requirements are also important for successful analysis of MEG signals by array signal processing
methods).

Noise acting on an MEG detection channels can be roughly divided into three components: (1) Random
noise which is due to SQUID sensors or their electronics. This noise is uncorrelated among channels; (2)
Environmental noise caused by moving magnetic objects or electric currents, e.g., cars, elevators, power
lines, electric machinery, etc. This noise is usually caused by distant sources; and (3) Near-field noise due
to electrophysiological activity of the human body, e.g., muscles, heart, eyes, parts of the brain which are
of no interest, etc. The environmental and body generated noise are correlated among the channels. The
SQUID sensor sensitivity (or the random noise in part 1) is in the range of femto-Tesla (fT), while the low
frequency environmental noise magnitude within shielded rooms can be as high as 10 nT and about 1 OT

unshielded. This represents dynamic range of up to about 10° and also indicates the degree by which the
noise should be reduced.

NOISE CANCELLATION

Noise cancellation is usually accomplished by a combination of complementary hardware and synthetic
methods including shielding, suitable design of pickup coil geometry, reference based methods
(gradiometers and adaptive), active shielding, and by spatial filtering.
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Shielding is the simplest approach to the noise reduction. The present biomagnetic systems are typically
operated in shielded rooms with modest low frequency attenuation of less than 100 and attenuation
increasing at higher frequencies. In addition to shielding, optimization of the flux transformer pickup coil
geometry is the next obvious hardware method for the noise reduction. Since the signal-to-noise ratio
(SNR) is the most important parameter which determines the MEG ability to detect brain sources, the
pickup coils are designed to optimize the SNR by maximizing the brain signal magnitude while
minimizing the detected environmental noise. The SNR optimization leads to gradiometer pickup coil
configurations with relatively short baselines (3 to 8 cm). Active shielding is the third hardware method
considered in this presentation. It will be shown that the active shielding with practically dimensioned
coils contributes large gradients and is not suitable for MEG systems which employ gradiometers.

The MEG sensor array typically consists of primary sensors and references. The primary sensors are
exposed to the brain fields and the references are used for noise cancellation. The primary sensors are
usually magnetometers or 1¥-order hardware gradiometers. It is also possible to construct higher-order
hardware gradiometers, however, they are bulky, laborious to produce, and inaccurate. For these reasons
synthetic gradiometers were developed. Synthetic gradiometers are generated by subtracting a linear
combination of the reference outputs from the primary sensor outputs. The references can also be utilized
to synthesize different systems than gradiometers. For example, the subtraction coefficients can be
determined to minimize noise observed during a “training” period. These adaptive systems can exhibit
better noise cancellation than the gradiometers, however, while the gradiometer coefficients are universal

and independent of the noise character or the dewar orientation, the adaptive coefficients depend on both
and may have to be re-determined frequently.

A powerful noise cancellation can be achieved by spatial methods. The simplest such method is signal
space projection (SSP). The measurement is represented by a vector in a multidimensional signal space,
where the number of dimensions equals to the number of channels. Vectors corresponding to the noise are
estimated (e.g., by measuring noise in the absence of a subject) and the measurement is then projected to a
subspace orthogonal to the noise subspace. Such projection eliminates the noise while it preserves the
signal, provided that the signal is not entirely in the noise subspace. A more selective method is to use
beamformers. Beamformer is a spatial filter corresponding to a selected location and constructed as a
linear combination of the measurements. The weights of this linear combination are determined by
minimizing the filter power subject to the condition of unity gain from the investigated location. The
beamformers isolate signal from the selected location by projecting sensitivity nulls to the vicinity of the
interfering sources. The beamformers are more selective than the SSP and efficiently eliminate the far-
field environmental and near-field body generated interference.

The existing MEG systems utilize diverse noise cancellation methods. Combination of these methods was
shown to reduce noise by up to more than seven orders of magnitude to the levels that are adequate for

high quality detection of the brain signals. Some methods, especially the spatial filtering methods, are
used both for noise cancellation and for interpretation of MEG signals.

11




Absolute magnetometers (J.M. Léger)

I M. Léger
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Inductive sensors: High-spatially resolved material characterisation with Barkhausen noise and Eddy
current MIcroscope — BEMI (A.Yashan)

Andriy Yashan

Fraunhofer Institute for Non-destructive Testing, IZFP, University Building 37, 66123 Saarbruecken,
Germany

Email: yashan@izfp.thg.de

Inductive sensors are one of the oldest types of magnetic field sensors and stay the most usual sensor type
for the electromagnetic methods of non-destructive testing of materials. The following paper is dedicated

to material characterisation with eddy current (EC) technique and Barkhausen noise measurement using a
small induction sensor.

In the EC technique, the excitation coil of the EC transducer is driven by a small alternating current. The
variables are the operating frequency (EC frequency) to influence the sensed volume depth by the skin
effect and the sensor design. The electromagnetic field caused by the excitation current is affected by an
electrically conductive and / or ferromagnetic specimen under test. All microstructure changes of
specimen influencing the electrical conductivity and / or the magnetic permeability as well as geometrical

discontinuities (defects) can be detected by measuring the voltage induced in the detection coil of the EC
transducer.

In magnetic Barkhausen noise measurement, electrical pulses are induced in an inductive sensor by tracing

the hysteresis curve (magnetisation curve) of a ferromagnetic specimen. Frequency spectra of the detected
pulses are in the range between 0 Hz (dc) and 2-3 MHz.

B
!
hysteresis loop ’
H T RO [Avem)
.
[ b EEEEEEEEE M, (Ferrite)
magnetic ; _
Barkhausen noise A M, (Cementite)

" H [A/em)

Figure 1: Barkhausen noise profile curve of a pearlitic microstructure state

One common signal processing technique after receiving and amplification of the voltage pulses is band-
pass filtering, followed by rectifying and low-pass filtering. As function of the applied field (x, y-
presentation) profile curves like that shown in Figure 1 can be documented. Single and multiple peaks are
detected, depending on the number and on the noise activity of different involved magnetic phases in the
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material. Therefore, different peak maxima, peak separations and the peak width can be derived as
characteristic parameters. In Figure 1 the relationship to coercivity is also indicated.

Using the Barkhausen Noise and Eddy Current Microscope (BEMI) developed by IZFP Saarbruecken
enables fast measurement of magnetic properties with the spatial resolution down to 10 um [1]. The used
induction sensor is a coil system with magnetic circuit consisting of a small yoke with a very small air gap
of approx. 0.1 um. The computer-controlled positioning unit of the BEMI allows the sensor to find

selected measuring points or to produce measuring scans. The integrated three-axis positioning system has
a positioning accuracy of < 1 um for all directions,

Figure 2: Eddy current microscopy image of thickness variation of a thin film (left) and
the optical image as a reference (right).

Figure 2 (left) shows the result of EC measurement using BEMI obtained on a thin polyimide film with a
depth of 400 nm on a ferrite body. The size of the scanned area is 10*8 mm?’. The information in the

indicated frame is in accordance with the optical microscope image (Figure 2 right) that shows Newton
rings due to the variation of the film thickness.

The Barkhausen noise measurement using BEMI enables fast imaging with high local resolution of
residual stress distributions in specimens [2].
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INTRODUCTION

The fluxgate magnetic field transducer is basically a small transformer with a ferromagnetic core,
which is sensitive to external dc and low frequency ac magnetic fields. The core is periodically saturated
by a large primary ac excitation current (typically in the range S50Hz to 50kHz). The secondary coil picks
up a distorted induced signal, where certain characteristic parts of the distortion carries the information
about the external B-field coupled to the core,

The first description of the fluxgate used to measure magnetic field fluctuations is believed to be
by Aschenbrenner and Goubau (1936), who used a ring-core sensor as early as in 1928 [Geyger, 1958].
The need for magnetometry for surveys and geological exploration spurred the development of sensors
and electronics during the 1940’ies and 1950’ies [see e.g. the review by Primdahl, 1979], and following
many sounding rocket launches, the first magnetometer (a fluxgate) was launched into Earth’s orbit
onboard Sputnik-3 in May 1958 [Dolginov, 1998].

Following a brief summary of the range of performance parameters, the remaining part of this

paper discusses the sub-systems of a high-performance vector magnetometer and touches upon the
instrument calibration procedures.

PERFORMANCES PARAMETER

The ideal ferromagnetic material has a remarkable symmetry for magnetization by external fields
in the sense that a change of sign of the external field produces exactly the same magnitude of
magnetization in the material but in the opposite direction. This property is fundamental for the intrinsic
solid-state physics of the magnetic materials. The balance is demonstrated by the fact that the amorphous
magnetic material VITROVAC 6025 [Vacuumschmeltze, 2002] has a saturation magnetization (u,M)
equal to ~ 0.5T. The zero-level offset is typically about 5 nT with a stability over time and temperature of
fluxgate sensors made of this material of ~0.5nT [Olsen et al., 2002}, i.e. a symmetry of the order of 10°®
and a reproducibility of the order of 10? of the magnetization process.

The output response of a well-designed fluxgate sensor is (for modest fields) linear [Acuna and
Ness, 1975] and proportional to the cosine of the angle between the external field vector and a
characteristic magnetic axis of the sensor [Acuna and Pellerin, 1969]. An orthogonal combination of three
fluxgate sensors then measures the vector components of the external magnetic field. The equivalent
noise power spectral density of a high-quality fluxgate sensor follows the 1/f-law at ultra-low frequencies,
and is reported to be well below 20pTm in a frequency band from 0.01Hz — 10Hz [Nielsen et al., 1995 &
1997, Primdahl, 1979]. Larger ring-core sensors have lower noise, and for 25mm diameter cores the noise
power spectral densities are reported as low as 2.8;3’1‘:"1—12”2 at 1Hz (stress-annealed V6025) [Peter Brauer,
private communication, 2000] and 3.8pT/Hz'? at 1Hz (annealed crystalline permalloy) [Ripka, 2000, p.
107]. The Voyager magnetometers achieved an RMS noise in a “dc-1Hz” bandwidth of 1pT in the quietest
environment in the solar system — the Jovian tail [M.H. Acufia, private communication, 2002]. The
frequency response may approach the excitation frequency. However, at about 1kHz the sensitivity of an
induction coil of comparable dimensions crosses that of the fluxgate [Ripka, 2000]. Ground-based
Magnetic Observatory magnetometers have typically 1Hz response frequency [DMI], many satellite
magnetometers have sampling rates in the range from 10 to 100 samples/second or higher, and sounding
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rocket instruments may have responses in the kHz-range [Pedersen et al., 1999; Ripka et al, 1995]. A

high-performance space magnetometer may consume less than 400mW and weigh less than 600g
including sensor and cable.

THE FLUXGATE SENSOR

The saturation of the core causes symmetric distortion (odd harmonics) of the primary excitation
waveform at the output, whereas a superposed dc magnetic field upsets the magnetization symmetry and
causes an asymmetric (even harmonics) output to appear. For small fields (below ~1uT) this is near
proportional to the external field component along the sensor magnetic axis. Viewed in the time domain,
the core looses its permeability for the external field whenever saturated; the external flux is then
periodically excluded from the secondary coil, and this change induces the field-dependent signal. This
gave rise to the US-name “Flux-Gate”, originally coined by Bendix Aircraft Corporation.

Many sensor designs have been devised and optimized for suppressing the symmetric saturation-
distorted signal and enhancing the external-field-dependent asymmetric signal, the double-rod sensor and
the ring-core being the most common [Primdahl, 1979; Ripka, 2000]. A feed-through to the output of the
excitation signal exists even in the best-balanced sensors. This means that the even-harmonics content in
the excitation current should be kept correspondingly low, and that the field-dependent even-harmonics
sub-nT signal must be detected in a background of 0.5 - 5uT over-coupled odd-harmonics.

For low-power excitation of the ring-core fluxgate sensor a parametric resonance primary drive
circuit is widely used [Berkman ez al., 1972; Acuna, 1974]. By tuning the secondary coil to (or near) one
of the even harmonics, the field-dependent output signal may be enhanced or amplified by parametric
resonance in the output circuit [Ripka and Primdahl, 2000].

The B-field inside the sensor core material is related to the external dc field B, by the core material
susceptibility ) and the geometry-dependent demagnetizing factor D: B = {1+ 2 )/(1+ Dy)}B, . Double-

rod sensors typically have D = 1-3x10™ and ring-cores have D = 0.4-4x10” [Primdahl et al., 2002b].

SIGNAL PROCESSING

The sensor secondary coil is coupled unloaded to the high-impedance input of the signal-
conditioning amplifier, or short-circuited by the low-impedance input of a current-feedback operational
amplifier. The coupling may be broadband or band-limited by tuning the sensor secondary [see Ripka and
Primdahl, 2000, and references therein]. In the frequency domain one of the excitation even harmonics
(usually the second) in the unloaded/tuned sensor signal is filtered out and synchronously detected under
phase control of the excitation signal. The detector output is a double-rectified sine wave whose dc
component is proportional to the external magnetic field component along the sensor magnetic axis. In the
time-domain the broadband current impulses from the short-circuited sensor are synchronously gated
under timing control of the excitation generator circuit. Again, the dc content of the impulse series output
is proportional the external field along the sensor [Primdahl et al., 1989].

Rather than using the dc content of the synchronously detected sensor signal directly as the
measure of the magnetic field component, a feedback loop is established by connecting the detector output
through an integrator and via a voltage-to-current converter (often just a large resistor) to the secondary
coil or to a separate feedback coil [Primdahl and Jensen, 1984]. The feedback current establishes a
balancing magnetic field that near-cancels the external field along the sensor axis. Only a very small
residual field remains, just sufficient to sustain the feedback current via the large loop gain. This current is
then a highly linear replica of the axial external field, and by measuring the current directly only the eoil
linear temperature expansion coefficient needs to be compensated for.

Analogue signal processing followed by an output analogue-to-digital-converter (ADC) is still
dominantly used, but instruments implementing the filtering, detection, integration, feedback generation
and the telemetry interface as algorithms in a digital signal processor were successfully flown onboard
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several sounding rockets and on the Swedish micro-satellite Astrid-2 [Merayo et al., 2002; Pedersen et al.,
19991.

CALIBRATION

The calibration matrix and offset vector define the intrinsic sensor coordinate axes. The x-axis is
taken along the first physical magnetic axis. The y-axis is perpendicular to the x-axis and taken in the
plane extended by the first and the second magnetic axes. The z-axis then completes the right-handed
orthogonal coordinate system. The calibration of a tri-axial fluxgate sensor consists first of the
determination of the parameters of the intrinsic reference system, i.e. the scale values S;53, the offsets
0123 and the inter-axes deviation angles from orthogonality v;,3 [Risbo and Olsen, 1996; Olsen et al.
2002]. Next, the directions of (at least) two externally accessible reference axes (optical mirror normals or
mechanical surfaces) shall be determined in the intrinsic sensor reference system. The optical/mechanical
reference axes constitute the link to any external coordinate system, e.g. geodetic or satellite coordinates,
etc.

The nine calibration parameters above constitute a linear and invertible model (in B), and the
determination may be done in a calibrated test coil system using the “Thin Shell Method” [Risbo and
Olsen, 1996; Risbo ez al. 2002]. Alternatively, the intrinsic parameters may be determined by rotating the
fluxgate sensor in the Earth’s field (monitored by an absolute scalar resonance magnetometer) by the
“Scalar Calibration Method” [Merayo ez al. 2000] The link to the SI-unit for magnetic field is established
by the calibration of the test coil system or by direct comparison with the readings of an absolute scalar
magnetometer. Besides the calibration parameters, also the temperature coefficients of the parameters
shall be determined over the anticipated temperature range.

 Low-level non-linearities exist in fluxgate magnetometers. The most common types are in-axis
non-linearities caused by the electronics and the ADC, and for ring-cores, in addition, the off-axis
Transverse Field Effect (TFE) non-linearity. The in-axis effects can be modeled in the laboratory by
polynomials and corrected for before the linear calibration parameters are determined. The TFE may also
be modeled by an expression containing the transverse field and corrected for prior to matching the linear
model parameters [Brauer ez al. 2002].

The externally accessible axes’ directions relative to the intrinsic sensor coordinate system may be
determined by rotating the calibrated sensor about these axes in a test coil facility or in the monitored
Earth’s magnetic field [Primdahl et al. 2002a].
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Sensors & Use — Hall Effect Sensors (V. Mosser)
PHYSICAL PRINCIPLE

A Hall sensor is wusually a 4-terminal cross-shaped
semiconductor devices (Fig. 1). The Hall effect is based on the Lorentz gﬁgje ]
force exerted by a magnetic induction on the conduction electrons. In a
basic configuration, a biasing current is sent through 2 opposite legs,
whereas the Hall voltage: is measured at the two other terminals

(Fig. 2): comoct -
Vu =Ky B Figure 1: Schematic of a
The Hall cross-sensitivity Ky; is related to the electron sheet density n, Hall sensor
by:
K, =1/en,

Other key parameters are the electron mobility p, and the resulting square resistance R, = l/eng, . For a
sensor with fourfold symmetry, the output impedance R, is about the

square resistance R,  times the aspect ratio L/W (see Fig. 2). The aspect VH
ratio L/W should be made > 4. in order to avoid a shorting of the Hall @
voltage by contacts or magnetoresistance effects. Neither the magnetic

sensitivity nor the square resistance or input resistance depend on the
SEnsor size.

1

Low cost/low performance Hall devices were traditionally made using
a thin (um) sheet of low doped n-type material on p-type or semi- ®
insulating material.

Hall sensors using 2-dimensional conduction in quantum wells (QW)
made of heterostructures of III-V semiconductors have emerged in the
90's as the most suitable solution for metrological applications.

A number of combinations fabricated on GaAs or InP substrates, all relying on modern epitaxy methods
such as MBE or MOCVD, have been proposed in the literature. We have developed sensors based on the
AlGaAs/InGaAs/GaAs system, because of its industrial availability, its low cost and its good
performances in terms of stability.

These sensors are representative of the state-of-the-art. In the following, they will be used in most
occasions as example sensors when numerical values are needed. Characteristic parameters of the
heterostructure are ng=8.7xX10' cm?, p, =7400 cm?V-is! and Ky =740 V/IAT =740 Q/T. Various
different sizes have been investigated.

Others teams are developing others systems based on the InAlAs/InGaAs/InP family, because of the still
higher electron mobility, but material properties are less well controlled.

Figure 2: Biasing
of a Hall sensor

Silicon based sensors may have an interest for some applications because they allow the integration of
processing electronics, and/or the fabrication of large arrays of Hall sensors. However, their metrological
performances in terms of mobility, sensitivity, stability, are much poorer.

In terms of measurement capabilities, the Hall effect constitutes a robust, non-intrusive, absolute
measurement of a vector component of the flux density B,. It is intrinsically a bridge measurement of a
non-reciprocal effect. The combination of these two characteristics allows:

~ the suppression of the common mode signal
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— the possibility of the suppression of any offset voltage
— the possibility of suppression of any low-frequency noise originating in conductivity fluctuation.

— Moreover, its spatial resolution is roughly the size of the crossing region of the Hall cross. Some
refinements allow extending the resolution of Hall measurement under the nT/NHz region.
— In homogeneous magnetic field

Sensitivity
According to Eq. 1, the absolute magnetic sensitivity is proportional to the biasing current. Unfortunately,
the bias current cannot be increased at will.

() An absolute limitation of the Hall sensitivity is provided by the saturation drift velocity vqgat of the

electrons. For all usual semiconductors, the saturation velocity vdgat is in the 109 m/s range. The
resulting current density jg max is in the 100 uA/um range. This yields for the maximum sensitivity:

GHmn = KH Imax =KH }max W =Vde
For a jumbo sized Hall sensor with W = 100 um, one gets an absolute sensitivity Ggmax = 10 V/T,
whereas for a 1 um-sized Hall sensor the sensitivity will be Ggmax = 0.1 V/T.
(ii) Practically, another limitation is likely to appear before the onset of drift velocity saturation, which is
the self-heating due to the Joule effect.
The allowable current depends on many parameters such as the size of the active layer, the substrate
material, whether the substrate is thinned or not, the type of mounting or packaging, whether the

measurement is pulsed or continuous, the operating temperature and how much the temperature inside the
active layer is allowed to increase.

Practically, for a given type of structure, the self-heating is approximately inversely proportional to the
size of the active layer. It was found that for Hall sensors located on a thick (600 um) GaAs substrate in a
standard SOT plastic package, the sheet current density corresponding to a temperature increase AT=+1°C
is about jjpax = 10 uA/pm at room temperature, leading to a magnetic gain Gg =~ 1 V/T for W = 100 pm.
Equivalent noise spectral density

The noise at the Hall output is the sum of the thermal white noise, and the low frequency excess noise due
to the fluctuation of the resistivity (or conductivity) of the active area:

Sy, =4 kTR, +S4 with S =, [ (lﬁl] ds

Several methods exist in order to get rid of the LF noise effects.

— The spinning current method, based on the non-reciprocity of the Hall effect, rejects the LF noises to
high-frequency regions where it does not bother.

— The cross-correlation method, which makes use of two Hall sensors located in close vicinity, or even
on top of each other.

— The modulation of the bias current, useful e.g. when measuring a small alternative low-frequency
magnetic induction

— The concentration of the flux lines by soft ferromagnetic concentrators
— The combination of any of these methods.

In definitive, the real noise limitation is provided by the thermal noise: S, =4 kT R, , which amounts

to a few nV/VHz at room temperature, for Ry = 1000 to 4000 Q. Depending on the mechanism limiting
the bias current (cf. above), the noise spectral density can be expressed as:

se= | KL AW o sis /41(1‘ o f W
enu, My

Best noise values for bare sensors are in the nT/NHz range at room temperature and in the 100 pT/NHz
range at liquid nitrogen temperature.
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Dynamic range

In a heterostructure based QW, the Hall sensitivity do not change in the nT-10 T range. E.g. in our
example sensors, the relative change in sensitivity between 0.1 T and 20 T amounts to less than 2x10-3.
Bandwidth and slew-rate

The intrinsic response time of the Hall effect is in the ps range. However, the Hall signal is delivered to
the external world through resistive output legs. For any change of the Hall voltage, a transient current has
to charge a capacitor whose capacitance is the sum of the input capacitance of the pre-amplifier and any
stray capacitance.

Obviously the cut-off frequency directly depends on the charge capacitance. In our example sensor, each
leg has a resistance of 1500Q2 at room temperature. A 1 pF capacitance yields an 100 MHz cut-off. Some
authors claim a cut-off frequency up to 1 GHz.

Linearity

QW based Hall sensors are perfectly linear in a very broad range in most operating conditions, cf. above.
The onset of the Quantum Hall Effect under liquid helium temperature at high induction value (B>0.5 T)
destroys the linearity.

Thin layer based sensors, however, exhibit magnetoresistance effects and a poor linearity.

Open Loop / Flux Locked Loop

Open loop is often preferred when using high-quality devices. Some industrial applications are still using
lower quality Hall sensors with secondary coils ensuring zero magnetic induction.

Long term stability and aging depend very much on the choice of the materials and on the process.

In our example sensors, accelerated aging studies showed no noticeable drift after 3000 h at 300°C, a

lifetime in excess of 1011 hours was extrapolated. Packaged devices passed successfully a set of MIL-STD
202 tests (Dry Heat, Wet Heat and Rapid Thermal Variations).

- Sensitivity parameters to temperature drifts and other external parameters inducing possible drifts

The sensitivity to temperature depends on the heterostructure parameters (composition, doping, thickness
of the different layer). Our example sensors show no thermal drift in the 4 K-130 K range, and a slight
sensitivity decrease amounting to —140 ppm/°C in the —100°C/+180°C temperature range.

Perming (offset with an important magnetic field perturbation)

No such effect, due to the invariance of the sensitivity over a broad range of magnetic field.

Field gradient sensitivity ‘

The Hall sensor is sensitive to the mean value of the induction B, over the crossing region of the Hall
cross. For a given application, the size of the active layer should be chosen according to the required
spatial resolution.

Working temperature range

Most heterostructure based sensors work down to liquid helium temperature or lower. Some
heterostructure based sensors have been shown to work up to 200°C/500 K. Hall sensors based on silicon
carbide SiC or nitrides (AlGaN/GaN) were reported in the literature showing operation over 600°C.

- External size of sensor and packaging

Chips with a discrete Hall sensor can be made as small as 500 umx500 um. For lower dimensions the
handling becomes more difficult. The substrate thickness can be easily ground down to 150 pm.

Chips may be mounted bare on an epoxy or ceramic board. They may also be packaged in any plastic
small outline package with typical dimensions as small as (L=2 mm,W=1 mm, t=0.9 mm).

- Field Diagram (Ex: variable axis magnetic field response versus a homogeneous magnetic field)
Heterostructure based QW devices are sensitive only to the vector component B, orthogonal to the active
channel. The relative sensitivity to the in-plane B components is less than 1073, its experimental
determination is limited only by the accuracy of the angle between B and the plane of the active layer.

- Electromagnetic compatibility (Electromagnetic perturbation sensitivity)

The derivative of the flux through the output circuit of the Hall sensor adds a contribution to the output
signal: V, =V, +V,, with V., = —d®/dt

The equivalent area of the output circuitry should thus be made as small as possible.

- Main signal and noise characteristics of the sensor-operating environment
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- Power needed to operate the devices

For a jumbo (W=100 um) sensor underl mA biasing, the dissipated power typically amounts to a few
mW.

For a small (W=2 pm) sensor under 40 yA biasing, the dissipated power amounts to 10 uW.

- Minimal distance

For a plastic packaged sensor, the minimal distance to the source is typically 200 to 300 pum. For a bare
sensor without encapsulation, the minimal distance can be as small as 1000 A (unpassivated sensor) or

4000 A (passivated sensor). A protective resist layer with typical thickness a few pm can be deposited on
top of the sensor.

- Portability

- Price

Depends very much on the choice of the materials, and on the quantity. Whereas basic Hall sensors are
produced in billions units with a unit price lower than 10 cts, some III-V based QW Hall sensors are
produced in quantities of millions units with a cost less than 1€ or 1$ per mm?.

Special developments requiring foundry process and design of lithography masks may be envisioned with
a budget of 100 k€.

Inhomogeneous response (Ex : magnetic moment response versus a magnetic dipole)
- Spatial resolution
The spatial resolution is roughly the size of the crossing region of the Hall cross, i.e. the active layer
width W. Sensors with width comprised between 200 pm and 0.5 pm have been reported.
- Merit figure

to be discussed
Multi sensors evolution parameters
- Reproducibility
Due to the excellent homogeneity of MBE or MOCVD epitaxial materials, uniformity of characteristics
across a wafer or among wafers from the same batch is within a few percent. The same figures are
achievable through a well mastered industrial process.
- Cross-talk
The biasing current in the 100 pA — 1 mA range from a nearby sensor may induce a parasitic induction,
which is however less than 1 nT at a distance of 20 pm.
- Integration
Several implementations of III-V based Hall sensors arrays with a pitch between 4 um and 200 pm exist
in the literature. Although none of them make use of on-chip multiplexing, this should be achievable at the
cost of moderate efforts.
- Gradiometer
1D or 2D gradiometers can be easily implemented using the Hall effect, either implementing several Hall
crosses on a single chip, or using 6 contact or 12 contact devices.
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YIG magnetometer (P. Nikitin)
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Among factors limiting sensitivity of magnetometers those related to the thermodynamic
nonequilibrium state in the remagnetisation cycle of the sensing element are very significant. Formation of
nonsaturated regions of the sensitive element, domains, domain walls, inhomogeneity at dislocations, etc.
can be mentioned foremost. Transition processes during establishing of the equilibrium can also produce
irregularities. All the mentioned factors cause the sensitivity decrease and the noise of 1/f - type typical for
flux-gate magnetic field sensors. Besides, in strongly nonequilibrium systems an adequate evaluation of
the sensitivity threshold of a sensor on the basis of the material parameters is rather problematic.

Many of these problems can be avoided by utilising of rotation of the magnetisation in saturated
single domain magnetic films [1-4]. When the total magnetic flux through the film is constant, and the
film is in the quasi-equilibrium state, the fluctuation-dissipation theorem [5] and known thermodynamic
relations can be adequately used to describe thermal fluctuations and to evaluate the minimal noise level
of the magnetometer [4]. Utilisation of saturated monodomain films of substituted YIG for magnetometry
wase described in [1] as an alternative to sensing elements with the domain wall motion involved, which
usually leads to the Barkhausen jumps (amplitude effect) and the domain walls speed limitation
(frequency effect).

In this paper the use of epitaxial yttrium iron garnet (YIG) films in transducers excited by a
magnetic field rotating in the film plane is considered. The circular excitation of the film allows one to
keep it in the saturated monodomain state and exclude the Barkhausen noise. Using of the ferrodielectric
material enables one to avoid eddy-current losses, which limit the excitation frequency and, thus, the
magnetometer sensitivity and are also an additional source of noise.

The in-plane and vertical components of the magnetic susceptibility of a YIG single crystal film are
analysed. Conditions of simultaneous measuring of three orthogonal magnetic field components by the
YIG single crystal film have been established.

A new theoretical approach has been introduced to estimate magnetic noises in a system of coils and
a magnetic material, which is in the monodomain state provided by uniform magnetisation rotation. The
minimal detectable levels of magnetic field due to noise of the magnetic material and coils are analysed
and compared with the experimentally measured values. The prospective way is described to design the
magnetometer with noise of several fT/Hz " at room temperature.

To check the developed approach a 3-D magnetometer has been designed. A YIG film was placed
inside three plane coils with orthogonal orientation. The coils were pumped with ac current of 30 kHz
frequency. The current amplitudes in x- and y-coils were equal and a relative phase shift of 90° was used
to produce a uniformly rotating magnetic field H of constant magnitude in the plane of the sample. The
impedance values of each coil were measured by a Wheastone half-bridge scheme using a self-made
multi-channel vector digital voltmeter. The intrinsic noise for the film evaluated by measurements of
magnetic susceptibility was found to be independent on the rotational magnetic field after complete
saturation at H > 10 Oe. It is to be noted that this value is 5 times as much as the saturation fields revealed
by hysteresis loop measurements for the same film. The magnetometer calibration was carried out in a
three-layered magnetically screened chamber with extinction ratio of 60 dB by a test uniform magnetic
field. The noise level in measurements of each magnetic field component was close to the value published
in {4] and was about (0.2 - 1) 1:)'?/111,21’!2 at frequencies above 0.1 Hz. The value agreed with the
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theoretically evaluated for the used core and system of coils. The absence of the 1/f-flicker noise in the
band above 0.1 Hz is a substantial improvement in comparison with the best commercially available flux-
gate magnetometers. The absence of the flicker noise proves the complete saturation of the magnetic
materials at the rotating saturation field of 10 Oe. The flicker noise arose at rotating saturation fields
below 10 Oe.

The developed approach of noise analysis shows very promising ways for further improvement of
the detection limit, namely, by increasing of operating frequency, Q-factor of coils, filling factor of the
coils or magnetic material volume while keeping the film in the monodomain state, by minimising the
value of saturation field and *“dead” volume of the coil system, etc. The possibility to reach the detection
level of cooled SQUIDs looks very feasible with such sensors at room temperature.
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SQUID *’Superconductive Quantum Interference Devices”, Physics and Applications (M. Schilling)

Meinhard Schilling

Institut fiir Elektrische Messtechnik und Grundlagen der Elektrotechnik, TU Braunschweig, Hans-
Sommer-Str. 66, D- 38106 Braunschweig, Germany

A superconductive quantum interference device (SQUID) consists of a superconducting ring,
which is interrupted by one or more Josephson junctions. Its physical description is based on the
Josephson effects, the quantization of magnetic flux in a superconducting loop and the Meissner-
Ochsenfeld effect. The SQUID is a sensor for the magnetic flux threading its ring. The voltage response of
a SQUID is periodic with the magnetic flux quantum. It measures relative changes of the magnetic flux
compared to its flux state during cooling through the superconducting transition temperature. Based on
these principles but with different geometry various kinds of SQUIDs have been developed.

Since mixing of external high frequency radiation with the internally generated Josephson currents of high
frequency is to be avoided, the SQUID has to be electrically shielded against external electromagnetic
radiation.

Very important for practical SQUID design are some guidelines for calculating the involved inductances
to combine the SQUID with flux collecting superconducting loops to increase its sensitivity to external
magnetic fields. Thus, a superconducting magnetometer consists of a SQUID which is coupled to flux-
collecting structures.

The SQUID properties in homogeneous static and time varying magnetic fields are discussed. The
electronic parameters sensitivity dU/dB together with dynamic range, noise properties and linearity are of
special importance. In its thin film realization the SQUID is a quite ideal vector sensor, which measures
only the projection of the ambient magnetic field on the surface normal of the chip.

From the materials point of view the cuprate high-temperature superconductors (HTS) behave differently
from the metallic superconductors with respect to their superconducting and magnetic properties as

extreme type-II-superconductors. Further consequences of the d-wave superconducting order parameter in
the HTS-materials are shortly addressed.

CRYOGENIC OPERATION

Typical conditions in cryogenic systems impose constraints on the operation of the SQUIDs with
regard to their thermal, magnetic and vibrational properties. The thermal stability during measurement
operation is important, since by a thermal drift excess low frequency noise is generated. The operation of
the SQUIDs in a liquefied gas at its boiling temperature guarantees constant temperature if the gas
pressure above the liquid-gas surface stays constant. This advantage over other magnetic sensors is given
up, if a closed cycle refrigerator is employed as is often required in industrial environment. Despite the
problems with cooling small hand-held cryogenic systems for low-noise operation of SQUIDs have
already been demonstrated.

Due to the higher operation temperature of 77 K of HTS-SQUIDs the thermal energy in the sensors is
higher than in 4.2K-operated niobium SQUIDs and thermal activated phase slippage is important for
correct description of current transport at the elevated temperature. The consequences of this on the layout
and design of HTS-SQUIDs are discussed.

Since the HTS-materials react rather sensitive on any contact to water a long term stable encapsulation is

required to avoid deterioration due to chemical aging, when the sensor warms up and water can condense
on its surface.

MAGNETIC ENVIRONMENT
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In real world applications the superconducting magnetometer system has to be operated in
inhomogeneous magnetic fields of different frequencies. In many applications small magnetic signals have
to be resolved on the background of a large static magnetic field i.e. the earth magnetic field. Then all
mechanical vibrations of the SQUID are converted to large magnetic disturbances.

For the operation of SQUIDs in high background magnetic field the properties of the superconducting
vortex lattice and its behavior in the presence of large shielding currents are equally important. Of special
relevance here is the amount of trapped flux in the thin films during the cooling of the device to its
working temperature. To minimize this trapped flux, different concepts for the design of SQUIDs have
been investigated, which are compared with respect to their ability to suppress the excess noise for
operation in large static and dynamic magnetic background fields.

Even in single channel systems often multiple SQUIDs are required, since under most environmental
magnetic conditions more then one sensor is necessary to determine magnetic gradients of first and second
order. Based on electronic or hardware gradiometry sophisticated noise cancellation schemes have been
developed. These allow to distinguish the signal from a large background noise, even if the disturbances
are many orders of magnitude stronger.

A special lecture of this fall scholl provides more details of this topic.

APPLICATIONS

Where a magnetic field resolution below 1 pT for a bandwidth of at least 1 kHz is required, due to their
very low intrinsic noise, SQUIDs - especially at low frequency - find a market niche as magnetic field
sensors and the additional expense for the cooling is acceptable.

Also, for magnetic microscopy SQUIDs show superior performance to other sensors, when moderate
spatial resolution with high magnetic sensitivity is required. In a special contribution of this fall school the
advantages of SQUID microscopes will be discussed.

Other applications make use of the extremely large dynamic range of SQUID sensors, which can exceed
140 dB. This can be very important if small signal have to be measured in the presence of a large magnetic
background field, as in nondestructive evaluation, as discussed in special lectures during this fall school.
Another field of applications is open for the measurement of high frequency magnetic fields. Due to their
low inductances SQUIDs are very fast magnetic sensors operating as magnetic field sensors up to
frequencies of several Megahertz. This makes them interesting devices for very low noise high-frequency
amplifiers. An application here is low field nuclear resonance imaging, which is introduced separately
during this fall school.

If many SQUIDs are used in parallel in multisensor systems their mutual interaction with respect to
temperature and magnetic fields becomes important. The use of many SQUIDs makes the contemporal
mapping of the magnetic field distribution on a sample possible. This is used in large systems for
biomagnetic mapping of the activity of the human heart and brain.

These applications are addressed in detail in separate contributions during this fall school.
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Giant Magneto-Impedance in Structured Materials for Miniature Magnetic Sensors (L. Panina)

L.V. Panina

Department of Communication and Electrical Engineering, University of Plymouth
Drake Circus, PL4 8 AA, Plymouth, UK

Recent discovery of the magneto-impedance (MI) effect has opened new horizons in the
development of micro magnetic sensor technology. MI involves a very large and sensitive change (up to
100%/Oe) in the complex impedance of certain soft magnetic materials. However, with decreasing the
sensor element size, the maintenance of such high sensitivity becomes a major concern. Special thin-film
structures are employed to improve MI performance in miniature elements. The present lecture concerns
the principal advantages of MI in magnetic/metallic multilayered materials. The physical concepts,
theoretical analysis based on field-dependent surface impedance matrix and experimental results are
discussed. This includes multi-fold enhancement of the MI ratio and a considerable extension of the
operational frequency range. Along with this, special types of magnetic anisotropy can be induced in
layered systems to realise antisymmetrical and asymmetrical MI. The symmetry property is of a particular
interest for magnetic sensor applications. A number of sensor designs are considered.

The lecture is organised as follows

1. It starts with a brief introduction into MI effect introducing the concept of the surface
impedance tensor in relation to the voltage response.

2. The next stage is to consider the analysis of MI in multilayers to demonstrate the principle
advantages of this geometry. Special attention is given to the role of magnetic anisotropy

3. Then, the experimental methods of measurement of the impedance tensor and principal
experimental results are discussed. The use of various alloys is considered.

4. Further, I focus on asymmetry/antisymmetry in MI behaviour, which is very important for
linear sensing

5. Finally, a number of MI sensor designs are considered. Special attention is given to

implementation of the off-diagonal impedance to realise linear sensing.
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Thin Film Magnetoresistive sensors (S.

Tumanski)

S. Tumanski, Warsaw University of Technology

PART I: ANISOTROPIC AND GIANT MAGNETORESISTANCE IN THIN FILMS STRUCTURES

a. Essential information about magnetoresistive effects.
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Fig.1. The magnetoresistive effects: AMR - anisotropic
magnetoresistance, MT] — magnetic tunnel junction, SV — spin-
valve sensors, InSb — semiconductor magnetoresistors, MTL —
multiplayer GMR sensors, CMR - colossal magnetoresistance

b._Anisotropic _magnetoresistance — theory and model of the sensor. The structure of the film and
stabilization of the magnetoresistive effect. Biasing techniques of thin film — hard magnetic layer, soft
adjacent layer, antiferromagnetic layer, dual element sensors. AC biasing techniques. Barber-pole sensors.
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c._Giant magnetoresistane — an historical review and the main terms. The theory and model of the sensor.
Spin valve sensors with asymmetric layer. Spin valve sensors with exchange-based layer. Magnetic tunnel
junction sensors. Current perpendicular to plane thin film structures. Colossal magnetoresistance.
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Fig.4. Magnetic tunnel junction sensor
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PART II: MR SENSORS - PERFORMANCES AND APPLICATIONS

a. The construction of magnetoresistive sensors.
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Fig.1. The construction and transfer characteristic of AMR sensor (Philips) and GMR sensor (Nonvolatile
El Inc)

b. The performances of MR sensors: sensitivity, noise, range, frequency bandwidth, temperature errors,
accuracy.

c. The main applications of MR sensors: magnetometers and compasses, electrical transducers: current
sensors, electrical power sensors, galvanic isolation devices. Magnetic random access memory (MRAM).
Magnetoresitive reading heads. Transducers of mechanical values. Sensors for non-destructive testing of
materials.
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Fig.4. Linear position sensor and sensor of rotational speed
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Magneto-optical magnetometry (S. Flament)

S. Flament
GREYC-ISMRA, CNRS - UMR 6072
6, Boulevard du Maréchal Juin 14050 CAEN cedex FRANCE

Magneto-Optical (MO) effects are widely used in the fields of recording and optical

telecommunications. In magnetically ordered materials, these MO effects arise from different absorption
coefficient and different total contributions to electronic transitions for left and right circularly polarized
waves. They lead to the rotation of the plane of polarization of polarized light either crossing a magneto
optic material (Faraday effect) or being reflected at its surface (Kerr effect). The measure of this rotation
enables an optical non perturbative measurement of flux density.
By the use of magneto-optical indicator showing large faraday effect, very attractive applications are
developing like the measure of ac and dc current in high electric field environment or like the imaging of
out of plane flux density. This latter application enables detection of buried defects or observation of flux
penetration in superconducting samples without scanning.

Magneto-optical indicators are of different shape (bulk crystal or epitaxial thin film) or
composition depending on the flux density to measure. Optical and magneto-optical properties of these

materials are wavelength and magnetic dependent. How these properties may affect the sensitivity and the
dynamical range of the magnetic measurement is explained.

The use of magneto-optical single crystal as current sensors in place of traditional current
transformers is shortly presented [1]. The presentation then focused on the description of a typical flux
density imaging setup. Namely, parameters fixing both magnetic and spatial resolutions are given. As an
example, using YIG ferrimagnetic garnets with in plane anisotropy, a signal to noise ratio of 1 per gauss
and per acquisition can be achieved [2].

NDE applications [3] are presented as well as pictures of superconducting single vortices [4] as an
illustration of the performance of magneto-optical magnetometry.
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Fundamentals and Applications of p Magnetometers (F. Baudenbacher)
Franz Baudenbacher

There have been a number of techniques developed to image magnetic fields at the microscopic
level. The techniques include: decoration techniques, magnetoresistive or Hall probe sensors, magneto-
optic thin films, Lorentz microscopy, magnetic force microscopy (MFM), scanning electron microscopy
with polarization analysis (SEMPA), electron holography (EH) and Superconducting Quantum
Interference Device microscopy. The lecture will focus on the fundamentals of each of the techniques,
particular how technolgies scale if the sensing volume is reduced in order to increase the spatial resolution
and show some of the key experiments which highlight the strength of a particular approach.
Furthermore, we will discuss the trade off between spatial resolution and magnetic field sensitivity in the
context of possible sample to sensor spacings and charaterisitc scalling propoerties of the magnetic field to
be investigated. In addition we describe the experimental approach, the limitations of different techniques
and describe which imaging techniques are ideally suited for being used by non specialists.
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Noise reduction technic (M. Lam Chok Sing)

Marc Lam Chok Sing

Groupe de recherche en Informatique, Image et Instrumentation de CAEN
6, Bd du maréchal Juin, F-14050 CAEN Cedex

In this talk, I will try to review the different methods commonly used to lower the noise levels of sensors
or to improve their signal to noise ratio. Noise adaptation of the sensor to the preamplifier is one of the
first operations we usually do to ensure easier signal detection or measurement and this can be obtained
through the use of transformers or resonant circuits. The sensor sensitivity can be increased through
careful designs, namely the use flux concentrators in SQUID and in magnetoresistive (MR) devices.

Most of the sensors involved in magnetic field measurement suffer from high levels of low-frequency (or
1/f) noise. The origins of such noise for some cases are well established : for example, low-frequency
noise in superconducting devices (namely SQUIDs) result from fluctuations of trapped magnetic flux in
the film and from fluctuations in the critical current and resistance of the junctions, whereas the noise in
MR devices is associated to domain wall fluctuations. Several methods involving the modulation of one
(or more) of the device parameters have been proposed and these can lead to a dramatic reduction of the
low frequency noise levels. The principle of such modulation and demodulation schemes is readily
explained in the frequency domain and can be summarized as follows : the modulation process operates a
shift of the sensor response to a higher frequency fr, which is generally chosen in the white noise region,
well above the corner frequency ; after some amplification, the demodulation process shifts back the
sensor response to its original frequency and the latter is thus recovered. Such modulation schemes result
in lower noise levels since the apparent low-frequency noise level correspond to that present around the
chosen modulation frequency f,. Illustrations of these modulation schemes such as the ac current bias and

flux modulation commonly used for SQUID magnetometers as well as some other methods for
magnetoresistive or Hall effect devices will be given.

Finally, the ultimate way to reduce the noise level is to track it down to its source in order to limit or
prevent noise formation. Of course, the quality of the films in which the devices is made is primary factor.
Noise in AMR can be lowered by applying stabilizing longitudinal fields. Further reduction in noise have
been achieved in SQUID magnetometers by providing the flux concentrators with holes or strip lines of a
given maximum width instead of filled structures or by the introduction of flux-dams. Such designs

prevent the entrance of vortices into the superconducting films during cooling or when the devices are
moved in the earth magnetic field.
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APPLICATIONS
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Magnetic anomaly detection —Military Applications (Y. Bourez)

Yann BOUREZ
Groupe d’Etudes Sous-Marines de I’Atlantique (GESMA) Brest

GESMA (Groupe dEtudes Sous-Marines de I’Atlantique) is based in BREST (France). A part of its
activities is to study and to control ship magnetic signatures in order to assure, on one hand, the magnetic
discretion of French navy ships, and to develop, on the other hand, magnetic detection systems.

Concerning the magnetic discretion of French navy ships, several research ways exist. The first one is to
define and to control all ship sources of indiscretion. Indiscretions can be classified in two categories:
static indiscretions and alternative indiscretions (0 - 200 Hz approximately). If the first ones are relatively

well known, the second ones have just been studied for last years. Actually, a specific interest in "large”
bandwidth magnetometers has risen.

The second one is to predict the magnetic signature of a ship everywhere in space from a set of
measurements realised on magnetic range. In order to validate the extrapolated signatures, specific
magnetic sensors are needed to measure the ship signature from a distance superior to 200 meters in
different environmental conditions. These sensors need to be transportable and isotropic. They must be
equipped with an integrated security system for data registration or transmission

The third one is to equip ship with onboard systems which are designed to reduce, in real time, the
magnetic signature of vessels. They consist of a set of sensors placed near the sources of magnetic
anomalies. They control the intensities of a set of degaussing loops regularly placed along the ship. The
main point of such sensors is to be precisely time stable.

As it was said before, GESMA is engaged in the development of several magnetic detection systems too.
The first system is an airborne detection concept based on an optically pumped 4-helium magnetometer.
The sensor, developed by CEA/LETI (Laboratoire d’Electronique et de Technologie de I'Information), is
scalar, isotropic and shows a large bandwidth. The prototype will be tested during next year and will be
compared with present MAD system based on NMR (Nuclear Magnetic Resonance) sensor.

The second system is a disposable magnetometer buoy. The final purpose is to obtain a kind of deployable
net of buoys in order to detect and track underwater target or to check the safety of local areas. Buoys
could be deployed by plane or by ship and should be able to transmit their data to a treatment centre. This
project has just reached its conceptual step. At this time, an experimental prototype has been developed by
ISMRA (Institut des Sciences de la Matiére et du Rayonnement). The probe is composed of a 3-helium
cell. The concept of the disposable magnetometer buoy is to dissociate the optical pumping (the expensive
part of the device) and the measurement probe (the disposable part). The buoy is in fact a two-steps
system : firstly, the buoy is optically pumped on board of the deployment platform and secondly, buoy is
placed in sea, without pumping device, to measure the ambient magnetic field. The main qualities of such
a sensor should clearly be its autonomy and its isotropy.

Finally, it should be said that GESMA possesses several ranges facilities composed of ranges of tri-axis
flux gate magnetometers. The first ones are placed in the bay of BREST and are used to measure ship
underwater signatures. The second ones are used on earth in order to measure individual signatures of
specific ship pieces or different kinds of AUV,
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Use of “HiSen” Magnetometers in Geomagnetism (]. Rasson)

Jean L Rasson

Centre de Physique du Globe, Institut Royal Météorologique de Belgique, B-5670 Dourbes, Belgique
jr@oma.be

MAGNETIC OBSERVATORY APPLICATIONS

Principle of Geomagnetic field measurement in Observatory: Components measurements, precautions for
HiSen performance. Assessment of accuracies by absolute measurements.

Application of fluxgate magnetometers as variometers, in Difluxes; Vector angles measurements
Particular Problem of automatisation of Observatory measurements

Use of Torsion magnetometers in Observatory practice. Use of Rotating Coil magnetometer
Modulus of field measurement:
Proton Magnetometer, Overhauser, Proton Vector (DIDD)

Optically Pumped Magnetometers (Rb Cs K He), Mz configuration, 4-photon, Self Oscillating
Potassium. Assessment of accuracies — constants in Breit-Rabi formula.
OPM Vector (Cs K He)

GEOPHYSICAL PROSPECTION

Magnetometers especially usefull for Hi Res prospection: Proton Magnetometer, Optically Pumped
Magnetometers (HFS, Mx, SuperGrad). Desirable features for magnetic prospection.

SEISMOMAGNETICS

The emerging technique of seismo magnetics has used especial magnetometers designed around proton
magnetometers, OPM (SuperGrad), torsion magnetometers, fluxgate magnetometers.

MAGNETOTELLURICS

This discipline uses component magnetometers design based on fluxgate magnetometers and search coils.
Flux feedback has greatly extended the passband of search coils..

RAPID VARIATIONS
Applications: K-Index, Schumann resonance. Measurement set-ups

OTHER APPLICATIONS OF HiRes MAGNETOMETERS IN GEOPHYSICS

Gravimeters, Rotation detectors
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Space Magnetometry (F. Primdahl)

Fritz Primdahl Danish Space Research Institute and Measurement & Instrumentation, Oersted-DTU,

Technical University of Denmark, Building 327, Elektrovej, DK-2800 Kgs. Lyngby, Denmark.
fpr@oersted.dtu.dk 10/10 2002FP

INTRODUCTION

General requirements for high-performance space instrumentation concern robustness against the
launch shocks and vibrations, the rapid pressure drop from latm to near-perfect vacuum and vacuum-
thermal balance design in the absence of heat transport by air convection. Reliability is a particular issue,
because of the cost per kg of putting instrumentation in Earth orbit or into deep space and because of the
post-launch inaccessibility. Longevity may be assessed by accelerated lifetime tests at substantially
elevated temperatures, thermal stress durability is tested by temperature cycling the equipment repetitively
through the full temperature ranges. Radiation resistance must be tested statistically by batch circuit
samples destruction, often in-house, because manufacturer-specified rad-hardness and space-qualified
components are extremely high-priced and the available circuits often outdated. For new developments
modern circuits as a rule do not exist in space-qualified versions and so you have to do your own space
qualification. Instrument autonomy and redundancy become critical performance parameters, and in-
operation monitoring of circuit test points via housekeeping telemetry becomes indispensable as a
diagnostics and remote servicing tool. These general considerations for space instrumentation are
thoroughly treated in a number of tutorial texts [see e.g. Fortescue and Stark, 1997] and will not be
repeated here. The following, therefore, deals with the particular demands posed by magnetic
measurements onboard satellites, and the efforts needed to solve the measurement tasks, be it for attitude
purposes or for high-precision mapping of planetary or deep space magnetic fields.

INSTRUMENTATION

The most common request is for continuous monitoring in a low Earth orbit of the vector magnetic
field components relative to the spacecraft coordinate frame for S/C attitude determination. This
requires a tri-axial magnetometer, and depending on the applications the accuracy may be from 0.1°-1°
corresponding to an accuracy of 87nT to 870nT in an environmental magnetic field of 50 000nT. Magneto
resistors, Hall probes or Fluxgate transducers [Ripka, 2000] may have the calibration and zero-level
stability to provide such attitude accuracies, and the main concern then becomes the local static and
dynamic magnetic perturbations from the host spacecraft. For planetary magnetic field mapping the
requirement is typically <1nT accuracy per component and a determination of the absolute orientation of
the magnetometer sensor to comparable accuracy, i.e. InT relative to 50 000OnT or better than 4
acrseconds. This requires a fluxgate magnetometer of extreme linearity and extended dynamic range
[Nielsen ef al.. 1995] in combination with a star camera system [Jgrgensen, 2000]. Full control of the zero
level stability and the scale values of a field mapping magnetometer often requires in-flight calibration by
comparison to an onboard absolute scalar magnetometer [Primdahl, 2000], which may be a nuclear
resonance magnetometer or an electron spin resonance instrument using optical pumping. As is the case
for the attitude magnetometers, the local magnetic perturbations from the host spacecraft become a serious
contribution to the measurement errors. These are reduced to a tolerable level by the combination of
implementing a magnetic cleanliness program for the host satellite and placing the magnetometer sensor at
the tip of a boom, as far away from the perturbations as possible. On deep-space missions the magnetic
fields encountered are about 50nT or lower, and so the demands for stability of the scale values and the
absolute orientation knowledge are correspondingly relaxed. However, extreme zero level stability and
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very low sensor noise become the driving parameters, also because the addition of an auxiliary absolute
calibration instrument for several reasons becomes impossible. The control of the host spacecraft magnetic

perturbations will be even more important than for planetary mapping missions, because the natural deep-
space fields and field fluctuations are considerably lower.

THE S/C MAGNETIC CLEANLINESS ISSUE

Reducing the magnetic field from a satellite is, in essence, no different from reducing the weight or
power. Early in the design phase the issue has to be considered, and the magnetic field sources (static and
dynamic) have to be identified, measured and, if possible, reduced. Two types of magnetic field sources
dominate: magnetic materials in components and structural parts, and electric currents flowing in e.g.
power supply wires and the structure. The first can be measured in terms of their magnetic moment (in
A-m°) by a magnetometer and reduced by selecting non-magnetic alternatives where possible, and the
latter is controlled by twisting the wires in parallel with using clever grounding schemes to avoid
uncontrolled structural return currents [Primdahl, 1990]. Other advanced methods are used in the
situations where these simple first approaches do not lead to sufficiently low perturbations.

BOOM DEPLOYMENT OF THE SENSORS

" Generally, the perturbation fields from magnetic materials and components dominate over the
fields from unbalanced electric currents, and one or two diameters away from the satellite the perturbation
field drops off as the third power of the increasing distance like a dipole field. This means that the
perturbation field drops a factor of 8 for every doubling of the distance from the spacecraft center of
gravity. Deploying the magnetic sensor on a boom is therefore a most cost effective way to reduce the
magnetic perturbation field at the sensor. Combining a reduced magnetic cleanliness program for the
satellite with a moderate length boom often leads to a technically acceptable solution meeting the
measurement accuracy requirements. Reduction of the spacecraft dc and ac perturbation fields in the data
is often possible by placing a second magnetometer sensor about half way in on the boom, because the
two magnetometers see the same external field, but the inboard magnetometer sees about 8 times larger
spacecraft field than does the outboard sensor.

END-TO-END SYSTEMS CALIBRATIONS

Some level of calibration of the magnetometer is important for all types of magnetometers. The
required measurement accuracy determines the efforts put into the calibration. Particularly important is the
end-to-end calibration of the magnetometer integrated in the spacecraft and with the data taken through
the satellite telemetry and under timing control of the onboard system.

UNIT LEVEL MAGNETIC CALIBRATION

Calibration at flight instrument stand-alone level is performed as part of the instrument tests. It
consists in determining the parameters of a mathematical model chosen to describe the sensor and
electronics performance. It may be a simple linear model with 3 offsets, 3 deviation angles from
orthogonality and 3 scale values, it may include the temperature coefficients of these parameters, or it may
be a full spherical harmonics modeling of the single axes’ non-linearities and off-axis deviations [Risbo ez
al., 2002}. The calibration can be performed in a tri-axial test coil system, where the Earth’s field is
compensated for and the test fields are generated under computer control. It may also be performed in the
unperturbed Earth’s field by recording the sensor outputs for a suitable number of fixed orientations
[Merayo et al., 2000], the number depending on the complexity of the sensor response model.
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ATTITUDE SYSTEM - MAGNETIC SENSOR INTERCALIBRATION

The parameters of the chosen model determine the intrinsic magnetic axes of the sensor. Special
actions have to be taken to make these axes externally accessible. For attitude magnetometers the
machining and production accuracy is often sufficient to ensure that the magnetic axes are within 0.1° -
0.5° of the direction of the edges of the sensor housing. For stable high-precision axes determination
optical quality mirrors are clued to the sensor structure, at least two externally accessible mirrors having
about 60° - 120° between their normals are needed. Repeated rotations of the sensor about the mirror
normals in the Earth’s field or in suitable coil system fields are used to determine the optical mirror
normals’ directions in the intrinsic magnetic coordinate system of the sensor. For the high-precision star
camera magnetometer sensor system mounted on a stable optical bench, the relation between the camera
bore-sight and CCD chip axes and the sensor magnetic axes is determined in the unperturbed Earth’s field
at an Astronomical Observatory by letting the camera view the clear night star sky, while the
magnetometer at the same time measures the known Earth’s field [Risbo and Olsen, 1996].

S/C LEVEL CALIBRATIONS

Important for attitude magnetometers and more so for the high-precision instruments, are the
determination of the spacecraft residual magnetic perturbation on the sensor in the deployed flight
configuration, and the influence of the spacecraft on the calibration parameters and the noise level of the
instrument. This may be done in a large industrial tri-axial coil facility accommodating the entire satellite

or, for p-satellites, in the unperturbed Earth’s field by repeated rotations about the satellite payload frame
axes [Primdahl ez al., 2002].

IN_FLIGHT CALIBRATIONS

Post-launch and after the instruments commissioning phase, an in-flight test of the pre-flight calibration
parameters are performed. For the attitude magnetometer, using the satellite position and an alternative
onboard attitude system may do this by comparing the magnetometer output to the IGRF model of the
Earth’s field. For the high-precision magnetometers this is done by comparison to the onboard absolute
scalar magnetometer [Olsen et al., 2002] or by other sophisticated statistical methods.

DATA TIMING ISSUES

Equally important as the selection of a good model describing the sensor and the determination of the
correct model calibration parameters is the determination of the exact timing of the individual magnetic
vectors measured. This is part of the end-to-end test of the magnetometer onboard the satellite. This may
be done by observing a low frequency magnetic field generated by a coil system and comparing the timing
of the generator curve with the time tags of the measurements received through the satellite telemetry.
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Non-destructive testing and evaluation of materials using magnetic sensors: Surface and surface near
defect detection (A.Yashan)

Andriy Yashan

Fraunhofer Institute for Non-destructive Testing, IZFP,University Building 37, 66123 Saarbruecken,
Germany

Email: yashan@izfp.thg.de

Magnetic sensors can be used for the detection of defects (geometrical discontinuities like cracks or
inclusions) in ferromagnetic and / or electrically conductive materials. By using the magnetic flux leakage
(MFL) technique for defect detection, a specimen under test is magnetised by the applied static magnetic
field of a permanent magnet or an electromagnet system and a magnetic sensor measures the changes of

the external magnetic field correlating to the specimen defects. In the eddy current (EC) technique, the
time-alternating electromagnetic field is excited in test specimen.

The sensitivity of a non-destructive testing (NDT) technique can be characterised by the smallest
detectable defect. The sensitivity of MFL or EC technique depends on the sensitivity of the used magnetic
sensor and of the measurement equipment (noise level, dynamic range) but also on the complexity of the
testing situation, especially on the presence of disturbing influences which also affect the magnetic
measurement (for example, variations of the sensor lift-off during the measurement or inhomogenity of
the magnetic or electric properties of the specimen). The choice of the sensor type and the optimal design
of the sensor strongly depend on the application. The following paper describes sensor arrangements for
selected applications from the experience of the IZFP Saarbuecken.
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For the on-line high-speed detection of inclusions in cold rolled steel strip (thickness 0.8 mm) the MFL
technique using GMR gradiometer [1] has been used (see Figure 1 for the sensor-to-specimen
arrangement). The optimisation objective has been to maximize the sensor lift-off. As the results presented
in Figure 2 show, the defined artificial smallest detectable defect (drilled hole with a diameter of 0.2 mm
and depth 0.2 mm) can be reliably detected with the GMR sensor lift-off of 1.5 mm [2].

The so called multi-frequency EC technique (MFEC technique) is the processing of the EC measurement
data - real and imaginary part of the sensor impedance - obtained by inspection applying more than one
EC frequency. Disturbing influences like sensor lift-off and tilt or material property discontinuities can be
eliminated using MFEC technique with suited calibration, e.g. in order to increase the probability of defect
detection or to improve the accuracy of the defect sizing.
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Figure 3 demonstrates the results of the MFEC technique applied for the detection and sizing of the
surface-breaking flaws in the stainless steel cladding of a nuclear power plant pressure vessel [3]. An
induction sensor has been used. The operating frequencies have been 50 / 280 / 600 kHz. Having a sensor
riding at the surface, the grey-scaled C-scan image on the left side of Figure 3 is visualizing the locations
and the depths of the notches. The numerical filters here applied suppress interference signals caused by
lift-off- and 8-ferrite influences and their local changes. The individual notch depths along the scan paths

selected by the cursors are indicated in the amplitude versus scan position representations at the right hand
side of Figure 3.
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NDE: Buried defect detection using sensitive magnetometers (M. Kreutzbruck)

K. Allweins, G. Gierelt, H.-J. Krause and M. v.Kreutzbruck
Institute of Applied Physics, Justus-Liebig-University Giessen, 35392 Giessen, Germany

Over the past few years, sensitive magnetic field sensors have been implemented with remarkable
success in eddy current testing (ECT). Conventional techniques using inductive coil systems to measure
the magnetic field response have been gradually replaced by alternative sensors, such as flux-gates [1],
giant magnetoresistive sensors and in a few applications by SQUIDs [2, 3]. Flux-gates and SQUIDs
provide a combination of high field sensitivity at low frequencies and an outstanding high dynamic range.
Sensitives fluxgate probes e.g. provides a field sensitivity of a few pT/VHz at low frequencies and a high
dynamic range of more than 140 dB/YHz which enables one to detect minute or deep lying defects in the
structure, component or material being tested [4].

But just because magnetic sensors have a low intrinsic noise level, they do not automatically guarantee
reliable crack detection. Because of their high degree of sensitivity, they measure all electro-magnetic
interference. In the case of an EC measurement, interference can arise from three sources:
@) external noise, though this is the least significant factor,
(i)  EC effects created by the sensor head’s artificial movement (eg. vibration, tilting and Lift-Off
effect),
(i)  EC effects arising from the sample itself.

The latter accounts for the most significant noise factor in the case of complex samples. Due to the
skin effect, difficulties arise when testing such samples, which can include edges, holes or a number of
various materials close to their surface. The induced EC density is higher at the sample’s surface than it is
at deeper levels, giving rise to significant distortion currents at the surface near components with differing
electrical conductivity. This in turn results in strong variations of the magnetic field distribution above the
sample’s surface. Thus in many NDE applications the sensors high field sensitivity can only be exploited
through the use of additional signal processing, whereby defect-induced field variations are separated
from any type of superimposed background signal.

To prevent EC interference caused by the make-up of the sample itself, the detection of deep-lying
cracks requires the additional use of sophisticated excitation schemes with adapted coil geometries to
decrease the EC density at the sample’s surface. This reduces the influence of any bolts or rivets inside the
sample and allows for easier defect signal extraction from superimposed background.

Besides an introduction with useful theoretical background of electromagnetic testing the lecture gives an

overview of current NDE applications in which sensitive magnetometers and adapted excitation
geometries are applied.
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MagnetoEncephalography (J. Vrba)

Jiri Vrba
CTF Systems Inc., A subsidiary of VSM MedTech Ltd., Port Coquitlam, B.C., Canada

The magnetoencephalography (MEG) is a discipline concerned with detection and interpretation of
magnetic fields produced by human brain. It is a relatively new field, even though the detection of
electromagnetic activity of the human brain has a long history. The electroencephalogram (ECG) was first
measured in 1929 and its magnetic counterpart, MEG, was first recorded in 1968, using room temperature
coils. The further progress in MEG required more sensitive detectors of magnetic fields, which fortunately
become available in 1964, shortly after the discovery of the Josephson effect in 1962. These high
sensitivity detectors are based on superconducting and quantum phenomena and are called SQUIDs
(Superconducting Quantum Interference Devices). The SQUIDs were first used for detection of MEG in
1972. After this pioneering work, the field of MEG developed first by using single channel devices,
following by somewhat larger systems with 5 to 7 channels in mid 80s, then systems with 20 to 40 sensor
arrays in late 80s and early 90s, and finally the first helmet MEG systems were introduced in 1992.
Present day MEG systems have several hundreds channels in a helmet arrangement and operate in either
sitting or supine positions.

In addition to MEG, the magnetic signals were also detected from other body organs, e.g. heart, eye,
stomach, small intestine, skeletal muscles, peripheral nerves, fetal heart, fetal brain, Iungs, etc. However,
so far the most important application of the biomagnetism has been to the brain and the MEG started
intense technological development in low noise multichannel magnetic detection an lead to the
establishment of several commercial suppliers.

The MEG measurements span frequency range from about 10 mHz to 1 kHz (or perhaps as low as 1 mHz
for sleep studies) and the field magnitudes from about 10 fT for spinal chord signals to about several pT
for the brain rhythms. To appreciate how small the MEG signals are, it should be recalled that the Earth
field magnitude is about 50 uT and the urban magnetic noise about 10 nT to 1 uT, or about factor of
million to billion larger than the MEG signals. Such large differences between the signal and noise
demand noise cancellation with extraordinary accuracy. The noise is usually reduced by a combination of
shielding, reference methods (synthetic gradiometers or adaptive), and spatial filtering.

The existing commercial MEG instruments are based on low temperature SQUIDs. Systems based on high
temperature superconductors are also being developed, however, mostly for magnetocardiography (MCG)
applications. The present high temperature SQUIDs cannot be reliably manufactured in large quantities
and are not as sensitive as their low temperature counterparts. However, their performance is steadily
improving and they already are suitable for some applications.

The MEG (or EEG) measures magnetic fields (or potentials) on the scalp surface. However, the brain
current distribution, which is responsible for the observed fields, is usually more interesting to the user.
Unfortunately, the inversion problem (computation of the current distribution from the measured magnetic
field) is non-unique and ill-posed and the MEG data must be supplemented by additional information,
physiological constraints, or mathematical models and simplifications. Additional information to assist the
field inversion can be supplied by other measuring modalities, for example fMRI, MRI, PET, etc. In
summary, the MEG (and EEG) provide direct measure of the neuronal activity with excellent temporal
resolution, but spatial localization dependent on the non-unique inversion problem. In comparison, the
fMRI, PET, and SPECT are limited by the long time constants of the metabolic and hemodynamic
processes and by the poorly defined relationship between them and the neuronal processes.
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Recently, MEG has also been applied to monitoring brain activity of human fetus and this novel
application is called fetal magnetoencephalography (fMEG). Presently, there is no other technique
available for assessment of the fetal neurological status. The fMEG has a potential to assist physicians to

make informed decisions during high risk pregnancies and diagnostics associated with infection, toxic
insult, hypoxia, ischemia, and hemorrhaging.

The fMEG array is shaped to cover the maternal abdomen, roughly from the breast-bone to perineum and
it contains 151 sensing channels. Mother sits on and leans against the sensitive end of the dewar. The

primary sensors are radial gradiometers with 8 cm baseline and noise is cancelled by 3"-order synthetic
gradiometers.

The measurement of fMEG is a difficult task, because the fetal brain signals are small in comparison with
the adult signals, and further, the detection is performed in the presence of strong interference from the
maternal and fetal hearts and various abdominal signals (intestinal electrical activity, uterine contractions,
etc.). Numerous methods can be used for separation of small fMEG signals from the interference:
principal component analysis, independent component analysis, nonlinear dynamics, and signal space
projection. Spatial filtering is still problematic as the fetal brain models are not yet well developed. Two
extreme fetal brain models can be used: In one extreme, the fetal head is assumed to be completely
permeable to electric currents and the fetal brain and the maternal abdomen form an electrically uniform
medium. In the opposite extreme, the fetal head is assumed to be electrically impermeable and the brain
currents are completely enclosed within it. The truth is probably somewhere in between these two models.
In addition to separating the fMEG signals from various artifacts due to the physiological sources
discussed above, it is necessary to eliminate artifacts due to fetal and maternal motion. In spite of these
difficulties, good quality recordings of fetal brain magnetic activity were obtained. These recordings
include auditory and visual evoked fields and spontaneous fetal brain signals.

The use of MEG for detection of brain signals has been successfully demonstrated and MEG is
penetrating into clinical application. The MEG has high sensitivity (provided by the SQUID detectors),
efficient noise cancellation, and the ability to measure the brain signals on msec scale. Interpretation of
MEG data is complicated by the fact that the solution for the three-dimensional current source distribution
in the brain from an array of sensors outside the head is non-unique. However, useful source estimates can
be obtained after incorporation of additional constraints or assumptions, or alternately, signals from
different parts of brain can be isolated by spatial filtering. These features allow MEG to be used for

functional neuroimaging of events that are not accessible either to functional MRI or to nuclear imaging
methods.




Magnetocardiography (M. Ter Brake)

H.1.M. ter Brake, University of Twente, The Netheriands

Currents flowing within the heart tissue generate magnetic fields that can be detected outside the
human body: magnetocardiography (MCG). More traditionally, potential differences on the body surface
can be recorded, which is electrocardiography (ECG). MCG-recordings look very similar to ECG-
recordings: A normal heart cycle starts with the contraction of the atria (P-wave in the cardiogram),
followed by the contraction of the ventricles (QRS-complex in the cardiogram). Relaxation of the
ventricles gives the so-called T-wave. Usually, the relaxation of the atria coincides with the contraction of
the ventricles and cannot be recognized in the cardiogram as it is obscured by the relatively large QRS-

complex. Usually, the largest peak in the heart signal is the QRS-complex that, for adults, is typically
about 100 pT in amplitude.

ADULT MAGNETOCARDIOGRAPHY

Research is performed to use adult MCG for distinguishing healthy subjects from patients suffering from
various categories of heart diseases (e.g., ischemia). For that purpose, the MCG is recorded at about 30 to
40 positions over the subject’s chest. The recorded signals are processed and presented in a variety of
plots, e.g. iso-field plots and current-density maps. In a number of studies worldwide, data is gathered to
develop criteria for separating healthy and unhealthy subjects. Once a field distribution is obtained, one
can try to localize currents within the heart that generate the field (the so-called inverse problem). For
some defects, e.g. additional current pathways, this localization may be used to prepare surgery. However,
in order to localize a source with acceptable accuracy, a model is required to describe the human body
around the heart in terms of a volume conductor. The acceptable system noise in these measurements is 20
fT/VHz in the measuring band 1-100 Hz. Because of the required resolution, low-T, SQUIDs are applied
with second-order gradiometers.

Apart from any Japanese activity, two companies should be mentioned with regard to adult MCG:
Cardiomag Imaging Inc. in the USA (www.cardiomag.com), and SQUID AG in Germany
(www.SQUID.de). To the author’s opinion, the former is most realistic in estimating the medical
relevance of MCG, at present: “CMI, while most encouraged by the data’s preliminary indications makes

no claims as to the diagnostic value of MCG techniques” (CMI brochure). This diagnostic value still has
to be proven.

FETAL MAGNETOCARDIOGRAPHY

Nowadays, fetal surveillance in hospital is based on ultrasonography, including 3D-techniques and
echo/Doppler. These ultrasonographic techniques are able to monitor the anatomy and mechanical activity
of the fetal heart. The underlying electro-physiological processes in the fetal heart are not recorded. As an
alternative, the fetal electrocardiogram can be recorded by means of electrodes attached at the maternal
abdomen. The reliability of this straightforward approach, however, is quite poor and furthermore on
average the resolution is too low for clinical purposes. This is mainly caused by the fact that, during a
relatively long period of the pregnancy, the foetus is more or less electrically insulated from the mother

because a fatty layer surrounds the foetus. Fetal magnetocardiography (fetal MCG) might be the solution
for this problem.

At the University of Twente, the FHARMON project was started in 1997 (abbreviation for Fetal Heart
Monitor). As part of that project, magnetocardiograms are recorded from foetuses with various heart
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defects, one of which is the so-called AV-block. A crucial element in the heart cycle is the AV-node that
conducts the atrial impulse into the ventricles. Poor conduction through this node generates an AV-block,
of which three degrees are distinguished. In the first degree, every pulse is conducted through but with
some delay. This results in an increased PR-time interval. In the second degree, not every pulse passes the
AV-node. It takes two or more atrial impulses to stimulate the ventricular (QRS) response. In a two to one
block, two P-waves show up followed by a single QRS-complex. Finally, in the third degree none of the
atrial impulses is conducted through the AV node. As a result, the ventricles or AV node are stimulated by

an ectopic pacemaker and the atria and ventricles operate fully asynchronously (complete heart block).
Two illustrative case of fetal AV-blocks are given in the figure below.

QRS

AV-blocks recorded in fetal MCG (36" week of gestation); top: 2™ degree; bottom: 3 degree.

The main clinical relevance in fetal MCG appears to be in peak durations and intervals. Mapping or
volume conductor modeling, therefore, is not of prime interest. In practice, it will be adequate to measure
the field simultaneously at a few positions (e.g. 3), but at each position a number of independent field
components will need to be recorded. The required resolution is better than 10 fT/VHz, in the frequency
band 1-200 Hz. In unshielded environment, this implies the need of a third-order gradiometer.

CONCLUSION

In conclusion, the advantage of adult MCG over adult ECG still has to be proven. Studies on this
topic are in progress. Fetal MCG has clear advantages over alternative techniques as ultrasound and ECG.
Here, the challenge is to show the market potential (i.e. to show clinically relevant applications) and to
develop a measuring system with adequate resolution for use in unshielded hospital environment.
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Others Biomagnetic application:, SQUID System for Biological Immunoassays (K. Enpuku)

K.Enpuku
Department of Electronics, Kyushu University, Fukuoka 812-8581, Japan

Highly sensitive magnetometer system that utilizes superconducting quantum interference device
(SQUID) has been developed for the application to biological immunoassays [1]-[5]. In the
immunoassays, an antigen, such as pathogenic bacteria, cancer cell or environmental injuries, is detected
with its antibody. In order to measure the binding reaction between antigen and its antibody, the antibody
is labeled with a magnetic marker made of Fe,Os nanoparticles as shown in Fig. 1(a). A few Fe,0;
nanoparticles are embedded in the polymer, and the antibody is attached around the surface of the
polymer. In the typical case of commercial maker, the size of polymer is less than 100 nm, and the size of
Fe;O3 nanoparticles is 10-15 nm in diameter.

The binding reaction can be magnetically detected by measuring the magnetic field from the magnetic
marker. In Fig. 1(b), SQUID system is schematically shown. Sample is an assembly of magnetically
labeled antibody. The sample size is typically 2 mm in diameter. In order to magnetize the sample, the
excitation field B., is applied in parallel to the SQUID. Then, a signal field is produced from the
nanoparticles. The vertical component of the signal field is detected as a signal flux ®,.

Since the signal flux @; rapidly decreases with the distance % from the sample, it is necessary to set the
SQUID close to the sample. The distance & should be less than a half of the sample size, e.g. h<1 mm. In
order to realize the small distance between the SQUID (7=77 K) and the sample (7=300 K), a Dewar
similar to the SQUID microscope is used.

Three methods have so far been developed for the detection of the magnetic signal from the marker, i.e.,
dc susceptibility, relaxation and remanence measurement. We briefly describe these methods.

B

polymer
Fe203

antibody

antigen

substrate (a)
signal flux @
applied field
SQUID h
Bex—P

sample \ substrate (b)

Fig. 1. Principle of SQUID immunoassays. (a) Detection of binding reaction between antigen and its
antibody with magnetic marker. (b) Measurement system.
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(1) DC susceptibility measurement

The first one is to measure the magnetization of the marker in the presence of dc excitation field [1],
[2]. In this case, the dc excitation field Be is applied in parallel to the SQUID, and the sample is scanned
in the x direction with a typical speed of 10 mm/s. In Fig. 2, waveform of the detected signal is shown.
The signal flux is detected when the sample passed beneath the SQUID. The peak value of the detected
signal gives the signal fiux @;.

Since the signal flux @ increases in proportion to By, it is preferable to use the large excitation field.
However, degradation of the SQUID performance occurs when the field Bx becomes too large. This
degradation is caused by the mechanical misalignment between the SQUID and the direction of the field
Bey, i.e., vertical component of Be, due to mechanical misalignment degrades the SQUID performance.
Therefore, compensation of the vertical component of By is important in order to increase the excitation

field Bex. At present, the field of B.,=3 mT can be applied without the degradation of the SQUID
performance.

t{sec)

Fig. 2. Waveform of the detected signal when the sample is scanned in the presence of dc excitation field
£X+

The binding reaction between the antigen and its antibody is detected with this method. It is shown that
the method can detect the reaction 10 times more sensitively than the conventional optical method [2].

(b) Relaxation measurement

The second method is to measure the relaxation of the magnetization after the excitation field is turned
off [3], [4]. Since the size of the Fe;Os particle is typically 10-15 nm in diameter in the case of the
commercial marker, thermal noise at 7=300 K easily causes the relaxation of the magnetization. In Fig. 3,
the experimental result reported in ref. (4) is shown. In the experiment, the excitation field of Be,=0.3 mT
is applied for Tmae= 1 s in order to magnetize the sample. After the field is turned off, the magnetic flux of
the sample ®(t) rapidly decreases with time, whose dependence is given by

D) = In(L+ 7/ 1) )

Fitting the experimental result with Eq. (1), we can estimate the amplitude ®,. For this purpose, we
have to measure the decay of the signal within 0.5 s. The signal flux ®; increases in proportion to Be in
this case, too. Therefore, effort to apply the large excitation field has been done, and the field of Be,=1 mT
can be applied at present. As a result, as small as 4000 magnetic particles are detected with this method.
This number is more than 20 times smaller than the case of the conventional optical method.

{¢) Remanence measurement

When the size of the magnetic nanoparticle becomes large, the particle can keep the remanence after the
large field is applied. In the experiment, large excitation field By is applied outside the SQUID system in
order to produce the remanece of the sample. Then, the remanent magnetic field of the sample is measured
with the SQUID system shown in Fig. 1(b).

Unfortunately, almost all the commercial markers do not show the remanence. Dilorio et al. used the
relatively large marker that shows the remanence, where the size of the polymer is 140 nm in diameter.
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They detected the binding reaction between antigen and its antibody, and showed that the sensitivity is
about 100 times better than the conventional method [5].

We are also developing the magnetic marker that shows the remanence. In the present case, Fe;O4
magnetic particle with diameter of 25 nm is embedded in the polymer whose diameter is typically 80 nm.
In Fig. 4, relationship between the remanent signal and the weight of the marker is shown. In the
experiment, the remanence is produced by applying the excitation field B., of about 0.1 T.

The circles show the experimental results obtained from the bare FesO4 nanoparticles. The triangles
show the experimental results obtained from the marker, i.e., when the nanoparticle is embedded in the
polymer. As shown, both results agree with each other. This means that magnetic property of the

nanoparticles is not degraded when they are embedded in the polymer. As shown, we can detect the
nanoparticles as small as 1 pg.
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Fig. 3. Relaxation of magnetization after the excitation field B is turned off. (ref. (4)).
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Fig. 4. Relationship between the remanent signal and the weight of 25 nm-¢ Fe;0, nanoparticles.

References

1) K. Enpuku, T. Minotani, T. Gim, Y. Kuroki, Y. Itoh, M. Yamashita, Y. Katakura and S. Kuhara, Jpn.
J. Appl. Phys. 38 (1999) L1102.

2) K. Enpuku, T. Minotani, M. Hotta and A. Nakahodo, IEEE Trans. Appl. Supercond. 11 (2001) 661.

3) W. Weitschies, R. Kotitz, T. Bunte and L. Trahms, Pharm. Pharmacol. Lett. 7 (1997) 1.

4) Y.R. Chemla, H. L. Grossman, T. Poon, R. McDermott, R. Stevens, M. D. Alper and J. Clarke, Proc.
National Academy of Sciences of U. S. A, 97 (2000) 14268.

5) M. S. Dilorio, K. Y. Yang, S. Yoshizumi, T. K. Nielsen and C. A. Swindlehurst, Abst. Appl.
Superconductivity Conf. (Aug. 4-9, 2002, Houston U. S. A)

49




NMR and MRI with SQUIDs at Ultralow Magnetic Fields (]. Clarke)

John Clarke

Physics Department, University of California, Berkeley and Materials Sciences Division, Lawrence
Berkeley National Laboratory, Berkeley, CA 94720

Nuclear magnetic resonance (NMR) spectroscopy in magnetic fields up to 20 T and magnetic
resonance imaging (MRI), typically in a field of 1.5 T, are highly developed tools of considerable
importance in chemistry, biology and medicine. The quest for ever high fields B is driven by the so-called
“iron law of NMR”: in thermal equilibrium the polarization is proportional to B, and the voltage induced
in a coil — by Faraday’s Law ~ scales with the NMR frequency and hence also with B. Thus, the signal
amplitude is proportional to B, For both NMR and MRI it is highly desirable to achieve extremely
narrow linewidths, typically 1 Hz for protons in liquids. This high spectral resolution at an NMR
frequency of 1 GHz demands a field homogeneity of 1 part in 10° over the volume of the sample. Such

exquisite homogeneity requires very careful shimming of the magnet. Similarly, high spatial resolution in
MRI also requires a high degree of field homogeneity.

An alternative approach that offers comparable linewidths and spatial resolution at very low
frequencies involves detection of the NMR signal with a dc SQUID (Superconducting QUantum
Interference Device). In contrast to a Faraday detector, the SQUID responds to a magnetic flux rather
than to the rate of change of flux. Thus, the signal amplitude falls off as B, rather than B%. Furthermore,
the noise temperature of a SQUID at (say) 1 kHz is a few microkelvin, many orders of magnitude below
that of a semiconductor amplifier. These two attributes enable one to obtain NMR spectra of protons at
frequencies as low as 100 Hz with a 1 Hz linewidth with a field homogeneity as poor as 1%.

The NMR experiments were performed with the SQUID coupled to a superconducting, second-
derivative gradiometer immersed in liquid “He. The sample was inserted into a tube surrounded by the
gradiometer and maintained at room temperature by means of a heater. A prepolarizing field — typically
2 mT - was applied along the axis of the gradiometer, and the static field in which the nuclei precess —
with a homogeneity of about 1 part in 10° — was applied at right angles to the axis. To measure the NMR

spectrum, the prepolarizing field was switched off, causing the nuclei to precess about the static field. An
echo was formed by reversing the static field.

Figure 1 shows the NMR spectrum of 5 ml of mineral oil obtained at 1.8 mT (upper) and at 1.8 uT
(lower). At the higher field, the linewidth was about 1 kHz, reflecting the field inhomogeneity. At lower
field, however, the linewidth has been reduced to about 1 Hz, and the signal-to-noise ratio considerably
enhanced, since the same signal power is now concentrated into a much narrower linewidth. Figure 2
shows the spectra of methanol and phosphoric acid in water and trimethyl phosphate. The electron-

mediated scalar coupling of the nine protons to the *'P nucleus splits the proton resonance into a doublet;
the splitting is 10.4 = 0.6 Hz.

To perform MRI, the same detector was placed at the center of a 2-m cube on which three
orthogonal Helmholtz pairs were wound. These coils were used to cancel the earth’s magnetic field. Two
more coils supplied a polarizing field and a measurement field, and three sets of gradiometer coils
provided diagonal gradients. The sample was placed outside and just below the fiberglass cryostat. This
system was used to image a phantom consisting of 9 columns of mineral oil, 6 mm in diameter, arranged
in a square lattice. Good quality images were obtained with resolution of about 1 mm. The MRI system

is currently being modified to achieve a higher signal-to-noise ratio. Possible applications will be
discussed.
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Fig. 1. NMR spectra of 5 ml of mineral oil acquired in (A) a static field of 1.8 mT, averaged
over 10,000 transients, and (B) a static field of 1.8 T, averaged over 100 transients.
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Fig. 2. NMR spectra of (A) 5 ml of 3 parts methanol, 1 part phosphoric acid (85% in water)
measured at 4.8 pT, averaged over 100 transients, and (B) 3 ml of neat trimethyl phosphate
measured at 4.8 pT, averaged over 100 transients,

This research was performed in collaboration with Robert McDermott, Andreas H. Trabesinger,
Michael Miick, Erwin L. Hahn, and Alexander Pines and supported by the Director, Office of Science,
Office of Basic Energy Sciences, Division of Materials Sciences and Engineering of the U.S. Department
of Energy under Contract No. DE-AC03-76SF00098.
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Metrological applications (F. Piguemal)
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Active Shielding to Reduce Low Frequency Disturbances (H. Nowak)

H. Nowak
Jena SQUID GmbH, D-07751 Jena-Miinchenroda

Measurements of DC near magnetic fields are disturbed by low frequency noise that is not reduced
sufficiently by most of the magnetically shielded rooms or gradiometers. This can be shown in the case of
biomagnetic fields very descriptively.

The biomagnetic fields are several orders of magnitude weaker than the earth’s magnetic field or the
environmental noise provided by cars, trains or electrical devices. External magnetic fields are very
disturbing for Magnetoencephalography (MEG) or Magnetocardiography (MCG) (analogous to
Electroencephalography EEG and Electrocardiography ECG, respectively), but may be reduced
successfully by magnetic shielding with material of high permeability (Mumetal) as well as by high order
gradiometers [1,2].

Therefore, biomagnetic measurements are performed mostly inside walk-in shielded rooms consisting of
one or more layers of Mumetal and a layer of Aluminum (Al) or Copper (Cu). The principle of this
passive shielding is based either on the effect that high permeable or soft magnetic material (e.g.
Mumetal) is easily remagnetized or on eddy-currents induced in high conductive material (e.g. Cuor Al).
Additionally, special antenna configurations realized in gradiometers are able to cancel homogeneous
magnetic disturbing fields.

Unfortunately the shielding factor of Mumetal decreases at low frequencies, whereas the environmental
noise increases. To enhance the sensitivity the recordings are done with LT¢-SQUID (Low Temperature
Superconducting QUantum Interference Device) sensors cooled with liquid Helium. The magnetic noise
field outside the magnetically shielded room at frequencies above 10 Hz is about 3 orders of magnitude
higher than inside. Both, outside and inside the shielded room, the noise strongly increases below 2 or 3
Hz and the noise inside approaches the noise outside.

This is the reason why DC near biomagnetic measurements are usually not possible. In this case an active
compensation can reduce the low frequency disturbances [3.,4].

A prerequisite for an active compensation is the detection of magnetic field disturbances independent from
the signal to be measured. Some active shieldings use fluxgate sensors outside the magnetically shielded
room [5-8], but these methods only recognize one particular disturbing source from one direction (e.g.
tram). An alternative and more potent method is the detection of disturbances as close as possible to the
measuring system inside the shielded room. In such a case the sensor has to be sensitive enough to detect
the disturbances inside the magnetically shielded room. The resolution of fluxgate sensors is limited to the
range of some pT at more than 10 Hz, decreasing at lower frequencies. Other sensors like AMR
(Anisotropic Magneto Resistance) also do not have a sufficient resolution yet. For this reason we decided
to use the LT¢-SQUID technology.

Our active compensation consists of a reference SQUID measuring system positioned in the vicinity of the
multichannel SQUID system for the biomagnetic measurement, pairs of Helmholtz-like coils with the axes
into three orthogonal directions and a Proportional-Integral-Differential (PID) controller which is
optimized for low frequencies. The signal of the reference system is proportional to the external disturbing
field and is given to the PID controller that generates a current into the coils which provides an opposite
magnetic field to compensate the external field.

While using the reference SQUIDs, a constant offset is added to the output signal of these sensors. This
offset is compensated electronically by means of an adjustable compensation voltage. In this way the
complete dynamic range of the PID controller can be used to compensate the disturbing fields.

The current through the Helmholtz-like coils and the reference signals are continuously recorded, and can
be used to decide offline whether an external event or a biomagnetic signal caused a slow variation in the
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data. Additionally, a signal of an external probe detecting the disturbances, e.g., a fluxgatemagnetometer
was recorded.

The system has been tested by measuring the signals inside a magnetically shielded room without a
subject during working hours with public traffic in the hospital area. Thus only external noise is recorded.
The reference detector, a self constructed magnetometer system, is placed about 0.4m beside the
measuring system. Data of a 31 channel SQUID gradiometer system (Philips, Hamburg) or a homemade
16 channel “Micro”-SQUID [9] are recorded with a spectrum analyzer (HP 3562A).

Without active shielding the environmental noise for frequencies about 20 mHz is in the order of some
hundred pT, whereas with ongoing active shielding the noise is reduced to about 1 pT. At frequencies
above 2 Hz the active shielding used in this setting is not effective.

In principle, it is possible to extend the frequency range of the active shielding to higher frequencies.
Indeed, it has to be noted that the higher the frequency is, the greater is the phase shift of the
compensation field, caused by the low pass effect of the high permeable walls.

At frequencies below 0.1 Hz the attenuation of the magnetic field is more than 50 dB, and the attenuation
of the field gradient is about 25 dB. The reduction of the field gradient cannot be as sufficient as the
reduction of the field because the compensation fields are generated by Helmholtz-like coils that provide a
rather homogeneous magnetic field.

The shielding factor S for the magnetically shielded room Ak3b combined with the active shielding has
been estimated. An external magnetic field has been generated for different frequencies and the magnetic
field Bj inside the shielded room has been measured. The magnetic field By provided by the coil at the
position of the sensor that would exist without the “yoke” of the shielded room can be calculated
according to the rule of Biot-Savart. For rectangular coils this is done in [10]. In this case for low
frequencies of about 50 mHz the shielding factor of the Mumetal for higher frequencies (about 80 dB at
10 Hz) has been achieved.

The improvement of the attenuation of the magnetic field disturbances is about 50 dB, the additional
attenuation of the field gradient is less than 25 dB.

With this active shielding it was possible to detect DC near biomagnetic fields caused by spreading
depression in animal experiments. Furthermore, the presented active shielding system enables
measurements in human stroke patients in search for periinfarct depolarizations and spreading depression
in migraine patients.

The system can be installed at every usual magnetically shielded room. Reference sensors inside a
measuring system can be used as a feedback signal for the PID controller, so that no additional SQUID
system is required.

Such an active shielding device is in principle applicable also for measurment tasks which have to be
performed in unshielded environment.
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Others Applications (A. Platil)

A Platil, P.Ripka
Czech Technical University, Faculty of El. Engineering
Technicka 2, 166 27 Prague, Czech Republic

In addition to previously discussed topics, magnetic sensors can be used in many other fields, such as

navigation, aerospace, military and automotive. This contribution briefly summarizes the main
applications.

NAVIGATION

Even today, in the age of GPS, magnetic navigation instruments are still a viable alternative, or rather a
supplement to navigation systems. Such devices can provide a backup in navigation systems for the case
of temporary loss of GPS signal. Traditionally, fluxgate compasses with single core and two-windings
were used. These solid-state sensors provide a clear advantage over moving needle devices (vibration

immunity). In recent years, cheap AMR compasses for small aircrafts are available with acceptable
parameters (Honeywell).

MILITARY APPLICATIONS

The unexploded ordnance (UXO) is a serious problem in some areas, such as military air training ranges
or in many European cities that experienced heavy bombing during WW2. The magnetic signature of the
UXO is typically small (air bombs are demagnetized by ground impact) and depends rather on the outer
dimensions and volume then on the ferrous content. Magnetic mapping of the examined area is usually
used. There are some commercially available magnetic detection systems, such as the Dimads by
Schiebel. These systems contain proton, Overhauser or Cesium vapor magnetometers or fluxgate sensors
in gradiometric arrangement. The fluxgates provide the required sensitivity while they can operate in the
field conditions, without cryogenics (unlike Squids). The gradiometer suppresses the influence of
relatively high background field (Earth’s field, distant sources) and the high sensitivity to local variations
(signature of the ferromagnetic object) is sustained.

SECURITY

Another application is the detection of magnetically attached explosive devices (under-car booby traps). A
mesh of magnetic sensors on the underneath of a car monitors the magnetic situation during parking and if
suspicious changes are detected, the driver receives a warning before starting the car. The problem is to
distinguish normal field changes (e.g. passage of another car with strong magnetic signature) from really
dangerous activities, because unacceptably high rate of false-positive alarms would render the system
unusable.

AUTOMOTIVE

Magnetic devices are often used in the industry as position sensors. Their important advantage over
optical or contact sensors is the immunity to dirt and wearing. A typical application is the sensing of teeth
position of ferrous cogwheel. Traditionally a Hall sensor with back-bias permanent magnet was used.
Nowadays, with the developments in magnetoresistors, AMRs and GMRs penetrate this application area.
Worth a short note is an interesting device, smart Hall sensor of HAL 1000 family from Micronas. It
behaves like normal three-pin analogue Hall switch. However, under increased supply voltage, the internal
communication interface is activated and the sensor can set or transmit its internal digital parameters, like
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ADC reading, switching hysteresis (%FS) or linear and quadratic terms of its internal temperature

compensation. (Temperature requirements are among the most limiting factors in automotive
applications.)

TARGET DETECTION
Magnetic sensors built into the roadway are used to detect vehicles in traffic control systems. From the
signal, the type of car (personal or truck) can be estimated. Submarine detection can be realized by arrays

of fluxgate sensors. They are sensitive even to small gradients because they are kept at constant
temperature and can be made long enough.

ANTITHEFT
Goods in shops and similar items are often labeled with security tags. Many types work on magnetic

principle (electromagnetic antenna resonators, Wiegand wire). They must provide specific response and
easy deactivation (e.g. by demagnetizing the magnetically hard part of Wiegand wire).

CONTACTLESS CURRENT SENSING

Magnetic sensors (e.g. AMRs) can be used for contactless current sensing. If more than one sensor is used,

the influence of interfering field can be compensated. Sometimes, an arrangement with ferromagnetic core
and feedback is used for better accuracy.
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Magnetic Microscopy using SUID sensors (F. Baudenbacher)
Franz Baudenbacher

Superconducting QUantum Interference Device (SQUID) magnetometers have unsurpassed energy
sensitivity and have been used to provide images of the magnetic field distributions associated with nerve
and muscle action currents, development currents in the chick embryo, remnant magnetization in
geological thin sections, currents in integrated circuits, trapped flux in superconductors, motion of
magnetotactic bacteria, cracks and defects in metals, ongoing corrosion activity, and Johnson noise. The

aim of the lecture is to provide an overview of applications of SQUID microscopy with a particular focus
in biomagnetism and geomagnetism.

A central question in biomagnetism is how biomagnetic fields are generated and if biomagnetic
fields can contain information not present in the bioelectric potential. The focus of the tutorial is partly on

cardiac electrophysiology, especially the relationship between the electrocardiogram and the
magnetocardiogram and possible clinical applications of the MCG.

Current geomagnetic SQUID based instrumentation which measure magnetizations are limited in

sensitivity and can only be used on homogeneous samples and fail if the sample carries a heterogeneous
magnetization.

Since the nature of the magnetic field in geological samples is different compared to biomagnetic
sources the requirements for the SQUID sensors are different. The lecture will discuss the requirements on
spatial resolutions and field sensitivity and describe the trade offs of different sensor geometries as well as
a common cryogenic platform for a configurable SQUID microscope.
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