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ALTERNATIVE MAGNETOMETERS 

• 

• 

Variometer 

Rotation of a suspended magnet 

10-10 THz-V2 at zero frequency 

Pluxgate lO"10 THZ-V2 DC to kHz 

Induction Coil 

10 cm long, 10 cm diameter 

lO"13 THZ-V2 at 10 Hz at room temperature 
10-13 THz-V2 at 4 K 

Magnetic resonance magnetometers 

Hall effect 

Optical fiber 

SQUID 10-" THz-i/2 DC to 10's of kHz 

"Magnetic quantities, units, materials and measurements," J E Zim- 

merman, m Biomagnetism: an Interdisciplinary Approach, S. J. Willie 
G.L   Romani, L. Kaufman, and I. Modena, Eds., (Plenum, New 
York, 1982) pp. 17-42. 
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Magnetic Fields 

Environ, 
fields 

Earthfield 

Urban noise 

B (Teslas) 

0"5H 

MT 

Car @ 50 m 

Screwdriver 
@ 5m 

I 
I 

Transistor, 
IC chip® 2 m 

Transistor die 
@1 m 

I 

nT 

PT 

fT 

o"6^ 

0 

08H 

0 

a]U 

0n-l 

Biomagnetic 
fields 

.-12 0 

0,3H 

0 14 

0 r15 

I 

Lung particles 

Human heart 
Skeletal muscles 

Fetal heart 

Human eye 

Human brain (a) 

Human brain 
(response) 

Instrum. 
resolution 

i Flux gate 
magnetometers 

I Optically pumped 
magnetometers 

I SQUID 
magnetometers 

1282-JV.Mav95 
Car - 1014pT-art3 Pac*ao©d IC Op or iraraaor - IC? pT-on3 

Screwdn*r * 10'1 DT-on^ iC cfO Of iranssor d'6 - 5 xlO4 pT-<r^ CTF 5Y5T=ms inc. 



S QUIDs 

(a) 

I I 

(b) 

1 2 
*/*0 

(c) 

Lock-in 
Detector       Integrator 

'^nOS-nlT aPPlkati0nS °f SQUIDS•" J- C1«ke, Proa.   IEEE 



MAGNETOMETERS 

FLUX-LOCKED SQUID 

• Single loop 

• Multiple turns 

• Field sensitivity proportional to coil area 

• Sensitive to noise 

• Sensitive to tilt in Earth's field 

"Principles and applications of SQUIDS," J. Clarke, Proc    IEEE 
77: 1208-1223. 



ENVIRONMENTAL NOISE 
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10 

10 

Eddy current 
shielded room 

Tompere) 

Mogneticdly 
shielded room 

(M.I.T.) 

Senior limit 
Magnetically     \  
shielded room 

(Berlin) 
. I .. .il       ■    ■  ■ I ..ill       i—i—ui 

J 
I 10 

FREQUENCY   ( Hz ) 
10' 

G.L. Romani, S.J. Williamson, and L. Kaufman, Review 
of Sei. Instru., 53: 1815 (1982) 



GRADIOMETERS 
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• Can be balanced to 1 part in 107 

• Insensitive to distant noise sources 

• Insensitive to tilt in uniform fields 

• Energy wasted in balance coils 

"Optimization of SQUID Differential Magnetometers," J.P. Wikswo, 
Jr., AIP Conf. Proc, 44: 145-149 (1978). 
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SQUID DEWAR DESIGN 

Liquid  helium        J~l 
dewar N_ 

Electrical  leads 

Superconducting 
shield 

SQUID 

Input  coll 

rf  shield 

Detection   coi 

Voltage 
output 

Pump out port 

Vacuum  space 

Radiation  baffles 

Vapor cooled 
metal strips 

Superinsulation 

Liquid  helium 

Molecular sieve 
vapor trap 

Tail   section 
of  dewar 

"Cryogenics," J.E. Zimmerman, in Biomagnetism: an Interdisci- 

plinary Approach, S.J. Williamson, G.L. Romani, L. Kaufman, and 

I. Modena, Eds., (Plenum, New York, 1982) pp. 44-67. 
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(a) 

Al bottom sheet. 
0.008" flick. 
1100-H18 allow 

1/16" Al rivets, 
type 110O-F, 
flush with surface. 

Al top sheet, 
0.008" thick, 
1100-H18 alloy. 

Top sheet 

Rivet ends 

Bottom sheet 

Al support strut, allov 
2024-T3, 0.032" thick 

(b) o o 
o oo 

(c) o o 
o cfo 

Parallel crack 45° crack 

SAMPLE CONFIGURATION 

Figure 3. (a) The top and side views of a model aluminum wing lap joint assembly, (b) A 
schematic of the lower aluminum sheet with a crack parallel to the lap joint and 
(c) the lower aluminum sheet with a crack at 45° to the lap joint. 
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Forschungszentrum Jülich *J- 
Dr.M.I.Faley 

IMF-IFF 

HTS DC-SQUID flip-chip magnetometers 
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An example of a real-time MCG-measurement with the flip-chip 
magnetometer. 
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Sensor head for a DC-SQUID microscope 
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^X-^        OUTPUTvX/ 

ac and dc Current 

L \^ OUTPUT X-LX 

Magnetic Field 

dc Voltage     F 

dc Resistance 

ac Bridge 
m m 

^K-^        OUTPUT    VJLX 

ac Resistance/Inductance Bridge 

OUTPUT 

ac Mutual Inductance 
(Susceptibility Bridge) 



Applications 
Laboratory 

Ammeter: 10-12 ampere/VHz 
Voltmeter: 10-14volt 
Ohmmeter: 10-12Q 
Mutual/Self Inductance: 1CH2 henry 
Magnetic Susceptibility: 10-10 emu & single electron spins 
Magnetic Fields: 1015 tesla/VHz 
Nuclear Magnetic Resonance 

Geophysical 
Oil Exploration 
Airborne Exploration Systems 
Oceanographic Measurements 

Biomedical 
Studies of the Brain—Neuromagnetism 
Studies of the Heart—MagnetoCardiography 
Liver, Lung, Intestines, other biological activity 

NDE 
Defect Detection in Ferrous and Non-Ferrous Metals 
Insulating Material Analysis 
Infrastructure (Bridges, Runways, Buildings) 
Aerospace 
Magnetic Microscopy 

Military 
Mine Detection and Unexploded Ordinance (UXO) 
Submarine Communication and Detection 

non-SQUID Electronics (but interesting) 
Digital switching 
Cellular filters 
NMR and MRI receiver coils 

Hi 
Tristan 
Technologies 
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Forschungszentrum Jülich *J- Dr.M.I.Faley 

IMF-IEF 

HTS DC-SQUID flip-chip magnetometers 

Multilayer flux transformer on 10 mm x 10 mm SrTi03 substrate 
and encapsulated dc-SQUID magnetometers. The magnetometers 
are fixed on standard dc-SQUID packages (axial and 90°) 
designed for operation together with iMAG electronics. 



Forschungszentrum Jülich 
^ 

Dr.M.LFaley 

IMF-IFF 

HTS DC-SQUID flip-chip magnetometers 

N 

O 
Ö 

'S 

0.1 

0.01 

M80706 

77 K ac-bias (iMAG) 

Tj 1      I    I   I  I I H| 

10 100 

Frequency, Hz 

i    i  i i 111 

1000 

An example of a noise measurement with the flip-chip 
magnetometer, having a 8 mm x 8 mm pick-up loop of the flux 
transformer, measured inside a four layers u-metal shield. 
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Outline 

> Introduction 

►Electromagnetic Methods of 
Geophysical Exploration 

> Areas of Possible SQUID 
Applications in Geomagnetism 

►Performance Requirements for 
SQUID Magnetometers 

►History of LTS SQUID Uses in 
Geophysics 

Status of HTS SQUID Develop- 
ments, rf and dc Magnetometers 

HTS SQUID Field Data 

Conclusions & Outlook 



.Forschungszentrum Jülich_ 

*j 
Principle of EM Methods in Geophysics 

target parameter: electrical ground conductivity 

distinguish geological structures 
by differences in conductivity 

secondary field 

/ 
transmitter* / 

/ \ 

\^ receiver 
\ 

\ 

^^A 
^>.' C 

conductive iayer  • 

skin  depth    z 
a    f 

a = conductivity;    f = frequency 

GEOprincasc.cdr 



o 
C/) o 
to 

o 
O 

to 
TJ 
O 

Ü 
■ MM 

"S 
C 
O) 
CD 
E 
o 
o 

_Q) 

HI 

0 
> 2 

LU o 
CD h- 

03 

■*—• 

Q. 
0 

"D 
<*■» 

C/3    m 

o o 

o £ 
E  c 
= o 
« - 

£ ° *-    CO 

o £ 

£   CD (D   > 

E 

E 

E 
o 

o o o 

E 
o o o 

h- 

o 

h- 

o X 

>» o 
c 
0) 
3 

^   Of 
O 
k. 

LL 

o 
Ö 

E 
T— 

Ö 

E 
o o o o 

E 
o o o 

uoRBßjjseAui jo i|;daQ 



. Forschungszentrum Julien. 

*J 
Application of Electromagnetic Methods 

for Geological Investigations 

ground water     trash dumPs 

äisfeRfeeäp 48 
building 

subsoil / materials 

coal fields ore deposits 

geodynamics 

0 

50 m 

500 m 

5 km 

1000 km 

T. Radic, TU Berlin 

GEOanwnccdr 



Electromagnetic Methods of 
Geophysical Sounding 

Time Domain: 

* Transient Electromagnetic 
Method (TEM) 

* Long-Offset TEM (LOTEM) 

Frequency Domain: 

* Magnetotelluric (MT, AMT) 

* Controlled-Source MT, AMT 
(CSMT, CSAMT) 

* Very Low Radio Frequency 
Resistivity (VLF-R) 

* Radiomagnetic Sounding (RMS) 



Magnetotellurics 

•Natural or controlled source EM 
excitation, from 10"3 to > 103 Hz 

•Determine at earth surface: 

Zxy(co) = HoHEx(G>)/By(oö) 

(H«l) 

•For a homogeneous earth: 

pxy = 1/JLX0JLXCö I Zxy(o) 

•For inhomogeneous subsoil one can 
use the apparent resistivity pa(co): 

pa« 0.2t [Ex/Hy]2 

where: pa [Q], t [sec], Ex [mV/km], Hy[nT] 

•Depth of penetration: 

p * l/27T(10Pat)
1/2 

2 
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Possible Applications of 
SQUID in Geomagnetism 

>Paleomagnetism (Rock Sample 
Magnetometry) 

'Prospecting/Surveying for Ore, 
Coal, etc. Deposits 

'Prospecting for Oil Deposits 

'Exploration for Geothermal Energy 

> Small-Area Prospecting for Water, 
Buried Waste, Archeological 
Objects 

Volcanic Eruption and Earthquake 
Prediction 

Fluid Interface Detection 
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.Forschungszentrum Julien. 

Magnetic field noise 
for HTS rf SQUID and induction coil 

J I  I I lllll I    I I I Mill I I  I I Mill i    i  i i mil       i     I       i    ill mil       i    i  i i mil        n 

llik   natural geomagnetic variations 

~i—i i i ini|—i   i 11 IIIIJ—i   i i i mil 1   i i i inij iiii iiiij—i  i i i HIM—i   i i HIHI 1   i 11 mi 

0,01 0,1 1 10 100        1000       10000 

frequency [Hz] 



Geomagnetic Exploration 

Objective: 

Improve portability, versatility, also 
attain mobility, beyond limitations of 
conventional induction coil equipment, 
but without sacrificing and possibly 
improving sensitivity of detection 

EM Methods Investigated: 

• Transient EM (time domain) 

•Controlled-source audio 
magnetotellurics (frequency domain) 

•Radiometrie detection of water & 
environmental waste 
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.Forschungszentrum Julien 

Project Supported by German Government (BMBF) A 

Objectives: 

Development of a 
compact, broadband 
vector magnetometer 

Demonstration of 
geophysical 
exploration 



. Forschungszentrum Jülich. 

Sensor Set-up of 
HTS rf SQUID Vector Magnetometer 

*j 

„  3.5mm, 

sensor: rf washer SQUID and coplanar 
resonator in flip-chip configuration 

SQUID: 
- YBCO washer: 
- loop: 
- junction type: 
- junction width: 

resonator: 
- coplanar: 
- frequency: 

-SB/Ö* = 

0 = 3,5mm 
100 x 100 jam2, 10 x 500 urn2 

step edge junction 
4 jum 

0 = 8mm on 1cm2 substrate 
650 MHz - 1 GHz 

3,9nT/O0 , 2,7nT/<Do 

GECOd*mn)mj**m^a* 



 Forschungszentrum Julien. 

Sensor Module of HTS rf SQUID 
Vector Magnetometer [YBCO] 

*J 

rf SQUID, coplanar resonator and planar coupling coll 
Integration of heater to eliminate trapped magnetic flux 

triaxial sensor head 

GEOngmodußaaccdr 



. Forschungszentrum Jülich. 

3-axis HTS rf SQUID Vector Magnetometer 
Field Trial at Erbendorf, Oberpfalz 

System includes heater and automatic adjustment 
of SQUID parameters; well shielded against rf noise 



TEM Survey with SQUID System 
Cloncurry, Australia, October 1998 
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.Forschungszentrum Jülich_ 

Characteristics of 
HTS rf SQUID Vector Magnetometer 

sensor set up: 
bandwidth: 
dynamic range: 
slew rate: 

cross talk: 
hold time of dewar: 
implemented heater 

orthogonal, capsulated 
dc - 20 kHz 
> 130 dB 
~ 2mT/s [~ 5x105 oo/s] 

< 0.5 % 
>30h 

• field resolution: 
while noise 
1/f-onset 

40 fTVVHz   [typical] 
100 Hz   [best channel] 

Requirements for TEM fulfilled 

=> Stable operation of all 3 channels in 
urban environment proved 

GEG3ctmk«ngcftaraccxdr 
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B-Field [pT/A] 
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B-Field [pT/A] 
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Radiomagnetic Sounding 

•Above 100 kHz, Ex difficult to meas- 
ure (sensor dimensions comp. to 8) 

•Measure B gradient instead: 

Curl B(co) = |^0(i(l/pa - jcos)E(co) 

•When p < 100 Qcm, f < 1 - 2 MHz, jcoc is 
negligible, and we have: 

Zxy(co) = -p*/Az(ABy(cö)/By (o)) 

(with ABy, p* just below surface, Az 
«5) 

•For homogeneous earth (p = p*): 

ABy(co)/By (co) | = 21/2Az/5 

ABy = 8-800 fT 
for 

By | = 1 - 100 pT 
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 Forschungszentrum JüHch. 

Main Noise Sources in TEM 
Determining SNR 

1. Intrinsic noise of sensor 

2. External disturbances: 

•     high frequency |>2CfcHz - GHz] 

radio / TV transmitter, mobile phones 

=> directly affect SQUID'S operation 

*j 

low frequency [dc - 20kHz] 

- wind noise (vibrations) 
- LF drifts of earth's magnetic field (~0,3nT/mfn) 
- cultural noise (1673Hz, 50Hz) 

- sferics 

GEOnoissTEM_aaccdr 



 Forschungszentrum Jülich. 

2. Intrinsic noise of sensor 
determining SNR 

'«as 

Increased LF excess noise 
outside magnetic shielding. 

Reasons: 

Penetration of flux into junction: 
suppression and fluctuation of critical current 

possible solution: narrow junction 

Thermally activated hopping 
of flux vortices in YBCO film 

possible solutions: 

- high quality YBCO film 
- narrow line width of SQUID's structure (w<7c®o/4Bearth) 
- pinning centres (antidots) 

GEOnoi»eTEM3_»se.edr 



Conclusions 

©The usefulness of SQUID in geophysics 
was convincingly demonstrated with 
LTS SQUID, but LHe cooling was 
prohibitive; LN2 is not 

•Recent field tests using HTS SQUID 
demonstrators have been confirming 
their potential in TEM and RMS 

•Further reduction of HTS SQUID low- 
frequency noise is required, especially 
for use in magnetotellurics 

•Also required is ruggerizing & 
automating of SQUID systems, long 
cryogen hold time, cryocoolers, 
borehole-compatible systems 

• There is potential in HTS SQUID use 
for prediction of earthquakes and vol- 
cano eruptions (and other) 



Outlook 

»Existing interest of industry and 
users should lead to commercial 
availability of HTS SQUID systems 
for TEM in a few years (2000-2005) 

►New developments in SQUID 
sensors (Berkeley), may also permit 
CSAMT systems at a comparable 
time scale 

The RMS using HTS SQUID might 
find the relatively largest market, 
after additional development efforts 

Novel (electrokinetic) methods, pos- 
sible only with SQUID, might have a 
large economic potential in a more 
distant future 
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SQUIDs, Axions, Bugs and Hearts 

o SQUIDs - a short review 

o The axion detector: a new mode for-SQUIDs 

© The SQUID microscope: magnetotactic bacteria 

o Unshielded magnetocardiography with a 

high-Tc second-derivative gradiometer 

Lyon 
16 June 1999 



Low-Noise rf Amplifiers 
Based on dc SQUIDs 

Michael Mück and Marc-Olivier Andre 

Department of Physics 
University of California, Berkeley 

In collaboration with: 

Jost Gail and Christoph Heiden 

Institut für Angewandte Physik 

Justus-Liebig Universität Gießen, Germany 
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LC - Resonator Input 
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Axions 

o The axion is a candidate particle for dark matter 

o Energy constrained to 10"6- 10"3eV (0.24 - 240 GHz) 

o In a magnetic field B0 an axion can convert into a 
photon 

o In a resonant cavity of volume V and quality factor Q, 
conversion rate «= B^ VQ 

LLNL/MIT Axion Detector 

°   Cavity 1 m long, 0.5 m diameter : Tc ~ 1.3 K 

o  Frequency range 0.7-0.8 GHz 

o   Output from cavity detected by HEMT amplifier : 
TA~ 1.7 K 

o   System noise temperature Ts = Tc + TA ~ 3 K 

o   Since integration time «= Ts, there is great incentive 
to run the detector at a lower temperature (say, 
0.3 K) provided one has a much quieter amplifier 







Conventional SQUID design 
Top View Side View 

Substrate 
Washer 

Input Coil 

Dielectric 

\t high frequencies, most of the current flows through 
he parasitic capacitance rather than the inductance. 

rhis reduces the gain substantially. 

50 100       150       200 
Frequency (MHz) 
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Feedback 

Feedback from the output of the SQUID to the 
input via the capacitance of the microstrip. 

V in V out 

Positive feedback for Vo 

Vout A 

Negative feedback for Vo 
OocV; 



Gain Measurements 
From generator 
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Gain vs. Coil Length 

30- 

25 
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S 20 
e 
CO 
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: 

71 mm 
n = 31 

^ 600 

S 400 
<L> 

^200- 

33 mm 
n= 19 

20     40     60 
Coil Length (mm) 

7 mm 
« = 6 

1 ' ' ' I '  ' i ' | I' i i | i i i i | i i i i | i i i i |  i i i i | i i i i | i  i i i | i i i i i i i i i | ' ! 

100  200  300  400  500  600  700 
Frequency (MHz) 

Fitted line in inset: vr~ = —,         res    2^^(1 + 16) 
(I in mm) 

• c = 3x108 m/s 
• 8r (Si) ~ 9 
• K « 1.75 arises from inductive loading. 
• x ~ 9 accounts for the SQUID inductance coupled 
into the microstrip. 
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Noise Temperature Measurements 

lermometer 
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Results 
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foise temperature of the 295 K post-amplifier: ~ 100 K. 
QUID Gain «200 M ► 0.5 K at SQUID input. 

sing a cold HEMT post-amp (GA «17 dB, TN,A * 8 K) 
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Noise Temperature Measurements 
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Results 

104 

»*m»t*9*»t** WM« iiMi 

200    220    240    260    280 
Frequency (MHz) 

oise temperature of the 295 K post-amplifier: ~ 100 K. 
QUID Gain» 200 «* ► 0.5 K at SQUID input. 

sing a cold HEMT post-amp (GA * 17 dB, ir^A * 8 k) 
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LC - Resonator Input 
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LC - Resonator Input 
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iractor tuning of microstrip SQUID 
put 

Q 
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SQUID Postamplifier 
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Microstrip SQUID Amplifier Summary 

o Gain > 20 dB for frequencies < 1 GHz 

o With cooled postamplifier and T = 0.4 - 0.5 K: 

Tf}~0.1K 

° Tunable over factor of 2 with varactor diode 

o Second SQUID used as postamplifier 

o Cooled to 0.1 K, SQUID should be 

Quantum Limited (f > 1/2 GHz) 



Magnetotactic  Bacteria 

Yann Chemla 

Helene Grossman 

Tom Lee 

•   Bob Buchanan -- Microbiology 

Mike Adamkiewicz 



MICROSCOPE SCHEMATIC 

77K 

2931< 

20 mm 

window adjustment 

3 (urn-thick SixNy 

membrane 

SQUID 
chip 

silicon base 

fiberglass 
vacuum 
enclosure 

nitrogen can 

fflRr 
frM/jL-TL 

0.25 m 



Magnetotactic Bacteria 
Bacteria MS-1 {Magnetospirillum magnetotacticum); 

m~ 10-16 Am2 

4agnetotaxis: 
-m*B~10kBT 
-3-D=>l-D 

lake bed 
A.. S. Bahaj, et. al. http://vvvvvv.soton.ac.uk) 
R. P. Blakemore (1982) Ann. Rev. Microbiol. 36, 217-38) 



Experimental Setup 

• Observe bacteria in solution 
• Parameters: 

- shielded environment (B<2xl0-5 Be) 
- cell concentrations: 107-108 cells/ml 
- SQUID ~30|im away 

bacteria solution 

I /     Si 
~30nm -,-   -j- SQUID 

40lxm 3u.m SiN window 
-—500|im— 

• Measurement: 
motion of bacteria in solution 

I 
magnetic flux fluctuations 

i 
measure flux noise spectral density: So(f) 



Dead Bacteria 
Rotational Brownian motion of magnetic dipoles: 

s*(f) 
2T 

r*~> 
o T0 = ar/2kßT, 

1 + (2jtt0f)   ar = rotational drag coeff. 

10'3H 

_ 10"4H 
N . 
X  10 - 

& ~ 

^ 10_7H 00 

10"8H 

10"3   10~2   10"1    10°    101    102    103 

Frequency (Hz) 

Model bacteria as cylinders: 

r0 ~™£(ln±-0.662 +0.91? ~* 0    6kBTV    d L. 
For d ~ 0.1\xm => L « 3.5|o,m, AL « 0.7[xm 

In a field, noise is reduced and x0 ==> Tß = otr/2mB 
=> m = 3.0 x 10~16 Am2 

(M. M. Tirado, et al (1980) X Chem. Phys. 73(4), 1986-93) 



Relaxation in a Field 

p Turn off a field & measure randomization time: 
! B   ► 

t=0 

e-t/T0 ><D(t) 
x0=ar/2kBT 

0        5        10       15       20      25      30 
Time (sec) 

x0 =4.8s 



Alignment in a Field 
Turn on a field & measure alignment time: 

B 

t»0 

• O(t) ~ e~t/TB 

TB = ar/2mB 

0.8^ 
• # ■ .■ ^ * " * * "., 

40      80 
Field (//T) 

10       15       20 
Time (sec) 

=>m = 3.2xlO"16Am2 

30 



Live Bacteria 

niversal features: 
- high frequency peaks: (1) ~65Hz, (2) ~25Hz 
- shift in low freq. knee: (3) ~0.1Hz 
- deviation from Lorentzian 

o  10 - 

Frequency (Hz) 



Modeling 

Vibration or "gyration" 
- imbalance in drag forces 
- vibration at flagellar frequency ~ 100Hz 

t  t 
Precession or "wobble" 

- body rolls counter to flagellum 
- body & flagellar axes not collinear 
- precession at lower frequency 

Model vibration & precession as rotations of 
dipole about two axes: 

• In lab frame, measure peaks at fp and fv-fp. 



High Frequency Behavior 

Model vibration & precession as rotations of 
dipole about two axes: 

Fit spectrum to Gaussian distribution of frequencies: 
- (j)v, ^determined by scaling to So(f=0) 

10^ 

£  10^ 
*^o  10"6H 
£ -7 
00 

10"8H 

10" 

SQ(fv,p>_ tan  *v,p 

v,p 
~i        i     i    i   rrrr 1 1 1—i—»   i i i i I ^-i 1—i—t 

2       4681        2       4681        2       4 
10 100 

Frequency (Hz) 

fv=89Hz, Afv=30Hz, <\>y=5.5( 

fp=26Hz, Afp=10Hz, (()p=7.0< 



Time scan of single bacterium 

£ 

5n 

0- 

2 -5-1 

-1(M 

-15 

many bacteria* 

single bacterium 

o 
i 

4 6      8     10    12    14    16 
1 ime (Sec)      * Upper trace offset for clarity 

nterpretation: orbits near surfaces 

;*«$* 

'*^>$^&&» -*Xr' .<' 

■ * t1 •, * 

i i * ; £•;'?** V'.-.'. »-. "* %** 

&v.-5#. 
40^m 

10/*m SQUID 
40/*m 

Amplitude and period consistent 
Sensitivity: <1017 Am2 in 1Hz <£> one 35nm 
particle ~15-30/^m away 
\ D. Frymier, et al (1995) Proc. Natl. Acad. Sei USA 92, 6195-99) 
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wtrtf   A   s/w   A*no   ~ 3 Of^'A) 



Immunoassav 

^Physikalisch Technische Bundesanstalt, Berlin 
j Institut für Diagnostikforschung GmbH, Berlin 
CSchering Ag, Berlin 

Magnetically tag antibody 

Attach antigen to substrate ~~ s/s^S/ 

Allow interaction to take place 

Apply magnetic field for a few seconds 

//$/// 777777- 
Browman rotation of Remanent magnetization 
antibody yields zero of magnetic tag produces 
average magnetic field nonzero field 
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SQUID ELECTRONICS 
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B 

Y77^ —<—   A 
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A, 

X 
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1 mm 
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First-order asymmetric gradiometer 

4>L, 

(b) 

^VPlCftL     &AUH*C€       1 : &0O 



Probe with two gradiometers 
and three magnetometers 

Y reference 

Z reference 

X reference 

^ 

10cm 

Reference 
Gradiometer 

Sensing 
Gradiometer 



Balance of First-Order Gradiometer 

£  1 
CO 

£ 
0 

0.0 

i i 1 1 r 

X reference 

first-order hardware gradiometer (x 1000) 

balanced first-order gradiometer (x 10000) 
-i L 

0.2 0.4 0.6 

time (sec) 

0.8 1.0 

ßAi-AMce  •  2.0 pp*. 



Noise Spectra of Magnetometer and Gradiometer 

10' 

10 -4 

-i—i i i 111 1 1—i—' i i i 11 

■      ' i i—i i 11 

T 1 r 

(b) 

_i i—i—i  i ' i J I L. 

10 100 
frequency (Hz) 



Magneto cardiogram in an Unshielded Environment 
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Magnetocaitüogram in an Unshielded Environment 
(averaged 119 times) 
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MAGNETIC SENSORS FOR NDE 

Table 2: Magnetic sensors for eddy current NDE 

Sensor 
Sensor Package Size 
(Sensing Volume) 

Spatial 
ReaotHtion 

Frequency 
Dependence 

Signal 
Sensitivity Cost 

Induction coils 
SauH 

(1.5mm+x4nun) Good Signal x 1/f Low (£'s) 

Hall Sensors 
SmaU 

(1mm3) 
Good Good Poor Low (£'s) 

Magnetoresistors Medium 
(10mm3) 

Good Good Medium High(£lk)y 

Fluxgates 
Medium 

(lmm$ x 15mm) Medium Good Medium High (£ Ik) 

SQUIDs High' 
(1mm  thin film) 

Good Good Good High (£ Ik)* 

yMagne*or«sb*ors are not widely available conaoacrcialty. Avhile the sensing area of a HTS 
SQUID is sauB, the size of the cryostat has to be take« into account. iThe initial outlay for 
a HTS SQUaD is comparable to that of a ftuxgate Liquid nitrogen cryogen is inexpensive. 

Why use SQUIDs? 

• flaws in airframes at depths ~10-20mm require low noise at 
f<200Hz which only SQUIDs posses. 

• low noise can also mean a much larger standoff compared to 
other sensors. 

• often the cost of operating the SQUID is buried. 

But 

A £40K SQUID system is not state of the art technology. A 
fluxgate magnetometer detection system costing £40K is. 

[General Reference — Jenks et «1, "SQUIDs for Nondestructive EvtlmaboB". Journal of Physics D: Applied Phys- 
ics, vol. 30, pp. 293-323, 1997]. 

SUPERCONDUCTING    TECHNOLOGY 



^flMMrawa44^!^^ 

NDE Techniques 
•  Static field mapping 

Source field distorted 
when passing over 
regions of altered 
permeability 

Ferromagnetic 
specimen 
(oru.r> 100) 

DC magnetic 
field source 

/(typ.10mT) 
Sensor fixed 
relative to 
field source 

Structural flaw and associated 
magnetically altered region 

Directly injected current mapping 

Current flow in plate, 
distorted by non- 
conducting flaw 

Electronic 
gradiometer 

Low 
permeability, 
conductive 
specimen 

•  Eddy current measurement 

ac current 
source (typ. a 
few 10s of mA) 

current 
source (typ. a 
few 100s of mA) 

Eddy current 
induction coil 
(here double-D) 

Low 
permeability, 
conductive 
specimen 

Eddy current flow 
distorted by non- 
conducting flaw 

i 

! 
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Table 1. 
i 

Charru'cal composition and ferrite content of 
cast stainless steels 

1 Mauri«! c Si Mn P s Cr Ni Mo Co N Ferrit« 
content (X) 

A OJOIS 1J6 0.16 OJOU OJ005 19.4 I0J05 2.21 0.03 - I2i 

B 0.01 US 0.63 0JDI0 OJ006 20.30 m 2.14 OJ03 0J4 2IJ3 

C OJ02 IJ9 0.59 OJOIS 0.006 20.74 9.67 130 0Ü4 0J>3 26.1 ' 

._._... ... • » • 

JUfifttfR&t.ZtctJ-VZZ. *fe. .SQÜI D-fe 

• Cryostaf.- 

'.• SQUID 

Z' .' Maonet *r 

J 

Support 

G'racfiorneter 

Sample'    '.' 
.(05* 70)" 

Fig. 1   Schematic of experimental apparatus 
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STR   LJS 

STATIC FIELD MAYING AND 

MATERIAL CHARACTERISATION 

A MUD STEEL HATE WAS ARTIFICIALLY CkACKED H CYCLIC TMkEE-K^IHT LOADING AND 

WAS SCANNED BENEATH A LOW TEMKXATUfcE SOUIL». SENSO*. ISO CONTACT WITH THE 

STEEL MATE WAS MADE THE CkACK WAS DETECTED BY MEASURING Ami ED FIELD DISTOR- 

TIONS CAUSED BY ASSOCIATED MAGNETIC KkMEABIUTY VACATIONS. 

THISTECHNIOUi HAS BEEN HIGHLY SUCCESSFUL FOX K<EDICTING POSSIBLE C1ACX SITES, 

EVEN THIOUGH A THICK LAYEJt OF NON-MAGNETIC MATERIAL. 



Experimental Apparatus 

Cryostat 
Gradiometer 

33 

Support 

IX 

SQUID 

Magnet 

— Sample 

\VOO<V\      £"*. A\p<(*, k<C CL£0 'tC^Tlo^x 

7 fa*\a« ^^A/dO\c*Ter-4 
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STRJK>\) 

CURRSNT FLOW <-> MAGNETIC FIELD 

TRANSFORMATIONS 

STARTING WITH THE 3IOT-SAVART LAW: 

B{r) = -± 
-  -        4K 

f/Cr') x {r-f 

J   ~\r-rf~ 
a r 

EXTRACTING THE VERTICAL COMPONENT AND EXPRESSING IN TERMS O? GREEN'S FUNC- 

TIONS GIVES: 

Bz (r)  = Jx (x, y) ® G (x, y, z) + Jy (x, y) <S> Gx (x, y} z) 

THE TWO GREEN'S FUNCTIONS ARE: 

Gx(x,y,z) = 
Vpdz 

4K 7 7 7     3/2 
l(x2 + y2 + z2) 

AND 

GJxryrz) = 
[i0dz 

4K 

y 
777     3/2 

l(x2+y2+z2) 

TRANSFORMIMG INTO FREQUENCY SPACE AND APPLYING THE LAW of CONTINUITY, GIVES 

A SIMPLE TRANSFORM BETWEEN CURRENT DENSITY AND MAGNETIC FIELD: 

M*A*> ■=' e   jx(kx,ky) 
2   k 

3Y REARRANGEMENT THE INVERSE IS GIVEN BY: 

iJh. *' 
\iQdk J.SW = -'^T'^^^) 



AN EXAMPLE OF MAGNETIC FIELD TO CURRENT 

FLOW TRANSFORMATIONS 

A MINTED CI*CUIT BOA*D IN THE SHAM Of AN SU WITH A SMALL CUUENT FLOWING IN 

IT. WAS SCANNED HNEATH A LOW TEMM1ATUXJ SQUID SENSOL PRODUCING A MAG- 

NETIC FIELD MA> AS SHOWN «LOW: 

3 

k* 
4> 

Longitudinal distance/mm 

BY USING THE ALGOWTHM DESOtlJED AÄOVf THE CUWENT DENSITY WAS CAiCULATH) 

nOfA THE Z COMPONENT OF THE MAGNETIC FIELD; 

Longitudinal distance/mm 

YAÄIAT10NS IN PC8 TXACX WIDTH AiHD THE SOLDE» TAGS CAN EASILY Vt JtESOMD. 



T^epJclx     p^p',A-S        ijj       p^1/ e^\C «^     J"Cgry /y,r\^ 

6 = 
\  V-V-o^f     \ 

w 
\i\iQonf      2TC \| \iof 

10 mm 

■Material 
■parameter 

CM 

(") 

:;, NiCr; : Stainless 
steel ■ 

Mild 
steel 

Si steel V Graphite 

p(x 10-8) 1.8 2.7 103 43 10 43 1000 

U-<".      :M 1 1 1 1 800 50,000 1 

Frequency                              Skin depth (mm) 

I^IH^V 67        ( 83    \ 510 330 5.6 1.4 1591 

^\iooHzy 6.7       1 8.3 51 33 0.56 -0.14 159 

10 kHz 0.67     \ j).^y 5.1 3.3 0.056 0.014 15.9 

I^:I;MHZ .:.; 0.067 0.083 0.51 0.33 0.0056 1.59 

ft 

^o«"   Crack At*kk -t 

r«-t T»t 
.^ 

—— 
? 

i 

w v T- 

"pe^jtk   ^vA-f»^tX     C^crt^k: 



STR HTS 

Experimental procedure 

Many AC techniques generate single frequency ID or 2D scans   I 
of a specimen. In contrast, we make measurements over a range   § 
of frequencies: § 

i 
• s(f) at a signal position, near the slot. 1 

I 
• r(f) at a reference position, above a plain piece of plate, far      1 

from the slot. I 

Then we normalise, calculating s(f)/r(f), which contains depth 
information via the skin effect. 

ei   2.5 

§   I-* T 

0.5-L 
o 

i Slot depth = skin depth 
i at 333 Hz. 
L — __________ ____. 

A 
\ f 

■+■ -+- -f 

10 loo ; looo loooo IOOOOO 

Frequency (Hz) 

^ 
100000 

Frequency (Hz) 

Figure 3: a typical experimental result, for a subsurface slot 6.5 mm deep. 
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NDE WITH LTS SQUID GRADIOMETERS 

Uses same scanning system and electronics, but the requirement 
of a LHe cryostat imposes an additional standoff between the 
sensor and the sample. (Varying the coil to sample liftoff is 
much more critical). 

Electronic gradiometer 
with double-D coil 

Piece of paper acting as 
electrical insulator 

LTS integrated 
gradiometer with 
spiral coil 

Slits in upper surface of lower plate 

LTS (70Hz,0.5A) 
100 

Additional 3.2mm 
thick aluminium sheet 
covering slits 

e g 
c 
o 
as 
o 
o 

1. HTS (570Hz,0.05A) 
■   SQUIDs in motion 

s 

0 
I    - 

-1 0 1 

Normalized resoonse 

(in) pjoSis 

• LTS Gradiometers are overly sensitive for NDE purposes. 
• rf or magnetic shielding is often required for operation in a 

magnetically hostile environment. 
• The design and application of higher order asymmetric gradi- 

ometers may have some future in very specialised areas. 
SUPERCONDUCTING     TECHNOLOGY 
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Section 2.1.1.B). The concentration and charge gradients force Na+ into the cell and 

if the 

Post-synaptic synapse. Neurotransmitters are released into the synaptic cleft and 

recombine with the post-synaptic membrane. The recombination of excitatory 

neurotransmitters.. force a change in the permeability of the membrane to Na" ions 

which initiates depolarisation. (Gaudin and Jones, 1989). 

threshold potential is reached an action potential is initiated in the post-synaptic 

neurone. The action potential can now propagate along this new neurone. The current 

distribution of a post-synaptic potential is like that of a single current dipole. The 

measured biomagnetic signal is not of one axon synapsing with another but is the 

sum of the magnetic field from many synapses in the nerve bundle. 

The post-synaptic potential always occurs at the synapse at the same time for 

a given nerve and stimulus site. The recordings taken from the spinal cord and cortex 

in Chapter 6 and 7 are of the magnetic fields induced by post-synaptic potential 

currents of several hundred neurones. Stimulation of the median nerve at the wrist, 

causes propagation of an action potential along the nerve bundle to the post-synaptic 

neurones in the dorsal horn in the spinal cord, 14ms after the stimulation. The signal 

14 



MULTILAYER SPECIMENS 

Realistic aircraft lap-joint structures may have flaws 
beside fasteners in the first, second or even third layers, ie flaws 
hidden below 6mm of aluminium. The lack of any 
sealant between the layers makes ultrasonic testing unsuitable. 

3mm 

second and third 
layer corrosion 

<—Cross section of airframe 

third layer crack 
magnetometer measuring 
horizontal field component 

3mm :z z ±L 

tSimulated lapjoint       SP^ induction coil 

Eddy currents induced in the sample using a spiral coil located 
on the cryostat tail. Icoil~0.5A, fcoil=620Hz. The HTS SQUID 
magnetometer is scanned across the sample at v~3mms 
takes 60mins to collect the data. 

-l and 

The flaw signal is superimposed onto the rivet signal 
and identical unflawed rivets do not have identical signatures 
due to the nature of the contact between the rivet and the plate. 

Deeper flaws —> lower excitation frequency 
Reducing the frequency to 170Hz increases 
the flaw signal at rivet 2. Use digital signal 
subtraction to remove the rivet signal from 
the image. 

620Hz 
SUPERCONDUCTING     TECHNOLOGY 



FLUXGATESvs SQUIDS 

Both sensors were used to map the features of the 
lap-joint sample, starting with the top layer. 

^BSSööWP 

^^^^» 

fluxgate 
gradiometer 

■■*i*i-«a/ 

5 
:fe^- 

-*««?!*. 

HTS SÖÜID 
Two-dimensional cross-correlation of the final im- 
age with an "ideal, unffawed fastener" can be used 
to isolate the flaw signal. For the SQUID image: 

•1» 
-«sSv 

Average of 2&4   Rivet 1 -Average Rivet 3 - Average Rivet 5 - Average 
(both unflawed) pk-pk 90 pk-pk 67 pk-pk 25 

In the above example, a moderately low noise HTS 
SQUID performs better than a fluxgate in terms of 
spatial and signal resolution. 
Removal of the rivet signal can also be; performed 
using orthogonal induction of the eddy ciirrenisT 

UNIVERSITY    OF    STRATHCLYDE 



Second generation gradiometers 

Aimed at ultra low-noise applications: 
-> Fabricate gradiometer on large substrate 30 x 10mm2 --> baseline is 14mm. 
■> Improve inductance matching between gradiometer loop and SQUID 
■^ Use novel coupling scheme where two SQUIDs are connected to gradiometer 

loops to compensate for parasitic effective area. 

10mm 

Current due to flux in 
gradiometer loops 

Gradiometric signals 
add, and responses to 
uniform fields cancel. 

-> improved balance 

Current due to flux 
in SQUIDs 

7o First Tests:      Gradient resolution is 222fT7cnWHz --> suitable for biomagnetism 
Gradiometer operates well unshielded 

~  io- 
s 

e 
4) 

.82     10- 
© 
c 

10": 

Magnetometer 
(One loop cut) 

unshielded 
shielded 

X400 

vH*vi 'VW 

Gradiometer 

V"V'/Uvvy^A/^yjlVY,J| 

100 

Frequency (Hz) Frequency (Hi) 



 Forschungszentrum Jülich. 

4) Mobile Cryostat with SQUID 
and Scanmaster moving —I 

Sfj^mt^itrtr.rinOt'iT 



.Forschungszentrum Jülich- 

Mobile Cryostat for 
SQUID cooling (ILK Dresden) 

*j 

Fiberglass -expoxy 
enclosure. 

Filling 
tube 

SQUID 
Sensor Copper cold 

Sapphire   head 
cold finger 

Liquid 
nitrogen 

Vacuum 
space 

to*Or«-a* CM* "9" 



 Forschungszentrum Julien. 

Flawless Airbus wheel *j 
Lock-in signal of SQUID (one trace) 

In phase 

out-of-phase 

lift-off effect high-pass filtered 
—>—i—i—i—i—i—■—i—•—i—'—i—'—i—t~ 

0  45  90  135 180 225 270 315 360 

angular position [°] 

Signature from ferromagnetic keys 

Key 1 

-i— i ■ i—■—i- 

Key 3 

t . t . i 

-i—■—i—■—i—■—i—i—i—r—i—■—i—■    i    '—r- 

_1 i I . I i—I ■__! ■ l_ 

-i—■—i—■—i—i—i—'—i—'—i—■—r 

Key 4 

i   .   i 

Re Re 



.Forschungszentrum Julien. 

Aircraft Wheel Testing 
rf-Gradiometer, f = 215 Hz, I = 200 mA 
trace with 65 % crack and 25 % crack 

*J 

360 



.Forschungszentrum Julien. 

*J Orthogonal Excitation with 
Planar Gradiometer and Sheet Inducer 

:.^^^^jj^^&^Vi;:|t^^S^ y^H 

50 100      150 100      150 

t Signal       4- integrated along gradiometer baseline 
->-.».V>«^:i:*W*; 

aluminum plate 
(250x250x4mm3) 
with 12.5mm slot 
and 12.5 mm hole 

Sheet inducer.with planar rf gradiometer 

Excitation current: 5 mA (5) 500 Hz 



a) Multi-D coil 

Principle 
Setup with 
Gradiometer 

■  ■Mj|ijiMii.ii^iM—wmj»r---  

Sheet Inducer 

Setup with 
Gradiometer 

Fig. 6: MULTI-D COIL AND SHEET INDUCER 
WITH SQUID SETUP 



.Forschungszentrum Julien. 

*J Rotation of excitation current 
Software Evaluation of Orthogonal Measurements 
with Planar Gradiometer and Sheet Inducer 

5°i 25°^ 

•• 4#fc- lit« 
■ ■'■ r->>.":-: 

■ ■■■ '^w-:-, 

."■ ;.,i s;    '• * ■•;' 
.''-.**'---V'" 

':|j|   V-' ■ /;;/;..£,- 

45° \ 

* 

65' 

i^ 

85' 105 
. ■'••'.V«*;'K..- ^^:v*^^^■'J,ft:•f.■;J/?:.^.«f■ff?7:^rt!;.•; 

%-t- ft      -v\! "■ ^1 •<; 

Excitation: 5 mA (5) 500 Hz 
aluminum plate (250x250x4mm3) 
with 12.5mm slot and 12.5 mm hole 

165°/ 



.ForschurKjszerrtrijm Jülich. 

Orthogonal Excitation with 
Planar Gradiometer and Multi-D Coil 

*J 

so 

BO 

40 

20 

*£       ■'-v-''-.sJ® ;:c 
}'?& 

|1|?f^^^^fi^^^ffi^^S5^? 

jr&aSÄ^Ä,-.:-.*^^';^. -■■■ •: ■ 
>w^ri- -» T^tr-rtv"'"sir:*^ar^fr^--'. .- <• 

^?§^Si«."^a 

20   4G   60   80   100 
t Signal       4 integrated 

*r ö£*;-r 

-;W-~.-'-3fe:->'-! 

^ 
. SSV 

V-.,    *SM 

along 

80 

60! 

40 

20 

20 4D 60 80 100 

gradiometer baseline 
*'■ .-=■-:>-'■■-: .   •■  ■--,-.T.'.^.v;-"jii':->.'.•J'^'?xii^.:-'i 

■..".'j;^EÜT.r:..-'i.-j;^,S.-. ■■■••   '■. .■■r./..w»-.".:-iy:i!...,;5.r:,' 

■•{ -•'"■s; ■;«;iSMfi'Si«¥WiM/-i-:W  "-^i>-" . -.sir*»»»: 

rv4:^^!^i--^"*t\«-..-*a^fi-!5--.-.':-- - '■ 

;-i;-' 

20    40   60   80   100 20   40   60   80   100 

aluminum ptete 

Multi-D coil with planar gradiometer ^f^^w 

Excitation current: 1 mA (a) 500 Hz and125mmhole 
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