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ALTERNATIVE MAGN ETOMETERS

e Variometer

Rotation of a suspended magnet
10719 THz~1/2 at zero frequency

* Fluxgate 1071 THz-Y/2 DC to kHy
e Induction Coil

10 cm long, 10 cm diameter
10713 THz1/2 at 10 Hz at room temperature
10713 THz 12 at 4 K

e Magnetic resonance magnetometers

e Hall effect

e Optical fiber

* SQUID 107 THzY2 DC to 10’s of kHz

“Magnetic quantities, units, materials and measurements,” J E. Zim-
merman, in Biomagnetism: an Interdisciplinary A pproach, S.J. Willia
G.L. Romani, L. Kaufman, and I. Modena, Eds., (Plenum, New

York, 1982) pp. 17-42.
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“Principles and applications of SQUIDS,”

SQuID

Amplifier

TS

<

Lock-in
Detector Integrator

100-kHz % Vo
Oscillator

77: 1208-1223.

J. Clarke, Proc.

IEEE




MAGNETOMETERS

C =

FLUX-LOCKED sQuiD

e Single loop

e Multiple turns

e Field senéitivity proportional to cojl area,
e Sensitive to noise

e Sensitive to tilt in Earth’s field

“Principles and a,pplicat.ions of SQUIDS,” J. Clarke, Proc. IEEE
77: 1208-1223.




ENVIRONMENTAL NOISE
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GRADIOMETERS
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e Can be balanced to 1 part in 107
¢ Insensitive to distant Nnolse sources
e 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

!

. Voltage
Preamplifier Control unit —= 4utpy

T g
Liquid hellum vent

_\1[,/ /Pump out port
Liquid helium rl—Lr‘D——'_ —
dewar \ |_— Yacuum space

|_— Radiation -baffles

\ 1y

— S
7 Vapor cooled
Electrical leads — metal strips
Superconducting Superinsulation
shield h 7

SQUID —— | | Liquid helium -

input coll

1
o | _—- Molecular sieve
vapor trap

A

rf shield —_— ]
-+

Tail section
Detection coil \ /.of dewar

U

“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.




i9]qIssod 9oue)sIg gINDS-921N0SG J3|JRWS VY SSYEN ‘N
ZH 0GZ Ypimpueg oapIA

ZHM L 0F = Ng ZHMLL 52 = Mg
hwu_ M Jm,l_ . ﬂ:.l..l«!..l..ﬂl«l.. . Z -wl... G- ﬁ%..lml-.\ 1|.|le ...lm|n4|.1-. . m.ul-lxl.lllu .-
ERel - 05 -
{\/{.\/{\/ o 1o
J : _ r@ ° w \J 10 o
: | ¢ o {5z =
| Jos 153
| ™ |
| 5 00 1 00}
AINDS-SLH V4M UM 90N~ % 1 g2y

dINOS-SL1 g1d UM DOIN

(uieg g1d AsepnoD) wooy papjaiys v apisyl
2AINDS J91pwolaubely g7 puy SIH buisn 9o




43]00D20uUdIu g 3}a>>of wnndoa g Aud330C0Aud g
smopnag ‘g pod pP10> uojrovuablujad Q Aoddo QNS 2
a)dnguuny Bundnod 7/ SP13IYS 10WU3YL ¢ mopuim auiyddos ]
0E6'L
" - S ——— B
)
)
FEYNMMMNA, ;
I _ L
SN VYWY
I

1] I | I 1 1

w o




KUJMA Uty SUvVi

UhNv by dud0Us

1d430x1 6y 0500 SH3IJWNr dNY S30OvVdl 1Y

SITLIWITUNW NI SNOISNIWIQ JVINIT 1V 310N *xx

008'EGo

008059

HeveTy
iy
1347

-
v

Yipm wuca.me\\N iﬁ. |
8evo0 SITTTITITLS




a




0.75"
Al bottom sheet,
0.008" thick.

(a) 1100-H18 alloy.

1/16" Al rivets,
type 1100-F,
flush with surface.

o

_
_ Al top sh
. 0.008 thick,
1100-H18 alloy.

Top sheet
\

. . Al support strut, alloy
Rivet ends 2024-T3, 0.032" thick

(c)

(b) 'AOQ OQ.
O O-O O JO

Parallel crack 45° crack

SAMPLE CONFIGURATION

Figure 3. (@) 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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: ’ Dr.M.IFaley
Forschungszentrum Jilich ‘ IMF-IFF

HTS DC-SQUID flip-chip magnetometers

80 — T T ¥ T T T v T T T T T v 80
60 - -1 60
'S a0} | 140
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2 R
= 20 20
E L
(4] .
© O0F 0
5 ptme o)
w .
=20 | -20
-40 L l : 1 2 1 . | " | N 1 .- -40
32,0 32,5 - 33,0 33,6 - 34,0 34,5 35,0 35,5

Time [s]

An example of a real-time MCG-measurement with the flip-chip
magnetometer. |



Dr.M.IFaley
Forschungszentrum Julich IMF-IFF

Sensor head for a DC—SQUID microscope
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ac and dc Current
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Magnetic Field
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dc Resistance
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ac Resistance/Inductance Bridge

ac Bridge
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ac Mutual Inductance
(Susceptibility Bridge)




Applications

Laboratory
Ammeter: 10-12 ampere/vHz
Voltmeter: 10-14 volt
Ohmmeter: 10-12Q)

Mutual/Self Inductance: 10-12henry |
Magnetic Susceptibility: 10-1°emu & single electron spins

Magnetic Fields: 10-15 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 ;ris,i)‘anl ]
echnologies
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’ Dr.M.LFaley
Forschungszentrum Julich ‘ IMF-IFF

HTS DC-SQUID flip-chip magnetometers

Multilayer flux transformer on 10 mm x 10 mm S1Ti0; substrate
and encapsulated dc-SQUID magnetometers. The magnetometers
are fixed on standard dc-SQUID packages (axial and 90°)
designed for operation together with iIMAG electronics.




, Dr.M.1 Faley
Forschungszentrum Jilich ‘ IMF-IFF

HTS DC-SQUID flip-chip magnetometers

I S T T

M80706

77 K ac-bias iIMAG)

I O |

Field noise, pT/Hz
|

0.01 T T T T T T T T

1 10 100 1000
Frequency, Hz

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 p-metal shield.
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Outline

eIntroduction

eElectromagnetic Methods of
Geophysical Exploration

e Areas of Possible SQUID ‘
Applications in Geomagnetism

ePerformance Requirements for
SQUID Magnetometers

e History of LTS SQUID Uses in
Geophysics

eStatus of HT'S SQUID Develop-
ments, rf and dc Magnetometers

oHTS SQUID Field Data

e Conclusions & OQutlook




___Forschungszentrum Jiilich

Principle of EM Methods in Geophysics

target parameter: electrical ground conductivity

distinguish geological structures
by differences in conductivity

secondary field

p— —
—~—
- \

\ receiver

\\ i[gl

transmitterl'ﬂ

conductive iayer .-

skin depth z~\/ LI
o -f

o = conductivity; f = frequency

o

GEOprincasc.cdr
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___Forschungszentrum Jilich

o,

Application of Electromagnetic Methods
for Geological Investigations
ground water trash dumps | 0
%0 subsoil / materials
.......... 50 m
\§ Ore deposits
500 m
...... . 5km
geodynamics
1000 km
T. Radic, TU Berlin

GEOQanwasc.cdr



Electromagnetic Methods of
Geophysical Sounding

Time Domain:

* Transient Electromagnetic
Method (TEM)

* Long-Offset TEM (LOTEM)

Frequency Domain:
* Magnetotelluric (MT, AMT)

* Controlled-Source MT, AM’T
(CSMT, CSAMT)

* Very Low Radio Frequency
Resistivity (VLF-R)

* Radiomagnetic Sounding (RMS)




Magnetotellurics

eNatural or controlled source EM
excitation, from 10~ to > 10° Hz

eDetermine at earth surface:
Z,y(©) = oHE(0)/By ()
(L~1)
eFor a homogeneous earth:

Py = Voo | Zxy(o) |2

eFor inhomogeneous subsoil one can
use the apparent resistivity p,(®):

pa ~ 0.2t [E/H,]*
where: p, [2], t [sec], Ey [mV/km], H,[nT]

eDepth of penetration:
p ~ 12n(10p,t)"”
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Possible Applications of
SQUID in Geomagnetism

ePaleomagnetism (Rock Sample
Magnetometry)

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

e Prospecting for Oil Deposits
e xploration for Geothermal Energy

eSmall-Area Prospecting for Water,
Buried Waste, Archeological
Objects

eVolcanic Eruption and Earthquake
Prediction

e Fluid Interface Detection
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___Forschungszentrum Jilich

o,
Magnetic field noise |
for HTS rf SQUID and induction coil
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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:

e Transient EM (time domain)

® Controlled-source audio

magnetotellurics (frequency domain)

® Radiometric detection of water &
environmental waste
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Project Supported by German Government (BMBF)
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SQUID Magnetometers
for Geophysical Applications

(LS I IIIT I
":""’
prgeosasgns

y »

Forschungszentrum
Jiilich

Objectives:
Development of a

compact, broadband
vector magnetometer

Demonstration of
geophysical
exploration

Gaopariver o, JNST
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___Forschungszentrum Jilich

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

SQUID:

- YBCO washer:

- loop:
- junction type:
- junction width:

resonator:

- coplanar:
- frequency:

- 0Blod =

' 4
Sensor Set-up of J
HTS rf SQUID Vector Magnetometer

& = 3,5mm »

100 x 100 pm?, 10 x 500 um?
step edge junction

4 um

@ = 8mm on 1cm? substrate
650 MHz - 1 GHz

3,9nT/®y , 2,7 nT/Dg

GEQ3chnengsubanc. cdr




_Forschungszentrum Jilich

Sensor Module of HTS rf SQUID
Vector Magnetometer [YBCO

rf SQUID, coplanar resonator and planar coupling coil
integration of heater to eliminate trapped magnetic flux

GEQengmodul2asc.cdr
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3-axis HTS rf SQUID Vector Magnetometer

, Oberpfalz

| at Erbendorf

ia

Field Tr

djustment
ielded against rf no

System includes heater and automatic a

ISe

well sh

3

of SQUID parameters




TEM Survey with SQUID System
Cloncurry, Australia, October 1998
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___Forschungszentrum Jilich

Characteristics of
HTS rf SQUID Vector Magnetometer

e sensor set up: orthogonal, capsulated

o bandwidth: dc — 20 kHz |
o dynamic range: >130dB

e slew rate: | ~ 2mT/s [~ 5x10° Do/s]

e cross talk: <05%

o hold time of dewar: >30h
o implemented heater

o field resolution: ,
white noise 40 fT/yHz [typical] |
1/f — onset @ 100 Hz [best channel]

= Requirements for TEM fulfilled

— Stable operation of all 3 channels in
urban environment proved




[zH] Aouanba.qy
00001 0001 001l 0] |
"omw.os_ bovav e o 0 bove oo 0y _:_:__ e Livvo v v v rO_‘
rO—‘ | -
m 1 ) _ - NOF
< ot :
= - 01
S oLf ”
2 _ =01
x ﬁ
= O :
g .nuO—‘
p|el} onaubew s ypes ayj ul |puueyo-Z - - i
O - Buipielys onsubew apisui jsuueyo-z :
PR — O S | W R R _____v~_ FW— Wi noo_\
Buipjelys episino zH 00} ~ ®
Bupjelys ul z4 2/~ ® 18sUO-Y/L
Buipjeiys onsubepy spisinQ pue u |
& (J]auueyo-7) Jejawolaubeyy 10j08/ JO ei0adS 8SIoN

[zH)/14] 8siou piay onsube



£SO 30

[zH] Aouanba.
0001 00} 0l !

ZHM L0V |

[zH)/14] @slou pjay oaubep

E | [SUUBYD-A e ]
L0l
[SUUBUD-X e
[QUUBYD-Z =
[ :
<0}

Buipjeiys [e1ew-1 Jakel-¢ apisuj
lajawojaubey 10jos Jo eijoadg osioN

LIAIINEA (1IN B iInarcRL In A A | ———




10308 1MEaN0ID

_m_._ 1 piel4 Bbuunq (jsuueyo-x) BunesH Jayy pue alojeg eljoedg asIoN

Flux noise [n¢,/VHz]

[zH] Aouanba.
ooLoo.r 000} 0L o

lllll

lllll

Bunesy Jeye ——
p|ay oneubew s,yues ul JuswaAow Jaye

JUBLIBAOW 8l0joq ——

C Ly

—w___—_ 1 L —___\—__ 1 L —__

[zHM/13] 8slou piay onaubey

- 501

:19]eaH JO 8ouewWIOLSd

= 0l

yolne wnyjuazsbunyosio4—




150 BAAPRWRISUe0ID

(yydep w 0001~) (yydap wpgz ~)
sw Gl SWw 6 ~ [sw] swi |
00l ol : !
PR ST T S T 1 1 T T R N L — Lo 0 1 L N.D—.
VG'L =1 w0} X woQ} :dooj xp - |
W3.LdV1 :Jun uopisinbe - [
wejshs QINDS H SIHSIXe-£ £ p

Blep jlI00

‘Jueswdinbe - |
Asiou // W5 0€ ~ :AyAnsisal punosb - |
Auewuas) ‘Lops|yoy :els - E ol >
4 : 3
m : =
| o
e NP m w
-:Uf L =
Tl N <
sabelone ggz (10D —e-- co0L 2
sebelone gy0z 10D —e—
va_\
sebesane 96z '‘QINDS - =- ”
Lo o o e e . EOL

Sawl] a)eT 10} |I0D JOAO ainds H S1H abejueApy
:sjuswainses| (N3 L) sonsubewosjos|] Juaisuel] [eoisAydoss

yoinr wnguazsbunyosio4

-



L2 P NN

[sw] awi]
001 ol _r
e VGL u>_ ‘woQ| X wQ} :dooj xJ - 20k
- ueulas) ‘uops|yoy 8us - -
(r 3 0l
- —‘l
pz0l oD |
0l
96z :aINOS | | W
:sabelony = 0l .m..
i c
o
0L O
- =
<
A
sjuswainsesw gINOS [enuanbas INo) =—e= / L0l
00w :
= 0L
seuwil] 8)e 104 |10 JBAQ QINDS H S1H abejueApy
g | Sjuswalinses|\ NIL ,

i Sl




£

[lewy pjey Buu
ZH00E-001 :Josuo-/|
ZH)M 1J0¥ ‘8siou 8)iym

.“.,Mm_w? nd ¥
nq]

Illll
-~
o
<

llllllll T

warTr 7T

©
[v/AY] epnyijdwy

™
o
-~

T (yidep wi 0oz~ (yydop wigez ~)
sw 0Ll suw o}
[sw] swiy e H—
4
10— 92 (110D
10D Jo |eibayu| 9 :AiNOS
ainos —e— :sabelany

1

1 i

o)

miTrTrTr T l[llllll T

- 10D JeuopusAuo) uey] YNS Jayeg sapiroid AINDS SLH
Aueuweg) ‘lepngsuipe|y je painsespy ‘soljeubewouos|3 jusisuel] [esisAydoan)

O}

yolnr wnuuezsbunyosio4——




140 wATVOI0

[sw] awi
0]0] 0] 1
: I B | 1 1 1 1 _r i1 | P N L 1 __ Ll L 1 1 OF
. s . Nl
V9 =]‘wQo} x woQ} :dooj XL - |
Aueunsg) ‘leynqsuipep :8ys - |

95Z 110D |—£ 01

¥9:AINDS | | W
:sabelany =,01 o
: =
ST Y
X =
Ol qu

joQ —%—
|eubis |10 JO [BIBO)U| e
.ll.l\lc

leubis QINDS 0 aAeALSp =01

ainos

Ol

10D uey1 YNS Jojag sapiroid AiNOS
sawil] 8jeT 1oy |10D - QINDS UONHE|81I0)

- T uaine Wnhuazsbunuasiod——



o Yweda03o

[sw] ewi]
0l (o] o] 0l
|

 ommanm— 'V 9 =|'wool X woQ} :dooj x1.
WG 0F ~ KIATSISE) PUNoIB
Auewien) ‘|apnqsuiue :8ys - -

[w/A1] spnyijduy

(sew} 9 pabeieAe) syoejs 9 ,0b

| sjuswiainsesw NS [enusnbas ino4

B el o

Ol

sjuswiainsesi\ INIL AINOS [edisAydoas jo Ajjiqionpoiday

——————————————————————oljn wnjuezsbunyosio{—




8 L .
1 vauvy
1: 103r0ud
b} AN3NO

0l

02-9i

1) T 1
4] 8
Jiva
A8 Q3A3AUNS )
IS IWYINOZIHOH
001-
3IAOW ONAS )
INIL NOILVHOILNI :
1 L

ADN3NO3YA L v /.lll.l\l}.‘ + i 1 4 = t u t } J e femmed | G - |}
AN3HHND

WL ALVD 1SHIY
3NIL 440 NUNL XL
321 00T X1

004

0002 —

:
/

/g
|

=l 01 -9

40453

\.wm .m Qw % 0002 -

pasenbs assw dwe sed sjjorousu

0000t~ —

| S | | _ | | | | ' | " “ | | “ “ | | S -1
VAIYIQ BWIL /\\\ .
0000} - /\\\\\\')/‘!\\\\ll\\\|l|\\\|'\\\ 4

1038

JOWOHLO313

L N ~ ~ ~ ~ ~ ~ ~ ~ ~ ~N ~ ~ N ~ ~ ~ ~ o @
m [o:] [e+] ~ ~ o [+)] wm (4] -y D LW w N n - -_ [e] o [Te] w
o [4;] (o] [4;] o 14,1 o (3,3 o [4;} o (3] o wm o wn (o] n o n o
73 Q [&) (@) o Q o o o o [e) (o] o [«] [&] (o) o (=] (&) o (o]
Wo. m m m m m m m m m m m m m m m m m m m m
2 [

> (] —

—~ -—

4 5 G n@2S 24

0 o I Y | (2),9 LN3NOJWOD IVOILHIA Cmemar AN NS 7]




8 3NN
1 vauv
L: 103rodd
P AN3IO

a119)0a6 [5¢ B _

Jlva

AQ Q3A3AUNS
W3S VINOZIHOH
300N ONAS

3NIL NOILVHOIINI
AONIND3HL
AN3HHUND

FNIL 3LVYD LSUId
INWIL 340 NHNL X1
321S dOOT XL

N-

102-91

0t-

002- —

YT waU.ﬁG

sddm@% ooz - \\|\| I\,\\\\\\.\\\/\\\! -

0002- —

pssenbs anaw dwe sad sjjoacueu

YAIHIG 3NIL

. —
1038 )
LOWOHLD313 - -

- FN

30584
3008L
30S4L
30894
30094
30SSL
30054
osvL
300¥L
oseL
J00€L
30s2L
3002L
30512
3001L
30604
30004
30569
30069

(w) sbugisey




1: ann
. vauy
.i  103roud
) INano

aiva

A8 03A3AHNS
VIS TYANOZIMOH
* 3UOW ONAS

WIL NOLLYUO31NI
AON3NO3YS
IN3YUND

IWIL 31O 1SHld
INIL 340 NBNL X1
32IS dOOIT XL

P

“asi7)7

‘AId30 INIL

o3s
LOWOH L0313

Hl

paienbs asnew duse Jad sjjoroueu

(w) sBuysel

S0°0-

S0°0

Fl

0s

0004~

000}

; — ; ety ! \\xﬂ.ﬂ.\ \/“om.m:.
\.\\( :

} : { ! ! _ I _ ; _ } ; ' ; ! e i : 1S4

e —— _ . : i . _ ; TR S S S S—, | | _ § 04-9

' } i i t } | | t i b t } i i } e e o ;.
—— —

30584

30084

30S.2L
30044
30694
30094
30854

\

30054
30svL
300¥L
30seL
300€L
3082L
30024
30512
30014
30504
30002
30569
30069

7100 - x3)d710F9

(2).8 ININOJWOD IVIILHIA




23 WL UROID

[w/Aw] abejjon

[sw] swi]
00} ol L
J I - 1 1 1 I 1 i1 1 1 1 1 | 1 _ 111 1 1 1 L 1
0L = [dofzy"y 4 owey . B
i (4eAup auif “1siS81 1) A/LUOS :10108) QINDS [
n N wb 0p0g ‘dooj-u :j109 JeAeo8l m
mU.O L 3 . VOl ueuns w.
L woQl X wQQ} Jeplwsuel] r
oL 3 62-00M 3991 Xoq W3L E
(2 i BUIYD UIBYUOU Ul 8iNoNNs |
..A.NJ_ - [eoiBojoet enoqe ejyoid w 'L :eus |
oL E
~
oy . -
Z gk m
O =
O - N I
() -
o ok / :
F =
§ -
oL £| QINOS rZ4 jo sngeausp —— /“
€ u
- | $)Oejs 9G¢ ‘100 ——
QO F| syeisgcz ‘ainosrz4 - N
- | BT 1 1 1 11 1 1 i 1 1 T WY R S| i | 1 m




3 Bunsssun3101 030

>
Depth) [s]

Time (

[w] yibue sjyoid
00g1 0Gcl 0001 06. 00s 0g¢

g

o

aov'e -
856'L
GGS'L
€860
229’0
¥6€°0

20

Fo_.o

G O e —————— e —

£€PZ0'0

691100

¥8€000 m

mch UJBYMHON Ul @injons |esibojosn)

°hoge 3J1Jold W310T-AINDS

1011 1 )
-~

[1Ld] pieid-9

1’0

Ol




B-Field [pT/A]
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Radiomagnetic Sounding

eAbove 100 kHz, E, difficult to meas-
ure (sensor dimensions comp. to 0)

eMeasure B gradient instead:
Curl B(o) = pou(1/p, - joe) E(®)

eWhen p <100 Qcm, f <1 -2 MHz, jOE 1S
negligible, and we have:

Z.(0) = -p*/AzZ(ABy(0)/By (©))

(with ABy, p* just below surface, Az
<< 6)

eFor homogeneous earth (p = p*):

| AB,(0)/By (©) | = 2"*A2/

= |AB,|=8-800fT
for

B,|=1-100 pT
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r_Forschungszentrum Jilich

1. Intrinsic noise of sensor

2. External disturbances:

Main Noise Sources in TEM
Determining SNR

high frequency [>20kHz - GHz]

radio / TV transmitter, mobile phones

directly affect SQUID’s operation

low frequency [dc - 20kHz]

- wind noise (vibrations)
- LF drifts of earth’s magnetic field (~0,3nT/min)
- cultural noise (16*/,Hz, 50Hz)

- sferics

GEOnoiseTEM_asc.cdr




___Forschungszentrum Jilich

2; Intrinsic noise of sensor
determining SNR

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<n®,/4B,,,.)
- pinning centres (antidots)

GEOnoiseTEM3_asc.cdr




Conclusions

e The usefulness of SQUID in geophysics
was convincingly demonstrated with
LTS SQUID, but LHe cooling was

prohibitive; LN, is not

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

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

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

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



}

Outlook

cExisting. interest of industry and
users should lead to commercial

~availability of HTS SQUID systems

for TEM in a few years (2000-2005)

eNew developments 1n SQUID
sensors (Berkeley), may also permit
CSAMT systems at a comparable
time scale |

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

eNovel (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

SQUIDs — a short review

The axion detector: a new mode for-SQUIDs

The SQUID microscope: magnetotactic bacteria

Unshielded magnetocardiography with a

high-T¢ second-derivative gradiometer

Lyon
16 June 1999



Low-Noise rf Amplifiers

Based on dc SQUIDs
(LOW—‘&)

Michael Miick and Marc-Olivier André

Department of Physics
University of California, Berkeley

In collaboration with:

Jost Gail and Christoph Heiden
Institut fiir Angewandte Physik
Justus-Liebig Universitdt Gieflen, Germany

YIROFPENGE MENG
(VAL mzen/mcmms)




Transmitted power (dB)

L.C - Resonator Input
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LC - Resonator Input

] K stage 3He stage




NOISE TEMPERATuRE

(e

S:(‘P) = . az 4%(1’-!»‘#1)51

WHERE Th= T, (R)




Axions
o The axion is a candidate particle for dark matter
o Energy constrained to 10— 103eV (0.24 - 240 GHz)

o In a magnetic field B, an axion can convert into a
photon

o]

In a resonant cavity of volume V and quality factor Q,
conversion rate < B2 VQ

LLNL/MIT Axion Detector
o Cavity 1 m long, 0.5m diameter : Te= 1.3K
o Frequency range 0.7-0.8 GHz

o Qutput from cavity detected by HEMT amplifier :
Ta=1.7K

o System noise temperature Ts=Tc+Ta=3K
o Since integration time o< Tg, 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

I
Substrate nput Coil

Yas}ler Dielectric
L
_=>=C

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

[his reduces the gain substantially. |

Gain (dB)
—_— N DN
e

U
T

)

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.

Positive feedback for V$

Vout A

I VP‘P

>
| DoV
egative feedback for Vg in




Gain Measurements

From generator To spectrum
y analyser
—— BB/ BB\ T00) ¢ 1B
220 Q T T 1 22 Q —
!_LQ'[,]," \r._r
56 QH 56 Q{H 180 Q []180 Q
P | I -
20 dB, 50 Io* 4dB, 50 Q
Attenuator Attenuator
20+

1 Counter electrode
grounded, V3 Washer

—Y
(9}
]
i
Qo
=
-
QL
o
\P"
<
o

Gain (dB)
P

Counter electrode

grounded, Vg,
4

¥ l L]

B
550 600 650 700
Frequency (MHz)




Gain vs. Coil Length

: &, 400
25': >8 200_ | | l
=) ) 20 40 60
= 209 Coil Length (m7m)
® 1n=31 33 mm
U 15“_ n:rlilrgn l’l:6
104 15 mm
] n=11

lllllllllllllllllllllllllllllllllllllllllllll [FryyorovY

100 2()0 300 400 500 600 700

Frequency (MHz)
itted line in inset: v . = 2z xx(l +16) (/ in mm)
* ¢ =3x108 m/s
* £, (S1) =9

* K = 1.75 arises from inductive loading.

* x = 9 accounts for the SQUID inductance coupled
into the microstrip.
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' Results
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Noise Temperature. (K)

O W

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, Ty A =8 K)
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oise temperature of the 295 K post-amplifier: ~ 100 K.
UID Gain = 200 <= 0.5 K at SQUID input.
sing a cold HEMT post-amp (GA » 17 dB, TN A =8 K)
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Relative noise power (dB)
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LC - Resonator Input
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ractor tuning of microstrip SQUID

ut W Output
T
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1 1 | o
I__l

7

fi Varactor

X 1-9pF
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SQUID Postamplifier

0 Q

T

_X—I—)&
21" 8dB,50Q Io 21

SQUID 1 Attenuator SQUID 2

T=42K

Llllllllll

IIIlIll[[IllIllll[llll[llll[lllllllll|lllllllll|ll

340 360 380 400 420
Frequency (MHz)

IB,1 | IB,2
T T T 1 . T T
Vout

]



l

o

(¢]

o

(o]

o}

Microstrip SQUID Amplifier: Summary

Gain > 20 dB for frequencies< 1 GHz

With cooled postamplifier and T = 0.4 — 0.5 K:
T 2 ~ 0.1 K

Tunable over factor of 2 with varactor diode

Second SQUID used as postamplifier

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
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Magnetotactic Bacteria

acteria MS-1 (Magnetospirillum magnetotacticum):

L -
3.

X

agnetotaxis:
-me*B ~ 10 kgT X

-3-D=1-D

lake bed

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




.Experimental Setup

* Observe bacteria in solution

e Parameters:
- shielded environment (B<2x10-5 Be)

- cell concentrations: 107-108 cells/ml
- SQUID ~30um away

bacteria solution

N\ Si

~30pm f© I SQUID

- 40pm 3um SiN window
-—3500um— - »

e Measurement:

motion of bacteria in solution

Y _
magnetic flux fluctuations

\ |

measure flux noise spectral density: So(f)




Dead Bacteria

Rotational Brownian motion of magnetic dipoles:
27T, To = 04/2kBT,

1+ (2:rm:0f)2 o, = rotational drag coeff.

—> S(I)(f) ~

So(D 2/ Hz)

100 10

Frequency (Hz)

Model bacteria as cylinders: | tcﬁ
i P —

3
5 =Tk (1n£- 0.662 + 0.929—) L
6ksT\  d L

For d ~ 0.7um = L = 3.5um, AL = 0.7um

T

In a field, noise is reduced and T, = Tg = ., /2mB
= m=3.0x10""°Am’

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




Relaxation in a Field

Turn off a field & measure randomization time:

B ———

.

0.0- | , -
0 5 10 15 20 25 30

Time (sec)

1 ! | l

=T, =4.85

Normalized Flux | |



|

Alignment in a Field

e Turn on a field & measure alignment time:

Normalized flux

Field (4T)

O‘O—l T T T | |
0 5 10 15 20 25 30
Time (sec)

— m=3.2x10"10Am?



Live Bacteria

niversal features:

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

- deviation from Lorentzian

10% 107 10° 10" 10
Frequency (Hz)

|



Modeling

* Vibration or “gyration” |
- imbalance in drag forces
- vibration at flagellar frequency ~ 100Hz

* 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:

Wy

* In lab frame, measure peaks at f;, and f,-f},.



High Frequency Behavior

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

Wy

Fit spectrum to Gaussian distribution of frequencies:
- ¢y, ¢pdetermined by scaling to Se(f=0)

10-
105 [
;bj ].O = ‘ fp
o 10°4
o
N~ -7
79 tan” ¢
10-8_ OVv,p o V,p
oS S(D(O) TAfv,p “
' 2 468 2 468 2 4
10 100
Frequency (Hz)

f,=89Hz, Af,=30Hz, $y=5.5°
f,=26Hz, Af,=10Hz, ¢;=7.0°




Time scan of single bacterium

54

O_W‘WMWMWWWany bacteria*

single bacterium

| Field (nT)
—=
{‘}
—
=
}

—
(U

|
Q 8 10 12 14 16
Time (SGC) * Upper trace offset for clarity

-
[\
D

nterpretation: orbits near surfaces

Hopmy=__= sQuID
40pm

Amplitude and period consistent

Sensitivity: <10-17 Am? in 1Hz <> one 35nm

particle ~15-30um away

. D. Frymier, et al (1995) Proc. Natl. Acad. Sci USA 92, 6195-99)




MAGNETIC MOMENT RESoLwr/oN

» MAGNErC MOMENT oOF ONE BACTERIUM = Zxio— CAmZ

o S/N RATIO oF SWIMMING BACTERIUM
o 20:1 IN 25 He BANAWIDTH

| | o . )
° THUS, MCROSGOPE RESowuTioN = 3% 'CAm [He'*

l
= 3x0% yq [H2 "

® NOTE: EAcH BACTERIUM CoNTAINS ~ 30 MAGLETDSOMES
WiTH A MAGNETIC MOMERT ~ /077 Am?

THUS, ONE  Could DETELT 1 MAGNETOSONE
WITH R $/N RATID ~ 3 (Hg™t)




Immunoassay

nstitut fiir Diagnostikforschung GmbH, Berlin

{Physikalisch Technische Bundesanstalt, Berlin
I
Schering Ag, Berlin

Magnétically tag antibody

Attach antigen to substrate 77%77

Allow interaction to take place

Apply magnetic field for a few seconds

/ V44N
Brownian rotation of Remanent magnetization
antibody yields zero of magnetic tag produces

average magnetic field nonzero field




MAGNETIC Flecd GRADEATS

MA6&NENC DIPOLE MDODMENT ™M

B ~ m
T3

o
d,

4‘
| 4,\3

ME
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FLux TRANSFORMERS

. o—

- -
By ~ 10 ':‘f H2 ":/o"ﬂmyg'/t FLUX-LOCKED SQUID
(@)

Li L
)82
22 ik _.

FLUX-LOCKED SQUID

z FLUX-LOCKED SQUID
&,
Pl
(b)
d Va
By E {
2> éf) = Y

(c)
XBL 766-7T138A
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THREE - SQUID GRADIOMBTER (KocH erat

SQUID ELECTRONICS R, (ONE OF THREE)

(ONE OF THREE) \\ ////’ f/

R

g ™S Vo £ Bp |
Lzu i/ T\ !
A GRADIENT
< : OuUTPUT
= £ g REFERENCE ’-"‘vu X d’f%/ﬁ!"
S Y e |
L
g L5 S
o

V.et8.~Bp

L OWER

SENSOR |

SQUID

® REFERENCE SQuID PROVIDES QRUIET ENVIRONMENT
FOR WPPER AND LOWER SQUIDS

® NO\SE OF REFERENCE SQUID IS SUBFMRACTE) ow
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FLIP- CHIP GRADIODMETER : PRINLIPLE
ZIMMERRAN 1977

Lp

1Bz
- /A

J
7 An N

X

ConD TioN FoR BALANCLE : 2ERo RESPONSE To uNiFam By

o

TRANSFORMER : By (Ap+A)) = (Lp+Li)Tp -M;Tm = O

MacNeroMeTsr:  BaAm = Ly Ju-M; T = O
Rechad o RS THE VARWAELE PRRAMETER , CHoosiNg.
Tr So THAT T, =0

XY = AM . LP*'L‘:
Ap+R;  (Lilm)™

THIS 1S THE ConBITION To RALANCE THE GRADIMETER

l



FLIP- CHIP GRADILMETER : PRINCIPLE
ZIMMERMAN 1975

Al%—/ ‘ / Lo
b—u(L&LM . Ap
| SJt i

$Jm A"‘ - L

X

GRADIENT RESPORSE @ APPLY SB,a To MAGNETOMETER
AND INDPUT  LOoOP ONLY

TRANSFORMEA Y SBa A; - (Lp+Ly) §T, - M ET, =

MAGNETOMETER * SBEAM_ Lo STM- MCSI\': =0

SowNG For &7, | CURRENT TN
- - -n— -/BARE MAGNETONET:
Jn = 583 L
& Jm 7 :__'_f-f.""_‘.:
Lp/Li+]= ol (A [Am) (Em /h)
HERE
¥ i Lp/bi +1-w?

FRACTOR m REPRESENTS THE REDUCTION IN THE
SENUTIVITY OF THE MAGNETOMETER DuE To THE TRANSFORNE




FARBRICATION oF GRADIDMETER

17.5 mm

1 mm T

EsTiIMATED PARAMETERL:

TRaNsForue: L = 0nH, R 2 3bww?, Lpx S0aH; Ap Glimm?
seuin: L= SOpH, Rz 28, I, = 2004R

MAGUETONETER: Ly = 4wH, Ay = 20mp®
THUWS * o= 0.43
M= 0.96 — ONLY §% REDULTION 1N SENSTNITY

BASELINE : 4.8mm



First-order asymmetric gradiometer

TYPICAL BALANCE | :300



Probe with two gradiometers
and three magnetometers

Z reference

X reference

Reference
Gradiometer

Sensing
Gradiometer




magnetic field (pT)

Y e U U

Balance of First-Order Gradiometer

4 T T T T T T T T

X reference

first-order hardware gradiometer (x 1000)

balanced first-order gradiometer (x 10000)

0.0 0.2 0.4 0.6 0.8 1.0
time (sec)

BALANCE : 20 ppm
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Noise Spectra of Magnetometer and Gradiometer
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Magnetocardiogram in an Unshielded Environment

Xreference ( divided by 100 ) -
hardware gradiometer
i balanced second-order gradiometer -
L | 2 | ! i It
0 2 4 6

time (sec)




magnetic field (pT)

Magnetocardiogram in an Unshielded Environment

(averaged 119 times)

Q S

0.2

0.4 0.6
time (sec)

0.8
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MAGNETIC SENSORS FOR NDE

Table 2: Magnetic sensors for eddy curreat NDE

Sensor Package Size |  Spatial Frequency Signal
Sensor (Sensing Volume) | Resobution | Dependence | Sensitivity Cost
Induction coils (1.5mmé x 4mnm) Good Signal < I/f Low (£'s)
Hall Sensors (ls:n‘g) Good Good Poor Low (£s)
. Medi .
Magnctoresistors (lOmnu?) Good Good Medium | High (£1k)’
Fluxgates a mm"f‘“’l‘;‘m) Medium Good Medium | High (£1k)
cohd
SQUIDs High Good Good Good | High (£1k)’
(1mm? thin film) :

’ngnekm are not widely available commsercialty. “While the seusmg area of a HTS
SQUID is small, the size of the cryostat has 10 be taken im0 account. >The initial outlay for

a HTS SQUID is comparable to that of a fluxgase. Liquid sitrogen 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.

[Genenal Reference — Jenks et al, “SQUIDs for Nosdestructive Evaluation”, Jowrnal of Physics D: Applied Phys-

s, vol. 30, pp. 293-323, 1997].

SUPERCONDUCTING TECHNOLOGY

L ]
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NDE Techniques

22,

o Siatic field mapping
Source field distorted

when passing over .
regions of altered

permeability

DC magnetic
field source

gl }/ (typ.10 mT)

. [ N ~ Sensor fixed
\ relative to

field source

o I W E R M R R it

sl R

Ferromagnetic tural .
specimen Structural flaw and associated

(or p, > 100) magnetically altered region

SERIRHSE R e R R R G G AR S s e R e S g

* Directly injected current mapping

Current flow in plate, Electronic
distorted by non- gradiometer
conducting flaw

Low
permeability,
conductive
specimen

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

e Eddy current measurement

st L e e pi BRI e S Bragdidl ) s s Dl e, GBI D by

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

wiib

Eddy current |
induction coil
(here double-D)

B R L T e N I T F R R N T L TN TP ] S R P ) PO ER T T P TSI IO Yoy

hiidEb it

Low
permeability,
conductive
specimen

Papind B g

Eddy current flow
distorted by non-
conducting flaw
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NVEEE, BRANSQUIDEVYOTHEE

¢
{ .
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Fig.3 Intensity of SQUID sensor as a function

of aging time
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STR LTS

STATIC FIELD MAPPING AND
MATERIAL CHARACTERISATION

A MILD STEEL PLATE WAL AXTIFITIALLY CRACKED £1 CT0LIT THREE-POINT LOADING AND
WAS SCANNED BENEATH A LW TEMPERATURE STUID SENSOR NG CONTACT WITH THE
STEEL PLATE WAS MALE. THE “XACK WAS DETECTED BY MEASUXING APPLIED FIELD DISTOR-

TIONS CAUSED BY ASSOTIATED MAGMETIC PEXMEABILITY YARIATIONS.

THIS TECHNIQUE HAS BEEN HIGHLY SUCCESSFUL FOR FREDICTING POSSIBLE CRACK SITES.

EVEN THROUGH A THICK LATEX LF MOM-MALMETIT MATEUAL




Experimental Apparatus |
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: " ' Support
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SR . INY

CURRENT FLOW <-> MAGNETIC FIELD
T R;‘-\NSFORM;‘-\T IONS

" STARTIMNG WITH THE "107‘:.2\\/1\«1 LAY,

B | I x(r-1)
E(f) - ZE ‘r__r,lj, df.

EXTRACTING THE YERTICAL COMPOMEMT AND EXPRESSING IN TERMS OF GREEN'S FUNC-

TIONS GIVES:

B(r) =J.(xy) ®G,(x,5,2) +J,(x,y) @G (x,5,2)

THE TWO GREEN'S FUNCTIONS ARE:

Wodz x
G‘;(xr}';Z) =
47 2, .2, 2,32
(xX*+y +27)
AMD
| Hodz ~
G, (%2 = [ o J
: 4r 2, .2, 2,32
(x“+y"+27)

TRANSFORMING INTO FREQUENMCY SPACE AND APPLYING THE LAWY OF CONTIMUITY, GIVES

A SIMPLE TRANSFORM BETWEEN CURRENT DENSITY AMD MAGNETIC FIZLD

. .!J'Odk -kz. \
bz(kx,ky,z) = 17—/3 ]x(kx,k))




AN EXAMPLE OF MAGNETIC FIELD TO CURRENT
FLOYW TRANSFORMATIONS

A PRINTED CIRCUIT BOARD IN THE SHA?E OF AN SU WITH A SMALL CURRENT FLOWING IN
IT. WAS SCANNED 3ENEATH A LOW TEMPERATURE SQUID SENSOL PRODUCING A MAG-
NETIC FIELD MAP AS SHOWN 3ELOW:

2D

z - i
g . <

S~

8 :

S

s L

2 E

= ‘ .

3 g

5 Y 4

2 :

a1 - S
0 Longitudinal distance/mm 178

BY USING THE ALGOXTHM DESCRIZED ABOYE THE CURRENT DENSITY WAS CALCULATED
FROM THE Z COMPONENT OF THE MAGNETIC FIELD:

—

109

Lateral distance/mm

i I

0 Longitudinal distance/mm 178

YARIATIONS IN PCB TRACK WIDTH AND THZ T0LLER TAGS AN BASILY 38 RESOLYED.
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Experimental procedure L

5

;

Many AC techniques generate single frequency 1D or 2D scans

of a specimen. In contrast, we make measurements over a range
of frequencies: &

g
+ s(f) at a signal position, near the slot. 5

* 1(f) at a reference position, above a plain piece of plate, far
from the slot. |

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

R S A RS

" Slot depth = Skin depth
I at 333 Hz. | :
|
' i
I 1
] 25‘ 1 2
; |
2 A\
5154 |
~ A
& 1 : \ *os
'g 05+ ! \
] . l
A0 + P NI -y ;
1 10 100 : 1000 10000 100000
Frequezicy(Hz)
i
!
~ 207 !
th i
o 15+
i :
2 09 s ;
8 100 ! 100000
I
Frequer}.cy(Hz)

Figure 3: a typical experimental result, for a subsurface slot 6.5 mm deep.




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 - Piece of paper acting as
with double-D coil electrical msulator

gradiometer with e Additiohal 3.2mm
Spiral coi o ' thick aluminium sheet
Slits in upper surface of lower plate  covering slits

¥ LTS (70Hz,0.5A)

100 ; —1. HTS (570Hz,0.05A)
: SQUIDs in motion
¢ | T E
3 \\“‘\\
E ™ <€
c | e “E
8 — o
E <l S
3 ’ “\\\\\\ L SE
| ]
: ; por =T e
0 : u) reus:
- - . o

Normalized response

« 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

Figure 2.7 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” jons

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

~—1 «Cross section of airframe

second’and third third layer crack

layer corrosion magnetometer measuring

horizontal field component

:y ,1 ,2 _‘3 .4 ‘g ‘5
3 - / (
min 4
pd

TSimulated lapjoint spiral induction coil
Eddy currents induced in the sample using a spiral coil located
on the cryostat tail. I.,;~0.5A, f,,3=620Hz. The HTS SQUID
magnetometer is scanned across the sample at v~3mms™! and
takes 60mins to collect the data. :

SR RSB AR

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.

SUPERCONDUCTING TECHNOLOGY



FLUXGATES vs SQUIDS

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

fluxgate
_gradiometer

Two- dlmensmnal cross-correlation of the fmal im-
age with an “ideal, unflawed fastener” can be used
to isolate the flaw signal. For the SQUID image:

Average of 2&4 -Aa Rivét 3- Ave}age 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 Ctrf‘reﬁ%

UNIVERSITY OF STRATHCLYDE




Flux noise (®y/NHz)

Second generation gradiometers

Aimed at ultra low-noise applications:

= Fabricate gradiometer on large substrate 30 x 10mm? > 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.

- 410mm

Current due to flux in
gradiometer loops

Current due to flux
in SQUIDs

Gradiometric signals
add, and responses to
uniform fields cancel.

— improved balance

70
Gradient resolution is 282fT/cmYHz --> suitable for biomagnetism

First Tests:
Gradiometer operates well unshielded
: Gradiometer
10" 4 A
| Magnetometer: P »
(One loop cut) x 400 €2
10° | | |
i 7"“1 ™~ y
! unshielded ) AAM —_ ) . J
t  ___ shielded \"\/\r\,\m N W
! A ¥
107 ¢ : .
1 10 100 1 10 i 100
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4) Mobile Cryostat with SQUID
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__Forschungszentrum Jilich

" 4
Mobile Cryostat for <
SQUID cooling (ILK Dresden)

T— — - —

et

SQUID
Sensor

Copper cold Vacuum

Sapphire pead Liquid
cold finger nitrogen

MobCryo. o, OMOE 98




__Forschungszentrum Jiilich e

- 4
Flawless Airbus wheel |
Lock-in signal of SQUID (one trace)|

\ in phase

out-of-phase
lift-off effect high-pass filtered

1 1 L] T T T T T T T

: — , |
0 45 90 135 180 225 270 315 360 |
angular position [°] j §

Signature from ferromagnetic keys |
Key 3 { %

| Key 1

ﬁ“m\\&%m}KeyZ— _ Key 4 |

- Re Re

Im




__Forschungszentrum Jilich

Aroraft W J

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

-M
|

e \bf

X
65%

in-phase signal

O 9 180 270 360

65"/&/\

|

I

quadrature signal




— Forschungszentrum Jilich

Orthogonal Excitation with
Planar Gradiometer and Sheet Inducer

aluminum plate
Dy ———
(250x250x4mm’)

with 12.5mm slot
and 12.5 mm hole

Sheet inducer.with planar rf gradiometer
Excitation current: 5 mA @ 500 Hz

—? CN. 588




a) Multi-D coil

o Setup with
Principle Gradiometer

©

Sheet Inducer

N3

Setup with
Gradiometer

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




___Forschungszentrum Jiilich

Rotation of excitation current

Software Evaluation of Orthogonal Measurements
with Planar Gradiometer and Sheet Inducer

Excitation: 5 mA @ 500 Hz

aluminum plate (250x250x4mm’°)
with 12.5mm slot and 12.5 mm hole




___Forschungszentrum Jlich

Orthogonal Excitation with
Planar Gradiometer and Multi-D Coil

20 40 B0 80 100 20 40 60 B0 100
TSigpal' | Iinn.tegrated along gradi‘Qmet'ervt?gvsql_ine
Jd2E '
50t
A0t
il '

0 40 B 8 1m N 40 B0 80 100

aluminum plate

. . : (250%250x4mm’)
Multi-D coil with planar gradiometer e B ot

Excitation current: 1 mA @ 500 Hz ¢ '#°mmhoe
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