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Overview

• Magnetoencephalography
• Ultra-low field Magnetic Resonance Imaging
• Geomagnetism
• Multiplexing Transition Edge Sensors
• A few more exotic applications
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Magnetoencephalography
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Magnetoencephalography
(MEG)
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Magnetoencephalography (MEG)

Two gradiometric pickup coils,
one magnetometric coil

SQUID
chips
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MEG - magnetically shielded rooms

Doi: 10.1063/1.2354545
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Full MEGIN system

Youtube: pYJW-J_IcC4



8

MEG applications: epilepsy

Video:
doi:10.1016/j.eplepsyres.2013.02.017
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MEG applications:
Neurosurgery
planning

Sensory Motor
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An actual SQUID magnetometer chip
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Typical thin film fabrication stack
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Ultra low field Magnetic Resonance Imaging
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Ultra low field Magnetic Resonance Imaging
ULF-MRI

Prepolarization
coil

Connectors for
SQUID
magnetometer
modules

Module
locations
populated with
magnetometers
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ULF-MRI

Magnetic moments of
hydrogen nuclei (water)

Randomly oriented

Liquid helium
 vessel
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ULF-MRI

Prepolarization
field

Prepolarization field
~100 mT

Orients hydrogen
nuclei

SQUIDs are dead
during this phase

Co
il

cu
rr

en
t
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ULF-MRI

Work field coil

Work field of ~100 mT
’kicks’ the magnetic
momenta into precessing
motion

Work field coil
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ULF-MRI
Magnetic momenta
performing the precessing
motion emit magnetic
signal at a few kHz
frequency

Precession-generated
field ~100 pT
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ULF-MRI
Traditional arrangement of
SQUIDs in an ultra-low-
field MRI

Magnetic
shields

SQUIDs

Pickup
coils
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ULF-MRI
New SQUID arrangement:
exposed to prepolarization
field

SQUID
SQUID

Pickup coil
Pickup coil
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ULF-MRI
Challenge: a few
milliseconds before
measuring the precession
(work) field, SQUIDs are
exposed to prepolarization
field

Factor of 1015 higher than
the required field
sensitivity!

SQUID
SQUID

Pickup coil
Pickup coil
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ULF-MRI

Doi: 10.1002/mrm.24413

doi:10.1088/0953-2048/24/7/075020
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ULF-MRI
New direction:
• SQUID magnetometers

which do not need
shielding.

• Spontaneous recovery
in milliseconds, after
100 mT prepolarization
pulse

• Work underway

• Undiced 150mm wafer
• Pickup coil linewidth 3 mm

Too narrow to be visible

One magnetometer
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Geomagnetism
Thanks to Ronny Stolz,
Leibniz-institute, Jena

For historical review, see
Doi: 10.1190/1.2133784
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Geomagnetism: similarities with MEG
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Magnetotellurics (MT)
• Passive ’listening’ to B-field
• Excited by solar wind – ionosphere

interaction
• 3D underground electric conductivity map

Geomagnetism: a few methods
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Geomagnetism: a few methods
Magnetotellurics (MT)
• Passive ’listening’ to B-field
• Excited by solar wind – ionosphere

interaction
• 3D underground electric conductivity map
Magnetic anomaly detection (MAD)
• Passive ’listening’ as the magnetometer

moves
Transient electromagnetic pulses (TEM)
• Use coil for active excitation
Paleomagnetism, Rock magnetism,
Susceptometry…

Forgacs and Warnick 1967, one of the first SQUID applications
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Note the Kursk
Magnetic Anomaly and
the Iron Mountain of
Kiirunavaara (Sweden).
DBmax = 190 mT

Magnetic
Anomaly
Detection
(MAD)
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Fagaly, Rev. Sci. Instr.  2006, doi: 10.1063/1.2354545

Magnetic Anomaly Detection (MAD)
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Transient
Electromagnetic
Pulses (MAD)
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TES detector multiplexing



Jackson et al, IEEE Trans. THz Tech. 2 12 (2012)

SPICA mission: SAFARI instrument

SAFARI instrument
• TES bolometer array
• 3528 pixels
• SW 34-56mm, MW 54-89mm,

LW1 87-143mm, LW2 140-
230mm

• FDM readout
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ATHENA mission
Advanced Telescope for High-energy Astrophysics

http://http://x-ifu.irap.omp.eu/
https://www.youtube.com/watch
?v=mOf6WIDmi30

X-IFU instrument: 3168-pixel array of
superconducting X-ray calorimeters at T = 50 mK
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Beamline instruments
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Beamline instruments



Multiplexing: reminder of linear algebra

Kiviranta et al, AIP Conf. Proc. 605 295 (2002)

Take detector signals ( ) ( ) ( )tstststs NK321 ,),( and band-limit so that

they are effectively constant Nssss K321 ,,
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Multiplexing: reminder of linear algebra

Kiviranta et al, AIP Conf. Proc. 605 295 (2002)

Take detector signals ( ) ( ) ( )tstststs NK321 ,),( and band-limit so that

they are effectively constant Nssss K321 ,,

Take an orthogonal set of basis functions Njjjj K321 ,,
Multiply signals with basis functions NNssss jjjj K332211 ,,

(fingerprints)

Now signals can be summedc ( ) NNtot ssssts jjjj +++= K332211

The total signal transferred from cryostat to room temperature over single wire
At room temperature:

( ) ( ) 113322111 sssssts NNtot =+++= jjjjjj K

( ) 22 ststot =j
( ) 32 ststot =j etc.
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TES
signals

Orthogonal basis sets for multiplexing

Continuous Two-level
1 / 0

Two-level
+1 / -1

summing
node

1s 2s 3s 4s 5s 6s 7s 8s

8j

2j

7j

6j

5j

4j

3j

1j
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TDM CDMFDM

300 K

50 mK

Cold
multiplying
elements
needed

TESes

Voltage biases

1s 2s 3s 4s 5s 6s 7s 8s

1s 2s 3s 4s 5s 6s 7s 8s
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12-channel Beyer-style time domain MUX
using voltage-state Zappe switches

doi:10.1088/1742-6596/507/4/042003

Array of flux-controlled superconductive-
normal ( Zappe ) switches: short-circuit all
but one amplifier SQUID
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40-channel TD-MUX for ATHENA
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14-channel FD-MUX demonstration for ATHENA

LNA
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14-channel FD-MUX demonstration for ATHENA

Front-end: K5 and K5B Booster: L1 and L1X
• 3 x 128 –SQUID array
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176-channel FD-MUX for SPICA
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Code domain multiplexing
Hadamard (Walsh)

codes

zeroth

1st

2nd

3rd

4th

5th

6th

7th

Codes are bipolar two-level
Þ multiplication by a

commutating switch
I1

I2

IN
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NIST switches
Irwin et al, J. Low Temp. Phys. 167 588 (2012)

VTT/Jena switches, E-SQUID project 2010-14, unpublished

Applied flux
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Code domain multiplexing
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Code domain multiplexing
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A few more exotic applications
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Josephson Travelling Wave Parametric Ampl’s

SEM picture arXiv:2009.03010

Early work at VTT, doi:
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Axions: dark mass search
Josephson Parametric Amplifier @5.8 GHzHAYSTAC experiment

arXiv:1610.02580

https://www.quantamagazine.org/how-axions-may-explain-times-arrow-20160107/
https://en.wikipedia.org/wiki/Axion_Dark_Matter_Experiment

Microstrip SQUID @600 MHz or 0-200 MHzADMX experiment
arXiv:0910.5914

Axion
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Josephson Parametric Converter

SEM picture
from QuMics project
http://qmics.wmi.badw.de/

Emmanuel Flurin, PhD thesis
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Thank you for listening

• Magnetoencephalography
• Ultra-low field Magnetic Resonance Imaging
• Geomagnetism
• Multiplexing Transition Edge Sensors
• A few more exotic applications


