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LTS dc-SQUID sensors

o components, operation, parameters
o circuit and design aspects: signal coupling, SQUID cascades
SQUID arrays, flux trapping

o noise: excess magnetic flux noise at low temperatures

Sensors examples
SQUID readout of TES optical photon counter for ALPS

SQUID sensors for wire-wound magnetometers
differential SQUID signal booster
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A dc-SQUID -1 loop, 2 JJs
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Superconductive tunneling

P8

e What happens at a superconducter/superconductor contact?

“"thin" non-super- BrianD.
SllpEl'COI]dllCtOl‘ cqnducting interface Josephson, 1962
electrodel J Possible new effects
supercon ductor in superconductive
tunnelling

electrode IT Phys. Lett. 1, 251
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Superconductive tunneling

PIB

e What happens at a superconducter/superconductor contact?

“"thin" non-super- BrianD.
superconductor conducting interface Josephson, 1962
electrodel J Possible new effects
unnelling

electrode I1 Phys. Lert. 1, 251

e supercurrent_, V=0 — dc Josephson effect

e mag. field dependence I (B) » current-phase relation , 7. =/.,,.sin(¢)

‘max

RSN BTN | SO R A > ac Josephon effect , K., = 483.597.. MHz/pV
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Superconductive tunneling

e What happens at a superconducter/superconductor contact?

BrianD.
Josephson, 1962
Possible new effects
in superconductive
tunneliing

Phys. Lett. 1, 251

“thin" non-super-
superconductor conducting interface
electrodel Y,
superconductor
electrodeIl

e supercurrent , V=0 — dc Josephson effect

e mag. field dependence I (B) —> current-phase relation , 7. =/, .sin(})

‘max

RSN BTN SO SR > ac Josephon effect , K., = 483.597.. MHz/pV

Josephson junction —JJ
e configuration of weakly coupled superconductors across non-superconductor

e insulator, normal metal, structurally modified superconductor, magnetic
material,...

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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P.W. Anderson, J.M. Rowell, 1963

| Probable Observation of the Josephson
supercinducting tunneling effect
Phys.Rev.Letr. 10,230

IN MA
I

CURRENT

(a)

S § ) I

| ] 1

-

0 1 2 3
VOLTAGE IN MV

FIG. 1. Current-voltage characteristic for a tin-
tin oxide-lead tunnel structure at ~1.5°K, (a) for a
field of 6 x 10~ gauss and (b) for a field 0.4 gauss.
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P.W. Anderson, J.M. Rowell, 1963

| Probable Observation of the Josephson
supercinducting tunneling effect
Phys.Rev.Letr. 10,230

CURRENT IN MA

2| dcJosephson current
and I_ (B)

(
-kl
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0 1 2 3
VOLTAGE IN MV

FIG. 1. Current-voltage characteristic for a tin-
tin oxide-lead tunnel structure at ~1.5°K, (a) for a
field of 6 x 10~ gauss and (b) for a field 0.4 gauss.
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Phys.Rev.Letr. 10,230

CURRENT IN MA

2| dcJosephson current
and I_ (B)

(
(b).

1 ]

P.W. Anderson, J.M. Rowell, 1963
| Probable Observation of the Josephson
supercinducting tunneling effect

superconductor-insulator-superconductor

(SIS) junction using ‘native’ oxide

|

-

0 1

2 3

VOLTAGE IN MV

FIG. 1. Current-voltage characteristic for a tin-
tin oxide-lead tunnel structure at ~1.5°K, (a) for a
field of 6 x 10~ gauss and (b) for a field 0.4 gauss.
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JJs for supercondcting devices

e Refractory metal SIS junctions — thin film process (PTB)

SiO, on Si

I b |
I A O,
I D [

I \bO,
N additional insulator
I normal metal

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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JJs for supercondcting devices

PIB

e Refractory metal SIS junctions — thin film process (PTB)

SiO, on Si
I ND |
I A O,
I Nb 1
I \bO,
BN additional insulator
BN normal metal

- superconductor electrode II: Nb

Nb/ /Nb

+barrier*: AlO, , ~nm - therm. oxidation
Josephson

wetting layer: Al ,~1...10nm

junctions

- superconductorelectrode I: Nb

M. Gurvitchet al,, 1983

High quality refractory Josephson tunnel junctions
wtilizing thin aluminium layers

Appl. Phys.Lett. 42,472

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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LTS dc-SQUID sensors

SC-Electrode II: Nb

) "'\__ JJ-area, j- ~100...200 A/cm?

SC-electrode I: Nb

2um Mag= S5.00 KX WD = 5.1 mm

A L-IRTN mm—— InLens EHT = 20.00 kV
Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Me!
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dc-SQUID sensors BEPIB

o superconductor ring interrupted by two Josephson junctions
- JJs: regions of weakened superconductivity with a critical current -
- JJs resistively shunted with ohmic resistor R

o sensor of magnetic flux @ through the SQUID ring of inductance L,

outputsignal at
room temperature

> VOut

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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dc-SQUID sensors BEPIB

> superconductor ring interrupted by two Josephson junctions
- JJs: regions of weakened superconductivity with a critical current -
- JJs resistively shunted with ohmic resistor R

o sensor of magnetic flux @ through the SQUID ring of inductance L,

outputsignal at
room temperature

> VOut

electric current g VOffset

magnetic field

other physical quantity

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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dc-SQUID sensors EPIR

o superconductor ring interrupted by two Josephson junctions
- JJs: regions of weakened superconductivity with a critical current -
- JJs resistively shunted with ohmic resistor R

o sensor of magnetic flux @ through the SQUID ring of inductance L,

outputsignal at

room temperature
>_Q VOut
magnetic field
electric current ; Votiset

other physical quantity

magnetic flux quantization Josephson tunneling
superconductorring 7' <T, SQUID critical current

= Dy =1 x hf2e = n x D = Ic5q (P) x [cos(mD/Dy)|

n =012 3 .

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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dc-SQUID sensors BEPIB

superconductorring interrupted by two Josephson junctions
- JJs: regions of weakened superconductivity with a critical current -
- JJs resistively shunted with ohmic resistor R

sensor of magnetic flux @ through the SQUID ring of inductance L,
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dc-SQUID sensors BEPIB

o superconductor ring interrupted by two Josephson junctions
- JJs: regions of weakened superconductivity with a critical current -
- JJs resistively shunted with ohmic resistor R

o sensor of magnetic flux @ through the SQUID ring of inductance L,

| Vsq output signal at
room temperature

>-U VOut

VOffset

How fast is a dc-SQUID?

t~ Lgo/2R

Lo~ 100 pH, R ~ 10 Q
—> ~5ps

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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dc-SQUID sensors

> almost always: operation in negative feedback (,,Flux-Locked Loop"™)

Preamp Integrator

TR >—f
_MFLV &b A _#_VF

W) i3

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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dc-SQUID sensors

o almost always: operation in negative feedback (,,Flux-Locked Loop™)

Preamp Integrator
d " ; f
Re
NN g
¥

® FLL transfer coefficient 01/ 0D =-M; / Ry

e flux changes <<1®, can be measured

® no relevant noise degradation, but BW limitation

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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FLL dynamics - ideal

Preamp Integrator

e FLL bandwidth £} ;

What is the maximum output signal
frequency?

e System slew rate 0O /ot
how fast can the feedback signal change?

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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FLL dynamics - ideal B PTR

prear‘np Integrator 10‘ T LB | T LI | T LI IIIII:

L >
v %R @ |V

1 ] LB LEBAL)

R
| Ji 1
Ho00: - 108 £
— F Unity-gain
90 [ frequency f,
e FLL bandwidth f;,; i
What is the maximum output signal 1E
frequency? -
- (a) Open-loop gain
e System slew rate 0d;/of 10" e e
T L lIIlIll T T Illl'll T rmrrrrm
; > L i
how fast can the feedback signal change: I FLL bandwidth f,,, ]
= 1E E
o |
- (b) FLL gain
10° 10" 1 10’
(i
Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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FLL dynamics — delay limit BEPIB

<4.2K .

300K Prear‘np Integrator
D

e Imcable »>#;~ 10ns

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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FLL dynamics — delay limit BEPIB

<4.2K .

300K preamp  Integrator sQuID Integrator Delay

(I) L i
1 Wy 1 j2ft,

e — | e <D
o fr" f - 1
Dyp ks ‘

e Imcable »>#;~ 10ns
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FLL dynamics — delay limit BEPIB

42K : 300K preamp  Integrator SQUID  Integrator Delay
: + ~P _Vy_ 1 2nft,,
ey cbaﬁ’ i ij-f_f— -+ e’ g CD‘,
\4 [' Dyp !
LI 'l L] L) LB " L} L L B L L | '

S
—
(@)

L

oS
o
o0

1 ll!llll

Ji /(Vty =0.01
0.02
0.04

T ———
107 10 107" 1

f (1f(|)
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FLL dynamics — delay limit

HPIB

<4

2K : 300K preamp  Integrator

SQUID

Integrator

Delay

)2

it

W
-_//T“ TEF' e g D,
‘*blln 1

i1 1 211

=

—

o
L

S

o

o)
i ll!ll'l

Jfi 1 (1ty) =0.01
0.02

10.04
| S ———
107 10 107" 1

f /Uty

",
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SQUID sensor types

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID sensor types BEPIB

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID sensor types BEPIB

Measurand: magnetic flux density B

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID sensor types BEPIB

Measurand: magnetic flux density B

Signal “direct”
coupling:

\
I
R
Cooling oling
Fir 1
Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut

Pirsa: 17080039 Page 31/95



Pirsa: 17080039

SQUID sensor types

e Magnetometer

Measurand: magnetic flux density B

Signal “direct”
coupling:

Sensitivity
OBl 6D =

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin

Nationales Metrologieinstitut

Page 32/95



SQUID sensor types BEPIB

Measurand: magnetic flux density B

Signal “direct”
coupling:

3mm

Sensitivity b
| A O £V Nd
Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID sensor types

e Magnetometer

Measurand: magnetic flux density B

Signal via pick-up coil
coupling:  (often supercond ucting wire)

Pickup coil

Input coil '

screening M
i

current

superconducting flux transfer loop
magnetic flux conservation

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID sensor types

e Magnetometer

Measurand: magnetic flux density B

Signal via pick-up coil
coupling:  (often supercond ucting wire)

Pickup coil

e optimal signal coupling:

L Nl =
-~ 1 SQ ~ = —)
( '{D%O; o, LP Ll , k 1
E RN | =
<\ [ ‘P Lpan- 0
Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID sensor types

e Magnetometer

Measurand: magnetic flux density B

Signal via pick-up coil
coupling:  (often supercond ucting wire)

3 Lpara & I—P
ref. Coill
signal Coil
,wire-wound
gradiometer*
Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID sensor types EPIB

Measurand: magnetic flux density B electric current /
Signal via input coil L,

coupling:

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID sensor types

e Magnetometer e Current sensor

Measurand: magnetic flux density B electric current /
Signal via pick-up coil via input coil L,
coupling: or direct

S::as::l:er: [ e 1= T/ [81 /6D, | = A/D,

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID sensor types

/ ::;-.f-
af
o Magnetometer e Current sensor

Measurand: magnetic flux density B electric current /
Signal via pick-up coil via input coil L,
coupling: or direct

S::as!::l:er: [ e 1= T/ [81 /8D, | = A/D,

coupled .
energy €="Y2 (Aegr? /LSq) Sp
sensitvity
[e]=h

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID cascades

e Voltage-biased front-end SQUID read out by following SQUID stage(s)

Amplifier advantage
| > reduce noise contribution from room
amp

temperature electronics
@ disadvantage
Mamp > more complex wiring and response curve
o higher dissipation power and heat load

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID cascades

e Voltage-biased front-end SQUID read out by following SQUID stage(s)

Amplifier advantage
| o reduce noise contribution from room
amp

temperature electronics
Q disadvantage
Mamp o more complex wiring and response curve
> higher dissipation power and heat load

e sensor SQUID output current fed back to sensor SQUID

Mocr  Amplifier
|amp ;
Mamp
Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID cascades

e Voltage-biased front-end SQUID read out by following SQUID stage(s)

Amplifier advantage
| > reduce noise contribution from room
amp

temperature electronics
@ disadvantage
Mamp > more complex wiring and response curve
o higher dissipation power and heat load

e sensor SQUID output current fed back to sensor SQUID

Amplifier advantage
iIncreases sensor-to-amp flux gain

reduces noise contribution of amp to
sensor

disadvantage

Mocr

SQ1 dynamic range is somewhat reduced

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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e required L; determined by source of signal
current to be measured

- minimal L, of order of SQUID inductance~10pH... 1nH

e when largerinputinductancesrequired
— (1) double transformer input

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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e required L, determined by source of signal
current to be measured

- minimal L, of order of SQUID inductance~10pH... 1nH

e when largerinputinductancesrequired
— (1) double transformer input

o susceptible to magnetic interference
o affects ; and 5;

o parasitic resonances can occur
—» more complex sensor design

T

Superconducting flux
transfer loop

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut

Pirsa: 17080039 Page 44/95



e required L, determined by source of signal
current to be measured

- minimal Z; of order of SQUID inductance~10pH...1nH

e when largerinputinductancesrequired
— (1) double transformer input

o susceptible to magnetic interference
| o affects L; and §;

o parasitic resonances can occur
—> more complex sensor design

/ N\

transformer1 transformer 2
— current sensor with
“double-transformer input”

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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Input coupling

e required .; determined by source of signal
current to be measured

- minimal Z; of order of SQUID inductance ~10pH...1nH

e when largerinputinductances required
— (2) SQUID arrays with serial input

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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Input coupling

e required .; determined by source of signal
current to be measured

- minimal Z; of order of SQUID inductance ~10pH...1nH

e when largerinputinductancesrequired
— (2) SQUID arrays with serial input

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID arrays

e input coils of array elements all in series

— signal correlated, but intrinsic noise
of array elements uncorrelated

Single N SQUID N SQUID
SQUID series array parallel array

€. €. €.
S S/ N S/ N
D VNx D NNx D

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID arrays

e input coils of array elements all in series

— signal correlated, but intrinsic noise
of array elements uncorrelated

Single N SQUID N SQUID
SQUID series array parallel array
81: 81: 8(
St S;/ N S;/ N
D VNx D VNx D

e series, parallel or serial/parallel arrays
— flexible dimensioning of array
output & transimpedance

Single NSQUID NSQUID

SQUID series array parallel array
Rdyn Rdyn IN
Rirans %N X Rygng % Rians /N
P

Diss

NoCBae N x Py,

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID arrays — flux trapping

e single-SQUID-like array behavior requires
identical flux (offsets) in each array element

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID arrays — flux trapping

e single-SQUID-like array behavior requires
identical flux (offsets) in each array element

Cooling in or exposure to ‘large’ magnetic fields of
type-2 superconductor Nb
from G. Stan, et. al., Phys. Rev. Lett. 92, 097003 (2004)

Beoo=85UT trapped flux Booor™ 6.3 HT
vortices

Nb thin film stripes

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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e single-SQUID-like array behavior requires
identical flux (offsets) in each array element

Cooling in or exposure to ‘large’ magnetic fields of
type-2 superconductor Nb
from G. Stan, et. al., Phys. Rev. Lett. 92, 097003 (2004)

Beoo=85UT trapped flux Beou™ 6.3 BT
vortices

Nb thin film stripes

e cooling field w/o trapped flux:

By = @o / W2

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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e single-SQUID-likearray behavior requires
identical flux (offsets) in each array element

1000/ B 200/ fra XY
16-SQUID series array V-® characteristics

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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e single-SQUID-likearray behavior requires
identical flux (offsets) in each array element

1000/ B 200/ R XY
16-SQUID series array V-® characteristics

< —>

— random flux offsets in array elements ® —

—> degraded SQUID array performance
— also, noise from vortex motion

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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Magnetic flux noise

o sensor of magnetic flux @ through the SQUID ring

output signal at
room temperature

>_O VOut

VOffset

Chesca B, Kleiner R and Koelle D 2004, SQUID
Theory
in The SQUID Handbook ed J Clarke and A |

ﬂ]‘: 21 (‘[ ‘S()_/ (-D() ~ 1 QIr:u.:rwlruP:m Wiley)
for optimum LTS-SQUID noise

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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Magnetic flux noise

e cool down your SQUID sensor
to lowest possible T,

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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Magnetic flux noise BEPIB

e increasein "real" excess magnetic flux noise upon cooling, while white noise decreases with
lowering temperature T,

| LILBLBLRLLL

LI I'I'II'IIII T IIIIII'II LI ll'll'lll LI l'l'll'llll Li T lllll'll

T=4.2K: 0=0.53,¢,=27.8h, &,,(1Hz)=70h |
310mK: =0.70,¢,=2.3 h, &, (1Hz) =490 h ;

C214G05
L=110pH

ol L sl 1 anul
10’ 10° 10" 10?
f/Hz

Nationales Metrologieinstitut

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin
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Magnetic flux noise

EPIB

e increase in "real" excess magnetic flux noise upon cooling, while white noise decreases with

lowering temperature 7',

Supercond. Sci. Technol. 28 (2015) 045008 S. Kempf et al. U Heidelberg

10*

10°}

1(10H2) (h)
5!’\)

| | I

= Heidelberg SQUIDs
A PTBSQUIDs

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin

Nationales Metrologieinstitut
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Magnetic flux noise

e increasein "real" excess magnetic flux noise upon cooling, while white noise decreases with
lowering temperature ’I}-,l,

Supercond. Sci. Technol. 28 (2015) 045008 S. Kempf et al. U Heidelberg

10°* . | F ] .

= Heidelberg SQUIDs

10°L 4 PTBSQUIDs |

e14(10Hz) (h)

e random reversal of surface spin impurities: ? danglings bonds, adsorbed 0., nuclear spins,
metal-induced gap states, ...

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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Magnetic flux noise EPIB

e increasein "real" excess magnetic flux noise upon cooling, while white noise decreases with
lowering temperature T,

T =4.2IK0 =0i93, 6. =27.8 h, & (1HzZ)=70h

10°
: 310mK: . =0.70, g, 2.3 81/f(1HZ)= 490 h
< 107 ()= ewt 61(f) = £+ 64/ (1H2) x (fIH2)™*
il . S| 42K
[ b P m_,wm
o \“\ D,
£~ 1 \‘\ N ‘)
< 10 ey
w F g MM 310mK
C214G05  Cross-over | s,

~ !
AN
10° E L=110pH ““M}% 3
1 Ll I 1 1 ||||||I .'4?;'\ .

-1 0 1 2
e L e L e f.=~10...100 Hz typical for sensors of very
f/Hz different design, manufacturer, materials

o higher T, better for low frequency signals

Nationales Metrologieinstitut

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin
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SQUID sensor examples
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SQUID sensors for TES readout

[.)\[?5{ ALPS Light-shining-through-a-wall experiment
A “l Any Light Particle Search

alps.desy.de

P18

wall
photons?

LASER | om— e —— single photon

b detector
e ALPS-II :

WISPs? TES photon counter @ 1064nm
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SQUID sensors for TES readout

°® . T . _
DESY ALPS Light-shining-through-a-wall experiment
A “l Any Light Particle Search

alps.desy.de

P18

wall

photons?

LASER — BT single photon

! - detector

ALPS-I11:
TES photon counter @ 1064nm

R, ~1Q

i ~100 pA
Olrgs  ~100 nA

T ~0.1...1 ps

Ty, =100 mK
VS 1ps &5 pA/NHzZ
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SQUID sensors for TES readout B PIB

Input 4 Eei e 2-stage SQUID current sensor

SQ1 bias e front-end SQ1 read out by 14-SQUID series array
| SQ2flux bias » single-SQUID-like flux-response
L 0000000, . » mK operation ok , magnetically robust
E: » integrated TES bias resistors & rf-filtered connections
Output/SA bias e L, ~ 2nH , input/feedback inductively decoupled
SQUID series array VS, <2pANHzZ @ 0.1K , Py, ~3 nW
Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut
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SQUID sensors for TES readout 5 PIB

Input 4 Eei e 2-stage SQUID current sensor

SQ1 bias » front-end SQ1 read out by 14-SQUID series array
| SQ2flux bias » single-SQUID-like flux-response
L 0000000, . » mK operation ok , magnetically robust
» integrated TES bias resistors & rf-filtered connections
(@" OuthA bias e L, ~ 2nH , input/feedback inductively decoupled
SQUID series array VS, <2pANHzZ @ 0.1K , Py, ~3 nW
3.3mm

r
v
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SQUID sensors for TES readout % PIB

Input ‘. Esedbic e 2-stage SQUID current sensor

SQ1 bias » front-end SQ1 read out by 14-SQUID series array
| SQ2flux bias e single-SQUID-like flux-response
L 0000000, £ » mK operation ok , magnetically robust
E: » integrated TES bias resistors & rf-filtered connections
(@” OuthA bias e L;, ~ 2nH , input/feedback inductively decoupled
SQUID series array \/Sl <2pANHzZ@0.1K, Pp,, ~3 nW

3
v

100

2
S
S SOR
i
S
= 0F
=
3
e~ -S0F
O
(6
i 1 OD L 1 L L n
-1.5 -10 -05 0.0 0.5 1.0 15
SQ1 input flux @ 7 Pg
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SQUID sensors for TES readout

TES photon counter NIST 2.5mm

ceramicsleeve for fiber-coupling National Institute of

Standards and Technology

U.5. Department of Commarce

Photon number
A=930nm

X114HW current sensor
chip size 3 mm x 3 mm
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SQUID sensors for pick-up coils EBEPIB

e common configuration: superconducting wire-wound pick-up coil

e e. g. biomagnetism, susceptometry, NMR/NQR
oL, ~01...1uH

Physikalisch-Technische Bundesanstalt ® Braunschweig und Berlin Nationales Metrologieinstitut

Pirsa: 17080039 Page 68/95



SQUID sensors for pick-up coils EBEPIB

e common configuration: superconducting wire-wound pick-up coil

e e. g. biomagnetism, susceptometry, NMR/NQR
oL, ~01...1uH

PHYSICAL REVIEW X 4, 021030 (2014)

Proposal for n Cosmic Axion Spin Precession Experiment (CASPEr)

Dimitry Budker,"* Peter W, Graham,” Micah Ledbetter. Surieet Rajendran,” and Alexander O, Sushkon

- 20

SQUID
pickup M
loop

FIG. 1. Geometry ol the expeniment. The apphed magneuc held
B, is colinear with the sample magnetization M. The effective
clectric field in the crystal £ is perpendicular to By, The
SQUID pickup loop is arranged 1o measure the transverse

magnetization of the sample
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SQUID sensors for pick-up coils

e common configuration: superconducting wire-wound pick-up coil

e e, g. biomagnetism, susceptometry, NMR/NQR
oL, ~01...1uH

Fleld-compensation
colls

PHYSICAL REVIEW X 4, 021030 (2014)

SQUIDs
Proposal for n Cosmic Axion Spin Precession Experiment (CASPEr)

Dimitry Budker,"* Peter W, Graham,” Micah Ledbetier.” Surjeet Rajendran.” and Alexander 0, Sushkov' (Other electronics —
tune/match capacitors,

\ etc. — not pictured)

B
B ——— Insulation (aerogel+vacuum?)
SQUID ~
pickup M ___— Cryostat (G107)
loop -
I _—=~165K

FIG. 1. Geometry of the experiment. The applied magnetic field
B, is colinear with the sample magnetization M. The effective
electric field in the crystal £ is perpendicular to By,. The
SQUID pickup loop is arranged 1o measure the transverse
magnetization of the sumple

Xe-129:

Bext,ma:«: =10T..20T
fsig,maxz 118 MHz ... 236 MHz

® A Wickenbrock, U Mainz
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SQUID sensors for ., ~0.1...1 nH

e single-SQUID current sensors
with double transformer input

_ ¢ é B e differentinputinductances/;
<
+F [nmm/—\ g e developed for LHe operation
T TR
= i +IN
A4
-V H
I\
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o j} -IN
| £
+F | [ﬂ.ﬂ.ﬂQﬁv—é
i \Q@W 3 +IN

e single-SQUID current sensors
with double transformer input

e differentinputinductances/;

e developed for LHe operation

e additional featuresintegrated:
- ri-filters ( ~ 80 MHz)

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin
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+FIN _\ Feedback Transformer

-FIN |

+IN

e single-SQUID current sensors
with double transformer input

e differentinputinductances/;

e developed for LHe operation

e additional featuresintegrated:
- ri-filters ( ~ 80 MHz)
- ,feedback-into-input™

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin
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+FIN _\ Feedback Transformer

-FIN mi
A 4

PAA4

-IN
+Q

Hiv

SR ?@[ﬂﬁ%\ g

+IN

B

2\
+FQ

if Filters

single-SQUID current sensors
with double transformer input

differentinputinductances /,

developed for LHe operation

additional features integrated:
- ri-filters ( ~ 80 MHz)

- feedback-into-input™

- input current limiter
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SQUID sensors for ., ~0.1...1 uH

XS to XXL

Inputtrafo

Current limiter
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SQUID sensors for ., ~0.1...1 utH EEPIB

Li/nH  SII50 [ pa/o, | NSy [pAINHz | 2 /h |

2.8 6.6
1.6 i 1.9
M 150 0.8 1 0.6
L 400 0.5 0.6 0.6
700
XL 1000 0.3 0.4 0.06
XXL 1800 0.23 0.3 0.03

typical white noise at 4.2K 1

ideally matched magnetometer

(NP = la LP= Li aLpara= 0)
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+FINT _\ Feedback Transformer
-FIN [ 'omm) i
Z W & g +Q
|
-F H \ h Shunted
SQUID +IN
+l with APF ﬁ}
e Bias
+FX _-\ < Resistor i
=IFX[ OOOLOOO : -Q
7 NREAY
R | _\ Unshunted
+V Shunted 16-SQUID 16-SQUID Array
— Array Amplifier Current Limiter
-FQ ~
+ 1
Fa if Filters

Integrated 2-stage SQUID cascade

* Sensor: single SQUID, 2" order grad
o Amplifier: SQUID series array, N= 16

Why?
e 1-stage: - RT electronics noise
contribution

-doesnotscalew/ T

« Input and additional features same

as for their 1-stage cousins
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SQUID sensors for <1K

XS to XXL

Inputtrafo

$Q2:16-SSA
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SQUID sensors for <1K EPIR
L/ nH 815D [ pA/D,

620
50
400
M 150 0.8 240
L 400 0.5 150
40
XL 1000 0.3 100
XXL 1800 0.23 70

typical white noise at 0.3K
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SQUID sensors for <1K

L,/ nH SI 18D [ pA/D,

XS 27 2.3 620
50

S 65 ) PR 400

M 150 0.8 240

L 400 0.5 150
40

XL 1000 0.3 100

XXL 1800 0.23 70

typical white noise at 0.3K
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SQUID sensors for <1K

L/nH  SIIS® [ pA/®, A /VH

XS 27 2.3 620
50

S 65 1.3 400

M 150 0.8 240

L 400 0.5 150
40

XL 1000 0.3 100

XXL 1800 0.23 70

typical white noise at 0.3K

How to get to the theroretical limit ?
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Magnetic flux noise

o sensor of magnetic flux @ through the SQUID ring
'§ Vsa

parasitic JJ capacitance

= ~
/{)I, -[( 'LSQ (l)u ~ 1

for optimum LTS-SQUID noise
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LTS dc-SQUID sensors

JJ area:
ca.5...6 ym?

overlap area:
ca. 25...30 um?

CJJ* = CJJ + Coverlap

~(0.2pF + 0.2pF

2um . Mag= 500K X WD = 6.1 mm

FRciitil Pl InLens EHT = 20.00 kV
- ——
Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Me!
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Magnetic flux noise

o sensor of magnetic flux @ through the SQUID ring
'§ Vsa

parasitic JJ capacitance C

o

112 - 1/2
: / \ >—o
R R

il VOffset
LSO

Stb 2(1 e [51,) q)o kB 7 JJ damping requirement:
= Etheor = = e 2 :

2LSQ ICR R*C (D(}/z 751(

Pr= 2Uclsq/ Py~ 1
for optimum LTS-SQUID noise
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Magnetic flux noise

o sensor of magnetic flux @ through the SQUID ring
'§ Vsa

parasitic JJ capacitance C

o

112 - 1/2
: / \ >—o
R R

> V
LSQ Offset

Stb 2(1 e ﬁL) q)o kB 7 JJ damping requirement:
= Etheor = = P e 207 :

2LSQ ]CR R*C (D(,/Z TE[(

Bi= 2olgol Dys 1 _
= el B = reduce JJ size
for optimum LTS-SQUID noise
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Sub-um JJs for SQUID sensors

EEP1B

e electron beam lithography + chemo-mechanical polishing, reactive ion etching
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Sub-um JJs for SQUID sensors

e electron beam lithography + chemo-mechanical polishing, reactive ion etching

e EBL-JJ process currently in development: (0.8 x (.8) um?

L;/ nH SI 16D [ pA/D,

<20
S 65 113
150 0.8
L 400 0.5

<15
XL 1000 0.3

XXL 1800 0.23
expected at 0.3K
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Electromagnetic Interference - EMI BEEPIB

X TN TR U DT B S L © via SQUID sensor — magnetic shielding

» interference along readout wiring: optimal shielding may not be possible
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Electromagnetic Interference - EMI BEEPIB

X TN TR U DT B S L © via SQUID sensor — magnetic shielding

» interference along readout wiring: optimal shielding may not be possible

lg sq Output
SQUID Interference
Input vohage
current
=
E‘Mn@\? VOut
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SQUID sensor w/ differential output BEPIB

e two identical SQUID sensors, but inverted input polarity
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SQUID sensor w/ differential output BEPIB

e two identical SQUID sensors, but inverted input polarity

e combine both sensors, read out with differential amp

Y T I I
B,SQ B,SQ
Dy A Dg 1
-+
T
-~ VOut
-0y, _ B Of
.
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diffSQUID - demo

e two identical SQUID sensors, but inverted input polarity

e combine both sensors, read out with differential amp

two 16-SQUID series arrays A and B two 16-SQUID series arrays wired as diffSQUID
unloaded, 4.2 K 2x50 Q load

T ! | L ! 1 L L L o L] ! ' | o Ll

400

10 mK
200 .

V, /G (V)
o

-200

-400 - -
-0.50 -0.25 0.00 0.25 0.50 -0.50 -0.25 0.00 0.25 0.50
P (®) @ (D)
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e serial-parallel SQUID array
two halves: 80-S x 4-P (1280 JJs)

e total inputinductance/, = 40nH

e dynamicresistanceR,,, ~ 120 ()

e dissipationP ;. .~ 200 nW
e output:3mV, ; into 2x50Q2 load

3.3mm

v
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Summary

e LTS dc-SQUID sensors 50 years after their invention
- reliable cryoelectronic circuits based on thin-film technology

- very versatile and sensitive devices for various precision
measurements

e PTB SQUID sensors

- multi-purpose Nb-Al/AIO-Nb-based SQUID current sensors
single SQUIDs and intergrated 2-stage SQUID cascades

-for4.2 K and below ; € <50 h @ 300mK

- highly sensitive magnetometers
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