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FRM-based dc-SQUID multiplexing
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conclusion and outlook
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today: mostly focused on detector readout
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Cryogenic microcalorimeters

particle

thermometer

absorber

weak thermal link

thermal bath

Oct. 6th, 2021

HIRSAP Workshop 2021

temperature
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single detector event
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Cryogenic microcalorimeters

particle
thermometer

absorber

weak thermal link

thermal bath

Oct. 6th, 2021 HIRSAP Workshop 2021

metallic magnetic calorimeters (MMCs)

AT

Karlsruhe Institute of Technology

transition edge sensors
(resistance at S/N transition of superconductors)
R

semiconductor thermistors
(resistance of highly doped semiconductors)

magnetic penetration depth thermometers

Institute of Micro- and Nanoelectronic Systems ””_l,'
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absorber

Sensor
— SQUID loop

thermal link

thermal bath

Oct. 6th, 2021 HIRSAP Workshop 2021

magnetization of a paramagnetic
material

| magnetic penetration depth

penetration depth of a
superconducting material

AT

Karlsruhe Institute of Technology

large variation of magnetization
at mK temperature

Institute of Micro- and Nanoelectronic Systems ””_l,'
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Superconducting quantum interference devices ﬂ(".

_ e Josephson junction T
I: bias current == TS

superconductor barrier superconductor N\
| current D) 85 current )
2 — Uy = U, exp [ip (7)] Uy = Uy exp [ipa(7)] =

L: loop inductance

SQUID = quantum electromagnetic equivalent
of an optical interferometer beam splitter mirror

Oct. 6th, 2021 HIRSAP Workshop 2021 Institute of Micro- and Nanoelectronic Systems
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SQUID-based detector readout ﬂ(".

dc-SQUID = magnetic flux to voltage / current converter

| 60
(\‘ Josephson l
[ junctions . %_ 50 |
| ; 3 Lji!— .; A \O 40 |
. l : »

/ = ' \ \./ > -
& 20 |
! S0}

0

L 0 80 0.0 1.0 2.0

magn. flux @ /P,

® compatibility with mK operation temperatures
® low power dissipation: P .. ~10pW...1TnW

ISS
® near quantum-limited noise performance: € ~1 h possible

Oct. 6th, 2021 HIRSAP Workshop 2021 Institute of Micro- and Nanoelectronic Systems ””5
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Two-stage SQUID setup with flux-locked loop

Oct. 61, 2021

cryogenic SQUID-based amplifier chain with ultrafast feedback electronics

<100mK

key features: ® large system bandwidth: 1...10 MHz

HIRSAP Workshop 2021

300K

® |inear relation between input and output signal

® impedance matched

Institute of Micro- and Nanoelectronic Systems
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Alternative concept: Flux ramp modulation

Oct. 6th, 2021

quasi-continuous SQUID characteristic measurement
by applying sawtooth-shaded current signal through modulation coil

flux ramp current Iggy / LA

HIRSAP Workshop 2021
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Transformer-coupled detectors Q(IT

—_

present workhorse: thermal link

transformer-coupled meander-shaped T~

; I free-standing
absorber l ;] absorbers on-chip heat bath
I L] i

sensor

X-ray-potarimeter
EREEE

L o B—4
' L , J
: \ ' : o n
f d o L]
= Il 0
meander-shaped | B 4096 pixel Molecule Camera

pickup coil SQUID

= |

Oct. 6th, 2021 HIRSAP Workshop 2021 Institute of Micro- and Nanoelectronic Systems

64 pixel X-ray detector
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Integrated detectors

/ electroplated absorber (Au)

temperature sensor post connecting absorber and sensor

persistent current switch

N
feedback coil —

parallel-gradiometric SQUID

v
thermal link to heat bath /

inductively coupled field generating coill

1" Oct. 6th, 2021 HIRSAP Workshop 2021
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Integrated detectors

integrated detectors don’t suffer from transformer losses, but are affected by SQUID power dissipation

detector geometry with direct detector readout
superconducting flux transformer (SQUID integrated in pickup coil)
— Total noise — Total noise
— SQUID noise — — SQUID noise —

—— Detector noise —— Detector noise

noise S, / a.u.
noise S, / a.u.

| | 1 1 1 1 1 1 | |
10° 10" 10® 10® 10* 10° 10° 10° 10" 10® 10® 10* 10° 10°
frequency f/ Hz frequency f/ Hz

12 Oct. 6th, 2021 HIRSAP Workshop 2021 Institute of Micro- and Nanoelectronic Systems ””5




Tackling power dissipation of integrated detectors ﬁ(".

isolating SQUID shunts by placement on SiO2 membranes
(decoupling of SQUID and sensor)

side view top view
thermalization pad Au wire bond

temperature  Josephson  wiring towards  shunt resistor \ /

sensor junction shunt resistor cooling fin

insulation Au wire bond

thermalization pad —

thermalization and shunt
resistors on membrane

shunt resistor
|

[ nlﬁeander-shaped Josephson junction

field generating coll SQUID loop S—

sensor

M. Krantz, PhD thesis, Heidelberg University (2020)
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Key features of MMCs A\‘(IT

fast signal rise time excellent energy resolution linear detector response
Trice <100 NS AEcyum=1.6eV @ 6keV NL=1.2% @ 6keV
0.30 . ] , . . . . ~ 8 ; . .
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outstanding interplay between ultra-sensitive paramagnetic thermometer
and near-quantum limited superconducting electronics device
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MMC all around the world...

LLNL leermore\fﬁ\
Star Cryoeleciremés Santa Fe
X
) 7 NASAIGSFC Greenbelt
1A UN‘MVAIbuquerque

atomic/molecular physics
X-ray spectroscopy
highly-charged ions
molecular ion chemistry
X-ray polarimetry

15 Oct. 6th, 2021

nuclear physics
= nuclear isomer state of 229Th
nuclear forensics

nuclear safeguards
gamma spectroscopy

HIRSAP Workshop 2021
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particle / astroparticle physics
= neutrino mass determination
= search for Ovpp decay

radiation metrology

» a-, B-, and y-spectroscopy
= Q-value measurements

= measurements of EC spectra = dark matter searches

(axions, sterile neutrinos)

Institute of Micro- and Nanoelectronic Systems ””5




Neutrino mass investigation using 13Ho

Idea: Calorimetric measurement of the energy spectrum of the electron capture decay of 163Ho

emm - photons
electron

neutrino ,

® Auger
/' electrons

-~ =
- -

16 Oct. 6th, 2021 HIRSAP Workshop 2021
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Neutrino mass investigation using ®3Ho AT

Karlsruhe Institute of Technology

Idea: Calorimetric measurement of the energy spectrum of the electron capture decay of 163Ho

emm - photons
electron

neutrino ,

1010 _
‘ 10° .
@ Auger S 6
I S 10°F -
I electrons o
3 10*k il
O

0 1 1 1 | |
0.0 0.5 1.0 1.5 20 25 30
Energy / keV
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electron .
neutrino ,

Oct. 6th, 2021
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Neutrino mass investigation using 13Ho

Idea: Calorimetric measurement of the energy spectrum of the electron capture decay of 163Ho

AT

Karlsruhe Institute of Technology

—

— m(v,)= 0 eVic®
——- m(v,)= 2 eVIc®

600 5
-=-m(v,)= 5eVlc

400 | *

Counts /0.1 eV

200 |

0 1
0.0 05

2.830
Energy / keV

1 1 | | 0
1.0 15 20 25 30 2.826 2.828

Energy / keV

2.832 2.834

endpoint region of energy spectrum affected
by finite electron neutrino mass

Institute of Micro- and Nanoelectronic Systems
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Previous and recent measurements

cryogenic detector
(NTD-Ge thermistor)

= 1997
: { M
s il
e e
ol 1 |
ol A Si(Li) detector

1984

5
:N‘wrv Cee

3200 4

proportional counter
1992

prure

M

Oct. 6th, 2021 HIRSAP Workshop 2021
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Previous and recent measurements &‘(IT

. First MMC based measurement
cryogenic detector

(NTD-Ge thermistor) !
= 1997
w NI
» Mi 1500
MII
o ] ru 750 1000 130 1900 me:;o %
wof- | o_
oo} Si(Li) detector < 1000 - .
1984 2
so}- cC
>
O' X3 8
acon AR i M|
T 500 o
2400 proportional counter
oo 1992 ] NI kﬁ\ 144p . Ml
sco) . 0 T ! S |
M 0.0 0.5 1.0 1.5 2.0

Energy E / keV
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Previous and recent measurements

3200 4

Oct.

cryogenic detector
(NTD-Ge thermistor)
1997

Si(Li) detector
1984

5
‘N‘Rr\' Cee

proportional counter
1992

channel

6th, 2021 HIRSAP Workshop 2021

counts/5 eV

AT

Karlsruhe Institute of Technology

MMC based measurements

0.5 1.0 1.5 2.0 2.5 3.0 4 5 I 6
Energy [keV]

NI
163Ho

0.30 040 0.50 0.60
Energy E / keV

MI
NIl Mil

0.5 1.0 1.5 2.0
Energy E/ keV

Institute of Micro- and Nanoelectronic Systems ””5




Karlsruhe Institute of Technology

Pixels, pixels, pixels... Q(IT

100 x 75 140 x 105

19 Oct. 6%, 2021 HIRSAP Workshop 2021 Institute of Micro- and Nanoelectronic Systems ””5
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Crab Nebula - NGC 1952

Oct. 6th, 2021

HIRSAP Workshop 2021

optical

AT

Karlsruhe Institute of Technology

infrared

Institute of Micro- and Nanoelectronic Systems

megapixel X-ray camera
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Pixels, pixels, pixels... ﬂ(".

Karlsruhe Institute of Technology

example: ECHo-1M plans to measure ~10'4 Ho-163 decays

1 detector for 3.2x 105yr
| EC® 10Ba/px 7
\% 105 detectors for 3.2yr

21 Oct. 6th, 2021 HIRSAP Workshop 2021 Institute of Micro- and Nanoelectronic Systems il”_l,'
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High-resolution superconducting sensors (HSS)
HSS =

(jointly operated by IPE, IMS and KIP)

“handmade” university cleanroom
single pixel 2/ 3 inch substrate
fabrication 1 - 2 wafers per month

HSS (short term)
@IMS

4 inch substrate
10 wafers per month

eeeeeee

VL , T
[T S m—

large-scale production and development center for high-resolution superconducting sensors

HSS (Iong term)
@KCOP

4/ 6 inch substrate
50 wafers per month

Oct. 6th, 2021

single pixels

1 pixel 100 pixels

medium-sized
detector arrays

HIRSAP Workshop 2021

100.000 pixels

large-scale
experiments

1.000.000 pixels

ultra-large-scale
experiments

Institute of Micro- and Nanoelectronic Systems
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Readout of large-scale detector arrays

simplest idea: multiply single-channel detector readout

costs
complexity

Oct. 6th, 2021

number of wires
parasitic heat load | E

HIRSAP Workshop 2021

scaling sets practical limit on array size
(at least for cryogenic devices)

AT

Karlsruhe Institute of Technology

Institute of Micro- and Nanoelectronic Systems
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Readout of large-scale detector arrays

simplest idea: multiply single-channel detector readout

* number of wires
* parasitic heat load P scaling sets practical limit on array size
* costs (at least for cryogenic devices)
« complexity

more sophisticated: readout scheme minimizing electronic channels (‘soft’ multiplexing)

thermalization pad &
\ N,

2ol sensor Jm%%m’
T

but: degradation of detector
performance

interconnection

two independent
pickup coils

23 Oct. 6th, 2021 HIRSAP Workshop 2021 Institute of Micro- and Nanoelectronic Systems ””5




Cryogenic multiplexing Q(IT

ity de method by which multiple signals are combined into one ‘physical’ channel
(muxing) to share a scarce resource.

communication channel

coaxial cable

input signals
vV VvV V VY
output signals

signal flow

indivdiual : L : indivdiual

multiplexing technique / multiplexer

24 Oct. 6th, 2021 HIRSAP Workshop 2021 Institute of Micro- and Nanoelectronic Systems ””5




FRM based dc-SQUID multiplexer A\‘(IT

Karlsruhe Institute of Technology

idea: series connection of dc-SQUIDs simultaneously flux ramp modulated via common modulation coil
coupled differently to each SQUID

T T T T T 3 — T T T T T 3 —
8| > 8 | >
Imod l . //| SQ1 /| = 2 \C-\E . SQ2 - 2 :(U/
Hdd{ld: mod S / 7 o S e
t f?, 6 b : /// : 41 \8 \(_U/ 6 41 \8
2 ooy — sl b bR s lo §
SQ1 SQ2 o 4 % = 2 4r =
\K/ (@) l ©) (o) O
S -1 g 8 1-1 g
Vi Vo 227 = S2r 5
Viz 173 173
o 1 1 1 1 -3 = 0 ! ! | ! 1 -3 =

0o 1 2 3 4 5 6 0o 1 2 3 4 5 6

Time t/ (a. u.) Time t/ (a. u.)
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FRM based dc-SQUID multiplexer A\‘(IT

idea: series connection of dc-SQUIDs simultaneously flux ramp modulated via common modulation coil
coupled differently to each SQUID

w
w
w
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Modulation Current /.4 / (a. u.)
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NN
<
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Time t/ (a. u.) Time t/ (a. u.) Time t/ (a. u.)
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FRM based dc-SQUID multiplexer $‘(IT

simplest possible prototype (proof-of-concept) with four individual readout channel

/ramp 110 100
3 T | > Vsa 20 . /D 0 412
Mmod, 1 ‘ ' ' 10 é E
m° . o} lsai|100 3, 50 ° %
) I § £ >’ g
o -~ 20 100 __2 -~
O O 1 1 1 1

0.00 0.25 0.50 0.75 1.00
time t/ a.u. IFFT
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-— 20- 112100
— _ Mo s 20~ ‘

ey L T e L L

0. OO 0. 50 1.00 0 25 50 75 100
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o

o
ld
2ol

o

o
1
N
o
(@)
N w
T

SQUID voltage Vgq ; / UV

N
o
(@)

modulation current /.., / uA

IS|g 3
5 E
)
g

m

A/ a.u.

O

Isig,4

'simple’ realization of frequency-division multiplexing
suitable for reading out tens of individual detectors
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Prototype layout ﬂ(".

Karlsruhe Institute of Technology

modulation coil coupling adjust by overlap between coil and SQUID loop

qp L
EEHNEE

HD5Q15-W1-4B-11

Josephson SQUID loop

FLUXMOD GENY junctions (JJ) shunt
JJ shunts

cooling fin

el
el

g
=
Y

modulation coil s input coil bias lines

D. Richter, SK et al., Appl. Phys. Lett. 118 (2021) 122601
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FRM based dc-SQUID multiplexer ﬂ(“.

simplest possible prototype (proof-of-concept) with four individual readout channel

0.2
Iram
p% ' D Vea 0.0
Min Mm ,
od,1 X _0.2‘8Q1
time t Miq Minod 2 time ¢ 0.0 -
3 = -0.21SQ2
time t M, Mnod.3 ew 0.2 -
- o
A 3 :
time t Min Mmod4
AR RO
time t
v
_ 0 50 100 150 200
~—» concept validated! time ¢/ ms
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GHz frequency-division multiplexing (GHz-FDM)

idea: detector signals are modulated on independent GHz carrier signals

>

» ) detector 1
3
I
-
®
>
f/ MHz
aa"‘ detector 2
©
2
=
=
®
| f/ MHz

29 Oct. 6th, 2021 HIRSAP Workshop 2021

>

amplitude

>
fl GHz
GHz frequency comb

amplitude

>
fl GHz

Institute of Micro- and Nanoelectronic Systems
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Non-hysteretic rf-SQUIDs A\‘(IT

Karlsruhe Institute of Technology
T T

feedline 5 -
IN _T. ouT

<>

transmission
line resonator
(4-8 GHz)

1S,4|% / dB

| l | |
4.9990 4.9995 5.0000 5.0005
fl GHz
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Non-hysteretic rf-SQUIDs

feedline

IN _T.
<>

transmission
line resonator
(4-8 GHz)

non-
hysteretic
rf-SQUID

IC@ L,
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Non-hysteretic rf-SQUIDs &‘(IT

g_ g_ 1 I 1 I I I 1 1
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Non-hysteretic rf-SQUIDs A\‘(IT

g_ g_ 1 I 1 I I I 1 1
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Microwave SQUID Multiplexing

SDR-based
readout electronics

AT

Karlsruhe Institute of Technology

rol rol I
IN & E ouT
g o
f f, £ fy f £, f fy f .
f1 f2 f3 fN
5"—_CC 1 T 1 coupling
— ae - capacitor
| | | transmission line |
! 2 3 resonator N microwave SQUID
multiplexer (UMUX)
common
flux ramp modulation coil
o it L1 inrlbr——1unr—Jl, ——eaee-- o
c VW VW VAN VW
modulation Iod non-hysteretic N
rf-SQUID oa
IC@ b @ G G inductor
\/

Oct. 6th, 2021

Lln

input coil m

1 HEMT amplifier + 2 coaxes = ~1000 detectors

HIRSAP Workshop 2021

Institute of Micro- and Nanoelectronic Systems

1S




Karlsruhe Institute of Technology

ECHoMUX - uMUX for the ECHo experiment ﬂ(“.

grountd 16 channel MUX based on CPW resonators
connecton =« frequency range ~4.5 GHz ... 4.8 GHz
feedline = resonator bandwidth ~ 1.0 MHz
« frequency shift Af. ~ 1.2 MHz
coupling « frequency spaging ~ 20 MHz
capacitor = SQUID screening parameter 3, ~ 0.6

input coil inductance L,, ~ 1.5 nH (impedance matched to MMC)

load inductor

non-hysteretic
rf-SQUID

input coil

modulation
coil

D. Richter, PhD thesis, 2021 + in preparation
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Readout electronics ﬂ(".

development by IPE @ KIT , -
tuning
, ) tocryostat ot Cm—
FPGA Dev Board - +  DAC — SHD: 1T =
0 :s zgé '!'é.' §§
: |_ SN\
local
) et oscillator
flux ramp faee
- ADC .
. i o ;
: ¢ :
: . :
3 LLEO : :
- Board: Xilinx Zynq UltraScale+ ZCU102 : 5
* DAC: Texas Instuments DAC38J84 EVM f =
4x 2.8 GSPS, 16 Bit rom cryostat
*«ADC: Texas Instuments ADS54J69 EVM,
2 x 500 MSPS, 16 Bit RX

O. Sander et al., IEEE Trans. Nucl. Sci. 66.7 (2019)
N. Karcher et al., J Low Temp Phys 200, 261-268 (2020)
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Readout electronics ﬂ(".

Karlsruhe Institute of Technology

development by IPE @ KIT

Oct. 6%, 2021 HIRSAP Workshop 2021 Institute of Micro- and Nanoelectronic Systems ””5




ECHoMUX - some results ﬂ(".

Karlsruhe Institute of Technology

64 pixel detector array connect to uMUX (latest generation); full online demodulation

time traces of 16 detector pixels single raw data trace

'typical’ spectrum sum spectrum
AE, 8.85eV 1400
—— data Fwim =8.85 €
150 | — fit 1007 1200
s 801 1000 -
g 75 | % %
= = < 8001
2 2 60 5
20 . 5 S 600+
g 8 40 S
.(%’ 400 -
w7 201 200
O . . . 0 ] O i __ ,
0 10 20 580 585 590 595 6.00 580 585 590 595 6.00
time t/ ms energy E / keV energy E/ keV
first truely multiplexing demonstration of magnetic microcalorimeters
some issues still to be resolved (ongoing)
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ECHoMUX - technology challenges
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internal quality factor of Nb microwave resonators significantly affects achievable energy resolution
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MMUX - theory challenges
readout noise is HEMT limited === /5 puur
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use high readout power!
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MMUX - theory challenges

readout noise is HEMT limited === /5 puur

|
A A A

A
3.968 | 5 8 a8 4 -
A
g
3.967 | 0 4
o
N ®)
T
¢ 3.966 | o O -
: b o o O o
3.965 | -
A (DdC = n(DO
O @y = (n+1/2)d,
3.964 | -
| 1 1 | 1 |
90 -8 -80 -75 -70 -65
P,/ dBm
but: high Pr... ...reduces resonance frequency shift
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use high readout power!
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MMUX - theory challenges A\‘(IT

. . 1 :
readout noise is HEMT limited w@ V' Se HEMT X Nir use high readout power!
rf
A | I I | I ] 1 T
A A A
3.968 F 2 8 a4 - ol — Pec=n ]
A ] —— Dy, = (N+1/2) D,
3.967 | 0 4
o
2 ° S
G 3.966 | 5 © {1 o °
= 6 o o o © %)
3.965 | -
A (DdC = n(DO
0 @y =(n+1/2)d, 0
3.964 |- = \ SA'
| 1 1 | 1 | | |
90 -85 -80 -75 -70 -65 4.370 4.375 4.380 4.385
Prf / dBm fr/GHZ
but: high Pr... ...reduces resonance frequency shift ...and creates asymmetric resonance curves
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MMUX - theory challenges
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. . 1 :
readout noise is HEMT limited m@ V' Se HEMT X Nir use high readout power!
rf
N | I I | I ] 1 T
IlﬂllﬂllﬂlluIIKIIIIIIIIIIIIIIIIIII
3.968 |- A A(I):TL(I)Q_ 10 L — Oy, = nd, 1
A ] —— Dy, = (N+1/2) D,
3.967 | . 0 4
existing models o
m
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3.964 |- = A
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90 -85 -80 -75 -70 -65 4.370 4.375 4.380 4.385
P,/ dBm f,/ GHz
but: high Pr... ...reduces resonance frequency shift ...and creates asymmetric resonance curves
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MMUX - theory challenges A\‘(IT

Karlsruhe Institute of Technology

. . 1 :
readout noise is HEMT limited m@ V' Se HEMT X Nir use high readout power!
rf
L | I I | I | 1 T
3968 B 10 B - ®dC = n(bo i
— Dy, = (N+1/2) D,
3.967 f  optimal
readout power 0
N ©
T —~ 5
G 3.966 1 &
- o)
3.965 | .
A (DdC = n(DO
0 @y =(n+1/2)d, 0
3.964 | —— multiplexer model NEW! .
| 1 1 | 1 |
90 -85 -80 -75 -70 -65 4.370 4.375 4.380 4.385
P,/ dBm f,/ GHz
% model too complex to perform empirical or analytical optimization
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MMUX modeling
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+ HEMT noise
+ SQUID noise_

tor noise
I Lel\jCL)Jr;(apower depend_ence
+ resonator response t_|me
+ flux ramp demodulation
+ readout parameters
+ resonator geometry
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Karlsruhe Institute of Technology

uMUX modeling T

,empirical’ optimization of a microwave SQUID multiplexer rather complex
due to the existence of various physical effects, noise sources, readout techniques etc.

10 102
—— B, =02

_____ BL = 06

101 J
simulation experiment :

100.

~90 ~80 ~70 ~60 _50 —05 —90 —85 —80 —75 —70 —65 —60 —55
P /dBm Penip /- dBmM
exc

simulation agree qualitatively very well with experiments, fine-tuning of simulation parameters ongoing
simulation based optimization in future feasible
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Karlsruhe Institute of Technology

uMUX modeling T

,empirical’ optimization of a microwave SQUID multiplexer rather complex
due to the existence of various physical effects, noise sources, readout techniques etc.

; 102
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=
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simulation agree qualitatively very well with experiments, fine-tuning of simulation parameters ongoing
simulation based optimization in future feasible
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MMCs for cosmology (LLAMA-QUBIC) ﬂ(".

Karlsruhe Institute of Technology

QUBIC and LLAMA plan to explore the inflation age of the universe by detecting and characterizing
primordial B-modes of the cosmic microwave background polarization

= 24'MNTS66'28408'W

JeanCrrisiophe o ‘ = 2411M1.7°S 6672840.8°W X . Vulcano Tuzgle

......

espifla
nnnnn

7 Googleesi
: |
! ‘,'/L.'_)%"g"’ 4 ams 7| g I i L - i B
LLAMA -"“B' small-angular scale detection both experiments plan
QUBIC =———pp large-angular scale detection to use a cryogenic receiver!
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QUBIC

bolometer
array (992 TES)
220 GHz

bolometer array ( 992 TES)
150 GHz

Dichroic

<IK

-Half—wave plate ~4K

Polarizing Grid ~4K

Primary horns ~4K

Switches ~4K

Secondary horns ~4K

~IK

Cryostat

TES with SQUID readout and cryogenic SiGe ASICS
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LLAMA
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receiver technology for LLAMA not yet fixed; MMBs (magnetic microbolometers) are one of the possible option

PC

Configuration

Communication

Signal
Processing
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MMBs for LLAMA

absorber coupled detectors

Absorber Grid

>

Oct. 6th, 2021

AUuEr sensor
and PickUp Coil

S
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antenna coupled detectors

Broadband Antenna

Differentially fed Termination Load

—» see talks of Juan Bonaparte and Juan Manuel Geria
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pMUX appllcatlons ﬂ(".

L B B B BN BR BN BE BN BN BR BN BR BE BE BE AR BN B BN AR BN BN AR DR BN AR AR 2L AL N A J
L BE BE B BE BE BE BE BE AL DL BR DL AR AL BL AR B B BE B B AL AL AL AL AL AL 2L AL 2L AL J

® small bandwidth per channel ® |arge bandwidth per channel
~100Hz to 1kHz b ~100kHz to 1 MHz

guard factor to minimize crosstalk guard factor to minimize crosstalk

® (potential) frequency distance between resonators: } o frequency distance between resonators:
~1kHz to 10kHz “ ~1MHz to 10 MHz
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Fabrication tolerances ﬂ(".

Karlsruhe Institute of Technology

example: (semi-) lumped element resonator

calorimetric applications require a high fabrication accuracy
(feasible with advanced fabrication methods, e.g. tile and trim)

S L E [ ¢

Jor

bolometric applications require a ultra high fabrication accuracy
(not feasible with non-industrial fabrication methods)

—
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Fabrication tolerances ﬂ(".

example: (semi-) lumped element resonator

bolometric applications require a ultra high fabrication accuracy
(not feasible with non-industrial fabrication methods)

S L E [ ¢

I5l [T —
| advancmg fabrlcatlon

ﬂ w aIternatlvradout
. methods | concepts

® UV/DUV stepper litho- a
= | ey . hyord maltplexi
® e-beam lithography y P g
- @ FIB milling

—
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FRM-based hybrid pMUXing
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B couple several independent
SQUIDs to single resonator

B unique FRM-carrier frequency
for each SQUID
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Prototype: HyMUX

feedline

—I— C

FRM carrier frequency adjusted by using parallel inductors
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HyMUX - characterization
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apply dc current through modulation coil and measure resonance frequency

4.2885

h |

4.2880 +

4.2875 A

4.2870 - E E

resonance frequency / GHz

N
| |

multiplexer model
resonance frequency

4.2865

—400 —200 0

200 400

dc modulation coil current / A

state-of-the-art multiplexer model predicts device characteristics very well
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HyMUX - characterization ﬂ(".

Karlsruhe Institute of Technology

_________ i

non-optimized
microwave setup
(no HEMT etc.)
operation at 4.2K

a0 — R0y
L\v 7@ Oﬂm\ Lzm@ @ mw@
|-|||—|-|||—|-|||

RC il
I\N\ W I/\/\

SQ 1 SQ 2 SQ 3

SQ 1: sawtooth S|gnal

(Dsig [ ®g

time / ms
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HyMUX - the ultimate swiss army knife?

transmission |S,1|2 / dB

SQUID 1
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—5 - 3 g
—-10 A r2 g
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©
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time / us

FRM carrier frequency

fmod =( 4!

e
mod. ramp

modIrnod framp

effective sampling rate

Oct. 6th, 2021

(set by detector)
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SQUID 2 SQUID 3
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N

-
® (modulation) frequencies of FRM-carrier must be unique

L ® finite resonator response time limits highest FRM-carrier frequency )

® modulation amplitudes must be integers
® modulation amplitudes must not be integer multiples of each other
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Monte carlo simulation

Monte-carlo simulation framework for yMUX modeling and optimization

Do
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MMUX simulation for calorimetric detectors ( A fgw ~ A

D
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Monte carlo simulation

Monte-carlo simulation framework for yMUX modeling and optimization
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MMUX simulation for calorimetric detectors ( A fgw ~ A
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accepted noise
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Monte carlo simulation

Monte-carlo simulation framework for yMUX modeling and optimization

MMUX simulation for calorimetric detectors ( A fgw ~ Afiod* ~ 1 MHz)
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Monte carlo simulation

Monte-carlo simulation framework for yMUX modeling and optimization

MMUX simulation for calorimetric detectors ( A fgw ~ Afiod* ~ 1 MHz)

res
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%E 3 [degradation factor: X\/ﬁj g@ 3 g@ 3 N = 4
~ N=5
=2 2 2
©
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.$ X V2
=
1 1 - 1
10° 10° 10° 10° 10° 10°

framp / HZ framp / HZ framp / HZ

-—s-mp feasible technique for bolometers but likely not for calorimeters

56 Oct. 6th, 2021 HIRSAP Workshop 2021

Institute of Micro- and Nanoelectronic Systems ””5




Summary and conclusion ﬂ(“.
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8™ | = flexible low-temperature detectors
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= described by standard equilibrium thermodynamics German Research Foundation
= wide range of applications % Bundesministerium
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] und Forschung
multiplexed detector arrays

= FRM based dc-SQUID multiplexing for medium-sized arrays
=  microwave SQUID multiplexing for large-scale arrays
= hybrid microwave SQUID multiplexing for bolometric arrays C@J @ /

GIF

future work

= multiplexer optimization and maturing
= fabrication technology

= bolometric arrays EMP|R - EURAVET)
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Summary and conclusion

150 |
55
Mn, K,
AEgyy = 1.58eV

o
s]

events per 0.2 eV

o
=]
T

T = T T
5.86 5.88 5.90
energy E / keV
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magnetic microcalorimeters and SQUIDs

= flexible low-temperature detectors

= described by standard equilibrium thermodynamics
= wide range of applications

multiplexed detector arrays

= FRM based dc-SQUID multiplexing for medium-sized arrays
=  microwave SQUID multiplexing for large-scale arrays

= hybrid microwave SQUID multiplexing for bolometric arrays

future work
= multiplexer optimization and maturing
= fabrication technology

= bolometric arrays

(
ou for YO

T\ﬂaﬂ\( V

a“‘e(\{\on\‘

AT

Karlsruhe Institute of Technology

S\

DFG

Deutsche Forschungsgemeinschaft
German Research Foundation

% Bundesministerium
flir Bildung

und Forschung

SEVENTH FRAMEWORK
PROGRAMME

EMPIR H ~

Th EMPIR l I o-funded by the Eur n 2020
t p ogramme al dlh EMPIRP t pt gSlt

Yy

Institute of Micro- and Nanoelectronic Systems

1S




4]}

Karlsruhe Institute of Technology

ims

Multiplexed magnetic microcalorimeter arrays for astroparticle physics

Sebastian Kempf

HIRSAP Workshop 2021 | Hybrid Meeting KIT - Online | November 2nd, 2021

r[ i
v 1 4

|1

ax.7Zo

L

KIT — The Research University in the Helmholtz Association

|

b nm

www.kit.edu



