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1st Year PhD at APC

Laboratoire AstroParticules et Cosmologie
Sous la direction de Michel Piat et Damien Préle

On behalf of the CMB S4 collaboration
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Presentation outline

e The experiment

e APC contribution

e My PhD subject : Detector and read out modelization and
characterisation

/<
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Scientific context

From the Big Bang to today

. Matiére sombre
° Inf]atlon o expansion accélérée
Ages
sombres Développement des

Hot, dense, opaque plasma dominated by photons galaxies, plangtes, €te..

Postluminescence
380 000 ans

e Recombination

Inflation

380 000y after Big Bang, Universe cools down, and nucleus can
catch free electrons —> Transparent Universe

e Dark ages

Fluctuations
quantiques

Neutral and cold Universe

e Reionization

Stars radiation ionises matter — plasma Hsmicresicrolles
Environ 400 millions d'années

Expansion

e Millimetric observation

13,7 milliards d'années

As the Universe expanded, CMB cooled down to T, ~2,7K
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Cosmic Microwave Background

Matiére sombre
expansion accélérée

e Big Bang’s light relic )
Al
sgrensbres Développement des

PY BlaCk bOdy SpeCtl’um at 3K Postluminescence galaxies, planétes, etc...
380 000 ans

e Slightly anisotropic (~pK) iy

Fluctuations
quantiques

Premieres étoiles
Environ 400 millions d'années

Expansion

—300 -200 -—100 0

1Kemp

100 200 300 13,7 milliards d'années

Image of the temperature anisotropies of CMB from the Planck mission (2016)
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B modes of CMB polarization

Temperature anisotropies

CMB anisotropies have extensively been observed
by many space and ground missions

-300 -200 -100 O 100 200 300
#Kemb

e  Big Bang scenario

Polarisation modes
e  Hotand dense past
New interest in the cosmology community : e Inflation
B modes of polarisation e  Galaxy formation and large scale

structure

/<
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B modes of CMB polarization
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Temperature anisotropies

CMB anisotropies have extensively been observed
by many space and ground missions

— E<0 —
Polarisation modes 4 | AN
. . . | /S
New interest in the cosmology community :
B modes of polarisation N\ B<o |
A

/<

L CMB34

N
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e Inflation
@  Primordial gravitational waves
Q Constraintsonr

e  Neutrino physics, axion dark matter

e  Mapping matter

O  gravitational lensing
e  Multi-messenger astronomy

Elisa Radjabou | APC CNRS | radjabou@apc.in2p3fr
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B modes of CMB polarization

CMB Foregrounds

low-frequency noise and
instrumental systematic effects

galactic and extra-galactic
foregrounds

white
instrumental
noise

gravitational
lensing

atmosphere

clusters

J. Errard, Rencontres de Physique Eté 2023

/<
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Polarization anisotropy of the CMB
foregrounds

Rms brightness temperature (LK)

10"

7 777
30 44 70 100 143 217 353

L

b
107

T

ol

10’

L

10°
ey

Ll

100
Frequency (GHz)

300

g
=1

Planck Collaboration, Adam, R., Ade, P. A. R, et al. 2015
arXiv:1502.01588
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: .- SR ::!fgrilx
The CMB S4 instrument | ﬁ‘z"-’%%gﬁ

! Telescopes with frequency ranging from 20 to 280 GHz in, to be deployed in Chile

(Final configuration is currently under study)
’l ‘h NATIONAL

——=@® ACCELERATOR

DL AN | 150RATORY

A 1-3 LAT
Q\:@ 2 - 9 SAT tubes -
D=56cm

high angular resolution

3 cameras of 0.5 m each
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The detectors

Overview : bolometers array coupled to the sky by antennas and read out in time-division multiplexing

Single pixel
NIST

~130mm

antenna coupled

to the wafer
Gold plated Al feedhorn 1’{‘];1; array
antenna prototype S

Simons Observatory
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The detectors

The OMT detects the two CMB polarization modes : The bolometer TES converts the sky signal in current
variation
For every polarization we separate in two frequencies

R(T) superconducting transition modelization of a TES

Ortho Mode Transducer OMT N /

TES Resistance (mQ)

17

7o 72 e e
TES Temperature (mK)

Transition Edge Sensor TES

/<
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Cryogenic detectors and read out

CMB-S4

simplified readout column schematic

TES Detector
Wafer L
. [ ]
Z Rreso
- .
=
2" Rres 1
I
. [ J
=
;) RTES.9 Y
I
: .
YSCMBS4  GDRDI2I | juin2025 Elisa Radjabou

Transition Edge Sensors transduce
change in optical power to changes in
current

Connected via superconducting flex cables
Shunted by small resistance

Signal from each TES is multiplexed by
Superconducting QUantum Interference
Device SQUIDs SQ1 MUX (100 mK)

Signal amplified by an array of SQUIDs SSA

Pre amplifier at room temperature

DAC in current for biasing

APC CNRS | radjabou@apc.in2p3fr 12



Cryogenic detectors and read out i

CMB-S4

i edrasioatee] — e Transition Edge Sensors transduce
SimpHied reacout column sehemate change in optical power to changes in
current
® 10 Ch:
_ annel
Nyquist . .
\1; o e Connected via superconducting flex cables
i Hs = p ¢ Shunted by small resistance

e Signal from each TES is multiplexed by
Superconducting QUantum Interference
Device SQUIDs SQ1 MUX (100 mK)

e Signal amplified by an array of SQUIDs SSA

e Preamplifier at room temperature

e DACin current for biasing

YSCMBS4  GDRDI2I | juin2025 Elisa Radjabou | APC CNRS | radjabou@apcin2p3fr 13



Cryogenic detectors and read out . “a?,%.g% -

CMB-S4

simplified readout column schematic

10 Channel
MUX

saiB ) saiFs  Chip

ni=z

CcS0 }ﬁ“ RS1}

b =
L] L]
RS 9 } ; input 9

 —' N

input 1

SQ1FB

D)

T LI 1

USCMBS4  GDRDI2I | juin2025

Elisa Radjabou

Transition Edge Sensors transduce
change in optical power to changes in
current

Connected via superconducting flex cables
Shunted by small resistance

Signal from each TES is multiplexed by
Superconducting QUantum Interference
Device SQUIDs SQ1 MUX (100 mK)

Signal amplified by an array of SQUIDs SSA
4K)

Pre amplifier at room temperature LNA

DAC in current for biasing

APC CNRS | radjabou@apcin2p3fr 14
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Transition Edge Sensors transduce
change in optical power to changes in
current

Connected via superconducting flex cables
Shunted by small resistance

Signal from each TES is multiplexed by
Superconducting QUantum Interference
Device SQUIDs SQ1 MUX (100 mK)

Signal amplified by an array of SQUIDs SSA
“K)

Pre amplifier at room temperature LNA

DAC in current for biasing
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Cryogenic detectors and read out

N
x4

/<

CMB-S4

simplified readout column schematic

P

CMB 34

GDRDI2I | Juin2025

Elisa Radjabou |

Transition Edge Sensors transduce
change in optical power to changes in
current

Connected via superconducting flex cables
Shunted by small resistance

Signal from each TES is multiplexed by
Superconducting QUantum Interference
Device SQUIDs SQ1 MUX (100 mK)

Signal amplified by an array of SQUIDs SSA
“K)

Pre amplifier at room temperature LNA

DAC in current for biasing
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HERKEFELAD

~1 A q NATIONAL

sLac APC contr ibutiOnS

J‘ .

e Meeting at SLAC and LBNL 18-20 March 2025

o Readout, cryogenics, LaboDRTBT/Cryo facilities, Cryomat, Flex,
readout modelization +first SSA coupling with cryogenics results

e CMB S4 Collaboration meeting 24-26 March 2025 at LBNL

e Interdisciplinary Instrumentation Colloquium 19 March 2025
at LBNL (QUBIC/ATHENA/CMB-S4)

c{,\y’ e Commissioning of the ASIC APC board on the cryogenic <
@ detection chain for CMB-S4

/<

-
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APC contributions

e Installation of the SSA module on the 4K
stage in the cryostat

e Assembly of the SQ1 module on a copper plate
and integration on the 100mK stage

Laboratoire DRTBT - APC

/e
{
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APC contributions

e Installation of the SSA module on the 4K stage

e Assembly of the SQ1 module on a copper plate
and integration on the 100mK stage

Laboratoire DRTBT - APC

/e
{
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My PhD subject

CMB-S4 FA—

Title : Characterization and modelization of the detection chain for observation of the e soitedesmcsimsamae
cosmic microwave background and the next generation of instruments ALY

e State of the art of TES, SQUIDs physics and TDM for CMB Hiigal
St LA~
e  Modelization of the detection chain —DTEF‘ |
e Find a simplified way to write the noise contributions, and 4 N\
analyse the parameters dependence @ DAC SSA
o  Modelization of the noise at the entrance of the first L LNA
SQUID SQ1 : sQuin Fj>
G J

/e
{
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My PhD subject

e Modelization of the current noise at the entrance of the first
SQUID SQ1:

O
< | DAC TES
(=]

Noise current spectral density for /tes

= Phonon noise
~= Shunt resistance noise
= TES resistance noise

TES
A
o Identification of the principal noise contributions as transfer §Rmm Lini
functions :
] TES and shunt resistance thermal noises (charged carriers
agitations)
) 1+i>
Hieo w) = Ktes - K .5 )0 2)
: I "ﬂ?
Honnt @) = K - Ky 8
WeffNl @el 5 1o
m  Phonon noise (exchange of phonons through € ) °
Hyp(w) = K - Ky m
USCMBS4  GDRDI2I | Juin2025 Elisa Radjabou |

10* 10? 10° 104 108
Frequency in Hz
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e Modelization of the noise at the entrance of the first @ DAC TES
SQUID SQl . TES
—W\’—Q
o We can only measure the total noise, not the contribution gRs"""‘ o
from every noise source

Total noise current spectral density for /¢es

O Ability to vary the parameters to analyse the noise
<tI[]:’j
o Try to match the computed noise current with E
measurements
= Maximum noise
N N “ Frequency in I-;; N ’
YSCMBS4  GDRDI2I | Juin2025 Elisa Radjabou | APC CNRS | radjabou@apcin2p3fr 22



What’s next
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e

e Integration of the DAC noise (especially at low frequency !)

e Modeling of the rest of the detection chain

e Cryostat operation at 4 K + SSA measurements at 4 K

e Cryostat operation at 100mK + SQ1 measurements at 100mK

YSCMBS4  GDRDI2I | juin2025 Elisa Radjabou |

rd

Presentation and discussion of the model with CMB S4 collaboration (SLAC)

APC CNRS

radjabou@apc.in2p3.fr
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Backup slides

Schéma du readout avec ses composants a chaque températures

100mK stage
4K stage 300K stage

Light from Detector and readout module
telescope f 25-wire 1 00-wirg

\ NbTi cable manganin

\

—
—-

L superconducting flex

51-wire

manganin
- =

Elisa Radjabou | APC CNRS | radjabou@apc.in2p3fr 25
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Backup slides : T&s stability (NETF)

Electro Thermal Feedback

e  The TES current, when red by a thermometer leads to Joule dissipation (of the thermometer), in the bolometer

dr
Pi(t) = C— + Poath = Proute ermometor c
How to choose the biasing mode ? G
If current biased : (Ryzo<< Ry...) Prowe = RI? Bath
When signal arrives -> T# -> R72 -> P 72 ->T7 positive ETF
V2

If voltage biased: (R R

TES™” shunt) Pjovie = =

Whensignal arrives -> T~ -> R~2 -> 1~ -> P~y ->Tw negative ETF

|:>Operated at strong and negative Electro Thermal Feedback with voltage bias, thanks to a DAC polarization in
current dc, and a shunt resistance, to bias in voltage

/e
{
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BRI 4 1Y I Y Tt o
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i R
. . . R
Backup slides : T&s stability R 0
Electro Thermal Feedback
e The TES current, when red by a thermometer leads to Joule dissipation of the thermometer, in the bolometer
Thermometer [ |
Bath
YSCMBS4  GDRDI2I | Juin2025 Elisa Radjabou | APC CNRS | radjabou@apcin2p3fr 27
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Backup slides : Tes stabiiity

“;ﬁ Sisveisaiale £3

004
e

Equivalent diagrams of a TES

Thermal

Thermometer

Bath

SCMBS4  GDRDI2I | Juin2025

x4
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Backup slides : TES equations (1)

The thermal and electrical differential equations that describe the TES are not independent from one another because of cross
terms :

Electrical differential equation :

dl tes

Leq dt

— Vb‘}z\(r;b T VS']}\LIHTLt T V;]e\{s “Ir V;;j(\;[ra e Itethes = Ites (Rshunt I Rpara)

Thermal differential equation:

thes

Cdt

= _Pbath T PJuule + 131 T P;iyzon(m il Pt];/b

After linearization

dAT
CT = P, + PN — IV, + (IoRo(2 + B)) AI + (

dAT
“dt

Py
aTO G) AT

73 = Vitaa + Vios — (Ro(1+ B) + Rpoad) AT —a——

YSCMBS4  GDRDI2I | Juin2025 Elisa Radjabou | APC CNRS | radjabou@apcin2p3fr 29
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Backup slides : TES equations (2) ' é»“':;‘

.uu..ﬁo

Matrix method :

A (~Ro(1+8) = Ru)
- 2coupled equations in the matrix form: < AT) =

Ryl
—@ T <AI) . ( (VLN+V£§ T )

big+p  (o8E-6) 3 \AT)  \BA B~ BVE) &
J
Y
N
I
- Fourier Transform of Y, (Ro(1+8) + RL) + i2nf Q%JE:OZ
= )
— 42+ p (~af +G) & +inf
- Go from an equation of this form : _z'w Z_} =M Z_} - ﬁ , to: Z_; =1 ﬁ with the inverse of the matrix: =g 1(1” : (D + C«f’w A—B )
' L, - + Tw

- Andretrieve the whole current variation as a function of TES parameters AND all the noise sources :

B 1 Pm G oy il
AIf == |dff(]\.[f)| |:( T()C T C +7,27Tf) ( ‘/tlfs) Leq:|

1 Ryl N |
- : P+ P, +IpV,,) =
[det(My)] [(TL)( tH A+ Vi) G

YSCMBS4  GDRDI2I | Juin2025 Elisa Radjabou | APC CNRS | radjabou@apcin2p3fr 30
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Backup slides : Measurements from SLAC

Still not able to fit perfectly the measured data, many options

to explore ...

100mK 50%Rn

i e Superconducting transition modelization R(T) influences the predicted data

3 = phonon
[ —— Johnson TES .. R T-T,
1045‘ i —— Johnson shunt R(T) — P [erf< AT ) o 1]

— = Total expected noise

N
T
£
I iR SR T TR A (S Faan » R(T) ization for Tc =100 mK, Ry=0.01Q  (Iyjss =0 A)
= e Tangente a Tian = 100mK et pente de la tangente
> 103:- L2 —— AT =0.90mK , pente= 3.6
= E —— AT =099mK , pente= 3.3
2 10) —— AT = 1.07mK , pente= 3.0
(9] — AT =116mK, pente=2.8
© — 4T =124mK, pente= 2.6
© —— AT =1.33mK, pente= 2.4
© 2
=] 10z — W“ g o —— AT =1.41mK, pente= 2.3
8 [ \,\/ V L —— AT =150mK, pente= 2.2
Q L
o
0 - £
= £
< 1 / g 6
g 10%: ]
5 E H
3 H
(] E 4
n)
S 10°:-
= E
2
101 i PPN NPT | f PO - PP -
10° 10! 102 10° 104 10° 01
Frequency (Hz) % 98 100 102 104

TES Temperature in mK
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Backup slides : DAC noise

lowvanasaee
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How to add the DAC noise (not white!!l) to the
model?

How to define its time dependence ?

Add DAC noise as a DC generator as for the resistances ?

Viira Viias Vides TES V&

Rypara

V}\'
shunt LNyquist

Rsnunt Lin

/<
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1000 [~

_
o
o

DACv3 TES Simulation
DACv3 SQUID Simulation
DACv3 TES Measure
DACv3 SQUID Measure
DACv4.5 TES Simulation
DACv4.5 SQUID Simulation|
DACv4.5 TES Measure
DACv4.5 SQUID Measure

DAC current noise [pA~Hz]

10

0.1 1 10
Frequency [Hz]

100 1000

Elisa Radjabou | APC CNRS | radjabou@apc.in2p3.fr
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Back up slide : SQUID FLL

DC-SQUID operates in a flux-locked loop FLL

e Feedback flux is applied to cancel out any changes in the flux from the input coil L, , thereby maintaining a
constant flux @ in the SQUID (SQ1 and SSA).

T (&} S
3 DAC SQ1 3S
Z DAC TES (D Q q) Z| DAC SSA

TES

§ Rhunt Lin

SQUID

e Magnetic flux variation of input coil originate from current variation of the TES from ETF

SCMB 4 Spring Collaboration Meeting | March 2025 34
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