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The Universe
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The history and the evolution of the Universe in time and scale factor.



Standard cosmological model

Dynamics Geometry, Structure

GR, fluid eq., Homogeneous and isotropy,
Stress-Energy Tensor Metric

dr?
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Cosmic Microwave Background (CMB)

Wavelength [mm]
» Formation: CMB is radiation from around 380 000 years : 1 = ==

after the Universe was born at recombination epoch Hoor FIRAS data with 400G errorbars

e +p=H+y

-> CMB photons were freely travel to the entire the
Universe: decoupling epoch
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> Discover: in 1964 by Penzias & Wilson. :
> CMB spectrum is a black-body (COBE) Tz = 2.725K. ° T Viem ?
> Temperature anisotropies 10~°K : Sachs-Wolfe effect, Doppler effect.

>~ 10% CMB anisotropies are polarized by free electrons at last scattering surface.
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CMB polarization: Stoke parameters

A monochromatic light in z-direction: wave mrommation
E, = Eqy cos (ayt — 6,): E, = B cos (th B 83’) ANz D oz 1D
s l¢ L ¢lll¢ s z
’ )
I = <E > + <E > Intensity
= <E > — <E ) Linear polarization

U = <2EOXEOy COS(Qy —_ QX)> Linear polarization
V = <2EOXEOy sin(Hy — 6’X)> Circular polarization

In the second-order spin spherical harmonics of degree /# and order 111:

(Q + iU) (‘9» C”) = Z a19/m Y £2/m (‘9» C”)

multipoles coefficient

> Q, U depend on the coordinate system



CMB polarization (Thomson scattering)

inflation
ooy —— | /.
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Polarization 7?.::“ E Mode B Mode

Gravity waves from inflation stretch and squeeze space in orthogonal directions.
Gravity waves from inflation would produce tensor perturbations.
Primordial B-mode is due to only tensor perturbation in inflation!

The polarization pattern can be decomposed into 2 components:
e Curl-free component, called “E-mode” (electric-field)
or “gradient-mode”
e Grad-free component, called “B-mode” (magnetic-field)
or “curl-mode”



State of the art

After Planck 2018

- Temperature anisotropies are
measured with high accuracy

- E-mode polarization is well fit
with concordance model
(DASI 2002.)

- B-mode is not yet measured!

- Foreground components
challenges

- Systematic effects challenges

Goal: Tensor-to-scalar ratio r
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State of the art

B mode power spectrum measurements
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l.1. LiteBIRD science goal

B- mode power spectrum measurements \RD
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Figure by Yuji Chinone
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Measurements with r < 0.002 (95% C.L.) for 2 = | =200 are important



l.1. LiteBIRD Payload module

Phase A1

Continuously-
rotating half wave

) plate (HWP)

Japan: Rocket, Satellite, LFT
- Europe: HFT, sub-Kelvin Cooler
- USA: TES focal plane

« Canada: Warm readout electronics

HG-antenna

LFT |
HFT

50

&

- 3-year at L2 orbit g S
- Low frequency telescope (40 cm, 20-70 arcmin) Ezo_
- High frequency telescope (30 cm, 10-40 arcmin ) %
- Rotating half-wave plate (HWP) modulation g 0
- TES focal plane at 100 mK 2 - |CMB
« The mass and consumption power 2.6 tons, 3.0 kW L§

2

2 50 100 200 500

frequency [GHz] 11



l.1. LiteBIRD Focal plane

High Frequency Telescope (HFT)

TES bolometer ~ Lossy Au meander SiN legs

Sub-Kelvin Instrument

LFT Focal Plane

........

Sub-K Cooliﬁ ’ .
[

. Sv'i‘ ,_I"
HFT Focal Plane !"}" ar )

"

1 "Readout

Nb microstrip OMT MoCu bilayer

Cold Mission System B

The TES array with corrugated feed horn N
developed for ABS, ACTpol, SPTpol by
UC Boulder, NIST and Stanford

Low Frequency Telescope (LFT) - LFT 34 GHz ~ 161 GHz: Synchrotron + CMB

FITIEEN 4 + HFT 89 GHz ~ 448 GHz: CMB + Dust
e £ .8 The TES array with a
" lenslet developed for

POLARBEAR by UC 15 frequency bands
perkeley and UESD > 2000 TES detectors

ass filters
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l.1. LiteBIRD scanning strategy
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l.1. Foreground components

Foreground separation

RMS brightness temperature (uK)
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y . Polarizer angle

| = ICMB T Idust T Iother components

Similar for Q and U.
I, Q, U are Stokes parameters.
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|.2. Potential systematic effects

Planck HFI lessons:

e Beam mismatch

e Cosmic rays
e 1/f noise

e ADC non-linearity

e Thermal fluctuations

10°

v
= 107

Q

107°

107°

100 GHz o

all effects

— Noise .
— ADC NL total residual
— ADC NL no distorsion
- bandpass leakage
miscalibration

10 100
Multipole ¢

Planck: A&A 596, A107 (2016)
15



transmission

|.2. Bandpass mismatch

Bandpass shape of several Planck- - ; ; ——
HFI detectors K E i |
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Detector
The micro-fabricated technology could
contribute to non-ideality of bandpass Blue: ground, red: flight
filters (layer to layer misalignment, (Planck: A&A 596, A107 (2016))

dielectric constant, dielectric thickness).

Leakage from intensity | to polarization Q, U
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.2.1. Bandpass mismatch calibration factor

Filters Dust: Grey body

(v’ BT \

SEMSSOA> AN TN Sin

CMB: Black body Normalization CMB

3
To =Tcocmp = 2.725 Planck’s law B(V, T) — 2hy h1/1
T, = 19K e"Bl —1
B =1.62

vp = 140 GHz Vs> 7t 7spin

18



1.2.1. Bandpass filter

Planck-like errors Typical measurement errors
(1 % vary on edges) (1GHz top-hat)

1.0 1.0
0.8l H| - ] do.s-
0.6+ — 1.01146596266 — 1.00313256688
— 1.01598753979 0.99903052841
— 1.01636848863 0.995298932723
0.4} — 1'01649]25};3?1 0.4l —NaG96080525965
—_ 1.0182 8, 74 — 0.9990645836
1.00548.7877 0.999748822593
— 1.01167149602 — 0.997948715757
0.2+ — 1.01113072184 0.2+ — 0.994467192901
— 1.01318314 — 1.01004192761
— 1.02223412137 — 1.00287157864
0.0 - - - - 0.0 - - - -
110 120 130 140 150 160 170 110 120 130 140 150 160 170
v [GHZ] v [GHZ]
Standard derivation: 0.00626 Standard derivation: 0.005975

Half of a percent from detector to detector

Calibration detectors by ]/d

9



|.2.2. Time order data (TOD) simulation

e |In order to observe leakage: The effect of intensity | to polarization Q, U

» Data simulation: Sy = Iy + Valause + Vsksynchrotron + -

* No polarization

* No noise or white noise

e Same pixelization between input and output map

 Simulation at 140 GHz used different scanning strategy configurations

* The focal plane and polarizer orientations for LiteBIRD

|
The map of intensity | and polarization Q, and U is Il = Q )

the map-making solution: U
~1
m = |[A'NT'A| AINTIS

The pointing matrix for pixel p: A = <1 COS (21//) Sin (21//))

p
20



|.2.3. Results (1) -> Leakage maps

leakage Q leakage U

leakage Q

= )




1.2.3. Results (2) -> Analytic estimation

Qlea gelldust

. - a pair detector
0.002 H E = 5@
. -5 p
<§ 0.001 - Elozé IGal;p — 7(1 b COS 2¢
~ o000 - e oUp Gal — /Gal ]\ (gin 24/
° 3 IGal;p
—0.001 - 10t
0,002 | leakage maps crossing moment
100

—-0.50 -0.25 0.00 0.25 0.50
< Ccos2y >

> Tight correlation between the relative leakage and the crossing moment.
22



|.2.3. Results (3) -> 1 / N detectors

20% masked galactic plane, 74 and 222 detectors and 365 days observation, 10 sims

101 —a
1 == BB len with beam 32 arcmin
] === BB unlen with beam 32 arcmin
10~2 { = BB: a65° B30° 0.lrpm 96mins !
('\l_' m—— FF: a65° B30° 0.1rpm 96mins i
\ | == BB: a65° B30° 0.1rpm 96mins -
3 —3 ] === FE: a65° $30° 0.1lrpm 96mins
=10
) 1
=
@\

2\

1

\
222 detectors “
\

a = 65, = 30, = 96.1803 minutes, @

prec



|.2.3. Results (4) -> scanning strategies

20% masked galactic plane, 222 detectors and 365 days observation, 10 sims

1071
1 === BB |len with beam 32 arcmin
= = BB unlen with beam 32 arcmin I
10—2 - === BB :q30° B65° 0.5rpm 4days = -
S = BB:a50° B=45° 0.5rpm 4days A s\ '
b _ AV m— BB :q50° B45° 0.1rpm 96mins
recession 3 10_3 o | — :a65° B 30° 0.1rpm 96mins
angle —
=
& 4
N —_
e~ 10 [
@)
N
— 1 A-5
+ 10753 -
S
g’
SN
10—6 -
10~/
10°

> Scanning strategies with larger precession angle produce less leakage

because of homogeneous scan angle per pixel. o



1.2.3. Results (5) -> An ideal Half Wave Plate 88 rpm

20% masked galactic plane, 50 detectors and 180 days observation

1071

I—l
o
&

10—5 -

Numerical simulations

L0+ 1)Cy/(2m1) [uK?]
3

=

o

I
=
=

-
-
I

=

OV

109 101 102
[

a = 65", f = 30, 7, = 93 minutes, wg,;, = 0.1 rpm

> An rotating HWP mitigates bandpass leakage by homogenizing the

angular coverage each pixel. N



1.2.3. Results (6) -> precession and spin

Angular power spectrum 80% sky fraction

10~1 -
] == BB |len with beam 32 arcmin
5 { == BB unlen with beam 32 arcmin
— 107% { == BB: a65° B30° 0.1rpm 93mins
N | == BB: a65° B30° 0.1rpm 96mins S
_ | == BB: a65° 830° 0.3rpm 96mins \
% 10 3 " B P \
N
<1077 ;
O 1 r=0.001
— -5 I
210
N’
2 _
10-°
10~ ——r—r—rrry ——rr
10° 101 10

[

> precession 93 minutes, spin 0.1 rpm

a = 65°, /= 30°

> precession 96.1803 minutes, spin 0.3 rpm

> The location of the peaks depends on the ratio Tprec/

T

pin
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1.2.3. Results (7) -> A example ratio of a)prec/ Wgpin

20% masked galactic plane, 222 detectors and 365 days observation

Mollweide view

10—1 -
—— BB @655 8305 0.1rpm 96 prec /
10-2 m—— BB & 65 30 0.1rpm 96 prec
== BB a65° B30 0.1rpm 89.95 prec = 'S
_ EE @ 65 o B 300 0.1rpm 89.95 prec >
o —
5:<L 1072 % ==: B len with beam 32 arcmin, r = 0.01 “
§ - B unlen with beam 32 arcmin, r = 0.01 \‘
N .
S 107 N
= r=0.001 NN
+ \ 1
= y B i
- l L A & ‘
Mollweide view A w '
100 10! 1072 103
/
leakage Q

0 162

-0.03 0.03
> Effects on intermediate angular power spectrum



1.2.3. Results (8) -> Vary scanning strategy params

20% masked galactic, 222 detectors and 365 days observation

1 [| === prec 96.1803398875 === prec 98.1803398875 === prec 100.180339887 | ] 1 || === prec 96.1803398875 0.1 rpm === prec 96.1803398875 0.5 rpm
10 :' === prec 97.1803398875 === prec 99.1803398875 prec 101.180339887 | 3 10 F| === prec 96.1803398875 0.10002876 === prec 288.6 0.3 rpm .
=== prec 96.1803398875 0.3 rpm prec 32.0601132958 0.30002876rpm | 4

a = 65", [ =30, oy, = 10minutes 10° | a-=65"; =30
i ’

= . ‘, . =

£107; ' | ’ 1 © 107 :
& | ] &

= - - =

O L | . . O - |

= ] =

+ +

=10} | I =107} "
105 | \/\’\Mm‘w"m»m ] 105 | | | ;
10-6 ;- M .' 10-6 I M

10° 101 1072 103 10° 101 102 103

Amplitudes are rescaled

> The location of the peaks changes
> The location of the peaks depends on the ratio Tp

rec/ Tspin
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1.3. A correction method: A pair detector

1st pair 2nd pair 111th palr
- Detector pair subtraction
S, =7y.1+Qcos2y, + Usin2y,
Sy, = 1,1 — Qcos 2y, — Usin 2y,
Sa — Sb (}/a _ yb) I

S~ > + Q cos 2y, + U sin 2y,

29



1.3. A correction method: A pair detector

- In case of leakage: The covariant matrix:
( \ 7!

1 (cos 2y) (sin 2y)
o o, 1 + {cos 4y) (sin 4y)
Covs,, = (ATN"1A)! = Fp X | (cos2y) 5 5
in 4 1 — 4
(sin 2) (sin 4y) (cos 4y)
2 2
\ )
 In case of no leakage: The sub-matrix covariance
( . \ 7!
1 + (cos 4y) (sin 4y)
2 2
COV2;p — 611 X .
(sin 4y) 1 — (cos 4y)
2 2

> We study the loss of accuracy in two cases numerically.
30



1.3. A correction method: A pair detector

80 —
70
60
50
40
300 f
201§
10,

O A . N . ' M . H M .
0.000.01 0.02 0.030.040.050.06 0.000.010.020.030.040.050.06

B uu
|3 UU_sub ||

occurrence

0.035
0.030
0.025}
0.020 }
0.015}
0005+ #
0.000

3 10U
=3 1uU_sub ||

— 1/QQ
=1 1/QQ sub |,

O 20 40 60 80 100 O 20 40 o0 80 100

a =65, p=30 = 96.1803 minutes, @

> The loss accuracy of the Q component is of the order of 10% for a given detector pair
31
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Conclusions

222 detectors and 365 days observation, T=0.055+/-0.009 | 2< /<10 | 10 </ <200
a = 30°; B = 65°; Tprec = 4days; wspin = 0.5rpm | 1.83 x107° | 9.32 x107°
a = 50°% B = 45°; Tprec = 4days; wspin = 0.5rpm | 6.49 x10~% | 4.66 x107°
a = 50°; B = 45°; Tprec = 96 min; wepin = 0.1rpm | 6.32 x10™* | 3.08 x107°
a = 65°; B = 30°; Tprec = 93 min; wepiy = 0.1rpm | 3.29 x107* | 7.61 x107°
a = 65°; B = 30°; Tprec = 96 min; wepin = 0.1rpm | 3.27 x10™% | 2.11 x107?°
a = 65°% B = 30°; Tprec = 96 min; wepin = 0.3rpm | 3.03 x10~* | 1.77 x10~°

Bandpass mismatch is the non-negligible systematic effect.
An optimal scanning strategy for future CMB polarization satellite.
Tensor-to-scalar r is of the order of 1077 in reionization bump.

Tight correlation between leakage maps and cross linking moment.

A

1/N detectors dependence of the level of the power spectra
=> Increase number of detectors.

o

An ideal half wave plate mitigates the bandpass mismatch effect.

7. Bandpass mismatch error for satellite CMB experiments Il: Correction

effect, Ranajoy et al., [in preparation]. N



1

I1. Interaction of particles with a 256
Transition Edge Sensor (TES) array of the
QUBIC experiment.

HOANG Duc-Thuong

APC, December 17, 2018 33



The Q & U Bolometric Interferometer for
Cosmology
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Il.1. QUBIC science goal & Instrument

I(1+1)Cli2rc) [uKE]

10°

10°

10°

10°

10°

10 100

Self-calibration: Open/close horn couple

——— € for r=0.05 (QUBIC Target)
QUBIC range o
——— G, leakage without self-calibration o
- — C** leakage with self-calibration (2.5% of observation time)

T T TTTT

initial E-B
eakage

D

T T TTTI

]Illll]

Self-Calibration

| Illlllll
111 lIII

residual E-B B-Mode
leakage

T TTTT

30 200

arXiv:1209.4905

ell

6(1”) goal: no foreground: 0.006, with foreground 0.01
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https://arxiv.org/abs/1209.4905

QUBIC in a Nutshell Sky

ilters

-Half—wave plate ~4K

Polarizing Grid ~4K

Primary horns ~4K

Switches ~4K

Secondary horns ~4K

55 f Dichroic
bolometer IRV, < K
array (992 TES) B :
220 GHz

~1K

Cryostat

bolometer array ( 992 TES)
150 GHz
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QUBIC in a Nutshell Sky

STOKES POLARIMETER ,,:
TO SEPARATE I, Q,U Polarizing Grid ~4K{
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QUBIC in a Nutshell Sky
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QUBIC in a Nutshell Sky

-Half—wave plate ~4K
MIRRORS MADE A FIZEAU INTERFEROMETER.
OPENING AND CLOSING THE SWITCHES. WE Polarizing Grid ~4K

CAN CHANGE THE INTERFEROMETRIC Primary horns ~4K
FRINGES ON THE FOCAL PLANE. A‘A“ o

= i U O O 0O 0O 0O OW ~4K
RN ""' Secondary horig ~4K

e : Dichroic

........... g

bolometer
array (992 TES)
220 GHz

bolometer array ( 992 TES)
150 GHz
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QUBIC in a Nutshell Sky

-Half—wave plate ~4K

Polarizing Grid ~4K

Primary horns ~4K

Switches ~4K

Secondary horns ~4K

aewwm I HE DICHROIC SEPARATES THE
""*‘-".‘:-. 'RADIATION ON TWO DIFFERENT FOCAL

| PLANES AT 150 GHz and 220 GHz.

| ~2000 Transition-Edge Sensors (TES)

S — Dichroic
bolometer Ji 7t < |K
array (O TES)QHE L
220 GHz

~1K

Cryostat

bolometer array ( 992 TES)
150 GHz
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Il.1. QUBIC’s Cryostat

== @5}
25 2018

4

X ‘ ) .
ki
. § October

»QUBIC cryostat at APC 1.6 mx 1.8 m
>10 days need to cool down to mK
~ »Transition Edge Sensor (TES) focal plane

Lab cryostat: Triton 200/400 41



I1.2. Transition Edge Sensor (TES)

a _ <
— Superconducting S
oC AR transition .
_ regime |
T [mK] t [us]
> A strong negative Electro1éherma| Feedback (ETF) speeds the detector by the loop gain
parameter 7 = , Z =10-100
thermal G( Py 1) V2
e
>In a voltage-bias mode: TES is self-calibrating in its transition temperature. Pj = =
=>TES array RTES

1
Vbias |

> Linear response, the current responsivity is
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> An array of 256-TES

> 4x32 SQUIDs read out signal
»128:1 Time Domain Multiplexing

> 2-ASIC
> FPGA (PID controller)

» QUBIC studio interface

» Electronic readout chain time constant:
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11.2. IV curves measurement

11 F

lTes [UA]

Vies [UV]

> Superconducting regime Transition regime Normal regime

> IV curves help us to determine TES behavior and calibrate.

> Determine position of radioactive source.

44



11.3. Radioactive source 241Am

Study TES behavior

»241 Am: ‘

- 5.4 MeV alpha particles

- 80 keV gamma rays

- 8 particles per second

>5 mm from detector

>In front of the pixel 88
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I1.4. Glitches data analysis

~ 10 minutes

- | | " Maximums

—]
{)
O
| [NA]

Median filter method

—— run7/pix88

d 200000 400000 600000 800000
Time [sample]

orrection

Glitches
Processing

Median ' T ' '
Method Method 105 } i i | i i [ run7pix88 -
I 1 | I 1
I 1 | 11
| Fit Glitches | 104 f i i i i i
X ,O, af o |
\;/ S 10° N ~
v 1R
Interpretation S 10%¢ N
. ) - I I
Time constants O ;1| Noise | i q
100 | | Glitches ]
Crosstalk | !
10-1 L L ' '
-20 -10 0 10 20 30

| [nA] 46



I1.4. Glitches detection & processing

run/pix88, 130 glitches

30
_ 20}
i i g
Glitches detection: =l
e A Glitch: 750 bins sample (200+550)
O L
0 200 200 600
Time [sample]
Glitches Processing: Ty e
i [ noise i
® Median baseline 16 | G“tches Maximum
e Maximum correction 4T
V12 F
6 -
4 -
2 -
O |

0 5 10 15 20 25 30 35
Amplitude [nA] a7



I1.4. Template fitting

S(t) =a (1 —exp (17 to)/%) exp~ (=01 4 ¢

Amplitude Rising time

20
7o - Risingtime
=10
7, . Decay time
0
¢ : Offset

Decay time
A
Py
Pt
; e
0 200 400
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I1.4. Fitted glitches, chi2 estimation

run/pix88

' g=0 T0=39.2+5.8ms | g=1 To=7.120.9ms | g=2 To=104.9+144.7q g=3 To=2.0+0.8ms
T:=50.6+2.4ms T:=67.6+2.8ms T1=29.3+x4.7ms T1=236.1+x15.5m$
a=98.5+7.6nA a=16.9+0.4nA a=244.1+211.6n4 a=5.5+x0.1nA

20 x’=4.7 ;0=05T x’>=2.3;0=0.6T X°>=5.6;0=03T x°=1.9; 0=0.6 1
t0=93.2+x0.3 ms to=115.7x0.4 ms to=104.7x0.2 ms to=113.2+0.5 m9
=-0.3x0.1 nA c=-0.0x0.0 nA c=0.0x0.0 nA c=0.0£0.1 nA
0 W
g=4 To=10.6%x2.5ms g=>5 T0=3.1+0.9ms g=6 To=15983.6+392( g=7 To=35.5%+14.2ms
T,=48.4+4.3ms T;=35.5+2.9ms T:=27.9+x59.6ms T1=27.9x2.7ms
a=10.5%£0.8nA a=9.1+x0.4nA a=42990.1x6749 a=79.6x£18.4nA
20 | ¥2=2.0;0=0.5 T ¥2=2.4:0=05 T ¥2=2.3:0=0.6 T ¥2=1.5; 0=0.7 1
to=108.1+0.7 mq t0=122.0+£0.4 m9 t0=103.9+0.2 m9 to=112.8+0.3 m4
c=-0.1+0.0 nA c=-0.0x0.0 nA c=-0.9%x0.0 nA c=0.2+0.0 nA
< M M
<< O 1 1 i -
- : : | : : | : : : | : |
e g=8 To=15.6x2.3ms g=9 To=38.8+£8.5ms g=10 T0=39.4+x6.5ms g=11 T0=22395.1+161B67063.5ms
—_— T:=37.8x2.0ms T1=37.3x2.2ms 7:=40.6x1.9ms T1=43.0x297.6m§
a=35.4x2.2nA a=87.3x10.8nA a=75.8£6.9nA a=33191.5x153062593.4nA
20 ¥2=0.7; 0=1.1 T x?=1.3;0=0.7 T x?=1.1; 0=0.6 T ¥2=10.4 ; 0=0.7]
to=113.7x0.3 ms t0=104.9+0.3 mq tp=107.8x0.2 m9q tp=68.3x0.7 ms
c=0.5+0.0 nA c=0.5+0.0 nA c=-0.0x0.0 nA c=-1.0+0.1 nA

'g=12  T15=9.8409ms | g=13  T1,=19.3%3.4ms | g=14  T1,=19.0£3.3ms | g=15 T,=8.8+1.2ms
T1=46.5%x1.6ms T1=35.9%+2.2ms T1=36.2+2.2ms T1=36.4%+1.8ms
a=27.8+0.8nA a=55.1+4.6nA a=54.4=4.4nA a=22.5+1.0nA

20 X?=0.9;0=0.8 T X?=5.8;0=0.5 T X?=10.2 ; 0=0.4] X?=1.9;0=0.6 1
to0=111.9+0.2 m4 to=108.1+0.3 m4 to=108.1+0.3 m4 to0=114.9+0.3 m4
c=0.7x0.0 nA c=0.8+0.1 nA c=0.9+0.1 nA c=0.5%x0.0 nA

O 4 4

0 200 400 O 2000 400 O 200

Time [ms]
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Maximum [nA]

50
40
30
20
10

11.4. Time constants distributions

> Two populations of the rising time constant
0 20 40 60 80 100

I
1 Maximum

decay time constant 7,

0 20 40 60 80 100

To, T1 [MS]

rising time constant 7, run7pix88,130glitches

50
40
30
20
10
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11.4. Time constants distributions

2 populations of the rising time constant:

7o~ 10ms = 7.
) 40 =
T~ MS = Tiermal

o~ 40ms = Tthermal

(2)

T~ 40ms = Tthermal
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11.4. Interpretation

5 O Si
~ NbSi 203 [T X B SiO,
> Absorber: 50x50 ({1l holes o B SN,
el - .
> Si substrate 500 UM © O NbSi
D  m Al
b~ ; . o] " '
3 mm a pixel Si = ¢ m TiV
B sio, (7)) 1 1 1
M sin,

1. The fist population: Particles hit directly to the sensor (thermometer TES or the absorber), thermal
effect propagates very quickly to the thermometer and the rising time constant 7y is the electronic
readout time constant. The thermal equilibrium process is rapidly established due to the deposited
energy on the absorber which has a thickness of Tum .

2. The second population: Particles could hit the Si substrate, the deposited energy is huge due to the
thickness of 500 um . Because the thermal coupling is not perfect between the Si wafer and the back
copper (thermal bath). The edge of the array is well pressed over the back copper. However the center
of the array is not uniformly pressed over this copper then the heat flows could transfer slower than the
edge. Consequently, these heat flows arise the increment of the background reference temperature in
which is finally detected by the sensor through a rising time. Problem: We do not see coincident events
in neighbor pixel => cross-talk.

3. A proposed solution: We can add a gold layer on the back side of the Si substrate in order to fix and
uniform the Si bulk temperature which thus could played better the role of thermal bath.

4. Space application: In the aspect of Cosmic Rays and a satellite's focal plane using TES arrays, the

Silicon substrate surface plays an important role to reduce the impact of CRs. 5o



11.5. Thermal Cross-talk

. ‘riwh“;_‘.:d‘m» T "--—J.r»..,,.‘_&,m "-"“-—Ju—-u.,‘_ etopmm. .l"
dead pixels =% T~ 4 "

117

. » | »/lf > Fix a reference pixel 88 d?(g)

> When glitches occur i(g)

» Estimate the thermal elevation

among pixels N;, C1,C2,C

> Estimate baseline noise b

Neighbor pixels Baseline estimation position
Cross-talk estimator: / /

N, Ny g9 _ ] _ ]
C(b, pixel area) = —— Zg 2 Yp = 0G0 = O G

g "'l g=1 j=1 / i(g)

reference pixel 53




11.5. Thermal Cross-talk

Baseline position | pixel | C1(b)% | Cy(b)% | C(b)%
b
D 83 0.0354 | 0.0157 | -0.0026
20 88 | -0.1957 | 0.1996 | 0.0565
50 88 | -0.2838 | 0.2842 | 0.0518
100 88 | -0.4423 | 0.2965 | 0.0045
200 88 | -0.0758 | -0.0067 | 0.017
300 33 0.1725 | 0.1240 | 0.1792
400 383 0.1782 | 0.1338 | 0.2131
500 83 0.0687 | 0.2923 | 0.3047
700 383 0.2157 | -0.3502 | -0.1325
1000 33 0.3343 | -0.3702 | -0.0757
1500 383 0.2065 | -0.6317 | -0.2844

> The thermal cross-talk is constrained to less than 0.1 %. The low statistic, complex

noise do not allow to put a better constraint.




11.5. Cross-talk of the electronic readout system

4 SQUIDs
L1
+ | 69 101
. 75 107)

>»Time Domain Multiplexing

32 SQUIDs
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| [nA]

11.5. Cross-talk of the electronic readout system

30
20
<
c
10 _
0 L
= run7pix75 = run7pix107 — run7pix75 = run7pix107
—10 - 1 1 1 1 1 - _10 1 1 1 1 1
0 200000 40_0000 600000 800000 576000 577000 578000 579000 580000 581000 582000
Time [sample] Time [sample]
30 F 1
20
<
£ 10
0
— ruUN7pix24 — ruUN7pix56 — UN7pix88 — ruUn7pix120

787000 788000 789000 790000 791000 792000 793000
Time [sample]

> We used a fast sampling rate of 0.64 ms (1562.6 Hz)

> The frequency acquisition (sample rate) of time domain multiplexing can introduce
the cross-talk between two successive pixel.

> This study needs a deeper work, => a new topic 56



1. | measured two time constants: The electronic readout chain time
constant (7-30 ms) and the thermal time constant (20-60 ms).

2. The possible interpretation of 2 populations of the the rising time
constant: Absorber events and Si substrate events.

3. The thermal cross-talk is estimated.

4. | found the cross-talk of the electronic readout system due to
frequency acquisition. This study needs a deeper work, => a new
topic

o7



Thank you!



BACK UP SLIDES



l. Backup(1) Scanning strategy params ../ @,

0.5
93 minutes, 10 minutes [9,3,3] 96.61803398 minutes, 10 minutes [9,1,1,1,........]
Mathematically number theory: 1
— — — |
Wprec! Ogpin = 0 = ap, ap, a5, ... | = ap " (M.B)
dq |
d> + ...
(Limited)

rational number
: . (infinite)
irrational number s o

(1+4/5)
2

The most irrational number: Goldenratio : ® = = 1.61803398875 [1,1,1,1,........]
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|. Backup (2) -> Planck leakage

20% masked galactic, 222 detectors and 365 days observation

leakage Q L0-1

mmm= BB a65° 30° 0.1rpm 96 prec
EE a65° B30° 0.1rpm 96 prec
= BB a7.5° 85° 1lrpm 6 month

m— FF a7.5° B85° 1lrpm 6 month
== B |en with beam 32 arcmin
= = B unlen with beam 32 arcmin

> Planck scanning strategy is not optimize for polarization measurement
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11.4. Time constants and the PID controller, V_bias

150 1«
\
\

(-
o
o
k—
= =
o N
o o
] 1
*
*
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/
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—
—
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~~

~e-—-—--—- - 40 A i

500 1000 1500 3.5 4.0 4.5 5.0 5.5 6.0
K, parameter Vies [UV]

1. (left) When we increase K_| parameter, the time constant corresponding to the
readout bandwidth must decrease.

2. (right) If we increase the voltage bias, the electrical time constant will decrease due
to the inverse proportion of the current responsively and the voltage bias.

3. (right) If we increase the voltage bias, the thermal time constant increase because
TES enters to the normal state, the logarithmic sensitivity to temperature
parameter is small.
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Normalization

o
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=
o

o
o0

Normalization

o
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©
o

Tlme constant & scattering operatlng pomt of TESs

O
o

o
N

run7p|x70
=7.89x0.16 ms
T1=35.9liO.27 ms
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0=118.4+0.0 ms
c=0.02£0.00 nA
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K;=1000

100

200 300 400 500
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©
o

i
N

run7'pix81
0=23.76x0.35 ms
1=72.97%£0.43 ms
a=2.16x0.02 nA
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c=-0.00x0.00 nA
x*=13.7,0,2,=0.004
K;=1000
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run7p|x75
=23.07x£0.95 ms
1=53.64iO.84 ms
a=2.21%x0.06 nA
tp=102.9+0.1 ms
c=0.03x0.00 nA
x°=25.7;0,2=0.005
K;=1000

100

200 300 400 500
Time [ms]

run7'pix87
T0=10.17+x0.13 ms
T:=47.11£0.22 ms
a=1.79x0.01 nA
tpr=115.5+0.0 ms
c=0.01x0.00 nA
X2=11.8;0X2=O.003
K;=1000

100
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Time [ms]



LiteBIRD basic parameter

Table 6.1. LiteBIRD basic parameters

Low Frequency Telescope (LFT)

High Frequency Telescope (HFT)

Frequency

field of view
aperture diameter
angular resolution
rotational HWP
number of detectors
data sampling rate

34 ~ 161 GHz
> 20 deg x10 deg
400 mm
20 ~ 70 arcmin
91 rpm
~1000
22 Hz

89 ~ 448 GHz
> 20 deg x10 deg
300 mm
10 ~ 40 arcmin
110 rpm (MET)/ 223 rpm (HFT)
~2100
46 Hz

Uncertainty of r
Observation period

Scan

Sensitivity

pointing offset knowledge

focal plane array
data transfer

mass
electrical power

or < 1x 107
3 years
L2 Lissajous, precession angle 45 deg, spin angle 50 deg (0.1 rpm)
< 3uK-arcmin
< 2.1 arcmin
bath temperature 100 mK

NET?

array = ]7/1K ﬁ

detector finee < 20 mHz
7 GByte/day
2.6 ton
3.0 kW
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7.4. Stacking glitches & Median glitches methods

20 ' 3 ' run7'pix88 1 ' ' ’ run7'pix88 1
Al Tp=22.19+1.15 ms 1.0 . R 70=17.63+£0.55 ms |
Mean 7:=38.96+0.69 ms Median 7:=40.00%0.46 ms
15 a=48.02+1.85 nA 0.8} a=2.32+0.05 nA
tp0=108.0+0.1 ms g tp0=109.4+0.1 ms
_ c=0.32+0.02 nA S c=0.01+0.00 nA
<10 X*=49.0;0,2=0.065 N 0.6 x2=68.5;0,2=0.002
= K,=1000 © K,=1000
0.4}
5| =
0.2
Orf: R . . . ] 0.0 : | . . ]
0 100 200 300 400 500 0 100 200 300 400 500
Time [ms] Time [ms]
Run | Vi, | K7 | Pixel | Glitches To T a
(V) (1ms) (1ms) (nA)
7 5 1000 | 69 80 11.4140.15 | 64.31+0.33 | 33.2840.38
7 5 1000 | 70 54 7.89+0.16 | 35.914+0.27 | 54.25+2.08
7 5 1000 | 75 77 23.07+0.95 | 53.644+0.84 | 37.01+1.28
7 5 1000 | 81 94 23.76+0.35 | 72.97+0.43 | 32.15+0.70
7 5 1000 | 87 70 10.1740.13 | 47.11+0.22 | 36.5240.53
7 5 1000 | 88 130 17.634+0.55 | 40.0+0.46 48.024+1.85
7 5 1000 | 93 75 15.9940.36 | 43.33+0.36 | 51.14+2.14
7 5 1000 | 106 23 35.57+1.34 | 71.84+1.05 | 86.54+15.32
7 5 1000 | 107 73 60.724+9.75 | 39.01+1.35 | 103.74+60.06

Different values: Scattering operating point TESs => effect of ETF. SQUID non-uniforrgn5



Cross talk evidence in the second population of time constant

| [NA]

20 |

20 |

20 |

0

run/pix88

=-0.3+x0.1 nA

" 1,=39.2+5.8m{
T1=50.6+2.4m3
2=98.5+7.6nA
x>=4.7 ; 0=0.5T
te=93.2+0.3 m:

pixel69

pixel70

W

pixel74

pixel75

pixel76

pixel81

pixel82

i i it i i it i i it i i
pixel86 pixel87 pixel93 pixel106

pixel107

pixell27

pixell28

PN v orpua, |

1600 1800 20001600 1800 20001600 1800 20001600 1800 2000
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QUBIC general information

Name tag Information
Instrument Diameter < 1.6m
Instrument Height < 1.8m
Instrument Weight < 800 kg
Window diameter 39.9 cm
Filters diameters 39.2 cm
Polarizer diameter 32.6 cm
Half-Wave plate diameter 32.7 cm
Back-to-back Horn array 400 (diameter 33.078 cm)
Optical combiner focal length 30 cm
M1 shape and diameter 480mm x 600 mm
M2 shape and diameter 600 mm x 500 mm
Frequency channels 150 GHz and 220GHz
Bandwidth 25 %
Primary beam FWHM at 150 GHz, 220 GHz 12.9° | 15°
Blue center peak FWHM 150GHz, 220GHz 23.5 arcmin, 16 arcmin
Number of bolometers / focal plane 1024
Detector stage temperature goal 320 mK
Bolometers NEP 5x 107"W.Hz~1/?
Scientific Data sampling rate 100 Hz
Bolometers time constant < 10 ms
TES size 2.6 mm
Rotation in azimuth -220° / + 220°
Rotation in elevation +30° / +70°
Rotation around the optical axis -30° / +30°
Pointing accuracy < 20 arcsec
Angular speed Adjustable between 0 and 5°/s
with steps < 0.2°/s

Scanning strategy: We perform azimuth scan of 40 degrees fixing the HWP angle. After we change HWP

angle and the elevation (ranging from 45 to 65 degrees) then scan again in azimuth.
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The practical TES bias circuit

MN AMN—
'Ibias Rpafr'a, RL
Rshunt T o—— VTH
RrEs
RrEs
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69

The logarithmic sensitivity to temperature

Resistance [Q]
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IV curves
measurements

Blue: ASIC1
Green: ASIC2

QUBIC TES array
ASIC1 blue background, data from 2017-07-11 15:10
ASIC2 green background, data from 2017-07-12 15:42
bad pixels in red background. 169 good pixels.
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The scan strategy and possible sky patches |

-45
469
466
-50
4163
— -55} 1903
o )
o 4157
N o
O ]
w ©
© _60 154 3
w
451
-651 48
45
_70 1 1 1 1 1
-30 -20 -10 0 10 20 30

RA [deg.]

Scanning strategy in local coordinate:

We perform azimuth scan of 40 degrees fixing the HWP angle. After
we change HWP angle and the elevation (ranging from 45 to 65 Plot Box

degrees) then scan again in azimuth.

- N

Center of

Azimuth |



TES technologies

TES bolometer  Lossy Au meander SiN legs

—— 35um | =

Nb microstrip OMT MoCu bilayer »

NIST (OMT tech, feed-horn) ACT, SPT,

LiteBIRD (High frequency) ... APC (no antenna tech) QUBIC

BERKELEY (planar sinuous antenna coupled
TES tech) ACT, POLARBEAR, LiteBIRD (low-
mid freauencv)... 72

Caltech (planar antenna
coupled TES tech), BICEPT



BCS theory

/"1 ") Vibrations of lattice are minimal (virtual phonons) below 7.

2‘ Electron traveling in front distorts the lattice

\ 4 A positive region created behind the 1st electron

Virtual phonons moved closer

) The 2nd electron Is attracted to the positive region and
s’ the lattice rebounds back into its original shape



