Observer I'infiniment grand

A.Tartari,APC & PCCP

apres plusieurs discussions passionnantes avec M.Piat et D.Préle

Rencontres de physique de l'infiniment grand
a I'infiniment petit - 26 Juillet 2017
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La Photosphere de I'Univers

http://solarscience.msfc.nasa.gov/surface.shtml http://www.esa.int/Our_ Activities/Space_Science/Planck

Une surface de transition
milieu opaque => milieu transparent

* A t=300000 ans, 'Univers devient transparent a un rayonnement
thermique a la temperature de 3000 K.

* Il s’agit de la lumiere d’arriere-plan qu’on observe aujourd’hui a T=3K.
Le “Cosmic Microwave Background” (CMB).
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Le CMB: proprietes statistiques
Un spectre de Corps Noir a T=2.72510.001 K

o,= 0.26 eV/cm? ny=411 photons/cm?
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* Optique limitée par la diffraction: AQ=N?
* P=3.7x10-"8(WHz 'sr''m2)x2x 1 0'9(Hz)x4x [ 0-®(m?sr) = 3x10-'3W
*J flux de photons (@?\ 2 mm) = P/E,= 3x10 |3W/IO 22] 3x|09ph/s
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Le CMB: les anisotropies
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Big Bang breakthrough announced,
gravitational waves detected
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Telescopes et antennes

J.D. Kraus, Radio Astronomy - Hanany, Niemack & Page, CMB Telescopes
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e A Left: The ACT 6-m telescope In northern Chile. The telescope Is Inside the 13-m-tall ground screen.

The secondary Is just visible near the center of the ground screen. Right: The SPT 10-m telescope
at the South Pole. Most of the circular primary reflector Is visible, while the cryogenic secondary
reflector and recelver are housed Inside the white structure below and to the right of the primary
(Photos courtesy of ACT and SPT Collaborations)

|. Le télescope permet d’atteindre un résolution de I'ordre de A/D (limite
de diffraction). E.g. 8 @A=2 mm et D=| m.

2. Aufoyer, des structures capables de capter les ondes
electromagnetiques focalisee par le telescope, et les renvoyer vers un
amplificateur (detection cohérente), ou vers un détecteur direct
(detection coherente).
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Telescopes et antennes

Figure 1.5. A differential radiometer using back-to-back off-axis paraboloadal dishes.
The feeds are designed to maunly illummate the center of the dishes with minimal
spillover past the edges.

WMAP concept

}" ~UnianrthS X 6 Paris, 26/07/2017



Telescopes et antennes (et la limite de diffraction)
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SINGLE MODE

«¢*Une possibilité: abandonner la réponse gaussienne pour augmenter I'étendue optique d’un facteur
N, number of modes (COBE-FIRAS, PIXIE, LSPE)
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THE REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 17, NUMBER 7 JULY, 1946

The Measurement of Thermal Radiation at Microwave Frequencies

R. H. Dicke*
Radiation Laboratory, Massachusetts Institute of Technology, Cambridge, Massachuselts**

(Received April 15, 1946)

The connection between Johnson noise and blackbody radiation is discussed, using a simple
thermodynamic model. A microwave radiometer is described together with its theory of opera-
tion. The experimentally measured root mean square fluctuation of the output meter of a
microwave radiometer (0.4°C) compares favorably with a theoretical value of 0.46°C, With
an r-f band width of 16 mc/sec., the 0.4°C corresponds to a minimum detectable power of 10~
watt, The method of calibrating using a vaniable temperature resistive load 1s described.
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R.H. Dicke (1916-1997)

https://www.aip.org/history-programs/niels-bohr-library/oral-histories/4572

“Then it just occurred to me, one day, that you could build a sensitive radiometer, if you
used a wide band and synchronously switched the antenna between some radiation
source and some internal heat source, with just some heat source of some kind. If the
bandwidth was wide enough, you could, using this synchronous detection technique and
averaging in time, get quite good sensitivity that way.” R.H. Dicke to M. Harwit
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Intermezzo: Nyquist & Johnson
M.Longair, Theoretical Concepts in Physics, CUP

JULY, 1928 PHYSICAL REVIEW VOLUME 32 JULY, 1928 PHYSICAL REVIEW VOLUME 32

L. AGITATION OF ELECTRIC CHARGE
L s CHARG THERMAL AGITATION OF ELECTRICITY IN CONDUCTORS

By H. Nyquist By J. B. Jonxson

Une resistance R, dans un réseaux microondes a |'equilibre
thermodynamique (a la temperature T), parfaitement adaptee a ligne de
transmission, rayonne une puissance spectrale Py

B hv
o chv/kpT _ 1

Py

= Un corps noir |D!
= Connexion thermodynamique - theorie de réseaux

hl//k’BT L1= P ~ ]<JBT
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La temperature d’antenne

Rayleigh-Jeans (hv<<kgT)

Pa Z=R Pa
AV = Ta ke AV
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La temperature de bruit d’'un recepteur...

Rayleigh-Jeans (hv<<kgT)

oo —O0 X ——O0
noiseless real
T i — T=0K :
N receiver receiver
O O
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> Principes de detection coherente

B.Partridge, 3K: the Cosmic Microwave Background, CUP
Burke & Graham-Smith,An Introduction to Radio Astronomy, CUP
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{> La sensibilite d’'un radiometre

(formule de Dicke)
W.H. Press, Flicker Noises in Astronomy and Elsewhere, Comm. Astrophys., 1 978

1 Tsys
TS S:TA+TN g —
y
NvVAV X nt
Example: N=0.5, 1'sys=60IK, AV=4 Gz, nT= 10 sec
— 0 =6.0x1 0K, NET=1.9x10°K+/s, NEP=3.7x0-""W/~/Hz

Mais avec le bruit “I/f” (instabilite de gain, etc.) les performances du

récepteur peuvent dégrader rapidement. E.g. la variance du signal augmente
avec les temps d’intégration!

|
|

1o
.
il

blanc l blanc+ | /f I}'

}: ‘UnivEarthS ~ 14 Paris, 26/07/2017



> Le Dicke switching: enjoy white noise!

'S&‘ Burke & Graham-Smith, An Introduction to Radio Astronomy, CUP
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> La Limite Quantique

Caves’ theorem (Phys.Rev. D, 26 n.8, 1982)

* Un probleme d’optique quantique (une explication brillante en E.Wright, New
Ast 1999). Impossibile determiner avec une precision arbitrairement grande
les deux composantes du champs electrique en quadrature.

* Le principe de Heisenberg

a linear amplifier with gain G adds a noise number A (number of photons) such that

| |
-1 ; —“ — (_l'_l‘

- hv - hv
I'n = ,. _ > Ix .

*Typiquement 0.5 K/GHz (en Radio Astronomie). Mais les modes B...
*La Limite Ultime. Je peux refroidir mon récepteur a OK...sans résultats.
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COBE DMR (Nobel 2006, G. Smoot, |.Mather)

COBE DIFFERENTIAL MICROWAVE RADIOMETERS: INSTRUMENT DESIGN AND
IMPLEMENTATION

G. SMooT.! C. BENNETT,? R. WEBER,? J. MARUSCHAK,® R. RATLIFF,® M. Janssen,* J. Carrwoob,” L. HiLLiArD,?
M. LeEcHA.® R. MiLis,? R. ParscHke.? C. Ricuarps,® C. Backus,® J. Mataer,? M. Hauser,” R, Wisss,”

D. WiLkinson,” S. Guikis,®* N. Bogaess,? E. CHenG,? T, Ketsarr,? P. LusiN,® S. MEYEr,® H. MosgLey,?
10

T. MurDOCK.? R. SHAFER,? R. SILVERBERG,” AND E. WRIGHT
Received 1989 December 8 accepted 1990 Marck 12

~—Horn Antennassss

. h Protective
)Er_\closure

The 9.6 mm DMR receiver partially assembled
Corrugated cones are antennas.

These observations are consistent with inflationary cosmol-

Table 1: Noise Level (per 0.5 sec measurement ) for Each DMR Channel ogy models. ThC natural interpretation of the DMR Signal is
DMR Channel [ 31A | 31B_| 53A |53 | 90A | 90B the observation of very large (presently > 100 Mpc) structures
Flight RMS (mK) | 58.27 | 58.35 | 23.13 | 27.12 | 39.10 | 30.76 in the universe which are little changed from their primordial

state (t < 1 s). These structures are part of a power-law spec-
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Principes de detection incoherente

credit: M.Piat

® Thermal detector Thermometer
Absorber
» Macroscopic system .
» Measure of the heating from conducance
the absorption of radiation Base temperature

» Thermometer = resistor R(T)
» Readout: R=U/I

® The best detectors for large
bandwidth detection in the
wavelength range 20opm-+3mm

» Cooled tolow T <300mK

» Sensitivity limited by photon
noise

SiN membranes 3x3 mm, 500 nm
thickness (IEF Orsay)
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Principes de detection incoherente

credit: M.Piat

10"

Thermometer el VY b e

p t T dR . 4
m arameler: d=—— B
R dT % 10°
m Semi-conductor: a # -5—-10 — 8
Implanted Si & o
Ge NTD (Haller-Beeman)
Nb/Si thin film (CSNSM) 10"
m Superconductor: o #100 — 1000 2
Ti 0 1 z 3 Rl 5
s T =400mK 10 , TA,“ (K‘:)
T 1.5mmX1.5mmX40nm
Mo/Cu, Mo/Au... o \ . a=1000
= T_tuning : proximity effect | / |
Nb/Si thin film (CSNSM) z°f [
1 o

= T_tuning : Composition Nb (>12%) vs S1 & ,;

0.348 037 0378 cJs 0 398
Temperature (K)

(Richards group, 1998)
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Principes de detection incoherente

credit: M.Piat

Plusieurs sources de bruit limitent les performances de bolometres, e.g.: le
bruit Johnson!

® Johnsonnoise: .- Lowtemperatures required

» Electrical resistor R,at‘t’emperatureT s’
PSD, @[ Hz™'| NEP2 oD, (W2.Hz |

2
~—
® Phonon noise: /’, Responsivity [A/W]

4
/

» Conductance Gd at ynifofm temperatureT
NEP;, = 4K[G, (W2 He ']

Mais les sources de bruit intrinseque peuvent étre tres bien limitées, pour
atteindre une condition ideale: la mesure limité par le bruit de photon.
|ldealement, le CMB limite une mesure du CMB...

NEPcmb=~hv+/2)~8x10-'8W/+/Hz (page 3)
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Planck HFI

Table 3. Planck performance parameters determined from flight data.

C:I""l""l)

White-noise”

mean beam sensitivity calibration” faintest source’
Yoooter uncertainty  in ERCSC |b] > 30°
channel Noweres® [GHz] FWHM  ellipticity  [uKpys'?]  [uKcous 87 [%] [mly]
30GHz......... 4 28.5 32.65 1.38 1434 146.8 1 480
44GHz....... . 6 44.1 27.92 1.26 164.7 173.1 1 585
TOGHz......... 12 70.3 13.01 1.27 134.7 152.6 1 4381
RO 8 100 9.37 1.18 173 22.6 2 344
143GHz ......... 11 143 7.04 1.03 3.6 14.5 2 206
217 GHz 12 217 4.68 1.14 6.8 20.6 2 183
N S P 12 353 443 1.09 il 77.3 2 198
7 54T A e 3 345 3.80 1.25 49 381
857 GHz . 3 857 3.67 1.03 2.1 7 655
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BICEP Il

credit; M.Piat

Refracting optics focusing on planar antenna arrays

® 1 pixel:

» 2 orthogonal
12x12 slot
antenna phased
array

» Bandpass filter
on stripline

» 2small TESs (Tiand Al)

® 8x8 pixels pertiles, 4 tiles

10 - —
® Total of 256 pixels and 512 TESs rrcl - T
. . . . 10' ?UAe O WMAP g "'
» Time Domain Multiplexing g W Ay Introduction des matrices
» MUX factor =33 % des détecteurs
8 supraconducteurs dans
2 I’observation du CMB
3 ‘ﬁ'\ 3 i ....:: 22 Paris, 26/07/2017
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“[...] my feelings have always
been that you start with ldea
and not with an apparatus, and
the idea, you feel, is sufficiently
important to warrant a lot of
effort, then you develop
whatever apparatus you need
to crackit [...].”

Ports Canton e
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