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Designing a CMB experiment

1. CMB photons

2. CMB detectors
2.1 Coherent detection techniques
2.2 Incoherent detectors: TESs, KIDs

3. CMB instruments design
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A CMB instrument

e Detectors: Photons
» Incoherent detectors: TESs or ‘L
KIDs Telescope [<€--

v

| Optics [

> 1000’s detectors needed to

Increase sensitivity ‘l’ Cryogenics
» T<300mK: cryogenics needed!
3 Y09 Filters [€—
Detectors [€—

v

Readout |e——

electronics

Data flow
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Telescope

® Goal: to produce an image of the sky on the detectors
» Refractive or reflective (or combinaison):

—

ﬁT f* tan(8) \/'\
From object /\/

at infinity / —f

» f: equivalent focal length

e fnumber: f#=—
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Detectors coupling with the

Planck-HFI horns

TESs or
KIDs

telescope

Horn
coupled PolarBear 2

Ant antenna . i
ntennd coupled TESs 11 | Lol
coupled : |

<
Filled 4

array

QUBICTESs |
filledarray =
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Beam on the sky?

® Fraunhoffer diffraction:
» Point Spread Function: PSF ‘TF[Ea(X,J/)]

v" Response of the optics to a point source

2

v' E (x,y): scalar E field in the aperture (the primary optical
element)

® Analysis method: use of time reversal
» Photon source in place of the detector

» lllumination of the telescope: E_(x,y)
v" Depends on the detector radiation coupling method

» PSF estimation
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Detector optical coupling:
filled array

o _Uniformillumination: INlumination

> PSF=Airy disc Pa"‘*"" \

» 0 =MD orf,Aonfocal plane =

® (CCD-like: pixel size < 0.5xf,A
» Correct sampling of the sky Cold
v' Imply f, = 2 since pixel size ~\ onclasure Airy disc
» Fast mapping speed
» Large number of detectors
» High sensitivity needed

v" Diffraction limited: sum of all pixels § Absorbing grid
covering the Airy disc \

® The detector sees about r sr!
» Requires a cold enclosure (less than 1K)

» Background power to be controlled
in order to reduce photon noise

2/4 Thermometer
backshort

[Griffin et al., Applied Optics, 41, 6543, 2002]

CMB instruments - M. Piat 7




The need to control the total
detector solid angle

® Example of QUBIC

» Focal plane detectors: filled array
v" Bolometric « CCD »
v" Detectors are sensitive to Tt sr

Horns

® Estimated power background:

Environment Power from the Power increase Power increase
T 4% without cold stop with cold stop
4K 6.5pW 2pW 0.2pW
6K 6.6pW 4.5pW 0.5pW

10K 6.7pW 10pW 1pW
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Detector optical coupling:

horns

® Horn+telescope define the beam
pattern on the sky

® Singlemoded horn: AQ=A?
» Quasi-gaussian beam pattern
» Optimal horn diameter of about 2{,A

» Beam pattern given by diffraction
limit: 2A/D

v' Depends on edge taper

» Controlled detector solid angle
v Horn cooled to <4K

[Griffin et al., Applied Optics, 41, 6543, 2002]

Diffraction
pattern on the
sky

Telescope Gl
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Mapping with horns

® Beam patterns do not overlap in the sky
» Requires pointing change to sample the sky (Nyquist criteria)
» Reduced mapping speed

Feedhorns adjacent Beams on the sky
in the focal plane don’t overlap

oo

Beam separation = 2)\/D

CYHY

16 pointings needed for fully-sampled image
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Example: Planck-HFI

Back-to-back horns Filters Bolometer horns

Telescope

4Kl 1.6Kl o.1Kl

=)
=

-20

-30

-40

-50

-60

— P05 - Data
— P05 - Model

P01 - Model
\ — P01 Data

)\
\

FWHM=15°-20°
Edge taper: -25¢B to -3¢

0

20 40 60
Off axis angle - 0 (deg)
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Antenna coupled detectors

270

® Antenna directivity = degree to which
the radiation received (or emitted) is
concentrated in a single direction

» Importance of controlling the total
antenna solid angle

® Use of lenslet or phased-array to
increase directivity

» Situation similar to horns
» Sidelobes less well controlled
» Need of a cold enclosure or a stop
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Telescope coupling with lenslet

® Useofalenslettoincrease =
the antenna directivity

» PolarBear design (Berkeley)

Band
defining filter

-15

Dual polarization
multi-band antenna

H-plane [Degrees]
o

Extended Hemispherical LJ

Antenna /

Substrate >

-15 -10 5 0 5 10 15 QR % To M SO /
E-plane [Degrees] Nttty

- - - ' - .-

110 GHz

CMB instruments - M. Piat 13




Telescope coupling with a phased
array

® |n phase combination of all parallel antennnas
» Increase of overall directivity

Measured Beam
Patterns

20

10

y(deg)
o

-10

-20

-20 -10 0 10 20 -20 -10 O 10 20
x(deq) x(deg)

Single Pixel — Dual Pol at 145 GHz (JPL/CIT)
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Use of a cold aperture stop with
antenna coupled detectors

® Example of PolarBear instrument:

Pulse-tube Cooler

Thermal Filters
3 Stage He Focal Plane Cold aperture \

Sorption Fridge stop

!':.

i k ‘_]
i
! l' u ”l ‘

TH> AI!IM Hm Suig

SQUID cards Reimaging Lenses

Rotating HWP Window
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Far sidelobes

® Sensitivity of your instrument to unwanted directions
> Diffraction w'e’”\

MAIN LOBE\ l: S

\A (v,e,4)
N HALF POWER

BEAMWIDTH

SIDELOBE
AND
BACKLOBE

GEOMETRIC AREA "A" ————=
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Far sidelobes requirements

® Sidelobe rejection needed to induce a parasitic signal
lower than 6onK,s (assuming 30 arcmin resolution):

» Ground-based experiment at 150GHz:
ground rejection ~10-1

» Space instrument at 150GHz:

. Max normalised
Orbit Source side lobe level
Earth -99dB
L2 Moon -89dB
Sun -113dB
Earth -150dB
LEO Moon -98dB
Sun -113dB
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Far sidelobes

® (CalculationatagoGHz o~ L o
f Filled array: Airy disc

> 1.5m telescope Horn coupled:

Gaussian illumination with -23dB;

® Betterangular __ -20F edge taper ]
L] ED - I
resolution: )
Filled array =
m
40|

® | owersidelobes:
Horn coupled

o Needforextrashielding , S N N 1

Theta (arcmin)
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Shielding sidelobes

® Planck simulation at 200GHz:

PR Spillo 201 e

0 XreL : : : : : ,
U._.:. .:.-._.,.
u‘? Doy ooh
- v B s s s m " : !
T | 1
| |')- I .
”i
[}

=
=

Main bea Zrg,

+a
=

Dirgetivity [dEi)
o
L=

SR Spi
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T | ! T T T .

o

— s0aHe
—100GHe |
——— 353GHz

i i i
50 100 150
_ Theta[deq)

CMB instruments - M. Piat

19




Detector coupling trade-offs

Colorcode:  Meet specs Limitation Critical

_ Horn coupled Antenna coupled Filled array

Angular
resolution
Mappingspeed |

Detector
number

Far sidelobes
control

Weight
TRL
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Reflecting optics

e Example of Planck | L
p— ;’hﬂ;‘?
-
® Pro:
» Light

» Compactness

> No chromatic
aberrations

» HighTRL
(Planck, WMAP)

| .

® Cons:
» Difficult to get low f-number
» Difficult to design a proper re-imaging optics
» High beam ellipticity due to off-axis and large FOV

21
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Refractive telescope

Example of BICEP2: 300K [
» High Density Polyethylene TR Ty
(HDPE) lenses 100K [ i
40K | o i i
Pro: — ' |

» On axis system

v Lower beam ellipticity
v" Lower aberrations

> Low f-number feasible

4K
Cons:

» AR coating needed

» Chromatic aberrations

» Difficult to produce large lenses
» Weight (thick lens needed)

250 mK

Zotefoam vacuum window

IR-blocking PTFE filter
IR-blocking PTFE filter

Objective lens
Absorbing aperture stop

IR-blocking nylon filter
8.3 cm™! low-pass filter

Eyepiece lens

Focal plane tiles

22
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Example of aberrations
simulation: Gregorian F/2

(From N. Trappe, NUIM)

1.2m | *-

/A% 081: 0.0000, -3.5000 (deg) 08J: 0.0000, 0.0000 (deg) |+ 2000.0000

Rays
Y \ Airy disc
| “e e diameter |

\ 2 44\

\
20000.00

INA: 0.000, 143.741 mm INA: 0.000, 4.617 mm
— 2

0BJ: 0.0000, 3.5000 (deg)

3D Layout

Zema

22/10/2014 Optic Stud . T T ~

greg_noimag]
Configuratio |

Less aberrations at the v s

Spot Diagram

ce nte r Of th e foca I p I a n e 53141'04103: Airy Radius: 5734 um | Opti czir"cllli;('io 14

Field : 1 2 3

RMS radius : 2689.07 1655.51 3097.52 .

GEO radius : 4829.37 2420.34 6061.08 greg_noimag_v3.zmx
Scale bar : 2e+004 Reference : Chief Ray

CMB instruments - M. Piat 23




Consequences of aberrations:
frequency bands repartition

@
O 70 GHz Q
Q
(o]

O 100o0r115GHz

130 or 145 GHz
160 or 175 GHz
195 or 220 GHz
255 GHz

v Ndet single
60

70 30
80 36
90 72
100 84
115 124
130 180
145 264
160 254
175 290
195 346
220 200
255 140
295 60
340 60
390 60
450 60
520 60
600 60
700

800

Ndet dual

30

64

102
120
196
264
388
434
554
600
430
486
260
200
120
120
120
120
60

60

\

N

XXX XV/(

OO0
ij%%«i

/4

/_\/ \/ N\ \/_\

- f /\JO

— N

High
Freq.

Contours Strehl
ratio >0.8:

60GHz
5 9o0GHz
130GHz
160GHz
| 220GHz
/ X 340GHz
' 450GHz
600GHz

Example of CORE+
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Telescope temperature?

® Assumptions:

Characteristics Ground-based Space
Atmosphere 250K, e=2%-10% NA
Telescope 240K, e=2% 50K, e=1%
Filters 10K, e=10% 4K, e=10%
Horns 4K, e=10%

Detector NEP 10""W.Hz*> 3.10"°W.Hz">
Global efficiency 40%

Bandwidth Av/v 30%

25
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P on det (W)

Telescope temperature?
power background

Ground-based: T,.=240K, £=2%

100E-12
Total
—+Atmosphere
Telescope
10E-12 T Filters
/’/ CMB
/ ) -=-Horns
1E-12 A —e—
‘J’ &
100E-15 To - .
——— |
—e— ]
-r'/'/‘— —4
10E-15
0 100 200 300 400
Freq. (GHz)

NEP, =10-1°-10-17 W.Hz 0>
NEP,. =107 W.HZz 0>
Background limited performances

P on det (W)

1E-12

100E-15

10E-15

Space: T,,.=50K, e=1%

Total

CMB

Telescope
-#-Horns

Filters

4
A

100

200
Freq. (GHz)

300

400

NEP, =4.10-18-2.10"17 W.Hz 0
NEP,,=3.10"'8 W.Hz"$

CMB Background limited performances
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Telescope trade-offs

Colorcode:  Meet specs Limitation Critical

I Reflective

Aberrations

Bandwidth

Low f-number
Re-imaging optics
Size

Weight

Losses

Modelling

TRL
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Thermal architecture and
cryogenics

[ Cryogenics

Passive Active
cooling cooling
Intemediate Sub-K
temperatures temperatures
Liquid Pulse Cryo — Adiabatic 3He sorption
Dilution :
cryostat tube cooler fridge

[

Demagnetization
Refrigerator

CMB instruments - M. Piat
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Thermal architecture and

cryogenics: ground-based version

e QUBIC example
» 300mK sufficient for TES
ground based experiment

v Atmosphere dominate
power background

» Fully electrical control of
cryogenics
» Hold time: 24h

PTC1

PTC2

smz(

o
(

Sw3

||%
w%

4 K COMPONENTS

4

OOOOOOOOOOOO
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Thermal architecture and
cryogenics: space version

® Passive + active cooling Closed Cycle Dilution Refrigerator

(R&T CNES + ITI ESA)
/3He\ 1 mMW@5omK

Thaermal Modal: Primary Wodal Attribute: Temperoture

*He return

1.1K

EXTERNAL
RESULT

191. 3850 .
172.9126 ‘
154 . 4401
135.89677
117.4852
$8.0227

0.6 K

80.5503 .
62,0778 .
43 . 8054

SAMPAN study 0.05 K
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Thermal architecture and
cryogenics: example of CORE

Closed Cycle Dilution
Refrigerator (CCDR)

PLM g

4K and 1.7K Joule Thomson cold end

@ R3
@
\ %} V-grooves <40 K
Cold loop
SVM ||
. ®
— 15K Pulse Tube
\&€ X / Study made by: INAC/SBT, |.
CCDR and Joule Thomson Néel, Air Liguide, Thales,
compressors RAL, CNES, APC
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Sub-K cryogenic trade-offs

Colorcode:  Meet specs Limitation Critical

Power
consumption

Size
Weight
Complexity
TRL
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Conclusions

® Complexity of CMB instrument
Trade-offs are everywhere!

» Very sensitive detectors
» Complexe optics
» Heavy cryogenics

® Not discussed:

Filters

Polarisation modulator
Orbit

Scanning strategy
Calibration

Telemetry
Spectroscopy...

YV V VYV VY

400E-6

350E-6

300E-6 ——

=-Groun

-#-Space

d based

mission

—

250E-6

AN

S

OOE-6

\\f—

_-/(

2
150E-6
1

OOE-6

NET (Kcmb/sqrt(s))

50E-6

- —

A

000E+0

0 100

150

Freq. (GHz)

200

CMB instruments - M. Piat

33

250




