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CEL |
™ What Is a good detector ?

» Itis a device that converts a physical quantity into
an electrical signal...

High efficiency

Sensitivity (high Signal/Noise)
Calibration

Compatible with electronics
Fabrication (arrays)

YV V YV VYV VY

=> don’t reduce it to the physical principle...
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MH Why using low temperatures ?

» Low temperature means low energy :

E =kgT = 0.086 meV @ 1K

» Energy gap in superconductors

Ey =176 kgT
= hf > 2.E,
f>64GHz/K

—> High energy resolution in X-ray
— Detectors for millimeter and submilleter
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FEL

institut
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Photons : mm & sub mm, X-rays (1-10 keV)

Matter : Mass spectrometry, heavy ion, a particles, p particles,...

Astroparticles : Neutrinos, Dark Matter (WIMPS)
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LTDs Overview ;:

Selected topics

23/09/2011
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FEL Calorimeter principle

institut

particle

thermometer

absorber

weak thermal link

thermal bath

Thermal relaxation time:

o Chot

o1 T . Thermal
G conductance
E
0T = —
Otot
Phonons
Electrons
Spins

Tunneling states
Quasi-particles
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Eﬂ Calorimeter or Bolometer ?

hv hv

AT: — AT= B T =
C g

E

Q |a

C decrease with T'!
The absorber depends on the application
Needs a good thermometer
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LEL  Fundamental thermal noise

institut

c:rf;:szC

Thermometer

v AE__=+/N-(kT)=+kT’C

Poissonian statistics
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FEL

institut
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The energy resolution is given by the readout electronics
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..... Tem perature measurement
d_V iy d_R » Aresistive thermometer
ar v drT needs to dissipate some
ey = +/4.kg.R.T power
[4kB.T3 1 » Look for high sensitivity (A)
= NET = 3
\ P A » Essential to be close to the

fundamental Johnson noise
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FEL

institut

VRH systems
| T, \?
R(T )= R,T?exp (?) |

» Neutron transumation
doped Germanium

» Doped silicum Si:P:B

» Amorphous alloys
(excess noise 1?)
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E.Haller, J.Beeman

Large resistance adjustment (k2-G.2)

&
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EEL TES

Sharp resistance variation at transition
(A =50...1000)

Strong electro-thermal feedback
(Pj = V?IR)

Voltage — biased

Pure metal (W), bi-layer Mo/Cu, Mo/Au,
Ir/Au, Ti/Au or alloys NbSi

Low impedance (mQ)
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FEL
institut

Needs a detailed understanding

e Electrothermal Feedback electron-phonon
— Voltage bias intrinsically stable bottleneck \
dT V Corw f‘lwphonon
C_——_Z(T T ) n=>5 nmwe
dt R Cuw __
Gwsi ——
— Fast response Consi - Tonsi
G ——
SiCu et
Ty _ C B n-1 Cu
T = , To==—, g=n2x2T,
1+ ao/n g

— High Sensitivity

AEyyyy = 235544k, T2 C J5 for = 2355 J4k, T P,7,, [5

For Eﬁ,m(w CT [a=P, *rﬁ_f) =10 keV then AE,,,,, =1.1eV

For E ( CT[a=P Tﬂf) 1 eV then AE,,,,, =11 meV
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FEL

institut

Current noise (pA/vVHz )

10

[ (dangling C)

Unexplained 4

*‘

|+ J.r' ph&ﬂﬂﬂ*iﬂ'hf}iﬂ'H*TFH 5 ‘Lr
/ “Johnson \ '
s T WV Y L
100 1000 10* 10°
Frequency (Hz)

Agreement on the TES-mirocalorimeter model after several
years (K.Irwin...)

&
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FEL

institut

Types of TES Detectors

W
Direct absorption of photon Si or Ge

into TES ' ' -l
(e. g., optical photon detectors)

Bi
Photon absorber in electrical Al/Au
contact with TES 4

(e. g., x-ray detectors)

Large mass absorbers generate
phonons which are converted
info quasiparticles which
diffuse to the TES

(e. g., dark matter detectors)
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EEL . . -
~ Metallic Magnetic Calorimeter

H i”i — dc SQUID

CARY

Au:Er
AuYb
Ag:Er
Bi, Tes:Er

Magnetization M [A/m]

1 | !

0
PbTe:Er 0O 20 40 60 80 100 120 140

Inverse Temperature 7-' [K -]
C. Enss

LaBéiEP

» Non dissipative thermometer
» Contactless
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EEL State of the art
for X-ray energy resolution
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institut
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CEL Bolometer version

Noise Equivalent Power :

NEP = [4.ky.g.T? (W/H,'?)

Relation with the energy resolution:

AE = NEP.\T
Detector design : _
P Low fluxes => low-g
=7
» Low freq. => low temperature
BLIP condition:

J4.kp.g. T2 =+/P.hv

hv

T ~
= Y 4k,

% www.neel.cnrs.fr I LRSI Josers FOURIER
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Qf‘ 10‘9 T T T T T T b
o Andrews et al, superconducting NbN, 14 K 1
I'f 10 101 dlog2 NEP /dt=-05yr  _
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107"k ’
10_13 Low® W, 0o, 2Ky & Rollin, InSb HEB, 1.8 K
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fﬂ Kinetic Inductance Detectors

» Principle proposed by J.Zmuidsinas (Caltech, 2002)
» Measure QP generated in superconducting films

i Superconducting
Hilm

CFPTS www.neel.cnrs.fr
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M4 CPW resonator Lumped Element Kinetic Inductance Detector

@ www.neel.cnrs.fr g UNIVERSITE JOSEPH FOURIER
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# quasipxicles quasiparticle lifetime

/

h”EPzZA.fry-\/f\fgp / r, « exp{A}
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—— Ngp I 110 @ o 10
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» Looking for the best materials (Al, Ta, TiN, TaN...) o4
» Avery active field of research in the next years 2309201
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FEL TES versus STJ or KID

institut

Intrinsic resolutions are similar because non-

equilibrium detectors have excitations given
by gap which is ~kT. whereas thermal
detectors have quanta with average ~KT.

TES STlorL

AE, 0 =2355 4k, T2 C | [ AE,,, ~2355[E¢,(F +G)

n =5 electron- phonon coupling g =1 7A=1.7(1.76kT) = 3kT,
T.=T and E,, =T.Cla F =0.2 is Fano; G =0 - 2 (tunneling noise)
AE, e =2355{6 4K, T E,, AE, . =2.3550.6kT E
E IIZ{ T 12 ( E 112( T K2
AB s w1500V | L) [T Y AB, . = 1R eV —) =)
ki \1ev/ \70 mK/ i \1ev/ \1k/
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tLL Making Arrays

Multiplexing techniques : put several signals into a single line ?
» Time division

» Frequency division
» Code division

:I'J-.'.Ire-n:ffl.-'l'i.'lilu rJ.'-!.l'.rI'I',I".I'E.I.'n"r:',E' J"'.'r'r,'m'.".-.'_l.'-n"l'l.'.n:.'..lrlrl .I.I'J..l'ull.r.llrl;l"l..l..l.]f £ -c i o .'.I!I|.I'.I'|:.I'J|'r'.'l'|i|'1,’
A——
1 !:
| 135 II'\- 2 5 4 2 &
Time { ms) Time 1ms} Tirme {ms
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Tmin = (eb.ib) f 2.K
77
AMPLI Ty Sy(100Hz) SI Terurt R*=8+/8;
V/HZ"” A/HZ" =Sv*S/Kg

BIPOLAIRE 300 K I nV I pA 2K 1 kQ
JFET Si 300 K I nV 1 fA 20 mK 1 MQ
JFET Si 150 K I nV 0.1fA 2 mK 10 MQ
MOSFET Si 4K 1 uVv <<0.1fA 200 mK =>>100 GQ
FET AsGa 4K I nV 1 fA 2 mK 1 MQ
SQUID 4 K I pA 20 ukK | mQ
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MH High Impedance Temporal MUX
\v’pg\

| Rb = 10MQ
' @ Amplificateur Clnt — 1nF

E|OP:]J Loint T | fRC = 16Hz
R 3 N =8

Rload @ F = 256Hz

ﬁﬁ IM Eamp = 1.6nV/Hz 12
}

Rb [D Im
www.neel.cnrs.fr ?ggmgggggmmum
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(a)

Input
Coil

E;

Column Flux Bias ¢

Feedback (b) Colgr:n'n Output
Flyx —e Addr. 1
— LIN LFB
SQUID Qutput
—* SQUID Bias Lin Lrs
g L Current Addr. 3
FB
— | — Addr. N
° LIN LFB

1 Addr. N+1

www.neel.cnrs.fr
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Impedance Temporal MUX

-

Voltage
f Bias
J LNYQ HLOAD
i () b
Luva
<\
Rxg ng é Leg
i Lava : :
RTE; LINB* * ﬁ Les
TT - _i_

Nyquist LC filter
BW 20 Hz, MUX 8:1
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CLL KIDs frequency multiplexer

1
Cryostat '\"FT‘WH‘H——H—

N T e i 08
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______________________________________________ 6
v ) 900 degn - —
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(%(i} - I 04
1 =V cos ¢
@ 02
¢ =Vsin ¢ - ~
' 3
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Synthesizers 1Q Mixers ||
A/D H
O— — TR v ]
A/D H
Q
O— e
L - - ===== |_ |
G ): LA/D K | Disk
—D—L—ﬁm DsP Array
[ | |
. S s I
L] L ] ‘ I
[
A/D H
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31

institut
105 L | | | T | | | | | | | | | T | | | | | | | T | | 4
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13 103 _ Scuba I (iriitial) BSPT _
@ = s -
© - SPT (initial)y mBICEP2 3
O B W Sharc 1l - O HAWCH
i Bolocam 7 B SPIRE
e » Laboca/Apex 57
= 10° & Scuball W . m .
E § ) - Wambo Il BICEP §
£ B A MWMAP Planck/HF ]
= - B SHarc | 7
10" | .’ E
- . -
Z - - .
- ra —]
— f p—
0| cso .7
10 F W - BUKT14 -
T T T N N T T AT T T T [N O M AN MO SO TR T NN N N N M
1990 1995 2000 2005 2010 2015
Year
www.neelenrsfr 1B HNWUEJ@EPH FOURIER

23/09/2011



ﬂ/f\ifl )
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Selected Applications

1 The neutrino mass

d LTD in space : Planck/Herschel mission
and future

d Dark matter search by cryogenic
methods
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FEL Neutrino mass

institut

Kinematics of beta decay: “direct” approack

The transition energy E_ . 1s basically shared between the

o
*e o
.....
. .
v .
.......
v .
.....
.....
------------------

: electron and the anti-neutrino, while the nucleon (nucleus)
ensures the momentum conservation.

Spectrum end-point energy (Q): maximum (kinetic)
E, energy taken by the electron.
E or # Q (conceptually) E ,; = Q (experumentally)

v => NEUTRINO MASS !!

www.neel.cnrs.fr . UNIVERSITE JOSEPH FOURIER
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FEL .

institut

Y. Farzan et al., hep—ph/0105105
KE)t °

www.neel.cnrs.fr UNIVERSITE JOSEPH FOURIER

23/09/2011




35

FEL Mibeta calorimeter

institut

"Re — "70s + e + 7, (0= 2466eV; T, = 43.2Gyr)

Electro-thermal link: Al bonding wires Absorbers

Bonding padheat sink /" Silicon Implanted thermistor AgReOy single crystals
7 187Re fraction ~0.32

A 5.4x10"*Hz/ug

Mass 250 ~ 300 ng

o 1']‘EJO1StEPH FOURER

SCIENCES.TECHNOLOGIE.SAN
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FEL

institut

36

Intense detectors development in Milano and IRST i the 90s.
Side-product result: first AE_ . = 5eV ever achieved on 6keV X-ray Mn K calibration lines.

Ref- PRL, 82-3, 513 (1999)
Details: small array of 8 AgReO, micro-detectors (1 year data taking, m,,,=2mg).

35

N=6.2-10°; E,>700eV

fit residuals
Lo -
o O O

bl

pEF(ZE)S(E)

3.5 240 2.45

30
i
10
-
O s 20 2%
energy [keV]
flnv < 15eV (90%C.L.)
{ Q = 2465.310.5, +1.6_ eV
TI,,= 43.210.2,,10.1  Gyr
*+ BEFS (see next)

enerqgy [keV)

Thermistors: IRST doped(P)/compensated(B)
silicon kept in VRH (Variable Range Hopping).

4]

R(T)=R,e

&

UNIVERSITE JOSEPH FOURIER

SCIENCES.TECHNOLOGIE.SANTE

www.neel.cnrs.fr
23/09/2011



éifl Cryogenic detectors in Space : 37
the Planck / Herschel missions
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institut

g+ == * Miroir primaire

«+++ Plan focal LFI HF|

«+++ Miroir secondaire

*5%* Cornets LFI

“**+ Cornets HFI

| UNIVERSITE JOSEPH FOURIER
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Plan de coupe HFI
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Vue de dessus : arrangement des pixels

Les cercles représentent les voies non-polarisées
Les carrés représentent les voies polansées.
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e 100 Gllz
5451
w e 143 GHz
3531 | *217GHz
® e 353 GHz

e 545 Gllz
e 857 Gliz

www.neel.cnrs.fr
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End of mission in January 2012

www.neel.cnrs.fr §UNIVERSITE JOSEPH FOURIER
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() 45 6Hz
© 75GH:z
O 105 GHz
© 135GHz

CORE Concept (ESA)

Focal plane at 50 mK

» Mapping the CMB polarization
» Information on the inflation phase
» Needs an increased number of detectors (52 => 10000)

www.neel.cnrs.fr §UNIVERSITE JOSEPH FOURIER
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CLL Herschel Detectors

» PACS Instrument 256 pixels arrays (300mK)
» Integrated MUX with CMOS

www.neel.cnrs.fr ,ggwwqggqggggsmFoumﬁR
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After Herschel

SPICA Con

cept (JAXA)

10
102 80K = —
o (Herschel) 7 SN
B107 - /45K 0 veduction |
e - ONST) ool T
104 - e / 20K Ny
E . Zodiacal / / :
5105 |- Emission/ 5|
2105 | < 6K(SPICA) _
e
w 7 J
g10 / Cosmic
102l / Gafactic Cirrug Microwave
=10 |_p— : Background
109 ( | SPICA's xoverage .
1077444 BRI — e
10 100 1000

Wavelength (um)

50 1-hour Line Sensitivity [W/m2]

45

Far-IR -- mm Spectroscopy Platforms |
107} [sim o1 cu 1

17
10 £ [Nell]
<
 [Reitee
10 N 3 f T § X ;x.ure'u <1v:le(!(~,iz=1
SPICA /-ESI
FTS w/ goal detectors —
107 + SRS pz=2 -* ,
grating with NTD detectors - CCAT/
<+ + =g o
NST spiCca/ BLISS el
g - LV A\ g
10 f grating with I-gwrG TES detec?(.)zr;y _
' ot R=1000 BG limit // :

Low g design for 70 pW, 50mK

www.neel.cnrs.fr
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institut Dark Matter _NOBigBang , 003) |

Concordant ACDM model 2 ¢ 5
Dark Matter and "
5 upernovae 4
Dark Energy Q=1
Q,
7 3% DARK ENERGY . 23% DARK MATTER Expansl0n
\ " Recollapse |
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Detecttion of WIMPs by the nuclear recoil (energy

deposition)
=  WIMPs energy
= WIMP ross section (very low...)

T T T T T T T

-4 R CDMS astro-ph/0509269 (soumis PRL)
10 L — EDELWEISS-I PRD 71 (2005) 122002 -

..... DAMAPLE s QO | ¢ Cryogenic detectors provide best WIMP limit.
o Already sensitive to SUSY models
¢ Threshold and resolution ~ ok
¢ Future gains in sensitivity will depend on
improvements on different backgrounds
discrimination : R&D !

Section efficace d interaction WIMP-nucleon (pb)

4 0[, Beshn By ¢ Improve the mass :
i 8 s:"zr:'a'::"’:::‘:m ® “ 4 e EDW-II =40 kg for ,,,~102 pb
o2 s @ ' ) e EURECA= 1 ton for 6, , ~10-1° pb
" Baliz PRD 67 (2003) 063503 3
L == Bottino hep-ph/0307303 -
14 Kim hep-ph/0208069 i
10 L R T | " P | "
10 10 10
Masse du WIMP (GeV/c?)
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¢ Mesure simultanée

e Chaleur @ 17 mK avec

thermometre Ge/NTD

e lonisation @ qq V/cm avec

electrodes Al

¢ ldentification Evt par evt du type de

recul
¢ Q=Eionisation/Erecul

e Q=1 pour recul electronique
(radioactivité ambiante)
e Q=~0.3 pour recul nucléaire

(Wimps et neutron)

Scrimination y/n >

99.9%

www.neel.cnrs.fr

our Er> 15keV
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Cryostat Blindages
plomb
& | Blindages
Vétos sup. g ' e polyethyléne
Moteur £
| ol | Amortisseurs
) : pneumatiques
Structure porteuse Vétos inf
Structure : 10 tonnes Blindage Pb : 35 tonnes Blindage PE : 35 tonnes

Pour qq kg de détecteurs...
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‘4K’ electronics

‘100K’ electronics

‘300K’ electronics
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Heat is a nice way of detecting particles...
But other "channels” are often used and needed:
charge and light, for instance (ionization, scintillation,
Thermometer Thermometer
Char S} - .
coll‘:acg'rir . T _/ . | Light
® / T | detector
@ j N
® ® '
Semiconductor Scintillator
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A

Eéz Density of quasiparticles measured directly by damping

institut

of micro vibrating wire

Sintered silver
Interior filled with?*He Copper box

60 um hole

Stycast impregnated
paper

Silver sintered
copper plates

"Black Body Radiator"

Vibrating Wires
Vibrating wires (5 um and 13 pm)

ULTIMA detectors (Godfrin et al.)
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Conclusion

»LTD are essential for high sensitivity
Instruments In astrophysics

» Wide range of technigues and application

» Progress in manufacturing make them
ready for applications in other fields of
science and industry

» Needs a low-temperature cryogenics
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