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Sensor technologies for LTD

Dark Matter quasi-equilibrium LTD out-of-equilibrium LTD
BROV thermal phonon sensors athermal phonon sensors

Yy spect. / n spect.

Scint./Cherenkov

light detectors _ kg
Coherent v scatt.

calorimeter
Low E y spect.
neutrino mass Hog %
X-ray spect. e
a spect. , ,

micro-calorimeter

single photon E -» AT=E/C - AX(T) Cooper pair breaking in S/C
- e.g: R=R(T), M=M(T) E- - AX(n_)
bolometry/ thermodinamic limit @ 2=k, T>C statistical limit @ .2=FEA/n
radiometry

e high resolution AE / low E
\ o fast T___ (- BW)

e multiplexability - large number of channels
» material choice flexibility
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Outline

Low Temperature Detector (LTD) sensor technologies
e Transition Edge Sensors (TES)
» TES microcalorimeters
» HOLMES TES
e Magnetic Metallic Calorimeters (MMC)
» ECHo MMC
e Kinetic Inductance Detectors (KID)
» KID for athermal phonon detection
» CALDER KID
» thermal KID
e KID microwave multiplexing
» detector microwave multiplexing by upconversion
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Superconducting transition edge sensors (TES)
e superconductor thin films used inside the phase transition at T,

» pure superconductors: Ir (T.= 112 mK), W (T_.= 15 mK), ...

» metal-superconductor bilayers = tunable T. (20+200 mK) : Mo/Cu, Ti/Au, Ir/Au, ...
e high sensitivity (A=100) = high energy resolution

» as thermal sensors - 0 2 = &2k, T> C

> also as athermal sensors
e high electron-phonon coupling = high intrinsic speed
e low impedance = SQUID read-out = multiplexing for large arrays

10 TES read-out: costant voltage bias
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TES for massive LTDs: direct Dark Matter searches

e thin film deposition
e photolithographic patterning

CRESST 200-300g CaWwo,

SuperCDMS 600g Ge
A. Nucciotti, IFD 2015, December 16, 2015




TES microcalorimeters/ 1

e detectors for a, B, low E y, and X-ray science
» astrophysics, material science, nuclear physics, ...

silicon substrate detector absorber
SiN membrane TES sensor '\,
!-!A!-! P

Bulk micromachining Surface Micromachining
(Deep Reactive lon Etching)
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TES microcalorimeters / 2
X-ray spectroscopy

Mn Ko fluorescence with 8 CDM detectors

XES, EXAFS, XANES, RSXS ... 2500p — pestitines
time resolved X-ray spectroscopy g
NIST 240 ) TES 1*: 3.40 eV

% 3.01 eV
St 2.45 eV
o
E 2.73 eV
o
)]
-E 1000 2.58 eV
3
)

2.56 eV

500}
2.70 eV

«_ TES 8:2.26 eV _

5800 5900 5910 5920
Energy (eV)

« 240 pixels, 23.4 mm? active area, 30% fill factor
» Code Division SQUID multiplexing

« AE = 2.5 eV at 6 keV

* 80% Quantum Efficiency at 6 keV

J. Ullom et al. SUPERCONDUCTOR SCIENCE & TECHNOLOGY, 28 (2015) 084003
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Metallic Magnetic Calorimeters (MMC)

e paramagnetic temperature sensor
LL?_E o » Au:Er, Ag:Er, PbTe:Er, Dy:W, W:Fe ..

11572 dc-SQUID read-out
" sonsor | — » high energy resolution with metallic absorbers

SQUID loop

absorber

Magnetization M [A/m]

» fast rise time (=100ns)
e high C
» massive absorbers
8E -» 6M - 8¢ » high linearity
N P T, e N0 power dissipation in the sensor
500 | .
1 e multiplexing by frequency up-conversion
400 |- i T=10mK | | per
300 |- — Detector Amplifier
| R
200 2,58mT i
- (3 A=
100 . [ |

00 20 20 60 80 100 120 140
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MMC development at Heidelberg
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Electron capture end-point experiments

=
163Ho + e~ - 163Dy* + v, electron capture from shell > M1
A. De Rujula and M. Lusignoli, Phys. Lett. B 118 (1982) 429

® calorimetric measurement of Dy atomic de-excitations (mostly non-radiative)
® rate at end-point and v mass sensitivity depend on Q

» Past measurements: Q= 2.3+2.8 keV. Recently measured Q = 2.83+0.04 keV
e 7, = 4570 years - few active nuclei are needed
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m_ statistical sensitivity: Montecarlo simulations

e 2X10%" 183Ho nuclei » 1 decay/s

e 163Ho production: p.e. neutron irradiation of **?Er enriched Er

e embed !*3Ho In thermal detectors for low energy X-rays spectroscopy

—
o

YT = i
Q-28kev) | - » high energy

ADQ=24keV|! - resolution =1leV
vVQ-22keV] -

—
—T
T

» fast response =1ps

» large multiplexable
array =1000

\ 1 IN,,

10" 10" 1012 1013 10" 10" 10"

total statistics Nev

M. Galeazzi et al., arXiv:1202.4763v2
A. Nucciotti, Eur. Phys. J. C, (2014) 74:3161
B. Alpert et al., Eur. Phys. J. C, (2015) 75:112

©
—

m,, statistical sensitivity 90% CL [eV]
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ECHo MMC microcalorimeters

e 16x MMC with sandwiched Au absorber

e chemically purified 1®3Ho

e offline '**Ho implantation at ISOLDE (CERN) —-
e A(***Ho) = 0.1 Bg/pixel STess

« AE = 5 eV e
eT. . =130ns s
e ECHo-1k: 100 pixels, A(***Ho) = 10 Bqg/pixel
NEW ( 2 pixel, about 2 d in HD
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https://indico.cern.ch/event/437713/session/3/contribution/20 . .
Jattachments/1197979/1741935/Gastaldo ECHo ISOLDE web.pdf A. Nucciotti, IFD 2015, December 16, 2015 12


https://indico.cern.ch/event/437713/session/3/contribution/20/attachments/1197979/1741935/Gastaldo_ECHo_ISOLDE_web.pdf
https://indico.cern.ch/event/437713/session/3/contribution/20/attachments/1197979/1741935/Gastaldo_ECHo_ISOLDE_web.pdf

HOLMES TES microcalorimeters ERC AdG

e Transition Edge Sensors (TES) with Au (or Bi) absorber
> 2 um Au total thickness for full electron and X absorption

e MoCu proximity TES » T =100mK
e 0N Si,N, membrane

e optimize design for speed and resolution
> specs @2.5keV :
e AE_ =~ leV

FWHM

TES with Si,N
T. <5us,T ~ 100us 2°73
v Trise = “ decay H Au absorber membrane
e from preliminary X-ray measurements:
> BDE . w=3eV, T, =5ps, T, =150 s NST #_‘>
» L3
0 —_— 3.‘85 +- O_OQI eV | \ -
G i m (\
- TS S > ) .
3 ol S N2
EL 200 p rel I ﬁ’>
: 100 | \ﬁ%
49480 44]90 45I(JO 45[10 4520 45!30 HOLMES TES prOtOtypes

Energy (eV) - Titanium K-alpha A. Nucciotti, IFD 2015, December 16, 2015 13
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OLMES detector array fabrication

source/magnet PS rack
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T

gate valve?
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Y &

2 um thick Au encapsulating implanted *%*Ho
TES fabricated at NIST, Boulder, CO, USA
163Ho implantation at INFN Genova

HOLMES: 1000 pixels, A(**3*Ho) = 300 Bqg/pixel =
B. Alpert et al., Eur. Phys. J. C, (2015) 75:112

~
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KID: an alternative to TES?

Development of microresonator detectors for neutrino physics
2011 - 2015 @ UniMiB

| fondazione
Jicariplo

direct neutrino mass

measurement with
163Ho electron capture (0-3 keV)

athermal

microresonators
’ sensors for neutrinoless

double beta decay
thermal-mode searches (0-5 MeV)
microresonators

large area single

photon detection?

A. Nucciotti, IFD 2015, December 16, 2015 15



KID principles: athermal mode
first developed as radiometers for mm astronomy

E=hv > 2A (=meV)
pa i r brea ki I'Ig deteCtor Quasiparticles excitations

e 0
1 Cooper pairs '

e Cooper pair breaking
e quasi-particle creation (N_=nhv/A) ho > 24

e increase gp density n__

e change in complex
surface impedance Z =R _+iwL,

A

Feedline

I I 1 | 1 I =

6f (1 6LS —1 BRS P >
_:_3 00 =a f, f
fo Ly W L detector
a surface inductance L, fraction in circuit inductance P. Day etal., Nature, 425 (2003) 817
resolution limited by
1 qp statistics @ 2=FEA/n

(order of 1eV for E = 6 keV)

relaxation time: qp recombination T
qp A. Nucciotti, IFD 2015, December 16", 2015 16



KID homodyne read-out

Diretional

Microwave
Frequency
Synthesizers

T <100 mK

coupler

HEMT

Room Temperature
Amplifier

Low Noise
Amplifier

resonance /Q loop

A’k X-

ray signals

Port 1

device i is read out tuning the RF carrier to f,

— -30= _
= ?Tr\ AP
c -35H —
S |
B 4ol d
£ |
2
S8 device resonances ]
: 1 I 1 1 1 1 I 1
Port2 =0y 45 5 5.5
frequency [GHZz]
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Advanced materials for KiDs at FBK

» sub-stoichiometric TiN,
» tunable T_(0 - 4.5K) by adjusting x<1 - longer T for lower T
low losses - high Q. devices

>
» no surface oxide - low excess (TLS) noise

» high surface inductance fraction a - large signals
» hard to produce in a controlled way

e Ti/TiN sputtered multilayer (stoichiometric TiN)
e proximity effect - T_tuned by Ti and/or TiN thicknesses

» good T. control: tuning range 0.5 - 4.5K

» high Q, and high a=L JL_ R 'f::::::::...:"@::__.5__..:,_._;:::i::::(:::2::::?:_.;_::E::::?._..
» good reproducibility and uniformity

» equivalent to sub-stoichiometric TiN_
A. Giachero et al. J. Low Temp. Phys. 176 (2014) 155
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Microresonator X-ray characterization

Out .
Zo, B, 2
N . A
C, = ——

163Ho implant
not yet implemented...
- X-rays irradiation
Tc=15K — 120 mK

phase (rad)

0.05 -

Ti/TiN 10/15
1.5keV X-ray

0 20 40 60 80 100 120 140 V

10° 10* 10° 106
amplifier noise f [Hz]
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counts/bin

M:croresonator X-ray response
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100
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1000

1e-05 2e-05 3e-05

fractional frequency

ny

Si substrate

— Ti/TiN 10/15
— Substoichiometric

1.5keV X-ray

4e-05

N

~15% for
1.5keV X-ray
200nm TiN

! large (>1000) S/N but no resolving power!
: HEMT noise dominated S/N

n

satu ratlon
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/ locally normal
?

\ mcrease
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losses

Increase

—>
p05|t|on
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Microresonator detector imgrovements

e fast qp diffusion in Tantalum - no saturation
o qp trapping in TiN/Ti: A(Ta)>A(TiN/Ti)

e Tantalum: high Z - high stopping power

e Tantalum thickness: 200 / 500 nm

E Ti/TiN Tantalumi Ti/TiN
} ce «(— QBO qp I
""""" Aab
X-ray first prototype
: ; AL I
' . mkid :
® 6 ) ; ittt Ta absorber

coh . <

| | | | | Inductor Inductor | | | | |

Capacitor Capacitor

A. Nucciotti, IFD 2015, December 16, 2015 21



Beyond CUORE: CUPID

e Excluding Inverted Hierarchy - improve CUORE sensitivity by 5+10

e CUORE upgrade with Particle ID (CUPID) - reduce bkg from alphas
> afy discrimination with Cherenkov (T.Tabarelli de Fatis, EPJC65 (2010) 359)

ROI
< 2615 keV

Surface
effects

Al Film

3

Scintillating
foil

Sensitivity
to surface

Luke effect

ROI
> 2615 keV

ZnMo0, /
Li,Mo0,
)

Scintillation

cdwo,

alphas / betas

Sensitivity to

>| Enrichment

bulk / surface
alphas

arXiv:1504.03599v1
arXiv:1504.03612v1
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Light energy [keV]

CUPID TeOz with Cherenkov

: . x / ndf 8.358/7
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X Yield [eV/MeV] 452+ 2.0
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Signal/Noise of light detector

TeO, 7709 (CUORE size)

e Detected light not sufficient for
event by event discrimination
0 LY=45 eV/MeV

o =100 eV for B/y @ QBB (S/N=1.2)
e 10 times less than expected

60008 Montecarlo simulation
Energy [keV|

0 Cherenkov light is self absorbed
0 more sensitive light detectors

e 5 year sensitivity to 3°Te 33-Ov
0 CUORE + Cherenkov detection
o with/without enrichment
0y bkg (103 c/keV/kgly) dominates

for SIN=5
N. Casali et al., EP) C75 (2015) 12
arXiv:1403.5528v1;
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e CALDER Target v N TN

» 5050 mm? light detector - N
» E,. _=20eV CALDER

thres

» T =10mK

op
e Baseline detector design
» athermal phonon KID
» Sisubstrate with up to 10 KID

|-10 KIDs of Al, TiN... (~2mm? x 40-nm)

Diffused phonons
can be absorbed — / J’ \

by the KIDs
efficiency n

/

Substrate of silicon
(5x5¢m? x100-300pum)

<«— supports

Incident photons convert into athermal phonons
cherenkov photons

E. S. Battistelli et al. EPJ C 75 (2015) 353 A. NUCCiOtti, IFD 2015. December 16th. 2015 24



CALDER prototype detectors

2 mm

1.4 mm

S21 [dB]
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| |-l |

1 | e Bkl 0 l I l

| KID-3

e 4x Al KID on Silicon

» pair-breaking detectors
e multiplexed read-out

Amplitude [mrad]

» Software Defined Radio (NIXA)

KID-1
KID-2
KID-3
KID-4

2.675
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6
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8
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2670 2680 2690 2700 2710 2720

2730 2740 2750
Frequency [MHz]
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— KID-1
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CALDER results

» o KID response calibrated in energy
e summing up the energy absorbed by each KID

Ofolf
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5}
<
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=
=
=]
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II|\\I|IIIIII
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Absorbed Energy [keV]

0

» phonon collection efficiency n = 18%

» baseline width o, = 154 eV
» unknown low f excess noise dominates-$/N

counts/100eV

x10°
sk .
noise
I Integral 5.814e+04
%2 [ ndf 3398/24
oll 6.4 keV
A_bkg 776.1 £ 279
b_bkg 0.17 £0.01
Amplitude 1035 £30.2
4__
u 2.614 +0.004
1§ 0.1207 £ 00032

2
L 14.4 keV
Ol‘r'rr\|||||m||\H||||H||||\||||\ 1

1 2 3 4 5 6 7

8

Summed Absorbed Energy [keV]
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L. Cardani et al. Appl. Phys. Lett., 107 (2015) 093508
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CALDER planned improvements

e increase phonon collection efficiency n by design
T, e increase a=L /L . by design
AEcx \/Q"] L/L, ° increase a=L, /L, , changing material
’ » non stoichiometric TiN_

» Ti/TiN multilayers
e reduce 1/f excess noise

present

—

2.2 mm?2 3.8 mMm2
Lk/L=6% L/

TiN Ti+TiN
[non stoic.] [stoich]

Te [K]

L=12%
"#T TITiTehT,

¥, kL

Lk [pH/square]
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Thermal-mode microresonators (KIDS RD @CSNS5)

Equivalence of temperature change and external pair breaking

e hv absorption » AT= hv/C
e increase qp density n_,

A

n (T)=2N V2nkTA eV

qap

e change in complex
surface impedance Z =R _+iwL,

|

OL OR
6_f:_g 5 6Q_1:a d
fO 2 Ls (DLS

a surface inductance L_ fraction in circuit inductance

|

e relaxation time:
thermal time constant t=C/G

power [a.u.]

1_ =\¢\'|/'/4——f= | : _
0.9 -
sl T=T_ _
0.7 —
0.6 —
o T<T, :
0.4 L l L l L l L l L

0.980 0.985 0.990 0.995 1.000 1.005

frequency [a.u.]

e thermal KID < TES replacement
» simpler micro-fabrication
» simpler read-out (no SQUID)
» easier high BW multiplexing

» AE = thermodynamic limit

A. Nucciotti, IFD 2015, December 16, 2015 28



Thermal-mode KID microcalorimeters

-1
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: : ; : : ; 30 10 ; 1 1 , 1 ) ,
3172 3.174 3.176 3.178 3.180 3.182 3.184 0 100 200 300 400 500 600 700 800
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MKIDs—— LU

Membrane

Substrate ————=

Capacitor Capacitor

(100 + 200) nm

600 pm
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KIDS multiplexing: Software Defined Radio

GHz
Synthesizer

ADC/DAC
IF Board Board ROACH2 Board
LPF
Cryostat 1 -\ 550 MHz
1O 12-bit ADC
RF X PowerPC 1Gbit
—\ 550 MHz 440EPx Ethernet
Microresonators HEMT Q 12-bit ADC
LPE
LPF
I "\ 550 MHz
LO 16-bit DAC Xilinx Virtex-6 10Gbit
RF SX475T FPGA Ethernet
550 MHz
Q _\ 16-bit DAC
LPF
T_ Rubidium j
Clock

e multiplexing factor N_
o f , required bandwidth per channel =1/t

rise

N _ fADC

= f
mux 10 fBW

ADC

= 550 MHz, f,,= 100 kHz —» N__=~ 500

A. Nucciotti, IFD 2015, December 16, 2015 30



HOLMES array read-out: rf-SQUID wave mux

Microwave
Synthesizers

Microwave
Resonator #1
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Resonator #2 |
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S, | [dB]

HOLMES TES pwave read-out testing

TES2: Noise at 65 mK
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:‘: l.;- r"f"‘ L“; [ il ji \\'\"\r\‘uw'JL“"w'.'v'"'wvn““"fl‘A‘""d‘P\N""‘ﬁWH,l
o = x
- < 2 10" ¢
Squid noise = 5 ,u(I)O/\/(Hz)
gl |
=T @
1 L ‘ﬂ: Jg. 1 L
468 4.70 472 474 476 4.78 4.80 4.82 4.84 100 i BRI 1
Frequency [GHz] 10° 10" 102 103
Frequency [Hz]
20 - 20
— Data 5.9 keV
80 — Fit = 15
7 *Fe pulse
Al o 1.0}
| E
0 = 05|
W
£ 50 - AE gy = 22 €V g K
S}
V40
05050 300 500 700 900
30 [~ Time [samples]
20 6.49 keV
10 |

59 6.0

6.1

6.2 6.3 6.4 6.5

Energy [keV]
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TES microwave multplexing (also for MMC) Q

Software Defined Radio + flux ramp modulation based on ROACH2

GHz

Synthesizer
ADC/DAC
Cryostat IF Board Board ROACH2 Board
Rampyy S
1 -\ 550 MHz
| Lo 12-bit ADC
| Detectors I\- RF X PowerPC 1Gbit
Array l// —\ 550 MHz 440EPx Ethernet L
IN LPF VA : & o Lo
oo fy LPF y 4~ . B || A\
A L 550 MHz - =3 + N N —
\-":.' / \ S =
1—/ N LO _\ 16-bit DAC Xilinx Virtex-6 AR iz ==Y .
f rR_( X SX475T FPGA 1 ] —— :
550 MHz AN , g, o S [
Q B 16-bit DAC \\ 7 == o= e ot
LPF ) . \ 7
Ramp ‘ = ]
y L Rubidium j Synch ROACH2 system§
ramp | Clock - . AN
W 1 @ Milano-Bicoccag’-

E am //, X
Gimralzo-r for HOLMESK

¢ multiplexing factor

o f__.required bandwidth per channel
f

res = Noyf.,  (f = f__ from pile-up simulations)

sampl * sampl ramp

N fADC f

mux 10 fTEs sampl

= 0.5MHZ, noy=2 - N, =

X



Conclusions

Today LTD sensor technologies

are powerful and flexible tools for

cutting edge science applications
(largely incomplete review...)

There is room for further improvements
to make devices more friendly and flexible

Many more applications are possible

A. Nucciotti, IFD 2015, December 16, 2015
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Neutrino open questions

m Mass scale: i.e. mass of the lightest v

m degenerate (m,=m,=mj;) or hierarchical masses

» mass hierarchy: m;<m,«m; or my<«m,=m,?

my =V ?ie. Dirac or Majorana particle?
m CP violation in the lepton sector

mz
m32__ |
m 2
2]
mass scale »2|
R
0

inverted
hierarchy
normal
hierarchy
m2
. v " A
Vi
[ — V‘c
e ] I ——m22
solar~7x105eV?2
) el —n 2
atmospheric 1
~2x1073eV?2 ,
atmospheric
— ~2x1073eV?
solar~7x102e¢V2 !
|| | ——m32
? I ?
0
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The Challenge: absolute neutrino mass

trom expected for the next few years

Neutrinoless 1 CUORE
Double Beta mﬂﬁso.l eV
decay S be in 2016/2021
N
; 10 . E 20 (NH)
Q I I 20 (IH)
2 | e |
E 10-2 =3 ‘- ‘ _E
how to get i i
KATRIN
? . |
to here. '3 ] ] 1 111 II ] | I | II IC: m"<0.2 ev
1010-3 102 10 1 in 2016/2017
fom ¥ m[3 (eV)
Beta decay
end-point
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CUORE sensitivity potential

esensitivity depends strongly
on background level

eNME uncertainties broaden =

P
" [ " " I
y p R L o y -3‘0"3\\““ 2
OIS : £
SIIELELIE e B ssssssnssssssssss

5L pLe%e’s) G A tetetetete
O EEEIEE, 2% 202676°:92026°6°6% % b ///0/

% 2%

IS5

SSSESSS
05002!

90% CL sensitivity in 5 years
bkg AE Ty (m,) .
[c/keV/kgly] [keV]  [y] mev) 10
0.01 5 1.0x10% 50 + 129 _1
0.001 5 2.8x10% 30 + 77 Loubnl

Nuclear Matrix Elements from: 10 ?
Poves et al., NPA 818 (2009) 139; Faessler et al.,
JoP G: Nucl. Part. Phys. 39 (2012) 124006; Fang et
al., PRC 83 (2011) 034320; Suhonen et al., JoP G:
Nucl. Part. Phys. 39 (2012) 124005; lachello et al.,
PRC 87 (2013) 014315; PK. Rath et al., Phys. Rev. 10"4 I N B R N N Y R N W W AT
C82 064310 (2010); T. R. Rodriguez et al., Phys. 10-4 103 10—2 10-1

Rev. Lett 105 252503 (2010)

|
mlightest [GV]

* NME uncertainties can be reduced by
observing BR-0v in many different isotopes

F. Alessandria et al., Sensitivity and Discovery Potential of CUORE to Neutrinoless Double-Beta Decay, arXiv:1109.0494v3 [nucl-ex]
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TeO, with Cherenkov

o TeO, does not scintillate, but MeV Bs emit Cherenkov radiation

e threshold for Cherenkov light emission:

>50 keV for B/y

> 400 MeV for a

> afy discrimination is possible (TTabarelli de Fatis, EPJC65 (2010) 359)
e Expected light emission: 140 eV/MeV
e Extremely challenging background discrimination

y———— —

/
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Anomalies and unobserved phenomenologies

m there are anomalies in data from

» past reactor oscillation experiments (reanalyzed)

» short baseline accelerator oscillation experiments (LSND, MiniBOONE)
» solar experiment calibration with neutrino sources (GALLEX)

m call for 4™ neutrino mass state v, = sterile neutrino
Am? =1 eV and sin?20 = 0.1

4 um - |
o V.
normal AMierie ~ 1 eV %
hierarchy
3+1 O Ve
3 e - Vs
.ﬁmﬁtm
) ;
L &?Rfﬂlﬂr
1
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Anomalies and unobserved phenomenologies

m Sterile (Right Handed) neutrinos are a natural extension to the
Standard Model to include the mass of active neutrinos (VMSM)

» sterile neutrino in the keV mass range are perfect candidate as
Warm Dark Matter (WDM) particles

m Standard Model also predicts:
» coeherent neutrino scattering on nuclei = never observed!

» cosmic neutrino background (CvB) = never observed!

- neutrinos probe physics beyond Standard Model

A. Nucciotti, IFD 2015, December 16, 2015 41



Low temperature detectors as calorimeters

m (quasi-)equilibrium thermal detector

m complete energy thermalization

electro-thermal > calorimetry
j link G = AT=E/C (C thermal capacity)
thermometer >low C
AT — AV >low T (l.e. T<1K)

> dielectrics, superconductors

particle absorber
E AT = Pros and cons

A high energy resolution

A |arge choice of absorber materials
A true calorimeters

v only energy and time informations
¥ slow time response

A. Nucciotti, IFD 2015, December 16, 2015 42



Particle interactions in LTD

directly ionizing: vy, e, q, ...
indirectly ionizing: n, WIMBPB, v, ... timescale

104 | | I I |

Primary
radiation

_ Backscattering - e + h creation

nuclear channel electronlc channel :
(WIMP, n, v, «, . (v, e a,v,
" Eputiering 10° -

=3
Q
>
®
>
@
n)
Q
<
o
-
o
=
o
-
O
n)
®
Q
.y
o
S
|

> =
Structural tr:::':: -/ \Photons 5 | |
defects Flucrescence Ul phonon decay 4
- (thermalization)
" Stored o n 3
energy “ Secondary 10+
} electrons
v T L_a_ gL
heat (>97%) 10'“_

i.e. phonons

ballistic phonon propagation ~ temperature rise/decay
> athermal LTD signal - quasi-equilibrium LTD signal

M. Chapellier, Nuclear Instruments and Methods in Physics Research A 520 (2004) 21-26
A. Nucciotti, IFD 2015, December 16, 2015 43



Low temperature detector principles

particle
absorber

?
D)

phonons T,

heat sink T,

temperature
AT = E/C

C(Tph)M+G(T T,)=P(t)

dt
AE _t/x
P(t)=AES(t) » Tph(t):To+?e t

for t>0 and with t=C/G

ph’

= 750 g of TeO, @ 10 mK

C ~ T3 (Debye) = C~2x107J/K

1 MeVy-ray = AT ~ 80 pK

G ~4x10°W/K = t=C/G ~ 055
= 1 mg of Re @ 100 mK

C ~T3(Debye) = C~ 1013 /K

6 keV X-ray = AT ~ 10 mK

G~101"WK = v =C/G ~10ms
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[ | ~ — Bias voltage Voltage signal
TES read-out: SQUID o\ R .
%,

L il
5.7 Wﬁl»” Superconducting \ = SQUID
% material | S
e [ow impedance suitable for multiplexable , amen, GRS Insulator
dc-SQUID magnetometers L W i;i;%;;. N
e current amplifier configuration ., i
> Al - A® - AV
e feedback linearized response
TES Bias Out .
? :
Amplifier 1 & ;
Rbiasé > - I, )<q>>( I, \Y
. =
ng L N
TES SQUID . /\/\/\
I I
V 0 | ) O/D,
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TES arrays for y and a with Sn absorbers

=

I\\\Il\l
R
—

2L

10*

=
HPGe counts/75 eV bin

—
(=]
¥

Microcal counts/10 eV bin

10°

96 97 98 99 100 101 102 103 104 105
Energy (keV)

20 FWHM of **Po
2001~ Gaussian 4883 keV
180 component of 4885 keV
- Bortel's func.
160:_ fit = 1.8 keV
140
120 |
*‘_L;P'N,‘.",‘!i* TR T 1005
LA Ll S N e i 80—
& ;1 L T ’”ﬁﬂlﬂl!:"r' P Iy iy -
- 60
40—
20— k
- i v [ g ii] gl e Lo

2855 4860 4865 4870 4875 4880 4885 4890 4895
Energy (keV)
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TES array mult:plexmg

SQUID B
Feedback 1

time division

Boxcar Modulation
2nd-

Functions Stage

SQUIDs |
STES,

Lm L ke L

LJ o hmm?%:

EJ
L —nn=

’—~ Detector Bias
IO - - -OC— Data out 1
i II5 a ias
anal

Im(t)

NxN array
without mux
NxN readout channels
with mux
N addresses + N outputs

32 channels in 1 column
32 addresses

: @ _ Ssdib)

Feedback 2
Feedback N

q _ e H ﬂ i"l ﬁ"'il - .'1 Fﬁ H H
_ _ Series Array =5
STES TES, SQUID 4K) O L ] -
Ul e c
- @g - %Q;% = Multiplexer E
~T|-:s}’ i STES.Z” || chip(s) >
_J@?- ________ ;m‘z- [e)
RA % Ra %\‘*} ;E = Detector O
S chipe)
TES J TES J
L L
R ELI Ra _%Q;_ELT— _
= = =
S %
Sinusoidal Modulation m
Functions ES{
i\:: In(t)
time /\/'{QJ E S = = . — - J_ SQUIDs
" TES % >§ TES ,% % TES % >§ =
% Iz(t) C1 L Ci La Ci1 L
time M e ey ey | 1 Multiplexer
TES% Pﬁ TES % % TES % ?ﬁ =
C: Lz I C: L2 I Cz Lz
AN EUN e A =
TES TES TES ﬁL =
frequency division O v
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TDM array multiplexing

5000 —
Column 0
Avgres: 2.92 eV
2.4 26 238
4000 —
Row 0: 2.60 eV
3.04 eV
£ 3000 - £
Ke) Ke)
® 290eV
L3 L3
o — o
2 2
S Row3: 3.05eV £
Q Q
(&) e (&)
2.93 eV

2.98 eV

Row 7: 2.95 eV
Ko,

| | 1
5890 5900 5910 5920

Energy (eV)

wiring
bridge

oy

A. Nucciotti, IFD 2015,

resolution (eV FWHM)

Column 1
Avgres: 293 eV

3.0 32 34

3000 —

2000 —

1000 —

3.13 eV

0 — i i

I | | I |
5880 5890 5900 5910 5920

Energy (eV)
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Micromachined TES arrays/ 1

Unas e |
O O . '
. 1 I - signal wires
O O
i— 1B i Bi abosrber
Mo/Cu TES

gl: : SiIN membrane

6280 ZBKV A178 18@rn WD48 G276 20KU  X2,380 18rm WD4S
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Electron capture end-point experiment/ 2

e no direct calorimetric measurement of Q (end-point) so far
e complex pile-up spectrum
> N (E)=F N (E)®N.(E) with f =A_ T,

A.. EC activity per detector
T, time resolution (=rise time)

L T B~ e e

counts [a.u.]

T TTT TTTH IIIII|T|'| TTTI

Q=2800eV ol ot T N

0 1000 2000 3000 4000
f op 10 energy [eV]
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Electron capture end-point experiment/ 3

e shake-up/shake-off - double hole excitations
» n-hole excitations possible but less probable
» authors do not fully agree on energies and probabilities /}

® even more complex pi|e-up spectrum A.De Rujula, arXiv:1305.4857
R.G.H.Robertson, arXiv:1411.2906

» it may be worth keeping fpp smaller than 10* A raessler et al., PRC 91 (2015) 45505

1 0-1 T T [ T T T T ] T 1

counts [a.u.]

T TTT TTTH IIIII|T|'| TTTI

0 1000 2000 3000 4000
f oD 10 energy [eV]
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HOLMES design: more MC simulations...

Statistical sensitivity 2(m ) dependencies from MC simulations

e strong on statistics N =A_.N
e strong on rise time pile-up (probability f ~A T.) Ny

det M*

® weak on energy resolution AE

m, statistical sensitivity 90% CL [eV]

—_
6)}

—h

o
o

Z(m ) ocN 1/4

EC "R

t,, measuring time

number of detectors
A.. EC activity per detector
T, time resolution (=rise time)

- Q.. = 2.6 keV
. N_=10%

rlOLMES

AE = leV

10" 10° 10° 10"
pile-up fraction I;p

-3

1
energy resolution AE,

10
FWHM

[eV]

10

1 10

103
107

pp
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goal :
e neutrino mass measurement: m_ statistical sensitivity as low as 0.4 eV

e prove technique potential and scalability:
» assess EC Q-value

. ; | | I ] I ] | ] ]
> assess systematic errors Q, 16 channels
o 10-05_ t,=1 month _ E
baseline 32 i ]
e TES with implanted '®*Ho > [ 1000 channels
- 300 dec/sec g: o prototype
» AE=1eV and T,=1ys © YE 2016 E
e 1000 channel array S e f =3x10% |
» 6.5x10%663Ho nuclei k7] L full + -
> = _ ull scale AE =1 eV _
- =18yg I HOLMES T=1ps
» 3x10!3 events in 3 years g 0.1 2017 T T T |

2200 2300 2400 2500 2600 2700 2800
. EC Q-value [eV]
- Project Started on February 1t 2014
B. Alpert et al., Eur. Phys. J. C, (2015) 75:112
http://artico.mib.infn.it/holmes A. Nucciotti, IFD 2015, December 16, 2015 54



HOLMES detectors

e Transition Edge Sensors (TES) with Au absorber

> hot electron microcalorimeters with

electro-thermal feedback

> electrodeposited Au for full absorbtion
e MoAu or MoCu proximity TES -» T =100mK

e on SiLN, membrane

5l NIST Al Ka spectrum
\ AE,,,.= 1.5 eV
= 200}
:
§ 150}
% 100+
50}
1480

X-ray energy (eV)

240 pixel TES array
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KIDS multiplexin

X 2

Marki Microwave

. 1Q-0255
Microwave Frequency
Synthesizers
/\/ QuickSyn FSW-0010 Krytar 180120 LO;, > 1
0.5to 10 GHz Directional Couplers —Q
1to 18 GHz
F
-0 to -62 dB -20 dB RF:
HX-GKTS1-6-63-6-HD
SHX-GKTS1-6-63-6-HD SHX-G g 8?062 (6)GHz
0.8 to 6.0GHz Programmable 0t0-62 dB
Programmable Attenuator
Attenuator Cryostat
Marki Microwave To = (25 + 1000) mK 4-8 GHz Cryogenic | Wideband Amplifier ~ Marki Microwave
PD-OR413 Low Noise Amplifier] 700 MHz to 18 GHz ~ PD-OR413
4 K
-30 dB
N +36 dB +26 dB —<
J
Ultra wideband Low Noise Factory Mini-Circuits. Ultra wideband
Wilkinson Power divider Resonator LNC4_8A ZVA-183+ Wilkinson Power divider
SHX-GKTS1-6-63-6-HD
0.8 to 6.0GHz SHX-GKTS1-6-63-6-HD 0 6 d
-0 to - B
Programmable 0.8 to 6'0GE|IZ
Attenuator Programmable
Attenuator
-0 to -62 dB . 20 dB RF»
Microwave Frequency
Synthesizers
/\/ QuickSyn FSW-0010 Krytar 180120 LO2 > 1
0.5 to 10 GHz Directional Couplers
1 to 18 GHz > Q2

Marki Microwave
IQ-0255
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Marki Microwave

10-0255
Vi
Microwave Freguency
Synthesizers +15dBm b Krytar 180120 105 "
QuickSyn FSW-0010 Directional Couplers i Van
0.5 to 10 GHz 1to 18 GHz
-20 dB RF,
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= 4K DAQ
& N - -40dB | 4 Channels
4 - - Simultaneous
> Detector sampling
- Array . o 2
Ultra wideband Attenuator Low Noise Factary | Mini-Circuits. Ultra wideband
Wilkinson Power A A LNC4_8A ZVA-1834+  Wilkinson Power divider [ 3
divider
-20 dB ‘FRFE
Microwave Freguency e
Synthesizers +15dBm t, N Krytar 180120 LO; | Vi
QuickSyn FSW-0010 5 Directienal Couplers 2
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v‘l'l'l&‘\’_l.'-i
H o
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el C Fe source
1 160 -
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: : E
_____________________________ (=] o P
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