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Origins of thermal radition detectors

S. Langley, “The Bolometer,” Nature, vol. 25, p. 14, 1881.

FIG.3.
0 I
O F1G.2.
6)’ = 5 .‘ \
@ — o—— l l| 0 !
Sapphira
Nusren \ (W Thermometer - GE Cement Clarcke et al. 1977
Bi Heoter—_ '\i\ \&\10 Pads il Nylon Screws NEP 10—13 _ 10—12 W/Hz
In Cooted A N -\ U
Nylen Threod \ N\ Pb Pads
Hecter
\
OFﬂC —d ‘l
Co Ring B Abso:bcr—‘




.Gatti - University and INFN of Genova

EASIS School 3 - Genoa - September 30, 2020

Origins of thermal radition detectors

Single particle detection with thermal detector
in1949: a technique incredibly similar to the

present TES detectors

The Effect of Alpha-particles on a Superconductor*

D. H. Axprews, R, D, Fowrer axp M, C. WiLLiams
Chemistry Depariment, The Jokns Hophkins U nisersity, Ballsmore, Maryland
May 9, 1949

UPERCONDUCTING bolometers have been bombarded with
alpha-particles from a polonium source, and it is found that
countable electrical pulses are produced, one for each particle
impact. The bolometer used in the experiment reported here was
made of a strip of columbium nitride, approximately 3.5%0.4
X0.006 mm, mounted with bakelite lacquer on a copper base,
and maintained at the operating temperature of 15.5°K in a
cryostat, as previously described;! its time constant was about
1079 sec.

To provide a mounting for the polonium source, a glass tube
ca. 30 cm long and 3 cm diameter was sealed to the cryostat nose
facing the bolometer, The source could be slid back and forth in
this tube, placing it at distances from the bolometer ranging from
2 ¢cm to 20 cm.

The source consisted of polonium on a nickel disk 1 em diameter,
attached to the face of a steel cylinder. A vacuum of better than
107* cm was maintained in the source tube and around the
bolometer by a charcoal trap at liquid nitrogen temperature aided
by the many contiguous surfaces at 15°K, so that the a-particles
traveled from the source to the bolometer with no significant loss

Tasre I. Comparison of e-particle counts with ionization
chamber and bolometer.

Distance from source to defining area: 20 ¢cm 2 ¢cm
Average counts per second:
(a) lonization chamber 40 740
(b) Bolometer 32 660

of energy. The bolometer was protected from general heat radia-
tion by a shield held at 90°K. The a-particles passed through a
hole in this shield, the opening being 7 mm diameter, in alignment
with the bolometer.

The bolometer was connected to a direct current supply, and
by potential leads to the primary of an audio transformer, the
secondary of which led to a pulse amplifier, and thence to an
oscillogcope, and scale-of-1000 counter.

The rate of counting was at a maximum when the CbN was
maintained in the center of the transition, half-way between
normal and super conductivity; it was relatively constant over a
central interval 0.04° wide and fell sharply both above and below
this temperature zone, being reduced approximately to noise
level by an increase or decrease of 0.1°K. The electrical resistance
of the strip was 2w in the normal state at 15°K.

The number of counts per second was also a function of the
direct current flowing through the CbN, being at a maximum for
a current of 40 ma.

The number of a-particles counted with the bolometer agreed,
as shown in Table I, with the number counted with an ionization
chamber and linear amplifier when the ionization chamber was
exposed to the source through a slit system similar in geometry
to that in the holometer experiments, The ionization chamber slit
was covered with a thin mica window, and the air pressure in the
source tube kept at 0,01 mm.

From photographs of the peaks on the oscilloscope it is estimated
that each individual pulse from the bolometer is about 1077 volt
high and 10°¢ second wide. The maximum signal to noise ratio
was 3 to 1. Since the pulse height may be expected to be propor-
tional to the energy of the «-particle, experiments are being con-
tinued to increase the gignal to noise ratio, in order to evaluate
the precision with which the energy of individual particles can be
measured by this method, and to determine the kind of pulses
produced when superconducting bolometers of this and other
materials are exposed to different kinds of particle radiation. The
authors wish to thank Professor Walter Koski and Mr. Carl
Thomas for valuable advice and asgistance.

* This work was supported in part by contract N5.ORi-166, Task [V,

ONR U. S, Navy, and in part by a grant from Dr. H. A. B. Dunning.
! Andrews, Milton, and DeSorbo, J. Opt. Soc, Am. 36, 518 (1946).
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Origins of thermal radiation detectors

A Superconducting Bolometer as a
High Sensitivity Detector for Molecular Beams

M. CAVALLINI, G. GALLINARO. and G. SCOLES

Istituto di Fisica Sperimentale dell'Universita,
16132 Genova, Italy

Gruppo Nazionale di Struttura della Materia del C.N.R.

(Z. Naturforsch. 24 a, 18501851 [1969] : received 31 July 1969)

The construction, operation and calibration of a supercon-
ducting bolometer is reported. Operated as a molecular beam
detector the bolometer has, for Argon, a maximum sensitivity
of 7+10% molecules sec —Learresnanding taa NE P of 2.10-13

EASIS School 3 - Genoa - September 30, 2020

resistance that can be used to transduce a chopped
power imput to a voltage output which may then be
integrated with standard techniques.

Up to the present time the superconducting bolo-
meter has not been widely adopted in infrared spectro-
scopy for two main reasons. The first is the difficulty
of thermo-regulating the sensitive element within 105

K. and the second is the extreme delicacy of its con-
struction.

Taking into account that the N.E.P. of Martin and
Bloor’s bolometer was reported to be limited by the
electronics available at that time, we undertook the
dmelopment of a euperconductmg bolometer with the
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Fig. 2. Schematic experimental set-up.
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How superconducting TES based detector works.

High quality film with “steep” superconducting to normal transition is needed

5 I | _
g 1L Pl n® vp” v p/A T A(0)
— - (uQ-cm) (10%%/m3) (10°m/s) (mJ/mole-K?) (mole/cm?) (K) (nm)
5 j Al 274 18.1 2.03 1.35 0.100  1.140 16!
e ¢ Ti 431 10.5 041 4 3.35 0.0944 0.39 310
3 y Mo 5.3 38.6 0.60% 2.0 0.107 0.92
Al : W 53 37.9 0.70* 1.3 0.105 0012 825
= 05- ; Ir 5.1 63.4 0.368 3.1 0.117  0.140 296
2 § Nb 145 27.8 0.623 7.79 0.0922 9.5 397, 888
O ;
3 Cu  1.70 8.47 1.57 0.695 0.141 ; -
¢ Ag  1.61 5.86 1.39 0.646 0.0974 - -
Jridium Au 220 5.90 1.40 0.729 0.0983 - -
| | Bi 116 14.1 1.87 0.008 0.0468 - -
I | L I L 1 | ! | L ‘ 1 | |

106 108 110 112 114
T . [MK]

TES films are usually in the dirty limit: coher. lenght §&~1 pm , electron mean free path L~ 10 -100 nm (almost a 2D
system)

G-L parameter kgL ~ 0.7 A/L(t), where t is the film thickness.

ke moves over the full range of the G-L value for Type | and Type |l supercondutcors depending on the tickness
t used for specific apllication.

In both cases a finite transition width is expected (and obsevated), even if the phenomena underlying the TES
operation with current bias are different and complex to be fully exploited in precision models.
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How superconducting TES based detector works.

The listed pure elements have only few Tc, but the actual detetctor must worrk at a temperature that is
the best compromise among input power, overall noise and best operating temperrature of the cooler:

Tc must be adjusted !

A first method is the proximization effect in multilayer structure Superconductind Metal - Normal
Metal. Usadel Theory is often used (K.D. Usadel, Phys. Rev. Lett. 25, 507 (1970)).

||||||||||||||||||||

| o= (T/R) dR/T d 1 11"
! Sensor sensitivity TC — Tco : n
do 1.13(1+1/a) ¢
2 i 1 m
T§> 1.5 1 R = _k T AQ'I’Z,
S - P o 2
‘ { = dnnn/dnns

d, film tickness; n, electron density at Fermi level; O<t <1, electron interface transmission; Tco,
superconductor transition temperature; As , Fermi wavelenght.
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How superconducting TES based detector works.
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How superconducting TES based detector works.

 The thermal detector has a weak link the the thermal bath for rerstoring the initial conditions

 The effect of a thermal link is easily described within the first principle of thermodinamics in
the approximation of small signal:

Thermometer

m r| ar\e-
G

CdAT+GAT—P
dt =

QO

NN

« Combining electrical and tharmal equations, and moving in frequency domaly, it can be seen
that the “responsivity parameter” S(w) - approximation of the classical responsivity dl/dP-
mixes termal and electric parameters ( the following holds for large Lg, much grater than 1)

og |S
ORSRE S OBy
L
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e CAT :
> log W

Lg/T
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How superconducting TES based detector works.

- Finally the redout circuit must matches the source impedance (very small respect to the one require
by standard electronics) and the detector noise

- ADC SQuiD in the configurartion of trans-impedance amplifier is the best choice in almost all

cases.
b
o | B X

G ‘ SQUID
V bias v

Heat sink see M. Kiviranta’s lecture tomorrow
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How superconducting TES based detector works.

Tp (bath)

- Statistical thermodinamics gives the energy fluctuation of
the body C at equilibrium with the bath

- A simple argument can help in remembering the finale
formula

- Suppose the body have a number n of phonons with
thermal energy KT

- They move randomly amomg the ling G ginving statistic
fluctuations

n=C/k An = AE = kT An = \/kT?C

&~

\

- The fluctuations are produced by a noise power flow over the thermal link G, and the power in a unit bandwidth
at frequency w

- If we assume that the power spectrum is “shot-noise-like”, the noise is independent of frequency,

- This can be integrated over all frequencies to give the total energy fluctuation, which requires the specitral
density :

P2(TFN) = 4kT?G W?/Hz
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How superconducting TES based detector works.
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Build the minimal model: set of non linear
equation> numerical solution is required

K2
ABSORBER BATH

CTESTzfsz Z(TAbsn_TTESn)_KI(TTES _Tn)"'R (TTES)Ib2
dT ,
C,. df;bs —K, (T —Trss" )+ Py (1)

dl,
R, (1,(t)~1,) =R, (Tps) 1, + L, ! g
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Results: ETF clearly visible

1 ETF: the bias power act as negative feedback
reducing thermal swing and time response.

1 ETF: Linearize and sped-up the response
[0 ETF: becomes important if L ranges is~ 10-102
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TES-Transition edge sensor

B Real TES sensor have T and I dependence

dR dR T T
R(T,[)~R,+—| o' + —| ol x — —=
(7,1) = R, ar) d|, R(T,1T) R0+aRéT+,BRéY

®m Dynamical performance much more complex to be evaluated
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Whole model for the energy
resolution for TES

OO0 Including all the noise sources (Phonon, Johnson...), the intrinsic thermal
resolution contains sensor and conductance parameters: a and n (=2G~T")

. NOISE SOURCES
E TFN in heat link to bath TFNin TES Johnson noise in R

| By= A4 T°G By = AfAkyT G ey = ~J3k5TR
L5y 5 én
P P v
A AP T AR Ac Al
P P 7

(X))
B
X
E

|

1
@, % Calculated ETF

L parameter

Electro Thermal ™ ~~4t~~1-

- . U —
dEpwum = 2v2In 2\ U“BTCE\';,H"SQ .
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Simple Ir TES on suspended

absorber membrane

TES detector configurations
from the antenna -

| "I

absorber X-ray Re-Crystal TES microcalorimeter £
for Re-187 beta decay
=

Presently changed to gold

absorber for Ho-163
)
TES

(ERC- HOLMES
IR light Anti coincidence Xray
Space Telescope ATHENA

TES

pronon S\,
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Soft X-ray Photon

FWHM: 1.58 + 0.07 eV
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Courtesy of S.Bandler GSFC NASA
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Soft X-ray Photon

Courtesy of S.Bandler GSFC NASA

counts / 0.25 eV bin

150
100 - _

50_ ...................... |

g ity SRR LB
PSR oS P S A o T PSR e R
PR oA~ S P SO USRS 3
ARRTINU. et
O_i;{*' " {i' *i .-._’_ ‘ 4 ‘*.-- ™ ~

32 x 32 array with
300 micron pixels

2004 SR S | | S AEFWHM ~ 1.8 eV (partial fit)

Total CQWtS, = 2200

e
4 = Ny, B8 |
] \}.,_ = 3 £ ,,4‘
o 25 SY7e 8 N
7 =9 CorRy YRy
r <2
F’."'f{‘hd‘
% R
i LA A
P~ -
AT L
e
5 54
5 aet "2
- [ %
2SN
o e -
oF

1480 1485 1490 1495 1500
Energy [eV]

EASIS School 3 - Genoa - September 30, 2020



.Gatti - University and INFN of Genova

EASIS School 3 - Genoa - September 30, 2020

HIgh Energy Photons
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Energy Resolution (eV, FWHM)

Soft x-ray Photon Resolution
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Blue Light TES SPD

7000 -
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Experimental data
-+ Gauss fit for the single photon peak
-+ -+ Gauss fit for the double photon peak
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1550 nm TES SPD

M.Rajteri et , INRIM Torino
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Antenna Coupled TES

* Wide Band Antenna Coupled TES Bolometer

A. Lee, UCB, “Workshop CMB from Space”
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Microwave Antenna Coupled Bolometer
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A. Lee, UCB, “Workshop CMB from Space”
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Large Array
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Noise Equivalent Power (NEP; W Hz )
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The NEP Challenge
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Dark Matter
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It DM is composed by relic particle:
WIMP

- Neutralino LSP produce naturally cosmological WIMP density
- Annihilation o — relic density — WIMP density (Qpu)

- Scattering o on proton — prediction for direct detection
- 108 pb is experimentally at hand, and a very significant goal for direct detection

Test of cosmologicaly + SUSY motivated “Focus Point” region
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| DM experiments

Solid state technology;

Soudan (US)/SNOLzb (¢

W

CoGeNT current lonization Ge Soudan (US)

c-4 planned lonization Ge Soudan (US)
TEXONO current lonization Ge KSNL (Taiwan)
CDEX current lonization Ge CJPL (China)
Liquid Xenon;

LUX current lonization/Scintillation Xe SURF

Lz planned lonization/Scintillation Xe SURF

PandaX current lonization/Scintillation Xe CJPL (China)
XENON100kg-10Tcurrent/plannec onization/Scintiliatlic Xe M)
XMASS1T-20T current/planned Scintillation Xe Kamioka (Japan)
Liquid Argon:

DarkSide current lonization/Scintillation Ar LNGS (Italy)
ArDM current lonization/Scintillation Ar Canfranc (Spain)
MiniCLEAN current Scintillation Ar SNOLab (Canada)
DEAP current Scintillation Ar SNOLab (Canada)
Crystals for annual modulation:

DAMA/LIBRA current Scintillation Nal LNGS (Italy)
ELEGANT current Scintillation Nal (Japan)
DM-lcel? current Scintillation Nal (Southpole)
Princeton Nal planned Scintillation Nal LNGS (Italy)
CINDMS planned Scintillation Csl(Na) (China)

KIMS current Scintillation Csl (Korea)
superheated liquids:

courp current Bubbles CF3I SNOLzb (Canada)
PICASSO current Bubbles C4FIO SNOLzb (Canada)
SIMPLE current Bubbles C,CIF, Canfranc (Spain)
Directional detection:

DRIFT current lonization €S2 Cs4 Boulby (UK)
DMTPC current lonization CFa WIPP

DA3 planned lonization iC4H10

MIMAC planned lonization CF4 Modane (France)
Newage planned lonization CF4 (Japan) ?

30



Goal: Detect WIMP-induced nuclear recoil in an earth based target material

Standard assumptions:

* WIMP density (p,) at the Earth: ~0.3 GeV/c¥cm?
* Spectral shape: exponential towards lower energies
» Wide range of WIMP masses: 10 — 1000 GeV/c?

* Expected signature: nuclear recoil (of a few keV)

* Expected scattering behaviour: coherent, i.e. ~ A?

* Single scatters distributed uniformly in target volume

« Extremely rare interaction rate with baryonic matter (< 0.1 evts/kg/d)

JdR > - %ﬁ R measured rate in detector Ex recoil energy of target nucleus
0E x NF (Q) —O'X 0 M, mass of WIMP o, WIMP nucleus cross section
N number of target nuclei F¢ nuclear Form factor

—> suppress natural radioactivity and cosmic radiation by orders of magnitude:
® Deep underground facilities
= Additional shielding with selected materials

= Detectors with very low energy threshold and excellent background
discrimination capability 9

31
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—~ Pb shield u -W
2 10° o)

Cu shield
102
Muon Veto 104
PE Shleld 1 | 1 B | 1 1 1 | 1 1 1
0 20 40 60 80 100
E, [keV]

Light-mass WIMP (12 GeV): contribution of O and Ca, W just above threshold
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A-thermal phonon detection

Silicon or
SOS
absorber

- W-TES:

. Cawo,

- Scintillating Transition Edge Sensor (TES)

and reflective
cavity

Light detector

absorber
~300g

W M v W oW 2
temparature [mi]

W-TES:
Phonon detector
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~300g CaWO, target crystal

Reflective bronze clamps

Silicon on sapphire
light detector

Reflective and scintillating foil




Data of one single 300g detector module in Run32:

-

Electron recoils: y, B

a—events: from surfaces

. O-band: neutrons

Light Yield

W-band: expect ,heavy“-WIMP interaction
-> contamination from 2'°Po a-decays in clamps

67 events at low energy observed in O, Ca and
W-bands in all detector modules (~730kg d)

Correlated background via

sputtering effect in clamps? Eur. Phys. J. C (2012) 72:1971
M. Kuiniak et al. Astropart. Phys. 36 (2012) 77-82 DOI 10.1140/epjc/s10052-012-1971-8
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CDMS

Athermal Phonon Detection Principles

j '—\“ * Become insensitive to
l \ absorber heat capacity
A by collection and

concentration of
m_ Phonons
K Vig/Vpsp~10°
\ > * More Complex = More
= =S losses

—Theoretical Max
Efficiency: 40%

—SuperCDMS Efficiency
(€,): 10-15%
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keV

701

IZIP Pulse Shape

For t<250us, all channels

—AS1
——BSl1
Sl
‘DS1
AS2
~———BS2
—CS2
—DS2

have same phonon response

0 50

100

200 250
time (us)

150

300 350 400 450 50

e Ballistic phonon collection

time >> TES fall time

° .

Signa

| << W ¢

Model: at long time scales,
homogenously distributed
ballistic phonons bounce around
in the crystal until they are
collected by the Al collection fins

r

A
o A1l %s puck|

Ipuck

Summed
Phonon Pulse

Direct TES
Excitation

1500
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Precision Experiment: QCD Test

K - Nucleus strong interaction

at low energy

* Nucleus




QCD tests

Quantum ChromoDynamics (QCD) becomes non-perturbative at low energy

= impossible to use perturbative methods
= (approximative) symmetries are good guidelines to understand the hadron dynamics

quark | mass [MeV] symmet:ry ( i is the lightest hadron containing quark. )

up ~2 quark mass . .
down -5 | = = “K"-Nucl.” systems are suitable testing

grounds for investigating the interplay
between spontaneous and explicit

strange ~ 100 intermediate
|

charm ~ 1,300 heavy-quark | quark mass
bottom ~ 4200 symmetry 1 infinity

top ~ 170,000 | weak cecay w/o forming hadrons

Deeply bound K- cluster

Strongly attractive!

higher density beyond normal nuclear-

J Dense matter : matter density?

Kaon is a strong candidate of hadrons

/ NeUtron Star : composing inside of neutron star.

ewy /1] Asue g '

the in-medium mass modification effect — J ,

J Origin Of mass . as a function of matter density? L -

~3 times higher than the normal nuciear density!
Phyza. Lett. BS87, 167 (2004)




QCD tests

nucleus

Small n /

4 h

strong-interaction study

the most tightly bound energy levels that are
the most perturbed by the strong force

. ) Large n

\

LETQINERS

the higher orbit having almost

no influence on the strong interaction
\ J




QCD tests: need high E resolution

stat. accuracy
detector

K-4He Ka , of determining
resolution
events the central value

FWr) of 6 keV

KEK-E570 2eV
with SDD 1500 events = 190 / 2.35 / sqrt(1500)

S 2

0.09 eV
TES 100 events 0.13 eV

Microcalorimeter | (. 4-day beam) = 3/ 235/ sqrt(100)

0.17 eV




QCD tests: need high E resolution

1. Crystal spectrometer

pionic atom exp. : D. Gotta (Trento’06)

2. Microcalorimeter

for now: use TESs
designed for
5-10 keV X-rays

NlSI'

W.B. Doriese, TES Workshop
@ ASC (Portland), Oct 8, 2012
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| QED tests

physics interest: precise test of QED
» for H-atom: measured with high precision (10-5-level)
=» excellent agreement with prediction
» for high Z: strong Coulomb fields
=2 Za = 1: sensitive test still missing

Lamb shift of 238@1+
j=32 2pan

2s1» classical
} Lamb shift:

2p2 156V
Lyman-a: 100 keV

* |dea of the experiment:
measure transition energy of the
Lyman-a line for hydrogen-like Au, U

=> enerqgy resolution determines precision

1S1Q

}1s-Lamb shift:
464 eV

. - Bohr Dirac QED
« theoretical prediction for 23891+

464.3 = 0.5 eV (Yerochin et al., Phys.Rev.Lett 91 (2003) 073001)

« experimental value for 28U%7* (measured at GSI with conventional Ge detectors): 460.2
+ 4.6 eV (Gumberidze et al., Phys. Rev. Lett. 94 (2005) 223001)

» to improve experimental accuracy: new detector concept
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Uranium exp. at GSI

particle detector AU
(Au™™) ' (300 MeV/u)
from SIS

gas-jet target

FOCAL1/2 __electron
D Q{‘f cooler
calorimeter & B
© = 145° Au’s*
-

* injection of fully stripped ions (example Au’®*)
« beam cooling and deceleration

« electron capture In the gas-jet target

» detection of the Lyman-a radiation
Lyman-a rate in 41 = 2 x 10° s = estimated
\ count rate/pixel =3 x 102 s’
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nmK+———————

71.72- = single pixels
7170 ] T — statistical error
ned | | —
; 71-661 I — Iterature value
:E,‘ 71-64': ‘
— 71.62- -
= 71.60 I i ]
I 7158 L i ;i h
= MS6t——m G S —————————— H——
T 7154 Hi 1
71.52] I '
T 1 —
3 2 414 0 1 2 3 4 5
X, [mm]

Result: E(Ly-a1) = (71563 = 4,,,, + 7, .,) eV

»
r

>

In good agreement with theoretical prediction E(Ly-a1) = 71569.7(5) eV
statistical and systematic uncertainities considerably reduced

precision already comparable to best result with conventional Germanium
detectors (= 4.6 eV)

systematic uncertainity dominated by precision of determination of © (6 eV)
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Searching for the Neutrino Mass: The Pioneering Experiment

?
frE)m : how to get here 1.Testing Neutrino Absolute Mass scale with
neutrinoless in Laboratory with Beta decaying nucleai
double beta 20 (NH)
decay — 20 (IH) 2. Use of Direct Calorimetric Methods to
L LA LLLL B UL overcome the artefacts of beta
- spectrometers
10 == = Effect of neutrino mass
; - - to the beta cpectrum
QL - - i
- - .
£ 10%F =
107 :
10
mg (eV)=m,
KATRIN | o >
Spectrometer Picture: A.Nucciotti ' ' '
m <0.2 eV
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Searching for the Neutrino Mass: The Pioneering Experiment

Improved Rhenium detector with Superconducting TES

TES-Re detector

100

80 - —

Re

11 eV FWHM
60 —

TES

40 .

Counts/ 2 eV

Metal contact

20 .

Re_CrySta| on epoxy_post/ Ir-TES / sse0  se0 5.9loo[ ’ 5520 5940
. nergy [e
SiN-membrane

Re crystal

- Al leads

for TES

Flavio Gatti, INFN & University of Genova



Searching for the Neutrino Mass: The Pioneering Experiment

;,50000: 0 0
t450[)0 : Re- 187 beta spectrum E',;:“ 5268318::
‘240000 E =N
3350005_ \ QUFLY  D.GADOE+00
o
30000 ¢
25000 £
20000 £
15000 ¢
10000 ¢
5000 £
0: A T R B
0 500 1000 1500 2000 2500
Energy (eV)

Flavio Gatti, INFN & University of Genova

Monitoring Mn K line

./

T

0 10
Entries 4193318
Wean T4 4
RMS §%0.3

UCFY  D.CONOE+00
QUFLY  0.CO00E+00

indt 4347 /53

Pl b1.3¢
Pz oB9s,
P 40,19
P4 0.5978
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Searching for the Neutrino Mass: The Pioneering Experiment

Residuals from theo. beta spectrum

400

200

-200 |

-400 |-

Beta Environmental Fine structure(BEFS)

T

*ﬁ%._

Wi

Lol
500

lllll
1000

lllll
1500

T B
2000
ENERGY (eV)

Fracional residuals

0.015

0.01

0.005 -

it

0.01

0015

Oscillatory pattern of the Beta Spectrum

= = DL N B )

FGatti, Nature 1999

i
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Searching for the Neutrino : Experiment HOLMES

European Research Council

Established by the European Commission

0.1

0.01

S
o
o
—_—

0.0001

dWAWAEC [eV']

H@{-MES ngp

163Ho + e- —>» 163Dy* + v, electron capture decay
(A. De Rujula and M.Lusignoli, Phys. Lett. 9 (1982)

T I I I

— 0=2750 eV * First calorimetric measurement of 163Ho endpoint energy:
—— Q=2150 eV Q = 2.80 + 0.05 keV (F. Gatti, et al, Physics Letters B,
g 1997) with Ho-oxide embedded in Sn absorber

¥

\ {1~

i \ .
” -
\ : i I - 1. 100 eV FWHM
1 1 I I .J a5 lﬂ 750 1000 1250 1900 1790 w 229
500 1000 1500 2000 2500 i Energy(cV)

Energy [ eV] 51




Searching for the Neutrino : Experiment HOLMES

—
HC%MESaw

Univ. Milano-Bicocca
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Searching for the Neutrino : Experiment HOLMES

“**Ho
Bsi Wsio, | sin Mo llcu [icu BT Au [[Ho

TES array fabricated at NIST, Boulder, CO, USA

3o implantation at INFN, Genova, Italy

1 um Au final layer deposited at INFN Genova

final fabrication process definition in progress

HOLMES 4X16 linear sub-array for low parasitic L and high implant efficiency

-

UIPIM WHM4 weaq
OH¢or PO3EINDJED




Searching for the Neutrino : Experiment HOLMES

sputter target

Dy 160
2.329

u 60
n « <0.0003

Flavio Gatti, INFN & University of Genova




Searching for the Neutrino : Experiment HOLMES

4000 B | | | I 1 I 1 l 1 I 1 | | g
g Al Ka Cl Ka Ca Ka Mn Ka K
'S73000 -
S, A i
;| | 9 2000+ -
=1 = - "
) & -
S 10001 J{ II .
8000 B 1 | ]| 2 1JL 1 1 | LI Jl ]
) Al Ka Cl Ka Ca Ka Mn Ka i
S 6000 -
i O, ¥ i
== B © 4000 - =
= B ]
8 e -
8 2000 =
0 B 1 | L | LL o] . | 1 | i | L j
380%X380 um? absorber 0 1000 2000 3000 4000 5000 6000 7000
C = 0.9 pJ/K energy [eV]
G = 480 pW/K
o AE, =5 eV AE = 7.5 eV @ 2.6 keV
HOLMES-like pixels oT =20 s T, =140 ps
without collimator rise ecay
e slew rate = 0.1 ®./S @ 2.6 keV

Flavio Gatti, INFN & University of Genova




Searching for the Relic Neutrino : Experiment Ptolemy

PTOLEMY

Capture of relic neutrinos on decaying tritium beta decay:

*H+v, > 3He+e

dn/dE,

Neutrino Capture on a
Beta Decaying Nucleus (NCB)

Flavio Gatti, INFN & University of Genova



Searching for the Relic Neutrino : Experiment Ptolemy

PTOLEMY conceptual design

Electron focusing 15t E measurement
by RF tracker

Flux reduction

with Mac-E filter
25t E measurement

Tritium Source Disk Cryogenic Calorimeter

(Surface Deposition) -
\ Long High Uniformity (0~0.1eV)

_ _ _ Solenoid (~2T)
High Field Solenoid

\ [E-18.4eV

~50 -150 eV

RF Tracking
(38-46 GHz)

Time-of-Flight
Accelerating (De-accelerating
Potential Potential)

MAC-E filter
(De-accelerating
Potential)

Accelerating
Potential

Flavio Gatti, INFN & University of Genova




Searching for the Relic Neutrino : Experiment Ptolemy

Counts

TES as electron detector with sub-eV energy resolution

Multi-layer
superconducting
shield (ALD)

Nb Leads

4x10"
10°
/ l l % :
2 sar \ . A
g 10° _ i l N\ 10’ §
3x1 04 - o 10' :I:»I.] { ¥ l l “v",‘w 29ph| O
. 'c‘ v ! d Q"’"‘,y
10502 0,04 006 008 0.10 I o 030 033 10
Amplitude (V) litude (V)
4 nscy
2x10 [ ' ' ! |
4
Ix10" ) |
O l.‘. """"""""""""""""""""""""""""

Amplitude (V)

L. Lolli, et al. J. Low Temp. Phys., vol. 167, pp.

803-808, 2012.

-0.05 0.00 005 OlO 015 020 025 030 0.35 040

Flavio Gatti, INFN & University of Genova

Counts

7000 —

6000 —

5000

4000 -

3000 -

2000

1000 -

Experimental data
- - Gauss fit for the single photon peak
- - Gauss fit for the double photon peak

Y T | LA — t T —= T | ¥ i

Pulse amplitude arbitrary scale

D. Bagliani et al. J. Low. Temp. Phys.

151: 234-238 (2008)

58




L ',"»’_,4 '! " ,‘" r
v - .
L 2

4 ’ -‘-?

LSPE: Large Scale Polarization Explor

" ——
-
- ~

'L‘ai:gé- Scale Polarization Explorer

DEGLI STUDI

CARDIFF
B UNIVERSITY OF i

&% CAMBRIDGE

SAPTENZA

UNIVERSITA DI ROMA

UNIVERSITA

UNIVERSITA R |
DEGLI STUDI MANCHESTER
DI MILANO . 1824



LSPE: Large Scale Polarization Explor

CMB measurements can probe
all phases of the evolution of the Universe

Measurement of CMB polarization,
Search for tensor perturbations
produced during inflation. Initial
guantum fluctuations and inflation.
THE TARGET OF LSPE

Afterglow Light
Pattern Dark Age

Physics of the primeval
fireball (acoustic

LSS (galaxy
clusters, filaments)

oscillations of the via Sunyaev-
primeval plasma). Physics Zeldovich effect
of recobination (SZ):

Dark rgy

Accelerated Ex nsion

Development of

80,000 yrs. Galaxies, Planets, etc.
s
v - ~
- . - =
Inflat 5 T S A
g oy | SR o5z 5 s T 5 5l ~ e
- -"b".-‘. ;Q“:= e S X P Bl B~ . .‘:‘.-;.- - 3 3
S Fo oSy » 3 p?;‘. i . .L..._‘ T - :
o R I} S 'P i =
et * 2 by FECRE By a .
o R R A i 1 S I Y
b X B SR IR e < : e s
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X i "W, ¢ Al v q 3 e : : ‘.‘ Ty ™
Quar T e R S 3 Y § > ".’ -
Fluctuati - - RN, AR O L B . -
AR - B Sy . SR — -
" & - o -
- . - .

1st Stars

about 400 millionjyrs.

Bang Expansion

13.7 billion years

Probe epochs before
recombination and new
physics using CMB spectral
distortion measurements

Map the gravitational
potential all the way to
z=1100 through CMB

lensing

Dipole: our absolute
motion in the universe

Flavio Gatti, INFN & University of Genova
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History of the Universe

X
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Today at least
two species
ere Not Rel.
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- o w black
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Particle Data Group, LBNL, © 2000. Supported by DOE and NSF




: Large Scale Polarization Explor

e The Large-Scale Polarization Explorer is

— a spinning stratospheric balloon payload

— flying long-duration, in the polar night

— aiming at CMB polarization at large angular scales

— using polarization modulators to achieve high stability
e Frequency coverage: 40 — 250 GHz (5 channels)

e Two instruments:
SWIPE and STRIP

e Angular resolution: 1.5 - 2.3 deg FWHM
e Sky coverage: 20-25% of the sky per flight

e Combined sensitivity: 10 K arcmin per flight

90 GHz days13

Y‘F § .‘ ‘\\ r
%7/ Greenland s S

13 days

Galactic cut

Barents
sea

‘ 13/Jan/2011




LSPE: Large Scale Polarization Explor

Flavio Gatti, INFN & University of Genova




LSPE: Large Scale Polarization Explor

SW lateral TES type 64




LSPE: Large Scale Polarization Explor

Bolometer IV curves G vsV bias SW central TES type

g WM o o PN W oL NN
=T~ L T~ N I~ I T~ T
&

Eg8s88 88 & 8 £
TS A el N G R 0 M OO VL
5y e e e it

L bbb oA
i SR o

S S 8£2 8 8 8
Bd 5 v o oo

Electronics SQUID VTT J3 ”’“‘.

G 3-6 x 1011 W/K '
Rn 120 X\/\ ‘..

NEP 2-5 x 10-17 W/Hz0.5 N

T 0.35 -0.55 K

Flavio Gatti, INFN & University of Genova




ATHENA : the Advanced Telescope for High ENergy Astrophysics

)
M @ Flavio Gatti, INFN & University of Genova




ATHENA : the Advanced Telescope for High ENergy Astrophysics

/

:.'Ex’reh.'d' e X-ray soutces

Oppenheimer et ol 2009 * Pointecouteau, Reiprich et al., 2013 arXiv1306.2319

Flavio Gatti, INFN & University of Genova




ATHENA : the Advanced Telescope for High ENergy Astrophysics

Key questions for observational asirophysics in 2028
When and how were the largest baryon reservoirs in galaxy clusters chemically

1 |
1
Energy (keV)




ATHENA : the Advanced Telescope for High ENergy Astrophysics

Key questions for observational astrophysics in 2028
How do black holes launch winds and outflows?
How much energy do they carry out fo larger scalese

Proga et al. 2000 o
log x1=3.9

0.3¢)

LkeV-!
FeXXVI (v

XMM (low!

7]
7]
+—
e
-
o
Q
=
L
N
e
=
&
@]
=

LL

L
7.5
Energy (keV)

Cappi, Done et al., 2013 arXiv1306.2330
Dovciak, Matt et al., 2013 arXiv1306.2331

Flavio Gatti, INFN & University of Genova




ATHENA : the Advanced Telescope for High ENergy Astrophysics

power 2500 W
5 year mission

L2 orbit Ariane V
<5100 kg
w Gl
[

X-ray Integral Field Unit

X-ray Integral Field Unit:
DE: 2.5 eV

Fielf of View: 5 arcmin
Operating temp 50 mK

o Flavio Gatti, INFN & University of Genova




ATHENA : the Advanced Telescope for High ENergy Astrophysics

/ Flexible interconnect

wafer
sensor
/ Distance (about 0.5 mm)

Overlap (few mm)

/ Support structure detector wafer

Anti-co Anti-co harness to 2 K

Support structure anti-co

50 mK structure

LC + SQUID wafer

FWHM=1.81 £0.10 eV
Counts=7,729

‘ Signal flex cable to 2K

-
=
=

80
60
40
20

Counts per 0.25 eV bin

20

Residual
(—]

=20

3 Il W i
et

5870 5880 5890 5900 5910 5920eV
Energy [eV]

Flavio Gatti, INFN & University of Genova




ATHENA : the Advanced Telescope for High ENergy Astrophysics

Background reduction

Anticoincidence and reduction effects

normalized counts s! keV-!

10#

Extensive

simulations/design and

TES AC detector

0.01

10

$0T5

CLJ1€001108961883 ) 7-25.0Es2B0k nom

F(S”):l 0_13 C.g.5 background without ACD
background with ACD

\//\duoedbad(ii

x6

0.1

cts/cm’/s/keV

0.01

o(T) =3.3%
o(Z) =15%

S. Lotti - IAPS-INAF

Cluster at the formation epoch (z=2)
F=10"1° erg/cm?/s, (Gobat et al 2011), L=7 10*3 erg/s

2 05
Energy (keV)

1

A=0.2 arcmin?, kT=2.0 keV,

S. Lotti - IAPS-INAE Abundance 0.3, area=1m2,f/I=12m -

Flavio Gatti, INFN & University of Genova




ATHENA : the Advanced Telescope for High ENergy Astrophysics

Flavio Gatti, INFN & University of Genova



ATHENA : the Advanced Telescope for High ENergy Astrophysics

** Planar device

*» Baseline: 96 TESs without aluminum fingers
** Freestanding silicon absorber 10 x 10 mm?
** 4 silicon beams

** Silicon thickness 500 um

“* TESs Ir:Au bilayer to reduce T,

“» Anti-inductive overlapped wiring with alternate TES
biasing
SQUID

Py o

L _|+
TES TES TES -
s




ATHENA : the Advanced Telescope for High ENergy Astrophysics

Some last snapshots of the work under way

« Amplitude of the thermal signal is of course
limited by the low quality silicon of the test
detector

+ Decay time is also increased by the same
effect

* The low resistance 1mQ stretches the rise time I

« This is a peculiarity of this detector that was
not fabricated for signal —> we have already

produced 1-10us rise time and 100 ps decay ’ " Time 11 %
t]me 180 r— 1t 1.~ 1T 11T 1T 1T 1T 1 1
160 |- -
| template - .
o Entras 8000 140 —
7 , Athermal Mean 0.03186 2 i 1
i RMS 001281 o
08— / Constant 1.02 > 120 |- PCA ANALYSIS 7]
' Slope eee QL i |
j o 100 1 i
osr— N 4 E1 60.0 keV
\ Thermal 8 80 1 o1 4.8 keV g
\ P )
04 \ = 60 L B
, , a E2 11.6 keV |
asl- \ © wnl o2 3.4 keV i
i R - 20 -
) 1 0.0 3 - )04 U;:t. 0. 0 |

O 20 40 60 80 100 120 140 160 180 200
D.Corsini, M. Biasotti, F.Gatti - Uni. Genova Energy (keV) 75




ATHENA : the Advanced Telescope for High ENergy Astrophysics

40Pix-B setup in SRON CTP cooler

S5Fe source

N

x|
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o ¥

“E‘§

Lum wniv- 201 7
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o

k

Nb shield

Flavio Gatti, INFN & University of Genova




ATHENA : the Advanced Telescope for High ENergy Astrophysics

e In the last weeks we have finalized the anticoincidence capability demonstration. We have operated

(Anti)Coincidences

simultaneously the CryoAC and 19 pixels of the TES array (MUX mode, 3 of 16 are blind pixels).

e In 890 ks of observation (~ 10 days), we have collected 286 coincidence events (a factor x10 wrt last run). The

observed count rate is 1.6 cts/cm?2/min, in agreement with the expectation for cosmic muons.

e The energy deposition on both CryoAC and TES array are consistent with the expectations for Minimum

Signal [V]

o
o

o
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lonizing Particles (MIPs). The Landau distribution shape is now more clear in the acquired spectra.
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Summary

TES is almost well know physical system presntly used in many radiation detectors,

Nevertheless, fine physiscal effetcts (related to the superconductivity phenomena) are
not fully clarified and need proper investigations.

TES based Low T detectors offer a wide spectrum of new instruments for nuclear and
particle physics, IR-UV, X-ray to gammas, microwave and THz

Single particle/fhoton detection with VERY HIGH ENERGY RESOLUTION

Possibility to built detector with a large variety of materials and with not “usual”
geometry.

New Sup. Electronics (SQuID Mux - M. Kiviranta talk tomorrow) allows deploying large
arrays of detetctors: O(104) bolometers and O(103) micro-calorimeters

Large TES-based instruments are under design for space telscopes for X-ray
Astrophysics (ATHENA-ESA) and CMB (LiteBird-JAXA)

Limitations of the cryogenics and of the MUX readout complexity are presently an
affordable difficulty thanks to the huge developments in these last 10 years.

Firts commercial LTD - EDXS systems proposed by private industries

Suggested references: Cryogenic Particle Detection, Ed C. Enss, Springer, Handbook
of applied Superconductivity. P Seidel, Wiley.



