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A Energy resolution
A Time resolution

Characteristics of detectors

Nal(Tl) scintillator

A Coordinateresolution
A Dead time

A Density, Z; (detection efficiency)
A Composition (presence of certain elements)

A Available volume
A Radiopurity
A Operational stability
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Scintillation detectors
principle of operation

Quantum efficiency versus wavelength of various photocathode
T
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Variety of scintillation materials: organic (crystals, liquid, plastic), inorganic, gaseous

Energy resolution of scintillation detectoDE/E? = (ds)? + (d,)? +(ds)? (scintillation
efficiency is the main contribution)

Photomultiplier tubes are the most commonly used thanks to large sensitive area, hig

guantum efficiency, long time operation, reasonable cost, easy electronics
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A brief summary of the 3th lecture

Cherenkov detectors
allow to determine direction, energy, particle

g 1 Use crystals (not scintillating!), ceramics
b=V G 0S4 = o (glass), plastic, water, air
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Semiconductor detectors

principle of operation

HPGe detectors: reverse biased Q_ode

_-Window (Al, Be, Vespel)
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—Cold finger
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— Copper

Due to the small bandgap
wer 0.7 €V, Ge detectors are
"l jmpossible to operate at
room-temperature (because
the large thermallyinduced
leakage current)

Dipstick Cryostat with External Preamp
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An excellent energy resolution

Nal(Tl) scintillator
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A HighPurity Germanium (HPGe) detectors
enriched in’5Ge are used in the GERDA al
Majorana experiments to search fonZb
decay of'°Ge

A HighPurity Germanium (HPGe) detectors
used for radiopurty screening of materials
for low counting experiments
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Comparison of detectors

scintillation, Cherenkov, semiconductor

Detector Dead | Volume,max
Energy Time time

Scintillators 2.8%@ 662 keV 0.1 ns 10 ns 1 kt
Semiconductor 1.6keV @ 1.33 Me\ 2.5ns 10mrs  2-3 kg
Cherenkov 16%@ 10 MeV 0.1 ns 10ns  50kt- 10°t
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IN this lecture:

A Cryogenicdetectors

A Gaseous detectors

A Time projection chambers

A Two-phase time projection chambers
A Bubble chambers

A Track foils, nuclear emulsion

A Comparison of detectors
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Cryogenic bolometers

principles of operation

E (absorbed energy)

time target ime'
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> specific heaty:
Thermometry: 9 8
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value of T@ Y =
sensitivityDT =
limits the use of massive targets
(needed in rare events experiments) Pierre de Marcillac

Very low heat capacity at low temperatures is a key point

to construct cryogenic particle detector .
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Cryogenic bolometers

principles of operation: calorimetry

Thermometer
P
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The ideal calorimeter [1]. An energy ingyt
will raise the temperature by an amoubil
=E/C and it will then decay back to its
starting point with a time constarit G

|solated detector
(an ideal case, newer happens)
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G= thermal conductance (thermal "leakage")

Courtesy Pierre de Marcillac

[1] Ch. EnssCryogenic particle detectiorspringer, 2005
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Cryogenic bolometers

principles of operation: energy resolution
The bolometer exchanges energy permanently with the tank via the thermal leak
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Cryogenic bolometers

thermometers: superconductors and resistive

Superconducting Phase Neutron Transmutation DopedNTD)

Transition(SPT) germanium
100 : - [sotope Abundance(%) {n,7) reaction product and decay mode (T ,5)
;- normal__ Nat. <111> <100 _
1 conductin Ce 20.6 21.5(0.2) 21.9(02) ©Ge — TGe -1, TG,
3! g “Ge 27.4 26.8(0.2) 27.0(0.2) Ge =+ ™Ge
& 50- dr B0e T.8 10.8(0.1) 8.8(0.1) B0e - ™(Ge
2 TiCe 36.5 34.1(0.2) 35.1(0.2) "Ge — T5Ce 22T, wpg
4 Qe 7.7 68(0.1) 7.2(0.1) Qe Qe L2, mrpg £ EEEN), g,
oacond.UC““g - | Ga acceptorsyith As and Se compensating donors [1]
Temperatare fmid Extremely reproducible
A typical transition curve of SPT thermometers can be
consisting of thin tungsten films produced by irradiating
evaporated onto a surface of the germanium 5 =
absorbers. Since it is very steep (widtiith reactor neutrons. } e
of transition ~1 mK), a small change iNeutron Transmutation
temperature results in a measurable Doped Si and NBi,, are used ™
change of thermometer resistance. too o]

T2 [K-': )

[1] K. M. Itoh et &leutron transmutation doping of isotopically engintpphidd3@hysics Letters 64 (199
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Cryogenic bolometers

thermometers: metal magnetic calorimeters

Metal Magnetic CalorimetergMMC) employ the magnetization of a paramagnetic
sensor to measure temperature changes produced by the absorption of particles. The
device typically consists of a metallic absorber and a paramagnetic sensor in strong
thermal contact. The absorption of energy in the calorimeter leads to a rise in
temperature and a decrease in magnetization of the magnetic sensor, which can be
measured accurately using a low noise, high bandwidtsQtJID magnetometer.
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5.94

X-ray spectrum of°Mn

measured by 150 m/h 150 mm

3 5 mm gold foil as absorber
and Au:Er sensor

An extremely high energy
resolution: FWHM = 3.4 eV for
X-ray energies up to 6.5 keV
(however, the absorber was very
small)
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Cryogenic bolometers

project of large scale cryogenic detector
CUORE:rgogenicUndergroundObservatory forRare Events

array of 1000 TeO2 bolometers, each being a
cube 5 cm with a mass of 760 g operating at
temperature of° 10 mK

Energy resolution 5 keV at 2.528 MeV
Background 0.01 counts/(keV kg yr)
Ty ~10°°yr

an 0 9.03¢0.1 eV

copper frame
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Fig. 9 CUORE cryostat and shielding.

A Tour<detector module.

C Arnaboldi et al., NIMA 518 (2004) 775
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Surfacea contamination in Te@bolometers

# ) Ve DY
INFN  Background & - | |
- ~. .9 . A Possible solution to suppress the

alpha background is detection of
Cherenkov photons [1]

Largest available statistics: Cuoricino

e ksl M ~ ™Uand =*Th alpha peaks | A Extremely sensitive light detectors
L ROI due to crystal surface contaminations ;
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> 1
8

-
o
o

1073

1000 2000 3000 4000 5000 6000
energy [keV]

15/06/2011 MEDE11 Prague

O.Cremonesi, presentation at MEDEX 2013, Pragu#4,June 11
http://medex13.utef.cvut.cz/program.php

[1] T. Tabarelli de Fatis et al., Eur.Phys.J. C 65, 359 (2010).
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cryogenic scintillating bolometers

i

Optical detector Scintillating ‘ S: FWHM=6 keV [1]
(Ge disk) crystal 3
Lg///’/:V//’///Zr’f/J//_ ! 1 ][E_

- >

10
L?gh‘t ‘ 300 L0 15000 2000 EIU;;[[E_:\;]
7 -
V777777 ) £ »

g ;;"“

Ge-NTD Ge-NTD =t /
: q

' i £ el
whigh energy resolutior 5-7 keV (0.2%) B et

wHigh registration efficienc{70%- 90%) Heat signal amplitude (mV)
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[1] J.W. Beeman etRérformances of a large mass Zrseiotlating bolometer for a next genesfaidn O

experimenEur. Phys. J. C 72 (2012) 2142 15
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Cryogenic scintillating bolometers

dark matter search
CRESST: search for WIMPs with - g,herconducting phase transition
scintillating bolometers thermometers consisting of thin tungsten

films evaporated onto a surface of the
absorbers

erectin
/ cavity
thermal coupling —————»

Light detector
absorber

: g b, Xra :
Absorber CaW 2
crystal scintillat T recoils
— — |
«—— thermometer ‘ i
thermal coupling mEncrgy 1kc€‘u‘] Y mu l 0 20 40 © 80 luo

Energy [keV]

heat bath

Neutron calibration

Dark matter search run

Detector can
identify O, Ca,
< and W recoils
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: Zn%MoQ crystal from enrichHed
first Z#MoQerystal (1 4 k) 2015 [3]

from enriché&dMo

—
Lh

B

;? AB) events é’ SO ). AmBe. 2.5-3.5 MV
ZnMoQcrystalg\ 5 4 cm (0.17 kg), 2014 [2] = ST P D
(033 kg)2013 [1] E 1 201 ﬂD:’g‘l:;ulliT;nlll
. . . . . .ED 05 u ’ OllsziDg::n gi:ld (i'a_ul_l)”
Radioactive contamination of ZnMgQ@rystals is i o events
extremely low: 226Ra’228'|'h < ETBq/kg 32 T T ww e
2 1 22y, 5 Els—ﬂch o,
Yield of crystal boulenore than80%, Irrecoverable = & [ ' ~|‘4_< =
losses: less than 4% £ s 7 Y
{3 ] EAc, 011 o mﬂ:,;}' (jcb:z')
20 ¥ ac. 965-060 H8T], 2615
[1] E. Armengaud et al., JINST 10 (2015) P0O5007 o :
500 1000 1500 2000 2500
[2] A.S. Barabash ettalr, Phys. J7@ (2014) 3133 Energy (keV)

[3] F.A. Danevich et al., to be published in MEDEX 15 proceedings 17
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g : :
LUMINEU  next generation experiments
alm to test the inverted hierarchy efmass

Theoretical calculation§,,, for an, 0~ 0.05 eV [1]
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ATo test the inverted scheme of the neutrino mass we need sensitivity on the level of:
an 06~0.05, ¢- T, ~10%- 10 yr
AThe possible quenching of the axial vector coupling constapcould amount to a
multiplication of the haHives by an order of magnitude [2] T,, ~10?7- 10?8 yr

[1]J.D.Vergados, H.Ejiri, F.SimKdwoyy of neutrinoless dendtie decajrep. Prog. Phys. 75 (2012) 106301
[2] J. Barea, J. Kotila, F. lachetids on Neutrino Masses from Neutrinolesb Dealig Phys. Rev. Lett. 109 (2012) 042
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LUMINEU _ _
- next generatlon experlments
what does it mead,, ~ 1G¢7- 10°8yr?

Nucleus | T,, to reach Detector Number of 2b Number of
am 0= 0.02 eV [1] nuclei in 1 ton decays over
detector 5 years
48Ca (3 - 28)310%" yr 48CaF, (20%) |1.43 10% 0.2-1.9
6Ge (3- 17)310% yr HP 6Ge 7.93 1027 1.6- 9
82Se (1- 4)310%7 yr Zn&Se 4.13 10%7 3-13
100Mo (0.3 - 1.5)310%" yr | Zn®Mo0O, 2.6 3 10?7 6- 30
40Cal®®Mo0O, |[3.03 10?% 4 - 34
Li,1°Mo0O, 3.43 10% 8- 39
116Cd (0.8 - 1.3)310%" yr | 16CdWO, 1.7 3 10% 4-7
130Te (0.7 - 3)310%"yr | 139TeO, 3.83 1027 4-18
136Xe (1- 4)310°7yr 136Xe 4.43 10%7 4- 14

[1]Table 3 in J.D.Vergados, H.Ejiri, F.Simkovic, Rep. Prog. Phys. 75 (2012) 106301
19
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wviney i KS Y2a (i dblRIY A 3

from the point of view of experiment

|sotopic 2615 ke 2o8T] wLarge Q,> 2615 keV
a:)bundance S R wPossibility of enrichment in
(%) 30Te o ¥ amount of hundreds kg
30 wLow background
R wHigh detection efficiency
20 4+ . wHigh energy resolutioty
10 4+ . 76@6 6>ée
@ >ONd.,
" .. 4Ca
1 2 3 4

Energy of decay,, (MeV)

* Poor energy resolution is still acceptable if one dim@tan h2b decay, while it is not a

case If one claimetectionof the process 2
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Perspective: CUPID

CUORE (Cryogenic Underground Observatory for Rare Fuegisdewith
ParticlelDentification [1, 2]
CUPID is a proposed toriseale bolometric 82b decay experimentio probe the
Majorana nature of neutrinos and inverted hierarchy region of the neutrino mass. CUPI
will be built on experience, expertise and lessons learned in CUORE, and will exploit tt

current CUORE infrastructure as much as possible. CUPID aims to increase the sourct
and reduce the backgrounds in the region of interest.

am 0 discovery sensitivity € in 10 years

130Te TeQ 6-5

100Mo ZnMoQ, 7-17

SR o 82Se ZnSe 6-19
fes i1 ches de cupidefd CdwQ 815

[1] G.Wang et al., CURIDORE (Cryogenic Underground Observatory for Ratépgramhesyith Particle
|dentification, arXiv:1504.03599v1

[2] G.Wang et al., R&D towards CGRIORE Upgrade with Particle IDentiaXior)504.03612v1
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Principle

F.A. Danevich

Gaseous detectors

lonization chamber
Proportional counter
Geiger counter
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