
Low Counting Experimental Techniques 
4th lecture: Detectors for low counting experiments 2: 

Fedor Danevich 
Institute for Nuclear Research, Kyiv, Ukraine 

http://lpd.kinr.kiev.ua 
danevich@kinr.kiev.ua 
danevich@lngs.infn.it 

 

F.A. Danevich    Univ. Tor Vergata   November  25, 2015 

1 

Cryogenic, Gaseous, TPC, Two-phase TPC, Bubble chambers, 
Track foils, Nuclear emulsion, Comparison of detectors 

http://lpd.kinr.kiev.ua/
http://lpd.kinr.kiev.ua/


2 

Characteristics of detectors 

• Energy resolution 

• Time resolution     

• Coordinate  resolution 

• Dead time 

• Density, Zeff (detection efficiency) 

• Composition (presence of certain elements) 

• Available volume 

• Radiopurity 

• Operational stability 
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NaI(Tl) scintillator 

HPGe 

60Со 
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Scintillation detectors 
principle of operation 

Photomultiplier: quantum efficiency  
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Photomultiplier tubes are the most commonly used thanks to large sensitive area, high 
quantum efficiency, long time operation, reasonable cost, easy electronics 

La(Br,Cl)3:Ce NaI(Tl) 

Variety of scintillation materials: organic (crystals, liquid, plastic), inorganic, gaseous 

Energy resolution of scintillation detector: (E/E)2 = (sc)
2 + (p)2 +(st)

2 (scintillation 
efficiency is the main contribution) 
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Use crystals (not scintillating!), ceramics 
(glass), plastic, water, air 

• brief summary of the 3th lecture 

Cherenkov detectors 
allow to determine direction, energy, particle 
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Semiconductor detectors 
principle of operation 

HPGe detectors: reverse biased diode  

NaI(Tl) scintillator 

HPGe 

60Со 

An excellent energy resolution  

Ordinary 
construction of 
HPGe detector  

Electron-Hole-
Pair Creation 
Energies  

• High-Purity Germanium (HPGe) detectors 
enriched in 76Ge are used in the GERDA and 
Majorana experiments to search for 02 
decay of 76Ge 

• High-Purity Germanium (HPGe) detectors 
used for radiopurty screening of materials 
for low counting experiments 

Due to the small bandgap 
0.7 eV, Ge detectors are 
impossible to operate at 
room-temperature (because 
the large thermally-induced 
leakage current) 
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Comparison of detectors 
scintillation, Cherenkov, semiconductor  

Detector  Resolution Dead 
time  

Volume, max 

Energy Time 

Scintillators 2.8% @ 662 keV 0.1 ns 10 ns  1 kt 

Semiconductor 1.6 keV @ 1.33 MeV  2.5 ns  10 s 2-3 kg 

Cherenkov  16% @ 10 MeV 0.1 ns 10 ns 50 kt  109 t 
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in this lecture: 
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• Cryogenic  detectors 

• Gaseous detectors 

• Time projection chambers 

• Two-phase time projection chambers 

• Bubble chambers 

• Track foils, nuclear emulsion 

• Comparison of detectors 
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Cryogenic bolometers 
principles of operation 
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Pierre de Marcillac 

E (absorbed energy) 

• Temperature T 
• Internal energy  U 
• Mass m 

time time' 

T’ = T + T 
U’ = U + U 

( ) ( )T T

E E
T

C m C
  

 ( )TE U C T   

heat capacity C(T) =  
specific heat c(T):   
C(T) = m  c(T) 

( )lim 0TC 
T  0 

Thermometry: 
→ direct proportionality ΔΤ ~ E (<< U) 
value of T ↓: 
sensitivity T ↑ 
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Very low heat capacity at low temperatures is a key point 
to construct  cryogenic particle detector  

heat 
temperature  

limits the use of massive targets  
(needed in rare events experiments) 
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Cryogenic bolometers 
principles of operation: calorimetry 

9 
[1] Ch. Enss, Cryogenic particle detection, Springer,  2005 

G = thermal conductance (thermal "leakage") 

The ideal calorimeter [1]. An energy input E0 
will raise the temperature by an amount T 
=E0/C, and it will then decay back to its 
starting point with a time constant  C/G 

Isolated detector  
(an ideal case, newer happens) 

Detector thermally coupled 

Tbath 

Courtesy Pierre de Marcillac 
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Cryogenic bolometers 
principles of operation: energy resolution 
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The bolometer exchanges energy permanently with the tank via the thermal leak  
→  internal energy of the bolometer (U) fluctuates ! 

Thermodynamic statistical  fluctuations 

2

rms BU k T C 

rms = root mean square 

Operation at lower temperature allows to 
improve energy resolution 

Tank 
T 

C 

time 

Energy 

U 

U 

bolometric signal  

energy resolution   

Courtesy Pierre de Marcillac 
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[1] K. M. Itoh et al., Neutron transmutation doping of isotopically engineered Ge, Applied Physics Letters 64 (1994) 
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Cryogenic bolometers 
thermometers: superconductors and resistive  
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A typical transition curve of SPT 
consisting of thin tungsten films 
evaporated onto a surface of the 
absorbers. Since it is very steep (width 
of transition ~1 mK), a small change in 
temperature results in a measurable 
change of thermometer resistance. 

Superconducting Phase 
Transition (SPT) 

Neutron Transmutation Doped (NTD) 
germanium 

Extremely reproducible 
thermometers can be 
produced by irradiating 
germanium 
with reactor neutrons. 
Neutron Transmutation 
Doped Si and NbxSi1-x are used 
too 

Ga acceptors, with As and Se compensating donors [1] 
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Cryogenic bolometers 
thermometers: metal magnetic calorimeters 
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X-ray spectrum of 55Mn 
measured by 150 mm  150 mm 
 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) 

Metal Magnetic Calorimeters (MMC) 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 bandwidth dc-SQUID magnetometer.  

A. Fleischmann et al., Nucl. Instr. Meth. A 520 (2004) 27 
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Cryogenic bolometers 
project of large scale  cryogenic detector 
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CUORE: Cryogenic Underground Observatory for Rare 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) 

• T1/2  1026 yr 

• m 0.03 – 0.1 eV TeO2 

C Arnaboldi et al., NIMA 518 (2004) 775  
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Surface  contamination in TeO2 bolometers 

O.Cremonesi, presentation at MEDEX 2013, Prague, June 11-14, 

http://medex13.utef.cvut.cz/program.php 

• Possible solution to suppress the 
alpha background is detection of 
Cherenkov photons [1] 

• Extremely sensitive light detectors 
(able to detect a few photons) with 
very low noise are needed 

[1] T. Tabarelli de Fatis et al., Eur.Phys.J. C 65, 359 (2010). 
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[1] J.W. Beeman et al., Performances of a large mass ZnMoO4 scintillating bolometer for a next generation 0νDBD 

experiment, Eur. Phys. J. C 72 (2012) 2142 15 

Scintillating 

crystal 

Ge-NTD 

Optical detector 

(Ge disk) 

Ge-NTD 

20 mK 

cryogenic scintillating bolometers 

• high energy resolution  5-7 keV (0.2%) 

• High registration efficiency (70% - 90%) 

• Powerful particle discrimination  (15)  potential to reject background 

FWHM=6 keV [1] 

, 

 

F.A. Danevich    Univ. Tor Vergata   November  25, 2015 



Cryogenic scintillating  bolometers 
dark matter search 
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CRESST: search for WIMPs with 
scintillating bolometers  

superconducting phase transition 
thermometers consisting of thin tungsten 
films evaporated onto a surface of the 
absorbers 

Neutron calibration Dark matter search run 

recoils 

, , X rays 

Detector can 
identify O, Ca, 
and W recoils 

Absorber CaWO4 
crystal scintillator 
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[1] E. Armengaud et al., JINST 10  (2015) P05007 

[2] A.S. Barabash et al., Eur. Phys. J C 74 (2014) 3133 

[3] F.A. Danevich et al., to be published in MEDEX 15 proceedings 
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Ultra-radiopure ZnMoO4 crystal scintillators 

ZnMoO4 crystals 54 cm 

(0.33 kg), 2013 [1] 

Zn100MoO4 crystal from enriched 100Mo 

(1.4 kg), 2015 [3] 
first Zn100MoO4 crystal 

from enriched 100Mo 

(0.17 kg), 2014 [2] 

Yield of crystal boule: more than 80%, Irrecoverable 
losses: less than 4% 

Radioactive contamination of ZnMoO4 crystals is 
extremely low:  226Ra, 228Th < 5 Bq/kg  
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[1] J.D.Vergados, H.Ejiri, F.Simkovic, Theory of neutrinoless double-beta decay ,Rep. Prog. Phys. 75 (2012) 106301  

[2] J. Barea, J. Kotila, F. Iachello, Limits on Neutrino Masses from Neutrinoless Double- Decay, Phys. Rev. Lett. 109 (2012) 042501 

next generation experiments  
aim to test the inverted hierarchy of  mass 
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Theoretical calculations T1/2 for m  0.05 eV [1] 

• To test the inverted scheme of the neutrino mass we need sensitivity on the level of:           
  m ~ 0.05 еВ    T1/2  1026  1027 yr 

• The possible quenching of the axial vector coupling constant (gA) could amount to a 
multiplication of the half-lives by an order of magnitude [2]   T1/2  1027  1028 yr 
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next generation experiments  
what does it mean T1/2 ~ 1027  1028 yr ? 

Nucleus T1/2 to reach  

m = 0.02 eV [1] 

Detector Number of 2 

nuclei in 1 ton 

detector 

Number of 

decays over 

5 years 

48Ca (3  28) 1027 yr 48CaF2 (20%) 1.4  1027 0.2  1.9 

76Ge (3  17) 1027 yr HP 76Ge 7.9  1027 1.6  9 

82Se (1  4) 1027 yr Zn82Se 4.1  1027 3  13 

100Mo (0.3  1.5) 1027 yr Zn100MoO4 2.6  1027  6  30 

40Ca100MoO4 3.0  1027 4  34 

Li2
100MoO4 3.4  1027 8  39 

116Cd (0.8  1.3) 1027 yr 116CdWO4 1.7  1027 4  7 

130Te (0.7  3) 1027 yr 130TeO2 3.8  1027 4  18 

136Xe (1  4) 1027 yr 136Xe 4.4  1027 4  14 

[1] Table 3 in J.D.Vergados, H.Ejiri, F.Simkovic, Rep. Prog. Phys. 75 (2012) 106301 
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*) Poor energy resolution is still acceptable if one give a limit on 02 decay, while it is not a 

case if one claim detection of the process 
20 

the most “promising” 2 nuclei 
 from the point of view of experiment 

48Ca 

Isotopic 
abundance 
(%) 

Energy of decay, Q2 (MeV) 
1 2 3 4 

10 

0 

20 

30 

76Ge 

2615 keV  208Tl 

130Te 

136Xe 

96Zr 

150Nd 

• Possibility of enrichment in 
amount of hundreds kg  

• Low background 

• High detection efficiency 

• High energy resolution *) 

82Se 100Mo 

116Cd 

• Large Q2 > 2615 keV 

100Mo 
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[1] G.Wang et al., CUPID: CUORE (Cryogenic Underground Observatory for Rare Events)  Upgrade with Particle 

Identification, arXiv:1504.03599v1 

[2] G.Wang et al., R&D towards CUPID ( CUORE Upgrade with Particle IDentication), arXiv:1504.03612v1 
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Perspective: CUPID 
CUORE (Cryogenic Underground Observatory for Rare Events) Upgrade with 

Particle IDentification [1, 2] 

Nuclei Detector m  (meV) 

130Te TeO2 6-5 

100Mo ZnMoO4 7-17 

82Se ZnSe 6-19 

116Cd CdWO4 8-15 

CUPID is a proposed tonne-scale bolometric 02 decay  experiment to probe the 
Majorana nature of neutrinos and inverted hierarchy region of the neutrino mass. CUPID 
will be built on experience, expertise and lessons learned in CUORE, and will exploit the 
current CUORE infrastructure as much as possible. CUPID aims to increase the source mass 
and reduce the backgrounds in the region of interest.  

m  discovery sensitivity (3) in 10 years 

Léon Perrault (1832–1908), 

Les flèches de Cupidon 
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Principle 

Gaseous detectors 

Ionization chamber 
Proportional counter 
Geiger counter 
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J. Argyriades et al., Measurement of the background in the NEMO 3 double beta decay experiment, Nucl. Instr. 

Meth. A 606 (2009) 449 

Geiger counters 
example of application: NEMO-3 2 experiment 
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Scheme of one NEMO-3 detector module 
Reconstruction of beta particles tracks in the 
Geiger cells volume of the NEMO-3 detector 
with ~ 1-3 cm accuracy 

Geiger volume 
Plastic scintillators 
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Proportional counters 
example of application 

24 
Yu. M. Gavrilyuk et al., Indications of 2ν2K capture in 78Kr, Phys. Rev.  C 87 (2013) 035501 

Proportional counter is a copper cylinder with inner and outer diameters of 140 and 150 
mm, respectively. A gold-plated tungsten wire of 10 μm in diameter is stretched along the 
LPC axis and is used as an anode. A potential of +2400 V is applied to the wire.  

The half-life of 78Kr relative to 2ν2K capture equals  
T1/2 = [9.2+5.5

−2.6(stat) ± 1.3(syst)] × 1021 yr 

Channel for calibration  
Signal 
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Detection of solar neutrino 

Raymond Davis 

1914 – 2006  

  37Cl  37Ar (radioactive) 

A deficit of solar neutrino was observed: the measured 
flux was 1/3 of the Standard Solar Model predictions [1] 

[1] R. Davis, Prog. Part. Nucl. Phys. 32 (1994) 13 

600 ton perchloroethylene 

in “Homestake mine 
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Detection of 37Ar decay by proportional counter 
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Time projection chambers 
principle of operation 
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● Gas filled volume  
● Particles traversing the volume ionize the gas  
● Electrons drift towards the anode and cathode electrodes  
● Signal is amplified and generates a 2D picture  
● Measuring drift time allows the reconstruction of 3rd dimension 



J.B. Albert et al. (EXO Collaboration), Improved measurement of the 2νββ half-life of 136Xe with the EXO-200 

detector. Phys. Rev. C 89 (2014) 015502. 

Time projection chambers 
application in APP 
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EXO-200 time projection chamber used to study 2β decay of 136Xe 

Schematic view of the primary elements of the 
EXO-200 set-up 

Energy spectrum of 228Th 
gamma source. Energy 
resolution = 11% at 2615 keV 

22 of 136Xe 

T1/2= [2.165 ± 0.016 (stat) ± 0.059 (syst)] × 1021 yr 

Experimental energy 
distribution 
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Time projection chamber 
+ scintillation read out 
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The NEXT project (Neutrino Experiment with 
a Xenon TPC) is going to use a high-pressure 
xenon gas chamber able to read out 
scintillation and ionization in the TPC as light 
signals, which allows to obtain a high energy 
(FWHM = 0.5% at Q2β) and tracking (5-10 
mm) resolution 

V. Alvarez et al., NEXT-100 Technical Design Report (TDR). Executive summary. JINST 7 (2012) T06001. 

Project NEXT to search for 0ν2β 
decay of 136Xe 
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Two-phase time projection chambers 
example of application in APP 
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The Large Underground Xenon 
(LUX) experiment is a dual-phase 
xenon time-projection chamber. 
The LUX detector holds 370 kg of 
liquid xenon, with 
250 kg active mass. 
 Interactions in the liquid produce 
prompt scintillation (S1) and 
ionization electrons that drift in an 
applied electric field   

LUX experiment to search for dark matter  

D. S. Akerib et al., First Results from the LUX Dark Matter Experiment at the Sanford Underground 
Research Facility, Phys. Rev. Lett 112 (2014) 091303 
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Bubble chambers 
principle of operation, example 
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• Basic idea: low energy nuclear 
recoils from WIMP nucleus 
scattering can produce a bubble in 
a superheated liquid 

• Appearance of the bubbles can be 
detected by sound sensitive 
sensors  

• Many liquids could be used, so 
wide choice of potential target 
nuclei to check signal dependence 
on spin and A 

Picasso experiment to search  for dark 
matter (Sudbury Neutrino Observatory, 
Canada) 
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Conical, transitional and spherical stages during etching process: 

M
d

m

Measured parameters: 

d – track end diameter,  

m - minor diameter,   

M - major diameter 

d, micron 

Counts 

5.15 MeV 

4.9 MeV 

5.5 MeV Energy resolution: 100-150 keV 

Plutonium spectrometry: 

Track foils 
principle of operation 
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[1] Taku Nakamura et al., The OPERA film: New nuclear emulsion for large-scale, high-precision experiments,  

NIMA 556 (2006) 80 

Nuclear Emulsion 

32 

Nuclear emulsion is a light-sensitive colloid 

The detector elements of nuclear emulsion are the same as photographic films, i.e. micro-
crystals of AgBr [1]. The total area 100 000 m2 

F.A. Danevich    Univ. Tor Vergata   November  25, 2015 



Neutron detection 
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3He proportional counters utilize the 
3He(n,p)3H reaction for the detection 
of thermal neutrons: 
He + n (thermal) → 1H + 3H + 764 KeV 

Courtesy Pierre de Marcillac 

In fact, the isotope 6Li, which has a natural  abundance 
of 7.5%, has a very high cross section for thermal 
neutron capture (of the order of 940 barns) 

Organic scintillators can be used to 
measure fast neutrons energy (by 
measuring recoil protons spectrum) 
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Comparison of detectors 
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Detector  Resolution Dead 
time  

Volume, max 

Energy Time 
(Space) 

Scintillators 2.8% @ 662 keV 0.1 ns 10 ns  100 t 

Semiconductor 1.6 keV @ 1.33 MeV  2.5 ns  10 s 2-3 kg 

Cherenkov  16% @ 10 MeV 0.1 ns 10 ns 50 kt 109 t 

Time Projection 
Chambers 

10% @ 2.5 MeV 2 ns 
(50 m) 

100 ns 103 t 

Cryogenic 5 keV @ 2.5 MeV 0.01 s 0.1 s 1 kg 

Track, emulsion 2% @ 5.5 MeV   
   

- 
(1 m) 

100 000 m2 

(OPERA) 
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Conclusions 

• Variety of detectors is used in astroparticle physics  

• Advantage of scintillation detectors: presence of element of 
interest, stability, good spectrometric and time properties, 
large volume (liquid scintillators), stability 

• Semiconductor detectors provide a very high energy 
resolution (particularly to  quanta), in most of the cases they 
are very radiopure 

• Cherenkov detectors used in a case of huge mass request, 
allow to measure direction of particles, can use water (ice, air) 
as detector material 

• There is no “ideal” detector.  Typically a combination of 
different detectors  is used in APP experiments 
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The next lessons 
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• December 02  (Wednesday) 11:00-13:00 (Aula Grassano) 

• December 09  (Wednesday) 11:00-13:00  

• December 16  (Wednesday) 11:00-13:00 

• December 23  (Wednesday) 11:00-13:00 
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