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Scintillators
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Scintillators

• Inorganic scintillators:

o mainly alkali halides crystals containing a small activator 
impurity;

o NaI(Tl), BGO, CsI(Tl), CaF2, BaF2, CdWO4, ZnWO4,

SrI, LaCl3, CHC, CZC, etc.

106CdWO4

ZnWO4



5/73

Scintillation Process

activator

traps

free e-/hole 

visible photons 
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Scintillation Process

efficiency

light output or light yield

transparent

• The light 
spectrum
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Light output and temperature 
dependence

• Birk’s formula

quenching interactions

temperature
dependence
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Scintillation decay time and Pulse 
Shape Discrimination

decay component 

dE/dX

PSD

• Discrimination

Time evolution of scintillation (N – number 
of emitted photons)

In alkali halides this depends on the density of free 
electrons and holes produced in the ionization process:
high density (heavy particle) favours fast component
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Properties of 
some Inorganic 
Scintillators

from «Radiation detection and measurement», G.F. Knoll 
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Light collection

critical angle for reflection; 
n0 – refraction index of scintillator
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Light readout

• PMT

• APD

• SiPm
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Photomultiplier Tube

• Photocathode

• Electron collection system electron multiplier 
section

signal

glass tube 
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Main characteristics of a PMT

𝑄𝐸 𝜆 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 (𝜆)

W.R. Leo, Techniques for Nuclear and Particle Physics 
Experiments

From Hamamatsu
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Crystal Scintillators for 
underground physics

• high level of radiopurity to 
reach very low intrinsic 
background

• shielding by external 
environmental radiation 
(muons, neutrons, 
gammas, …)

various target materials (low and high mass nuclei) 

high detection efficiency for gamma/electrons

compact

chemical and mechanical stability

high light yield ⇒ energy thresholds from keV 

stable with time

good energy resolution

control of the energy scale

uniformity of the detector response

PSD for gamma/alpha (recoil)
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Crystal Scintillators for 
underground physics
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Intrinsic Radiopurity in Crystal 
Scintillator Detectors

Achieving high radiopurity 
relies on a highly 
specialized experience 
and a long, delicate work 
(different phase, devoted 
measurements, many 
trials)
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Intrinsic Radiopurity in Crystal 
Scintillator Detectors

• Pre-selection and analyses of materials (e.g. 
powders)

• Selection of growing processes
• Selection of additives
• Investigation on radioactive contaminants
• Chemical/physical purification of selected 

materials
• Growing protocols
• Identification of the optimal procedures and tools 

for crystal processing
• Selection of housing and materials in the 

surrounding environment
• Underground testspositive outcome: 

improvement in 
radio-purity 

production of detectors

See e.g. Instruments 2021, 5, 16; Physics 2021, 3, 187 
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Measurement techniques of radioactive 
contaminations

final low background measurement can assure the highest 
sensitivity to the identification of the internal contaminants 
(high detection efficiency, for a and b particles)

See e.g. Instruments 2021, 5, 16; Physics 2021, 3, 187 



19/73

Typical low background 
scintillation set-up

• Scintillators
• PMT: noise rejection 

• Light-guide

• Light guides made of a scintillation material 

Lead, Copper, Neutron moderator (PE), 
Cadmium

Nitrogen
shield counters 

anti-muon veto
data
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Intrinsic Radiopurity in Crystal Scintillator 
Detectors: a comparison for NaI(Tl)

From IJMPA 33, No. 09, 1843007 (2018)
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Intrinsic Radiopurity in Crystal Scintillator 
Detectors: a comparison

From IJMPA 33, No. 09, 1843007 (2018)
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External radioactive contamination

226Ra
(mBq/PMT)

235U
(mBq/PMT)

238U
(mBq/PMT)

228Ra
(mBq/PMT)

228Th
(mBq/PMT)

232Th
(mBq/PMT)

40K
(mBq/PMT)

DAMA 65 7 18 12 81
ANAIS 67 180 22 115
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2b decay experiment with crystal 
scintillators

1966

source=detector 
approach

competitive results 

• 2b+ decay 
511 keV gammas

hybrid technique 
see P. Gorla lecture [2.630±0.011(stat)+0.113-0.123(sys)×1019 yr]           (2n2b-)

From IJMPA 33, No. 09, 1843007 (2018)
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Example of 2b- decay experiment with 
crystal scintillators: the case of 116Cd

2813.49(13) keV

Positive Results 
for the 2b2n 
decay 

Phys.Rev.D 98, 092007 (2018)

Most precise T1/2 measurement 
obtained with scintillators
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Example of 2b- decay experiment with 
crystal scintillators: the case of 116Cd

AURORA

highly radiopure CdWO4 enriched in 
116Cd

anticoincidence

TA analysis

Phys.Rev.D 98, 092007 (2018)
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Example of 2b+ decay experiment with 
crystal scintillators

2b+ decay 

A. Leoncini et 
al. Phys. Scr. 97(2022)064006

g (511 keV)

g (511 keV)

g (511 keV)

g (511 keV)
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Rare processes search with crystal 
scintillators: the case of solar axion

Nature Physics 13, 584–590 (2017)

https://www.nature.com/nphys
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Dark Matter investigation with 
crystal scintillators

DAMA/NaI DAMA/LIBRA 

ANAIS, COSINE (DM-ICE), SABRE, PICOLON 

oCaF2 (DAMA, Kamioka Observatory): SD coupling with Dark Matter particles

oCsI(Tl) (KIMS)

oZnWO4, SrI, ….
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Dark Matter investigation with crystal 
scintillators: «traditional approach»

• Several assumptions and modelling required experimental and 
theoretical uncertainties generally not included in calculations

• Exclusion plot by fixing the model, all the assumptions and 
parameters

• No discovery potentiality 

• Limitations in the recoil/background 
discrimination when applied

• Uncertainties in the exclusion plots and in 
comparisons (model dependent validity) 
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Dark Matter investigation with crystal scintillators: the 
nuclear quenching factor
• Quenching factor (q): 

• to be measured with neutron source or neutron generators

o differences are often present in different experimental determinations 
of q for the same nuclei in the same kind of detector

o e.g. in doped scintillators q depends on dopant and on the 
impurities/trace contaminants; in LXe e.g. on trace impurities, on 
initial UHV, on presence of degassing/releasing materials in the Xe, on 
thermodynamical conditions, on possibly applied electric field, etc.

o Some time increases at low energy in scintillators (dL/dx)

o … and more

Quenching factor for Na and I
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Dark Matter investigation with crystal 
scintillators: «traditional approach»



32/73

Therefore, even in the ideal case the 
“excellent suppression of the e.m.
component of the counting rate” can not 
provide a “signal identification” 

A model 
independent 
signature is needed

Dark Matter investigation with crystal 
scintillators: «traditional approach»
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Dark Matter investigation with 
crystal scintillators: signature
• Directionality:  

⇒ very hard to realize

• Diurnal modulation: daily variation of the 
interaction rate due to different Earth depth crossed 
by the Dark Matter particles ⇒ only for high s

December
30 km/s

~ 232 km/s
60°

June
30 km/s

December
30 km/s

~ 232 km/s
60°

June
30 km/s

• Annual modulation: annual variation of the 
interaction rate due to Earth motion around the Sun 
at present the only feasible one, sensitive to many 
DM candidates and scenarios
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The annual modulation: a model independent signature for 
the investigation of DM particles

Drukier, Freese, Spergel PRD86; Freese et al. PRD88

• vsun ~ 232 km/s (Sun vel in the 
halo)

• vorb = 30 km/s (Earth vel 
around the Sun)

• g = p/3, w = 2p/T, T = 1 year

• t0 = 2nd June (when vÅ is 
maximum)

vÅ(t) = vsun + vorb cosgcos[w(t-t0)]

1) Modulated rate according cosine

2) In a definite low energy range
3) With a proper period (1 year)

4) With proper phase (about 2 June)
5) Just for single hit events in a multi-

detector set-up

6) With modulation amplitude in the region 
of maximal sensitivity must be <7% for 
usually adopted halo distributions, but it 
can be larger in case of some possible 
scenarios

Requirements

To mimic this signature, spurious effects and side reactions must not only be able to account for the 
whole observed modulation amplitude, but also to satisfy contemporaneously all the requirements

With the present technology, the annual modulation is the main model independent signature for the DM signal. 
Although the modulation effect is expected to be relatively small a suitable large-mass, low-radioactive set-up with an 
efficient control of the running conditions can point out its presence.

the DM annual modulation 
signature has a different origin 
and peculiarities (e.g. the phase) 
than those effects correlated with 
the seasons

December
30 km/s

~ 232 km/s
60°

June
30 km/s

December
30 km/s

~ 232 km/s
60°

June
30 km/s
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DAMA
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DAMA experiment at LNGS
DAMA Collaboration has been developing and using low background crystal 
scintillators of different types to study rare processes

• Dark Matter investigation 
• R&D for low background scintillators
• Results on several rare processes

• DAMA/LIBRA (DAMA/NaI)
• DAMA/LXe

• DAMA/R&D

• DAMA/Crys
• DAMA/Ge

see https://dama.web.roma2.infn.it/

LNGS: 3400 m.w.e.
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• First or improved results in the search for 2b decays of ~30 candidate isotopes: 40Ca, 46Ca, 48Ca, 64Zn, 70Zn, 100Mo, 96Ru, 
104Ru, 106Cd, 108Cd, 114Cd, 116Cd, 112Sn, 124Sn, 134Xe, 136Xe, 130Ba, 136Ce, 138Ce, 142Ce, 156Dy, 158Dy, 180W, 186W, 184Os, 192Os,
190Pt and 198Pt

• The best experimental sensitivities in the field for 2b decays with positron emission

• First observation of a decays of 151Eu (T1/2=5×1018yr) with a CaF2(Eu) scintillator 
and of 190Pt to the first excited level (Eexc=137.2 keV) of 186Os (T1/2=3×1014yr)

• Investigations of rare b decays of 113Cd (T1/2=8×1015yr), 113mCd with CdWO4

scintillator and 48Ca with a CaF2(Eu) detector

• Observation of correlated e+e- pairs emission in a decay of 241Am (Ae+e-/Aα » 5´10-9)

• CNC processes in 127I, 136Xe, 100Mo and 139La;

• Search for 7Li solar axions using resonant absorption in LiF crystal

• Search for spontaneous transition of 23Na and 127I nuclei to superdense state;

• Search for cluster decays of 127I, 138La and 139La;

• Search for PEP violating processes in sodium and in iodine;

• Search for N, NN, NNN decay into invisible channels in 129Xe and 136Xe Many others are in progress

Main results obtained by DAMA in the search for rare 
processes
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Highly radiopure NaI(Tl) experiment in DAMA

Concluded on July 2002; 7 
annual cycles, 0.29 ton×yr

Model independent evidence of a particle DM 
component in the galactic halo at 6.3σ C.L. 
+ many results on other rare processes

DAMA/NaI DAMA/LIBRA
New NaI(Tl) detectors with better radiopurity features; 
3 phases of measurement with improved performances

Residual contaminations: 232Th, 238U and 40K at level of 10-12 g/g 

• DAMA/LIBRA-phase1: 7 annual cycles, 1.04 ton×yr
• Model independent evidence of a particle DM component in 

the galactic halo at 9.3σ C.L.
• DAMA/LIBRA-phase2: energy threshold 0.75-1 keV; 8 annual 

cycles released so far (1.53 ton×yr)
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The pioneer DAMA/NaI: 
»100 kg highly radiopure NaI(Tl)

Completed in 2002, 7 annual cycles, total exposure 0.29 ton×yr
Performances: 

N.Cim.A112(1999)545-575, EPJC18(2000)283,
Riv.N.Cim.26 n. 1(2003)1-73, IJMPD13(2004)2127

Results on rare processes:
• Possible Pauli exclusion principle violation PLB408(1997)439
• CNC processes PRC60(1999)065501
• Electron stability and non-paulian transitions in Iodine atoms (by L-shell) PLB460(1999)235
• Search for solar axions PLB515(2001)6
• Exotic Matter search EPJdirect C14(2002)1
• Search for superdense nuclear matter EPJA23(2005)7 
• Search for heavy clusters decays EPJA24(2005)51

Results on DM particles:
• PSD PLB389(1996)757
• Investigation on diurnal effect N.Cim.A112(1999)1541
• Exotic Dark Matter search PRL83(1999)4918
• Annual Modulation Signature PLB424(1998)195, PLB450(1999)448, PRD61(1999)023512,

PLB480(2000)23, EPJC18(2000)283, PLB509(2001)197, EPJC23(2002)61, PRD66(2002)043503,
Riv.N.Cim.26 n.1 (2003)1, IJMPD13(2004)2127, IJMPA21(2006)1445, EPJC47(2006)263, IJMPA22(2007)3155,

EPJC53(2008)205, PRD77(2008)023506, MPLA23(2008)2125

Model independent evidence of a particle DM component in the galactic halo at 6.3σ C.L.   
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The DAMA/LIBRA set-up ~250 kg NaI(Tl)
(Large sodium Iodide Bulk for RAre processes) 
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• Absence of modulation? No
c2/dof=311/156 Þ P(A=0) =2.3´10-12

• A=(0.00996±0.00074) cpd/kg/keV
c2/dof = 130/155   13.4 s C.L.

experimental residuals of the single-hit scintillation events rate vs time and energy (in DAMA/LIBRA-phase2 1 keV thershold) 

NPAE 22 (2021) 329 Acos[ω(t-t0)]

Releasing period (T) and phase (t0) in the fit

DAMA: model-independent Annual Modulation Result

DAMA/NaI + DAMA/LIBRA-phase1 + phase2 
favor the presence of a modulated behavior 
with proper features at 13.7 σ C.L.

DAMA/NaI (0.29 ton x yr), DAMA/LIBRA-ph1 (1.04 ton x yr), DAMA/LIBRA-ph2 (1.53 ton x yr) ,total exposure = 2.86 ton´yr
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DAMA: model-independent Annual Modulation Result

(10-20) keV:

A=(0.7±0.5) 10-3 cpd/kg/keV

DAMA/LIBRA-phase2

σ » 1%, fully accounted by 
statistical considerations

o R90 percentage variations with respect to their 
mean values for single crystal in the DAMA/LIBRA 
running periods

o Fitting the behaviour with time, adding a term 
modulated with period and phase as expected for 
DM particles:

Þ consistent with zero

+ if a modulation present in the whole energy 
spectrum at the level found in the lowest energy 
region ® R90 ~ tens cpd/kg ®~ 100 σ far away

NPAE 22 (2021) 329
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• Multiple hits events analysis: Dark Matter 
particle “beam” “switched off”

DAMA: model-independent Annual Modulation Result

DAMA/LIBRA-phase2 (8 a.c., 1.53 ton ´ yr)

This result offers an additional strong support for the 
presence of DM particles in the galactic halo further 
excluding any side effect either from hardware or from 
software procedures or from background

Single hit residual rate vs Multiple hit residual rate 
• Clear modulation in the single hit events 
• No modulation for multiple hit events 

Zoom around 1 y−1 peak

Green area: 90% 
C.L. region 
calculated taking 
into account the 
signal in (2-6) keV

Principal mode:
2.74´10-3 d-1 ≈ 1 y-1

• The analysis in frequency: DAMA/NaI + DAMA/LIBRA-
(ph1+ph2) (22 yr),  exposure: 2.86 ton×yr

Clear annual modulation in (2-6) keV +  
only aliasing peaks far from signal region

NPAE 22 (2021) 329
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DAMA: model-dependent analysis

Case of isospin violating SI coupling:  fp¹ fn

σ SI (A,Z )∝mred
2 (A,DM ) f pZ + fn (A− Z )⎡⎣ ⎤⎦

2
1. Constants q.f.
2. Varying q.f.(ER)
3. With channeling effect

DM particles 
elastically scattering 
off target nuclei - SI 
interaction

A large (but not exhaustive) class of halo models and uncertainties are considered

• Two bands at low mass and at higher mass;
• Good fit for low mass DM candidates at fn/fp» -53/74 = -0.72 

(signal mostly due to 23Na recoils).

• The inclusion of the uncertainties related to halo models, 
quenching factors, channeling effect, nuclear form factors, 
etc., can also support for fn/fp=1 low mass DM candidates 
either including or not the channeling effect.

• The case of isospin-conserving fn/fp=1 is well supported at 
different extent both at lower and larger mass. 

Even a relatively small 
SD (SI) contribution can 
drastically change the 
allowed region in the 
(mDM, xsSI(SD)) plane

NPAE 20(4) (2019) 317 
PPNP114(2020)103810
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• A clear modulation is present in the (1-6) keV energy interval, while Smvalues compatible with zero are 
present just above

• The Sm values in the (6–14) keV energy interval have random fluctuations around zero with c2 equal to 20.3 
for 16 degrees of freedom (upper tail probability 21%). 

• Max-likelihood analysis (T=1 yr , t0= 152.5 day)
• DAMA/NaI + DAMA/LIBRA-phase1+ DAMA/LIBRA-phase2 (2.86 ton´yr)

DAMA: model-independent Annual Modulation Result

attempt for 0.75 keV energy threshold

NPAE 22 (2021) 329
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Summary of possible systematics or side 
reactions in DAMA/LIBRA

No systematics or side reaction able to mimic the exploited DM signature (i.e. to account for the whole measured 
modulation amplitude and to simultaneously satisfy all the requirements of the signature), has been found
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COSINE
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NaI(Tl) crystal scintillators for DM investigation: 
COSINE-100 experiment
• Collaboration between the DM-Ice and KIMS experiments
• Site: Yangyang underground laboratory in South Korea 

(700 m rock overburden)
• Detector: 8 NaI(Tl) crystals (106 kg) in liquid scintillator
• Experiment started to take physics data in September 

2016 to study annual modulation as reported by DAMA
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NaI(Tl) crystal scintillators for DM investigation: COSINE-100 
experiment

• Last data released: Oct 2016-Jul 2018 (3 crystals not used), 
Exposure = 97.7 kg × year

• Traditional approach used by comparing experimental data 
with WIMP signal (model dependent analysis and result!)

• Experimental counting rate at keV higher than DAMA/LIBRA
• Not enough sensitivity to test DAMA/LIBRA

PRL123,031302(2019)

Sci. Adv. 7, eabk2699 (2021)

• Exclusion plots obtained are very 
sensitive to the models and parameters 
used in the calculation

• Different QF wrt DAMA crystals
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NaI(Tl) crystal scintillators for DM investigation: 
COSINE-100 experiment

The methodology of the background subtraction (Cosine-100) is strongly discouraged and deprecated 
because of the impossibility to have a precise knowledge of the background contribution in particular at 
low energy, leading to large systematic uncertainties. 

Very important discrepancies in the 
reconstruction of the structure at »
45 keV, due to:

1. Missing contribute of 129I 
(emended in a later paper, but 
not in the exclusion limits)

2. Overestimate contribute of 210Pb

Cosine - Crystal #7

Eur.Phys.J.C(2018)78 :490

Eur.Phys.J.C(2021)81:837

If the model of background is not correct 
the exclusion limits are meaningless

Crystal #2, #3, #4, #6, #7
<data−model>crystals [1-6 keV] = −0.04±0.21 cpd/kg/keV

à S0[1-6 keV]<0.31 cpd/kg/keV  90%CL
Compatible with DAMA result
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ANAIS
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NaI(Tl) crystal scintillators for DM investigation: 
ANAIS experiment
• Site: Canfranc Underground Laboratory, @ SPAIN (under 

2450 m.w.e.)
• Detector: 9 NaI(Tl) crystals (112.5 kg) in a 3x3 matrix; light 

collection in all the nine modules ~ 15 p.e./keV (12.7-15.8 
p.e./keV) 

• In data taking data since August 2017 to study annual 
modulation as reported by DAMA

ANAIS-112 set-up:

• 10 cm archaeological lead
• 20 cm low activity lead
• Tight box preventing Radon entrance
• 16 plastic scintillators acting as muon veto system
• 40 cm polyethylene / water
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NaI(Tl) crystal scintillators for DM investigation: 
ANAIS experiment
• Last data release:  3 years annual cycles, exposure 313.95 kg×y
• Time dependent background
• Data analysis to extract modulation signal in the time 

dependent rate: robust background model mandatory
• No annual modulation signal observed
• Claimed incompatibility with DAMA at 3.3 (2.6) s, for a 

sensitivity of 2.5 (2.7) s

Modulation amplitudes from fit:
[1-6] keV: –0.0034±0.0042 cpd/kg/keV
[2-6] keV: 0.0003±0.0037 cpd/kg/keV)

Phys. Rev. D 103, 102005 
(2021)
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About the results of ANAIS experiment
• ANAIS measures » 5 times larger counting rate in [1,2] keV wrt

DAMA/LIBRA-phase2
• High counting rate in ROI explained as populations, other 

than background, “which could be leaking at the lowest 
energies in the ROI” being the trigger rate “dominated by other 
events, some of them with origin in the PMTs, others still 
unexplained”

• In ANAIS the detection efficiencies of the applied cuts are not
periodically evaluated with dedicated calibrations at very low 
energy as in DAMA/LIBRA

• The only check on stability of the cut-efficiencies is a fit on the 
counting rate of low energy events induced by the 22Na or 40K 
contaminations, selected in double coincidences, and with 
cuts applied

• Even a 0.3% instability  of the ANAIS counting 
rate in the [1-6] keV region is enough to hide the 
annual modulation signal detected by DAMA: 
A » 0.01 cpd/kg/keV   (green line in the plot)
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About the nuclear quenching factor

• Different quenching factors are expected 
and measured for different NaI(Tl) crystals 
(they depends, e.g., on the used growing 
technique, on the different thallium doping 
concentration, …)
• A clear evidence is offered by the different 
a/b light ratio measured with DAMA and 
COSINE crystals
• As mentioned also in the ANAIS paper, this 

effect introduce a systematic uncertainty in 
the comparison with DAMA/LIBRA a events from 238U and 232Th chains in DAMA crystal span from 2.6 to 4.5 

MeVee, while for the COSINE crystal they span from 2.3 to 3.0 MeVee



SABRE
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SABRE: Sodium Iodide with Active Background 
REjection

Twin experiments at Laboratori del Gran Sasso (LNGS) and 
SUPL (a future underground laboratory in Australia).

●NaI(Tl) scintillating crystal of ultra high 
radiopurity 
●At SUPL, a liquid scintillator veto

surrounding the NaI detectors at 4π, 
strongly reduces:
○ external backgrounds
○ internal backgrounds that release 

energy also in the liquid scintillator 

from C. Tomei, SABRE Collaboration
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SABRE PoP and SABRE-North full scale
A Proof of Principle (1 crystal+active veto) recently concluded @LNGS

Results:
o Breakthrough background level: ~1 count/day/kg/keV in the 1-6 

keV ROI
o Active veto no longer required, need radiopure reflector

Goals for near future:
o Test the same crystal (NaI-33) with a new clean reflector
o Test reproducibility of crystal radiopurity
o Assembly of detector modules at LNGS with a new custom 

glovebox

→ Demonstrate feasibility of a full-scale experiment without active 
veto and finalize the design of crystal array + shielding

arXiv:2205.13876



ZnWO4
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Dark Matter with directionality approach

• The direction of the induced nuclear recoil is strongly correlated with that of the impinging DM particle
• The observation of an anisotropy in the distribution of nuclear recoil direction could give evidence for such DM 

candidates

• Due to the Earth's rotation around 
its axis, the DM particles average 
direction with respect to an 
observer on the Earth changes 
with a period of a sidereal day

DM wind

A direction-sensitive detector is needed

Based on the study of the correlation between the arrival direction of DM candidates able to induce a nuclear
recoil and the Earth motion in the galactic frame

• Impinging direction of DM particle 
is (preferentially) opposite to the 
velocity of the Sun in the Galaxy
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Directionality with anisotropic scintillators 
P. Belli et al., Il Nuovo Cim. C 15 (1992) 475

R. Bernabei et al., EPJC28(2003)203

o Anisotropic Scintillator: 
• for heavy particles the light output and the pulse shape 

depends on the particle impinging direction with 
respect to the crystal axes

• for g/e the light output and the pulse shape are isotropic

o ZnWO4 anisotropic scintillator: a very promising detector (NIMA544(2005)553, Eur. Phys. J. C 
73 (2013) 2276, NIMA935(2019)89, Eur. Phys. J. A (2020) 56:83) 
1) very good anisotropic features; 
2) high level of radiopurity; 
3) high light output (improve at low temperature), that is low energy threshold 
feasible; 
4) high stability in the running conditions; 
5) sensitivity to small and large mass DM candidate particles; 
6) detectors with ~ kg masses
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Signal rate in a given scenario

𝝃

As a consequence of the light response anisotropy for heavy particles, recoil nuclei induced by the considered DM 
candidates could be discriminated from the background thanks to the expected variation of their low energy 
distribution along the day

The expected signal counting rate in the energy window  (E1,E2) is a function of the time t 
(vd(t) the detector velocity in the galactic rest frame) 

DM velocity distribution in 
the galactic rest frameDM particle 

mass

DM particle
velocity in the 

laboratory 
frame

nuclear recoil 
direction in the 
center of mass 

frame

number of target-
nuclei (n) per

mass unit

differential 
cross section in 
the c.m. frame

local DM halo 
density recoiling nucleus kinetic 

energy in the
laboratory frame

quenching factor, it depends 
on Wout the output 

direction of the nuclear
recoil in the lab frame

detector energy 
resolution

Eur. Phys. J. C 73 (2013) 2276

NB: Many quantities are model dependent and a model framework has to be fixed: in this example, for simplicity, a set 
of assumptions and of values have been fixed, without considering the effect of the existing uncertainties on each 
one of them and without considering other possible alternatives
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… the model framework considered here

Quenching factor:

where qn,i is the quenching factor value for a given nucleus, n, with respect to the i-th axis of the anisotropic crystal and  Wout = 
(g,f) is the output direction of the nuclear recoil in the laboratory frame
qn,i have been calculated following ref. [V.I. Tretyak, Astropart. Phys. 33 (2010) 40] considering the data of the anisotropy to 
a particles of the ZnWO4 crystal

• a simple spherical isothermal DM halo model with Maxwellian velocity distribution, 220 km/s local velocity, 0.3 GeV/cm3 local 
density (r0) and 650 km/s escape velocity;

• DM with dominant spin-independent coupling and the following scaling law (DM-nucleus elastic cross section, sn, in terms of the DM 
elastic cross section on a nucleon, sp):

• a simple exponential form factor:

Energy resolution: 𝐹𝑊𝐻𝑀 = 2.4 𝐸(𝑘𝑒𝑉)
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Directionality: expected signal

• Anisotropic detector response during a sidereal day is at maximum by arranging 
the ZnWO4 crystal axis so that:
Ø The one with the largest light output is vertical 
Ø The one with the smallest light output points north

• For an experiment performed at the LNGS latitude (42°27¢N)
Þ at 21:00 h LST the DM particles come mainly from the top and
Þ 12 h later from the North and parallel to the horizon line

DM preferential 
direction at 21:00 
LST

DM preferential 
direction at 09:00 
LST

[2-3] keV
sp=5×10-5 pb
mDM= 10 GeV

• The diurnal effect refer to the sidereal day and not to the solar day

• Absolute maximum rate is at day 152 and at 21h LST 
(when the DM flux is at maximum and the DM preferential arrival 
direction is near the zenith)

• TEST:
Identical sets of crystals placed in the same set-up with different axis 
orientation will observe consistently different time evolution of the rate 

The signature is very distinctive and cannot 
be mimicked by background
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ADAMO project: example of reachable sensitivity

Ø 10-4 cpd/kg/keV

Ø 10-3 cpd/kg/keV
Ø 10-2 cpd/kg/keV

Ø 0.1  cpd/kg/keV

The directionality approach can reach in the given scenario a sensitivity to the cross section at level 
of 10-5 – 10-7 pb, depending on the particle mass

Allowed regions obtained with a corollary analysis of the 9.3s C.L. DAMA model independent result in 
terms of scenarios for the DM candidates considered here (green, red and blue)

EPJC73(2013)2276
Assumptions:
• simplified model framework (see before)
• 200 kg of ZnWO4

• 5 years of data taking
• 2 keVee threshold 
• four possible time independent background levels in the low energy 

region:
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Response of the ZnWO4 to 241Am a source
• Calibration set-up:

o PMT Hamamatsu H11934-200 (transit time » 5 ns)  + ZnWO4

o LeCroy Oscilloscope 24Xs-A, 2.5 Gs/s, 200MHz bandwidth
o Pulse profiles acquired in a time window of 100 µs

[11] NIM A 544(2005)553
[32] Astrop. Phys. 33(2010)40

• Crystal irradiated contemporaneously with g (22Na) and a (241Am) sources 
along the three crystal axes

• Different a energies obtained with Mylar foils and measured with Si 
detector

• Very efficient PSD capability to discriminate a and g

Eur.Phys.J.A 56 (2020) 83
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Response of the ZnWO4 to monoenergetic neutrons
• Set-up:

ü ZnWO4 Crystal (10 x 10 x 10 mm3 )
ü Two Hamamatsu PMTs: HAMA-H11934-200
ü 2 Neutron detectors (Scionix EJ-309)
ü Neutron Gun, Thermo Scientific MP320: 

14 MeV neutrons

• Strategy: search for coincidence between a scattered neutron 
at a fixed angle and scintillation event in ZnWO4 occurred in a 
well defined time window (TOF)

• Once fixed the q angle, the recoil direction and energy are fixed
• Measurements performed at different q angles and for different 

ZnWO4 orientation (nuclear recoils along axes III and I)

Eur.Phys.J.A 56 (2020) 83
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Response of the ZnWO4 to monoenergetic neutrons

The anisotropy is significantly evident for oxygen nuclear recoils in 
the energy region down to hundreds keV at 5.4 σ confidence level

Energy distributions in ZnWO4 for coincidence events 
when neutrons are identified in EJ-309 and two TOF
windows are considered (case q=80°):
• Events with proper TOF for neutron induced recoils
• Events with off-window TOF: random coincidences

First evidence for anisotropy on the response of ZnWO4 for nuclear recoils

Eur.Phys.J.A 56 (2020) 83

[32] Astrop. Phys. 33(2010)40
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SrI2(Eu) crystal scintillator: a very promising 
detector for rare processes
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Radiopure Zr-based crystal scintillators: CZC

m=24.0(1)g
h =21.20(5) mm
Ø=21.00(5) mm

Cs2ZrCl6
Scintillation Time 
Profile

m=10.6(1)g
h =17.90(5) mm
Ø1=8.0(1) mm
Ø2=19.70(5) mm

X-ray excited radioluminescence
spectra

K. Saeki et al., Applied Physics Express 9, 042602 (2016)

PSD capability
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Radiopure Hf-based crystal scintillators: CHC

In the framework of DAMA Collaboration:
• A search for double beta decays in hafnium using HP-Ge gamma 

spectrometer
• Study of rare alpha decay in Hf isotopes using a crystal 

scintillators 
• 174Hf a decay to the ground state observed, T1/2 = 7.0(1.2) x 1016 y
• T1/2 limits of 176Hf and 177Hf α decay close to theoretical predictions

NPA 1002 (2020) 121941

Measured spectrum in DAMA 
experiment
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Conclusion


