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- a living collaboration with
his excellent group

Easy to work with, both because of scientific an
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Continuing innovation

1903: Crookes used a ZnS-coated screen which scintillates when struck by «

1944: Curran & Baker coated a PMT with ZnS > 1st scintillator that didn't
require the human eye

M.J. Weber | Journal of Luminescence 100 (2002) 35-45
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Old and new crystal scintillators in the investigations
of rare processes: a leader role

BB decay modes Dark Matter candidates of various nature

Possble CNC processes \
™ : search for some

hypothesized particles

/ : ® Ecc...

Search for exotics in cosmic rays

Rare nuclear decay modes




Maln reculrarnenis
v Possibility of suitable radio-purity and mass (at least in perspective)
v Well known technology, acceptable cost, safety, high duty-cycle

v Excellent control and stability of all the running conditions feasible

v" High detector performances: linearity of energy scale, high light
response, ...

But never forget:

<-Detectors are just one component of a low background experiment
<-Each detector has its own features
<-Each ULB production cannot exactly be reproduced e.g. because of:
- change of sources of materials,
- unavoidability of materials from the same selection,
- possible activation/pollution in (long) storage at sea level
- different additives, seeds
- different procedures due to time modification of the p
equipments, of the safety rules,
- loss of some competences in the periodical cha
+

the highest is the initial radiopurity the most difficult is
the company, in the packing, in the handling in the e
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Crystal Growth: ||Advantages Drawbacks

main methods

Direct co

_ The simplest crucible
Bridgman-Stockbarger method ?or alkali halide  CrYs
crystals

Czochralski

Kyropoulos

Implementations of Czochralski -- Kyropoulos techniques are operative and in evolution




... contaminants

v Main sources of radioactive contamination of scintillation materials are naturally
occurring radionuclides of 232Th, 238U, and 23%U families, and %K.

v The secular equilibrium of U/Th chains is generally broken in scintillatior

v Alpha active 7Sm was detected in some scintillators at
v Then there are antropogenic °Co, 2°Sr-29Y, 137Cs nuc

v Some scintillation crystals consist of elements
1526d in 650, 113¢d in CdWO,, !38La in LaCl

v Cosmogenic radionuclides, i.e. created by
neutrons, were observed in scintillatio
- 14C in liquid scintillator,
- 6%Zn in ZnWQO,,
- 152Fy in CaF,(Eu),
- U3mcd in CdWO,.
& 297Bi in B6O whose origin is sti

The highest sensitivity to measu
scintillators achieved in low bck

as a detector: - Time-amplitude analysis
Pulse-shape discrimination

Energy spectra analysis



A (Larix) in the Minoprio park

Larice Minoprio

7777

1980 1985 1990 196
Valore medio campione integrale di 5 ansli




Re-crystallization?

v Not effective for every kind of crystal

v'Can be effective e.g. in 1CdWO, (to lower the internal Th)

<€) (activity ir

of melt
64(4)
27(11)

We expect to reduce K, Th, U and Ra contamination by
recrystallization

Poda et al_, Radiat. Meas., DOI 10.1016/j.radmeas.2013.02.017

v Risk of re-pollution in the whole procedure?



Main crystal scintillator characteristics:
: Properties of some inorganic scintillators

from Wikipedia

g Siokes shift sciuilh'l{or density iada.of Wd decay time :h‘iaﬂm” notes
SIMsteon
stOkeS Shift absorption ‘r\- emission W’) (nm) | (us)
\\ Nal 367 178 303 . 00 190 2)
/ '\\ Nal(Th) 367 185 410 02 100 3)
L csl 451 180 310 ool 6 3)
N
! i - ~ Csi(TY) 451 1.80 &8 10 45 3)
light yield - [ca) ast | 1s Y s 3)
emission spec1'r'um KI(TT) 313 1.7 410 02425 24 3)
. CLil(Ew) 4.06 196 470-485 14 38 3)
decay Time CaFy(Eu) 319 144 433 09 50
density and Z BeF, A R ¥
Bi Ge,0,, 713 215 480 030 10
Afterglow (phosphorescence after | n | = ® ] e -
i ZaWO, 757 22 480 50 26
some mS)- CAWO, 7.90 23 50 40
Caused by impurities or defects that |[cv s | e w | oms s »
create traps or metastable states with | 616 | 168 . b s
long lifetime - Pure crystals & e. 280 a9 ] 2 - o 0 =
. i GSO 671 19 40 0080 20
with NaI(TI) detectors in low bckg, e R T e oot @ N
blocking time can be used in the 445 | 18 %0
YAP 5.50 19 % 1 0.030 40

and rejection by PSD (well differ
time decay of scintillation pulse
afterglow single photoelectrons),

¥ relative to Nal(T1) ¥ at 80 K * hygroscopic “polycrystaliine




Temperature dependence of the light
output of some inorganic crystals

e.g. in DAMA:
Continuous air conditioning double system
+ metallic housing of NaI(Tl) in direct
contact with multi-ton metallic shield —
huge heat capacity (=106 cal/°C) +

T continuously recorded + routine calibr
each #10 days 500 F

o=0.

400

frequency
w
S
[—]
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DAMA/LIBRA

Relative light output -percent

c—

Nal(T1)

\
- Csi(T1)

(From Harshaw catalog)
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Q.E. of typical
photocathodes

Transmissic
of PMT

Q.E.

—— v, Bialkal
1 —tax SbK,Cs
» et . SbRbCs
3 —
oy . .
- \ " Multialkali
— - e SbNa,KCs
“ / .
= green e ™
orteoe .
~ w X CsTe
4 oM
A /
1 \ 0%
1 ‘f
7 }\Y
= nfa red
| I

wivalergh 1 ()

(Phlips Photonic)




A recent development

carried out by HAMAMATSU co. in
order to produce high Q.E. PMTs with
size, radiopurity, gain, dark current,
etc. according to the requirements of
the DAMA/LIBRA experiment

-> DAMA/LIBRA-p

*QE@peak (4 + QE@420mm (%) Q.E. @ peak 38.5% (1.6% RMS)
Q.E. @ 4=420 nm 35.1% (1.4% RMS)
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Radioactive contamination of crystal scintillators (mBglkg)

Partcaln 47, Radiopurity of

Total x
Scintillator activity “Th “Ra ¥K radioactivity ™\ 29,
U+ Ty s~ | erystal scintillators
CaWo. 400 0.6 5.6 <12 | ly,
(74
930° <02 7
ZnWO; 0.2 0.002 0.002 <04 0.5 ("Zn)
CdWO. 03-2 <0.003- | <0004 [ 03-36 | 3538(7°Cd)
0.039
PbWO, (53 - <13 <10 (53 - 79)x10°
79)x10° ('°Pb)
PbWO; (from <4 (“Pb)
ancient lead)
PbMoO: (67-192)x10°
CaMoO <10 0.04 0.13 <3
YAG:Nd <20
BGO <04 <12 7 -3x10° ("'Bi)
GSO(Ce) 40 23 03 <14 1200 (°°Gd)
100 1.3
Nal(TI) 0.014 0.045
1.7 0.02 02
0.08 0.009 0.012 <0.6
CsI(T1) 0.002 0.008 6(7°Cs)
14 (¥7Cs)
CaFy(Eu) 8 0.13 13 <7 10 (*“Eu)
0.1 1.1
CeF; 3400 1100 < 60 <330
— — — - Time-amplitude analysis
TaCLCS —oa — o] * Pulse-shape dlscrlmlnqtuon
oL, 17x10 L) ° | + Energy spectra analysis

* Estimated from the spectra presented in Fig. 13 of Ref. [37].
® Calculated value based on the half-life of **Lu: T, = 3.78x10"y, its isotopic abundance (2.59%

? Al IGIII 4 OT11) 4 () 1 2 OO 11T




Crystal scintillators allow:
1) well controlled operational conditions and
2) high reproducibility, high stability, etc.
down/warming up procedures);
3) high duty cycle.

Stability of the running conditions

T, (°C)

Radon (Bq/m?)

20
18
16
14
12
10

An example: DAMA/LIBRA-6
0 500 05%
. L 450 . ) 3501 oL
Operating a0 & HP Nitrogen flux | | Ry = hardware rate of j-th
. r 175 |-
Temperature | 5 350 detector above single p.e. 300
*= 300 k s b
250 i 250f ’
200 2z 125
150 i : . : . | JE200f
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v Very good or ideal in the alpha reg

T(ns)

300 -

C 5 12 Tem
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W PR © 5 200
200 | o § 3 S A
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100 - . \
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2000 3000 4000 5000 1000 2000 3000 4000 I 1000 2(*') R(i)() 4000
Energy (keV)
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NaI(Tl)



QU ENCHING FACTO RS examples of g measurement in some detectors with neutrons

Nucleus/Detector Recoil energy (keV) q
in keV region
g Nal(T1) (6.5-97) (0.30 + 0.01) for Na
(22-330) (0.09 + 0.01) for I
Ex. of different q determinations for Ge (20-80) (0.25 + 0.03) for Na
(40-100) (0.08 + 0.02) for I
(4-252) (0.275 &£ 0.018) for Na
"“ Astrop.Phys.3(1995)361 (10-71) (0.086 + 0.007) for 1
~ oolt (5-100) (0.4 + 0.2) for Na
g % (40-300) (0.05 + 0.02) for I
g 0.35 f é*-
5 o % ,%Jﬁﬁ’#&q CaFy(Eu) (30-100) (0.06-0.11) for Ca
$ .Ml{ ! (10-100) (0.08-0.17) for F
et M | lm (90-130) (0.049 + 0.005) for Ca
ol } %‘ P (75-270) (0.069 + 0.005) for F
] l (53-192) (0.11-0.20) for F
| ! (25-91) (0.09-0.23) for Ca
o e Ty T CsI(T1) (25-150) (0.15-0.07)
Calculated recoil energy Fg (keV) (1() ()5) (U 17-0. 1‘2)
(10-65) (0.22-0.12)
differences are generally present in different CsI(Na) (10-40) (0.10-0.07)
experimental determinations of q for the same nuclei
in the same kind of detector Ge (3-18) (0.29-0.23)
) Ny (21-50) (0.14-0.24)
e.g. in doped scintillators q depends on dopant and (10-80) (0.180.34)
on the impurities/trace contaminants; in LXe e.g. on (20-70) (0.24-0.33)
trace impurities, on initial UHV, on presence of i, & e
. E 4 h Si (5-22) (0.23-0.42)
degassing/releasing materials in the Xe, on o0 (0.32 + 0.10)
thermodynamical conditions, on possibly applied
electric field, etc. Liguid Xe (30-70) (0.46 £ 0.10)
+PRC(2010)025808 &refs  (10-70) (0.18 == 0.03)
(40-70) (0.22 + 0.01)
.. and more Bolometers (80-130) 0.87+0.10
(20-100) 0.91+0.03+0.04

Quenching factor is a relevant experimental parameter for DM candidates inducing nuclear recoils. It has to be considered
in all kinds of detectors. In additional the channelling effect has to be included when dealing with q in crystals (Eur. Phys.

J. C 53(2008)205,J. Phys.: Conf. Ser. 203(2010)012042)).

Other interesting arguments in arXiv:0911.3041[nucl-ex] = see talk by Tretyak




direct measurements of q. f. are performed with reference detectors that in some cases
have features quite different from the detectors used in the running conditions.

The nature of these measurements, the parameterisation, the used neutron beam/
sources may not point out all the possible contributions or may cause uncertainties.
Channeling could also play a role.

Na Recoil energy
range (keVee)

0.30(1) 0.09(1) 6.5-97 (Na) | Phys. Lett. B389(1996)757
22-330 (1)

0.4+0.2 0.05 * 0.02 5-100 (Na) Phys. Rev. C47(1993)R425
40-300 (1)

semi-empirical from 0.65 to 0.55 | from 0.35t0 0.17 | 2-100 Astrop. Phys. 33(2010)40
formula

Same method

But: the q.f. values depends on the specific
crystal and detector; no alpha light yield has
been given for the used NaI(TIl) crystal for
comparison;  efc..

In disagreement with other measured values,
problem of crystal light response of inefficiency?

A Chagani 2008

© Gerbier 1999

@ Simon 2003

W Jagemann 2006

/\ Spooner 1994
V_Tovey-1998

® this measurement (Na)
) this measurement (I)

quenching factor (%)

0

arXiv:1302.0796 energy (keVnr)




Further uncertainties in recoils’ quenching

In crystals, ions move in a different manner than that in EPJC53(2008)205
amorphous materials.

In the case of motion along crystallographic axes and planes, a
channeling effect is possible, which is manifested in an anomalously
deep penetration of ions into the target.

Well-known effect, discovered on
1957, when a deep penetration of
134Cs* ions into a Ge crystal to a

Channeling effect in crystals | depih ).~ 10° Awas measured

(according to SRIM, a 4 keV Cs* ion
Occurs in crystalline materials due to correlated collisions of ions | \ouid penetrate into amorphous Ge to

with target atoms. adepth \, =44 A, S,/S, = 32 and

g=0.03). Within a channel, mostly
electronic stopping takes place (in the

Steering of the ions through the open channels can result in
ranges several times the maximum range in no-steering
directions or in amorphous materials.

given example, A_ = A_/qg = 1450 A).

Electronic losses determine the range and there is very li
straggling.

When a low-energy ion goes into a channel, its energy
contributions. This implies that a channeled ion transf
than to the nuclei in the lattice and, thus, its quenchi

.
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Example: neutron calibrations of Nal(Tl) detectors

EPJC53(2008)205
MEASUREMENT OF THE SCINTILLATION EFFICIENCY
OF Na RECOILS IN NaI(Tl) DOWN TO 10 keV NUCLEAR SICANE: a Detector Array for the
RECOIL ENERGY RELEVANT TO DARK MATTER Measurement of Nuclear Recoil
SEARCHES Quenching Factors using a » neutron data can contain
H. CHAGANI*, P. MAJEWSKI**, E. J. DAW, V. A. KUDRYAVTSEV, and Monoenergetic Neutron Beam
S channeled events
arXiv:physics/0611156 (IDM 2006) NIMA 507 (2003) 643 - but - owing to the low-
g 2 . g
= r @ statistics of these
= r a) Na Recoil Energy: 10 keV = C . .
18 C b) Na Recoil E : 50 keV
3 ; 5 L . PYNaRecoll Energy:S0ke measurements and to the
161 ) small effect looked for —
. Example of

) they cannot be identified
experimental data vs

2 channeling modeling

« E.g. at higher energy and
for lodine recoils the

sk channeling effect becomes
s less important and gives

r more suppressed

s E gt (keV) contributions in the

; neutron scattering data

10

10 F

.25

no energy res.
with energy res.

02

Detector responses | b
to 10keV and 50keV °~ - ... broadened by |
Na recoils in Nal(Tl) - energy rgsolution.. [

Therefore, there is no hope to
identify the channeling effect
in existing neutron data

taking into account /\\

the Channe“ng effeCt %9 2 4 = 5 T ‘1‘4‘00 BECIE RN 40 50 &
Recoil Enerqgy (keVee) Recoil Energy (keVee)




Some alternative channeling models with respect to
EPJC53(2008)205:

v’ larger probabilities of the planar channeling expected in
Tech. Phys. 53, 1578 (2008).

v" analytical calculation in Astropart. Phy
claiming that the channeling effect
recoils coming from outside a cr
recoils produced inside it, due
nevertheless, although some
may be present, the precis
lattice with dopant and tr
difficult and analytical ca
simplifications which aff



AMA
DAMA/LXe r— DAMA/Ge

DAMA/NaI

DAMA/LIBRA

http://people.roma2.infn.it/dama



20.years of developments in highly radiopure NaI(Tl)
shaw, Quartzd&Silice, Crismatec, Saint| Gobain %
5\'

“‘

(et B

\ : .‘t
\\ \\'

:(d»e"rec'or installation in HP in”OQZ“ atmosphere)







N.B.: to get 4°K multiply by 10-

Which Nal(Tl) ?

Qualification of NaI(T1l) | K (ppb) U (ppt) | Th (ppt) Method of production
Standard 2000 <500 < 500 Bridgman standard growth

K Selected batches
Low Background <500 <500 < 500 P —

K, U+Th Selected batches (CL, BL)

Very Low Background |< 100 <50 <50 +

Kyropoulos growth
Ultra Low Back d Purified raw materials Nal and TII +

S e << 40 <35 <5 Crafted Kyropoulos growth +

(project Gran Sasso) ;

Handling protocol

+ as known, determina
measurements with

DAMA/LIBRA see
former DAMA/Na

1)

2) As whatever V
A\




T(ns)

Some on residual contaminants in new NaI(Tl) detectors

cpd/kg/keV
s -

3005 a/e pulse shape discrimination has practically Second generation R&D for new DAMA/LIBRA
250 — o 100% effectiveness in the MeV range crystals: new selected powders, physical/
200 R The measured o yield in the new chemical radiopurification, new selection of
e :> DAMA/LIBRA detectors ranges ﬁ\;izclxil:] materials, new protocol for growing and
150 from 7 to some tens a/kg/day 9
100
- . . M ime- ' 232 '
ok 232Th presidual contamination From time-amplitude method. If 232Th chain at

equilibrium: it ranges from 0.5 ppt to 7.5 ppt

0 . 2 : 2
2000 3000 4000 5000 238 pesidual contamination First estimate: considering the measured o and 232Th

E(keV) activity, if 238U chain at equilibrium = 238U contents in
B new detectors typically range from 0.7 to 10 ppt
live time = 570 h : _ : -
238U chain splitted into 5 subchains: 238U — 234U
200 W
Thus, in this case: (2.1:0.1) ppt of 232Th; (0.35 +0.06) ppt for 238U
% 150 and: (15.8+1.6) uBq/kg for 234U + 230Th; (21.7£1.1) uBq/kg for 226Ra; (24.2+1.6) uBq/kg for 2Pb.
g 10 ¢
£ 100 natk pesidual contamination 3* ;
“ o The analysis has given for the natK _ 7. double coincidences
content in the crystals values not | 3 ¢
0 exceeding about 20 ppb (mean value | = 4
2000 3000 4000 5000 N:
E(keV) 13 ppb) 2k
U0 00 1200 tde0 1600 1800
JJJ 'L‘UHJ-L J_LJ% 175 L"\ 129I and 210Pb Ecoincidence crystal(kev)
ﬁ"‘r. N \1'*
JJ s e 1291 /et 21.7x10°13 for all the new detectors

cpd/kg/keV
s -

210Pb in the new detectors: (5 —30) uBq/kg.




Examples of energ
DAMA/LIBRA ULB Nal(TI)

[ 8
1000 5 iy  WARP

- - (60keV) - 6.8%
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200 -_ 120 140 160 ménerzg; (k:z\}z) (a) 200 300 400 500 600 E7ro‘uergy (sla:!v) (b)
0 (et Ll b Ly Fig. 2. Enelgy spectra taken with external ~y-ray sources, superimposed with the
G 20 40 60 80 100 correspondi\g Monte Carlo simulations. (a) °7Co source (E = 122 keV, B.R. 85.6%,
Energy (keV) and 136 keV\B.R. 10.7%). (b) ¥7Cs source (E = 662 keV).
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200 F
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Figure 3. (left) S1 scintillation spectrum from a " Co calibration. The light yield for the 122keV
photo-absorption peak is 3.1 p.e./keV. (right) S1 scintillation spectrum from a 3Cs calibration. The
light yield for the 662keV photo-absorption peak is 2.2 p.e./keV.

Fig. 5. Typical energy spectra for >’Co ~-ray calibrations, showing S1 spectrum
(upper) and S2 spectrum (lower). The fits are double Gaussian fits which incorpo-
rate both the 122 keV and 136 keV lines in the 5"Co y-ray spectrum. The energy
resolution of the detector is derived from the width of the S1 peak, coupled with
calibration measurements at other line energies.




Examples of energy resolutions

WARP

mpton edge
4

DAMA/LIBRA ULB Nal(Tl) NIMA 574 (2007) 83
1000 | g
9 (60keV) - 6.8% “ iy WARP \
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24| WARP2.31 one PMT 8~ -- 2.35
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Fig. 5. Typical energy

All experiments — except DAMA — use only calibration points at o
higher energy with extrapolation to low energy e 122keV

tion. The

(upper) and S2 spectrum (lower). The fits are double Gaussian fits which incorpo-
rate both the 122 keV and 136 keV lines in the "Co ~-ray spectrum. The energy
resolution of the detector is derived from the width of the S1 peak, coupled with
calibration measurements at other line energies.

light yield for the 662keV photo-absorption peak is 2.2 p.e./keV.




The case of DAMA/LIBRA

Phasel concluded Phase2 running

9.3 ¢ C.L: DM model independent * Suitable exposure planned in the

evidence cumulatively with DAMA/NaI  hew configuration to deeper study
(EPJC2008,EPJC2010,arXiv:1308.5109, ..) the nature of the particles and

features of related astrophysical,

e s ST nuclear and particle physics aspects
£ oos |
2 002 | - pid % . . .
: J%%V% ﬁ;l% Fﬁ\ﬁ@ ﬁ/k%%f}% - New investigation on dark matter
% | ﬁ ‘% % peculiarities and second order

3500 ba(’JI‘Oime @) effects
: el A - Special data taking for other rare
b ‘
E N ij%ﬂ[“ Jﬁ} %”IL e N §w§% processes
z e ﬁ? T\%}/I W A N T%@t/‘

40‘00 ' L’}ai e G

% Obj: DAMA/LIBRA = 250 kg (1.04 tdnxyr) 9 fur‘ther‘ impl
ERR AR NI N NI L T )
N e e e S

500
Time (day)

> DAMA/1ton proposed since 1996

Original design consists in adding other
replicas of DAMA/LIBRA in 3 similar
installations
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Schema of the setup

radioattivita

Flussaggi con

azoto iperpuro

NON IN
SCALA

Spazio riempito con panetti
di Rame OFHC di bassa

Scatola a tenuta in Plexiglass
mantenuta in atmosfera di
Azoto iperpuro

Polietilene/Paraffina

Scatola sigillata di Rame OFHC di bassa
radioattivita mantenuta in atmosfera di
Azoto iperpuro

Foglio di Cadmio

Piombo di bassa
radioattivita
intrinseca

Rame OFHC di
bassa radioattivita
intrinseca

Radio-purity of the materials (95%C.L.):

Materiale

*PU (ppb)

*2Th (ppb) | "K (ppm)

Cu < 0.5 <1 < 0.6
Pb boliden <8 < 0.03 < 0.06
Pb boliden2 < 3.6 < 0.027 < 0.06
Polish Pb <74 < 0.042 < 0.03
Polietilene < 0.3 < 0.7 <2

Plexiglass < 0.64 <27.2 < 3.3




O 11 keVy
511 kev 9° :

POWO, \
(orcheological lead) . /

Xy
| 0Cawo, l’“ /




Summary of searches for pp decay modes (partial list)

2e0v(g.5.—q.5. )(6 4keV) *Ca I T
2e0v(g.s. —% s.)(193.8keV, ﬁCo :
e2v{g.s.—g.s.] ®Ca
2:0v(q.s. —g ©
2K2v(g.s.

2L0v(g.s.—q.5.) ¥
Resonant KLOv+2v 2*Ru
Resonant 2LOI/+2U Ru

£2v(g.5.—=2,") | ©
Resonant ZKOV cd
Resonant KL,0v '*Cd
Resonant KL,0y *°Cd
2¢0v(g.s.—g.s.) '*Cd
2K71/ g s. —g s. ‘“Cd

ARMONIA: New observation (green) of 2v2[3-
R 100Mo—19%Ru (g.s.—0,*) decay
s NPA846 (2010)143

ALicHe el s AURORA: New observation of 2v2p-"®Cd decay
Resonant KLOv '* 105 NPAE201 2

Resonant 2L0y '* Os

£8*0v(g.5.—g.s.) '*Pt
8°2v(g.5.~g.s.) =Pt
KOv(g.s.—g.s.) (Pt
2K2v(g.s.—q.s.) Pt
KLOv(g.s.—q.s. w:Pt
201lg.s.~g.8.4 TPt
2e0v(g.s.—0") *°F

Resonant MM,MN, Nﬁ Ov+2v "°Pt

10" 10" 10" 10" 10" 10" 10" 10" 10" 10%° 10% 10%

Tz (y)

T,,, experimental limits by DAMA (in ) and previous ones (in
). All the limits are at 90% C.L. except for 0v2B* in 136Ce Many publications on detectors developments and results

and 2p-0v in '*2Ce at 68% C.L.. In observed Many future measurements in preparation



CaF,(Eu)

CeF;
BGFZ
LiF(W)

LiI(EV)
ZnWO,

LaCl;(Ce)
CeCl,
Li,MoO,

Li,Eu(BO,);
Srl,

Other scintillators by DAMA and by DAMA+INR-Kiev
mainly to investigate pp decay modes with source=detector approach

Bicron/Crismatec(Saint Gobain)

Crystal Clear coll. or China
China or Bicron/Saint Gobain
Ukraine

Ukraine
Ukraine

saint Gobain
Iltis/Saint Gobain

Ukraine
Ukraine
Ukraine

and also polycrystalline powder.

ZnS(Ag)

Saint-6Gobain

NPA 789 (2007) 15

NPA 705 (2002) 29

NPB 563 (1999) 97

NIMA 498 (2003) 352
NCIMA 110 (1997) 189
NIMA525 (2004) 535

to appear

NPA 806 (2008) 388
NIM704(2013) 40

JPG: NPP 38(2011) 115107
NIMA626(2011)31

NPA 826 (2009) 256

PLB 658 (2008) 193

Ukr. J. of Phys.51 (2006) 1037
NIMA555 (2005) 270

JPG: NPP 38(2011) 015103
NPA 824 (2009) 101

NIMA 607 (2009) 573
NIM A572 (2007) 734
NIMA670 (2012) 10

MPLA 27, No. 8 (2012) 1250031




Examples of isotopes which can be investigated by crystal
scintillators with source=detector approach

Isotope Nat. Ab. (%) Decay Mode Scintillator

64Zn 48.63 eB*,2¢ ZnWo,, CdWO,
70Zn 0.62 2p* ZnWO,, CdWO,
180y 0.12 2¢ ZnWO,, CdWO,, PbWO,
186yY 28.43 2B ZnWO,, CdWO,, PbWO,
106Cd 1.25 2B, et 106Cdwo,
108Cd 0.89 2¢ Cdwo,
14Cd 28.73 23" CdwWoO,
16Cd 7.49 2B 16CdWO,
40Ca 96.941 2¢ CaF,, CaMoO,
46Ca 0.004 2p- CaF,, CaMoO,
48Ca 0.187 23 CaF,, CaMoO,
136Ce 0.185 2p3*, ep* CeCl,;, CeF;, CeBr,
138Ce 0.251 2¢ CeCl;, CeF;, CeBr,
142Ce 11.114 203 CeCl;, CeF;, CeBr,
130Ba 0.106 2B*, eB*, 2¢ BaF,, BaCl,(Eu), Bal,(Eu)
92Mo 14.84 eB*,2¢ PbMoO,, LiMoO,, CaMoO,
100Mo 9.63 23 PbMoO,, LiMoO,, CaMoO,
84S 0.56 ep* SrCl,, Srl,(Eu)




Good Energy Resolution ?

Very helpful to separate Ov 8 8 from2v B8 8
and to separate O v 3 8 signal from other y lines

However, relatively modest energy resol
modes and, in particular:

* to separate Ov 8 B from 2v B 8
shape (procedure c

Number of events / 0.02 MeV

* to separate Ov B B signal fr

a distinctive peak can be pointed out from a low-level continuum background



STATUS and PERSPECTIVES on:

Talk by Cerulli

v ZnWO, crystal scintillators to search for 2f in Zn and W isotopes
v’ 106€dWO, crystal scintillator to search for 2p in 1°%°Cd «—— Talk by Tretyak
v 116€dWO, crystal scintillators to search for 28 in !'Cd «——— Talk by Poda

- Towards larger source=detectors and
enrichments to increase sensitivity

+ many other interesting developments by DAMA-Kiev and coll. in
DAMA set-ups

PMT EMI65-B53/FL Polystyrene Light-guide




An interesting example for further developments: Ce isotopes

Searching for detectors to investigate BB decay mode of Ce isotopes:

136Ce (& = 0.185%; Q = 2419keV); 2EC, ECp*,

138Ce (& = 0.251%; Q= 693 keV); 2EC
42Ce (& = 11.114% ; Q = 1416.7keV): 2p-

CeF, crystal scintillators

(2 x2x2)cm3, mass 49.3 g,
Ein = 20 keV: o/E=22% at 122 keV

(14 x 2 x2) cm3, mass 345 g, produced by

Preciosa-Crytur; E,,. = 150 keV; o/E=29% at 662 keV

(2.2 x2.2 x 2.5) cm®, mass 74.5 g,
China; E,,. ~ 20 keV: 0/E=19% at 122 keV

CeCl; crystal scintillators

160

counts/4 keV
Counts/4 keV

600 700 800 900 1000
Energy (keV)

New limits and new perspectives for future me

enrichement, improve response features,

produced in China;

produced in

2v2@* e Ov2p* in 136Ce

140
120
100 F
80

60F

40t

20t

05

2B

60

50

40

30

Shape indicator

20

CeF, NIMA 498 (2003) 352
CeCl, NPA 824 (2009) 101;
JPG:NPP 38 (2011) 015103
Radioactive contaminations in the CeF; crystal scintillator
obtained by fitting the experimental spectrum by the back-
ground model. The derived in this way activity of *?Th
55(30) mBg/kg is consistent with the value of 37(16) mBq/kg
g 180 ¥ o obtained by the pulse-shape analysis of the data
c
2 100 vl Chain Source Activity
o pY (mBq/kg)
g o AN
5 AR 2Th 2Th 55(30)
8 %0 20 40, 60 2Ra 890(270)
. Shape indicator 287 1010(10)
2383y 28y <70
34 =60
Z0Th <60
Ra <60
) ) <280
6351 235 <40
21pg =50
. L. s ZTAc <20
560 10‘00 ’IEIOD 20‘00 25‘00 3000 wog £330
E keV/ =
nergy (keV) 138 <60
R Y =)

CeCl; (913%x13
Live time: 1638

l0V2[5+ x 10

375 400 425
Energy (keV)

enlar

ransition

Decay
channel

Decay
mode

Exp. T}/, limit (yr)

Present work

Previous results

36Ce —13Ba

287

Ov

> 0.7(2.5) x 10"

> (6.9) x 10" [9]

BCe —13¥Ba

2Ce —'42Nd

ep*

2v
Ov
2v

> 0.9(1.8) x 10'®
> 0.9(2.5) x 107
> 2.4(5.4) x 10'¢
> 3.0(3.8) x 10'¢

= 3.2(4.2) x 10'¢
> 3.6(4.7) x 10

> 4.4(5.7) x 10'®
> 0.7(1.6) x 10"
> 1.4(3.0) x 10"®

> 1.8 x 10'°[10]
= 3.8 x 10'9[10]
> 2.6 x 10 [11]
> 6.0 x 10" [10]

> 2.7 x 10'° [8]
> 1.9 x 10¥ [11]

> 3.7 x 10'°[8]
> (1.5) x 10" [9]
> 1.6 x 10'7 [10]




LaCl;(Ce) ke - of Phys 51

v" Limitation of La compounds in some low backgrounc
energy region of interest approaches the one o

v Presence of daughters from broken 23°

v The chemistry of Lanthanides anc
content in Lanthanide minerals
chains would originally be in e
the Lanthanide purification
of the daughters; thus, a

1
1.05x10My 51'057‘10 ‘y.
5+ 0
& 38, L = 138 &
0.24 & 1§§La T 57La R
g Qeomi7an| | p21044 &
65.4% !

0.22 5 0192pe 2t € W4IS81 c6an 172 336% 1807 ¢ T 788TMA 5.,

Shape Indicator
o
N

stable 2= ] "—1I—° stable
'eBa 32cCe

138l g activity in the LaCl3(Ce): (21.1 + 1.4) Bq

500 1000 1500 2000 2500
E(keV)



.. and LaBr;(Ce

Counts'channel

38S38 BrilLanCe380, Self Counting

40000

|
35000
\

30000 \

25000 \

X10
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\

15000
\

10000
5000 S BN

0 250 500 730 1000 1250 1500 1750 2000 2250 2500 2750 3000

Energy (keV)

4000
3500
3000
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Figure 11
Self-counting background
count to 3000 keV



Additional interests to develop crystal scintillators with Ce

136Ce->136Ba (v ECEC resonance:

Isotope abundance atomic mass difference energy (keV) of energy of K

candidate excited
State

136Ce 0.20 2418.9+/-13  2399.87 (1+,2+)
23921 (1+,2+)

3744 598 5.62 5.25

Excited transitions. expectations
BB  g.s. Ov (2.6-2.7)x 102

ECp* g.s. 2v 6.0x10% SU(4) Rum98

ECEC gs. 2v (3.2-5.1)x 102 SSDH Civo8
9.6 x 102 SU(4) Rum98

New limits and new perspe
channels reachable: work
improve response features

Large



A further interesting example for future developments: SrI,(Eu)

« High light output (>100000 g/MeV) A670(2012) 10

« Good energy resolution (~3% at 662 keV

« Absence of natural long-living
radioactive isotopes.

Properties of Srl>(Eu) crystal scintillators.

* A scintillator crystal doped by
1.2% in Eu and with a nearly
cylindrical shape (13 x 11 mm;
6.6 g mass) produced by

Property Value .
— Stockbarger growth technique

Density (g/cm”) 4.5-4.6
Melting point (°C) 515
Structural type Orthorhombic , . .
Index of refraction 1.85 . Prellmmary measurement in th
Wavelength of emission .
maximum (nm) 429-436 low background set-up installe
Light yield (photons/MeV) (68- .

120) 10° at sea-level at INR-Kyiv:

Energy resolution (FWHM, %) for 662 keV vy of 2.6-3.7
137CS

Scintillation decay time (ps) under X-ray/y ray 0.6-2.4
excitation at 300 K

- detector performances
— o/p discrimination

Measurement in the Ge facili

Measured during 706 h with ULB-HPGe
bckg and set new limits on 28 deca

2pp, 2952
| pb, 3519

511
R SrL(Eu) l Bi. 6093 “K, 1460.8

® POtenﬁ.lity of Srlz(Eu) to ﬂ'e searc

Tessts demonstrated for the first time (¢

M e d34,=0.56(1)% ; measuring time
Ma } ones | ¢ New/improved half-life limits
J in #Sr at level T,, ~ 10"-10

* With larger crystal mass, lor
source=detector = apprec

Counts/(h x keV)

\'n i

500 1500 2000 2500
Energy (keV)




U/Th contamination < ~0.01 Bqg/kg

Counts/1 keV

Counts/l keV

LiF(W) for ’Li solar axions PLB711(2012)41

103
102

10 =

background

a LiF(W) crystal (5653 g) in measurement in
in 4044 h

The crystal was produced b
To improve its scintil

Comparison of

LiF crystal 553 g

600 -

400 -

200

500 1000 1500 2000 2500 3000
Energy (keV)

450 500 550 600
Energy (keV)




LiF crystals

Encourage possible developments of doped LiF scintillators
with suitable light response for some applications



Among the many existing efforts CaMoO, Z40x20 mm,

v' CaMoO, crystals at Y2L - next speaker

g’ CANDLES Il Q’
CANDLES at Kamioka underground laboratory

% CANDLES IlI % CaF, scintillator (CaF ,(pure))
305 kg (96 modules x 3.2kg)
Tt~ 1usec

Main detector
CaF, Scintillators
(305kg) % Liquid scintillator (LS)
4 = Active Shield
Volume:2m?
Liquid Scintillato T ~afewtennsec
Tank(2m?)
. , : % Large photomultiplier tube
Dl LA LAl 13inch PMT < 48
A bt Rl 20inch PMT x 14

for CANDLES Il system
*Characteristic FADC
for CaF, (long)

and LS(short) signals
k -Selective trigger for CaF,

=/

;,:, 3inch and 20inch




Soliccll, well-known widespread in
RS many fields and
detectors .
application

Continuous improvements
in performance and
radiopurity achieved with

[k, Crystal ' N\ b T — Ll
scintillators ' '

& technology
scintillation constantly in

technique __developmen

Competitive and profitable choice for further experiments on rare processes




