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Crystal scintillators for low background measurements
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Abstract.

Some general arguments in the light of the application of the inorganic crystal scintillators in the search for rare
processes are addressed. The continuous innovation provided by physics, chemistry and technology in their
development allows the improvement of their performances. Also the possibility of detectors exploiting new
materials is open and the further application to this field of research is promising.

1 Introduction dencganticoincidence techniques; xv) many isotopes and
decay modes explorable; xvi) etc.

The devel tofi . tal scintillat d In particular, in the field of rare processes the high
€ development of Inorganic crysta cintiiiators regar Sradio-purity, the stability of performances, the possible

a field where physics, chemistry and technology prOducechoice of diferent isotopes, and the high light yield have
a continuous innovation for the applications in many re- ’

) - allowed the detectors to increase both performances and
search fields. A number of new crystal scintillators has

b developed. whil th liest i : "> physical achievements. In this paper some arguments pre-
een developed, while even the earliest Inorganic SCiNge ey 4t the RPSCINT-2013 conference are shortly sum-
tillators are still competitive due to the renewed technol-

. . : . marized. More details, tables and figures can be found in

ogy. When the radio-purity of such detectors is an addl-the slides at the conference site [1].
tional requirement, their application in the investigation of
rare processes becomes competitive. Moreover, the possi-
bility of sign?ficant.enrichmentsfﬁers additional relevant o Requirements and realizations
tools for the investigation of several rare processes such as:
Dark Matter candidates of various ngtlﬁﬁ,decay modes,” The used crystal growth technique can play a signifi-
rare nuclear decay modes, solar axions, electron stabilityg gt role in the crystal performances: we mention: i) the
matter stability, search for exotics in cosmic rays, etc. Bridgman-Stockbarger, which has the advantage to be the

The physical characteristics (high detectidficeency,  simplest method for growing alkali halide crystals; its
physical shape, chemical and mechanical stability) and thenain drawbacks are the fact that the crystal is in direct
luminescent characteristics (emission wavelength, highcontact with crucible’s walls, that stresses in growing crys-
light yield, good linearity, suitable decay time and in some ta| and extraction (cracks) are possible, that f&dlilt the
application good radiation hardness) of the best qualitiesyniform activator distribution through the ingot, that there
inorganic scintillators have been frequently underlined. is insuficient convectional melt mixing before the crys-

The strengths of experiments with low-background tallization front (inclusions and striations), and that there
crystal scintillators are: i) well known technology; ii) high is spontaneous crystallization on the ampoule surface (i.e.
duty cycle; iii) large mass possible; iv) enrichment possi- the orientation of the crystal is ftiicult to control), that a
ble e.g. foi3B decays investigations; v) ecologically clean well-oriented seed is needed; ii) Czochralski, where the
set-up; no safety problems; vi) cheaper than other con<rystal is pulled from the melt; the seed crystal and cru-
sidered technique; vii) relatively small underground spacecible are rotated in opposite directions while withdrawal
needed; viii) high radio-purity by selections, ch@ohys.  occurs; thus the crystal is not in direct contact with cru-
purifications, protocols reachable; ix) well controlled op- cible’s walls. This method allows one to increase in crys-
erational condition feasible; x) neither re-purification pro- tal growth rate owing to higher axial and radial tempera-
cedures nor cooling dovwvarming up (reproducibility, ture gradients and to intensive mixing of the melt by the
stability, ...); xi) possibility of high light response in many rotating crystal. It seems to be versfieient when crys-
cases; xii) &ective routine calibrations feasible in the tals with high structural perfection are required, however
same conditions as production runs; xiii) absence of mi-it is more technically complicated and permanent control
crophonic noise; xiv) possibility of application both in pas- and correction of the main parameters is needed. Thus, if
sive and active source approaches as well as with coincithere is non-automated pulling, the success of the growth
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is defined mainly by the skill of the operator; iii) Kyropou- tillators as e.g. CdW@and ZnWQ. There are several
los where the direct crystalization of the melt is obtained constraints which restrain the deep purification of metals:
by decreasing the boule temperature while it is still in the i) peculiarities of the behaviour of the impurities in the
crucible; in particular, crystal is not in direct contact with metal being purified, their mutual interactions and inter-
crucible’s walls. Highly controlled thermal gradient keeps actions with the base material; ii) infusion of impurities
a low-stress environment for the crystal, and a deep controfrom structural materials in the processes of purification.
of all the parameters is needed. In addition, implementa-One of the most radical ways of enhancing the efficiency
tions of Czochralski—-Kyropoulos techniques are operativeof metal purification is to employ consecutively a number
and in evolution. of refinement techniques with different mechanisms of im-

There are many topics which are important to real- purity separation. In this way, a moré&ective separation

ize ULB (Ultra-Low-Background) crystal scintillators be- ©f different classes of impurities is to be expected in com-
sides the deep selection of the growing materials and toolsP@rson when only one technique, although very effective,
thus the creation of specific growifigndling protocols is 1S Used many times.

mandatory. Among those topics we recall as examples: i) _As mentioned, the crystal scintillators show very inter-_
the role of the crucible material and of its cleaning proce- €Sting features, however, one should always remind that: i)

dure; ii) the deep selection of raw materials and their ad-t1€ detectors are just one component of a low background
ditional chemicaphysical purification processes; iii) their €XPeriment, ii) each detector has its own features; iii) each
handling, the quality of the nitrogen and the exclusivity YLB (Ultra-Low-Background) production cannot exactly
of its supply line if the crystal is grown in nitrogen atmo- P€ reproduced e.g. because of: a) change of sources of
sphere; iv) the kind, the quality and the amount of the ad_mat_erlals; b) unav0|daplllty of ma_terlgls from the same se-
ditives (always under confidential restriction in each com- |€ction; ¢) possible activatigpollution in (long) storage at
pany) used to improve the crystal performances; v) theS€@ level; d) dferent ad.dmves, (j_|ffer§nt seeds; e) d|ff§r-
relevance to avoid to open the furnace for checking dur-€Nt procedures due to time modification of the production
ing growth; vi) the tools and their cleaning procedures to €JUiPments, and of the safety rules; f) loss of some compe-
handle and cut the crystal for a detector from the grown!€NCes in the periodical change of involved people; g) etc.
ingot, vii) the environment in the site of growing, cutting, Moreover, the highest is the initial radio-purity the most

handling, assembling the crystals. Moreover, it is worth difficult is to avoid to lose it in the handling in the com-
noting that the growing procedures can act as a further puP@ny; in the packing, in the handling in the experiment,
rification step; in particular, in the Kyropoulos method in ¢

platinum crucible with special protocols it is a very effec-

tive one. In addition, the part of the ingot which is cut 3 Typical radioactive contaminants

and used to produce the crystal scintillator is very impor-the main sources of radioactive contamination in scintil-
tant too, since the residual trace contaminants are genefation materials are naturally occurring radionuclides of
ally distributed within the ingot depending — in a particu- 2321, 2385 and235U families. and*°K. In particular: i)

lar way — on the adopted growing _procegjures. Obwou_sly,the secular equilibrium of U/Th chains is generally bro-
whatever else material (glue, optical windows, housing, e, in scintillation materials; i) alpha actié’sm was
etc.) entering in the assembling of the detector from theyetected in some scintillators at m&g level: iii) antro-
bare crystal should be selected with the same Stringe”bogeniCGOCo 90590y, 137Cs nuclides may be present.
requirements and treated with stringent protocol as well.\;oreover, some scintillation crystals consist of elements

A particular mention should be made about the abrasivenaving radioactive isotopes (as e.§2Gd in GSO,113Cd
tools selected to treat the crystal surface, since they could, CdWQ,, 138La in LaCk and LaBg, 1/SLu in Lu,28i05

contaminate (obviously in a different way for each crystal) ;4 Luk), and cosmogenic radionuclides, i.e. created by

the surface (_)f the crystal; for this. reason, a deep selectio%gh energy cosmic rays or/and by neutrons, were also ob-
of the abrasive tools to be used is necessary. Generally 8. ed in some scintillation materialC in liquid scin-
compromise between light response and necessary surfaggisior 657n in ZnWOy, 1%Eu in Cak (Eu), 11¥Cd and

cleanness is mandatory. In case of hygroscopic scintillamonAg in CAWO,
tors a very good choice for the housing is to use OFHC o4 '
freshly electrolized copper; in this case, for some materi- |- Taple 1 the radio-purity achieved in various crystal
als (as e.g. Nal(Tl)) there is the necessity to avoid presencg intiliators is reported.
of the white mousse typically adopted to assure compensa- | pGe detectors placed underground, high sensitive
tion of the different heat capacity of the crystal and of the|cp_\ms AAS. etc. are used to select materials and esti-
housing materials and thus a peculiar design of the housing, 516 residual contaminants; however, the highest sensitiv-
is necessary to avoid any possibility of break possibly dugiyy, 15 measure internal contamination of crystal scintilla-
to Iarge temperature variation during the detectors transy s is achieved in low background measurements where a
portation at sea level. scintillator is operating as a detector, by exploiting e.g. of:
Moreover, high-purity metals are necessary not onlyi) time-amplitude analysis; ii) pulse-shape discrimination,
for applications in atomic energy production, microelec- which e.g. in Nal(TI) has a 100% discrimination power at
tronics, space engineering, medicine and fundamental scithe energies of the particles; iii) energy spectra analysis
ence researches, but also to realize some ULB crystal scinisee for example Ref. [22]).

207Bj in BGO whose origin is still not
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Table 1. Radioactive contamination of some inorganic crystal scintillators (fddq

Scintillator ~ 228Th 22%Ra 40K « activity  other radioisotopes  Ref.
Nal(TI) 0.002 0.009 <06 0.08 2]
0.014 0.045 3]
0.02 0.2 1.7 [4]
CsI(Tl) 0.002 0.008 134Cs (+14) 5]
137CS (26)
ZnWo, 0.002-0.018  0.002-0.025 < (0.01-1) 0.2-2 657n (0.5-1) 6]
cawq, 0.6 6 <12 20-400 903y (< 70) 7]
137Cs (< 0.8)
1475m (0.5)
180, (0.05)
CAWO, <0.004-0.04 < (0.004-0.04) 0.3 0.3-2 905y (< 0.2) [8-10]

113cq (558)
137Cs (< 0.3-0.4)
147Sm < 0.01-0.04)

180w (0.04)

PbWQ, <13 <10 (53-79)-1G  2%%Pb ((53-7910%) [11]
PbWQ, 210pp (< 4) [12]
(ancient Pb)
CaMoQ, 0.04 0.13 <3 <10 [13]
Cak,(Eu) 0.13 1.3 <7 8 152Ey (10) [14]

0.1 1.1 [15]
Cek; 1100 <60 <330 3400 [16]
BaF, 400 1400 [17]
BGO <04 <1.2 207Bj (7-3-10°) [18, 19]
LaClh(Ce) <04 <34 138 a (21:10%) [20]

* U chain probably broken, spread in contaminatio”3t), 234U, 210p¢ [21].

A good energy resolution is useful in particular in the 4 Features and capabilities

BB decay investigations since it facilitates the separation

of the OvpBdecay mode from the 2vB6ne and to sepa-

rate a Ovgpsignal from othety lines. However, relatively  Let us recall the main crystal scintillator characteristics:

modest energy resolution can be acceptable for most decaly the Stokes shift, i.e. the difference — in wavelength

modes and, in particular: i) to separate 0vgsm 2v38 or frequency units — between the positions of the band

when fitting the end-point shape (procedure adopted e.gmaxima of the absorption and emission spectra of the

in NEMO-3); ii) to separate a Ovggignal from othery same electronic transition; ii) the light yield; iii) the emis-

lines in case of low-level background by choosing a highsion spectrum; iv) the decay time; v) the density; vi) the

Q-value isotope and/or by using an ultra-low backgroundZ value; vii) the afterglow (phosphorescence after some

detector and set-up; thus, a distinctive peak can be pointedis), caused by impurities or defects that create traps or

out from a low-level continuum background. metastable states with long lifetime (in low background
measurements with pure crystals or e.g. Nal(TIl) block-
ing time can be used in the DAQ as well as rejection by
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PSD being well different the decay time of the scintilla- 6 Conclusion
tion pulse and of the afterglow single photoelectrons).

. . The dfectiveness of low background scintillation tech-
Some inorganic crystals show some temperature de

. . _-nique to search for rare processes has been proved and
pe.nden.ce of the light oqtput; for example n NaI(TI) Var- the pursuing of continue efforts to develop new/improved
ation with slope of the light output:-Q.?,%: IS typlpally crystal scintillators for low background physics is a very
observed. In low background experiment very high tem-¢ it strategy.

perature stability can be assured by continuous air condi- Large dforts in this field are carried out by the DAMA-
tioning and by direct contact between the metallic hOUSingKiev collaboration that investigates many rare processes

of the detectors with a multi-ton mt_atallic shieold which can , ih high sensitivity using the facility DAMA/R&D, as
assure a huge overall heat capacity{&® cal/C) and a | q|| a5 widely DAMA/Ge and LNGS STELLA facility. In
high temperature stability of the crystals (see e.g. in ref'particular the experiments on 2fecay ofi%Cd and!'éCd
[2]). Moreover, regular routine calibrations at suitable in- runningunder-improvement and other new measure-

terva!s glloyv one to avo.id any significant systemgtic un- ents are in preparation aiod foreseen (using isotopes of
certainties in whatever kind of detector and operating CON-ce Ba Gd. Nd. Ru. Sr. etc ); a new small facility, named
ditions. It is worth noting that instead even a very modest s A/,CR\’(S is ste{rtiné the lactivity '

temperature variation would limit — with systematic un- Moreover, the second generation DAMABRA set-
certainty — the sensitivity of pulse shape discrimination atup by DAMA coll. is running in its improved phase2 con-

very low energy where the discrimination capability of in- figuration with new higher quantum efficiency PMTs.
organic crystals becomes marginal.

A significant role is played by the PMTs coupled to
the scintillators, and in particular — among others — by theReferences
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