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Why “low” background 
materials?

• Next generation experiments searching for rare 
events (for example, 0νββ decay or dark 
matter interactions) are going in the direction 
of zero background 

• External background: going underground, 
using active/passive shields… it seems that it 
can be effectively suppressed 

• Materials that constitute the detector become 
the main issue  

• All the experiments are trying to purify the 
detector itself: LXe, LAr, crystals, scintillators… 
this is a big challenge!

2



• Used by many experiments as calorimeters, 
scintillators…  

• CUORE (TeO2), CUPID (now investigating also 
ZnSe and ZnMoO4), AMoRE (40Ca100MoO4), 
GERDA and Majorana (Ge)… 

• CRESST (CaWO4), Edelweiss, CoGeNT (Ge)… 

• NaI (DAMA, SABRE, ANAIS, DM-Ice..) 

…and many others

Crystals
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• Used by many experiments as calorimeters, 
scintillators…  

• CUORE (TeO2), CUPID (now investigating also 
ZnSe and ZnMoO4), AMoRE (40Ca100MoO4), 
GERDA and Majorana (Ge)… 

• CRESST (CaWO4), Edelweiss, CoGeNT (Ge)… 

• NaI (DAMA, SABRE, ANAIS, DM-Ice..) 

…and many others

• Contaminations from 40K, 238U, 232Th 
and daughters 

• Cosmogenic activation of materials 

• Selection and monitoring of all 
materials, tools and facilities for crystal 
growth 

• Selection of equipment for chemical 
and mechanical processing, storage

Crystals
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A famous example…NaI
• DAMA/LIBRA experiment (NaI(Tl) crystals) measured an annual modulation with high 

statistical significance in the low energy signal region: possible Dark Matter signal? 

• Crystals contaminations limits the sensitivity of similar experiments

• KIMS collaboration: the best crystal has a contamination in 40K ~2 times larger than 
DAMA (but some of them 10 times larger). They think the powder itself is the problem 
http://dx.doi.org/10.1063/1.4927984 

• ANAIS collaboration: again contaminations in 40K ~2 times larger than DAMA        
http://dx.doi.org/10.1063/1.4928001

FIGURE 5. New NaI(Tl) module that is part of the ANAIS-37 set-up.

FIGURE 6. Left, picture taken during installation of ANAIS-37 set-up. Right, schematic drawing of the ANAIS-37 experimental
layout at LSC consisting of 10 cm archaeological lead plus 20 cm low activity lead, all enclosed in a PVC box continuously flushed
with boil-off nitrogen and active vetoes anti-muons.

The new module (D2) is placed in between the two ANAIS-25 modules (D0 and D1) to maximize the coincidence
efficiency for the potassium determination (see Figure 6).

Very preliminary results corresponding to 50 days of live-time are presented here. The total alpha rate of the new
module D2 is determined through pulse shape analysis. A corresponding alpha rate of 0.58± 0.01 mBq/kg has been
observed, which is a factor 5 lower than alpha rate in ANAIS-25 modules (3.15 mBq/kg). We can conclude that
effective reduction of Rn entrance in the growing and/or purification at Alpha Spectra has been achieved.

The potassium content of the new D2 crystal has been analyzed using the same technique applied to previous
prototypes. Bulk 40K content is estimated by searching for the coincidences between 3.2 keV energy deposition in one
detector (following EC) and the 1461 keV gamma line escaping from it and being fully absorbed in the other detector.
Efficiency of the coincidence was estimated using Geant4. We can conclude that the new D2 crystal has a potassium
content of 44± 4 ppb compatible with that obtained with previous Alpha Spectra crystals (shown in Table 2).

The light collection efficiency has been estimated following the same procedure as in the previous modules. As a
result, 15.4± 0.1 phe./keV are obtained with this new module, also compatible with that obtained with previous Alpha
Spectra modules and the Ham. R12669SEL2 PMTs (shown in Table 1).

SENSITIVITY

Prospects of the sensitivity to the annual modulation in the WIMP mass - cross-section parameter space are shown in
Figure 7 for 100 kg configuration and 5 years of data taking. The analysis window considered is from 1 to 6 keVee. The
background assumed is the one measured in ANAIS-25 (corrected by the efficiencies of the cuts applied to remove
PMT events and the trigger efficiency, and shown in Figure 2), but the 210Pb activity measured in the new module D2,
i.e. the contribution of 2.57 mBq/kg of 210Pb has been subtracted to the background measured at ANAIS-25. Further
reduction from anticoincidence measurement, dependent on the matrix assumed, is expected. The most conservative
approach to derive these prospects has been followed, but even in this case there is a considerable discovery potential of
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DAMA CRYSTALS
[ppb]

DAMA
[ppb]

Seastar-MV 
Lab

[ppb]

Sigma Aldrich 
Astrograde 

[ppb]

[K] 13 100 12 3.5-18

[Rb] <0.35 N/A 14 0.2

[U] 0.0005-0.0075 ~0.02 0.0035* <0.001*

[Th] 0.0007-0.01 ~0.02 <0.001* <0.001*

• Another attempt from SABRE: producing clean powders is feasible 

• Nevertheless, from these powders crystals again with 30 ppb of 40K                                  
http://dx.doi.org/10.1063/1.4927983 

• Test crystal (to be reproduced) with same K contamination as DAMA (talk at LNGS 
scientific committee)

A famous example…NaI
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A good result: TeO2
• Deeply investigated by CUORE over 20 years 

• Must be <3x10-13 g/g in 238U, 232Th 

• Strict protocol for each step of crystal production
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measurement sensitivity. The same protocols for sample preparation and measurement were applied in all laboratories 
for cross-check measurements. In the following, some experimental details are given for the ICP-MS measurements 
at LNGS, where a quadrupole mass spectrometer from Agilent Technologies, model 7500a (2001), was used. A 
dedicated tuning of the machine was made in order to have high sensitivity, stable signals and reliable results 
concerning matrix effects. A Babington-type nebulizer was used, which supports a high concentration of dissolved 
solid without any clogging. For each sample, a group of three replicates were measured using an integration time of 
1s for each point and taking 3 points/mass. The measurements were performed in semi-quantitative mode using a 
single standard solution containing 10 ppb of Li, Y, Ce and Tl. These elements cover a broad range of atomic masses 
and the ICP-MS device calculates the sensitivity for other elements as a function of their response. This operating 
mode is fully satisfactory for the present work, where contamination levels in the samples are typically at or below 
the detection limit. The use of a better calibration curve would possibly improve the quality of data but eventually 
would cause an increase of the background, reducing the obtainable sensitivity. Nevertheless, the instrumentation 
response has been checked directly on the elements to be measured by adding a low concentration spike (about ten 
times higher than the expected detection limit) to the final measurement solution. On the other side it was 
fundamental to check the efficiency of samples treatment procedure measuring the recovery on spiked of K, Th and U 
added directly to the sample (Te metal or TeO2) before the chemical etching. All tests carried out for this purpose 

 
Fig. 2 Radio-purity certification protocol applied for TeO2 crystals. 
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• Metallic Te dissolved in HCl and precipitated with 
NH4OH is washed and calcinated for 1st growth  

• Ingots of the 1st crystal re-treated for a 2nd growth 

• Cutting, orienteering, shaping 

• In clean room, etching and polishing (104 atomic 
layers to be removed)  

• Packaging and underground storage 

doi:10.1016/j.jcrysgro.2010.06.034
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A good result: TeO2
Each stage of production is monitored accurately: 

• ICP-MS for contaminations in 232Th and 238U  in 
Te, TeO2 and consumables and in all other 
reagents. Sensitivity of 10-12 g/g achievable. 

• HPGe to be sensitive also to broken chains and 
40K. For our purposes, 10-10 g/g on Th and U was 
enough, but 10-12 g/g achievable (long run) 

• SBD for surface contaminations of specific 
materials ad monitoring of selected components 
(in particular for lapping cloths, packaging…) 
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Cryogenic test

 Bulk: <1.8x10-14 g/g in 238U and <5.5x10-14 g/g in 232Th



Many experiments will enrich the natural abundance of isotopes used in crystal growth

Some complications
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• Chemical purity may become an issue 

• Keep low radioactive contaminations 

• High quality of the final crystal 

• Minimal loss of enriched material

Example: Mo-based crystals 

• typical purity level of enriched Mo is 99.9% 

• tens-hundreds of ppm of transition metals 

• 1% of high purity ZnMoO4 added to MoO3 for 
sublimation (suppresses contaminations) + annealing 

• double recrystallization in aqueous solution by re-
precipitation of impurities on sediments



Some complications
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• Performance improvements 

• Mono-crystalline structure is favorable, 
but difficult to obtain for large-size 
crystals
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• Maintain the achieved purity 

• The experience of TeO2 shows the 
importance of avoiding cosmic activation, 
Rn-implantation, re-contamination due to 
human activities

Disposing of a large amount of pure enriched material, growing crystals with better and 
better chemical and radio-purity, and avoid crystal activation and re-contaminations, 

could eventually require an underground site for crystal production



Passive material: copper
Good mechanical/thermal properties, radio-pure —> structural parts of many detectors

Example with a well known copper: NOSV (Electronic Though Pitch)

Neutron Activation Analysis and HPGe 
spectroscopy showed no traces for 

contaminations

μBq/kg g/g

232Th <2 <0.5x10-12

238U <70 <6x10-12
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Passive material: copper
Good mechanical/thermal properties, radio-pure —> structural parts of many detectors

Example with a well known copper: NOSV (Electronic Though Pitch)

Study of surface contaminations is difficult
Figure 3: Photograph of the Three Towers Test detector with copper box (a) and
picture of the detector without copper coverage (b). From top to bottom: the
polyethylene tower (T1), the LNGS tower (T2), and the Legnaro tower (T3).

T1 T2 T3

Figure 4: Photographs of the three 12-crystal arrays (the three towers ) without
their cylindrical shields: (a) the polyethylene tower (T1), (b) the LNGS tower
(T2), and (c) the Legnaro tower (T3).

• T1: For the first or top tower, all the copper pieces were
simply cleaned with soap, treated with a mixture of H2O2,
H2O and citric acid, and then wrapped with a few layers,
⇠70 µm thick on average, of polyethylene film. Given that
the range of ↵ particles in polyethylene is about 20 µm,
this is su�ciently thick to stop any ↵ emission from the
copper surface. Commercial polyethylene film was cho-
sen because it is relatively easy to handle; measurements
of samples showed good radiopurity, <100 ppt of 238U and
<700 ppt of 232Th; and the procedure achieved good re-
sults in previous tests.

• T2: For the second or middle tower, a purely chemical pro-
cess with ultra-pure reagents was used. The first step was
simple cleaning with soap and water. The copper pieces
were then subjected to electroerosion with 85% phospho-
ric acid, 5% butanol, and 10% water, followed by chemical
etching with hyper-pure nitric acid. Finally a passivation

Erba [32]; H2O - obtained with Milli-Q system [33], 18.2 M⌦*cm at 25oC;
solid citric acid - 99%, Sigma Aldrich [31]; nitric acid - 67-69% RS hyper-
pure distilled with DuoPur purification system from Milestone, Carlo Erba [32];
Butanol - RPE analytical grade, Carlo Erba [32].

step with H2O2, H2O and citric acid was performed. The
procedure was developed at LNGS on the basis of [30].

• T3: For the third or bottom tower, the LNL cleaning pro-
cedure was modified to include: Tumbling, Electropol-
ishing, Chemical etching and Magnetron plasma etch-
ing (TECM). Final extraction and the following storage
of parts was performed in a clean room to avoid re-
contamination of the magnetron treated surfaces. Ultra
clean reagents were not employed since the expense of
supplying such a large TECM plant was deemed unsus-
tainable and the procedure is designed for zero-deposition
of foreign material on the treated piece.

The TTT apparatus was installed in the cryostat used for
Cuoricino [18], the setup was identical to Cuoricino with re-
spect to cryogenics, shields and front-end electronics, see ref-
erences [18] and [19]. The data acquisition system (DAQ) de-
signed for CUORE was used. The DAQ digitizes pulses from
each bolometer front-end channel with an 18-bit ADC sampling
at 125 Hz. The system acquires 626 samples, corresponding to
5.008 s, for each triggered pulse. Data were collected in two
campaigns: data-set 1 (Ds1) which ran from September to Oc-
tober 2009 and data-set 2 (Ds2) which ran from October 2009
to mid January 2010. During Ds1 a 40K source was present to
validate parts of the o✏ine analysis, this source was removed
for Ds2. The detector was operated at a higher energy thresh-
old during Ds1 to reduce the trigger rate from the 40K source to
an acceptable level.

Unfortunately not all the electrical connections survived the
apparatus cool down, ultimately 12, 7, and 7 crystals were read-
able in T1, T2 and T3 respectively. The readable detectors
performed quite well, the average FWHM resolution measured
from the total spectrum (i.e. no multiplicity cuts applied) in
each tower is shown in Table 1 for both data sets. Three en-
ergy regions are considered: (i) low energy, i.e. the 352 keV
214Pb peak; (ii) an intermediate region near the ROI, i.e. the
2614.5 keV 208Tl peak; and (iii) the ↵ region, i.e. the 5407 keV
210Po peak. The first region was below threshold for Ds1. The
poorer average resolution which is evident at higher energy, the
↵ region, is not due to the resolution of the individual bolome-
ters but rather to the inter-bolometer calibration within a sin-
gle tower. The highest available calibration peak is in fact
2614.5 keV, beyond this point the calibration must be extrap-
olated.

5.1. Data analysis

Data from the TTT were analysed using the software frame-
work developed for CUORE and already successfully used for
Cuoricino [19]. The o↵-line analysis identifies and rejects oc-
casional periods with excess noise, applies pulse-shape analy-
sis to identify and remove spurious pulses, and evaluates pulse
height. Pulse height is a proxy for energy, the precise relation-
ship between pulse height and energy is fixed using calibration
sources. The o↵-line analysis also identifies time coincidences
between events for multiplicity analysis. Ultimately the multi-
plicity analysis was only e↵ective for T1 during Ds2 because
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Neutron Activation Analysis and HPGe 
spectroscopy showed no traces for 

contaminations

μBq/kg g/g

232Th <2 <0.5x10-12

238U <70 <6x10-12
Large arrays provide sensitivities of tens of nBq/cm2

For next generation detectors, we must ensure an even better purity (~ a factor of 10) 

This becomes a problem also for assay 12

doi:10.1016/j.astropartphys.2013.02.005



Improving the sensitivity: bulk
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What is ICPMS? 

Plasma 

A sample is prepared by being made into liquid and sprayed into an extremely hot 
plasma where it is ionized and introduced into the mass spectrometer separating the ions 
based on their mass to charge ratio 
 
For isotope dilution tracers are added prior to sample preparation 
For example 229Th is added for analysis of 232Th, 233U added for 238U analysis 3 

• Liquid sample sprayed into a hot plasma, 
where it is ionized 

• Mass spectrometer separates iones (mass/
charge ratio) 

• Tracers can be added for isotope dilution

• Copper: concentrate the analytes while 
reducing the matrix levels 

• Sample + tracers into vials.  

• Dissolve in nitric acid: Th and U negatively 
charged  

• Pass through anion-exchange column and 
analyze the eluent 

NIM A 775 (2015) 93-98

• MTD of 0.034 μBq/kg 232Th 

• MTD of 0.131 μBq/kg 238U

applied to NOSV, may result in 
encouraging values also for this 

material!



Improving the sensitivity: bulk
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What is ICPMS? 

Plasma 

A sample is prepared by being made into liquid and sprayed into an extremely hot 
plasma where it is ionized and introduced into the mass spectrometer separating the ions 
based on their mass to charge ratio 
 
For isotope dilution tracers are added prior to sample preparation 
For example 229Th is added for analysis of 232Th, 233U added for 238U analysis 3 

• Liquid sample sprayed into a hot plasma, 
where it is ionized 

• Mass spectrometer separates iones (mass/
charge ratio) 

• Tracers can be added for isotope dilution

It applies also to: 

• Lead (0.4 μBq/kg 232Th and 17 in 238U) 

• Titanium (6 μBq/kg 232Th and 30 in 238U) 

• Stainless Steal  (4 μBq/kg 232Th and 62 in 
238U) 

E. Hoppe’s talk, LRT 2015

But: 

• Systematics to be better understood 

• Not sensitive to “broken” chains



Electro-formed copper
At the moment, we do not have more precise measurements on NOSV copper. 

Alternative: electro-formed copper 

• When electro-plating copper from a solution onto 
cathodes, most of the contaminants do not 
follow copper (different electrochemical value) 

• Electrodeposition OFHC copper on stainless 
steel forms 

• Everything done underground (reduce 
activation) 

• Outstanding purity: 0.3 μBq/kg for 232Th and 238U 

• Can we reach the same purity with NOSV?
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The presence of several very large grains shown in Figure 3.10 could be biasing the results 
which indicate a strong texture is present4.  Future work will include further EBSD analyses.  
After a statistically significant number of grain orientation maps are generated, any predominant 
orientation should be apparent. 

3.5.1 Nodule Analysis 

The formation of nodules has been a continuous issue in some electroplating baths.  Figure 3.12 
below shows a comparison of two electroplating baths from the Majorana Temporary Clean 
Room (TCR) located at the 4850’ level at Sanford Underground Lab (SUL) in Lead, South 
Dakota.  The figure located on the left shows a normal electroplate while the figure on the right 
shows nodule formation.  From research bath experimentation, filtration has been linked to a 
significant reduction in nodule formation, for these reasons it was hypothesized that the nodule 
formation was due to particulate present in the bath solution.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.12 Nodular growth seen in TCR Bath #1. 
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Electro-formed copper (2)
If NOSV copper turns out to be too “dirty” for next generation experiments, can we use 

electro-formed copper? 

Yes, but we might have to check other features: surface, in principle, could be as 
contaminated as those of NOSV. 

Cleaning of NOSV made with TECM: 

• Tumbling 

• Electropolishing 

• Chemical etching 

• Magnetron Plasma etching 

resulted in tens of nBq/cm2 of contaminations

Is there a way to have a similar sensitivity on electro-formed copper in a reasonable time?
16

Copper Surface
Tumbling ~ 1.2 mm
Rate ~ 0.06  mm/h

Electropolishing: 100 mm
Rate ~ 12 mm/h

SUBU ~ 10 mm 
Rate ~ 120 mm/h

Plasma~ 0.2 mm 
Rate ~ (1mm/h)

Bulk

Cleaning Process

on courtesy of A.Camacho (LNL)



Scintillating bolometers allow to achieve an extremely high sensitivity on surface 
contaminations in a few weeks of measurements.

Improving the sensitivity: surface

Advantages: 

• Simultaneously α and γ spectroscopy 

• Wide active surface (hundreds of cm2) 

• No dead layers 

• Excellent energy resolution (< %) 

• Low intrinsic background 

with these features, we can achieve a ~tens of nBq/
cm2 in a few weeks  

http://stacks.iop.org/1748-0221/7/i=10/a=P10022
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Figure 6. Simulations of energy spectra that can be obtained with a surface contamination in 232Th (on the
top) and 238U (in the bottom) with an exponential density profile and a depth l of 5 micron by a Si surface
barrier detector (green), an array of four TeO2 crystals (blue) and an array of four BGO crystals. For the last,
thanks to the possibility to identify the interacting particle, the beta/gamma region (orange) and the alpha
region (red) are reported separately.

As can be seen in the figures, the main advantage of the BGO detector is the possibility to per-
form separately a and b/g spectroscopy. This feature allows to study with a very high sensitivity
low energy a’s, that in the case of TeO2 and Si detector would be overwhelmed by the g natural
radioactivity. At the same time, with the BGO detector it is possible to access rare g’s and b events
in the energy region dominated by the a background (above 2.6 MeV).

Another important advantage of the BGO detector is the very low intrinsic background, which
is about two orders of magnitude lower with respect to the count rate of a standard Si detector (0.05
counts/h/cm2 between 3 and 8 MeV [19]). This leads to a much better signal to noise ratio and,
therefore, to a much larger sensitivity on surface contaminations.

Finally it must be stressed that, unlike Si detectors, bolometers can easily achieve large ac-
tive surfaces and do not have dead layers. Moreover, the excellent energy resolution provided by
bolometers (⇠5 keV FWHM energy resolution with a TeO2 bolometer [21] with respect to 25–

– 8 –

http://stacks.iop.org/1748-0221/7/i=10/a=P10022


Conclusions

• The development of pure material is crucial for many experiments in different fields

• The production of large amount of radio-pure material will likely demand for 

dedicated underground structures

• Most of the purity levels are extremely difficult to assess with conventional 

techniques

• New, versatile technologies have been proposed


