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DIRECT DARK MATTER 
DETECTION: SIGNATURES 
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Cygnus

WIMP wind

v≈220 km/s

Rate and shape of recoil spectrum depend on target material 

Motion of the Earth causes 

temporal variation in the rate: June - December rate asymmetry ~ 2-10 % 

direction modulation asymmetry: ~ 20-100% in forward-backward event rate

Dark matter signatures
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Drukier, Freese, Spergel 1986;

2-4 keV

R. Bernabei et al, EPJ-C67 (2010)

DAMA/LIBRA NaI: 2% annual modulation

D. Spergel 1988 

Review%Strategies%for%Direct%Detection%

nuclear recoil=NR 
v/c ~ 7 x 10-4 

χ"

electron recoil=ER 
v/c ~ 0.3 

γ"

β,γ     discriminate between ER vs NR    
 -or-  eliminate sensitivity to ER  
 -or-     self-shielding & fiducial cuts 
 

n         multiple scatters 
   σ varies with target 

 

α    much higher energy deposit. Only a 
  problem for threshold devices, trackers 

 

diurnal directional      
     modulation 
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Background 
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DAMA/LIBRA 
Located at LNGS: 

1.  DAMA (100kg) 1996-2002 

2.  DAMA/LIBRA (250kg) Phase I: 2003-2010 

3.  DAMA/LIBRA (250kg) Phase II: 2011-… 
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THE DAMA/LIBRA MODULATION 

•  13 annual cycles (Dama/NaI + Dama/Libra) 
•  χ2/ndf = 70.4/86 
•  9.3σ significance 
•  (0.998±0.002) year period 
•  Phase is (144±7) days vs. Exp. DM phase 152.5 days 
•  Amplitude (0.0112±0.0012) cdp/kg/keV (~ 1.2% of signal) 
•  Can be explained as WIMP-nucleus SI interaction with 

MW~10GeV/c2 and σW~10-40 cm2 
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THE LOW MASS 
SCENARIO 
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Carmen Carmona - UCSB 16

Low Mass WIMP Sensitivity

>20x more sensitivity

CDMS II Si Favored

CoGeNT Favored

LUX (2013)-85 live days LUX +/-1σ expected sensitivity

XENON100(2012)-225 live days

CRESST Favored

CDMS II Ge
DAMA/LIBRA Favored

Most simple standard Spin Independent Wimp-nucleon scattering 
Many alternatives exist: halo model, DM particle, interaction,…  



A COMPLEX SCENARIO 
•  DAMA/LIBRA (DL) results (and other positive low mass results) are 

“excluded” by several other experiments.  

•  DL (and CoGeNT) observes DM annual modulation, while all others are 
counting experiments.  

•  No other experiments is using NaI as target material. 

•  Theoretical attempts to let DL coexist with other results:  
NO clear conclusion. 

•  Attempts to explain DL in terms of background have been made 

•  40K 
•  cosmogenic (and environmental) background 
NO clear conclusion 

•  DL has done an excellent job. Strong arguments to sustain the result. 
NO trivial mistake. 

Davide D'Angelo: SABRE INFN CdS 07/2015 - Milano 6 



A COMPLEX SCENARIO 
•  DAMA/LIBRA (DL) results (and other positive low mass results) are 

“excluded” by several other experiments.  

•  DL (and CoGeNT) observes DM annual modulation, while all others are 
counting experiments.  

•  No other experiments is using NaI as target material. 

•  Theoretical attempts to let DL coexist with other results:  
NO clear conclusion. 

•  Attempts to explain DL in terms of background have been made 

•  40K 
•  cosmogenic (and environmental) background 
NO clear conclusion 

•  DL has done an excellent job. Strong arguments to sustain the result. 
NO trivial mistake. 

Davide D'Angelo: SABRE INFN CdS 07/2015 - Milano 7 

 Low-mas compatibility 
H. Hooper, J. Collar, J. Hall, D. McKinsey, C. Kelso, PR D 82 (2010) 123509. 
C. Savage et al., JCAP 04 (2009) 010. 
P.W. Graham et al., PR D 82 (2010) 063512. 
D. Hooper, Phys. Dark Univ. 1 (2012) 1. 
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 Instrumental backgrounds (40K) 
J. Pradler, B. Singh and I. Yavin, PL B 720 (2013) 399-404 
R. Bernabei et al. (DAMA coll.), (2012) arXiv:1210.6199 and arXiv:1211.6346;  
J. Pradler and I. Yavin, (2012) arXiv:1210.7548. 



A COMPLEX SCENARIO 
•  DAMA/LIBRA (DL) results (and other positive low mass results) are 

“excluded” by several other experiments.  

•  DL (and CoGeNT) observes DM annual modulation, while all others are 
counting experiments.  

•  No other experiments is using NaI as target material. 

•  Theoretical attempts to let DL coexist with other results:  
NO clear conclusion. 

•  Attempts to explain DL in terms of background have been made 

•  40K 
•  cosmogenic (and environmental) background 
NO clear conclusion 

•  DL has done an excellent job. Strong arguments to sustain the result. 
NO trivial mistake. 

Davide D'Angelo: SABRE INFN CdS 07/2015 - Milano 9 

 Environmental backgrounds (Cosmic muons) 
J. P. Ralston, (2010) arXiv:1006.5255 
K. Blum, (2011) arXiv:1110.0857  
E. Fernandez-Martinez and R. Mahbubani, JCAP 07 (2012) 029  
S. Chang, J. Pradler and I. Yavin, PR D 85 063505 (2012)  
J. Pradler, (2012) arXiv:1205.3675  
R. Bernabei et al. (DAMA coll.), IJMP A 28 (2013) 1330022  
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SABRE KEY 
FEATURES 

Detect Dark Matter annual modulation in NaI crystals 
1.  New radio-pure NaI crystals 

1.  Higher purity NaI powder than ever achieved 
2.  Further purification during crystallization 
3.  Low background methods (used in Borexino and 

DarkSide) in handling and processing 
2.  New low-background and high-QE photosensors  

3” PMTs. Hamamatsu R11065-20 (< 10mBq of gamma from U 
and Th) to be developed with: 
1.  Sinthetic alumina feed-thorugh plates 
2.  SBA photo-cathode 

3.  Active Background rejection with liquid scintillator. 
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THE 40K ISSUE 

12 

Ultra-high purity 
NaI(Tl) detector 

Active veto 
detector + 

DAMA/LIBRA signal peaked at 3 keV. 

Background from 40K decay? 13 ppb K in DAMA crystals. 
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THE DAMA/LIBRA SIGNAL 
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RADIO-PURE POWDER 
(USA WAY) 
4-year work at Princeton University. 
Purify precursors of NaI: Na2CO3  
 Element MV laboratories Sigma Aldrich 

“Astro-Grade” 
DAMA powder 

K 12ppb 3.5 ppb 
(18 ppb) 

<100ppb 
(13 ppb in crystal) 

Rb 14ppb 0.2 ppb not reported 
Th <200ppt 

~ 3.5ppt* 
<1700ppt 
<1ppt* 

20ppt 

U <100ppt 
<1ppt* 

<500ppt 
<1ppt* 

20ppt 

* Preliminary by means of ICP-MS dilution method at PNNL 
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STD-purity crystal grown at RMD, high-purity in process 



RADIO-PURE CRYSTAL 
(ITALIAN-CHINESE WAY) 

In 2015 INFN Started R&D with SICCAS company in Shanghai: 

1.  NaI powder with K~1ppm; U and Th <0.5ppb. (dev. May) 

1.  Measured with HPGe in Bicocca (E. Previtali) and with 
ICPMS at LNGS (S. Nisi).  

2.  Specs do not match -> sample from new production batch 
already shipped. 

2.  NaI test crystal growth Ø5cm, H12cm (exp. Aug) 

3.  NaI iterated crystal growth (exp. Oct) 
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Fig.3 Views from the new production facility for NaI:Tl crystals (clockwise): growth charge preparation room; dry room 

general view; dry room (cutting polishing); NaI:Tl scintillators ready for use 
 

 
 

  
 

  
Fig.4 New production site of the company Kunshan Jincheng Chemical Reagent Co. Ltd (clockwise): KJCR headquarters; 

KJCR industrial buildings; KJCR offices; photo with KJCR management 
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Company tests indicate a x10 reduction in K 
is possible at every growth cycle 



CRYSTALS TEST IN 
DARKSIDE 
•  Coincidence with 

neutron-veto detector 
•  2-PMTs coincidence 

signal ORed with TPC 
trigger. 

•  NaI crystal inside 
water Cherenkov and 
active scintillator 
shielding 

•  3” diameter x 4” length 
cyclindrical  NaI crystal 
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Low radioactivity 
copper housing: 
U, Th < µBq/kg 
 

SABRE insertion system built, under 
technical review by DS technical board. 



DETECTOR SCHEME 
q  Cylinder : 1.5 m x 

1.5 m 
q  2 tons LAB 

scintillator 
q  10 8-inch PMTs 
q  Reflector in inner 

surface (>95%). 
q  Expected: 0.22 p.e./

keV 
q  Shielding: 25cm Pb 
q  Portable 
q  Minimum crystal 

array: ~50kg 
(10x5kg) 
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LOCATION AT LNGS 
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SABRE STRATEGY: PROOF OF PRINCIPLE

Grow high purity crystal.  

Validate procedure to produce crystals with preliminary measurements at LNGS 
inside standard shielding set-up (no LS veto). Expected time scale: 6 months after 
first crystal delivery.

Full scale detector 
@ LNGS and Stawell 

In parallel prepare underground installation with LS veto to test 
crystal radiopurity and background in full scale detector setup.

Identified suitable experimental 
area in Hall B @ LNGS 

10

Hall B – Icarus structure 



BACKGROUND SIMULATION 

Based on radio-purity of NaI powder  
(after crystal growth one could reach lower background rate) 
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La possibilità di flussare azoto all’interno del contenitore è in fase di studio. Il 
design finale prevede la ottimizzazione dell’accoppiamento PMT-cristallo e del 
riflettore per il cristallo. Un contenitore esagonale è anche in considerazione 
per ottimizzare la geometria all’interno del veto di scintillatore. 
 

Sito in sotterraneo ai Laboratori del Gran Sasso 
Sulla base di discussioni preliminari con la Direzione del Laboratorio del Gran 
Sasso è stato individuato un sito in sala B per la installazione di SABRE. In 
particolare, si propone l’utilizzo di un’area nel lato nord della sala B. Questa 
area è stata precedentemente utilizzata dall’esperimento ICARUS ed è dotata 
di un carroponte da 2 tonnellate, che risulta utile alla movimentazione di 
SABRE. L’area di interesse ha le seguenti dimensioni: 12.5m (lunghezza) e 
11.5m (larghezza) e 5.1m (altezza). Le dimensioni di questo spazio sono 
adatte alla installazione di SABRE, di un serbatoio di stoccaggio per lo 
scintillatore e di un sistema di fluid handling.  

Sensibilità di SABRE alla modulazione annuale 
Mediante l’utilizzo di un Monte Carlo basato su GEANT4 (attualmente in fase 
di miglioramento) è stato calcolato il rate di fondo dell’apparato. A questo 
scopo sono stati utilizzi i risultati di screening radioattivo di diverse 
componenti e ove non possibile si è fatto riferimento alle misure pubblicate da 
DAMA/LIBRA. Il detector è composto da 7 cristalli per una massa totale di 46 
kg. La contaminazione interna del cristallo è identica a quella della polvere 
Astro-Grade; questa è una assunzione conservativa. In Fig. 5 è riportato il 
risultato di questo studio. 
 

 
Fig. 5 Risultato di una simulazione GEANT4 per SABRE (vedi testo per dettagli). 
Linea blu: fondo senza riduzione dovuta al veto di scintillatore; linea rossa: effetto 
dovuto alla riduzione da parte del veto di scintillatore; linea verde: fondo intrinseco 
del cristallo. 

)eeEnergy (keV
0 5 10 15 20 25 30

)/k
g

ee
R

at
e 

(c
pd

/k
eV

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 shielding power4Total expected SABRE backgrounds for K measurement with 10

Total

Crystal background only

K40Crystal 

Total

Crystal background only

K40Crystal 

KMM 

Shielding power of 104 
assumed!

)eeEnergy (keV
0 5 10 15 20 25 30

)
ee

R
at

e 
(c

pd
/k

g/
ke

V

0.1

0.2

0.3

0.4

0.5

0.6

0.7
Veto
No Veto

 shielding power4Total expected SABRE backgrounds with 10

No Veto

Veto

Crystal background only
DMM 

10x lower background cmp. D/L 

9

EXPECTED SENSITIVITY

Use “standard” WIMPs reference model and best fit values from DAMA/LIBRA 

Background from crystals only.  
Use 90% veto rejection: ~ 0.2 cpd/keV/kg 
Assume stable detector operations  

9

Signal + background in [2,6] 

keVe window for 3 years 

and 50 kg exposure 

5σ sensitivity 

4-5σ confirmation/refutation  
with 50kg x 3y data 



ALTERNATIVE EXPLANATIONS 

Long standing question: can the DAMA/LIBRA results be explained in 
term of environmental and/or cosmogenic background? 

The phase is off by ~30d  

Hard to explain the only low energy nature of the signal  

Hard to explain the only single-hit nature of the signal 
Tens of papers written on the subject.  

No clear conclusion 
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FIG. 1: Combined cosmic muon data from MACRO, LVD and Borexino, with monthly binning for clarity, after subtraction of
the mean measured flux at each experiment, as well as of an additional constant, determined for each individual experiment by
the chi-squared fit. This constant, which accounts for systematic di↵erences in the experiments’ sensitivities to cosmic muons,
has a negligible e↵ect on the best fit period, phase and amplitude for the annual modulation. The best fit to the sum of two
independent cosines yields the solid line in the figure (periods, phases and amplitudes detailed in the text).
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FIG. 2: Confidence-limit contours for period and phase of
best-fit cosine for cosmic muon flux from MACRO, LVD and
Borexino, and DAMA data. The straight black-dashed lines
delineate the expected period and phase for a dark matter
signal. See text for note concerning changes in time origin.

ter harmonic filtering of the annual modulation, leading
us to conclude that they were aliasing peaks, or some
other artifact of the irregular data spacing or sampling
frequencies used. The subleading periodicity in the muon
data, as seen in both the chi-squared fit and the L-S pe-
riodogram, displays a strong correlation with the solar
cycle. We also plot for comparison the weighted Lomb-
Scargle periodogram for the monthly-averaged sunspot
data in the same period, taken from [18], and originally
derived from data by the Solar Influences Data Analy-
sis Center in Belgium in Fig. 3(c). We see a dominant

peak corresponding to a period of 12.6±0.1 years, and
what looks like higher harmonics of this fundamental fre-
quency. Caution must be exercised in interpreting the
fitted periods and uncertainties presented in this subsec-
tion: the solar cycle is known to have a rather variable
period, making the cosine fit an inadequate description
of the data, as reflected in the large chi-squared values.
This does not, however, preclude the use of these fit val-
ues to compare two data sets under the hypothesis of a
correlation between them.

In order to test for a possible correlation between the
secondary modulation in the Gran Sasso cosmic muon
data and the sunspot data, we again make use of the pa-
rameter goodness of fit, with parameters extracted from
a chi-squared fit of both the muon and sunspot data to
cosine functions with a relative phase of ⇡. While the
fitted phases are in agreement, we find there is a 4.7�
tension between the fitted periods, which is not very en-
couraging. Notice, however, that in the fits, the sunspot
data are weighted by their variance, which in the limit of
low statistics is strongly dependent on their absolute val-
ues, making data taken during minimums of solar activ-
ity dominate the fit. Because of this, the fitted period is
driven to large values by the unusually long and deep so-
lar minimum around 2008. By contrast, the correspond-
ing muon data was taken mostly by Borexino, which has
comparatively large error bars. Thus, muon data give
more weight to earlier parts of the solar cycle, which fit
better with smaller periods. Indeed, redoing the fit af-
ter rescaling the sunspot error bars such that the relative
size of the error bars (and hence their weights) are the
same as in the muon data reduces the tension between the
two data sets to 2.1�. Furthermore, as mentioned above,
a sinusoid with a constant period is a particularly bad
model for sunspot activity (522/242 for the chi-squared
per dof), which is cyclical rather than periodic. Perform-
ing a fit to the sunspot data using a cosine with a period

Combined MACRO+LVD+Borexino muon flux modulation 



UNDERGROUND LABS 
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M. Schumann (AEC Bern) – Direct Dark Matter Searches 11

World-wide Efforts

SNOLAB
DEAP/CLEAN
PICASSO
COUPP

Homestake/SURF
LUX

Soudan
SuperCDMS
CoGeNT

Boulby
DRIFT
(ZEPLIN)
(NaIAD)

Canfranc
ArDM

LSM
EDELWEISS
MIMAC

LNGS
XENON
DAMA/Libra
CRESST
DarkSide

JINPING
Panda-X
CDEX

YangYang
KIMS

Oto
PICOLON

Kamioka
XMASS
NEWAGE

WIPP
DMTPC

South Pole
DM-Ice

Stawell  
Gold Mine 



SABRE, A TWOFOLD EXPERIMENT 

We want to perform the new measurement in two 
separate underground sites, using twin detectors. 
Ideally the second location should be in southern 
hemisphere. 

 LNGS + STAWELL MINE would do the trick. 
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State of Victoria, ~ 300km west of Melbourne, ~3h drive. 



STAWELL MINE LAYOUT 

23 

Chosen lab site: cavern 1km underground,  
 (basalt density of the rock ~ 2.86 t/m3)  
~3.1km w. e. similar to LNGS.  

Decline mine with dirt road 
1.6 km maximum depth, with many caverns.  
Served with electricity, optical fibre, compressed air,  

and  can be reached by car/truck. 
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LNGS	   Stawell	  

Neutron Flux (n/s/cm2)	   4 x 10-6	   7 x 10-6	  
Gamma-rayflux <3MeV (γ/s/cm2)	   0.73	   ~1	  
Rock Hall 238U  (ppm)	   6.8-0.42-0.66	   0.64	  
Rock Hall 232Th (ppm)	   2.2-0.06-0.06	   1.63	  

Concrete	  238U	  	  (ppm)	   1.05	   <1.86	  (wall)	  
<2.18	  (floor)	  

Concrete	  232Th	  (ppm)	   0.66	   3.84	  (wall)	  
3.49	  (floor)	  

Radon Bq/m3  

(12 day accumulation)	   ~50	   408±40 (free air) 
36±5 (comp. air)	  

Muon Flux (µ/h/m2)	   ~1.2	   coming soon	  

BACKGROUND 
MEASUREMENTS SUMMARY 
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Prof. A. Masiero 
(INFN vice-president) 

D. D’Angelo 
(Milano University) 

G. Piredda – C. Tomei 
(Rome University) 

Prof. S. Ragazzi 
(LNGS director) 

Prof. E. Barberio 
(Melbourne University) 

Dark Matter Workshop Sep. 29-30th 2014 
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Princeton University:  

 Frank Calaprice, Jingke Xu, Francis Froborg, Emily Shields. (Physics) 

 Jay. Benziger (Chemical Engineering).  
PNNL: 

  E. Hoppe, J. Orrell, C. Overman 
LNGS:  

 Aldo Ianni, Carla Macolino, Chiara Vignoli, G. di Carlo, M. Antonello 

Milano University: 

 Davide Angelo  

Rome: 

 Claudia Tomei, G. Piredda, I. Dafinei, P. Mosteiro 
University Melbourne, Australia: 

 Elisabetta Barbario, Matteo Volpi, F. Nuti. 
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THE SABRE COLLABORATION 



INFN – MILANO 
ACTIVITIES 
•  Proponiamo l’apertura della sigla SABRE per il 2016 

•  3 sezioni coinvolte: LNGS, Roma 1, Milano 
•  Proposal sottomesso alla CSN2. I referee verranno assegnati 

asap. 
•  Resp. nazionale Aldo Ianni (LNGS). 

•  Milano FTE: 0.6 
•  Davide D’Angelo al 60% (+studenti) 
•  collaboratori benvenuti 

•  Attivita’ di Milano 
•  Continuazione del R&D presso SICCAS (anche Roma 1) 

•  Gia’ finanziato con 35k nel 2015 
•  Sviluppo PMT da 3” con Hamamatsu 

•  Test prototipi di R11065 con fotocatodo SBA 
•  Test di dissoluzione o-carborano in LAB (scint. liquido) 
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Producer	   Hamamatsu	   Hamamatsu	   Hamamatsu	  
Model	   R12669	   R11065-20	   R11065-20MOD	  
Date	   Mar-13	   Sep-12	   2015?	  
Used by	   D/L phase II	   DS-50	   SABRE	  
Size	   3" (70mm)	   3" (64mm)	   3" (64mm)	  
Body	   Borosilicate glass	   Metal	   Metal	  
Window	   Borosilicate glass	   Synthetic silica	   Synthetic silica	  
Radioactivity	   ~150mBq	   ~15mBq	   ~15mBq	  
Dynodes	   10	   12	   12	  
HV	   1500	   1750	   1750	  
Gain	   10^6	   5 10^6	   5 10^6	  
Photocathode	   SBA	   LT-BA	   SBA	  
QE at 420nm	   35%	   25-28%	   35%	  
Dark Counts	   ~300cps	   ~3kcps	   ~300cps	  
Min T ( C )	   -30	   -186	   -30	  
Price (Euro)	   3000	   6500/4500	   6500	  

CAN WE HAVE A BETTER PMT? 
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Pos. Codice prodotto Quantità Prezzo unit. Importo netto
Descrizione [pcs] EUR EUR

1.1 R11065-20 MOD 1 5.070,00 5.070,00
Metal Bulb PMT
MOD: SBA photo cathode
(operation at cryogenic
temperature is not possible
because of photocathode high
resistivity)
(NXK15-7137773)

Legame cambio:
I prezzi riportati in offerta sono riferiti ad un legame cambio di 135 JPY/EUR. Eventuali variazioni della valuta intervenute alla
data di fatturazione verranno addebitate/accreditate.

Validità offerta: 4-mag-2015
Termini di spedizione: Porto Franco Vs sede con addebito in fattura €15,49
Termini di pagamento: R.D. 60 GG. D.F.
Garanzia: 12 Mesi
Tempi di consegna: 135 GG DRO

I prezzi si intendono al netto dell'aliquota IVA.

Questa offerta è soggetta ai Termini e alle Condizioni Generali di Vendita di Hamamatsu Photonics Italia, riportate nel nostro
sito: www.hamamatsu.eu/gtc/it

In fede

HAMAMATSU PHOTONICS ITALIA S.R.L. A SOCIO UNICO

Offerta

HAMAMATSU PHOTONICS ITALIA S.R.L. A SOCIO UNICO
Sede Legale e amministrativa: Coordinate Bancarie: Registrazioni Commerciali:
Strada della Moia, 1 int.6 Intesa Sanpaolo Partita IVA IT10247190159
20020 Arese (Mi) - Italia BIC: BCITITMM Registro Imprese di Milano n. 312362
Tel: +39 02 9358 1733 IBAN: IT02 C030 6932 4411 0000 0001 456 (EUR) Capitale Sociale 728.000 EUR
Fax: +39 02 9358 1741 IBAN: IT60 M030 6932 4411 6100 9347 239 (JPY) REA di Milano n. 1356127
Web: www.hamamatsu.it Iscrizione Registro AEE n IT 08030000003931

•  No R&D cost 

required. 

•  Final cost not 

higher then 

R11065-20. 

•  Delivery first 

prototype: 135d 

HAMAMATSU R11065-20MOD 



A NEUTRON 
DETECTOR? 
The SABRE’s liquid scintillator is primarily a gamma catcher. 
However it could be exploited as a neutron detector:  

•  study (cosmogenic and environmental) neutron background.  
Too small:  requires neutron catcher. 

LAB solvent is being purchased in Milano for JUNO (1 
barrel). 

•  produced by SASOL in Augusta in Sicily.  
•  very good production method DETAL. 
•  extensive campaign of optical quality tests campaign in 

Perugia. 
•  possibility to have a small quantity for free. 



B-LOADING THE 
LIQUID SCINTILLATOR 

TMB - Trimethyl Borate 
•  17.5% B content -> up to 50% loading 
•  organic liquid, extremely hazardous. 

O-carborane 
•  75% B content -> ~1% loading 
•  solid cristalline, dissolves easily, safe. 

Characterization of a liquid scintillator based on linear alkyl benzene
for neutron detection

G. Bentoumi a,n, X. Dai a, H. Fritzsche c, G. Jonkmans a, L. Li a, G. Marleau b, B. Sur a

a Atomic Energy of Canada Limited, Chalk River (Ont.), Canada
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a b s t r a c t

A liquid scintillator (LS) based on linear alkyl benzene (LAB) solvent has been characterized using
multiple radiation sources. The results confirm that boron-loaded LAB is suitable for neutron detection
in a gamma ray environment. To study indirectly the LAB pulse shape discrimination (PSD) capability
between neutrons and gamma rays, a dissolved 212Pb source emitting alpha and beta particles was used
to emulate the conditions in a mixed radiation field for detecting neutrons in the presence of a high
gamma ray background. The quenching factor depends on the alpha energy and increases from 10 to 25
as the alpha energy decreases from 10 to 1 MeV. 10B loaded LAB-based LS has been tested in a neutron
beam of energy which is equal to 14.56 meV. The observed peak at 60 keVee is attributed to the
absorption of neutrons. Our results show that a boron-loaded LAB-based scintillator is a sensitive
medium for neutron detection in a relatively large background of gamma rays. A neutron detector could
be achieved with a figure of merit (FOM) of 1.75.

Crown Copyright & 2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

There is a need in the nuclear industry for detectors that can
measure neutron flux in an environment with a relatively large
background of gamma rays. 3He filled ionization chambers have
been extensively used for this purpose because of their good
neutron-to-gamma discrimination capability. However, there is
currently a global shortage of 3He. As a result, it is necessary to
design new neutron detectors that rely on other mechanisms and
are just as efficient as 3He detectors. The 10B capture process has
long been suggested as an alternative to 3He. With an absorption
cross-section of 3838 barn, an incident thermal neutron may be
captured by 10B producing 7Li and an alpha particle as follows [1]:

1
0nþ10

5 B-
7
3Li 1:015 MeVð Þþ4

2He 1:777 MeVð Þ 6%
7
3Li 0:840 MeVð Þþ4

2He 1:47 MeVð Þþg 0:478 MeVð Þ 94%

(

ð1Þ

The 7Li and the alpha particle have a short range and deposit
their energies into the surrounding medium. A considerable
number of optical photons are emitted following this interaction
in the case of an appropriate 10B-loaded scintillator medium.
These optical photons are then easily transformed to an electrical

pulse by a photomultiplier tube (PMT) providing an indication
that a neutron has been detected. Therefore, this interaction can
be used to detect neutrons.

Linear alkyl benzene (LAB) has been proposed as a solvent for a
liquid scintillator since it has a high flash point (130 1C) and is
inexpensive [4]. LAB is used in mixture with a fluor such as 2,5
diphenyl-oxazonale (PPO) and a wavelength-shifter such as
1,4-Bis(2-methylstyryl)benzene (bisMSB) to improve scintillation
light output and to match the PMT spectral response [2]. Devel-
opment of particle identification techniques is necessary because
the energy spectrum cannot be used to discriminate between
neutrons and gamma rays [1]. One of the proposed methods to
achieve discrimination between neutrons and gamma rays is
pulse shape discrimination (PSD). It is based on the fact that the
time-resolved optical emission depends on the nature of the
particle initiating the signal [3].

In this paper we present results of the characterization of a
LAB-based liquid scintillator for neutron detection. The experi-
mental setup, PSD capabilities, and results with neutron beams
are explained.

2. Experimental procedure

The liquid scintillator used in all the experiments is based on
LAB solvent with fluor PPO and wavelength-shifter Bis-MSB, at
concentrations of 3 g/L and 20 mg/L, respectively. Fig. 1 shows a
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O-CARBORANE  
SMALL SCALE TESTS 
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LAB + 5g/l PPO + 25mg/l 

POPOP 

small cell: 5cm! x 2cm h 

207Bi neutron source 

1% B loading could be a 

good compromise 

Interesting R&D for 

commercial n detectors 
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A WORLD WIDE 
EFFORT 
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Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

DM-ICE 17kg operating since 2011

!6

6.5 – 8.0 keVee region is measured to be 7.9 ± 0.4 counts/day/keV/kg."
Dominated by assembly housing and PMT - no ice contribution

6 140226_DM2014_Gaitskell_Review_v05 - February 28, 2014

Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

DM-ICE

!7

Thanks to Reina Maruyama"
Talk by Walter Pettus

Also SABRE NaI program  
See Jingke Xu Talk

7 140226_DM2014_Gaitskell_Review_v05 - February 28, 2014

Korea Middleland Power Co. 
Yangyang Pumped Storage Power Plant  

Yangyang(Y2L) Underground Laboratory 

Minimum depth : 700 m / Access to the lab by car (~2km) 

(Upper Dam) 

(Lower Dam) 

(Power Plant) 

KIMS (Dark Matter Search) 
AMoRE (Double Beta Decay Experiment) 

Seoul 

RENO 

Y2L 

5 

Data with 12 crystals!

•  12 crystals (104.4kg) installed in the Cu shield. 
•  2.5 year data (Sep. 2009 – Feb. 2012) 
• Background Level : 2~3 cpd/kg/keV  
•  Source calibration with 55Fe & 241Am 
•  1 year of data (Sep. 2009 – Aug. 2010) published with 

PSD analysis. 
• Backgrounds are well understood. 

Total backgrounds 
Multiple –hit  backgrounds 

MC 
Data 

4 

KIMS 

Mineral Oil (30cm) & Muon det. 

Lead (15cm) 

Polyethylene (5cm) 

Copper (10cm) 

CsI(Tl) crystal 

KIMS overview 

CsI(Tl) 

WIMP 

Nucleus 

0 , ,W DMυ ρ

WIMP-Nucleus elastic scattering 

, RA E

CsI(Tl) Crystal  8x8x30 cm3  

 (8.7 kg) + 3” PMT (9269QA) 

!  Similar experiment to DAMA. 
!  Direct comparison to DAMA annual mo

dulation signal is possible. Iodine is com
mon to both exp. 

3. DESCRIPTION OF THE EXPERIMENT 

ANAIS is the large scale conclusion of previous studies 
i d i h diff b h U i i fcarried out with different prototypes by the University of 

Zaragoza group at Canfranc. 

40 cm neutron shielding

Original proposal 
consisted of 100 kg of 
N I(Tl) l d Active vetos

20 cm lead

NaI(Tl) crystals to study 
the annual modulation 

PVC box

Enlargement of target 
mass up to 250 kg was

2 mm Cd
mass up to 250 kg was 
proposed in the frame of 
the  MULTIDARK

10 cm Roman lead Vibration isolator
project.

3. DESCRIPTION OF THE EXPERIMENT: 
PRESENT STATUS
CHARACTERIZATION OF BACKGROUNDS FOR AN ULTRAPURE 

PRESENT STATUS

NaI(Tl) CRYSTAL: ANAIS PROTOTYPE IV

A PRELIMINAR DARK MATTER RUN: ANAIS-0 

In the best background conditions: already running but only 9.6  kg


