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• To  confirm  DAMA  annual  modulation  signature
! CsI is  not  enough  for  WIMP-­Na  interaction
! Same  NaI crystal  for  the  same  annual  modulation  signature

• Need  to  develop  ultra-­pure  NaI(Tl)  crystals
! Goal  is  less  than  DAMA  background  (~1  dru =  1  counts/keV/kg/day)
! 200  kg×3 years  data  will  prove  DAMA  signature  without  any  ambiguity

KIMS-­NaI experiment  
DAMA
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KIMS-­NaI crystals
• Development  of  low  background  NaI(Tl)  crystals

NaI-­001 NaI-­002 NaI-­003 NaI-­004 NaI-­005 NaI-­006
Mass 8.26  kg 9.15  kg 3.35kg 3.35kg 9.16 kg 11.44 kg
Powder AS AS SA-­AG SA-­CG AS SA-­CG
Crystal AS AS AS AS AS BH
Arrive 2013.9 2014.1 2014.8 2014.8 2014.11 2014.12

NaI-007 (replacement of NaI-005) was arrived at Y2L

Glossary 
AS = Alpha Spectra Inc (US company)

SA-AG = Sigma Adrich, Astro-grade (less K40)

SA-CG = Sigma Adrich, Crystal-grade 

BH = Beijing Hamamatsu (China)

K.W.Kim et al., Astropart . Phys. 62, 249 (2015) 
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KIMS-­NaI detector  module
• Hamamastu R12669  PMTs  are  attached

! Supposed  same  PMTs  with  recently  
upgraded  DAMA  PMTs  

! ~35%  quantum  efficiency  at  420nm
• Light  Yield:  ~15  photoelectrons/keV

! Consistent  with  ANAIS-­25
• Data  taking

! 400MHz  Flash  ADC  (Notice  Korea)
" Flexible  trigger  logic  with  FPGA
" Trigger  condition:  1  PE/PMT  within  100ns

~200 ns 
decay time

CsI

CsI

CsI

CsI

CsI

CsI

CsI

CsICsI
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NaI-002 in a Cu case

PMT R12669SEL
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Intrinsic  Background  – 40K

~ 3keV 1460keV
Coincidence  signals
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NaI-001

NaI-­001 NaI-­002 NaI-­003 NaI-­004 NaI-­005 NaI-­006
K  (ppb) 41.4± 3.0 49.3± 2.4 25.3± 2.4 > 110 40.1± 4.2 > 150

1.25 ± 0.09 mBq/kg

41.4 ± 2.99 ppb
Geant4 simulation 

on efficiencyDAMA crystals : 
10~20 ppb
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Intrinsic  Background  – 40K
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NaI-­001 NaI-­002 NaI-­003 NaI-­004 NaI-­005 NaI-­006
K  (ppb) 41.4± 3.0 49.3± 2.4 𝟐𝟓. 𝟑 ± 2.4 > 110 40.1± 4.2 > 150
Powder AS AS SA-­AG SA-­CG AS SA-­CG
K  (powder) ? ? 25.07   ~200 ? ~200

• NaI-­003 used  Sigma  Adrich Astro-­Grade (SA-­AG)  powder  𝟐𝟓 ppb
• NaI-­004  &  NaI-­006  used  Crystal-­Grade (SA-­CG)  powder
• All  Alpha  Spectra  prepared  powders  (NaI-­001,  NaI-­002,  NaI-­005)  

~  40  ppb  levels

• We  will  grow  one  another  crystal  using  different  batch  of  SA-­AG  
powder
! ~10  ppb  from  ICP-­MS  by  Sigma  Aldrich

NaI powder is a key of K contamination  
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Intrinsic  Background  (alpha  analysis)

alpha

gamma

𝜶− 𝜶 coincidence 𝜷− 𝜶 coincidence
𝐓𝐡𝟐𝟑𝟐 	
  chain 

𝐑𝐧𝟐𝟑𝟐 → 𝐏𝐨𝟐𝟏𝟔

𝐔𝟐𝟑𝟖 	
  chain 

𝐏𝐨𝟐𝟏𝟒 → 𝐁𝐢𝟐𝟏𝟒
𝛕 = 𝟐𝟎𝟗	
  𝒎𝒔

𝛕 = 𝟐𝟑𝟕	
  𝝁𝒔

Radionuclei NaI-001 
[mBq/kg]

NaI-002 
[mBq/kg]

238U (214Bi) <0.007 <0.001
228Th (216Po) <0.012 0.002±0.001

210Po 3.28±0.02 1.76±0.01

Total alphas 3.29±0.02 1.77±0.01

238U and 228Th contaminations were very small!!
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Intrinsic  Background  – 210Pb

• Most  of  alphas  are  coming  from  210Po
• Broken  equilibrium  (Rn-­222  
contamination)  during  powder  or  
crystallization  

alpha

gamma
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NaI-­001 NaI-­002 NaI-­003 NaI-­004 NaI-­005 NaI-­006
Total  alpha  
(mBq/kg)

3.29
± 0.01

1.77
± 0.01

2.29
± 0.03

-­ 0.47
± 0.01

1.81
± 0.02

Powder AS AS SA-­AG SA-­CG AS SA-­CG

• NaI-­005 had  better  treatment  of  chemical  process  on  powder  and  
better  control  of  Rn  contamination  during  crystal  growing
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Intrinsic  Background  – 210Pb

• Most  of  alphas  are  coming  from  210Po
• Broken  equilibrium  (Rn-­222  
contamination)  during  powder  or  
crystallization  

alpha

gamma
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NaI-­001 NaI-­002 NaI-­003 NaI-­004 NaI-­005 NaI-­006
Total  alpha  
(mBq/kg)

3.29
± 0.01

1.77
± 0.01

2.29
± 0.03

-­ 0.47
± 0.01

1.81
± 0.02

Powder AS AS SA-­AG SA-­CG AS SA-­CG

• NaI-­003,  NaI-­004,  and  NaI-­005  had  better  treatment  on  air  (Rn)  
contact  during  crystal  growing  

• NaI-­005 had  better  treatment  of  chemical  process  on  powder

210Pb

NaI005
(first week at Y2L)NaI005

(after 4 weeks) NaI002
(after two 

years)
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Intrinsic  Background  – 210Pb

Crystal  manufactured  at  April,  2013
Crystal  manufactured  at  April,  2014

Crystal  manufactured  at  Oct,  2014

Crystal  manufactured  at  Jul,  2014
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To  understand  and  reduce  210Pb  contamination
• Alpha  counter

! 210Po  in  NaI powder  
! See  M.H.Lee’s talk  

• Well-­type  HPGe detector
! 210Pb  in  NaI powder
! Will  be  installed  at  Y2L

11

UltraLo-1800 at Y2L

(ionization chamber)

• Purification  of  NaI powder  with  ion-­exchange  
resin
! ~  300  reduction  of  Pb with  dirty  NaI powder
! ~10  reduction  of  Pb with  normal  NaI powder
! Will  grow  crystals  with  and  without  resin  purification
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Background  understanding
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• Including  most  of  possible  internal  &  external  components
! Some  cosmogenic components  were  not  included  yet

• Amount  of  each  background  components  are  in  general  
floated  for  the  likelihood  fit  

• Final  optimization  is  underway
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Internal/External  background

NaI-­002 40K=49 ppb
210Pb=1.8 mBq/kg

• We  achieved  ~2  dru at  6keV
• ~  0.5  dru caused  by  internal  backgrounds  (210Pb)

! Additional  ~0.7  dru at  2-­4  keV due  to  40K
• ~  1.5  dru caused  by  external and  cosmogenic
• Goal :  less  than  1  dru (both  less  than  0.5  dru)

NaI-002

NaI-005

13

Te/I cosmogenic activation 
plus 40K 

Simulation for external and 
cosmogenic activation is under 

development
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Prototype  liquid  scintillator  veto  system
• We  prepared  liquid  scintillator  active  veto  system

! Veto  efficiencies  for  sources  from  PMT  radioisotopes  (U,  Th,  K)  were  
greater  than  80% at  low  energy  (0-­10  keV)

Liquid  Scintillator  (LS)  Prototype

NaI-­002  crystal
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Internal  40K  ~  40%  veto  efficiency
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Preliminary  result  of  LS  veto  system
• Energy  spectrum  of  LS  detector

10  keV veto  threshold
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Figure 3.27: Energy spectrum of LS veto detector. (a) 0–14 MeV range. We
can see high energy events caused by muon. (b) Zoomed energy spectrum for
� background region of 0–4 MeV. (c) Zoomed energy spectrum in low energy
region of 0–100 keV range to see energy threshold of veto detector.

about 10 keV threshold of veto events from LS. If we additionally use timing
coincidence between LS veto and NaI detector, we may reduce this threshold.

Based on this threshold of LS veto detector, we try to count event rate in NaI-
002 detector with and without requiring veto detector signals. As one can see in
Fig. 3.28, we have significant reduction of background by requiring veto signal.
Approximately 25% events, which is about 0.5 dru, have hits in both NaI and
LS veto detector. After rejection of vetoed events, background level of NaI-002
detector is approximately 2 dru at 6 keV energy region. Because we accounted
approximately 1.5 dru background caused by internal 210Pb decay, the remained
background without internal component might be about 0.5 dru. This level is
already satisfied our goal of external background less than 0.5 dru. Because we
will use more thicker LS veto in the final design of NaI experiment, the external
background will be much reduced. To estimate external veto e�ciency as well as
expected background level with full shield, we are performing accurate simulation
with Geant4 package.

3.4.2 LS Veto with full shielding

When the results of the prototype measurement are in hand, we plan to design
and implement a 200 kg NaI(Tl) detector array, that is completely contained
inside an LS veto system. The crystals and PMTs will be encapsulated with OFE
Cu vacuum seals to prevent leakage of the LS. In this configuration, shown in
Fig. 3.29, sixteen NaI(Tl) crystals will be immersed in the LS. The 60 mm-thick
Cu walls of the LS container will serve as passive shielding against environmental
gamma backgrounds. The inner size of the Cu box will be 1.3 m⇥1.3 m⇥1.1 m.

Nine, 500 Hamamatsu PMTs will be attached to each end of the Cu container
for the collection of scintillation light from the LS. The LS thickness will be at
least 400 mm from each container wall to the outmost NaI(Tl) crystal in the
array. To increase the veto detector’s light collection e�ciency, we will attach
a reflector (Vicuti ERS film) inside of the LS copper container surface as well
as around the 4x4 NaI(Tl) detector array. Vicuti ERS film has a reflectivity
of approximately 98.5% and is reportedly able to maintain its high reflectivity
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Figure 3.27: Energy spectrum of LS veto detector. (a) 0–14 MeV range. We
can see high energy events caused by muon. (b) Zoomed energy spectrum for
! background region of 0–4 MeV. (c) Zoomed energy spectrum in low energy
region of 0–100 keV range to see energy threshold of veto detector.

about 10 keV threshold of veto events from LS. If we additionally use timing
coincidence between LS veto and NaI detector, we may reduce this threshold.

Based on this threshold of LS veto detector, we try to count event rate in NaI-
002 detector with and without requiring veto detector signals. As one can see in
Fig. 3.28, we have significant reduction of background by requiring veto signal.
Approximately 25% events, which is about 0.5 dru, have hits in both NaI and
LS veto detector. After rejection of vetoed events, background level of NaI-002
detector is approximately 2 dru at 6 keV energy region. Because we accounted
approximately 1.5 dru background caused by internal 210Pb decay, the remained
background without internal component might be about 0.5 dru. This level is
already satisfied our goal of external background less than 0.5 dru. Because we
will use more thicker LS veto in the final design of NaI experiment, the external
background will be much reduced. To estimate external veto e�ciency as well as
expected background level with full shield, we are performing accurate simulation
with Geant4 package.

3.4.2 LS Veto with full shielding

When the results of the prototype measurement are in hand, we plan to design
and implement a 200 kg NaI(Tl) detector array, that is completely contained
inside an LS veto system. The crystals and PMTs will be encapsulated with OFE
Cu vacuum seals to prevent leakage of the LS. In this configuration, shown in
Fig. 3.29, sixteen NaI(Tl) crystals will be immersed in the LS. The 60 mm-thick
Cu walls of the LS container will serve as passive shielding against environmental
gamma backgrounds. The inner size of the Cu box will be 1.3 m⇥1.3 m⇥1.1 m.

Nine, 500 Hamamatsu PMTs will be attached to each end of the Cu container
for the collection of scintillation light from the LS. The LS thickness will be at
least 400 mm from each container wall to the outmost NaI(Tl) crystal in the
array. To increase the veto detector’s light collection e�ciency, we will attach
a reflector (Vicuti ERS film) inside of the LS copper container surface as well
as around the 4x4 NaI(Tl) detector array. Vicuti ERS film has a reflectivity
of approximately 98.5% and is reportedly able to maintain its high reflectivity

39
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Preliminary  result  of  LS  veto  system
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Figure 3.28: Background energy spectrum of NaI-002 in the LS veto system.
Vetoed events (black histogram) have veto detector energy greater than 10 keV
while Hit of NaI only (red) events have energy less than 10 keV in veto detector.
Total hit (green) is all events summing two categories.

Figure 3.29: A drawing of an LS veto system for a 200 kg NaI(Tl) crystal array.
Nine, 5” Hamamatsu PMTs will be attached to each end of the Cu container.

40

After veto ~2 dru background from NaI-002 @ 5keV

(~ 1.5 dru from internal 210Pb)

3keV 40K can be much reduced with thinker LS 
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Figure 3.27: Energy spectrum of LS veto detector. (a) 0–14 MeV range. We
can see high energy events caused by muon. (b) Zoomed energy spectrum for
� background region of 0–4 MeV. (c) Zoomed energy spectrum in low energy
region of 0–100 keV range to see energy threshold of veto detector.
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(a) High Energy (b) Low Energy

Figure 3.28: Background energy spectrum of NaI-002 in the LS veto system.
Vetoed events (black histogram) have veto detector hits with energy greater
than 10 keV while Hit of NaI only (red) events have no hits on LS veto detector.
Total hit (green) is all events summing two categories.

about 10 keV threshold of veto events from LS. If we additionally use timing
coincidence between LS veto and NaI detector, we may reduce this threshold.

Based on this threshold of LS veto detector, we try to count event rate in NaI-
002 detector with and without requiring veto detector signals. As one can see in
Fig. 3.28, we have significant reduction of background by requiring veto signal.
Approximately 25% events, which is about 0.5 dru, have hits in both NaI and
LS veto detector. After rejection of vetoed events, background level of NaI-002
detector is approximately 2 dru at 6 keV energy region. Because we accounted
approximately 1.5 dru background caused by internal 210Pb decay, the remained
background without internal component might be about 0.5 dru. This level is
already satisfied our goal of external background less than 0.5 dru. Because we
will use more thicker LS veto in the final design of NaI experiment, the external
background will be much reduced. To estimate external veto e�ciency as well as
expected background level with full shield, we are performing accurate simulation
with Geant4 package.
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Shield  for  NaI 200kg  experiments

• Underground  space  is  ready
• Construction will  be  finished  by  end  
of  this  year

NaI crystal Array

12.5kg X 16 crystals=200kg 

40cm Thick liquid scintillator active veto

To reduce the PMT related backgrounds
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Effective  reduction  of  40K
C

ou
nt

/k
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/k
g/
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~80% reduction 
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Prospect  of  NaI(Tl)  crystal  development
• 40K  less  <10ppb  (<0.2  dru @  2-­4  keV)

! Powder  with  40K  less  than  10ppb   is  available      
! Effective  reduction  with  LS  veto  

• 210Pb  less  than  0.2  mBq/kg  (<0.25  dru @  2keV)
! Powder  purification
! Better  control  of  Rn  contamination  during  crystal  growing

• External  (<0.5  dru @  2keV)
! Prototype  LS  veto  already  reach  to  ~0.5  dru level

• Goal  :  200kg  NaI detectors  (less  than  1  dru background)  
! More  than  3  years  stable  data  taking
! Unambiguous  test  of  DAMA/LIBRA  signatures
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Prospect  of  NaI(Tl)  crystal  development

20

200 kg× 3 year
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Phase-­I  experiment
• Shield  for  200  kg  NaI experiment  will  be  ready  by  end  of  2015
• We  will  have  ~  50kg  NaI crystals  by  end  of  2015

! Background  levels  are  varied  but  average  about  2  dru
• One  year  data  taking  during  200  kg  NaI will  be  ready
• Take  advantage  of  good  pulse  shape  discrimination
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Figure 6. The median expected (black dotted line) 90%-conÞdence-level upper limit on the
WIMP-nucleon spin-independent cross-section assuming the background-only hypothesis, shown
together with WIMP-induced DAMA/LIBRA 3 σ-allowed region (solid contour). The dark (green)
and light (yellow) shaded bands indicate the 1σ and 2σ standard deviation probability regions
in which the limits are ßuctuated. The red dotted line indicates the expected limit assuming an
optimistic background level of 1 dru and an energy threshold of 1 keV.

the median expectation shown in Fig. 5 (b).

Assuming the standard halo model [18], we estimate the sensitivity of the KIMS-NaI
experiment as the predicted cross-section limits for the WIMP-nucleon spin-independent
interactions in case of no signal for an ensemble of Monte-Carlo experiments. For each
experiment, we determine simulated log(MT) distribution for an electron-recoil-background
only hypothesis. The rate of background, assuming a 1-year exposure of a 100 kg array
of NaI(Tl) detectors with 2 dru background rate, has Poissonian fluctuations. We then fit
the log(MT) spectrum with signal plus background hypothesis with flat priors for both the
signal and the background rate. We construct a Bayesian likelihood for each 1 keV bin
from fits to the log(MT) distribution. The overall likelihood is obtained by multiplying
the likelihood for each bin between 2 and 10 keV considering the energy-dependent rate of
WIMP interaction for WIMP masses between 5 GeV/c2 and 10000 GeV/c2. The 90% CL
limit for each simulated experiment is determined such that 90% of the posterior density
of the WIMP-nucleon cross-section falls below the limit. The median expected 90% CL
limits and 1σ and 2σ standard-deviation probability regions are calculated from the result
of 2,000 simulated experiments. To directly compare these results with the DAMA/LIBRA
allowed signal region, we use quenching factors from Ref. [19] of 0.3 and 0.09 for Na and
I, respectively. The quenching factor is the fraction of the recoil energy deposited by a
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Figure 2. The ln(MT) distribution of neutron-induced events (open circle) from the Am-Be
source and electron-induced events (Þlled circles) from the137Cs source. The results of Þts using
asymmetric Gaussian functions are superimposed.

in the ln(MT) distributions between nuclear recoils from electron recoils are evident, even
for energies as low as 1 keV. This result is signiÞcantly improved compared with those of
previous studies that reported PSD capabilities only for energies of 4 keV and higher [44Ð
46]. This gives us conÞdence to design an experiment for WIMP searches with NaI(Tl)
crystals based on the PSD performance.

We performed Þts to the ln(MT) distributions using asymmetric Gaussian functions
that are shown in the plots, where good agreement with the data is observed. Similar Þts
were performed for each 1 keV energy bin from 1 to 14 keV for nuclear and electron recoil
events, and Fig. 3 shows the most probable value and the root mean square (RMS) of
ln(MT) for electron and nuclear recoil data. As shown in the plots, the separation power is
reduced at low energy, but some PSD capability persists at energies as low as 1 keV, which
is even better than CsI(Tl) crystals [47, 48].

We characterize the PSD power using a quality factor [53] that is commonly used to
characterize WIMP-search detectors [46Ð48] and deÞned as

K ≡ β(1− β)

(α− β)2
, (2.2)

Ð 4 Ð

JHEP, 08 (2015) 093 

21

100 kgK year

Nuclear 
recoil

Electron 
recoil



TAUP  2015,                Hyun  Su  Lee,              Institute  for  Basic  Science

Thank  you  for  your  attention
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KIMS  (Korea  Invisible  Mass  Search)
• Dark  matter  search  at  Yangyang underground  laboratory

! May  have  new  laboratory  in  Samcheok

• Funded  by  National  Research  Foundation  of  Korea  (2000)
! Dark  matter  (DM)  search  with  CsI(Tl)  crystals  (KIMS-­CsI)

• Establishing  the  Center  for  Underground  Physics  (CUP)  in  
the  Institute  of  Basic  Science  (IBS)  (2013)
! Upgrade  of  KIMS-­CsI
! DM  searches  with  NaI(Tl)  crystals  (KIMS-­NaI)
! DM  searches  with  low  temperature  detector  (KIMS-­LT)
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Minimum depth : 700 m 
Access to the lab by car (~2km)

(Upper Dam)

(Lower Dam)

(Power Plant)

Yangyang Underground Laboratory

700 m

Seoul

Y2L

Korea Middleland Power Co.
Yangyang Pumped Storage Power Plant
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Underground  laboratory

New lab. ~ 200 m2

KIMS -NaI room

• Underground  space  for  the  KIMS-­NaI
was  already  prepared  in  Y2L
! 10,000  class  clean  room
! Rn  free  air  will  be  supplied
! Size  of  detector  room  ~50  m2

26



TAUP  2015,                Hyun  Su  Lee,              Institute  for  Basic  Science

Preliminary  design  of  KIMS-­NaI

• 200  kg  NaI
! 30  cm  liquid  scintillator  veto  (Active  veto)
! 6 cm  Cu
! 20  cm  lead
! Muon veto  (3  cm  plastic  scintillator)
! 30  cm  Polyethylen

2.4 m

2.4 m 2.6 m
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