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Growth of ultra-high purity NaI(Tl) crystals for dark matter searches
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The annual modulation of scintillation event rate observed by the DAMA/LIBRA experiment has been a
long-standing controversy in the quest of the direct detection of dark matter. The effort to definitively confirm
or refute the annual modulation has turned out to be challenging due to the lack of NaI(Tl) crystals with high
enough radiopurity. Most recently, we successfully grew a 6-kg ingot free from contamination during growth,
from which a 3.4-kg crystal scintillator was made. The 39K concentration in the final crystal is estimated to be
4.3 ± 0.2 ppb, unprecedented for NaI(Tl) crystals. The 210Pb activity is estimated to be 0.34 ± 0.04 mBq/kg
via α counting of 210Po, among the lowest of currently running NaI-based dark matter experiments except
DAMA/LIBRA. More importantly, the techniques and protocols we have developed will further contribute to
the growth of ultra-high purity NaI(Tl) crystals for dark matter searches.
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I. INTRODUCTION

The nature of dark matter is one of the most impor-
tant questions of modern physics. Although most attempts
at directly detecting dark matter have yielded null results,
the DAMA/LIBRA experiment operating underground at the
Laboratori Nazionali del Gran Sasso (LNGS) observes an an-
nual modulation in event rate. Such a modulation is expected
from the annual change in the relative velocity between the
Earth and the dark matter halo as the Earth rotates around the
Sun and the Sun moves at a constant speed in the dark matter
halo [1,2]. The observed annual modulation has an amplitude
of approximately 0.01 cpd/kg/keV on top of a constant
background of about 1 cpd/kg/keV in the 2–6 keV range, and
a phase consistent with the dark matter halo model [2].

DAMA/LIBRA utilized ∼250 kg of high-radiopurity
NaI(Tl) crystals arranged in a 5 × 5 array shielded by a com-
bination of polyethylene, high-purity copper, and concrete
[3]. DAMA/LIBRA and its predecessor DAMA/NAI have
been taking data for over 16 years, achieving a statistical
significance of 12.9σ [2] for the annual modulation signal.
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However, such an annual modulation is in tension with the
results of many other direct dark matter detection experiments
[4–6]. To investigate whether the annual modulation is caused
by a systematic error, unknown detector effect, or nonstan-
dard dark matter interaction, an independent low-background
experiment using the same target material—NaI(Tl)—with
significantly lower background level is needed.

Several experiments have been trying to confirm or refute
the DAMA/LIBRA annual modulation, including ANAIS,
DM-Ice, KIMS, and COSINE [7–10]. However, none of these
efforts have achieved a background low enough to confirm or
refute the modulation effectively within a reasonable amount
of time, and the biggest source of background comes from
radioactive impurities inside the crystal. In particular, 40K is
of a great threat since it can decay with 10.72% branching
ratio by the capture of a K-shell electron and the emission
of a 1.46-MeV γ ray. When the high-energy γ ray escapes
the crystal, x rays and auger electrons from the subsequent
3-keV atomic transition appear in the middle of the 2–6-keV
energy region of interest. In addition, 210Pb and 3H are of
potential concern since these β-decay isotopes have large
overlaps between their β spectra and the region of interest.

In this article, we report our progress in developing ultra-
high purity NaI(Tl) crystals, and present results of impurity
measurements on NaI-033—our most recent 3.4-kg NaI(Tl)
scintillating crystal.

II. CRYSTAL GROWTH

NaI-033 was grown using ultra-high purity NaI powder.
The concentrations of 238U and 232Th in the powder have
been prescreened to be below 0.6 and 0.5 ppt, respectively
[11]. The concentration of 39K is measured to be 7 ppb by
Seastar Chemicals using inductively coupled plasma mass
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FIG. 1. NaI-033 octagonal crystal with surface polished with
high-purity isopropyl alcohol.

spectrometry (ICP-MS). Since 40K is a primordial radionu-
clide with a well-defined natural abundance of 0.011%, in the
rest of this article ICP-MS measurement of stable 39K is used
instead of direct counting of 40K.

Prior to crystal growth, 6 kg of ultra-high purity NaI pow-
der was thoroughly dried at Radiation Monitoring Devices
(RMD) to remove trace amounts of water which can not only
affect crystal growth adversely, but also contribute to crystal
radioactivity via 3H decay. The drying procedure adopted was
based on precision drying techniques developed at Princeton
University which used vacuum baking and purging with inert
gas at several increasing steps of temperature until no more
release of water can be detected [12].

The dry NaI powder is subsequently mixed with high-
purity thallium iodide (TlI) powder (99.999%) and sealed
inside a 4-in-diameter, 2-ft-long high-purity crucible. To pre-
vent contamination, the crucible is carefully cleaned with
high-purity acids.

After the seal, the crucible was taken to RMD for crystal
growth using the vertical Bridgman method [13]. The furnace
temperature profile and growth rate were adjusted to yield
defect-free single crystals. The Bridgman method was chosen
because the molten raw material can be completely sealed
inside the crucible during crystal growth, thus eliminating the
risk of contamination.

After the crystal growth, the ingot was cut into a 3.4-kg,
151-mm-tall octagon (NaI-033) using a diamond wire saw.
The crystal surface was subsequently chemically polished
with semiconductor-grade ethanol/isopropyl alcohol to re-
move surface contaminants introduced during the crystal cut-
ting (Fig. 1). Such a cleaning procedure has been previously
tested to have little or no influence on the crystal’s light yield
compared to traditional mechanical polishing [12].

III. DETECTOR SETUP

To characterize the crystal’s light yield and to measure the
activity of 210Pb via 210Po—a decay daughter of 210Pb in the
decay chain—NaI-033 was assembled into a detector module
in a glovebox inside the radon-free cleanroom at Princeton
(Fig. 2). The crystal was wrapped with approximately ten

FIG. 2. NaI-033 crystal detector module. The crystal is wrapped
with ten layers of PTFE tape and coupled to two Hamamatsu R11065
PMTs via optical grease. The assembly is held in place by acrylic
holders, nylon nuts, and three stainless-steel threaded rods.

layers of polytetrafluoroethylene (PTFE) tape and optically
coupled directly to Hamamatsu R11065 photomultiplier tubes
(PMTs) on each end. The crystal-PMT assembly is held
together by acrylic holders, nylon nuts, and stainless-steel
threaded rods. The entire structure is placed inside a 5-in-i.d.
(inside diameter) aluminum enclosure and operated at ground
level.

During operation, the detector module is shielded from
the ambient background radiation with at least 4 in. of lead
in every direction. Two plastic scintillators are placed on
top of the detector module as muon vetoes. To prevent the
degradation of the crystal due to moisture, the detector module
is constantly purged with dry boil-off nitrogen. The two PMTs
are biased at negative high voltages for cleaner baselines, and
the PMT bodies are insulated from metallic components with
acrylic plastic. The PMT signals are digitized by a CAEN
V1720 waveform digitizer, and acquisition is triggered by
cross-threshold coincidence between the two PMTs with a
coincidence window of 80 ns. The data aquisition (DAQ) soft-
ware is developed using the polaris general-purpose modular
DAQ framework [14].

The crystal’s light yield is measured by placing calibration
sources next to the aluminum shell inside the lead shielding.
The mean charge corresponding to single photoelectrons (spe)
is obtained by identifying and integrating trailing spe pulses
after each main pulse [12]. The number of photoelectrons
in the photopeak is obtained by dividing the mean integral
of the main pulses by that of single photoelectrons. The
crystal demonstrated a light yield of 14.8 ± 0.5 pe/keV at the
661.7 keV from 137Cs, and 16.4 ± 0.3 pe/keV at 59.5 keV
from 241Am. Such an increase of light yield towards low
energy is consistent with previous literature [15].

IV. CRYSTAL PURITY

A. 39K

To determine the concentration of 39K in the final crystal,
three samples from the as-grown ingot were analyzed using
ICP-MS at Seastar Chemicals. Prior to each measurement,
the samples’ surfaces were carefully cleaned with high-purity
ethanol and deionized water multiple times to remove surface
cross-contamination introduced during crystal cutting. The
distribution of 39K is fitted against model [12], with distri-
bution coefficient k and average impurity concentration C0

in the ingot as two free parameters (Fig. 3). The distribution
coefficient—defined as the ratio of impurity in the solid
phase to that in the liquid phase during crystallization—is a
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FIG. 3. Local concentration of 39K as a function of distance
from the tip of the ingot where crystallization begins in a vertical
Bridgman process. During the crystallization, K is expelled from
the crystal matrix and therefore concentrates towards the end. From
the fit, the concentration of 39K is estimated to be 4.3 ± 0.2 ppb in
the final crystal, obtained by averaging the fit function between 6 and
23 cm.

measure of the degree of separation of the impurity from the
matrix. From the fit, the average 39K concentration in the final
NaI-033 crystal is estimated to be 4.3 ± 0.2 ppb, about three
times lower than the 13 ppb reported in the DAMA/LIBRA
crystals [16].

B. 210Pb

Direct measurement of 210Pb requires accurate measure-
ment of the β spectrum of 210Pb or 210Bi, which is difficult
without being underground with sufficient shielding. How-
ever, the 5.3-MeV α particle from 210Po decay has very short
range and is relatively high in energy. By exploiting pulse-
shape discrimination of NaI(Tl), α decays can be effectively
separated from β, γ , and muon backgrounds and counted
while on the Earth’s surface [3]. Figure 4 shows a two-

FIG. 4. Amplitude-weighed mean time vs energy for NaI-033.
The energy scale is calibrated with the 2.6-MeV γ ray from 208Tl.
The region of interest for 210Po α counting is indicated with a red
solid circle around 2.9 MeV and 410 ns.

FIG. 5. 210Po activity as a function of the mean time of each
group of data. The data points correspond to measured total α rates
in the region of interest, and the red solid line the best fit to the total
α rates, assuming a time-independent component due to background
and a time-dependent component due to 210Po ingrowth. The dotted
black line and the dashed orange line illustrate the estimated constant
background and the ingrowth component obtained from the best fit,
respectively. The blue dot-dashed line shows the expected activity of
210Pb deduced from the activity of 210Po. The activity of 210Pb is
estimated to be 0.34 ± 0.04 mBq/kg.

dimensional color plot of energy vs pulse-shape parameter for
the first 6 days. In this plot the amplitude-weighed mean time
is chosen as the pulse-shape parameter. It is defined as

〈τ 〉 =
∑

i Aiτi
∑

i τi
, (1)

where Ai is the height of the scintillation pulse at time τi and
summation is over 1.2 μs since the start of the pulse. With
pulse-shape discrimination, the muon vetoes are found to be
redundant in the α counting and are not used in the analysis.

To determine the activity of 210Pb, background data of
approximately 80 days were taken 3 months after the crystal
growth to account for the ingrowth of 210Po, and data within
each 6-day period are grouped together to obtain the time
dependence of 210Po activity.

The temporal behavior of α activity is compared to the
decay chain, assuming a time-dependent 210Po activity and
a time-independent constant background (Fig. 5). The best fit
indicates a 210Pb activity of 0.34 ± 0.04 mBq/kg. Although
such a 210Pb activity is high compared to 5–30 μBq/kg in
DAMA/LIBRA crystals [3], it is lower than other current
NaI-based dark matter experiments [7–10].

C. 3H

Another important intrinsic background source is 3H,
which can only be measured directly by scintillation counting.
3H can be introduced into the final crystal as a trace amount
of water in the starting material [17], or by cosmic activation.
The former component is minimized by precision drying of
the powder prior to crystal growth [12]. The production rate
of cosmogenic 3H from NaI is estimated to be 83 ± 27 /d/kg
[18] at sea level, corresponding to about 0.04 cpd/kg/keV
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background for each month of sea level exposure. NaI-033
has spent about 10 months on the surface before being trans-
ported to underground; 3H background is thus expected to be
≈0.4 cpd/kg/keV. For NaI crystals with dimensions similar
to NaI-033, crystal growth alone takes 2 months. If surface
exposure is minimized accordingly, the cosmogenic 3H back-
ground could be reduced to 0.08 cpd/kg/keV.

V. DISCUSSIONS

40K and 210Pb are major sources of background for many
NaI-based dark matter detectors. Large NaI (Tl) crystals for
scintillation detectors are frequently grown using the Ky-
ropoulos method [3,9]. Despite the purification by the growth
process, crystals grown using the Kyropoulos method show
signs of contamination due to K [9]. In this article, we have
shown that the crystal growth can be carried out free from
contamination by using the vertical Bridgman method where
the crucible can be completely sealed to prevent contamina-
tion. Thus, by using ultralow potassium NaI powder, 40K is
no longer a dominant source of background for dark matter
searches.

Given the strict high-purity protocols we have adopted,
it is likely that 210Pb contamination comes from the raw
material. However, the relative contributions to 210Pb between
the NaI powder and the TlI powder are not clear and require
an independent measurement.

Currently, NaI-033 is underground at LNGS for direct
characterization of background. The background of NaI-033
in the SABRE setup is expected to be 0.8 cpd/kg/keV,
calculated by scaling the results of [19] except for 3H where
the result of [18] and 10-month exposure to cosmic rays at sea
level is assumed. At this background level, to achieve a 5σ

sensitivity to the annual modulation with 3-yr running time,
at least 110 kg of NaI (Tl) crystals is needed (90% confidence
level). If 210Pb is reduced to the DAMA/LIBRA level, 80 kg
of crystals is needed to reach the same sensitivity under the
same conditions. If, in addition, surface exposure to cosmic
rays is kept to the bare minimum, the background rate can
be reduced to 0.3 cpd/kg/keV, and only 40 kg of crystals is
needed. Therefore, the current background level is sufficient
for 100-kg-scale experiments similar to COSINE-100 [10]
and ANAIS-112 [7], while for smaller-scale experiments such
as SABRE [20], 210Pb and 3H must be further reduced by

purifying the powder and minimizing postgrowth exposure to
cosmic rays. If even higher sensitivity or less mass is desired,
crystal growth will have to be carried out underground to
further limit 3H production.

VI. CONCLUSIONS

In the quest for dark matter direct detection, the nature
of the DAMA/LIBRA annual modulation has been a long-
standing mystery. To make a model-independent test, NaI
crystals of comparable or higher radiopurity than those used
by DAMA/LIBRA are essential. In this article, we have pre-
sented our most recent ultra-high purity NaI crystal, NaI-033,
featuring the lowest level of K ever achieved in NaI crystals
and a relatively low level of 210Pb among currently running
NaI(Tl) detectors. The growth of NaI-033 also demonstrates
the effectiveness of the technologies and protocols we have
developed in growing and processing ultra-high purity single
crystals. These technologies and protocols are important not
only for NaI crystals, but also for other single crystals for
low-background applications.
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