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Cryogenic calorimeters for the direct dark matter search 
with NaI crystals

18th INTERNATIONAL WORKSHOP on LOW TEMPERATURE 
DETECTORS  | July 22-26 2019 Milano, Italy

Vanessa Zema for the COSINUS collaboration

DIRECT DARK MATTER SEARCH

1 • Cosmology and astrophysics 

suggest the existence of dark 

matter 

• The Earth is expected to be 

constantly hit by a wind of 

dark matter particles

EVENT RATE

Maxwell-Boltzmann 
velocity distribution

Local DM density  
over DM mass

Differential dark matter-
nuclei cross-section

Number of targets

• vmin: minimum-dark-
matter-velocity visible 
in the detector 
(sensitivity limit)

• v: dark matter velocity 
• vobs: Earth velocity around the galactic center 
• vesc: escape velocity from the galaxy

𝜒

ANNUAL MODULATION
• The composition of the Earth-velocity around the galactic center and the Earth-

velocity around the Sun introduces an annually periodic time-dependence in the 
event rate

EXPERIMENTAL PANORAMA

• The DAMA/LIBRA collaboration is detecting since 20 years a signal compatible 
with the DM hypothesis (12.9 σ!!)

Despite of the extreme efforts, results are still 
not consistent in the standard scenario 

2
COSINUS: NaI-CRYOGENIC CALORIMETERS

10° PROTOTYPE DETECTOR: NaI with Tl

• interface: silicon oil

• beaker-shaped Si light absorber with

two collimated x-ray sources

• NaI crystal with ~180 ppm of Tl

• mass of NaI: ~30g 

• carrier crystal: CdWO4 wafer

GOAL:
• AmBe n-source measurement to study quenching factors for Na and I recoils

• study light emission of Tl-doped crystal at low temperatures

• study position dependencies of light absorber using two collimated 55Fe x-ray 
sources mounted on bottom and mantle surface of the Si beaker 

25.09.2018 K.	Schäffner	- CSN5	meeting	/	Pisa 23

• Material-independent cross-check of the DAMA/LIBRA result 

• NaI crystal: hygroscopic, low Debye temperature, 40K contamination 

• NaI crystals for the first time operated at mK-temperature as scintillating calorimeters

DUAL-CHANNEL READOUT: PHONON and LIGHT

NaI crystal + TES is the 
phonon-channel

Si-beaker + TES is the 
light-channel

Scintillation light (few %) 
amount of emitted light 
depends on particle type 
     ! LIGHT QUENCHING  

Interface

Phonon signal (~ 90 %) 
(almost) independent of 
particle type

10° PROTOTYPE DETECTOR: NaI with Tl

• interface: silicon oil

• beaker-shaped Si light absorber with

two collimated x-ray sources

• NaI crystal with ~180 ppm of Tl

• mass of NaI: ~30g 

• carrier crystal: CdWO4 wafer

GOAL:
• AmBe n-source measurement to study quenching factors for Na and I recoils

• study light emission of Tl-doped crystal at low temperatures

• study position dependencies of light absorber using two collimated 55Fe x-ray 
sources mounted on bottom and mantle surface of the Si beaker 

25.09.2018 K.	Schäffner	- CSN5	meeting	/	Pisa 23

PARTICLE-DISCRIMINATION
SIMULATION DATA: 
• 20 ppb of 40K 
• flat background: 1 cpd/(keV kg) 
• threshold (NaI): 1 keV  
• ε=50%(>2keV), 20%(1-2 keV) 
• light energy conversion: 4% 
• QF(Na) ~ 0.3 
• QF(I) ~ 0.09 
• σSI= 2 x 10-4 pb (mDM=10 GeV/c2)

3PROTOTYPE DEVELOPMENT: STATUS VIBRATIONAL PROPERTIES OF NaI-CRYSTALS

40K radio-purity: 5-9 ppb at crystals’ nose and 22-35 ppb at crystals’ tail

Goal achieved!

CRYSTAL PRODUCTION: RESULTS

QUENCHING FACTOR MEASUREMENTs

5
6

• Low-temperature measurements can be done with 
AmBe source in the underground  R&D facility of 
CUPID-0 in Hall-C in LNGS or at Max-Planck-Institute 
(MPP). At the Meier-Leibnitz Laboratorium - Tandem 
accelerator (photo, facility now closed), two beam-time 
with pure NaI and NaI(Tl) were already performed and 
data-taking was successfully run. Data analyses are 
ongoing.

BUILDING CONSTRUCTION:  
PROJECT ONGOING!

PLAN FOR THE FUTURE

Background  budget evaluation and shielding concept investigated 

using GEANT4 simulations (paper in preparation):

Funded by the Max-Planck-Institute for Physics in Munich (MPP), the Max-Planck-Society (MPG) and the 
joint group of the Technical University of Vienna and the Institute for High Energy Physics (HEPHY) of 
the Austrian Academy of Science (ÖAW). Additional support is provided by the Gran Sasso Science 
Institute (GSSI) and the Shanghai Institute of Ceramics (SICCAS) of the Chinese Academy of Science.

www.cosinus.it

COLLABORATION 
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INFN - Laboratori Nazionali del Gran Sasso, Assergi, Italy 
GSSI - Gran Sasso Science Institute, Italy 
Max-Planck-Institut für Physik, München, Germany 
HEPHY - Institut für Hochenergiephysik der Österreichischen 
Akademie der Wissenschaften, Wien, Austria 
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SICCAS - Shanghai Institute of Ceramics, China 

Vibrational Properties of Sodium Iodine crystal 
First-Principles Density Functional Theory 
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in this curve at 2 =0.37 'K and a maximum at T—0.08
'K. The predicted minimum has recently been found
(at 7=0.32 'K) in the experiment of Baum, Brewer,
Daunt, and Edwards. 'e Note added ie proof. S—ee in
addition S. G. Sydoriak, R. L. Mills, and K. R. Grilly,
Phys. Rev. Letters 4, 495 (1960), and D. M. Lee, H. A.

Fairbank, and E. J. Walker, Bull. Am. Phys. Soc. 4,
239 (1959), whose experiments show this minimum at
0.330 'K and 0.32 'K, respectively. We also consider
the inQuence of an external magnetic field on the melting
curve and find that very high ftelds (=10' gauss) are
required for an appreciable e6ect.
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Lattice Dynamics of Alkali Halide Crystals*
A. D. B. Woons, W. COCHRAN, 'f AND B. N. Bnoczaousa

Physics Dsvision, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada
(Received March 11, 1960)

The paper comprises theoretical and experimental studies of
the lattice dynamics of alkali halides. A theory of the lattice
dynamics of ionic crystals is given based on replacement of a
polarizable ion by a model in which a rigid shell of electrons (taken
to have zero mass) can move with respect to the massive ionic core.
The dipolar approximation then makes the model exactly equiva-
lent to a Born-von Kd,re,n crystal in which there are two "atoms"
of di8ering charge at each lattice point, one of the "atoms" having
zero mass. The model has been specialized to the case of an alkali
halide in which only one atom is polarizable, and computations of
dispersion curves have been carried out for sodium iodide. We
have determined the dispersion v(q) relation of the lattice vibra-
tions in the symmetric L001j, L110j, and $111j directions of
sodium iodide at 1jO'K by the methods of neutron spectrometry.

The transverse acoustic, longitudinal acoustic, and transverse
optic branches were determined completely with a probable error
of about 3%. The dispersion relation for the longitudinal optic
(LO) branch was determined for the $001$ directions with less
accuracy. Frequencies of some important phonons with their
errors (units 10n cps) are: TA[0,0,1)1.22+0.04, LA)0,0,1]
1 82~0 06~ TAPs's~ iH1 52~0.05' LAHa'a'32 32~0 06' TOt Oi0'03
3.6v+0.1, TO/0, 0,1)3.8v&0.1, TOP„y,zs)3.5e+0.1. The agree-
ment between the experimental results and the calculations based
on the shell model, while not complete, is quite satisfactory. The
neutron groups corresponding to phonons of the LO branch were
anomalously energy broadened, especially for phonons of long
wavelength, suggesting a remarkably short lifetime for the
phonons of this branch.

I. INTRODUCTION
'HE lattice dynamics of a crystal is described by a
frequency, wave vector dispersion relation, inso-

far as it is harmonic. In the last few years it has become
possible to determine experimentally this dispersion
relation using x-ray diffraction and neutron spec-
trometry. The dispersion relation has been measured
fairly accurately for several metallic' 4 and semicon-
ducting 5 ~ crystals consisting of one kind of atom. The
only determinations for crystals having more than one
kind of atom have been by x-ray diGraction methods.
However, there is good reason to believe that neutron

*This paper was presented at the Washington, D. C., Meeting
of the American Physical Society, April 30-May 2, 1959 LBull.
Am. Phys. Soc. 4, 246 (1959)$.
f Visiting scientist from the Cavendish Laboratory, Cambridge,

England, now returned.
t E.H. Jacobsen, Phys. Rev. 97, 654 (1955). Earlier references

to x-ray work are given here.' C. B.Walker, Phys. Rev. 103, 547 (1956).' B.N. Brockhouse and A. T. Stewart, Revs. Modern Phys. 30,
236 (1958).Earlier references to neutron work are given here.

4 B.N. Brockhouse, T. Arase, G. Caglioti, M. Sakamoto, R. N.
Sinclair, and A. D. B.Woods, Bull. Am. Phys. Soc. 5, 39 (1960).
«B. N. Brockhouse and P. K. Iyengar, Phys. Rev. 111, st 4'?

(1958).
A. Ghose, H. Palevsky, D. J. Hughes, I. Pelah, and C. M.

Eisenhauer, Phys. Rev. 113,49 (1959).
s B.N. Brockhouse, Phys. Rev. Letters 2, 256 (1959).
s H. Cole, J.Appl. Phys. 24, 482 (1953).' D. Cribier, Ann. phys. 4, 333 (1959).

Eo—8'=&hv—=&Ace,

Q—=ko-k'= 2sr'v-tl,
(1.1.1)

where Eo and ko are the energy and momentum of the
incident neutrons, and ~ is any vector of the reciprocal

IR. Weinstock, Phys. Rev. 65, 1 (1944).
n G. Placzek and L. Van Hove, Phys. Rev. 93, 1207 (1954).

measurements are much more accurate than are x-ray
measurements for crystals with more than one atom per
unit cell. Thus it seems desirable to study such crystals
by neutron spectrometry.
In the determination of the dispersion relation by

neutron spectrometry energy distributions of initially
monoenergetic neutrons are measured after scattering
by a single crystal in known orientation. The frequencies
v and wave vectors q of the vibrations are inferred from
conservation of energy and momentum between the
neutrons and single phonons. ' ""If the frequencies and
wave vectors of the phonons are well defined then sharp
groups (broadened of course by imperfect resolution)
are observed in the neutron energy distributions. The
center of a neutron group is taken to define the energy
(E') and wave vector (k') of those neutrons which had
interacted with a particular vibration. The frequency
and wave vector of the vibration are given by the con-
servation equations
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PIG. 2. The dispersion relations
for sodium iodide in the $001),
$110), and (111) directions. The
points were determined by experi-
ment at 110'K. Some points in the
[001) direction are not inde-
pendent'of corresponding points
in the D10) direction. Such points
have been joined by a thin hori-
zontal line. The solid curves have
been calculated from the shell
model and the dashed curves from
the point ion model. These curves
coincide for the transverse branches
in the D11) direction. The slopes
of the heavy solid lines indicate the
appropriate velocities of sound as
calculated from the elastic con-
stants. The thick vertical bars
represent the uncertainties in
(vTo)q-o and (vLo)r-0 deduced
from existing knowledge of cop, e,
and 6p.

polarizable, and forces acting through the shell. The
calculated curves are shown in Fig. 2 together with
experimental points to be discussed later. In the calcula-
tions on the point ion model the single disposable
parameter was Axed by means of' the elastic constant
c~~. In the calculations on the shell model the three dis-
posaMe parameters, selected to be Eo=So, d, and a/t,
were 6xed by means of c~~ and the high- and low-fre-
quency dielectric constants, e and ep, by using Eqs.
(2.1.3), (2.3.12), and (2.3.13). (In addition the experi-
mental value of the lattice constant 2rs was used. ) The
values used are shown in Table II. The value taken for
cI~ when the computations were carried out was slightly
smaller than the best value now obtainable, based on the
measurements of Dalven and Garland. "The dielectric
constants were taken from a compilation by Born and
Huang. "In Table III the elastic constants, dielectric
constants, and infrared absorption frequency, ((or),=s,'s
as measured and as computed on the shell model, are
compared. The differences in the values of (a&r),=s are
compatible with the changes with temperature found
experimentally for NaC1 and KC1.'

As a matter of interest we also computed the disper-
sion curves in the L100j direction for the case in which
field polarizability is included, but distortion polariza-
bility is not taken into account. The results (Fig. 3)
show the instability already mentioned in Sec. 2.1, that
is, some of the acoustic frequencies become imaginary.

Ak' E;0' p~
47r kp X;+1

g 2

~—2W (3.1.1)

For phonon annihilation (neutron gain of energy)
X;=)exp(hv/%AT) —1$ ' is used; for phonon creation

TABLE III. Comparison of experimental elastic and dielectric
constants, and infrared frequencies, with those calculated on the
shell model. The elastic constants are in units oi 10"dyne/cm'.

3. NEUTRON SGATTERING THEORY

3.1 Coherent Scattering
The differential cross section per primitive unit cell

for scattering by phonons of the jth branch into one
neutron group satisfying Eq. (1.1.1) can be written as' 'r

TABLE II. Values of constants used in calculations
on the shell model for NaI.

rp=3.21 A
v=2rp'=66. 0 A3

Jto S0= (es/v) {2+28)=——3.22X104 dyne/cm
d =—SpF/(k+Sp) =0.31

a/v = P'e'/(k+Ss) v =0.093
Prom these are found

k=25.5X104 dyne/cm
~
F ( =2.76 electrons in shell

and

cp(R.T.}
eo (110'K)
cur(110'K)
our(R.T.)

Experimental

0 359a
0 075'
0.0768'
2.91
6.60
6.18 {est.)

~ ~ ~

2.20X10"

Calculated

0.3504b
0.0758
0.0758
2.91b

~ ~ ~

6.f.sb
2.31X10'3

the "egective charge" Z(1—d) =0.69

ss R. Dalven and C. W. Garland, J.Chem. Phys. 30, 346 (1959).s' M. Hass, Bull. Am. Phys. Soc. 4, 142 (1959).

Extrapolated to 110 K from data of Dalven and Garland (reference 24)
measured in range 180'K to 300 K.

& Values used to fix disposable constants.

s7 I. Wailer and P. O. Froman, Aviv Fysik 4, 183 (1952).
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in this curve at 2 =0.37 'K and a maximum at T—0.08
'K. The predicted minimum has recently been found
(at 7=0.32 'K) in the experiment of Baum, Brewer,
Daunt, and Edwards. 'e Note added ie proof. S—ee in
addition S. G. Sydoriak, R. L. Mills, and K. R. Grilly,
Phys. Rev. Letters 4, 495 (1960), and D. M. Lee, H. A.

Fairbank, and E. J. Walker, Bull. Am. Phys. Soc. 4,
239 (1959), whose experiments show this minimum at
0.330 'K and 0.32 'K, respectively. We also consider
the inQuence of an external magnetic field on the melting
curve and find that very high ftelds (=10' gauss) are
required for an appreciable e6ect.
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The paper comprises theoretical and experimental studies of
the lattice dynamics of alkali halides. A theory of the lattice
dynamics of ionic crystals is given based on replacement of a
polarizable ion by a model in which a rigid shell of electrons (taken
to have zero mass) can move with respect to the massive ionic core.
The dipolar approximation then makes the model exactly equiva-
lent to a Born-von Kd,re,n crystal in which there are two "atoms"
of di8ering charge at each lattice point, one of the "atoms" having
zero mass. The model has been specialized to the case of an alkali
halide in which only one atom is polarizable, and computations of
dispersion curves have been carried out for sodium iodide. We
have determined the dispersion v(q) relation of the lattice vibra-
tions in the symmetric L001j, L110j, and $111j directions of
sodium iodide at 1jO'K by the methods of neutron spectrometry.

The transverse acoustic, longitudinal acoustic, and transverse
optic branches were determined completely with a probable error
of about 3%. The dispersion relation for the longitudinal optic
(LO) branch was determined for the $001$ directions with less
accuracy. Frequencies of some important phonons with their
errors (units 10n cps) are: TA[0,0,1)1.22+0.04, LA)0,0,1]
1 82~0 06~ TAPs's~ iH1 52~0.05' LAHa'a'32 32~0 06' TOt Oi0'03
3.6v+0.1, TO/0, 0,1)3.8v&0.1, TOP„y,zs)3.5e+0.1. The agree-
ment between the experimental results and the calculations based
on the shell model, while not complete, is quite satisfactory. The
neutron groups corresponding to phonons of the LO branch were
anomalously energy broadened, especially for phonons of long
wavelength, suggesting a remarkably short lifetime for the
phonons of this branch.

I. INTRODUCTION
'HE lattice dynamics of a crystal is described by a
frequency, wave vector dispersion relation, inso-

far as it is harmonic. In the last few years it has become
possible to determine experimentally this dispersion
relation using x-ray diffraction and neutron spec-
trometry. The dispersion relation has been measured
fairly accurately for several metallic' 4 and semicon-
ducting 5 ~ crystals consisting of one kind of atom. The
only determinations for crystals having more than one
kind of atom have been by x-ray diGraction methods.
However, there is good reason to believe that neutron

*This paper was presented at the Washington, D. C., Meeting
of the American Physical Society, April 30-May 2, 1959 LBull.
Am. Phys. Soc. 4, 246 (1959)$.
f Visiting scientist from the Cavendish Laboratory, Cambridge,

England, now returned.
t E.H. Jacobsen, Phys. Rev. 97, 654 (1955). Earlier references

to x-ray work are given here.' C. B.Walker, Phys. Rev. 103, 547 (1956).' B.N. Brockhouse and A. T. Stewart, Revs. Modern Phys. 30,
236 (1958).Earlier references to neutron work are given here.

4 B.N. Brockhouse, T. Arase, G. Caglioti, M. Sakamoto, R. N.
Sinclair, and A. D. B.Woods, Bull. Am. Phys. Soc. 5, 39 (1960).
«B. N. Brockhouse and P. K. Iyengar, Phys. Rev. 111, st 4'?

(1958).
A. Ghose, H. Palevsky, D. J. Hughes, I. Pelah, and C. M.

Eisenhauer, Phys. Rev. 113,49 (1959).
s B.N. Brockhouse, Phys. Rev. Letters 2, 256 (1959).
s H. Cole, J.Appl. Phys. 24, 482 (1953).' D. Cribier, Ann. phys. 4, 333 (1959).

Eo—8'=&hv—=&Ace,

Q—=ko-k'= 2sr'v-tl,
(1.1.1)

where Eo and ko are the energy and momentum of the
incident neutrons, and ~ is any vector of the reciprocal

IR. Weinstock, Phys. Rev. 65, 1 (1944).
n G. Placzek and L. Van Hove, Phys. Rev. 93, 1207 (1954).

measurements are much more accurate than are x-ray
measurements for crystals with more than one atom per
unit cell. Thus it seems desirable to study such crystals
by neutron spectrometry.
In the determination of the dispersion relation by

neutron spectrometry energy distributions of initially
monoenergetic neutrons are measured after scattering
by a single crystal in known orientation. The frequencies
v and wave vectors q of the vibrations are inferred from
conservation of energy and momentum between the
neutrons and single phonons. ' ""If the frequencies and
wave vectors of the phonons are well defined then sharp
groups (broadened of course by imperfect resolution)
are observed in the neutron energy distributions. The
center of a neutron group is taken to define the energy
(E') and wave vector (k') of those neutrons which had
interacted with a particular vibration. The frequency
and wave vector of the vibration are given by the con-
servation equations
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PIG. 2. The dispersion relations
for sodium iodide in the $001),
$110), and (111) directions. The
points were determined by experi-
ment at 110'K. Some points in the
[001) direction are not inde-
pendent'of corresponding points
in the D10) direction. Such points
have been joined by a thin hori-
zontal line. The solid curves have
been calculated from the shell
model and the dashed curves from
the point ion model. These curves
coincide for the transverse branches
in the D11) direction. The slopes
of the heavy solid lines indicate the
appropriate velocities of sound as
calculated from the elastic con-
stants. The thick vertical bars
represent the uncertainties in
(vTo)q-o and (vLo)r-0 deduced
from existing knowledge of cop, e,
and 6p.

polarizable, and forces acting through the shell. The
calculated curves are shown in Fig. 2 together with
experimental points to be discussed later. In the calcula-
tions on the point ion model the single disposable
parameter was Axed by means of' the elastic constant
c~~. In the calculations on the shell model the three dis-
posaMe parameters, selected to be Eo=So, d, and a/t,
were 6xed by means of c~~ and the high- and low-fre-
quency dielectric constants, e and ep, by using Eqs.
(2.1.3), (2.3.12), and (2.3.13). (In addition the experi-
mental value of the lattice constant 2rs was used. ) The
values used are shown in Table II. The value taken for
cI~ when the computations were carried out was slightly
smaller than the best value now obtainable, based on the
measurements of Dalven and Garland. "The dielectric
constants were taken from a compilation by Born and
Huang. "In Table III the elastic constants, dielectric
constants, and infrared absorption frequency, ((or),=s,'s
as measured and as computed on the shell model, are
compared. The differences in the values of (a&r),=s are
compatible with the changes with temperature found
experimentally for NaC1 and KC1.'

As a matter of interest we also computed the disper-
sion curves in the L100j direction for the case in which
field polarizability is included, but distortion polariza-
bility is not taken into account. The results (Fig. 3)
show the instability already mentioned in Sec. 2.1, that
is, some of the acoustic frequencies become imaginary.

Ak' E;0' p~
47r kp X;+1

g 2

~—2W (3.1.1)

For phonon annihilation (neutron gain of energy)
X;=)exp(hv/%AT) —1$ ' is used; for phonon creation

TABLE III. Comparison of experimental elastic and dielectric
constants, and infrared frequencies, with those calculated on the
shell model. The elastic constants are in units oi 10"dyne/cm'.

3. NEUTRON SGATTERING THEORY

3.1 Coherent Scattering
The differential cross section per primitive unit cell

for scattering by phonons of the jth branch into one
neutron group satisfying Eq. (1.1.1) can be written as' 'r

TABLE II. Values of constants used in calculations
on the shell model for NaI.

rp=3.21 A
v=2rp'=66. 0 A3

Jto S0= (es/v) {2+28)=——3.22X104 dyne/cm
d =—SpF/(k+Sp) =0.31

a/v = P'e'/(k+Ss) v =0.093
Prom these are found

k=25.5X104 dyne/cm
~
F ( =2.76 electrons in shell

and

cp(R.T.}
eo (110'K)
cur(110'K)
our(R.T.)

Experimental

0 359a
0 075'
0.0768'
2.91
6.60
6.18 {est.)

~ ~ ~

2.20X10"

Calculated

0.3504b
0.0758
0.0758
2.91b

~ ~ ~

6.f.sb
2.31X10'3

the "egective charge" Z(1—d) =0.69

ss R. Dalven and C. W. Garland, J.Chem. Phys. 30, 346 (1959).s' M. Hass, Bull. Am. Phys. Soc. 4, 142 (1959).

Extrapolated to 110 K from data of Dalven and Garland (reference 24)
measured in range 180'K to 300 K.

& Values used to fix disposable constants.

s7 I. Wailer and P. O. Froman, Aviv Fysik 4, 183 (1952).

4 COSINUS will be located under the 
Gran Sasso mountain (Italy): 

 ~ 3600 wme (water meter equivalent)

Table 1: Chronology of the main COSINUS prototype developments. LD: Light Detec-

tor. PD: Phonon Detector. The column ‘Interface’ specifies the material used for the

NaI/carrier interface, where the carrier is the crystal carrying the TES (SO = Silicone

Oil, ER = Epoxy Resin). Wafer SOS stands for Silicon-On-Sapphire, initially used as

light absorber. The column LC for percentage of absolute light yield, calibrated with

the help of an
55
Fe source shining onto the Si beaker.

Prototype LD PD Interface LC PD Threshold

1
st

(2016) wafer SOS NaI SO ' 3.7% 10 keV

2
nd

(2016/17) Si beaker NaI ER ' 13% 8.3 keV

3
rd

(2017) ” ” SO ” 6.5 keV

4
st� 10

st
(2017/18) ” NaI/NaI(Tl) ” ” 5� 6 keV

Light yield ⇠ 13% (⇠ 30 photons/keV)

Light-energy-threshold ⇠ 0.6 keVee (� ⇠ 15 eV)

Phonon-energy-threshold ⇠ 5-6 keV

1

• Room-temperature measurements are planned to be 
done at TUNL in U.S., for different concentrations of 
Tl-dopant

However

• Low background detectors on the 

Earth aim at detecting tiny energy 

depositions (O(keV)) released in 

the target material by scatterings 

of dark matter off nuclei 

(Komatsu et al., 2011). Identifying the nature of this dark
matter is the longest outstanding problem in all of modern
physics, stemming back to observations in 1933 by Fritz
Zwicky; he proposed the existence of ‘‘dunkle materie’’
(German for ‘‘dark matter’’) as a source of gravitational
potential to explain rapid motions of galaxies in the Coma
Cluster (Zwicky, 1937). Subsequently, others discovered flat
rotation curves in disk galaxies, starting with Babcock (1939)
and followed (more persuasively and with better data) by
Rubin, Ford, and Kent (1970) and Roberts and Whitehurst
(1975). Their results imply that the predominant constituent
of mass inside galaxies must be nonluminous matter [see
Sandage, Sandage, and Kristian (1975) and Faber and
Gallagher (1979) for reviews].

A leading candidate for this dark matter is a weakly
interacting massive particle (WIMP). The terminology refers
to the fact that these particles undergo weak interactions in
addition to feeling the effects of gravity, but do not participate
in electromagnetic or strong interactions. WIMPs are electri-
cally neutral and the average number of interactions with the
human body is at most one per minute, even with billions
passing through every second (Freese and Savage, 2012). The
expected WIMP mass ranges from 1 GeV to 10 TeV. These
particles, if present in thermal equilibrium in the early
Universe, annihilate with one another so that a predictable
number of them remain today. The relic density of these
particles is

!!h
2 ! ð3# 10$26 cm3=sÞ=h"viann; (1)

where !! is the fractional contribution of WIMPs to the

energy density of the Universe. An annihilation cross section
h"viann of weak interaction strength automatically gives the
right answer, near the value measured by the Wilkinson
Microwave Anisotropy Probe (WMAP) (Komatsu et al.,
2011). This coincidence is known as the ‘‘WIMP miracle’’
and is why WIMPs are taken so seriously as dark matter
candidates. Possibly the best WIMP candidate is motivated
by supersymmetry (SUSY): the lightest neutralino in the
minimal supersymmetric standard model (MSSM) and its
extensions (Jungman, Kamionkowski, and Griest, 1996).
However, other WIMP candidates arise in a variety of theo-
ries beyond the standard model [see Bergstrom (2000) and
Bertone, Hooper, and Silk (2005) for a review].

A multitude of experimental efforts are currently underway
to detect WIMPs, with some claiming hints of detection.
There is a three-pronged approach: particle accelerator,
indirect detection (astrophysical), and direct detection
experiments. The focus of this Colloquium is the third
option—direct detection experiments. This field began 30
years ago with the work of Drukier and Stodolsky (1984),
who proposed searching for weakly interacting particles (with
a focus on neutrinos) by observing the nuclear recoil caused
by their weak interactions with nuclei in detectors. Then,
Goodman and Witten (1985) made the important point that
this approach could be used to search not just for neutrinos
but also for WIMPs, again via their weak interactions with
detectors. Soon after, Drukier, Freese, and Spergel (1986)
extended this work by taking into account the halo distribu-
tion of WIMPs in the Milky Way, as well as proposing the
annual modulation that is the subject of this Colloquium.

The basic goal of direct detection experiments is to mea-
sure the energy deposited when WIMPs interact with nuclei
in a detector, causing those nuclei to recoil. The experiments,
which are typically located far underground to reduce back-
ground contamination, are sensitive to WIMPs that stream
through the Earth and interact with nuclei in the detector
target. The recoiling nucleus can deposit energy in the form
of ionization, heat, and/or light that is subsequently detected.
In the mid 1980s, the development of ultrapure germanium
detectors provided the first limits on WIMPs (Ahlen et al.,
1987). Since then, numerous collaborations worldwide have
been searching for these particles, including ANAIS (Amare
et al., 2011), ArDM (Marchionni et al., 2011), CDEX/
TEXONO (Wong and Lin, 2010), CDMS (Akerib et al.,
2005; Ahmed et al., 2010, 2011, 2012), CoGeNT (Aalseth
et al., 2011a, 2011b, 2013), COUPP (Behnke et al., 2012),
CRESST (Angloher et al., 2012), DAMA/NaI (Bernabei
et al., 2003), DAMA/LIBRA (Bernabei et al., 2008, 2010),
DEAP/CLEAN (Kos, 2010), DM-Ice (Cherwinka et al.,
2012), DRIFT (Alner et al., 2005; Daw et al., 2012),
EDELWEISS (Sanglard et al., 2005; Armengaud et al.,
2011, 2012), EURECA (Kraus et al., 2011), KIMS (Kim
et al., 2012), LUX (Hall et al., 2010), NAIAD (Alner et al.,
2005), PandaX (Gong et al., 2013), PICASSO (Barnabe-
Heider et al., 2005; Archambault et al., 2012), ROSEBUD
(Coron et al., 2011), SIMPLE (Felizardo et al., 2012),
TEXONO (Lin et al., 2009), WArP (Acciarri et al., 2011),
XENON10 (Angle et al., 2008, 2011; Aprile et al., 2011b),
XENON100 (Aprile et al., 2012b, 2012c), XENON1T
(Aprile, 2012a), XMASS (Moriyama, 2011), ZEPLIN
(Akimov et al., 2007, 2012), and many others.

The count rate in direct detection experiments experiences
an annual modulation (Drukier, Freese, and Spergel, 1986;
Freese, Frieman, and Gould, 1988) due to the motion of the
Earth around the Sun (see Fig. 1). Because the relative
velocity of the detector with respect to the WIMPs depends

FIG. 1 (color online). A simplified view of the WIMP velocities
as seen from the Sun and Earth. Because of the rotation of the
galactic disk (containing the Sun) through the essentially nonrotat-
ing dark matter halo, the Solar System experiences an effective
‘‘WIMP wind.’’ From the perspective of the Earth, the wind changes
throughout the year due to the Earth’s orbital motion: the wind is at
maximum speed around the beginning of June, when the Earth is
moving fastest in the direction of the disk rotation, and at a
minimum speed around the beginning of December, when the
Earth is moving fastest in the direction opposite to the disk rotation.
The Earth’s orbit is inclined at !60& relative to the plane of
the disk.
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Vibrational Properties of Sodium Iodine crystal 
First-Principles Density Functional Theory 
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inthiscurveat2=0.37'KandamaximumatT—0.08 'K.Thepredictedminimumhasrecentlybeenfound
(at7=0.32'K)intheexperimentofBaum,Brewer,
Daunt,andEdwards.'eNoteaddedieproof.S—eein
additionS.G.Sydoriak,R.L.Mills,andK.R.Grilly,
Phys.Rev.Letters4,495(1960),andD.M.Lee,H.A.

Fairbank,andE.J.Walker,Bull.Am.Phys.Soc.4,
239(1959),whoseexperimentsshowthisminimumat
0.330'Kand0.32'K,respectively.Wealsoconsider
theinQuenceofanexternalmagneticfieldonthemelting
curveandfindthatveryhighftelds(=10'gauss)are
requiredforanappreciablee6ect.
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LatticeDynamicsofAlkaliHalideCrystals*
A.D.B.Woons,W.COCHRAN,'fANDB.N.Bnoczaousa

PhysicsDsvision,AtomicEnergyofCanadaLimited,ChalkRiver,Ontario,Canada
(ReceivedMarch11,1960)

Thepapercomprisestheoreticalandexperimentalstudiesof
thelatticedynamicsofalkalihalides.Atheoryofthelattice
dynamicsofioniccrystalsisgivenbasedonreplacementofa
polarizableionbyamodelinwhicharigidshellofelectrons(taken
tohavezeromass)canmovewithrespecttothemassiveioniccore.
Thedipolarapproximationthenmakesthemodelexactlyequiva-
lenttoaBorn-vonKd,re,ncrystalinwhichtherearetwo"atoms"
ofdi8eringchargeateachlatticepoint,oneofthe"atoms"having
zeromass.Themodelhasbeenspecializedtothecaseofanalkali
halideinwhichonlyoneatomispolarizable,andcomputationsof
dispersioncurveshavebeencarriedoutforsodiumiodide.We
havedeterminedthedispersionv(q)relationofthelatticevibra-
tionsinthesymmetricL001j,L110j,and$111jdirectionsof
sodiumiodideat1jO'Kbythemethodsofneutronspectrometry.

Thetransverseacoustic,longitudinalacoustic,andtransverse
opticbranchesweredeterminedcompletelywithaprobableerror
ofabout3%.Thedispersionrelationforthelongitudinaloptic
(LO)branchwasdeterminedforthe$001$directionswithless
accuracy.Frequenciesofsomeimportantphononswiththeir
errors(units10ncps)are:TA[0,0,1)1.22+0.04,LA)0,0,1]
182~006~TAPs's~iH152~0.05'LAHa'a'3232~006'TOtOi0'03
3.6v+0.1,TO/0,0,1)3.8v&0.1,TOP„y,zs)3.5e+0.1.Theagree-
mentbetweentheexperimentalresultsandthecalculationsbased
ontheshellmodel,whilenotcomplete,isquitesatisfactory.The
neutrongroupscorrespondingtophononsoftheLObranchwere
anomalouslyenergybroadened,especiallyforphononsoflong
wavelength,suggestingaremarkablyshortlifetimeforthe
phononsofthisbranch.

I.INTRODUCTION
'HElatticedynamicsofacrystalisdescribedbya
frequency,wavevectordispersionrelation,inso-

farasitisharmonic.Inthelastfewyearsithasbecome
possibletodetermineexperimentallythisdispersion
relationusingx-raydiffractionandneutronspec-
trometry.Thedispersionrelationhasbeenmeasured
fairlyaccuratelyforseveralmetallic'4andsemicon-
ducting5~crystalsconsistingofonekindofatom.The
onlydeterminationsforcrystalshavingmorethanone
kindofatomhavebeenbyx-raydiGractionmethods.
However,thereisgoodreasontobelievethatneutron

*ThispaperwaspresentedattheWashington,D.C.,Meeting
oftheAmericanPhysicalSociety,April30-May2,1959LBull.
Am.Phys.Soc.4,246(1959)$.
fVisitingscientistfromtheCavendishLaboratory,Cambridge,

England,nowreturned.
tE.H.Jacobsen,Phys.Rev.97,654(1955).Earlierreferences

tox-rayworkaregivenhere.
'C.B.Walker,Phys.Rev.103,547(1956). 'B.N.BrockhouseandA.T.Stewart,Revs.ModernPhys.30,

236(1958).Earlierreferencestoneutronworkaregivenhere.
4B.N.Brockhouse,T.Arase,G.Caglioti,M.Sakamoto,R.N.

Sinclair,andA.D.B.Woods,Bull.Am.Phys.Soc.5,39(1960).
«B.N.BrockhouseandP.K.Iyengar,Phys.Rev.111,st4'?

(1958).
A.Ghose,H.Palevsky,D.J.Hughes,I.Pelah,andC.M.

Eisenhauer,Phys.Rev.113,49(1959). sB.N.Brockhouse,Phys.Rev.Letters2,256(1959).
sH.Cole,J.Appl.Phys.24,482(1953). 'D.Cribier,Ann.phys.4,333(1959).

Eo—8'=&hv—=&Ace,

Q—=ko-k'=2sr'v-tl,(1.1.1)

whereEoandkoaretheenergyandmomentumofthe
incidentneutrons,and~isanyvectorofthereciprocal

IR.Weinstock,Phys.Rev.65,1(1944). nG.PlaczekandL.VanHove,Phys.Rev.93,1207(1954).

measurementsaremuchmoreaccuratethanarex-ray
measurementsforcrystalswithmorethanoneatomper
unitcell.Thusitseemsdesirabletostudysuchcrystals
byneutronspectrometry.
Inthedeterminationofthedispersionrelationby

neutronspectrometryenergydistributionsofinitially
monoenergeticneutronsaremeasuredafterscattering
byasinglecrystalinknownorientation.Thefrequencies
vandwavevectorsqofthevibrationsareinferredfrom
conservationofenergyandmomentumbetweenthe
neutronsandsinglephonons.'""Ifthefrequenciesand
wavevectorsofthephononsarewelldefinedthensharp
groups(broadenedofcoursebyimperfectresolution)
areobservedintheneutronenergydistributions.The
centerofaneutrongroupistakentodefinetheenergy
(E')andwavevector(k')ofthoseneutronswhichhad
interactedwithaparticularvibration.Thefrequency
andwavevectorofthevibrationaregivenbythecon-
servationequations
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PIG.2.Thedispersionrelations
forsodiumiodideinthe$001),
$110),and(111)directions.The
pointsweredeterminedbyexperi-
mentat110'K.Somepointsinthe
[001)directionarenotinde-
pendent'ofcorrespondingpoints
intheD10)direction.Suchpoints
havebeenjoinedbyathinhori-
zontalline.Thesolidcurveshave
beencalculatedfromtheshell
modelandthedashedcurvesfrom
thepointionmodel.Thesecurves
coincideforthetransversebranches
intheD11)direction.Theslopes
oftheheavysolidlinesindicatethe
appropriatevelocitiesofsoundas
calculatedfromtheelasticcon-
stants.Thethickverticalbars
representtheuncertaintiesin
(vTo)q-oand(vLo)r-0deduced
fromexistingknowledgeofcop,e,
and6p.

polarizable,andforcesactingthroughtheshell.The
calculatedcurvesareshowninFig.2togetherwith
experimentalpointstobediscussedlater.Inthecalcula-
tionsonthepointionmodelthesingledisposable
parameterwasAxedbymeansof'theelasticconstant
c~~.Inthecalculationsontheshellmodelthethreedis-
posaMeparameters,selectedtobeEo=So,d,anda/t,
were6xedbymeansofc~~andthehigh-andlow-fre-
quencydielectricconstants,eandep,byusingEqs.
(2.1.3),(2.3.12),and(2.3.13).(Inadditiontheexperi-
mentalvalueofthelatticeconstant2rswasused.)The
valuesusedareshowninTableII.Thevaluetakenfor
cI~whenthecomputationswerecarriedoutwasslightly
smallerthanthebestvaluenowobtainable,basedonthe
measurementsofDalvenandGarland."Thedielectric constantsweretakenfromacompilationbyBornand
Huang."InTableIIItheelasticconstants,dielectric
constants,andinfraredabsorptionfrequency,((or),=s,'s
asmeasuredandascomputedontheshellmodel,are
compared.Thedifferencesinthevaluesof(a&r),=sare
compatiblewiththechangeswithtemperaturefound
experimentallyforNaC1andKC1.'

Asamatterofinterestwealsocomputedthedisper-
sioncurvesintheL100jdirectionforthecaseinwhich
fieldpolarizabilityisincluded,butdistortionpolariza-
bilityisnottakenintoaccount.Theresults(Fig.3)
showtheinstabilityalreadymentionedinSec.2.1,that
is,someoftheacousticfrequenciesbecomeimaginary.

Ak'E; 0'p~
47rkpX;+1

g
2

~—2W(3.1.1)

Forphononannihilation(neutrongainofenergy)
X;=)exp(hv/%AT)—1$'isused;forphononcreation

TABLEIII.Comparisonofexperimentalelasticanddielectric
constants,andinfraredfrequencies,withthosecalculatedonthe
shellmodel.Theelasticconstantsareinunitsoi10"dyne/cm'.

3.NEUTRONSGATTERINGTHEORY

3.1CoherentScattering
Thedifferentialcrosssectionperprimitiveunitcell

forscatteringbyphononsofthejthbranchintoone
neutrongroupsatisfyingEq.(1.1.1)canbewrittenas''r

TABLEII.Valuesofconstantsusedincalculations
ontheshellmodelforNaI.

rp=3.21A
v=2rp'=66.0A3

JtoS0=(es/v){2+28)=——3.22X104dyne/cm
d=—SpF/(k+Sp)=0.31

a/v=P'e'/(k+Ss)v=0.093
Promthesearefound

k=25.5X104dyne/cm
~F(=2.76electronsinshell

and

cp(R.T.}
eo(110'K)
cur(110'K)
our(R.T.)

Experimental

0359a
0075'
0.0768'
2.91
6.60
6.18{est.)

~~~

2.20X10"

Calculated

0.3504b
0.0758
0.0758
2.91b

~~~

6.f.sb
2.31X10'3

the"egectivecharge"Z(1—d)=0.69

ssR.DalvenandC.W.Garland,J.Chem.Phys.30,346(1959). s'M.Hass,Bull.Am.Phys.Soc.4,142(1959).

Extrapolatedto110KfromdataofDalvenandGarland(reference24)
measuredinrange180'Kto300K. &Valuesusedtofixdisposableconstants.

s7I.WailerandP.O.Froman,AvivFysik4,183(1952).

The dark-grey-area indicates 
the electron-equivalent energy 
range of 1-6 keVee, where the 
DAMA experiment observes a 
positive signal for modulation 
amplitude

• 7 x 7m water tank, as neutron moderator and active Cherenkov veto 

 efficient muon veto using 18 - 28 PMTs and defining a 5-fold PMT 

coincidence with a trigger on the single photoelectron within a 

time window of a few 100 ns. 

• Internal shielding (from out- to in-side):  

 dry-well = 0.4 cm (stainless) 

 8 cm of copper 

• Top shielding: 30 cm of copper  

Shielding Concept

Control room

• Close to the water tank, a three level control room will host the DAQ and the electronics, the  

cryostat-related infrastructure and a working area

Clean room

• On top of the  structure surrounding the water tank, a clean room for detector mounting will be built

Light Yield =
Light Energy

Phonon Energy
CdWO4

NaI

Silicon

NaI

TES

TES

• COSINUS will provide a model-independent cross-check of the DAMA/LIBRA result 

• Light-energy-threshold (0.6 keVee) already below the one of DAMA/LIBRA, which is ~ 1keVee 

• Phonon-energy-threshold ~ 5-6 keV 

• Studies on the properties of NaI on a more fundamental level started 

• Room- and low-temperature quenching factor measurements planned 

• Building construction project under preparation, according to new GEANT4 simulation results
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Figure 3: Experimental residual rate of the single-hit scintillation events measured by
DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2 in the (2–6) keV energy intervals
as a function of the time. The superimposed curve is the cosinusoidal functional forms
A cosω(t − t0) with a period T = 2π

ω
= 1 yr, a phase t0 = 152.5 day (June 2nd) and

modulation amplitude, A, equal to the central value obtained by best fit on the data
points of DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2. For details see Fig. 2.

Table 2: Modulation amplitude, A, obtained by fitting the single-hit residual rate of
DAMA/LIBRA–phase2, as reported in Fig. 2, and also including the residual rates of
the former DAMA/NaI and DAMA/LIBRA–phase1. It was obtained by fitting the
data with the formula: A cosω(t− t0). The period T = 2π

ω and the phase t0 are kept
fixed at 1 yr and at 152.5 day (June 2nd), respectively, as expected by the DM annual
modulation signature, and alternatively kept free. The results are well compatible
with expectations for a signal in the DM annual modulation signature.

A (cpd/kg/keV) T = 2π
ω (yr) t0 (days) C.L.

DAMA/LIBRA–phase2:
1-3 keV (0.0184±0.0023) 1.0 152.5 8.0 σ
1-6 keV (0.0105±0.0011) 1.0 152.5 9.5 σ
2-6 keV (0.0095±0.0011) 1.0 152.5 8.6 σ
1-3 keV (0.0184±0.0023) (1.0000±0.0010) 153±7 8.0 σ
1-6 keV (0.0106±0.0011) (0.9993±0.0008) 148±6 9.6 σ
2-6 keV (0.0096±0.0011) (0.9989±0.0010) 145±7 8.7 σ

DAMA/LIBRA–phase1 + phase2:
2-6 keV (0.0095±0.0008) 1.0 152.5 11.9 σ
2-6 keV (0.0096±0.0008) (0.9987±0.0008) 145±5 12.0 σ

DAMA/NaI + DAMA/LIBRA–phase1 + phase2:
2-6 keV (0.0102±0.0008) 1.0 152.5 12.8 σ
2-6 keV (0.0103±0.0008) (0.9987±0.0008) 145±5 12.9 σ

4 Absence of modulation of the background

Careful investigations on absence of any systematics or side reaction able to account for
the measured modulation amplitude and to simultaneously satisfy all the requirements
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